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Preface to "High-Pressure Studies of Crystalline
Materials”

This book contains a selection of research articles focused on High-Pressure Studies of Crystalline
Materials that have been published in Crystals. It includes a collection of articles describing
and discussing recent results of high-pressure studies on structural, mechanical, vibrational, and
electronic properties of a broad variety of materials. In particular, the articles of the book have
been selected with the aim of giving a special emphasis to phase transitions and their effects on
different properties and to novel phenomena, but other issues are not excluded. Both experimental
and theoretical contributions have been included in the book. The selected works are of relevance for
a wide range of disciplines from solid state physics, to chemistry and materials sciences, engineering,

and earth and planetary sciences among others.

Daniel Errandonea
Universidad de Valencia

Spain
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Abstract: Melamine (C3HgNg; 1,3,5-triazine-2,4,6-triamine) is an aromatic substituted s-triazine,
with carbon and nitrogen atoms forming the ring body, and amino groups bonded to each carbon.
Melamine is widely used to produce laminate products, adhesives, and flame retardants, but is also
similar chemically and structurally to many energetic materials, including TATB (2,4,6-triamino-1,3,5-
trinitrobenzene) and RDX (1,3,5-trinitroperhydro-1,3,5-triazine). Additionally, melamine may be a
precursor in the synthesis of superhard carbon-nitrides, such as 3-C3Ny. In the crystalline state
melamine forms corrugated sheets of individual molecules, which are stacked on top of one another,
and linked by intra- and inter-plane N-H hydrogen bonds. Several previous high-pressure X-ray
diffraction and Raman spectroscopy studies have claimed that melamine undergoes two or more
phase transformations below 25 GPa. Our results show no indication of previously reported low
pressure polymorphism up to approximately 30 GPa. High-pressure crystal structure refinements
demonstrate that the individual molecular units of melamine are remarkably rigid, and their
geometry changes very little despite volume decrease by almost a factor of two at 30 GPa and
major re-arrangements of the intermolecular interactions, as seen through the Hirshfeld surface
analysis. A symmetry change from monoclinic to triclinic, indicated by both dramatic changes in
diffraction pattern, as well as discontinuities in the vibration mode behavior, was observed above
approximately 36 GPa in helium and 30 GPa in neon pressure media. Examination of the hydrogen
bonding behavior in melamine’s structure will allow its improved utilization as a chemical feedstock
and analog for related energetic compounds.

Keywords: melamine; s-triazine; hydrogen bond

1. Introduction

The six-membered aromatic ring of s-triazine, particularly when substituted with nitro (-NO,)
groups, is a structural motif often found among molecular energetic materials [1]. Melamine, (C3NgHg,
1,3,5-triazine-2,4,6-triamine) is a simple and very stable heterocyclic aromatic molecule based on the
s-triazine ring. At ambient conditions melamine forms a crystalline molecular solid with monoclinic
symmetry, with space group P2;/a, in which intermolecular interactions are dominated by N-H---N
hydrogen bonds. At ambient conditions individual melamine molecules are linked to others via eight
N-H hydrogen bonds, balanced between donor and acceptor roles. The superstructure of melamine
forms corrugated sheets of individual melamine molecules, where kinked planes of molecules are
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stacked on top of one another. When used as a salt or mixed with resins, melamine is an effective fire
retardant, in part due to the release of flame-smothering nitrogen gas when burned [2]. When combined
with formaldehyde, melamine forms a very durable thermosetting plastic used in a broad variety of
kitchenware and household goods [3]. Despite its stability and flame-retardant properties, melamine
is also very closely related, both structurally and chemically, to the widely used molecular explosives
RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine), TATB (2,4,6-triamino-1,3,5-trinitrobenzene), and to
2,4,6-trinitro-1,3,5-triazine, a hypothetical new explosive [4] which has not yet been successfully
synthesized [5,6]. As a curiously stable cousin of these explosives, melamine is a worthwhile target
of investigation in the search for new energetic materials with enhanced safety and stability while
maintaining sufficient explosive potential [7].

The primary motivation for studying the high-pressure behavior of melamine ultimately stems
from its intermediate position between energetic species and ultra-hard materials; for instance,
melamine may be a functional precursor for synthesis of a hypothetical 3-C3Ny phase, with a
[3-SizNy structure, predicted to be a super-hard material [8]. Melamine appears to be a good reagent
for the high-pressure, high-temperature solid state reactions where carbon nitrides are formed;
however, the transformations it exhibits are rather complex, and the products strongly depend on the
conditions of pyrolysis and presence of catalysts. Montigaud et al. [9] demonstrated that pyrolysis
of melamine at 2.5 GPa and 800 °C in presence of hydrazine leads to formation of a bi-dimensional
honeycomb-type structure close to those expected for the theoretical graphitic-like g-C3Ny. Similar
syntheses successfully producing g-C3Ny and closely related byproducts utilizing pure melamine have
also been achieved [8,10]. Synthesis of C-N nanotubes was also observed in high-pressure catalytic
pyrolysis of melamine with NaN3-Fe-Ni at 35 MPa and 650 °C [11]. Interestingly, another recent
high-pressure pyrolysis experiments at 5 GPa and 800 °C showed formation of a different molecular
crystalline monoclinic solid [12].

Given the complexity of coupled high temperature and pressure pyrolysis, a good starting
point for understanding the reaction potential of melamine is through a thorough examination of the
compression mechanism. One of the first high-pressure studies of melamine to 4.0 GPa utilized infrared
spectroscopy [13], and while noting number of important band frequency shifts, it did not report
any discontinuous changes in the compression behavior. In contrast, a Raman study to 8.7 GPa in
alcohol pressure medium reported discontinuities in the pressure-dependence of some modes, possibly
indicating two phase transitions at 2 and 6 GPa [14]. Indeed, a later synchrotron energy dispersive
(EDX) powder diffraction study to 14.7 GPa in alcohol pressure medium [15] seemed to confirm the
notion of the two low pressure phase transitions, where a new triclinic phase was suggested to form at
1.3 GPa, and transform to an orthorhombic polymorph above 8.2 GPa. The resolution and sensitivity
of the EDX experiments, however, were not sufficient to constrain the structures of the new phases,
as less than ten indexable diffraction peaks were observed. Recently, Liu et al. [16] carried out a
Raman spectroscopy experiment with melamine powder without pressure medium to 25 GPa, but did
not confirm any of the earlier reported discontinuities. A soft mode behavior was observed for one
of the N-H vibrations, and N-H vibration peaks gradually disappeared above 10 GPa. A detailed
Raman, far-IR, and angular-dispersive X-ray diffraction study conducted by Galley et al. reported
three potential phase transitions of powdered melamine with KBr as a pressure-transmitting medium,
two of which were observed previously [15,17], with an additional high-pressure phase forming at 16
GPa. As with previous spectroscopic studies, it was observed that the modes associated with N-H
stretching, particularly at 3116 and 3325 cm ™!, broaden significantly with pressure. This study also
documented irreversible amorphization of the sample, attributed to weakening of the internal bonds,
which could foster polymerization of the sample.

In each of these previous experiments, the effects of non-hydrostatic stress, hydrogen-bond
interactions between melamine and polar solvent-based pressure media, or inter-grain interactions
exist. In order to re-examine the details of compression behavior of melamine and reconcile the
different results of previous studies we have conducted a combined X-ray diffraction and Raman
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spectroscopy investigation using high quality single crystal samples in quasihydrostatic noble gas
pressure transmitting media.

2. Materials and Methods

The high-pressure X-ray diffraction and Raman spectroscopy experiments took place over
several experimental sessions between 2010 and 2015, where experiments were conducted at the
Advanced Photon Source (APS) at Argonne National Laboratory. Data were collected at the 13-IDD
and 16-IDB beamlines of GeoSoilEnviro-CARS (GSECARS) and the High Pressure Collaborative
Access Team (HPCAT), with gas-loading of diamond anvil cells and Raman measurements conducted
at GSECARS [18]. Prior to each experiment, melamine powder of >99% purity was recrystallized
from saturated aqueous solution, and crystals approximately 10 x 30 x 30 um in diameter were
loaded into symmetric type diamond anvil cell equipped with conical Boehler-Almax type anvils and
backing plates [19]. These crystals were accompanied by chips of ruby as a pressure calibrant, with
helium (2010) or neon (2015) as a pressure transmitting medium. Diffraction data were collected with
Kickpatrick-Baez mirror-focused monochromatic X-rays (A = 0.3344 at GSECARS and 0.4066 A at
HPCAT), focused onto the sample crystals. At each pressure point, the sample was rotated during
X-ray exposure around the w-axis of the instrument, with diffraction images collected at three detector
positions, each perpendicular to the X-ray beam, and differing by 7 cm detector translation. For the
2015 experiment, the internal pressure was changed without removing the cell from the instrument,
using a gas-driven membrane device with a Druck PACE 5000 electronic valve controller. Pressure was
measured by the ruby fluorescence method [20] during pressurization and after a complete diffraction
data set was collected.

Diffraction images collected during each experiment were analyzed using the ATREX IDL
software package [21], where peak intensities were corrected for Lorenz and polarization effects.
Peaks were indexed using cell_now [22], while the orientation matrix was refined and unit cell
parameters were obtained using RSV [21]. Integrated peak intensities were used for the structure
refinement. Refinements were conducted using SHELXL [23] with isotropic atomic displacement
parameters and full site occupancies for all atoms. Amino hydrogens were constrained using the
riding hydrogen model of AFIX 94, preventing the H-N-H angle from varying from 120°, but allowing
some variance in the N-H bond distance and no limitations on the rotation angle of each amino group.
Due to limitations on accurately reporting donor-hydrogen distances determined by X-ray diffraction,
donor-acceptor distances are primarily used to gauge intermolecular interactions. No additional
constraints or restraints were utilized to fix bond distances or the character of the central triazine
ring. Equation of state results, such as bulk modulus and its pressure derivatives (K and K'),
as well as linear compressibilities were determined with EOSFit7-GUI [24], fitting experimental
unit cell values with a third-order Vinet equation of state [25,26]. Additional analysis, including
hydrogen bond geometries and Hirshfeld surface generation, was conducted using Olex? [27] and
CrystalExplorer [28], respectively.

For Raman experiments, a separate symmetric Princeton-type diamond anvil cell was prepared.
We used low-fluorescence, modified brilliant cut diamond anvils with 0.3 mm culets, mounted on WC
backing plates. The gasket preparation technique was identical to the one used for the X-ray diffraction
experiments. One good optical quality, single crystal of melamine, approximately 15 x 50 x 50 um,
and two small ruby spheres were loaded in neon pressure medium. Raman spectra were collected over
a total spectral range of 250-3700 relative cm ! with a holographic 1800 gr/mm grating, utilizing the
green line of a 200 mW Ar* laser (A = 514.532 nm) for excitation, and a Horiba Triax 550 Spectrograph,
equipped with a liquid nitrogen-cooled Princeton Instruments CCD detector, at the GSECARS Raman
Spectroscopy Lab. Sample Raman spectra were collected every 3-5 GPa from 1 GPa up to 33.1(1) GPa
in three separate spectral ranges of 250-1200 relative cm™!, 1400-1900 relative cm~!, and 3100-3650
relative cm~!. Raman data were processed in Spectragryph 1.2.8 [29], where individual adaptive
baseline subtractions were applied to each spectrum to better compare between pressure steps.
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3. Results

3.1. X-ray Diffraction

After initial compression and gas-loading with helium to 0.96(5) GPa, the unit cell parameters
of melamine were a = 10.410(6) A, b = 7.465(2) A, ¢ = 7.086(6) A, and B = 113.89(4)° in the space
group setting of P21 /a. Multiple data sets, between 2010 and 2015, provide nineteen pressure points
where the compressional effects on the structure of melamine was observed. All nineteen data points
were used for equation of state fitting, whereas seventeen were of sufficient data quality to permit
hydrogen bonding geometry analysis. The crystal structures obtained during the compression pathway
show little deviation in the overall molecular geometry with pressure. At 0.96(5) GPa, each individual
melamine unit is connected to its neighbors via eight N-H---N hydrogen bonds, as is the case at ambient
pressure, forming layers of melamine molecules, approximately parallel to (010), that are hydrogen
bonded within, and also linked to neighboring layers (Figure 1a). Additionally, in neighboring layers,
there are pairs of melamine molecules whose central rings lie within parallel planes and overlap.
Neighboring pairs of molecules are offset by 33.8(9) degrees, forming the corrugated structural motif.
With each pressure step up to 36.2(1) GPa, full structure refinement was conducted, initially based
on the structure of melamine reported from ambient pressure neutron diffraction experiments [30].
Selected data collection and refinement information from initial and final pressure steps for this
structure are listed in Table 1. The evolution of unit cell parameters with pressure is listed in Table 2.
Equation of state and linearized axial compressibilities are depicted in Figures 4 and 5, with the
accompanying F-f plot depicted in Figure Al. Additional information, including fractional atomic
coordinates, symmetry operators, and selected bond lengths and angles are listed in Appendix A
Tables A1-A4. On compression beyond 36.2(1) GPa in helium or 31.8(1) GPa in neon, a reversible
phase transition to a twinned triclinic polymorph (where a = 6.08(1) A b= 7.267(2) A c= 7.82(1) A,
and o =78.25(4)°, = 80.1(2)°, v = 80.48(4)° at 38.9(1) GPa) was seen, with pronounced changes in the
diffraction pattern, as shown in Figure 2. This transition was reversible, however, further compression
past approximately 45 GPa in helium resulted in irreversible amorphization, accompanied by loss of
diffraction signal and easily identifiable change of the color and opacity of the crystal (Figure 3).

L

@) (b)

Figure 1. Hydrogen bonding network of melamine at (a) low (0.96(5) GPa) and (b) high (36.21(5) GPa)
pressures. Potential hydrogen bonding interactions between anti-parallel amino N-H groups induced
by pressure are displayed in red. Bonds behind and in front of the plane of view are omitted for clarity.
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Table 1. Selected data collection and refinement details from lowest and highest pressure points. The
opening angle of the diamond anvil cell in the 2015_10 experiment was larger by 20° compared to the
2010_1 experiment, producing higher number of observed peaks.

2010_1 (0.96(5) GPa) Parameters 2015_10 (36.21(5) GPa) Parameters
No. of reflections collected 453 No. of reflections collected 654
No. of independent reflections 186 No. of independent reflections 221
Rint 0.1272 Rint 0.0944
R[F? > 40(F?)] 0.0611 R[F? > 40(F?)] 0.0700
wR(F2) 0.1396 wR(F2) 0.1652
Goodness-of-fit 1.114 Goodness-of-fit 1.231
No. of parameters refined 40 No. of parameters refined 40
No. of restraints used 0 No. of restraints used 0

Table 2. Unit cell parameters as a function of pressure. 2010 data were collected in Ne, 2015 data in He.

Data Set P (GPa) a (A) b (A) c(A) (0] V (A%
2010 104 10.606(1) 7.495(1) 7.295(2) 112.26(2) 536.7(2)
2010 0.96(5) 10.410(6) 7.465(2) 7.086(6) 113.90(4) 503.5(6)
2010 2.9(1) 10.148(6) 7.389(2) 6.954(6) 11593(4)  468.9(5)
2015 35(1) 10.099(1) 7.372(1) 6.866(1) 11647(1)  457.6(6)
2010 47(1) 9.962(6) 7.333(2) 6.821(6) 117.14(4) 443405
2015 6.3(1) 9.906(1) 7.306(1) 6.737(6) 117.62(3) 432.0(4)
2010 7.7(1) 9.807(4) 7.274(1) 6.705(4) 118.07(3) 422.0(4)
2015 9.0(1) 9.740(1) 7.250(1) 6.623(7) 118.47(4) 411.1(5)
2010 10.5(1) 9.678(6) 7.235(1) 6.616(5) 118.34(4)  407.8(4)
2015 12.8(1) 9.572(1) 7.191(1) 6.481(6) 119.21(3) 389.4(4)
2010 16.8(1) 9.446(6) 7.151(2) 6.350(5) 119.89(4) 371.9(4)
2015 17.1(1) 9.404(1) 7.136(1) 6.359(6) 119.86(4) 370.1(4)
2010 19.8(1) 9.366(7) 7.122(7) 6.252(6) 120.47(5) 359.4(5)
2015 22.0(1) 9.246(1) 7.083(1) 6.287(7) 120.00(4) 356.6(4)
2010 23.5(1) 9.254(4) 7.103(4) 6.279(4) 120.14(3) 356.9(3)
2015 27.1(1) 9.219(1) 7.039(1) 6.195(7) 120.44(5) 346.6(4)
2015 30.8(1) 9.057(2) 7.013(1) 6.128(7) 120.57(5) 335.1(4)
2015 34.3(1) 9.006(1) 6.990(1) 6.081(7) 120.67(4) 329.3(4)
2015 36.2(1) 8.965(1) 6.966(1) 6.075(7) 120.48(5) 326.9(4)

0.96(5) GPa 38.9(1) GPa

Figure 2. Diffraction patterns at the central detector position of low- and high-pressure phases of
melamine, displaying the change in pattern before and after the reversible structural phase transition
above 36 GPa in helium.
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(b)

Figure 3. Visible changes in a melamine crystal before (a) and after (b) the irreversible high-pressure
amorphization at 45 GPa in helium.

3.2. Equation of State and Bond Compressibility

Previously, Ma et al. [15] documented the P-V equation of state of melamine, but only to
approximately 15 GPa. Although that study describes a transformation to a triclinic structure below
2 GPa, there exist similarities between that study and the current results. In both cases, there is a
precipitous drop in the unit cell volume below 5 GPa. However, in the present study, there is no
evidence of a phase transformation. Rather, there is a smooth and continuous reduction in the unit cell
volume that is well described by the Vinet equation of state [25,26].

P — 3K, M(;(%(K'—l)(l—m)
\%

1

where fy = (VXO) 3, V) is the initial cell volume, Kj is the isothermal bulk modulus, and K’ is its
derivative when the pressure is equal to zero. The output of this equation of state, with V fixed to
the ambiently determined value of 536.7(2) A3, is Ky = 12.9(8) GPa, and K’ = 7.4(3). The linear axial
compressibilities (defined as 1y = 1/3Kjg) [31] were determined using a linearized version of the Vinet
equation. The increase of the unit cell’s 3 angle was well-described by a three-parameter exponential
rise-to-maximum function. The progression of each of these values with pressure can be seen in
Figures 4 and 5. By 36.2(1) GPa the unit cell volume has experienced a 40 percent collapse, driven
primarily by the shortening of the a and c axes. As each axis shrinks the 3 angle opens, reflecting the
shift of molecules with respect to one another, rising to a predicted maximum of 120.7(1) degrees at
40 GPa.

When comparing the bulk moduli other common six-membered ring molecules such as benzene
(5.5 GPa) or aniline (5.44 GPa), as well as extended structures with ring motifs such as graphite
(33.8 GPa), the compressibility of melamine is closer to the former [32-34]. This can be readily explained
by the type of dominating intermolecular interactions and arrangement of molecules with respect to
each other, where graphite is held more rigidly in covalently-bonded planar sheets, while individual
benzene or aniline molecules are not covalently bonded to their neighbors. Both polymorphs of aniline
also form extended stacked layers held together by hydrogen bonding, where its singular amino
group participates in N-H:--N and N-H---7t hydrogen bonds [33,35]. Individual aniline units do not
experience significant structural or energetic modification in pressure, yet its hydrogen bonds decrease
in length to the point of destabilization [35]. Benzene does not share hydrogen atoms below a theorized
point of metallization [32,36], and 7-7t interactions act as the driving intermolecular interaction with
increasing pressure. For solid benzene-III, a recent theoretical study [36] suggested that at 50 GPa,
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despite an almost two-fold reduction in unit cell volume, the intramolecular bond lengths stay basically
unchanged. A similar situation appears to occur with melamine: while the intramolecular deformation
is minimal, intermolecular hydrogen bonds accommodate pressure changes within the crystal without
departing from the original space group and basic structure.

Unit Cell Volume with Pressure
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Figure 4. Evolution of unit cell volume of melamine with pressure. Data points were fitted with a
third-order Vinet equation of state, Vj = 536.7(2) A3, Ky =12.9(8) GPa, and K’ = 7.4(3). Open circles
indicate 2010 data collected in Ne, filled circles indicate 2015 data collected in He.
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Figure 5. Evolution of normalized unit cell parameters of melamine with pressure. Linear axial compressibilities
are B0 = 6.54(5) x 1073 GPa~ !, By = 1.89(1) x 1073 GPa~, and B =9.0(1) x 10~3 GPa~ .

In comparison to energetic materials, the bulk modulus of melamine is analogous to or slightly less
than 3-HMX (12.4 GPa), «-RDX (13.9 GPa), and TATB (16.2 GPa) [37]. Interestingly, these values were
obtained using powder X-ray diffraction techniques in methanol-ethanol-water, argon, and hexane
pressure media, respectively [38—40]. The use of powders, as well as non-hydrostatic and non-inert
pressure media likely introduces similar uncertainties and irregularities as those encountered with prior
high-pressure experiments of melamine. Significant variations in compressibility for these compounds,
including elastic constants and phase transformation behavior, have been shown to greatly depend on
the hydrostatic character of the pressure media [41,42]. Hydrogen bonding has also been demonstrated
to be the driving interaction in crystalline networks of RDX and TATB, where intermolecular hydrogen
bonding networks could be disrupted by participating polar-solvent pressure media or inter-grain
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boundaries [43]; when compressional hydrostaticity is ensured, highly energetic molecules like TATB
have been shown to remain crystalline past 100 GPa [44].

For inorganic substances and minerals, a very common notion for understanding a compression
mechanism is the Rigid Unit Mode model, in which it is assumed that each subunit (i.e., tetrahedra
or octahedra) is very stiff compared to the framework in which it resides [45]. As a result, rotation
of whole units is preferable to alteration of bond lengths within a unit. Although it is an organic
molecule, within this frame of reference melamine subunits (primarily the aromatic s-triazine ring
and amine nitrogen) can be considered as the inflexible subunit, and are relatively unchanged with
pressure. In contrast, intermolecular hydrogen bonds greatly compress and shift position with pressure,
and individual NH; units have some ability to rotate, in order to accommodate pressure changes and
avoid repulsive H-H interactions. This is evident from the relative lack of change in carbon-nitrogen
bond lengths with substantial increases in pressure, as shown in Figure 6; for both ring and amine
carbon-nitrogen bonds, the bond length decrease is less than about 0.05 A, while the donor-acceptor
lengths of hydrogen bonds decrease by nearly 0.5 A over the same compression path.

The compressional behavior of melamine from the perspective of an individual molecular unit can
also be visualized through Hirshfeld surfaces. This method of crystal analysis condenses properties
such as interatomic angles and distances, crystal packing schemes, and intermolecular interactions into
models that can be easily and qualitatively interpreted, yet are derived from quantitative analysis [46,47].
Hirshfeld surfaces are differentiated from other molecular surface representations such as electron density
maps or van der Waals surfaces by accounting for both a molecule and its proximity to its nearest
neighbors, making it well-suited for the analysis of molecular crystals. Two surfaces, the shape index
and normalized contact distance (dnorm), are particularly useful for describing the packing of molecular
crystals such as melamine.
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Figure 6. Average carbon-nitrogen bond lengths for ring and amine components of melamine.
Each follows a loosely linear decrease in length with pressure.

The shape index is a Hirshfeld surface that identifies concave or convex areas of a molecule’s
surface based on charge density. Red areas indicate concave areas, whereas blue indicates convex.
For the purpose of examining compressional behavior, any change in the intramolecular geometry
is distinguishable by changes in color. For melamine, the relative lack of change between low and
high pressure is apparent (Figure 7), mirroring the small changes in covalent bond lengths and overall
inflexibility of the aromatic component with pressure.
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Figure 7. Hirshfeld surfaces displaying the shape index of melamine at low (0.96(5) GPa), (a) and high
(36.21(5) GPa), (b) pressures. Concave areas, shown in red, correspond to areas where a complimentary
neighboring molecule may interact.

Hirshfeld surfaces of the normalized contact distances tell the other half of the story, and are
shown in Figure 8; this parameter describes the internal (d;) and external (d.) contact distances of
the Hirshfeld surface to the nearest atomic nucleus, normalized by the van der Waals (vdW) radii of
the atoms involved. The result is a surface where intermolecular contacts longer than the sum of the
atoms’ vdW radii are displayed in blue, and contacts shorter than the vdW radii are displayed in red.
At low pressures, this highlights the points of contact for the N-H---N hydrogen bonds, where the bond
contracts the intermolecular distance. As pressure increases, contact points with distances shorter than
the vdW radii appear on the previously non-interacting amine nitrogen and atoms of the central ring.

Figure 8. Hirshfeld surfaces displaying dnorm at 0.96(5), 17.10(5), and 36.21(5) GPa. As pressure
increases, intermolecular contacts are induced, primarily as new hydrogen bonds.

3.3. Hydrogen Bonding Behavior with Pressure

At ambient and low-pressure conditions, individual melamine molecules are linked with
neighbors through pairs of complementary hydrogen bonds connecting amino hydrogens exclusively
to ring-based nitrogen atoms. In previous ambient-pressure X-ray and neutron diffraction studies,
it was observed that of the six symmetry independent hydrogen atoms in NH, groups, only four
strongly participate in hydrogen bonding [30]. The two remaining hydrogen atoms are subject to
hindrances that prevent strong hydrogen bonding interactions, and are denoted in this study as H3
and H5. In the case of H5, the hydrogen atom is in close contact with another H5 on a neighboring
molecule, and repulsive interaction occurs as distance decreases. For H3, steric hindrance prevents it
from being sufficiently close to a ring nitrogen acceptor atom, allowing only weak interaction with a
NH, group on a neighboring molecule. Each ring nitrogen atom also acts as a hydrogen bond acceptor
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for a total of four bonds per ring, with one nitrogen (denoted here as N4) acting as acceptor for two
bonds (Figure 1a).

The hydrogen bonds in melamine can also be distinguished by whether they link molecules
within a given corrugated plane or between them; for instance, the decrease in donor-acceptor distance
for intra-plane molecules decreases smoothly as a function of pressure akin to the behavior of the
unit cell parameters, while the inter-plane behavior is less consistent (Figures 9 and 10). This is likely
caused by the larger influence of the intra-plane bonding, as there are more hydrogen bonds within
a layer, as well as small amounts of rotation and torsion to accommodate the increased intra-layer
bonding and repulsive interactions between close-contact hydrogens. Ultimately, the intermolecular
hydrogen bonds are capable of significant shortening with response to pressure, without any significant
changes in the pattern of the original hydrogen bonds. Compression through 36.2(1) GPa decreases
donor-acceptor distances substantially, which increases the covalent character of a bond and increases
its strength [48].
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Figure 9. Intra-plane hydrogen bond D---A distance as a function of pressure, fitted with a third-order
polynomial function.
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Figure 10. Inter-plane hydrogen bond D---A distance as a function of pressure, fitted with a third-order
polynomial function.
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Notably, none of the original hydrogen bonds present at ambient pressures are broken below the
phase transition pressure; instead, new hydrogen bonds between amino hydrogens and ring nitrogens
form by 9.0(1) GPa and persist until at least 36.2(1) GPa (Figure 11). As pressure increases further,
amino groups are pushed into close contact with one another, and interactions between oppositely
aligned N-H atoms occur as each hydrogen is brought closer to an opposing nitrogen’s lone pair
of electrons. These interactions, although primarily electrostatic in character, are stabilized by their
anti-parallel orientation to one another, with pressure overriding unfavorably shallow D-H-A angles,
steric crowding, and repulsive interactions. At 36.2(1) GPa, sufficiently short bond distances indicate
bi- and tri-furcation of these bonds, as shown in Figure 1b, by the previously un-bonded H3 and

H5 atoms.

Figure 11. Hydrogen bonding network of melamine at (a) low (0.96(5) GPa) and (b) high (36.21(5)
GPa) pressures, as viewed down <010>, displaying the layered structure. New hydrogen bonds to the
central ring have been highlighted in green. Some bonds, including weak amino N-H interactions,
have been omitted for clarity.

The new pressure-induced hydrogen bonds are not sufficiently strong to create a stable
high-pressure configuration, as the transformation between monoclinic and triclinic phases is reversible.
This is However, the new pressure-induced hydrogen bonds with ring nitrogen atoms may foster
changes in the intermolecular interactions of 7 electrons in the high pressure phase; at ambient
conditions, inter-layer hydrogen bonds link molecules where the centroid planes of the rings are
parallel to one another, resulting in a skewed parallel-displaced arrangement where an electron-rich
ring nitrogen is roughly aligned with a moderately electron-deficient ring center. At high pressures, the
new hydrogen bonds also link molecules whose planes are at an offset to one another, introducing an
interaction between these rings not experienced at lower pressures. Furthermore, compression reduces
the distance and shift between the ring centroids (depicted in Figure A2), as well as reducing the
angle between offset pairs of molecules (Figure 12), increasing the likelihood of extended interactions
between multiple pairs of molecules. Although the term “7-7 stacking” does not correctly describe
the contact between neighboring melamine molecules [49,50], the distances and angles between
ring centroids are within limits for attractive electrostatic 7-o interactions at both ambient and high
pressures [49,51,52]. However, the N-H---N hydrogen bonds ultimately direct the supramolecular
changes in the melamine crystal; this provides exceptional stability when compared to un-substituted
s-triazine, which does not have the ability to act as a hydrogen bond donor [49,53,54].

11
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@ (b)

Figure 12. Electrostatic potential surfaces of neighboring melamine molecules at 6.33(5) (a) and 36.21(5)
(b) GPa, scaled from —0.0928 to 0.1388 au. Regions in red are electron-rich, while regions in blue are
electron deficient. With pressure, distance between melamine ring centroids oriented in parallel planes
decreases, and the offset angle to the next pair of molecules decreases.

3.4. Raman Spectroscopy

In general, Raman spectroscopy is an excellent tool for detecting pressure-induced structural
phase transitions in solids, which usually manifest themselves as discontinuous changes in vibration
mode behavior. For instance, symmetry lowering related to displacive phase transitions typically
results in splitting of Raman peaks. The case of molecular crystals, however, is often more complicated
than simple inorganic solids. The starting crystal symmetry is often lower, and the number of Raman
modes can be very significant. At the same time, there are more types of competing interatomic and
intermolecular interactions (e.g., hydrogen bonds, van der Waals forces, electrostatic interactions,
charge transfer), which affect the vibration force constants. At high pressure the balance between these
various interactions changes and may cause discontinuities in the Raman mode behavior unrelated to
first-order structural phase transitions. An example of such was found in benzene, for which Raman
experiments [55] described the existence of phase transitions between the II-III and III-IV phases
at about 4 and 11 GPa. However, later studies combining both IR spectroscopy and powder X-ray
diffraction cast doubt on tose proposed transitions, as the observed discontinuities and changes in
vibrational modes did not correspond to symmetry-altering first-order structural changes [32].

The ambient pressure Raman spectrum of melamine was first quantitatively interpreted in
terms of mode assignment by Schneider and Schrader [56]. The assignment of the collective ring
vibration modes can be made by analogy to the unsubstituted parent-molecule of s-triazine [57].
There are also several recent Raman studies of solid salts of melamine [58,59] that are useful in
interpretation of individual vibration modes, such as those from hydrogen bonds. In the spectral
range covered by our experiments, the Raman spectrum of melamine can be divided into three regions:
the 250-1200 relative ecm™! is the collective ring vibration mode region, from 1400-1900 cm~ s
the C-NH, vibration mode range, and the 3000-3700 cm~! range is the N-H vibration mode range.
This last region proves to be the most informative; at ambient pressure there are four distinct Raman
peaks, at 3128, 3333, 3420, and 3471 relative cm ! [16]. The two peaks at lower wavenumbers are very
broad and quite asymmetric, whereas the peaks at higher wavenumbers are sharp and symmetric,
as seen in Figure 13.

The non-uniformity of the hydrogen bonding interactions can also be seen in the Raman spectra.
The sharp Raman peaks of 3420 and 3471 cm™! at close to ambient pressure conditions can be
associated with the non-hydrogen bonded N-H vibrations, such as from H3 and H5. The broad
features, reminiscent of the O-H peak shapes in other hydrogen-bonded crystals, e.g., solid H,O,
correspond to the two groups of hydrogen-bonded NH,. With increasing pressure, as intermolecular
distances are reduced and hydrogens are forced into closer vicinity of nitrogen atoms, these peaks

12
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broaden and fade. As these previously non-interacting atoms are forced into hydrogen bonding
interactions, the signal for each is muddied until the point of transition.
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Figure 13. Raman spectra of melamine in N-H vibration region, vertical offset indicates sequential
pressure steps in GPa, as shown on the right vertical axis. Intensity is arbitrary with vertical
stacking offset.

The changes in the Raman spectra accompanying the monoclinic-to-triclinic phase transition,
observed in diffraction data at approximately 30 GPa in Ne and 38 GPa in He, are quite pronounced in
all three spectral ranges, with the appearance of new spectral features often occurring slightly before
the observed transition pressure. In the ring breathing mode range the high wave number component
of the 750 cm ™! peak splits into a doublet, as does the 1100 cm~! peak, shown in Figure 14. This is
indicative of a change in the interaction between inter-layer molecules, potentially between newly
crystallographically and energetically inequivalent ring systems after the phase transition [60-62].
In the C-N vibration range (Figure 15) a whole new family of peaks appear before the point of
transition between 1500 and 1600 relative cm~!, with new peaks forming at approximately 1700
and 17900 rel cm~! above approximately 30 GPa. This corroborates a change in the electronic state
beginning at 26.86(5) GPa, culminating in a change in symmetry. Similarly, in the N-H range two new
high wavenumber peaks appear between 3500 and 3600 cm ™! at approximately 30 GPa, and strengthen
with increasing pressure.
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Figure 14. Raman spectra of melamine in the ring vibration-mode range, vertical offset indicates
pressure steps in GPa. Splitting of the 750 cm~! and 1100 cm ! peaks is observed at 29.80(5) GPa in Ne.
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Figure 15. Raman spectra of melamine in the C-N vibration mode range, vertical offset indicates
pressure steps in GPa. Appearance of new peaks at approximately 1700 and 17900 rel cm ™! are seen
above approximately 30 GPa.

4. Discussion and Conclusions

The compressional behavior of melamine closely resembles that of other hydrogen-bonded
molecular solids, where individual molecular subunits and internal covalent bonds are not significantly
altered with pressure [33,35,54,63,64]. Instead, hydrogen bonds can readily accommodate the increase
in pressure, becoming more stable with decreasing donor-acceptor distances and linearization of
donor-hydrogen-acceptor angles up to a critical pressure [48,65]. Melamine is notable for its extensive
network of hydrogen bonds when compared to other substituted aromatics [54,63], which allows
it to remain structurally stable over the same pressure range where many other molecular crystals
irreversibly amorphize or decompose [44]. Additionally, this increase in hydrogen bonding stability
(and by extension, covalent character) seems to overrule or direct other steric and electronic interactions
that would otherwise exhibit more control over compressional behavior and reactivity. This is especially
apparent when comparing against non-hydrogen bonded molecular crystals; for instance, although
s-triazine shares the same fundamental aromatic ring system as melamine, its behavior is controlled
by 7t interactions, resulting in susceptibility to electronic modification with pressure and increased
reactivity [53,65,66], ultimately becoming irreversibly amorphous at 15.2 GPa. Similarly, benzene
amorphizes into extended polyaromatic compounds at 23 GPa. Crystallinity is also generally limited
to lower pressure ranges in molecular solids with limited or weak hydrogen bonding character;
pyrimidine amorphizes at 22.4 GPa [67], pyrrole at 14.3 GPa [68], and pyridine at 22 GPa [69]. Each of
these amorphization transitions is irreversible, indicating significant changes in the covalent bonding
environment, often through ring-opening and polymerization [67].

In molecular crystals with extended hydrogen bonding networks (often with “rosette-type”
hydrogen bonding geometry) such as melamine and its related adducts, as well as TATB,
the pressure-stability relationship appears to be more complex. In a 1:2 melamine-boric acid adduct,
a reversible amorphization transition was reported at 18 GPa, indicating a loss of periodicity
but not chemical alteration [70]. For a 1:1 cyanuric acid-melamine adduct, an irreversible phase
transition at 4.9 GPa to a quenchable crystalline phase of lower symmetry was reported [71].
This was accompanied by a pronounced change in the crystal’s opacity, not unlike what is seen
in the irreversible amorphization of melamine. Surprisingly, TATB in hydrostatic helium was found to
be stable up to at least 150 GPa, after experiencing several subtle, reversible phase transformations
that produced visible color changes in the crystal [44].

’
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In melamine, the phase transformations to the triclinic polymorph and amorphous phase
occur at roughly double the pressure than other molecular solids, at upwards of 36 GPa in helium.
The reversible transformation to the triclinic structure results from a rearrangement of the hydrogen
bonding network in melamine, where electronic and electrostatic interactions not seen at ambient
conditions are kept stable at high pressure but revert upon decompression. Upon further compression,
the crystal can no longer accommodate these forced interactions, and an irreversible transition
occurs to release the imposed stress on the structure. The large pressure stability field of melamine,
combined with the interesting behavior of melamine adducts with pressure, indicate some potential
for using melamine-based substituted triazines or adducts to design functional crystals held together
by extensive pressure-stabilized hydrogen bonding networks.
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Appendix A

Table Al. Selected bond lengths and angles for melamine at 36.21(5) GPa (2015_10). Amino C-N-H
angles are set to 120° by the AFIX hydrogen bond command.

Bonded Atoms Length A) Atoms in Angle Angle (°)
C(1)-N(1) 1.26(2) N(1)-C(1)-N(6) 121.5(6)
C(1)-N(6) 1.345(17) N(1)-C(1)-N(5) 118.1(12)
C(1)-N(5) 1.361(8) N(6)-C(1)-N(5) 120.4(14)
C(2)-N(2) 1.302(14) N(2)-C(2)-N(6) 120.1(6)
C(2)-N(6) 1.316(17) N(2)-C(2)-N(4) 115.8(11)
C(2)-N4) 1.345(8) N(6)-C(2)-N(4) 124.1(10)
C(3)-N(5) 1.30(2) N(5)-C(3)-N(4) 125.8(8)
C(3)-N(4) 1.317(15) N(5)-C(3)-N(3) 117.3(10)
C(3)-N(3) 1.335(10) N(4)-C(3)-N(3) 116.9(14)

Table A2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2 x 10%) for
carbon and nitrogen atoms melamine at 36.21(5) GPa (2015_10). Ueq is defined as one third of the trace
of the orthogonalized Uij tensor.

Atom X Y VA Ueq
C(1) 1771(16) 6196(8) 290(40) 11(1)
C(2) 1307(16) 4725(7) 3230(40) 9(1)
C(3) 634(16) 7829(8) 2330(40) 11(1)
N(1) 2234(14) 6180(7) 1340(40) 10(1)
N(?2) 1280(12) 3193(7) 4440(30) 7(1)
N@3) 252(13) 9514(7) 2970(30) 10(1)
N(4) 586(15) 6305(7) 3570(40) 11(1)
N(5) 1098(13) 7850(7) 610(30) 10(1)
N(6) 2005(14) 4661(7) 1780(40) 11(1)
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Table A3. Definitions of symmetry operators.

Atom Symmetry Operators
1 X, Y, z—1
2 —x+1/2, y—1/2, —z
3 —x+1/2, y+1/2, —z
4 X, y—1, z
5 —x+1/2, y—1/2, —z+1
6 —X, —-y+1, —z+1
7 X Y+1 z
8 —X -y +2 -z
9 —X -y +2 —z+1

Table A4. Hydrogen bond D-H--A lengths and angles at 36.21(5) GPa (2015_10). Hydrogen bonds
linking to neighboring triazine ring nitrogen atoms are displayed in bold.

D-H--A Symmetry d(D-H) d(H--A) <DHA d(D--A)
N1-H1.--N5_$2 0.935 1.792 155.72 2.672(8)
N1-H2---N6_$3 0.935 1.821 134.85 2.568(7)
N2-H3---N4_$5 0.865 2.16 126.5 2.763(12)
N2-H3---N6_$5 0.865 2.688 117.55 3.182(16)
N3-H6---N5_$8 0.886 1.89 139.51 2.628(18)
N2-H4---N4_$6 0.865 1.703 161.53 2.538(13)
N1-H1---N2_$1 0.935 2.481 120.73 3.067(18)
N1-H1---N3_$2 0.935 2.379 134.58 3.108(10)
N1-H2.--N2_%$3 0.935 2.477 127.01 3.131(14)
N2-H3---N1_%$2 0.865 2.49 131.52 3.131(14)
N2-H3---N3_$4 0.865 2.152 122.47 2.717(10)
N2-H4---N3_$6 0.865 2.561 129.4 3.182(12)
N3-H6---N1_$3 0.886 2.546 121.95 3.108(10)
N3-Hé6---N2_3$7 0.886 2.158 120.4 2.717(10)
N3-H5---N2_$6 0.886 2.565 127.35 3.182(12)
N3-H5---N3_$9 0.886 1.96 159.3 2.81(3)
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Figure Al. F-f plot for data plotted with a third-order Vinet equation of state.
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Figure A2. Ring centroid-centroid distance and shift as a function of pressure. Centroid distance is the
straight line distance between the centers of the rings, shift indicates the in-plane separation between
the centers of ring planes.
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Abstract: Single-crystal samples of the semi-organic compounds mono-L-alaninium nitrate and
monoglycine nitrate have been studied by Raman spectroscopy in a diamond-anvil cell up to 5.5 GPa,
in order to observe the behavior of the deformation mode of NHj units. It was observed for these
semi-organic crystals that increasing pressure produces a decrease in the wavenumber of the band
associated with the deformation vibration, differently from most of the modes. Comparatively,
mono-L-alaninium has a higher dv/dP than monoglycine nitrate, for the band associated with the
deformation vibration. The anomalous behavior is explained in terms of the effect of high pressure in
the short and linear intermolecular hydrogen bonds.

Keywords: semi-organic crystals; high-pressures; raman spectroscopy

1. Introduction

Hydrogen bonds (H-bond) play a very special role in the interactions among molecules of
biological interest, including those with large applications and importance for pharmaceutical and
medical sciences [1,2]. One way to gain insights about the behavior of H-bonds is approximating
molecules through the application of high pressure. Unfortunately, there is the problem of obtaining
accurate information on the H-atom positions and a complete picture of the effect of high pressure on
H-bonds, which is a difficult experimental task. In fact, an H atom has only one electron, which makes
them very hard to detect with X-rays accurately because X-rays are scattered from the electron density.
On the other hand, thermal neutrons diffract strongly from the nuclei of H atoms, which make them
detectable by using nuclear reactors, but the accessibility for researchers is limited.

Regarding the studies of amino acids from a structural point of view, only a few works have
focused on the question of H-bonds. These investigations attempted to furnish a description of this
interaction and to understand the stability of the crystal structure. For example, in the orthorhombic
phase of L-cysteine, the values of the S-HeeeO and the S-HeeeS angles remain unknown and a
complete picture of the effect of high pressure on H-bonds was not obtained [3]. On the other hand, an
X-ray crystallographic study in L-alanine furnished a good picture about the high pressure effect in
H-bonds [4]. In that work high-pressure single-crystal X-ray measurements were shown, which were
carried out using L-alanine-hy combined with high-pressure neutron powder diffraction measurements,
carried out with L-alanine-d7 and DFT (Density functional theory) calculations. One of the main effects
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of pressure in strong N-HeeeO bond is reducing significantly the bond angle, which varies from an
average 155.75° at room pressure to 148.97° at 9.87 GPa [4].

Calculations on crystals using the DFT methodology have proven to be quite accurate [5]. A recent
study on L-tyrosine under high pressure [6] showed that it is not possible to distinguish substantial
differences between the theoretical spectrum and the experimental FT-IR spectrum. However, we
are not using such calculations in the present work. Additionally, a complete picture of the effect of
high pressure in H-bonds is not trivially obtained through high pressure crystallographic experiments.
For example, deuteration, which requires a difficult procedure to obtain samples, is essential for
neutron powder diffraction [4] due to the differences in scattering amplitude caused by the replaced H
atom by the deuterium [7]. Thus, the main strength of Raman spectroscopy is the ability to provide a
great wealth of easily analyzable qualitative information very rapidly, providing a powerful diagnostic
of this process.

In other words, high-pressure Raman spectroscopy can provide interesting insights on the effect
of high pressure in H-bonds. For example, we observed for the first time that the behavior of the NH;*
torsional mode in L-alanine is unusual because it presents a negative slope in wavenumber shifts with
pressure (dv/dp < 0). We have interpreted this to be a consequence of the particular characteristics of
H-bond geometry, where, on compression, the N-HeeeO bonds become less linear [8].

It is worth mentioning that a recent Raman scattering study, focusing on polymorphism [9],
studied mono-L-alaninium nitrate under high pressure and observed a phase transition between 3.5
and 4.1 GPa. In another study, on monoglycine nitrate under high pressure [10], the occurrence of two
phase transitions in the network modes between 1.1-1.6 GPa and 4.0-4.6 GPa was observed. In the
present study, the focus is on the influence of the hydrogen bonds in a specific vibrational dynamic in
the two semi-organic crystals. In addition, we try to show that the Raman spectroscopic technique is an
easier way to obtain experimental results on these binding behaviors than crystallographic techniques.

This work is the continuation of a Raman spectroscopic investigation to monitor the effects of high
pressure in H-bonds. Now we show a study about the behavior of the deformation mode of NH3* unit,
5(NHj;"), in two semi-organic compounds, mono-L-alaninium nitrate (+NH3-CH3-OH-COOH, NO3 ™),
and monoglycine nitrate (+NH;3-CH-COOH, NO3 ™). The analysis allowed us to understand the
change of geometry of H-bonds in the two compounds as a consequence of high pressure application.

2. Materials and Methods

Crystals of mono-L-alaninium nitrate were prepared by slow spontaneous evaporation of a
solution of L-alanine 99%, Sigma-Aldrich (St. Louis, MO, USA) in nitric acid, Erba Lachema (Brun,
Czech Republic), 1 moll 1-1 (in a molar ratio of 1:1) at laboratory temperature. Crystals of monoglycine
nitrate were prepared by reaction equimolar of glycine 98% Sigma-Aldrich (St. Louis, MO, USA), and
nitric acid 65% Dindmica (Diadema, Brazil), at laboratory temperature. To confirm the orthorhombic
P212,2; structures of both crystals, X-ray diffraction patterns of crushed powder were recorded using
a Philips Analytical X-ray diffractometer (Model PW1710) with Cu K« radiation. A Raman scattering
experiment was performed from a small crystal in a membrane diamond anvil cell (MDAC), whose
hole diameter in a stainless gasket was ~130 pm pre-indented to a thickness of ~54 pm. The pressure
in the cell was monitored using the shifts of the Cr*3:Al,O; lines. The pressure calibration is expected
to be accurate to +0.08 GPa. The mineral oil Nujol was used as a hydrostatic pressure medium.
The excited source was a semi-conductor Nd:YVO4 laser, model Verdi V-5 of Coherent, with a line
beam of 532 nm operating at 250 mW. However, due to the experimental laser assembly scheme, only a
small fraction of the output power is absorbed by the sample. Therefore, the effect of the temperature
increase of the sample in our work is neglected, an approximation commonly used in this type of
experiment. The backscattering light was analyzed using a Jobin Yvon Triplemate 64,000 micro-Raman
system equipped with an N,-cooled CCD system. The slits were set for a 2 cm ! spectral resolution.
The laser beam was focused on the sample surface using an Olympus BX40 microscope lens with
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f =20.5 mm. Spectra with six 90-s acquisitions were made. From this point, increasing numbers or
acquisition time did not result in better spectrum performance.

3. Results and Discussions

In mono-L-alaninium nitrate (MAN), the structure molecule is in the form of a protonated
alanininum cation (+NHj3-CH3-OH-COOH). Each NH;* group forms three conventional H-bonds.
The bonds with lengths 2.830 and 2.900(1) A, connect NH5* group and nitrate anions (NO3 7).
The intermolecular bond with length 2.877(1) A, connects the NH;3* group and ~COOH group [11].

In monoglycine nitrate (MGN) the molecule exists as +NH3-CH;-COOH, NO3 ™. Because H-bonds
are long-range interactions, a group N-H is bonded to more than one acceptor (oxygen atom) at
the same time and two of the hydrogen atoms of the NH3 group form bifurcated hydrogen bonds
(BH-bond). The third hydrogen atom of the NH3* group forms a strong intermolecular conventional
hydrogen bond (H-bond) with lengths 2.792 Aand angle 169° [12]. Figure 1 presents the local H-bond
environment, with length and angle, of the NH3* group in both (a) MGN and (b) MAN.

® ()

9 ® ®
® ® ®
119 ® @ 178° ® 172
2792 1, 28734 H1 2.830
169 N 136
~ 165
e HIjy H, 2792 2900 H Ny 2877
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° . ° ° ¢
[ ]
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Figure 1. Representation of NH3* group in (a) monoglycine nitrate and (b) mono-L-alaninium nitrate
showing the hydrogen bonds with their respective lengths and angles.

An analysis and comparison of the H-bonds in both compounds reveals substantial differences.
In fact, in MGN, the presence of two BH-bonds is observed, and these interactions are longer than most
of the H-bonds in MAN, e.g., N-HeeeO. As a consequence, usually, the BH-bond has the characteristics
of weak H-bonds [13].

Figure 2 presents the Raman spectra of MGN and MAN in the wavenumber region where the
observation of deformation bending vibration of NH3*, 5(NH;3™) is expected, for two different pressure
values. The pressure dependence of the wavenumber modes between 0.0 and 5.5 GPa is presented in
Figure 3, where MGN is represented by the symbol (W) and MAN by the symbol (). The wavenumber
pressure dependence of the bands exhibits a linear behavior. In order to furnish a quantitative analysis
of the behavior of the wavenumber pressure dependence, Table 1 shows the wavenumber values for
5(NH3™") (at atmospheric pressure) and the variation of the wavenumber as a function of pressure
(dv/dP), for MGN and MAN.
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Figure 2. Raman spectra of monoglycine nitrate (MGN) and mono-L-alaninium nitrate (MAN) for two

different pressures, showing the region where it is expected the observation of mode associated with
the bending of NH3*.
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Figure 3. Wavenumber of the mode associated with bending of NH3* as a function of pressure for
monoglycine nitrate (full symbols) and mono-L-alaninium nitrate (empty symbols).

24



Crystals 2018, 8, 245

Table 1. The wavenumber at atmospheric pressure v (cm 1) of the deformation mode of NH;* unit
and the variation of the wavenumber as a function of pressure (dv/dP).

MGN MAN
v(em™1) dv/dP (cm~1/GPa) v(em~1) dv/dP (cm~1/GPa)
1533 —0.9 1521 —2.8
1597 —0.7 1592 —-3.8
1631 —0.8 1617 —0.6

In general terms, the Raman bands are shifted to higher wavenumbers with increasing pressure
because interatomic and intermolecular bonds stiffen as they shorten. The experimental result
presented here indicated an anomalous behavior of the §(NH3*) for both of the compounds with
negative dv/dP values. It is observable that the §(NH3") of H bond is influenced by the pressure
effects, making it less linear and weakening the bonds. Additionally, for MAN, dv/dP values vary
more strongly. It is reasonable to affirm that the wavenumber of the NH3* vibrations strongly depends
on the local H-bond environment, as reported in [8] for the NH3™ torsional mode in L-alanine. In other
words, the wavenumber behavior for the 5(NH3*) modes should be dominated by pressure effects on
H-bonds set.

The NH3* unit in MGN, is endowed with BH-bonds in two H-atoms (H1 and H2) and a
strong H-bond (H3). Competitive interaction occurs between BH-bonds and strong H-bonds with
compression having an effect on dv/dP ~—1.0 cm~1/GPa for 5(NH;3*) bands. On the other hand,
the NH3™ unit in MAN, endowed with three relatively strong H-bonds, having as an effect a higher
variation in dv/dP values than MGN, with dv/dP ~—4.0 cm~!/GPa for 5(NHj3"%) bands.

These results suggest a model to explain the unusual behavior of the §(NH3") mode for
both compounds, where strong H-bonds become less linear with increasing pressure pointing to
a weakening of the force constant at higher pressures. A similar effect occurs with H-bonds in
L-alanine as verified through the behavior of the NH;* torsional mode. In MGN, pressure has the
effect of strengthening BH-bonds and weakening strong H-bonds resulting in a small variation of
dv/dP for 5(NH3*) bands. In MAN, which has three very strong H-bonds, the pressure increase causes
the weakening not only of one h-bond, but of three, by decreasing linearity. Thus, this results in a large
variation of dv/dP for § (NH3*) bands.

In a previous Raman spectroscopic work on MGN [10], we have studied the phase transition
phenomenon, but we were not able to detail the effect of high pressure in the H-bonds. In that study,
we have presented the behavior of the NH;* torsional mode (at 506 cm™! at atmospheric pressure)
in MGN, that shows a positive slope in wavenumber shifts with pressure (dv/dP = 1.1 cm~!/GPa).
According to our model, the NH3* torsional mode in MGN is dominated by the effects of pressure
on the weak BH-bonds, strengthening of the force constant at higher pressures. Unfortunately, the
bands corresponding to the NH3" torsional mode in MAN, which are very important for monitoring
the hydrostatic pressure effects in the H-bonds and strengthen our model, are difficult to follow in the
Raman spectra since they are too weak. In subsequent studies, the DFT investigation could contribute
to elucidating what happens to the H bonds, completing the experimental observation.

The pressure or stress-induced wavenumber shifts Av/v are mainly determined by the associated
deformation of volume, AV /V. Pressure affects the equilibrium spacings between nuclei, distorts the
electron clouds, and, through them, modifies the restoring forces. Interatomic potential containing
power laws or exponential terms are strongly anharmonic, and are composed by attractive and
repulsive terms [14]. Therefore, for short and linear N-HeeeO bonds, the approximation of the N,
H, and O atoms, due to compression, is impeded by the repulsive terms of the interatomic potential
having the effect of reducing the angle of the bond.

On one hand, our study showed the behavior of the H-bond geometry due to pressure effects.
On the other hand, very recently, a study has shown that certain guest molecular inclusions result in
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stronger H-bonds [15]. This means that H-bonds play a fundamental role in binding guest molecules
to the respective host compounds, with a clear influence on the link of the host-guest complex [15].
So, we give as a suggestion for future works the investigation of host-guest compounds under high
pressure conditions in order to draw a picture about the joint effects of strengthening H-bonds due to
both the guest and the pressure effect itself.

4. Conclusions

We have presented a study on simple semi-organic compounds, mono-L-alaninium nitrate and
monoglycine nitrate, in order to shed light on the problem of the effect of high pressure in H-bonds.
Particularly, we have studied the pressure-dependence of the bending mode of the NH;* unit under
the scrutiny of a spectroscopic tool, an easier access tool than experimental methods used by [4].
The experimental results indicated that strong N-HeeeO bonds, at room temperature, become less
linear and weak with increasing pressure, and, comparatively, the wavenumber behavior for the
5(NHj;*) modes should be dominated by pressure effects on the H-bonds set. Additionally, the present
study has improved the discussion about the effect of high pressure on H-bonds, complementing
a previous work where the torsional vibrations of the same group in certain amino acids crystals
were investigated.
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Abstract: The structural phase transition and compressibility of CaF, nanocrystals with size of
23 nm under high pressure were investigated by synchrotron X-ray diffraction measurement.
A pressure-induced fluorite to -PbCl,-type phase transition starts at 9.5 GPa and completes at
20.2 GPa. The phase-transition pressure is lower than that of 8 nm CaF, nanocrystals and closer to
bulk CaF,. Upon decompression, the fluorite and a-PbCl,-type structure co-exist at the ambient
pressure. The bulk modulus By of the 23 nm CaF, nanocrystals for the fluorite and x-PbCl,-type phase
are 103(2) and 78(2) GPa, which are both larger than those of the bulk CaF;. The CaF, nanocrystals
exhibit obviously higher incompressibility compare to bulk CaF;. Further analysis demonstrates that
the defect effect in our CaF, nanocrystals plays a dominant role in the structural stability.

Keywords: high pressure; CaF, nanocrystals; phase transitions; X-ray; bulk modulus

1. Introduction

Calcium fluoride (CaFp)—with low absorption coefficient, high transmittance, anionic
conductivity, and high resistivity—has become the focus of fundamental scientific research and
industrial applications [1-3]. Especially because of its typical crystal structure, CaF, becomes the
best material for high pressure research. At ambient conditions, bulk CaF, crystallizes in the cubic
fluorite structure (Fm3m), in which Ca and F atoms occupy Wyckoff position 4a and 8c positions,
respectively. Many theoretical and experimental studies on structural phase transition, optical, and
electronic properties of CaF, under high pressure have been reported [4-13]. At high pressure,
CaF, undergoes two structural phase transitions to highly coordinated structures. The first phase
transition from the fluorite structure to an orthorhombic x-PbCl,-type structure (Fm3m to Pnma) is
reported to occur at 8-10 GPa [4-6]. Theoretical studies of CaF, predicted that the second phase
transition from o-PbCly-type structure to NiyIn-type structure (Pnma to P63/mmc) takes place at
68-278 GPa [6,7]. Experimental research by S M Dorfman et al. reported that bulk CaF, transformed
from the a-PbCl,-type structure to the NipIn-type structure at 79 GPa with heating to about 2000 K [8].
Although there are widely high-pressure studies on bulk CaF,, yet very few experimental studies on
nanosized CaF; exist for comparison.

Because of the surface effect and quantum confinement effect yielded by the significantly decrease
in size, applications of high pressure have proven to be an important tool in tailoring the properties of
nanomaterials [14-33]. Previous high-pressure studies on nanomaterials have revealed a set of novel
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high-pressure behaviors, which different from that of their corresponding bulk materials. The size effect
has a great influence on the phase transition pressure [16-19], the course of amorphization [21-25],
and phase transition routines [26]. Our previous high-pressure X-ray diffraction study revealed that
CaF; nanocrystals with size of 8 nm transformed from fluorite structure into x-PbCl,-type structure
at 14 GPa, and the high-pressure structure was stable up to 46.5 GPa. The enhancement of structural
stability is mainly due to the surface energy differences between the cubic and orthorhombic phases [34].
Beyond that, pressure-induced structural transition of nanosized CaF, has no other reports, and the
bulk modulus of nanoscale CaF, is still not well known. In order to further research the high-pressure
behaviors of nanosized CaF,, and explore the important factors to affect the structural stability of
nanomaterials, more experimental data for various sized CaF, is urgently needed.

Herein, we present our observations on structural phase transition and compressibility of
23 nm CaF; nanocrystals using synchrotron X-ray diffraction measurement. We found that the
phase-transition pressure from fluorite to a-PbCly-type is lower than that previously reported of § nm
CaF; nanocrystals and closer to bulk CaF,. The bulk modulus of the 23 nm CaF, nanocrystals for the
fluorite and «-PbCl,-type structure are both larger than those of the bulk CaF,. We believe that the
enhancement of bulk modulus is due to higher surface energy. We observed that the as-synthesized
CaF, nanocrystals contain visible dislocations and defects which could play a dominant role in
structural stability.

2. Materials and Methods

The 23 nm-sized CaF; nanocrystals were synthesized using the solvothermal synthesis method.
0.5 mmol of Ca(NOj3); and 1 mmol of NaF were dissolved in 10 mL distilled water to form clear
solutions, respectively. The two solutions were mixed under full stirring to obtain opaque white
suspension. The solution was transferred in to a 40ml autoclave which was filled to 85% of its total
capacity with ethanol. Then, the system was kept in an oven at 140 °C for 15 h and cooled in air
naturally. The final products were obtained after centrifugation and drying treatment.

The crystalline morphology and particle size of synthesized CaF; nanocrystals were examined
by transmission electron microscopy TEM (200 KV, H-81001V; HITACHI, Tokyo, Japan) and
high-resolution transmission electron microscopy HRTEM (JEM-2100HR; JEOL, Tokyo, Japan).
The sample was loaded into a symmetric diamond anvil cell (DAC) with a culet size of 300 um
for high-pressure characterization, and silicon oil was chosen as the pressure transmitting media.
The synthesized CaF, nanocrystals were enclosed into a 100-um-diameter hole of the T301 stainless
steel gasket. The shift of the ruby R1 line was utilized to calibrate the pressure. A high-pressure
X-ray diffraction experiment was performed at BL15U stations of Shanghai Synchrotron Radiation
Facility26 (SSRF, A = 0.6199 A). A focused beam size of 3 x 3 um? was used for data collection. MAR165
CCD detector was utilized to collect the X-ray diffraction data. The distance between the sample and
CCD detectors was 173 mm which was calibrated using a CeO; standard. FIT2D software was used
to process the two-dimensional X-ray diffraction images. The ORIGIN8 and MATERIAL STUDIO
programs were adopted to refine high-pressure synchrotron XRD patterns.

3. Results and Discussion

Figure 1 shows that the shape of as-prepared CaF, nanocrystals is irregular particle with uniform
morphology. Selected-area electron diffraction (SAED) pattern (inset in Figure 1a) shows that the major
diffraction rings can be indexed into a cubic structure. Figure 1b displays the corresponding particle
size distribution histograms. The distribution is narrow, and the average size is 23 + 4 nm.
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Figure 1. (a) TEM image of the as-synthesized CaF, nanocrystals. Inset in (a) represents the
corresponding SAED pattern. (b) Particle size distribution of CaF, nanocrystals.

Figure 2b presents XRD spectra for the 23 nm CaF, nanocrystals collected by increasing the
pressure gradually up to 23.5 GPa. Starting at ambient pressure, three diffraction peaks of CaF,
nanocrystals together with one peak of the gasket material (marked by star) are observed. As shown
in Figure 3a, the Rietveld refinement performed at ambient pressure suggests that the nanocrystals
diffraction peaks is a good agreement with belong to the fluorite structure with space group of Fm3m
(Rwp =0.98%, Rp = 0.62%). The fluorite structure was characterized by ‘Ca’ and ‘F” atoms occupying the
(0,0,0) and (0.25, 0.25, 0.25) position, respectively. We can clearly observe that a phase transition from
fluorite structure to x-PbCly-type structure takes place at 9.5 GPa. This phase-transition pressure is
lower than that the previously reported 8 nm CaF; nanocrystals and closes to bulk CaF;. At pressures
higher than 9.5 GPa, additional diffraction new peaks emerge and intensity increases with increasing
pressure. At the same time, the diffraction peaks representing the cubic phase become weak. Figure 4
shows the unit-cell parameters as function of pressure. At 9.5 GPa, the cell parameter and unit cell
volume of cubic structure were calculated to be a = 5.35(9) A and V= 153.93 (3) A3. Meanwhile, we
obtain the cell parameters and unit cell volume of the x-PbCl,-type structure (a = 6.90(1), b = 5.83(7) A,
¢ =345(6) A, and V=139.18 (5) A%). The volume change for the fluorite and «-PbCl,-type structures is a
decrease of 9.6% from the low-pressure structure. Complete phase transformation to the high-pressure
phase occurs at 20.2 GPa. It is clearly observed that the cubic fluorite structure still exists in the
10-20 GPa range after the phase-transition pressure at 9.5 GPa. The phase transformation is quite
sluggish. The Rietveld refinement performed at 20.2 GPa shows that the XRD experimental datum
is in a great agreement with an x-PbCl,-type cell with space group Pnma (Rwp = 1.09%, Rp = 1.07%)
with the unit cell volume of 129.95 (2) A3 (Figure 3b). The Ca and F ions of the a-PbCl,-type structure
occupy the positions Ca(0.253, 0.25, 0.109), F1(0.859, 0.25, 0.073), and F2 (0.438, 0.25, 0.834), respectively.
The high-pressure x-PbCl,-type structure can be maintained up to the highest studied pressure of
23.5 GPa in our XRD measurements.

Upon decompression, the original fluorite phase of 23 nm CaF; nanocrystals is not recovered when
the pressure is reduced to 8.4 GPa. The experimental data point that the transition from orthorhombic
to cubic phase exhibits strong hysteresis under decompression. After decompression to ambient
condition, the sample retains the a-PbCl,-type structure with for the peaks attributed to fluorite
structure remain in the XRD datum. It indicates that the fluorite and a-PbCl,-type structure co-exist
at the ambient pressure after decompression. This result is in good accordance with the reports on
the bulk CaF, [4], and the hysteresis might be explained as the inherent sluggish nature of CaF,. For
the reported 8 nm-sized CaF, nanocrystals, the high-energy hindrance prevents the transition to the
fluorite structure which might be the reason for irreversibility at ambient pressure.
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Figure 2. High-pressure X-ray diffraction patterns of CaF, nanocrystals. Upon being completely
quenched to the ambient conditions. The peak (marked with asterisk) is derived from the T301 stainless
steel gasket.
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Figure 3. Refinements of the experiment (red dots), simulation (blue line), and difference (black line)
ADXRD patterns of fluorite (Fm3m) and «-PbCl,-type (Pnma) phase: (a) at ambient pressure; (b) at
20.2 GPa. Green bars mark the positions of corresponding Bragg reflections.
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Figure 4. Pressure dependence of the lattice parameters in CaF, nanocrystals. Filled symbols denote
cubic fluorite structure. Open symbols denote the orthorhombic PbCl,-type structure.

Figure 5 demonstrates the EOS data of CaF, nanocrystals to pressures of 23.5 GPa. A third-order
Birch-Murnaghan (BM) equation of state (EOS) was fitted to the experimental P—V data [35].

P =(3/2)Bo[(V/ Vo) 73 — (V/Vg)™3/31{1 + (3/4)(By’ — H)x[(V/V)~¥3 — 1]} 1)

where V and V) are the volumes at pressure P given in GPa and ambient pressure, respectively. For the
CaF; nanocrystals, we yield the bulk modulus By of 103(2) GPa with By’ fixed at 5 for the fluorite
structure and By of 78(2) GPa with B'fixed at 4 for the a-PbCl,-type structure. The isothermal bulk
modulus of a-PbCly-type phase at ambient pressure is lower than the fluorite phase. The lower
bulk modulus at high pressure indicates higher compressibility of the high-pressure phase of CaF;
nanocrystals. This result is consistent with previous studies on bulk CaF,, but it is different from bulk
SrF, and BaF;, which have higher incompressibility under high pressure [8,36]. The bulk modulus of
CaF, nanocrystals for the fluorite and «-PbCl,-type structure are both significantly larger than those of
the bulk CaF, (By = 87(5) and 74(5) GPa) [4,8], indicating the high incompressibility of nanosized CaF,.
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Figure 5. Unit-cell volume as a function of pressure determined for the CaF, nanocrystals. Solid curves
are the Birch-Murnaghan EOS fits to the experimental data.

Table 1 exhibits the phase transition (Pr) starting pressure and the values of By and By’ of CaF,
materials, which clearly revealed the differences between bulk and nanoscale CaF,. It was found that
the high-pressure behavior of the 23 nm CaF; nanocrystals is closer to that in bulk CaF,. However,
the bulk modulus of the CaF;, nanocrystals for the fluorite and «-PbCl,-type structure are both larger
than those of the bulk CaF,. This indicates that the CaF, nanocrystals exhibit obviously higher
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incompressibility compared to bulk CaF,. This behavior is different form the results reported for
nanocrystalline SnO, and TiO? [37,38]. Compared with bulk CaF, a relatively higher surface energy is
expected in our CaF; nanocrystals. Based on the Hall-Petch effect [39,40], a continuous decrease of
grain size could further elevate material hardness, and thus the enhancements in bulk modulus can be
easily understood.

Table 1. Transition pressure (Pr), and equation of state parameters (By and By') of fluorite-type and
«-PbCly-type CaF,

’
Morphology Size Pr (GPa) By (GPa) Bo
Fm3m Pnma Fm3m Pnma
Bulk Micro 951 87(5) ! 74(5) 2 5 47
93 81(1) 3 5.22

814 79.54 4 70.924 4.54 438

Nanocrystals 8 nm 145 - - - -

This work 23 nm 9.5 103(2) 78(2) 5 4

1 Ref. [4]; 2 Ref. [8]; 3 Ref. [41]; * Ref. [6]; 5 Ref. [34].

Extensive high pressure studies indicated that many nanomaterials—such as PbS, CdSe, and
ZnS—exhibit obvious enhancement of structural stability compared with the corresponding bulk
materials due to higher surface energy [16-19]. However, for our 23 nm CaF; nanocrystals, the higher
surface energy does not contribute to the improvement of structural stability. To the best of our
knowledge, defects are considered to be one of the most important factors to affect the transition
pressure of nanomaterials. In order to prove our deduction, we present the HRTEM image of the
23 nm CaF, nanocrystals at ambient condition in Figure 6. It is clear that our sample contains visible
structural impurities like dislocations and defects. These dislocations and defects could act as the
weak points and induce stress concentration, so a new high-pressure phase prefers to nucleate at such
defect sites. Therefore, 23 nm CaF, nanocrystals with structural defects has a reduced nucleation
pressure. The distortions and defects of the crystal structure play a dominant role in the structural
stability. Wang et al. [19] studied bulk and nano ZnS using synchrotron X-ray diffraction and found
that when the grain size is larger than 15 nm, the hosted defect acts to behave similarly to that in bulk;
below 15 nm, the defect activities turn silent, and surface energy begins directing the enhancement
of structural stability. This high-pressure research on ZnS nanomaterials is similar to our studies on
CaF; nanomaterials.

Figure 6. HRTEM image of the as-synthesized 23 nm CaF; nanocrystals.
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4. Conclusions

The structural phase transition and compressibility of CaF, nanocrystals with size of
23 nm under high pressure were investigated by synchrotron X-ray diffraction measurement.
A pressure-induced fluorite to a-PbCly-type phase transition starts at 9.5 GPa and completes at
20.2 GPa. The phase-transition pressure is lower than previously reported that of 8 nm CaF,
nanocrystals and closes to bulk CaF,. Upon decompression, the fluorite and «-PbCl,-type structure
co-exist at ambient pressure. The bulk modulus By of the 23 nm CaF, nanocrystals for the fluorite
and «-PbCly-type phase are 103(2) and 78(2) GPa, which are both larger than those of the bulk
CaF,. The enhancement of bulk modulus compared with the corresponding bulk materials is due
to higher surface energy. The HRTEM image on the sample clearly shows that the as-synthesized
CaF, nanocrystals contain visible dislocations and defects which act as the weak points and induce
stress concentration. The distortions and defects of the crystal structure play a dominant role in
structural stability.
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Abstract: The high-pressure transport behavior of CaF, nanoparticles with 3 mol% Tb concentrations
was studied by alternate-current impedance measurement. All of the electrical parameters vary
abnormally at approximately 10.76 GPa, corresponding to the fluorite-cotunnite structural transition.
The substitution of Ca?* by Tb%* leads to deformation in the lattice, and finally lowers the transition
pressure. The F~ ions diffusion, electronic transport, and charge-discharge process become more
difficult with the rising pressure. In the electronic transport process, defects at grains play a
dominant role. The charge carriers include both F~ ions and electrons, and electrons are dominant
in the transport process. The Tb doping improves the pressure effect on the transport behavior of
CaF; nanocrystals.

Keywords: high pressure; Tb doping; phase transitions; transport properties

1. Introduction

Recently, rare earth (RE)-doped nanomaterials have attracted much attention [1-5], due to their
potential applications such as advanced phosphor [6], display monitors [7], light amplification [8],
and biological labeling [9,10], etc. Among these host materials, calcium fluoride (CaF;) is an attractive
host for RE doping because of its high transparency in a wide wavelength region and low phonon
energy [11-15].

As an important optical and optoelectronic functional material, a thorough study of the electrical
transport properties is essential, and the underlying physical transport behaviors, such as charge carrier
type and scattering processes, are worthy of exploration. The impedance spectrum measurement
method has long been conventional in studies of electrical charge transportation and related physical
properties [16-20]. Specially, using the impedance method, the presence of independent pathways
for charge transportation in an inorganic material [21], and the mixed electronic and ionic conduction
in various organic and inorganic materials have been satisfactorily addressed [22-26]. We have
investigated the electrical properties of CaF, nanoparticles with Tb concentrations from 1 mol% to
5mol% at atmospheric pressure, and it was found that the resistance of the sample with a concentration
of 3mol% Tb is the smallest. Therefore, in this work, the electrical properties of CaF, nanoparticles with
3 mol% Tb concentrations under high pressure were investigated by alternate-current (AC) impedance
measurement up to 26 GPa. The underlying physical transport behaviors were discussed. Additionally,
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the pressure effect on the structural and electrical properties of Tb-doped CaF, nanocrystals was
compared with that of un-doped nanocrystals.

2. Materials and Methods

A diamond anvil cell (DAC) was used to generate high pressure. The detailed configuration of the
electrodes and sample has been illustrated in previous works [27-29]. The final microcircuit and the
profile of our designed DAC are shown in Figure 1. Pressure was calibrated by using ruby fluorescence.
The ruby measurement scale is 100 GPa [30] and the accuracy of our measurement is 0.1 GPa. To avoid
additional error on the electrical transport measurements, no pressure-transmitting medium was used.
This will cause non-hydrostatic conditions [31]; however, the effects on the transport measurements
can be neglected in our experiment pressure range [32].

The insu

ilating layer
Ruby
T301 gasket “

Sample chamber

Figure 1. The completed microcircuit (left) on diamond anvil and the profile of our designed diamond
anvil cell (DAC) (right).

Impedance spectroscopy was measured by a Solartron 1260 impedance analyzer (Solartron,
Hampshire, UK) equipped with a Solartron 1296 dielectric interface. A voltage signal with an amplitude
of 1V was applied to the sample and its frequency ranged from 0.1 to 107 Hz.

The sample was prepared by the hydrothermal synthesis method as reported in our previous
work [33]. The Tb doping concentrations were 3 mol%. The sample was characterized by transmission
electron microscopy (TEM) (JEOL Ltd., Tokyo, Japan) and X-ray diffraction (XRD A = 1.5406 A)
(Rigaku, Tokyo, Japan). Figure 2 exhibits the TEM image and the size distribution histogram. It can be
seen that the shape of the sample is square with a mean dimension of 8 4= 2 nm.

Figure 2. Cont.
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Figure 2. The TEM image and the size distribution histogram of 3 mol% Tb-doped CaF;, nanoparticles.

3. Results and Discussion

Figure 3 shows the X-ray diffraction pattern of CaF, nanoparticles with 3 mol% Tb concentrations.
The diffraction peaks of the sample match well with the pure cubic (space group: Fm3m (225)
« = B =y =90°) phase of CaF, (Joint Committee on Powder Diffraction Standards JCPDS Card No. 35-0816)
and the lattice constant is 5.432 A, which suggests that the original structure of CaF, was retained after
doping. No impurity peaks are observed in the pattern, indicating that the Tb3* ions were incorporated
into the CaF, lattice and substitute Ca* ions. The average size estimated from the full width at half
maximum (FWHM) using the Debye-Scherrer formula is 8.3 nm, which has good agreement with the
TEM result.

(220)

Intensity (arb.units)

T I

20 (deg.)

Figure 3. The X-ray diffraction pattern of CaF, nanoparticles with 3 mol% Tb concentrations at
atmospheric pressure.

The Nyquist impedance spectra of CaF, nanoparticles with 3 mol% Tb concentrations under
several pressures are presented in Figure 4.
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Figure 4. The Nyquist impedance spectra under several pressures. The inset (a) shows the equivalent
circuit model, Ry, and Rgy, are grain and grain boundary resistance, C, and Cy, are grain and grain

boundary capacitance, and W; is the Warburg impedance. The inset (b) is the spectroscopy at 1.59 GPa,
R; and R; are two intercepts on the real impedance axis.

To analyze the ionic conduction, the impedance spectra were replotted into Z'~w~1/2 plots,
as shown in Figure 5.
3x10" ﬁ_a_*_'_’_.———'”__'
2x10" 4 M
E = 150GPa e+ 7.96GPa
A 4 17.25GPa + 23.26GPa
N g — linear fit
0l T T T T
0.4 0.8 0.8 1.0 1.2
w-ﬁ! {s1||‘2l
Figure 5. The Z'~w~1/2 curves at low frequencies under several pressures.
In the low frequency region, the Z’ can be expressed as:
7' = Zh+ow 2, 1)

where Zj is a parameter independent of frequency, ¢ is the Warburg coefficient, and w is the
frequency. By linear fitting the Z'~w~1/2 plots, the Warburg coefficient of various pressure was
obtained. The diffusion coefficient of the ions (D;) can be obtained from:

RT
AF25C

D; = 0.5( )2, )
where R is the ideal gas constant, T is the temperature, A is the electrode area, F is the Faraday constant,
and C is the F~ ions molar concentration. We set the F~ ion diffusion coefficient at 0 GPa as D, and the
curve D;/Dy under different pressures was obtained and is shown in Figure 6a.

To quantify the pressure effect on the electrical transport properties, the impedance spectra
were fitted with the equivalent circuit model (the inset (a) of Figure 4) on the Zview2 impedance
analysis software. The obtained bulk and grain boundary resistances (Ry, Ryp) are plotted in Figure 6.
The relaxation frequency of bulk (f,) under different pressures was obtained from the Z”~f curve and
is presented in Figure 6d.
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Figure 6. (a) the diffusion coefficient, (b) the bulk resistance, (c) the grain boundary resistance, (d) the
bulk relaxation frequency under high pressure. D represents the diffusion coefficient at 0 GPa.

From Figure 6, it can be seen that all of the parameters vary discontinuously at approximately
10.76 GPa, corresponding to the fluorite-cotunnite (Fm3m—Pnma) structural transition of the sample.
According to our previous works [29,33], this phase transition of un-doped CaF; nanocrystals occurs
at about 14 GPa. The variation in the phase transition pressure with the substitution of Ca®* by Tb%*
can be discussed as follows: the ionic radius of Tb?* (0.092 nm) is smaller than that of Ca2* (0.099 nm),
and the valence of Tb%* is different with that of Ca%*; these result in deformation in the lattice and the
increasing of the deformation potential, and finally make the transition pressure lower.

In the whole pressure range, the diffusion coefficient decreases with pressure; however, the grain
and grain boundary resistance increase, indicating that the F~ ions diffusion and electronic transport
become more difficult with the rising pressure. The grain resistance is larger than the grain boundary
resistance, which indicates that defects at grains play a dominant role in the electronic transport process.

The pressure dependence of grain activation energy (dH/dP) can be obtained from:

d(In f,)/dP = —(1/ksT)(dH/dP), 3)

where kp is the Boltzmann constant and T is the temperature. By linear fitting to the curve Inf,~P,
the dH/dP of the Fm3m and Pnma phases were obtained and are listed in Table 1. The dH/dP of un-doped
CaF; nanocrystals were obtained by the data of Reference [27] and are also shown in Table 1.

Table 1. Pressure dependence of the grain activation energy of Tb-doped and un-doped CaF; nanocrystals.

Phase dH/dp (meV/GPa) (Tb-Doped)  dH/dp (meV/GPa) (Un-Doped)

Fm3m 4.70 3.12
Pnma 297 1.44

The positive values of dH/dP in Fm3m and Pnma phases indicate that the charge-discharge process
becomes more difficult under compression. In the Fm3m and Pnma phases, the dH/dP values of the
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Tb-doped CaF; nanocrystals are larger than those of un-doped CaF; nanocrystals. This indicates that
pressure has a larger effect on the charge-discharge process of the Tb-doped sample.

To distinguish the contributions of F~ ions and electrons to the transport process, the transference
number were calculated by the following equations [34]:

ti=(R2—Ry)/Ry, )

te = R1/Ry, )

where t; is the transference number of F~ ions, ¢, is the transference number of electrons, and Ry and
R; are the intercepts on the real impedance axis as shown in the inset (b) of Figure 4. f; and f, under
various pressures are shown in Figure 7. It can be seen that electrons play a dominant role in the
transport process and the electron transference number slightly increases as the pressure rises.
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Figure 7. t; and f, under various pressures.

To further revealing the effect of Tb doping on the high-pressure transport behavior, the resistance
variation of Tb-doped CaF; nanocrystals is compared with that of un-doped CaF, nanocrystals.
The bulk and grain boundary resistances at 0 GPa were set as R0 and Rgo, then the Rp/Rpo and
Rep/Repo of Tb-doped and un-doped CaF; nanocrystals were obtained and are shown in Figure 8. It can
be observed that both in the bulk and grain boundary, the resistance variation of the Tb-doped sample
is larger than that of the un-doped sample. This indicates that the Tb doping improves the pressure
effect on the transport behavior of CaF, nanocrystals.
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Figure 8. The Ry/Rpp and Rgp/Repo of Tb-doped and un-doped CaF, nanocrystals. Ryo and Rgpo
represent bulk and grain boundary resistances at 0 GPa.
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4. Conclusions

The electrical properties of CaF, nanoparticles with 3 mol% Tb concentrations under high pressure
were investigated by impedance measurement. All of the electrical parameters vary abnormally at
approximately 10.76 GPa, corresponding to the Fm3m—Pnma structural transition. The substitution of
Ca?* by Tb*" leads to deformation in the lattice, and finally lowers the transition pressure. The F~
ions diffusion, electronic transport, and charge-discharge process become more difficult with the rising
pressure. In the electronic transport process, defects at grains play a dominant role. The charge carriers
include both F~ ions and electrons, and electrons are dominant in the transport process. The Tb doping
improves the pressure effect on the transport behavior of CaF, nanocrystals. Other lanthanides such
as Yb, Er, Ce, etc. would cause similar effects and should be explored in the future.
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Abstract: The opposing effects of high pressure (in the GPa range) and the Jahn-Teller distortion
led to many intriguing phenomena which are still not well understood. Here we report a combined
experimental-theoretical study on the high-pressure behavior of an archetypical Jahn-Teller system,
copper difluoride (CuF;). At ambient conditions this compound adopts a distorted rutile structure
of P2;/c symmetry. Raman scattering measurements performed up to 29 GPa indicate that CuF,
undergoes a phase transition at 9 GPa. We assign the novel high-pressure phase to a distorted
fluorite structure of Pbca symmetry, iso-structural with the ambient-pressure structure of AgF,.
Density functional theory calculations indicate that the Pbca structure should transform to a
non-centrosymmetric Pca2; polymorph above 30 GPa, which, in turn, should be replaced by a
cotunnite phase (Pnma symmetry) at 72 GPa. The elongated octahedral coordination of the Cu?*
cation persists up to the Pca2;—Pnma transition upon which it is replaced by a capped trigonal prism
geometry, still bearing signs of a Jahn-Teller distortion. The high-pressure phase transitions of CuF,
resembles those found for difluorides of transition metals of similar radius (MgF,, ZnF,, CoF,),
although with a much wider stability range of the fluorite-type structures, and lower dimensionality
of the high-pressure polymorphs. Our calculations indicate no region of stability of a nanotubular
polymorph observed for the related AgF, system.

Keywords: copper; fluorides; Jahn-Teller effect; high pressure; polymorphism

1. Introduction

In 1937, Jahn and Teller showed that non-linear molecules exhibiting orbital degeneracy
will undergo a distortion leading to a lower-energy, and orbitally non-degenerate, structure [1].
The so-called Jahn-Teller (JT) effect is particularly strong in systems containing divalent copper
(34° electron count). Due to operation of the JT effect the first coordination sphere of the Cu?* cation
is distorted and most often forms an elongated instead of a regular octahedron with four shorter
equatorial bonds and two longer axial ones [2—4].

The Jahn-Teller effect, also present in compounds containing the iso-electronic Angr cation (44°) [5],
has a large impact on material properties such as magnetism [6], and electronic structure [7-9]. Even
subtle distortions in the first coordination sphere of the JT-active cation can lead to large changes in
material properties, as exemplified by the case of Ag2+-bearing fluorides [10,11]. Due to the fluxional
nature of the Jahn-Teller effect many studies have been devoted to tuning this distortion either by
chemical substitution [12-16], or by high external pressure [17-22].

In the latter case pressures above 1 GPa (=10 kbar) are used to induce substantial volume reduction
which in turn leads to changes in the electronic and structural properties of the studied system. Large
compression generally leads to the reduction of the JT distortion; it was found, however, that in
compounds containing both Cu?* and Mn3* cations (the latter has a 3d* configuration and is JT-active
in the high-spin state) this distortion is surprisingly robust. In LaMnOj3 JT-distorted domains persist
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Crystals 2018, 8, 140

up to the insulator-to-metal transition at 34 GPa [18], while for CsMnF; it was found that the effect
is quenched only above 37 GPa when Mn3* cations enter the low-spin state [17]. The JT distortion
seems to be even more stable in the case of divalent copper [19,20]. For CuWOy it initially decreases
upon compression, but then increases abruptly during a phase transition at 9.9 GPa, and remains in
place up to at least 20 GPa [19]. For Rb,CuCly it was found that the JT-distorted first coordination
sphere of Cu?* is stiffer than the rest of the crystal structure, which leads to tilting distortions at high
pressure [20].

In order to elucidate the complex interplay between the effect of large compression and the
Jahn-Teller distortions we studied the high pressure phase transitions of copper difluoride (CukF,).
This compound is one of the simplest binary connections containing the Cu?* cation. It belongs to the
family of metal difluorides, which have been extensively studied at high pressure [23-37]. Due to the
operation of the JT effect CuF, adopts at ambient conditions a rarely-encountered crystal structure
found only in one other compound (CrF,) [38].

Here we present experimental and computational evidence that up to 100 GPa CuF, undergoes
three phase transitions. The four lowest-enthalpy structures can be assigned to the rutile, fluorite,
and cotunnite structure families, and the general phase transition sequence found for CuF, (rutile —
fluorite — cotunnite) resembles that observed in other difluorides. However due to the operation of
the Jahn-Teller effect the coordination of Cu?*, as well as the dimensionality of the structures, differs
from that found for other MF, systems. The high-pressure phase transitions of CuF, are reminiscent
of those recently reported for its heavier analogue, AgF; [37], with the exception that a nanotubular
phase found for AgF, is not observed [36].

2. Materials and Methods

Copper difluoride supplied by Sigma-Aldrich (Saint Louis, Missouri, United States) in a form of a
powder (98% purity) was used in the study. Due to its hygroscopic nature all loadings were performed
in an argon-filled glovebox with both water and oxygen content below 0.5 ppm. Measurements
at ambient condition were performed on samples flame-sealed in quartz capillaries (OD 0.3 mm).
The purity of the sample was confirmed by powder X-ray diffraction measurements (see Figure S1 in
Supplementary Materials).

Raman spectra were acquired with the use of the Alpha300M+ system (Witec Gmbh, Ulm,
Germany). We used a 532 nm laser line (35 mW power at sample) delivered to a confocal microscope
by a single-mode optical fiber. The signal was collected through a 20 x long working distance objective,
and passed through a multi-mode optical fiber to a lens-based spectrometer (Witec UHTS 300, f/4
aperture and a focal length of 300 mm) coupled with an Andor iDUS 401 detector (Oxford Instruments,
Abingdon-on-Thames, UK). The spectra were collected with the use of a 1800 mm grating resulting in
a 1.5 cm™ spectral resolution.

A total of three high-pressure runs were conducted with the use of a diamond anvil cell (DAC)
supplied by D’Anvils (Hod-Hasharon, Israel). The DAC was equipped with low-fluorescence Ia
diamonds (single-beveled with culet sizes of 400 um and 500 um) and a pre-indented stainless-steel
gasket (35 pm thick). The gasket hole of 250 um was drilled by spark-erosion. The pressure was
determined from the shift of the R1 ruby fluorescence line [39]. The position of Raman bands was
established with Fityk 0.9.8 software (Marcin Wojdyr, Poland) by background subtraction and fitting
of the observed spectra with Lorentzian profiles [40].

Periodic DFT calculations utilized the rotationally-invariant DFT+U method [41], with the PBE
exchange-correlation functional [42]. We set the U and | values of the DFT+U method to 7 eV and
0.9 eV, respectively, as suggested in a recent study on KCuFj3 [43]. These value are similar to those
used in other studies [44,45]. The employed method yielded lattice constants and Cu-F bond lengths
overestimated by less than 2% compared to the experimental structure of CuF, determined at low
temperature [46].
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The projector-augmented-wave (PAW) method was used [47], as implemented in the VASP 5.4
code. The cutoff energy of the plane waves was set to 920 eV with a self-consistent-field convergence
criterion of 10~ eV. Valence electrons (Zn, Cu: 3d, 4s; F: 2s, 2p) were treated explicitly, while standard
VASP pseudopotentials (accounting for scalar relativistic effects) were used for the description of
core electrons. The k-point mesh was set at 27t x 0.03 A=, All structures were optimized using a
conjugate-gradient algorithm until the forces acting on the atoms were smaller than 5 meV /A. For each
structure the optimization was performed for the lowest-energy spin state, that is: (i) AFM ordering
within [CuF, ;] sheets for P2; /c, Pbca, and Pca2y; (ii) FM ordering within chains of the cotunnite Pnma
structure; and (iii) AFM ordering within nanotubes present in the Pbcn polymorph.

Evolutionary algorithm searches were performed at 20, 60, and 100 GPa for Z = 8 with XtalOpt
software (version 19 [48]) which was coupled with the DFT+U method described above. The searches
yielded the Pbca/Pca2; / Pnma structures as the lowest-enthalpy polymorphs of CuF; at 20/60/100 GPa,
in accordance with results presented in this work.

Calculations of I'-point vibration frequencies were conducted in VASP within the DFT
finite-displacement method (0.007 A displacement was used) and a tighter SCF convergence (10~8 eV).
Visualization of all structures was performed with the VESTA software package [49]. For symmetry
recognition we used the FINDSYM program [50]. Group theory analysis of the vibrational modes was
performed with the use of the Bilbao Crystallographic Server [51].

3. Results

3.1. Ambient Pressure

At ambient conditions CuF; crystallizes in a structure belonging to the rutile-type family.
The rutile (TiO,) aristotype, adopted by most of the first row transition metal difluorides, has
tetragonal (P4, /mnm) symmetry, and features a six-fold coordination of the metal center (Figure 1a).
Due to operation of a collective JT distortion copper difluoride adopts a structure with lower
symmetry (monoclinic, P2;/n), exhibiting a 4 + 2 coordination of Cu?* [46,52-55]. This structure,
shown in Figure 1b, can be also transformed to a P2;/c setting (Figure 1c) which more clearly
illustrates the presence of puckered sheets of [CuF, ;] stoichiometry. These sheets host a relatively
strong antiferromagnetic (AFM) interaction between the neighboring Cu?* sites [56], which together
with a weak ferromagnetic (FM) inter-layer coupling leads to a spin-canted 2D AFM state below
70 K [46,57,58]. Hereinafter when referring to the ambient pressure rutile-type structure of CuF, we
will use the P2;/c setting.

(@ ®) ©

Figure 1. (a) The rutile aristotype (P4, /mnm); (b) The CuF, structure in the P2; /n setting; and (c) the
same structure in the P27 /c setting. Blue/red balls mark metal/ligand atoms (Cu/F in case of CuF,);
for CuF, dark blue cylinders depict short Cu-F bonds (1.9 A); light blue cylinders depict long bonds
(2.3 A).

Up to date various techniques have been employed in the characterization of CuF,, but to our
knowledge there are no reports concerning the Raman spectrum of this material. Group theory

analysis of the P2;/c structure of copper difluoride (Z = 2), performed with the use of the Bilbao
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Crystallographic Server [51], indicates that among the 18 I'-point vibrational modes (3Ag + 6Ay +
3Bg + 6By) six are Raman-active (3Ag + 3Bg).

We performed calculations of the I'-point frequencies for the P2; /c structure of CuF, with the use
of the density functional theory with the inclusion of the on-site Coulomb repulsion (DFT+U method,
for calculation details see Materials and Methods). The resulting values are compared in Table 1 with
those obtained from ambient-pressure Raman measurements (Figure 2). The lowest-energy Ag mode is
not observed experimentally as its predicted frequency of 70 cm ! lies below the detection limit of our
Raman setup. Two Bg and two Ag modes with calculated frequencies in the 200-350 cm~! range can
be assigned to the four strongest Raman bands found in experiment (Figure 2). The frequency
of these four bands is on average only 4.7% higher than those predicted theoretically. Finally,
the highest-frequency By mode is found experimentally at a Raman shift 8.0% higher than predicted
from DFT+U. One additional band at 496 cm~! is observed in the Raman spectrum of powder CuF,.
This transition, marked by a star in Figure 2, can be tentatively assigned as an overtone of the strongest
Ag mode at 254 cm~!, or as a combination mode of two Bg vibrations at 221 and 293 cm 1.

Table 1. Comparison of calculated (wy,) and experimental (wexp) I-point Raman frequencies (in cm™1)
of the rutile-type P2;/c structure of CuF, at ambient pressure. No scaling was applied to the
calculated frequencies.

Symmetry Wp Wexp
By 524 566
Ag 338 355
Bg 280 293
Ag 245 254
Bg 210 221
Ag 70 n.d.
Bg
250 -
200 4 Ag
g Bg
8 150
=
2
g Ay
50
o4
100 EI;IEI J(I)D d;ﬂ S(I)D EI;ICI ?(I}'D

Raman shift {cm™')

Figure 2. Raman spectrum of powder CuF, at ambient condition.

The good accordance between the experimental and theoretical Raman frequencies gives
confidence that DFT+U method employed here can accurately simulate the pressure dependence
of the frequencies of Raman active modes of CuF,. In particular the theoretical values should fall
close to the experimental ones after scaling by 1.047. This is indeed the case, as will be shown in the
subsequent section

3.2. Raman Scattering up to 29 GPa

Powder samples of CuF, were loaded into the DAC and compressed to 29.4 GPa with Raman
spectra taken upon compression in ca. 2 GPa intervals (for more details see Materials and Methods
section). At high pressure all of the observed Raman modes shift to higher frequencies and broaden
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(Figure 3a). Around 9 GPa a splitting of the highest-frequency Ag band is observed, as well as a new
band appears at 185 cm ™! signaling changes in the structure of CuF, (Figure 3b, see also Figure S2 in
Supplementary Materials, for a deconvolution of the Raman spectra at 19.6 GPa). As we will argue
below the changes in the Raman pattern at 9 GPa are a result of a phase transition from the ambient
pressure rutile-type P2;/c structure to a fluorite-like polymorph of Pbca symmetry.

Before we discuss this transition we note that the pressure dependence of the Raman frequencies
below 9 GPa is in very good agreement with that predicted theoretically for the P2;/c structure.
Interestingly, the lowest-frequency Ag mode (not observed experimentally) is predicted to soften upon
compression. This behavior resembles the one found in compounds adopting at ambient conditions
the rutile aristotype, for example ZnF; [24], CoF; [28,31], FeF; [30], and MnF, [33]. In these systems
the pressure-induced softening of a low-frequency Bjg mode leads to a second order phase transition
from the P4, /mnm structure to a CaCly-type polymorph (Pnnm symmetry, Z = 2). The latter structure
can be obtained from the rutile aristotype by introducing tilts of the MF¢ octahedra about the ¢ axis
(compare Figure 1a).

700 4

Wzn 600 4
N W

Intensity (counts)
32 Bp 3B
2@ R om
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i -]
g\
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(@ (b)

Figure 3. (a) Raman spectrum of powder CuF, at selected pressures (their values are given in GPa),
the spectra corresponding to the rutile P2; /c phase are shown in black while those assigned to the
fluorite-type Pbca phase are shown in blue; and (b) pressure dependence of the frequency of the Raman
bands (circles for experiment: black—P2; /c; blue—Pbca; lines for DFT+U calculations: red—P2; /c;
green—Pbca). Arrows mark the appearance of a new low-frequency band and splitting of the Ag band.
Asterisks in (a) mark the Bg band originating from traces of the P2;/c structure still present above
the phase transition, while stars in (b) indicate the pressure dependence of the Ag overtone or By
combination mode of rutile CuF; (see text). The calculated frequencies were scaled by 1.047.

One might, therefore, expect that the ambient-pressure P2;/c structure of CuF, will undergo
a similar transition. Indeed in our calculations we find another structure of P2;/c symmetry and
Z =2 which is related to the ambient-pressure structure by rotation of the CuF4 units about the a axis
(compare Figure 1c). At 9 GPa this polymorph, which we will refer to as P2;/c (I), has a marginally
lower enthalpy than P2;/c (AH = —1.4 meV per f.u.). We note, however, that the frequency of its
Raman modes is very similar to that of the original P2;/c structure (differences not exceeding 3%), with
the exception of the lowest-frequency Ag mode which is shifted from 11 em™ for P2;/c to 74 cm™! for
P2;/c (I). Hence the Raman bands predicted for P2;/c (I) cannot account for the changes observed in

the spectral region above 100 cm ™.
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A possible candidate for the high-pressure polymorph of CuF; is a fluorite type structure of Pbca
symmetry (Z =4, Figure 4a), which is adopted at ambient conditions by AgF, [59,60]. Indeed, as can be
seen in Figure 3b, in the whole pressure range studied there is a good match between the frequencies
of the Raman-active modes predicted for this structure and those observed in experiment. Therefore
the phase transition at 9 GPa can be assigned to the transformation from P2;/c to Pbca. This notion is
further corroborated by DFT+U calculation which predict a phase transition between these two CuF,
polymorphs at the same pressure (vide infra). Interestingly the 2D puckered sheets present in P2;/c
are retained in the Pbca polymorph (Figure 4a).

193

1.89

() (b) (9

Figure 4. (a) The fluorite-type Pbca structure CuF; (for clarity only the four shortest Cu-F bonds are
shown); (b) the coordination of Cu?* in Pbca calculated at 9 GPa; and (c) the coordination of Cu?* in
P21 /c calculated at 9 GPa; Cu-F distances are given in A.

The Pbca structure can be related to the fluorite aristotype (CaF,, Fm-3m symmetry, Z = 4) [37].
Therefore the high-pressure transition from rutile-type P2; /¢ to Pbca is analogous to the rutile-fluorite
transition found in difluorides containing non-JT ions (e.g., MgF, [23], ZnF; [26], CoF; [31]). The Pbca
structure exhibits a 4 + 2 + 2 coordination of Cu?* with two Cu-F contacts considerably longer (~30%)
than the remaining six. Therefore the number of neighbors in the first coordination sphere of Cu?* (6)
remains unchanged upon transition from P;/c to Pbca.

3.3. Calculations up to 100 GPa

In order to further validate the interpretation of experiment, and to extend our study to higher
pressures we performed DFT+U calculations for various CuF, phases up to a pressure of 100 GPa.
Apart from the P2;/c and Pbca polymorphs mentioned earlier we took into account three other
possible structures: Pca2; (Z = 4, Figure 5a), Pbcn (Z = 8, Figure 5b), and Pnma (Z = 4, Figure 5c).
These structure were proposed as high-pressure polymorphs of AgF, with Pca2; and Pbcn indeed
observed experimentally [36,37]. We also searched for other candidate structures with the use of the
XtalOpt evolutionary algorithm [48], but did not find any structure competitive in terms of enthalpy
with the five mentioned above.

-t

-

(@) (b) (0

Figure 5. Possible high-pressure structures of CuF, (a) Pca2; (Z = 4); (b) Pbcn (Z = 8); and (c) Pnma
(Z = 4). For clarity only the four shortest Cu-F bonds are shown.
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For AgF,, the Pca2; polymorph (HP1-AgF,) is stable between 9 and 14 GPa (Figure 5a).
This structure arises from a phonon instability of the ambient-pressure Pbca polymorph stable up to
9 GPa [37]. These two fluorite-type structures are closely related and both feature 2D sheets. The main
difference between Pca2; and Pbca is that, in the former structure, the metal cations are displaced out
of the plane formed by the four nearest F atoms which results in a non-centrosymmetric coordination
of the metal cation

The Pbcn polymorph (HP2-AgF,), observed for AgF, from 15 GPa up to at least 36 GPa [36,37],
features nanotubes built from AgF, plaquettes distorted in the same way as in Pca2; (Figure 5b). Finally,
the Pnma structure consists of chains built from analogous AgF; units (Figure 5¢). The Prnima phase is
isostructural with the cotunnite (x-PbCl,) aristotype, a structure featuring nine-fold coordination of
the metal center. The x-PbCl, polytype is adopted by many metal difluorides at large compression [27].
The Pbcn phase also belongs to the cotunnite structure family [37].

Optimization of the Pca2;, Pbcn, and Pnma structures assuming a CuF, stoichiometry does not
lead to changes in the bonding topology between fluorine atoms and metal centers with respect to
that found in the respective AgF, polymorphs. By performing calculations at various pressures we
were able to extract and compare the enthalpy of each of the five studied phases up to 100 GPa.
In accordance with experiment we find that at ambient conditions (p ~ 0 GPa) the P2; /c rutile-type
structure is the lowest energy polymorph of CuF, (Figure 6a). Calculations indicate that at 9 GPa
CuF; should undergo a phase transition from P2;/c to Pbca, in accordance with the high-pressure
experimental results presented in the previous section. We predict a substantial volume decrease (14%)
at this transition (Figure 6b).
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Figure 6. (a) The pressure dependence of the relative enthalpies (referenced to that of Pbca) of various
CuF; high-pressure polymorphs; and (b) the pressure dependence of the volume per one CuF, unit.
Dotted lines mark P27 /c — Pbca, Pbca — Pca2;, and Pca2; — Pnma phase transition predicted at 9, 30,
and 72 GPa, respectively.

Upon further compression Pbca is predicted to transform into the Pca2; polymorph at 30 GPa.
The smooth enthalpy change upon the transition, as well as the lack of a volume discontinuity suggests
that this is a second order transition, in analogy with what was previously reported for an analogous
transition in AgF, [37]. The last structural transition, between Pca2; and Pnma is predicted to occur at
72 GPa with a 3.6% volume reduction. We note that in contrast to the P2; /¢, Pbca, and Pca2; polymorphs
Pnma features 1D chains. The calculations indicate no region of stability for the nanotubular Pbcn
phase which is observed for AgF,.

For the rutile (P2;/c) and fluorite (Pbca) phases of CuF, we fitted the calculated volumes with
the Birch-Murnaghan equation of state [61]. The obtained values of the bulk modulus (By), given
in Table 2, indicate that, surprisingly, the low-pressure P2; /¢ structure is less compressible than the
rutile-like polymorph (at the same time P2;/c has a larger volume than Pbca). The By values calculated
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for the CuF, phases are about 30% lower than those calculated for the rutile and fluorite phases of
ZnF, (Table 2). Given the fact that Zn?* has nearly identical radius to Cu?* (Roet(Zn?*) = 0.88 A;
Roct(Cu?*) = 0.87 A [62]), one would expect a similar value of By for both CuF, and ZnF,. The lower
bulk moduli found for copper difluoride phases most likely stems from the 2D character of its
structures which results in facile compression in the direction perpendicular to the sheets. This notion
is corroborated by the fact that both P2; /¢ and Pbca exhibit anisotropic compression with the inter-sheet
distances more compressible than the intra-sheet ones (see Figure S3 in the Supplementary Materials).

Table 2. The bulk modulus in GPa (By), and its derivative (By’) calculated for CuF, phases. Results
obtained for the rutile (P4, /mnm) and fluorite (Fm-3m) structures of ZnF, are shown for comparison.

Phase By By’
P2;/c 75 6.1

Pbca 71 54

ZnF, (P4, /mnm) 101 (105) ! 43
ZnF, (Fm-3m) 116 (120) ! 47

1 DFT calculations with the PBE functional from ref. [32].

We now move to the analysis of the bonding pattern in the high-pressure polymorphs of
CuF,. As can be seen in Figure 7a the Jahn-Teller distortion in P2; /¢ is reduced upon compression.
This observation is further corroborated by comparing the compressibility of M-F distances in CuF,
and ZnF, (see Figures S4 and S5 in Supplementary Materials). As mentioned earlier the number of
neighbors in the first coordination sphere of Cu®* remains at six upon the P2;/c to Pbca transition.
This can be well seen in the pressure dependence of Cu-F contacts shown in Figure 7a. It is noteworthy
to point out that the distortion of the CuFg octahedron becomes larger at the transition. This signals
an increase of the JT effect upon the P2;/c—-Pbca phase transition in analogy to what was found for
CuWOq [19].

Pige  Pbca Praz, Pama
304 7

29 \'E‘"-\_/ \."'---.._"_.

284
254

22

b

Distance (A)

6 10 2 30 4 50 60 0 85 80 100
Prassure (GPa)

(b)

Figure 7. (a) Calculated pressure dependence of the Cu-F distances in the high-pressure polymorphs
of CuF,. The coordination of the Cu2* cation in (b) Pbca at 30 GPa; (c) Pca2; at 50 GPa; and (d) Pnma
at 72 GPa; together with (e) the Zn?* coordination in the Pnma phase of ZnF, optimized at 72 GPa.
Distances are given in A; numbers in parentheses indicate the percentage difference between the Cu-F
and Zn-F distances in the Pnma polymorphs.
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The elongated octahedral coordination is also retained during the Pbca-Pca2; transition, although
due to additional secondary contacts the CuFg units become more distorted in Pca2; (compare
Figure 7b,c). Upon compression of Pca2; one of the Cu-F contacts in the second coordination sphere of
Cu?* shortens considerably (by 22% from 30 to 72 GPa), and at 72 GPa is only 6.7% longer than the
longer of the two Cu-F axial bonds.

The most dramatic changes in the coordination of Cu?* are seen upon the Pca2;-Pnma transition.
The four short equatorial bonds, and the two axial ones elongate upon the transition. Additionally, the
longer axial bond becomes nearly equal in length with one of the secondary Cu-F contacts (compare
Figure 7c,d). As a result the first coordination sphere of Cu?* can no longer be described as a distorted
octahedron, but rather as a capped trigonal prism (coordination number equal to 7). In fact, it closely
resembles that of the Zn?* cation in the same Prima phase of ZnF, (Figure 7d,e). This might suggest
that the Jahn-Teller effect, present in the P2;/c, Pbca, and Pca2; phases, is quenched in the Pnma phase.

However, the four shortest Cu-F bonds in Pnma (dark blue cylinders in Figure 7d) are 5% to 8%
shorter than the corresponding distances in ZnF,, while the three longer bonds (light blue cylinders)
are longer by approximately the same amount. Those differences in the coordination spheres of
Cu?* and Zn?* resemble the Jahn-Teller effect found for the octahedral environment. Therefore, it is
highly probable that the JT effect is still operational in the Pnma phase of CuF, although in a different
coordination environment. We note that in our calculations that magnetic moments on Cu?* atoms
(mcy), as well as a substantial the band gap (Eg) are retained in the Pnma polymorph even at 100 GPa
(mcy = 0.83 pp, Eg = 2.4 eV). Moreover the shape of the spin-density of Pnma at this pressure (Figure
S6 in Supplementary Materials) suggests occupation of a local d(x> — y?) orbital on each Cu?* site,
in analogy with the situation found for an elongated octahedral coordination of a d° cation.

4. Discussion

The high-pressure transformations of CuF, can be compared to that of other metal difluorides, in
particular those containing cations of similar size [62]: Mg?* (0.86 A), Zn?* (0.88 A), and Co?* (0.89 A
in the high-spin state). The MF, systems (M = Mg, Zn, Co), all adopting the undistorted rutile structure
at ambient conditions, exhibit a similar phase transition sequence upon compression [23,26,31]: rutile
(P4, /mnm) — CaClyp-type (distorted rutile, Pnnm) — HP-PAF, (distorted fluorite, Pa-3) — «-PbCl,
(cotunnite, Pnma). Only in the case of CoF, an additional undistorted fluorite phase (Fm-3m) exhibits a
region of stability between the HP-PdF; and «-PbCl, phases [31].

The corresponding transition pressures are summarized and compared with that of CuF, in
Figure 8. The subsequent high-pressure transitions of CuF, from rutile P2;/c to fluorite Pbca and Pca2;
up to cotunnite Pnma matches that found for MF, (M = Mg, Zn, Co). The differences between copper
difluoride and other systems lies in the lower symmetry of CuF, phases, which is a result of the JT
effect. Moreover, for CuF,, the stabilization pressure of the cotunnite structure is shifted to much
higher pressures compared to the MF, systems.

The Pbca — Pca2; phase transition predicted to occur at 30 GPa for CuF; is analogous to that
found at 9 GPa for its heavier analogue, AgF; [37]. The difference between the two compounds lies
in the fact that for CuF; the Pca2; polymorph is predicted to transform to the cotunnite Pnma phase
at 72 GPa, while for AgF, Pca2; transforms to a nanotubular cotunnite-like Pbcn structure at 14 GPa.
Calculations on the AgF, system indicate that Pnma and Pbcn polymorphs become nearly degenerate
in terms of enthalpy above 50 GPa [37]. We do find for CuF, that Pbcn is more stable than Prnma below
64 GPa (see Figure 6a), but at this pressure both are less stable than the Pca2; polymorph, and above
this pressure Prima is more stable.

In conclusion, Raman measurements indicate that CuF, undergoes a phase transition at
9 GPa between the rutile-type P2;/c structure and the fluorite-type Pbca structure. This result is
corroborated by DFT+U calculations, which further indicate that, at 30 GPa, it should transform to a
structurally-related Pca2; polymorph. Upon further compression copper difluoride should adopt a
cotunnite Pnma structure at 72 GPa. Due to the low dimensionality of its high-pressure phases CuF,
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should be more compressible than ZnF,. Surprisingly for CuF, high pressure induces a transition from
2D structure (P24 /c, Pbca, Pca21) t0 a 1D polymorph (Pnma).

The classical Jahn-Teller effect leading to an elongated octahedral coordination of Cu?* can be
observed in the P2;/c, Pbca, and Pca2; phases up to 72 GPa. Upon entering the Prnima phase at that
pressure the first coordination sphere of Cu?* changes substantially, but the Jahn-Teller effect seems to
be still operational. We hope that our results will motivate further studies into CuF, subject to high
pressure, in particular measurements which will enable direct probing of the local electronic structure
of the Cu®* cations.

Structure famiiles:

Rutde: Il 710 (P4 imam) [l CaCL (Prnm) [ [2ES

Flusiite Il P -PoF, (Pa-3) B csF, (Fm-dm) [ [ Feaz,
Cotunnite Il - #rcl. (Pama)

CoF,

MgF.

0 10 20 3 40 S0 60 70 80 90 100
Pressure (GPa)

Figure 8. Bar diagram showing the pressure stability intervals of the different structural modifications
of MF; fluorides. Experimental results for CoF;, ZnF;, and MgF, are taken from [23,26,31], respectively.
The HP-PdF; to cotunnite phase transition for ZnF; at 29 GPa is taken from our calculations (see Figure
S7 in Supplementary Materials).

Supplementary Materials: The following are available online at nline at http:/ /www.mdpi.com/2073-4352/8/3/140/s1,
Table S1: Comparison of I'-point Raman-active modes of ZnF, and CuF,, Figure S1: The experimental powder
X-ray diffraction pattern of a sample of CuF; together with patterns simulated for the CuF, crystal and CuF,-2H,0,
Figure S2: The experimental Raman spectrum of CuF, together with the deconvolution into Lorentzian profiles,
Figure S3: A comparison of the compressibility of inter-sheet and intra-sheet Ag-Ag distances in P2; /c and Pbca,
Figure S4: A omparison of the eigenvectors of the By; mode of ZnF,, and the symmetry-related By mode of
CuF,, Figure S5: Calculated pressure evolution of the difference between the Zn-F/Cu-F bonds together with
the predicted differences in the frequencies of the highest B; mode of CuF; and the Bog mode of ZnF,, Figure Sé6:
A comparison of the spin-density calculated for Pbca at 30 GPa and Pnma at 100 GPa, Figure S7: The pressure
dependence of the relative enthalpy of the cotunnite phase of ZnF; referenced to that of the HP-PdF, phase.
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Abstract: This paper intends a short review of the research work done on the structural and electronic
properties of layered Indium Selenide (InSe) and related III-VI semiconductors under high pressure
conditions. The paper will mainly focus on the crucial role played by high pressure experimental
and theoretical tools to investigate the electronic structure of InSe. This objective involves a previous
revision of results on the pressure dependence of the InSe crystal structure and related topics such
as the equation of state and the pressure-temperature crystal phase diagram. The main part of
the paper will be devoted to reviewing the literature on the optical properties of InSe under high
pressure, especially the absorption experiments that led to the identification of the main optical
transitions, and their assignment to specific features of the electronic structure, with the help of
modern first-principles band structure calculations. In connection with these achievements we will
also review relevant results on the lattice dynamical, dielectric, and transport properties of InSe,
as they provided very useful supplementary information on the electronic structure of the material.

Keywords: InSe; layered semiconductors; III-VI semiconductors; high pressure; optical properties;
magnetoabsorption; electronic structure; lattice dynamics; dielectric properties; transport properties

1. Introduction

Layered Indium Selenide (InSe) has been the object of scientific interest for nearly 50 years.
Early studies focused on the investigation of the effect of crystal anisotropy on its transport and optical
properties [1,2]. The availability of high-quality large single crystals [3], and the possibility of n and p
doping [4], encouraged studies on its applications in photovoltaic solar energy conversion resulting in
solar cells with conversion efficiencies of up to 10% [5,6]. Later on, several groups showed possible
applications to nonlinear optical devices in the mid and far infrared spectrum [7]. The development of
the Van der Waals epitaxy in the early 1990s [8], with the increase in the thin film crystal quality, brought
some renewed interest in photovoltaic devices [9]. More recently, as the interest in 2D materials was
triggered by graphene’s remarkable properties [10], InSe has become the object of intensive research as
an ideal semiconductor for a large variety of single layer nano-devices [11-14].

The historical role of high pressure techniques in the investigation of the electronic structure of
semiconductors can be hardly overstated. As early as 1961, Paul’s empirical rule [15] on the pressure
coefficients of electronic transitions was a crucial tool to unravel the order of the conduction bands in
zinc-blende semiconductors. The development of the diamond anvil cell (DAC) [16], and the ruby
pressure scale [17,18], opened the way to the use of a large variety of optical spectroscopy and X-ray
structural techniques under high pressure conditions. Accurate optical absorption spectra could be
so obtained and quantitatively interpreted using sophisticated physical models, as reviewed by Gofii
and Syassen [19]. The use of DAC in third generation synchrotron radiation facilities also produced
very accurate X-ray diffraction and absorption spectra under high pressure, giving access to precise
Equations of State (EOS) and crystal phase diagrams, as reviewed by Nelmes and McMahon [20].
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Those experiment results have therefore become a rigorous experimental test for modern ab-initio
electronic structure calculations [21].

In this context, high pressure studies have been a tool of choice for investigating the electronic
structure of InSe and related III-VI layered semiconductors (GaS, GaSe, and GaTe). This paper reviews
the literature on this subject in the last 40 years. This review mainly focuses on InSe, but, when relevant
for the discussion, results on other III-VI semiconductors will be also presented. Section 2 is devoted
to results on the pressure evolution of InSe crystal structure, its EOS, and its pressure-temperature
crystal phase diagram. Section 3 will be devoted to studies on InSe electronic structure under pressure,
showing how optical absorption and reflection experiments have contributed to clarifying the nature
of electronic states and transitions, with the invaluable aid of ab-initio band structure calculations.
Section 4 will be devoted to the literature on the lattice dynamics of low and high pressure InSe phases.
Section 5 will discuss some results on the dielectric properties on layered InSe under pressure, and its
correlation to electronic transitions and ionicity of the material. Finally, Section 6 will review some
papers on the transport properties of InSe under high pressure, which have given supplementary
information on relevant aspects of its electronic structure.

2. Crystal Structure, EOS, and Pressure-Temperature Phase Diagram of InSe

At ambient conditions, InSe crystallizes in the layered rhombohedral phase [22], built as a stack
of 2D layers formed by two honeycomb In-Se sheets bound by strong In-In covalent bonds, as shown
in Figure 1a. As in other semiconductors of the III-VI family (GaSe, GaS), layers are bound by weak
Van der Waals forces. Several polytypes have been described, with different layer stacking sequence,
as shown in Figure 1b. Four stacking sequences have been detected for the related compound
GaSe [23]. InSe single crystals grown by the Bridgmann method [3] crystallize at ambient conditions
in the so-called y-polytype (InSe-I), with two chemical formulas per primitive unit cell, which belongs
to the space group Cs, (R3m) [22]. Most of the high-pressure experiments here discussed have been
obtained with y-InSe samples. A few results on lattice dynamics in ¢-InSe under high pressure will be
discussed in Section 4.
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Figure 1. Crystal structure of III-VI layered semiconductors: (a) structure of a single layer and
(b) stacking sequence of the single layers for three different polytypes.

A first approach to the EOS of y-InSe at low pressure, through ultrasonic measurement, was
done by Gatulle et al. [24], who reported the pressure dependence of all elastic moduli, as well
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as the compressibility tensor, whose components are the linear compressibilities parallel (x/)
and perpendicular (x ) to the c-axis. Values are given in Table 1, exhibiting a large anisotropy
ratio (XH /x1 = 7). It must be stressed that the compressibility values obtained from ultrasonic
measurements are affected by very large relative errors (Table 1).

In a paper on the optical properties of InSe and GaSe under pressure, Kuroda et al. [25] report the
pressure dependence of the ¢ parameter of y-InSe, as obtained from a non-published X-ray diffraction
(XRD) experiment in DAC. They assumed a Murnaghan-type [26] pressure dependence for the c
hexagonal unit cell parameter

;N
¢(P) = ¢ <1 n &P> "o (1)
By

In which By is the bulk modulus and By is its pressure derivative. By assuming By = 1/3y
and taking the compressibility value from Ref. [22], they estimate the pressure derivative of the bulk
modulus By = 10.8, stressing that such high value illustrates the extremely nonlinear pressure behavior
of the material compression along the c-axis.

Schwartz et al. [27,28] reported for the first time the EOS and high-pressure crystal phase diagram
of y-InSe up to 30 GPa. From a powder XRD experiment in DAC, using an X-ray tube as source,
they obtained the EOS of the layered phase and showed that it is stable up to 10 GPa (Figure 1a).
Experimental data were interpreted through the Murnaghan EOS [26]

1
Bl

V(P) =V, <1 + %P) ) ’, )]

yielding the bulk modulus and its derivative given in Table 1. The anisotropy ratio of the low-pressure
compressibility tensor, x| /x 1, as obtained from the pressure dependence of the a and ¢ parameters, is
much smaller than the one resulting from ultrasound experiments [24] (Table 1). Single crystal X-ray
diffraction [29] and X-ray in DAC, using a synchrotron source, provided a more detailed picture of
the low-pressure range of the EOS, as shown in Figure 1b. The values of the EOS parameters and
compressibility tensor so obtained are affected by smaller relative errors, as shown in Table 1. In the
low pressure range a larger compressibility is observed, as compared to the previous powder XRD
results [25,27,28], as shown in Figure 2b. It must be emphasized that, in spite of the dispersion of the
values given in Table 1, they are all compatible within the experimental error. When the low-pressure
compressibility is determined using XRD data for P < 1 GPa, the fitting procedure yields larger
compressibility values, closer to those of Reference [24] but with a very large relative error, larger than
50%, associated with the large relative errors of pressure, as determined through the ruby scale in the
very low-pressure range (P <1 GPa) [17,18].

Table 1. Equation of state parameters and compressibility tensor for InSe crystal phases.

Crystal Vo (A3) By (GPa) By’ X1 (GPa™)  x (GPa™)  x;/xy
y-InSe ! - 35(10) - 0.0033(19) 0.022(7) 6.7
y-InSe 2 - - 10.8(8) 0.0033(19) 3 - -
y-InSe * 350.8 36(10) 4.05(30) 0.005(1) ® 0.014(2) ® 2.8
y-InSe © 350.4 24(3) 8.6(8) 0.0063(6) 0.016(2) 25
RS-InSe * 190.5 51.2 4 - - -
MC(T)-InSe 7 207 44 5.4 - - -

! Ultrasounds [24]; 2 XRD [25]; 3 taken from [24]; * powder XRD [27,28]; ° estimated from Figure 1a in [28]; ® single
crystal XRD [29]; 7 powder XRD [30].
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Figure 2. Results of XRD experiments in InSe-I DAC: (a) EOS of InSe-I and InSe-II from powder
diffraction. The x-axis corresponds to the pressure and the y-axis to the volume per formula [27].
(b) EOS of of InSe-I from single crystal diffraction (circles). Crosses represent the data of Figure 1a [29].

Results of X-ray absorption (XAS) [31] in DAC, using y-InSe single crystals, added relevant
information concerning the evolution of the whole crystal structure. Figure 3a shows the pressure
dependence of the Se-In bond-length (din_s.), as obtained from XAS measurements. Compared with
the pressure dependence of the g-parameter [27-29], it turns out that the linear compressibility of a is
much larger than that of dy.se. This implies that the angle of the In-Se covalent bond with the layer
plane increases with pressure. The combined analysis of XRD and XAS results in DAC for other III-VI
layered compounds (GaS, GaSe. GaTe) [32-36] showed that this behavior can result in an unexpected
effect: the thickness of the layer can actually increase under pressure, as shown in Figure 3b [37]. This
behavior is very relevant to the discussion of the reliability of deformation potential models that were
proposed to give quantitative account of the extremely non-linear pressure dependence of the bandgap
in ITI-VI semiconductors, as we will discuss in Section 3.

C - - - . . )
275 -fl;*_r#; AP S * i

Intralayer

g

Distance Se-In (A)

o
2
265 1 o
If T o8-
2.60 - ﬁ" j

”‘"@ 07}

P m 8 O

InSe I
o 2 4 6 8 0 1 14 0 5 10 5 20
Pressure (GPa) P (GPa)
(a) (b)

Figure 3. (a) Pressure dependence of the InSe bond-length as obtained from EXAFS measurements [31].
(b) Relative variation of the layer thickness (intralayer) and the Van der Waals gap (interlayer) as
a function of pressure [37].

As concerns InSe crystal phase diagram, Schwarz et al. [27,28] showed that, around 10 GPa at
room temperature, InSe-I transits to a rock-salt (RS) cubic phase (InSe-11I) that is stable up to 30 GPa
(Figure 2a). The transition to the rock-salt phase was also detected by EXAFS measurements [31].
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The comparison of Figures 2a and 3a illustrates the fact that, in spite of the volume collapse from the
layered to the rock-salt phase, the first neighbor distance increases as a result of the increase of the
first-neighbor coordination number.

The existence of a metastable phase introduces more complexity in the pressure-temperature
phase diagram of InSe. This phase was first synthesized by Vezzoli [38], who did not report its crystal
structure. A more systematic study by Iwasaki and coworkers [39,40] reported that InSe-I transforms
into a monoclinic (MC) structure material (InSe-II) with space group Cy}, (P2/m), at relatively low
pressure (1-3 GPa) and high temperature (500-700 K). This is an InS-like layered phase in which
all In-In covalent bonds are virtually parallel to the layer plane, as shown in Figure 4. InSe-II is
a semiconductor, which is metastable in ambient conditions [39-41].
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Figure 4. Basic scheme of crystal phase transitions between the different InSe crystal phases.

The P-T phase boundary between the rhombohedral and monoclinic phases of InSe was explored
by means of transport measurements under high pressure and temperatures [41], and by in-situ XRD
measurements at high pressure and temperatures [42] in a Paris-Edinburgh press. [43] An inverse
correlation was found between the pressure and temperature at which MC InSe-II grows from R
InSe-I [41,42]. While at pressures below 0.6 GPa the temperature must be 750 K, above 7 GPa,
only 400 K are needed for completing the phase transition.

Under high pressure, MC InSe-II progressively increases its symmetry and gradually approaches
a Hg,Clp-like tetragonal phase (InSe-1V), with symmetry Dy, (I4/mmm) [30]. This seems to be a second
order fully reversible phase transition, occurring at 19 GPa. The second sketch of the MC unit cell
shown in Figure 4 illustrates the similarity between the MC and T structures, and the fact that they
can transform into each other in a continuous way. InSe-IV was shown to be stable up to 30 GPa [41].
More recently it has been shown that, under further pressure increase, both RS InSe-III and T InSe-IV
transform into a cubic CsCl phase, InSe-V (Figure 4) [44].
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3. Electronic Structure under High Pressure

3.1. Optical Measurements and ab-Initio Band Structure Calculations

At ambient conditions InSe-I is a semiconductor with a bandgap of 1.27 eV, exhibiting intense
excitonic effects in its fundamental absorption edge [2,45], as also observed in e-GaSe, with a direct
badgap of 2 eV at RT [46]. In 3-GaS, with an indirect bandgap of 2.5 eV, the resonant direct exciton
(at 3 eV) is observed only at low temperature [47].

The pressure dependence of the absorption edge of these III-VI semiconductors was first
investigated by Besson and coworkers [47-49] by means of optical absorption measurements in
large volume piston cells, with the aim of extending Paul’s empirical rule [15] to non-tetrahedrally
coordinated semiconductors. These authors reported complex behavior including (i) a nonlinear
pressure dependence of the direct bangap, exhibiting a low-pressure interval with negative pressure
coefficient and then increasing with pressure after a minimum, as shown in Figure 5b; (ii) a large
negative pressure coefficient for the indirect gap of GaS; and (iii) a progressive widening and
disappearing of the exciton peak, as shown in Figure 5a. Concerning e-GaSe, Panfilov et al. [50]
suggested that nonlinear behavior was the result of a phase transition to a different polytype occurring
at 0.6 GPa, a hypothesis that was not supported by later XRD experiments [32,34].
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Figure 5. Pressure dependence of the direct absorption edge in III-VI semiconductors. (a) Absorption
edge of GaSe at different pressures [48]. (b) Pressure dependence of the direct gap shift for GaSe [48],
InSe [49], and GaS [47].

The nonlinearity in the pressure dependence of the bandgap was explained by the interplay between
intra- and inter-layer interactions, the latter dominating in the low-pressure range due to the large
compressibility of the interlayer distances, determined by Van der Waals interactions. The widening
and disappearance of the exciton absorption peak, i.e., the quick decrease of the exciton lifetime, was
explained by the strong carrier inter-valley scattering resulting from the direct-to-indirect crossover [47,48].

Attempts to give a theoretical account for this behavior were first done by means of empirical
pseudopotential band structure calculations [51] that correctly predicted the bandgap coefficients but could
hardly render a realistic description of the complex electronic structure of III-VI semiconductors. The first
investigation of y-InSe band structure using modern ab-initio methods, based in density functional theory
(DFT) in the local density approximation (LDA), was done by Gomez da Costa et al. [52]. Results are shown
in Figure 6 (notice that, as explained in their paper, the authors shifted the conduction bands upwards to
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match the experimental value of the bandgap). Even if this band structure was reported after some of the
experimental papers that we will discuss later in this section, we will describe its main features so as to
facilitate the identification of the main electronic transitions involved in the optical absorption experiments.

The valence band maximum (VBM) and conduction band minimum (CBM) are at the Z point
of the first Brillouin zone (BZ) (also shown in Figure 6). This calculation gives account of the most
relevant features of InSe electronic structure and especially the unexpected anisotropy of the electron
and hole effective masses, which turns out to be smaller in the direction of the c-axis (Table 2).

TEREET= 3F
|
o % Ec(ln-s, A;)
o 1} i b
& i
o
=
= 0 E, Eyy(Se-p,, Ay)
—-1F +1 Evz{SE'px\.n ,E)
= EyslSe-p,, , E)
A r B T z

Figure 6. Band structure of y-InSe as obtained from ab-initio calculations, with assignment of the
three lowest energy direct transitions [52].

Table 2. Electron and hole effective mass in y-InSe.

Title md/mg mEH/mg mhl/mo th/mo
Theory ! 0.18 0.11 5 0.11
Theory 2 0.12 0.03 3.1 0.03

Experiment>*  0.141(2)  0.081(9)  0.73(9) 0.17(3)

1 Empirical pseudopotential [51]; 2 ab-initio FTD-LDA [52]; ? electrons, from cyclotron resonance experiments [53];
4 holes, from photoluminescence experiments [54].

Figure 6 also shows the assignment of the main direct transitions observed in the absorption
spectrum of y-InSe, as well as the main orbital character and symmetry of the initial and final states.
It is relevant to notice that the fundamental transition is fully allowed only for polarization parallel to
the c-axis. In the framework of the k-p model [55], effective masses in a band extremum are inversely
proportional to the squared dipole matrix element with other extrema and proportional to the energy
difference between them. Effective mass values in Table 2 are then consistent with the observed features
of the main direct transition [2,45,56]. The low values of the electron and hole effective masses along
the c-axis are correlated to the strong allowed character of the fundamental transition for polarization
parallel to the c-axis. For polarization perpendicular to the c-axis transitions, E; and E;’ are allowed,
while the fundamental transition at Egq becomes partially allowed by spin-orbit interaction mixing
Se-p, states at the VBM with two deeper valence bands with Se-pyy character [52].

Further studies on y-InSe and e-GaSe absorption edge under pressure in DAC by Kuroda et al. [25]
confirmed the nonlinear behavior of the fundamental edge (B-edge in Figure 7, corresponding to transition
Egq in Figure 6), as well as the pressure-induced quenching of the exciton peak in both compounds.
The use of very thin samples also led these authors to investigate the behavior of a more intense direct

64



Crystals 2018, 8, 206

transition at larger photon energies (A-edge in Figure 7, corresponding to transition E; in Figure 6),
assigned to a transition from a deeper valence band to the CBM, which exhibits a quasi-lineal pressure
dependence. The main features of e-GaSe band structure can be imagined by folding y-InSe bands along
the I'Z direction and shifting the CBM by about 0.7 eV, which makes the direct transition in e-GaSe very
close in energy to the indirect transition from the VBM to the conduction band minima at the Brillouin
zone edge (points A and B in Figure 6).

This paper was the first one to report that, while in e-GaSe the energy difference Ey1-Ey, increases
under pressure in the whole explored pressure range, in y-InSe it slightly increases up to about 1 GPa
and then quickly decreases as pressure increases. This different behavior of Ey1-Ey» is most probably
a consequence of the different symmetry of the ¢ and y polytypes, leading to marked differences
between both compounds regarding the pressure effects on the shape of the VBM, as we will discuss
in Section 6. These authors also proposed a detailed empirical model including four deformation
potentials to give quantitative account of the nonlinear dependence of the fundamental gap.
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Figure 7. Pressure dependence of the fundamental absorption edge (B-edge) and the second direct
transition (A-edge) in GaSe (a) and InSe (b) [25].

In a paper on the pressure effects on the lattice dynamics and optical properties of e-GaSe,
Gauthier et al. [57] reported a very detailed analysis of absorption edge that included a sound
decomposition of it in contributions of direct and indirect transitions, and allowed them to obtain the
pressure dependence of both the direct and indirect gaps (Figure 8a). The non-linearity of the pressure
dependence of the direct gap was also explained (like in [25,48]) by the interplay between intra- and
interlayer interactions. The direct gap contribution was analyzed by applying the Elliott-Toyozawa
models [58,59], that gives account of the effect of the electron-hole electrostatic interaction on the absorption
edge [58] and explains the widening of the exciton peaks from exciton-phonon scattering processes [59].
From that complete analysis, the authors obtained the pressure dependence of the direct exciton parameters
(binding energy and absorption peak width) and the direct transition dipole-matrix-element. Under
pressure, the matrix element linearly decreases (Figure 8b) as a consequence of the decrease of the
Se-pxy contribution to the VBM, consistently with the increase of Ey1-Ey, reported by Kuroda et al. [25],
as discussed in the previous paragraph. The observed quick decrease of the exciton binding energy
(Figure 8b) was proposed to be due to the increase of the static dielectric constant, an issue that will be
discussed in Sections 4 and 5. The large increase of the exciton peak width was explained through the
pressure induced direct-to-indirect crossover, with a detailed discussion on the pressure dependence of the
different mechanisms intervening in the exciton scattering [46,60].
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Figure 8. (a) Pressure dependence of the direct and indirect absorption edges in GaSe. (b) Pressure
dependence of effective exciton Rydberg (exciton binding energy) and the dipole matrix element
(exciton absorption intensity) in GaSe fundamental edge [57].

The first full interpretation of the pressure evolution of y-InSe absorption edge in terms of the
Elliot-Toyozawa model [58,59] was done by Goni et al. [61] by means of low-temperature and high
pressure optical measurements in DAC. Figure 9a shows the pressure evolution of the absorption edge
of InSe at 10 K. Figure 9b shows the pressure dependence of the exciton binding energy.
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Figure 9. InSe optical properties under pressure. (a) InSe fundamental absorption edge at 10 K and
different pressures. (b) Pressure dependence of the exciton binding energy in InSe [58].

As previously found in GaSe, [57] and in spite of the expected increase of the effective mass
under pressure, the exciton binding energy decreases as pressure increases. This effect was attributed
to a large increase of the static dielectric constant under pressure. As we will discuss in Section 5,
this was later confirmed by capacitance measurements under high pressure. The authors also reported
a detailed analysis of the pressure dependence of the exciton peak width, which was explained through
a direct-to-indirect crossover attributed to the shift to lower energy of conduction band minima in
points A or B of the Brillouin zone in the band structure shown in Figure 6, analogously to the large
negative pressure coefficient of the indirect gap found in e-GaSe [57] and 3-GaS. [47] Below in this
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section we will discuss how this direct-to-indirect crossover in the conduction band is not enough to
give account of the exciton peak widening in the low-pressure range. Changes in the valence band
maximum at the Z point must also be taken into account.

A series of later experiments on the optical properties of y-InSe under high pressure contributed
to improve the picture of its electronic structure with the crucial help of modern DFT-LDA ab-initio
electronic structure calculations. Ulrich et al. [62] reported the pressure dependence of the three direct
transitions described in Figure 6, as obtained from photo-modulated reflectance (PMR) measurements
in DAC. Figure 10a shows the PMR spectrum of InSe in the range of the high photon energy fully
allowed direct transitions E; and E;’, whose pressure dependence, along with that of the fundamental
gap is shown in Figure 10b. These results confirm the previously discussed ones by Kuroda et al. [23],
showing that E; and E;’ direct transitions do not exhibit the extreme nonlinear behavior of the
fundamental gap. From the pressure dependence of the three transitions given in Figure 10b, one can
determine the pressure dependence of the energy differences Ey-Ey, and Ey;-Ey3 between the upper
VBM and the second and third valence bands at the Z point. These energies correspond to Eq-Egq and
Ey'-Egq. They slightly increase in the low-pressure range, but quickly decrease above 1 GPa. At 7 GPa
they are nearly 20% below their value at ambient pressure. As previously discussed, this behavior
increases the contribution of Se pyy states to the VBM.
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Figure 10. Optical properties of y-InSe under pressure. (a) PMR spectra of y-InSe at different pressures in
the spectral range of direct allowed transitions. (b) Pressure dependence of the direct transitions in InSe [62].

The role of the direct-to-indirect crossovers in InSe was further investigated in a series of
systematic experiments combined with DFT-LDA ab-initio calculations by Manjon et al. [63,64].
Through a detailed analysis of the absorption edge, illustrated in Figure 11a, it was shown that
two different direct-to-indirect cross-over occur in InSe in the pressure range up to 4 GPa. These
crossovers are consistently reflected in the shape of the absorption edge and in the pressure dependence
of the exciton absorption width, which increases under pressure with two clearly defined onsets [64].

In this way, the pressure dependence of the fundamental direct gap (Z in Figure 11a) and the two
indirect transitions (I; and I, in Figure 11a) could be determined, as shown in Figure 11b.
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Figure 11. InSe absorption edge under pressure. (a) Decomposition of the absorption spectrum in
direct and two indirect absorption contributions. (b) Pressure dependence of the direct and indirect
transitions in InSe and Ing g¢Gag 12Se [64].

The band structure of y-InSe was calculated using ab-initio DFT-LDA methods, including paths in
the BZ that had not been explored in previous calculations [62] but were included in later ones [65,66].
As pressure increases, the VBM undergoes a dramatic change: a new maximum develops, close to the
Z point, in the direction ZH. This maximum becomes the absolute VBM at about 2.5 GPa.

The transition assignment shown in Figure 12a was proposed by comparing the calculated
pressure dependence of the VBM and CBM at Z, the toroidal maximum, the CBM at H, and the
experimental pressure dependence of the direct and indirect transitions shown in Figure 11b.

Enargy (eV)

(b)

Figure 12. Band structure of y-InSe under presssure. (a) Assignment of the indirect transitions [64].
(b) Constant energy surface plots around the toroidal valence band maximum, for a plane perpendicular to
the c-axis at the I" point (upper figure) and a plane parallel to the c-axis at the I' point (lower figure) [37].
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A detailed analysis of the new VBM at 4 GPa showed that it has quasi-cylindrical symmetry
around the c-axis and mirror symmetry with respect to the ZHL plane, giving rise to toroidal constant
energy surfaces [37].

This assignment is fully consistent with later experiments on intrinsic photoluminescence (PL)
under high pressure [67]. On the one side, the pressure dependence of the PL peak width clearly
exhibits two onsets, as shown in Figure 13a and previously observed for the exciton peak absorption
edge [64], corresponding to the direct to indirect crossovers, at the predicted pressures, as shown in
Figure 12a. On the other side, the exponential quenching of the intrinsic PL intensity for pressures
beyond 4 GPa, shown in Figure 13b, is consistent with the direct to indirect crossover occurring in the
conduction band at that pressure. As we will see in Section 6, this crossover is also responsible for the
behavior of the transport properties of n-type InSe under high pressure.
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Figure 13. Intrinsic photoluminescence in y-InSe under high pressure. (a) Pressure dependence of the
PL peak width. (b) Pressure dependence of the photoluminescence peak intensity [67].

Further details on the electronic structure of InSe were obtained through magneto-optic
experiments at low temperature and high pressure [68,69].

Magneto-absorption oscillations in the absorption spectrum in pulsed magnetic fields up to
56 T [69] allowed for a detailed measurement of the of the Landau levels structure as a function of
pressure (Figure 14a). This led to the determination of the pressure dependence of the reduced effective
mass in the layer plane (1 ) that was shown to increase linearly with pressure. In the framework of
a simple k-p model [52], this is an unexpected behavior, as the effective mass should be proportional to
the bandgap and then exhibit its nonlinear behavior.
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Figure 14. Magnetoabsorption experiments in InSe. (a) Magnetoabsorption spectra at different
pressures. (b) Reemergence of the exciton peak at 4 GPa under high magnetic field. Inset: magnetic
field at which the exciton peak reappears as a function of pressure [69].
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This apparent inconsistency was explained through a k-p model adapted to the specific features of
InSe band structure [34,61,66]. Given that that most intense transitions for polarization perpendicular
to the c-axis are those named as E; and E;’ in Figure 6, the electron effective mass in the layer plane must
follow their pressure behavior and increase linearly as they actually do (Figures 7b and 10b) [25,62].

On the other side, a remarkable behavior of the exciton peak was observed at high pressure and
high magnetic field. In the absence of a magnetic field, the exciton peak is no longer observed at
4 GPa. Under high magnetic field, the exciton peak reappears, as shown in Figure 14b, indicating that
Landau levels associated with the toroidal valence band maximum shift to lower energies quicker
than those associated to the maximum at Z, that so becomes the absolute maximum. This behavior
indicates that the hole effective mass at the toroidal maximum is much smaller than the effective mass
at Z. The magnetic field at which the exciton peak reappears increases with pressure, as the inset
in Figure 14b shows. This effect allows for an estimation of the hole effective mass in the toroidal
maximum my,p < 0.03mg [69].

It is important to notice that none of the ab-initio band structure calculations discussed in this section
gives quantitative account of the extreme non-linear behavior of the pressure dependence of the bandgap.
This seems to be related to the inability of DFT-LDA calculations to deal with Van der Waals interactions.
Several attempts to give quantitative account of the nonlinear behavior of the bandgap, based in empirical
deformation potential models, were proposed in References [25,57] or [61]. All these empirical models
share simple assumptions about intra and interlayer compressibilities that are hardly compatible with the
complex pressure behavior of the intralayer bond-lengths and bond-angles revealed by XRD diffraction
and absorption experiments under pressure, as discussed in Section 1.

3.2. Electronic Structure of High Pressure Phases

As regards the electronic structure of high pressure phases, RS-InSe was shown to be a metal,
as expected from the odd number of electrons per primitive unit cell and clearly confirmed by its
Drude-like plasma reflection in the near infrared [27,28], as shown in Figure 15a, with a plasma
frequency of about 2 eV, corresponding to a carrier concentration below 10?2 cm 3.
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Figure 15. (a) Reflectivity versus photon energy in the plasma spectral range of RS-InSe [27].
(b) Absorption edge of monoclinic InSe under high pressure. Inset: pressure dependence of the
direct bandgap in MC InSe [41].

Both band structure calculations and optical measurements indicate that monoclinic InSe is
a semiconductor with a bandgap of the order of 1.6-1.8 eV at ambient pressure, as shown in
Figure 15(b) [41,70]. Band structure calculations predict a small band overlapping in tetragonal
InSe [41], but no bandgap closure was observed in the transition from the MC to the T phase [30].
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Also, as we will discuss in Section 4, no indication of metallization was observed in the Raman
effect spectrum at the transition pressure [30]. Thus, tetragonal InSe is most probably a low gap
semiconductor. As regards CsCl cubic InSe [44], it must necessarily be a metal, given its odd number
of electrons per primitive unit cell.

4. Lattice Dynamics under High Pressure

Raman effect experiments in ITI-VI layered materials under high pressure have been used as a tool
to investigate the structure stability and the evolution of the chemical bond anisotropy, especially the
relative intensity of intra- and interlayer bonds. Lattice dynamics of 3-GaS and e-GaSe under high
pressure was investigated by Polian et al. [71], Kuroda et al. [72], and Gauthier et al. [57]. The pressure
coefficients of phonon modes were found to be very dependent on their intra- or interlayer character.
The largest pressure coefficients were found for low-frequency, rigid-layer interlayer modes in which
restoring forces are mainly determined by weak Van der Waals bonds, whose strength quickly increases
under high pressure. The frequency of these modes, which only occurs in polytypes with two or more
layers per primitive unit cell, nearly doubles in the pressure range up to 6 GPa. [57,71]. This behavior
was also reported for e-InSe in Raman effect measurements up to 1 GPa [73,74].

The first systematic study on y-InSe lattice dynamics under pressure was carried out by
Ulrich et al. [75], as shown in Figure 16b. Later on, Choi and Yu [76] reported a Raman experiment
under pressure in e-InSe, but they do not report the behavior of the low-frequency rigid-layer mode that is
the main signature of the e-polytype. The primitive unit cell of y-InSe contains only one layer per unit cell,
and it does not present the low-frequency rigid-layer mode. The lowest frequency mode is the ) mode
(Figure 16), a rigid-half-layer mode in which the restoring forces receive contributions from interlayer
forces and from In-In intra-layer bond bending.
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Figure 16. Phonons in y-InSe. (a) Vibration schemes of the normal modes at the T point. (b) Pressure
dependence of the normal modes frequencies [75].

The pressure coefficient of this mode is remarkably low, as also reported for the similar modes in
-GaS [71] and e-GaSe [57]. This behavior indicates that the increase of the interlayer forces under
pressure is accompanied by a weakening of the In-In bond, suggesting the existence of some kind of
charge transfer from intra-layer covalent bonds to the interlayer space under high pressure. In the case
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of GaSe [57], this effect was proposed to be correlated to the observed marked decrease of the transverse
dynamic charge associated with the LO-TO splitting of polar phonons vibrating perpendicular to the
c-axis (E phonons). Based on this consideration, it was proposed that the transverse dynamic charge
of polar phonons vibrating parallel to the c-axis (A; phonons) should dramatically increase under
pressure, resulting in a strong increase of the static dielectric constant for polarization parallel to the
c-axis [57,77]. This issue will be discussed in Section 5.

An ab-initio investigation of the lattice dynamics of y-InSe under pressure was published by
Rushchanskii [78]. This calculation accurately predicts the experimental pressure dependence of the
Raman modes [75]. It is relevant to notice that the calculation underestimates the LO-TO splitting
of A; polar mode at ambient pressure. Also, even if it predicts its increase under high pressure,
this pressure-enhanced LO-TO splitting is not be enough to reproduce the pressure increase of the
static dielectric constant under pressure predicted by the charge transfer model proposed by Gauthier
etal. [57,77].

The lattice dynamics of metastable and high-pressure phases of InSe have been investigated in
the context of the crystal phase transition from MC-InSe to T-InSe [30]. Figure 17a shows the vibration
scheme of Raman active modes in both crystal phases. Figure 17b shows the pressure dependence of its
frequencies and how four non-degenerate Raman active modes of MC-InSe (Ag-Bg modes) converge
into two doubly degenerate E; modes in T-InSe.
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Figure 17. Phonon modes in MC- and T-InSe. (a) Vibration schemes of Raman active modes at the T
point. (b) Pressure dependence of the normal modes frequencies [30].

The fact that no discontinuity in the frequency or intensity of the Raman peaks is observed
through the monoclinic-to-tetragonal phase transition is consistent with the semiconductor character
of T-InSe, as previously discussed in Section 3.1.

5. Dielectric Properties under High Pressure

The pressure dependence of the electronic and lattice contributions to the static dielectric constant
in InSe and other layered III-VI materials has been investigated through different experimental
techniques. The pressure effect on the electronic contribution to the dielectric constant has been
determined through refractive index measurements under pressure.
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Polian et al. [78] used Brillouin effect experiments in DAC to measure the pressure dependence
of refractive index in 3-GaS, for light polarization perpendicular (1, ) and parallel (1)) to the c-axis
(named n, and n respectively in Figure 18a), reporting a large increase of both indexes under pressure.
The pressure increase was shown to be much larger for n| and, as a result, at 15 GPa the difference
ng—n vanishes, as shown in Figure 18a.
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Figure 18. (a) Pressure dependence of the birefringence in 3-GaS [79]. (b) Relative change of the
refractive index 2 as a function of pressure for 3-GaS, e-GaSe, and y-InSe [80].

For e-GaSe [57,72] and y-InSe [80,81], the interference fringe pattern of the transmitted light was
used to determine the pressure dependence of the refractive index for polarization perpendicular
to the c-axis (1, ). A large increase of n | was found for both materials. Figure 18b illustrates those
findings. Results were interpreted in the framework of the Phillips-Van Vechten model [82,83] for
semiconductor dielectric response.

Once the large compressibility of these materials is taken into account, it turns out that the
electronic polarizability for light polarization perpendicular to the c-axis decreases under pressure
due to the positive pressure coefficient of the material Penn gap, i.e., the average most intense dipole
allowed transition between the valence and conduction bands [84].

Errandonea et al. [85-87] investigated the pressure dependence of the static dielectric constant for
polarization parallel to the c-axis (¢g)) for the three compounds by means of capacitance measurements
on insulating samples, in Bridgman anvil cells, as shown in Figure 19a. The steep increase at 1.5 GPa
for 3-GaS is related to a reversible crystal phase transition to a denser layered phase [23,88]. For this
polarization, the material compressibility accounts only for a small part of the large increase of the
static dielectric constant [87]. A large increase of the total polarizability must be assumed. Given that
Brillouin effect experiments in 3-Ga$S confirm a large increase of n, it seems clear that the electronic
contribution is responsible for most of the increase of the static dielectric constant for polarization
parallel to the c-axis. The pressure behavior of the Penn gap for this light polarization was found to be
correlated to the pressure behavior of the indirect gap in the three compounds, as shown in Figure 19b.
It was proposed that the strong decrease under pressure of both electronic transitions has the same
origin: the quick shift to lower energies of a CBM that is the final state in both the indirect gap and the
Penn gap transitions [87].
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Figure 19. (a) Pressure dependence of the static dielectric constant €| for B-GaS, e-GaSe, and y-InSe [87].
(b) Correlation between the pressure behavior of the Penn gap E| and the indirect gap in the three
compounds [87].

6. Electronic Transport Properties under High Pressure

The pressure behavior of electronic transport parameters of layered III-VI semiconductors
has been investigated through resistivity, Hall effect, and thermos-power measurements under
high pressure. Given the extrinsic character of most samples in these materials, obtaining reliable
information on intrinsic parameters (like effective masses or impurity ionization energies) or specific
features of the electronic structure involves very systematic experiments, using well characterized
samples with carrier concentration extending over several order of magnitude.

In the case of n-type InSe doped with Sn, a clear correlation was found between the ambient
pressure carrier concentration and its pressure behavior, with a more accused, pressure-induced
exponential quenching of the free carrier concentration for larger carrier concentrations at ambient
pressure, as shown in Figure 20a [89-91]. This behavior could be consistently explained by assuming
the existence of an electron trap associated with an excited minimum of the conduction band, moving
down with a pressure coefficient of —100 meV/GPa, and trapping the free electrons as they enters the
forbidden band and cross the Fermi level, as shown in Figure 20b.
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Figure 20. (a) Pressure dependence of the transport parameters (resistivity, electron concentration,
and electron mobility) in Sn-doped n-type y-InSe. (b) Pressure dependence of the Fermi level and
the deep trap (both with respect to the conduction band minimum) as determined from the data in
Figure 20a [90].

This picture is consistent with the findings of the pressure-induced changes in the band structure
of y-InSe discussed in Section 3.1. Optical measurements and ab initio band structure calculations
showed a direct to indirect crossover in the conduction band [64]. Impurity levels associated with
the different minima in the conduction band have different ionization energies. Given that all band
structure calculations [64-66] predict a large electron effective mass for the zone-edge excited minimum
of the conduction band, moving downwards under pressure (minimum at B in Figure 12a), its related
donor can reasonably be assumed to be a deep level. Then, it can be assimilated into an electron
trap moving down in energy, trapping free electrons as it approaches the Fermi level, as depicted in
Figure 20b. This also explains why the electron trapping onset occurs around 1.2 GPa, a pressure lower
than the direct to indirect crossover pressure (4 GPa).

It is also relevant to mention that transport measurements have also been used to investigate
precursor effects of the structural phase transitions. It was noticed [90] that at about 4.5 GPa, some
irreversible changes occur in the material, which were detected first in the transport properties as
an irreversible increase of the carrier concentration, as shown in Figure 20a. Then, at about 7 GPa,
dark lines start appearing in the monocrystalline samples [92] and a new Raman active mode is
observed, which remains at ambient pressure after the pressure down-stroke [75,92]. All these effects
can be considered as precursor effects of the crystal phase transition to the RS phase occurring at
10 GPa [27-29]. The appearance of these dark lines was attributed to a local increase of the pressure,
associated with the stress field of edge dislocations. Along the edge dislocation lines, the rhombohedral
phase would become locally unstable at a lower macroscopic pressure [92].

Transport measurements in p-type InSe were also shown to be consistent with the findings of the
pressure-induced changes occurring in the band structure around the VBM at the Z point, unraveled
by optical measurements and band structure calculations.
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The hole concentration in p-type y-InSe samples doped with different acceptors has been reported
to increase by a factor 40 between 1 and 3 GPa, while the hole mobility increases by a factor 2, as shown
in Figure 21 [93-96]. The onset pressure at which the hole concentration starts rising (1 GPa) is
practically the same as the onset pressure at which the width of the exciton absorption peak [61,64] and
the width of the PL peak [67] start increasing. The behavior of hole transport parameters (concentration
and mobility) is consistent with the emergence of a new VBM with a larger effective density of states
and lower effective mass. These are distinctive features of the toroidal VBM are shown in Figure 12.
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Figure 21. (a) Pressure dependence of the hole concentration in p-type y-InSe and e-GaSe. (b) Pressure
dependence of the hole mobility in p-type y-InSe and e-GaSe.

In contrast, both the hole concentration and mobility increase monotonously under pressure
in p-type e-GaSe and do not exhibit any dramatic changes (Figure 21). Ab-initio band structure
calculations [32,94] do not show any trace of a toroidal maximum or any other dramatic modification
of the VBM (occurring at the I point) in e-GaSe, at 7 GPa [94], or at 16 GPa [32]. The different pressure
behavior of the VBM in e-GaSe with respect to y-InSe has been attributed to differences in the band
mixing and dipole matrix elements between the highest energy valence bands imposed by symmetry
elements of the Pém2 group (to which e-GaSe belongs) [94].

7. Conclusions and Perspectives

In spite of the remarkable advances here reviewed, some relevant features of the electronic
structure of InSe and related III-VI semiconductors are not yet well understood. Concerning ab-initio
band structure calculations, as we stressed in Section 3, they give a quantitative account of the linear
pressure dependence of the main electronic transitions in the high pressure range but fail to predict the
extremely non-linear behavior of some physical parameters in the low pressure range. The problem
stems from the well-known inability of DFT-LDA ab-initio calculations to deal with van der Waals
interactions. New techniques, like the so called van der Waals corrected-DFT [97-99], which were
successfully applied to layered materials like graphene or MoS,, do not seem to have yet been used to
investigate III-VI layered materials.
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From an experimental point of view, the main structural feature of InSe and related compounds
(the weakness of the inter-layer forces) makes it especially difficult to prepare thin samples with faces
containing the c-axis. This has led to a lack of results for the pressure dependence of some important
physical parameters like the absorption coefficient for polarization parallel to the c-axis, the static
dielectric constant for polarization perpendicular to the c-axis, and the electron and hole mobility
along the c-axis.

We will finally mention some perspectives on the investigation of impurity levels, a crucial issue
for the design of electronic devices. Shallow donors [100] and acceptors [54] in InSe are quite well
characterized at ambient pressure. High pressure studies on impurity levels here reviewed [89-96]
are based on transport measurements and do not give direct information on the internal electronic
structure of impurity levels, as the one provided by Fourier transform infrared spectroscopy (FTIR) in
DAC. FTIR spectroscopy investigations would also provide information on the pressure behavior of
relevant band structure parameters, like carrier effective mass tensors. In an extended spectral range,
FTIR experiments in DAC would also serve to complete the understanding of high pressure lattice
dynamics of III-VI materials by exploring the pressure behavior of polar phonons, for which Raman
Effect measurements give relatively limited information, as we have seen in Section 4.

In summary, this review has shown that high pressure experimental techniques and ab-initio
band structure calculations have been an exceptional tool, leading to a deep understanding of the
electronic structure of InSe and related III-VI layered semiconductors.
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Abstract: We conducted an in situ crystal structure analysis of ferroselite at non-ambient conditions.
The aim is to provide a solid ground to further the understanding of the properties of this material in
a broad range of conditions. Ferroselite, marcasite-type FeSep, was studied under high pressures up
to 46 GPa and low temperatures, down to 50 K using single-crystal microdiffraction techniques. High
pressures and low temperatures were generated using a diamond anvil cell and a cryostat respectively.
We found no evidences of structural instability in the explored P-T space. The deformation of the
orthorhombic lattice is slightly anisotropic. As expected, the compressibility of the Se-Se dumbbell,
the longer bond in the structure, is larger than that of the Fe-Se bonds. There are two octahedral
Fe-Se bonds, the short bond, with multiplicity two, is slightly more compressible than the long bond,
with multiplicity four; as a consequence the octahedral tetragonal compression slightly increases
under pressure. We also achieved a robust structural analysis of ferroselite at low temperature in the
diamond anvil cell. Structural changes upon temperature decrease are small but qualitatively similar
to those produced by pressure.

Keywords: FeSey; high pressure; low temperature; single-crystal diffraction

1. Introduction

Iron selenides form economically important ore deposits and are relevant to the geochemical
cycle of chalcogenides. In material science, dichalcogenides are extensively explored for solar
energy applications because of their suitable thermoelectric and optical properties along with their
availability and low toxicity [1-3]. Compounds with the marcasite crystal structure display a variety
of intriguing physical properties intimately related to their structural arrangements [4]. Furthermore,
the marcasite structure type is adopted by several interesting high-pressure phases such as Fe, Rh and
Os pernitrides [5-7].

Ferroselite is a mineral of the chalcogenide series with end-member composition FeSe, and with
the marcasite-type crystal structure. Ferroselite is the stable phase of iron diselenide at ambient
conditions. Upon heating at ambient pressure, FeSe, does not show phase transitions until its
decomposition at 850 K [8]; upon heating at 1200 K under moderately high pressure (65 Kbar) iron
diselenide adopts the pyrite structure type [9,10]. Iron is bonded to six selenium atoms in ferroselite,
whereas selenium forms a monatomic bond and 3 bonds with iron (Figure 1). The FeSes edge-sharing
octahedra form chains along the c-direction, while the Se-Se dumbbell bond lies in the ab plane
connecting octahedral chains. In the marcasite-type structure, symmetry constrains impose some

Crystals 2018, 8,289; doi:10.3390/ cryst8070289 82 www.mdpi.com/journal/crystals



Crystals 2018, 8, 289

degree of distortion to the coordination geometries. The octahedron shows angular distortion and
features two different bond lengths, in ferroselite those with multiplicity two are slightly shorter than
the four equatorial bonds. Iron is located in 24 with all symmetry-constrained coordinated whereas
selenium, located in 4g, shows variable coordinates x and y.

Figure 1. Representation of the crystal structure of marcasite-type FeSe, generated with VESTA [11].
Iron atoms (blue) are coordinated to 6 selenium atoms (yellow) defining a tetragonally compressed
octahedron. Selenium dumbbells lie in the ab plane and connect the chains of octahedra running
parallel to the c-axis.

The thermal expansion of the ferroselite lattice has been explored from ambient conditions
up to decomposition temperatures [8], while magnetism and electrical properties were explored in
a broad range of temperatures [2]. Mechanically alloyed ferroselite nanocrystalline materials were
studied under pressure via absorption spectroscopy up to 19 GPa, showing no evidence of phase
transitions [12]. The elastic properties of FeSe; were recently determined by means of first-principles
calculations [13].

To study the bulk and atomic response of FeSe; to external high pressure and to low temperature
we performed synchrotron single-crystal microdiffraction experiments using a diamond anvil cell and
a cryostat to generate target conditions. We performed three different experiments: (i) compression at
ambient temperature up to ~46 GPa; (ii) cooling down to 50 K at ambient pressure; (iii) a combined
high-pressure low-temperature experiment down to 110 K at 3.8 GPa. Both low-temperature
experiments were conducted with single crystals loaded in a diamond anvil cell (DAC) contained in
a cryostat (hereafter DAC and cryostat).

2. Materials and Methods

The specimen investigated in this study is a mineral from Paradox Valley, Uravan District,
Montrose County, Colorado, USA obtained from the RRUFF collection (RRUFF.info/R070461).
The composition reported in the RRUFF database [14] was determined via electron microprobe
analysis. Measured elements were Se, Fe, Pb, S, Zn, Cu, Ag; within experimental resolution, the sample
is pure and stoichiometric.

Conditions of high pressure and of low temperature were generated with a 4-post diamond anvil
cell (DAC) and with a liquid-flow helium cryostat (Figure 2). The DAC was equipped with conical
diamonds anvils [15] of 85° aperture and 0.3 and 0.6 mm culet diameter for high pressure and low
temperature experiments respectively. Gaskets were fabricated from pure Re or W foils; 160 and
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360 um diameter holes in the center of 35 um thick indentations provided the sample chambers for the
high-pressure and the low-temperature experiments respectively. The sample chambers were filled
with pre-pressurize neon in order to maintain quasi-hydrostatic stress on the crystals in the whole
range of experimental conditions.

X-ray microdiffraction data (Figure S1) were collected at the insertion device station 16ID-B
of HPCAT, Sector 16, Advanced Photon Source, Argonne National Laboratory. Experiments were
performed using hard X-rays (A = 0.40662, 0.36793 A) focused to about 5 x 5 um FWHM at the sample
position. The experimental station was equipped with a heavy-duty motorized sample stage suitable
for measurements with a cryostat for high pressure studies. The cryostat provided wide angular X-ray
access and was equipped with a gas membrane for pressure control. Diffracted X-rays were collected
with the rotation method (vertical w axis) using a MAR165-CCD area detector (marXperts, Norderstedt,
Schleswig-Holstein, Germany) and a MAR345IP detector (marXperts, Norderstedt, Schleswig-Holstein,
Germany), both were calibrated using powder patterns of CeO, standard and the GSASII software [16].
The rotation range was 72° for high-pressure data and 60° for low-temperature data, the X-ray access
was reduced by the gas membrane and cryostat body in the latter case. For the samples in the cryostat
diffraction images were collected with the detector (CCD) at three different locations in the horizontal
direction perpendicular to the beam. The maximum resolution achieved was 0.6 A.

cryostat

diffracted incident

beams
w roiatlon

/(\ ) g—

X-ray optlcs

area detector
upstream window

gas membrane
DAC

Figure 2. Schematic representation of the high-pressure low-temperature setup at beamline 16ID-B of
the APS, ANL.

downstream window

Pressure was calibrated using the equation of state of platinum [17] for ambient temperature data
and ruby [18] for low-temperature data. Temperature was measured using silicon diode temperature
sensors positioned on the DAC body and on the copper block, the two differ by less than two
degrees during data collection. Data reduction was performed GSE_ADA & RSV [19], WinGX [20],
and DIOPTAS [21]. Structural refinements were carried out using Shelxl [22]. Standard powder
patterns were analyzed with GSASII [16].

3. Results and Discussion

3.1. Ambient Conditions Structural Refinements

Measuring structure factors in the diamond anvil cell with a micron-sized X-ray beam is an
established technique providing extremely valuable and robust results in spite of its challenges.
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In addition to high-pressure measurements, here we collected data from small single crystals loaded
in the DAC which was then loaded in a cryostat (Figure 2). The cryostat we used for high pressure
measurements is a relatively bulky device with several connections, the most cumbersome being the
liquid helium supply line and the vacuum line. These connections caused an increase in the sphere
of confusion of the rotation axis. Because crystals are roughly 20 um in diameter and the beam is
around 5 um FWHM, we anticipated that the X-ray flux on the crystals would vary more dramatically
during data collection compared with ambient temperature measurements. As a consequence, the set
of observed structure factors would not be in scale. Furthermore, for relatively low-symmetry crystals,
a reliable empirical correction calculated from comparing sets of equivalent reflections might be
difficult to define due to the low data redundancy. To compensate for such effects we loaded three
crystals with different crystallographic orientations in the diamond anvil cell for low temperature
work (Table S1). Furthermore, we collected several rotation images in a small grid pattern around
the crystal center for a few datapoints. In Table 1 literature data are compared with some of our
results. All data collections were performed with samples in environmental cells, DAC and DAC
and cryostat, before conditions were changed. In addition to the scale factor, we refined the two
symmetry-unconstrained fractional coordinates of Se and isotropic displacement parameters for both
atoms for a total of 5 variables. Overall results are in good agreement. We note that: (i) because we
always measured a good number of reflections and we only had 2 positional parameters to refine for the
heavier element, these were always reasonable, including high R factors refinements; (ii) merging grid
diffraction patterns provided in most cases excellent results and low disagreements between equivalent
reflections and better results than empirical corrections; (iii) datasets are not uniform because, we infer,
the increase in the sphere of confusion caused by the cryostat is not fully reproducible. In conclusion,
it appears beneficial to acquire redundant datasets, this allows for adopting different data reduction
strategies and provides the best likelihood that robust refinements can be obtained.

Table 1. Ambient-conditions unit-cell parameters and atomic fractional coordinates from the literature
and from this work (see text).

. . o o Reg, Ry Ueq-Fe Ueq-Se
Sample Ny, Ning a(A) b (A) c(A) ©h) x (Se) y (Se) @&2) (@&2)
Ref. [23] 4.8002(4) 5.7823(5)  3.5834(4) 0.2127(6)  0.3701(5)

Ref. [24] 48042)  5.784(3)  3.586(2) 0.2134(22)  0.3690(1)

RRUFF @) 4.795(3) 5.777(4)  3.584(1)
Ref. [2] 4.8031(6) 5.7849(2)  3.5840(4) 0.2127(2) 0.3691(7)
Measurement in the DAC
DAC 204, 98 4801(3)  5787(2) 3.5859(7) 12,49  0213593)  0.3692(2)  0.0095(5)  0.0099(5)
Measurement in the DAC and cryostat

c1® 205, 82 4804(4)  5781(3) 35814(7) 84,44  02133(3)  03692(1)  0.0056(5)  0.0059(4)
c2© 253,103  4.8016(9)  5.777(1)  3.5850(8) 9.6,54  02137(2) 0.36921(13)  0.0090(5)  0.0090(4)
c3® 214,94 4.799(1) 5.785(2) 3.5820(4) 33,12 0.2130(7) 0.3699(3) 0.0067(12)  0.0086(10)

@ same specimen of the present work RRUFF.info/R070461; ® no grid scan, no empirical corrections;
(© three detector positions, hkl from merged grid scans, no empirical corrections.

3.2. High Pressure

Diffraction data of ferroselite were collected up to 46 GPa (Table 2). There are no indications
of phase transitions but the highest pressure pattern shows moderate peak broadening that might
be the result of non-hydrostatic stress as well as the manifestation of an incipient phase transition.
The datapoint at 3.63 GPa was collected with the DAC and cryostat before decreasing temperature,
structural parameters at this pressure are in the same trend of data collected in the DAC, confirming our
ability to collect full datasets in these conditions without introducing systematic errors in our analysis.
The anisotropy of the deformation of the orthorhombic cell of ferroselite under quasi-hydrostatic
compression is clear after 17 GPa. As shown in Figure 3 the lattice is more compressible in the
direction of the a-axis and is stiffer along the b-axis. This observation is consistent with the recently
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predicted behavior [13]. The bulk compression of marcasite-FeSe, can be modeled by a second-order
Birch-Murnaghan EoS with an ambient bulk modulus, Ky, of 121.6 GPa (blue curve in Figure 4).
Although we collected too few datasets to reliably fit a third order EoS, it can be inferred from the
plot in Figure 4 that a third order EoS might be more appropriate to describe the compressibility of
this material, data in the low-pressure range fall below the blue curve whereas the highest pressure
datapoint falls above the curve. Also, values significantly larger than 4 for the first derivative of the
bulk modulus, Ky, have been suggested for FeS, marcasite [25] and several other marcasite-type
chalcogenides. Fixing Ky’ to 4.6, a value that both leads to best fitting and is close to the value in
marcasite, and using the third-order Birch-Murnaghan EoS results in a K¢ of 114.1 GPa. More data
ought to be collected in order to better constrain the bulk modulus and its first derivative. We could
not however satisfactorily fit our data with the same EoS equation and using the recently proposed
bulk modulus of 74.7 GPa [13].
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Figure 3. Relative compression of the orthorhombic unit-cell edges.

Table 2. Unit-cell parameters and atomic fractional coordinates of ferroselite at high pressure.

P(GPa)  a(A) b (&) c(A) x (Se) y (Se) Ueq-Fe (A2)  Ueq-Se (A?)
17 47712)  5756(1)  35663(6)  0.2129(4)  0.36884(13)  0.0079(6) 0.0083(5)
383  4751(2)  5729(2) 35467(11) 0212560  0.3687(7) 0.014(2) 0.013(2)
8.1 4698(3)  5.667(2) 35088(7)  02123(6)  0.3688(2)  0.0083(8) 0.0090(7)
17.3 4603(3)  5581(2) 3.4492(9)  02123(3)  0.36854(9)  0.0085(5) 0.0088(5)
244 4555(2)  5524(12) 3.4090(5)  02114(4)  0.3683(2)  0.0066(9) 0.0057(7)
32 4488(4)  5471(3) 33734(11) 02111(6)  03676(2)  0.0063(13)  0.0064(12)
46 4404(3)  5391(2) 33185(9)  02103(4)  0.36689(13)  0.0066(9) 0.0070(8)

(@ DAC and cryostat measurement, refinement from merged grid scan images.
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normalized cell parameters

0 10 20 30 40
Pressure (GPa)

Figure 4. Bulk compressibility of FeSe,. The blue symbol shows data collected at ambient pressure in
DAC and cryostat. The blue line shows a second order Birch-Murnaghan EoS fit, the red line a third
order Birch-Murnaghan EoS fit (see text).

Robust crystal structure analysis allows for exploring the changes in atomic arrangement with

pressure. Figure 5 shows the pressure dependence of interatomic distances and their relative variations.
As could be expected, the longest bond, the Se-Se dumbbell, shows the greatest compressibility.
The octahedral bonds however show a less obvious behavior, with the shorter bond being more
compressible than the longer bond, hence the octahedral distortion increases with pressure.
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Figure 5. Absolute (a) and relative (b) interatomic distances as a function of pressure. Uncertainties are
smaller than the symbols’ sizes.

3.3. Low Temperature

Structural data of FeSe, were collected ambient pressure at three temperatures 198.2, 148.4,

and 50.4 K and at about 3.7 GPa at 197 and 116 K (Table 3). Upon attempting to maintain a constant
pressure in the sample chamber during further cooling by increasing the gas membrane pressure,
the experiment failed abruptly when the load on the DAC applied with the gas membrane was rapidly
transferred to the diamond anvils upon overcoming the DAC friction.
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Table 3. Unit-cell parameters and atomic fractional coordinates at low temperature and both ambient
pressure and high pressure. For ambient pressure, weighed averages of three crystals are reported.

T(K) P (GPa) a(A) b (A) c(A) x (Se) y (Se)
198.2 104 4.7885 5.7782 3.5821 0.2148(4)  0.3692(2)
148.4 104 4.7893 5.7775 3.5795 021352)  0.3691(2)
50.4 104 4.7834 5.7767 3.5789 021383)  0.3694(2)
197 3.68 4.751(2) 5723(2)  35501(11)  02131(7)  0.3699(6)
116 3.64 4.7446(11)  5.772(2) 3.5512(8)  0.2130(6)  0.3695(7)

We expected the effect on structural parameters of lowering temperature from 300 to 50 K to be
small, close to the resolution of our experiment. Hence we loaded three crystals with different
orientations for this experiment in order to obtain a more complete sampling of the reciprocal
space and increase data redundancy. Because of the limited access to the reciprocal space different
crystallographic directions can be probed with different precision in differently oriented crystals
(Table S1) as can be inferred inspecting error bars in Figure 6A-C. As a consequence, unit cell variations
of individual crystals hardly show discernible patterns; however trends are appreciable when weighted
average are considered (Figure 6, black symbols). As for the high pressure behavior and for the high
temperature behavior [8], the greatest lattice parameters variations are observed in the direction of the
a-axis (Figure 6D). Unit-cell edges variations along the other principal axes are close to uncertainties.
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Figure 6. Unit-cell parameters as a function of temperature at ambient pressure. Absolute variations
of lattice vectors a, b and ¢ are shown in (a), (b) and (c) respectively; relative variations of the three
vectors are shown in (d). Red, Blue and green symbols: different crystals in the same sample chamber;
black: weighted average of the three crystals.

The anisotropy of the lattice variations observed with temperature decrease is qualitatively similar
to that observed with pressure. The unit-cell volume decreases by ~0.6% upon cooling from ambient
temperatures down to 50 K (Figure 7, Table 3), a change that corresponds to a pressure of 0.8-0.9 GPa
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depending on the EoS adopted (see above). The volume-pressure trend is appreciably non linear, and it
might in part reflect changes in the physical properties of the material upon cooling [2].

Variations of the Fe-Se bond lengths are also within uncertainties as shown in Figure 8. The Se-Se
bond shrinkage is clearer, so it could be argued that variations in the unit-cell length along the a-axis
and volume are mostly attributed to the monoatomic bond.

We were able to collected just two pressure points at combined low temperature and high
pressure (Table 3). Variations on the structure of ferroselite induced by temperature at this pressure are
within uncertainties.
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Figure 7. Variation of the unit-cell volume as a function of temperature at ambient pressure. Red, green
and blue symbols show values of three different crystals whereas black symbols refer to weighted
average values.
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Figure 8. Normalized bond lengths vs temperature at ambient pressure. A representative error bar is
shown in black.
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4. Conclusions

The physical properties of materials important for critical technologies such as solar energy ought
to be defined in great detail. Studying a material’s behavior in a broad range of conditions allows more
stringent constraints to modeling hence a better general understanding of the material. We conducted
a detailed examination of the crystal structure of marcasite-type iron diselenide at pressures up to
46 GPa, temperatures down to 50.4 K and combined high pressure and low temperature conditions
of ~3.8 GPa and 197 and 116 K. The phase shows no clear signs of phase transitions in this range,
even though it is probably metastable at the highest pressures, considering that it transforms to the
pyrite structure above ~6.5 GPa upon heating [9]. We described in details the anisotropy of the lattice
response to external conditions and changes in the atomic arrangement.

Maintaining sufficient centering of microcrystals while performing rotation data collections of
samples in bulky environmental cells such as combined DAC and cryostat is challenging and not
necessarily reproducible. Hence we find that collecting redundant datasets, in this case grid scans, is the
safest way to gather datasets from which reliable structure factors can be extracted. Multiple crystal
orientations allow obtaining a uniform precision in lattice parameters determinations in addition to
better coverage of the reciprocal space.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/8/7/289/s1,
Figure S1: Representative diffraction pattern of ferroselite collected in the DAC, Table S1: Orientation matrices of
the three crystals (C1, C2, C3) studied at low temperature.
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Abstract: The high-pressure behavior of LuFe;Oy is characterized based on synchrotron X-ray
diffraction and neutron diffraction, resistivity measurements, X-ray absorption spectroscopy and
infrared spectroscopy studies. The results obtained enabled us to propose a P-T phase diagram.
In this study, the low pressure charge-ordering melting could be detected by synchrotron XRD in
the P-T space. In addition to the ambient pressure monoclinic C2/m and rhombohedral R3m phases,
the possible P1 triclinic phase, the monoclinic high pressure form Pm and metastable modulated
monoclinic phases were observed; the latter modulated monoclinic phases were not observed in the
present neutron diffraction data. Furthermore, the transition to the Pm phase which was already
characterized by strong kinetics is found to be favored at high temperature (373 K). Based on X-ray
absorption spectroscopy data the Pm phase, which could be recovered at atmospheric pressure, can be
explained by a change in the Fe-local environment from a five-fold coordination to a distorted 5 +
1 one.

Keywords: LuFe,Oy; pressure-temperature phase diagram

1. Introduction

Magnetoelectric multiferroics combine ferroelectric and ferromagnetic properties in a single
material, providing a possible route for controlling electric polarization with a magnetic field and
magnetic order with an electric field [1]. Among the multiferroics, LuFe, Oy is considered as a prototype
material in which ferroelectricity is driven by the electronic process of frustrated (Fe2* /Fe3) charge
ordering (CO) which is also coupled to magnetic order and magnetic fields [2]. The existence and/or
origin of ferroelectricity in LuFe;Oy are still the subject of many debates and will not be considered in
this paper [3-5]. Note however the strong importance of the CO in the physical behavior of LuFe;Oy.
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The mixed valence compound LuFe,O4 has been reported in the literature to crystallize at
room temperature in the (R) R3m space group [6]. The layered crystal structure (2D) is described
as an alternative stacking along the c axis of triangular lattice of Lu, the Fe and O ions forming
double triangular Fe,O, 5 layers separated by single LuO; 5 layers. A monoclinic distortion (M1) was
evidenced for the CO state, which disappears above Tcp, and the crystal structure was refined in the
monoclinic C2/m space group [7]. Along with the previously reported g, and g3 modulations vectors
distinctive of the charge-ordering (CO) of the iron species, an incommensurate order was observed
characterized by a third vector g; associated with a tiny oxygen deviation from the O, stoichiometry [7].
The oxygen storage ability of LuFe;O4,x has been demonstrated over a large x-range [0-0.5] associated
with a complex oxygen intercalation/de-intercalation process with several intermediate metastable
states which was found to be perfectly reversible [8]. In addition to the structural complexity of
LuFe;0y, the coexistence of different magnetic ground states have been evidenced [9-12] using X-ray
and neutron scattering techniques.

Pressure was shown to induce a monoclinic crystal structure (M2) [13], i.e., space group Pm,
with a stacking of rectangular [Fe]o and buckled triangular [Lu]e layers in a misfits structure.
This high-pressure form exhibits antiferromagnetic ordering similar to that of wustite FeO up to
380 K [14].

Dependence of LuFe,O4 on P and T is investigated based on synchrotron X-ray diffraction (XRD)
and neutron diffraction (ND) studies, resistivity measurements, infrared spectroscopy and X-ray
absorption spectroscopy studies.

2. Materials and Methods

2.1. Sample Preparation

LuFe,O4 was prepared by solid state reaction, starting from a 10 g mixture of 0.485 Luy05:0.815
Fe;03:0.37 Fe, pressed in the shape of a rod (6 mm diameter and several centimetre length) and heated
at 1180 °C for 12 h in an evacuated silica ampoule [7]. Laboratory XRD indicates that the sample
presents the nominal composition and it is a single phase and well crystallized. The refined cell
parameters are a = 3.44051(2) A and ¢ = 25.2389(2) A in the R3m space group (hexagonal setting) [6].

The magnetic phase transition temperature (Ty = 240 K) and charge-ordering transition
temperature Tco = 330 K have been determined previously [7,9] and are in agreement with the
literature [10].

The samples were carefully crushed, and sieved (at 60 um and then at 20 um) in order to have a
homogeneous powder.

2.2. Synchrotron XRD

High-pressure synchrotron XRD experiments were performed at the European Synchrotron
Radiation Facility (ESRF) on the ID09A beam line, with the X-ray beam collimated to about
10 pm x 10 pm. Angle-dispersive powder XRD of the sample was measured using monochromatic
synchrotron radiation with a wavelength A = 0.415811 A and the patterns were collected with an online
MARB345 image plate detector. The pressure was measured using the ruby fluorescence method [15].

In order to analyze the evolution of structure in function of T and P, three set-ups were used: first,
at room temperature where the powder sample was loaded in a gas-membrane diamond anvil cell
(DAC) and with helium as a pressure-transmitting medium to assure good hydrostatic conditions up
to the highest investigated pressure of ~19 GPa.

A gas-membrane DAC was used also for the high temperature cell with neon as transmitting
medium. The highest temperature of 473 K was reached in a resistive furnace and the pressure was up
to ~13.5 GPa. For the low temperature measurements a screw-type DAC with helium as transmitting
medium was placed inside a He flow cryostat (T = 50 K, P up to ~22 GPa).
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The two-dimensional diffraction images were analyzed using the Fit2D software (ESRF, Grenoble,
France) [16], yielding intensity vs. 20 diffraction patterns (the peaks coming from the diamond cell
were removed) and full profile matching was performed using the FullProf software (ILL, Grenoble,
France) [17]. Unfortunately, statistics could not enable us to perform Rietveld refinements.

The pressure was increased /decreased in steps of approximately 1-2 GPa and the system was
allowed to equilibrate for 5 to 10 min at each pressure point and the acquisition time was several
seconds. For low temperature measurements, the pressure was always increased at room temperature
in order to avoid stress in the sample.

2.3. Resistivity Measurements

The electrical resistivity measurements on a pressed sample with a size of 50 jum were performed
in a sintered diamond Bridgman anvil apparatus using a pyrophyllite gasket and two steatite disks as
the pressure medium and by using a Keithley (Solon, OH, USA) 2400 source meter and a Keithley 2182
nanovoltmeter [18,19]. The isobar data up to ~20 GPa were recorded between 150 K and 290 K.

2.4. Neutron Powder Diffraction

For the high-pressure ND experiment on the D20 diffractometer [20], at ILL Grenoble with
A =136 A, the sample was loaded in a Paris-Edinbourg press equipped with anvils of cubic boron
nitride (c-BN) and a Ti-Zr gasket. The data were recorded at RT up to 12 GPa using 4:1 deutereted
methanol: ethanol as pressure transmitting medium. Pressure is determined based on the equation of
state obtained using Synchrotron XRD data.

2.5. Infrared Spectroscopy

Far infrared experiments under hydrostatic pressure conditions were performed in the
35650 cm ™! range, at room temperature with a resolution of 2 cm~!. The powder sample of LuFe,O,
was placed in a 250 pm diameter hole drilled in a strainless steel gasket preindented to 50 um, along
with a small ruby as a pressure gauge. We used a diamond-anvil cell (equipped with a gas membrane
for pressurization) and a Bruker (Karlsruhe, Germany) IFS66S/V infrared spectrometer. The latter is
equipped for these measurements with a liquid He bolometer detector, a Ge-coated Mylar (6 um beam
splitter, a Bruker beam condenser system with two x15 NA 0.4 cassegrain objectives, and a Mercury
arc discharge source. Pressure was determined with the ruby luminescence method with a BETSA
photoluminescence system (laser wavelength, A = 532 nm) coupled to an Ocean Optics BV /HR2000+
spectrometer (bandwidth: 675—575 nm).

2.6. Ab-Initio Calculations

Zone-center phonon frequencies are calculated within the DFT+U formalism as implemented
inside VASP [21-23] at the GGA/PBE level [24]. We used the direct method in the harmonic
approximation associated to an atomic displacement of 0.03 A. Positive and negative displacements are
considered to minimize the anharmonic effects. The computational details (DFT parameters, supercell,
magnetism, ...) are given in [25].

2.7. X-Ray Absorption Spectroscopy

High-pressure XANES measurements at the Fe K-edge (7112 eV) at 300 K, were performed at
the ODE beamline at synchrotron SOLEIL, Saint-Aubin, France. The LuFe,O4 sample, together with
the pressure transmitting medium, silicone oil, were subject to high pressure up to 25 GPa using a
diamond-anvil cell (DAC). Ab-initio simulations were performed using the FDMNES code [26] using
the finite difference method with the full multiple scattering theory. We chose in this study this theory
which works within the muffin-tin approximation on the potential shape, but is more tractable with
large systems.
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3. Results
3.1. Synchrotron XRD

3.1.1.373K

Figure 1 shows the synchrotron XRD data obtained at 373 K upon increasing pressure up to
12 GPa. The high pressure behavior of LuFe,O4 appears to be quite complex with four distinct pressure
ranges. No superlattice reflection can be observed in the low angle part of the low pressure diffraction
patterns, i.e.,, 0 GPa < P < 5.1 GPa in Figure 1b, in agreement with the melting of the CO above
330 K under atmospheric pressure. Additionally, no monoclinic splitting could be detected in this
pressure range. As loss of the CO state was found to be accompanied by a loss of the monoclinic
distortion, these low pressure data were analyzed using the R3m space group. Figure 2a shows the
pressure dependence of the LuFe,O4 volume. The B value calculated using the Birch-Murnaghan
state equation (By = 4) is 140 (2) GPa which is in agreement with the value previously reported at
298 K (138 (2) GPa). Interestingly some strong diffuse scattering (DS) appears between 10° and 12° (20)
and between 6° and 8° (20) for 3 GPa < P < 6.4 GPa, Figure 1a,b. This diffuse scattering is generally
associated with some strong dynamic disorder within the structure, which disappears with additional
increases in pressure, above 6.4 GPa, to be replaced by many superlattice reflections (SR), Figure 1a,b,
and the onset of a monoclinic distortion, Figure 2b.
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Figure 1.  Pressure dependence of the LuFe,O; X-ray data at 373 K, (a) full-26-range,
(b) 2°~14°-26-range, (c) 2.8°-3.02°-28-range. Appearance of superlattice reflections (SR) and diffuse
scattering (DS) are indicated.

For these reasons, we describe this new phase as a modulated monoclinic structure (MM).
Note that the superlattice reflections positions and intensities are incoherently changing with increasing
pressure probably due to the bad powder statistics and /or due to the fact that MM corresponds to
metastable states; this is why, we could not describe with more accuracy this modulated phase.
This “physical pressure” behavior is similar to that described in the oxygen storage ability of LuFe,O4
for which the intercalation process, i.e., “chemical pressure”, occurred through several intermediate
metastable phases. Additional increases in pressure, 8.1 GPa < P < 11 GPa, will lead to a mixing
of this MM phase with the previously reported high pressure monoclinic form M2 (space group
Pm), the MM phase completely transformed above 11 GPa. Phase mixing between MM and M2 can
unambiguously be observed based on the coexistence of the 001y and 001y, reflections, Figure 1c; at
298 K ¢ parameter of the M2 Pm high pressure phase is known to be 2.7% more compressible than that

95



Crystals 2018, 8, 184

of the C2/m M1 phase [25,27]. For P > 12 GPa, the pure M2 phase can be obtained, Figure 1. As already
mentioned, M2 can be recovered at atmospheric pressure. M2 phase exhibits a By value (By = 4) of
153 (4) GPa at 473 K (Vj = 0.914(1)) similar to the values reported at 300 K. In this experiment the
temperature was increased from 373 K to 473 K in order to (unsuccessfully) attempt to back-transform
the HP M2 phase to the initial LP phase.
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Figure 2. (a) Pressure dependence of the LuFe,O, rhombohedral low pressure (at 373 K) and monoclinic
M2 high pressure forms (at 473 K); (b) evidence of the apparition of a monoclinic distortion with
increasing pressure. The obtained monoclinic reflections are indexed in the ambient temperature
monoclinic C2/m space group.

3.1.2. 298 K

Patm < P < 6.6 GPa

Figure 3 shows the synchrotron XRD data obtained at 298 K upon increasing pressure.
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Figure 3. Pressure dependence of the LuFe;,O; X-ray data at 298 K, (a) full-20-range,
(b) 2°-8.5°-26-range, (c) 2.9°-3.05°-26-range.
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In the literature as already mentioned the CO state was evidenced by electron diffraction and
Mossbauer spectroscopy. Additionally, the monoclinic distortion linked to the CO form was observed
below Tco = 330 K based on XRD and electron diffraction investigations [7]. Further, Blasco et al.
proposed a monoclinic supercell (C2/m) which permitted to take into account the CO satellites below
Tco and showed that a transition to a triclinic phase (P1) occurred below 170 K [28].

The data obtained at 300 K, Figure 3b, exhibit also some additional low intensity reflections in
the low 20 region for 0 GPa < P < 2.1 GPa. A further inspection of the 0.5 (3) GPa isobar X-ray data
confirmed that these reflections were intrinsic from the material as they exhibited a corresponding
temperature dependence, Figure 4a: they are present at 50 K and 298 K, while they disappear
above T¢p at 373 K. As additional satellites reflections can be observed at 50 K on Figure 4a, the P1
low-temperature transition previously proposed is also confirmed in this study [28]; note that the
proposed C2/m and P1 large supercell respectively fit the data obtained at 298 K and 50 K, Figure 4a.
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Figure 4. Temperature dependence of the superlattice reflections at (a) 0.5 (3) GPa and (b) 2.9 (4) GPa.

Upon pressure increase, 2.5 GPa < P < 3.8 GPa, some additional superlattice reflections appear
at 298 K, Figures 3b and 4b, which can be interpreted as a transition to the triclinic form; at 50 K,
compression resulted as an intensity increase of the triclinic superlattices as a result of an increase in
the distortion. Again, it is possible to check that these reflections are intrinsic to the material as they
will disappear at 373 K, Figure 4b. The appearance of these additional superlattice reflections coincide
with some changes observed in the LuFe,Oy structure (ND data).

At 298 K, the By value calculated, 0.2 GPa < P < 3.8 GPa using the Birch-Murnaghan state
equation (B’y = 4) is 132 (3) GPa, Figure 5a; although a transition to the P1 is suggested in this study,
fitting this pressure dataset using two equations of state would be doutful. The lower By value than
that obtained at 373 K can be explained by the existence of the lower symmetry (C2/m) at 298 K
which leaves more flexibility for the compression behavior; note however that the By value has still
the same order of magnitude as that obtained using an in-house high pressure X-ray diffractometer.
The pressure dependence of the unit cell parameters using the C2/m space group, Figure 5b—e, tends
to confirm an anomaly in the compression behavior of LuFe;O4 at about 2.5 GPa; above 2.5 GPa the
B-angle is found to saturate to a value of 103.47°. Note that Figure 5b—e exhibit also unit cell parameters
obtained based on ND (see below).
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Figure 5. Pressure dependence at 298 K of (a) the LuFe;Oy low pressure monoclinic M1 and M2 high
pressure forms, the relative monoclinic cell parameters (b) a/ag; (c) b/by; (d) ¢/cp and (e) the monoclinic
B angle.

3.1.2.2. GPa <P <19.1 GPa

As already shown in the 373 K isotherm X-ray data, the appearance of many superlattice reflections
can be observed for 6.6 GPa < P < 11.5 GPa, Figure 3a,b. As the monoclinic distortion is conserved,
a transition to the modulated MM form is proposed. Compared with the 373 K data and the direct
R-MM transformation, the absence of diffuse scattering at 298 K could be explained by the existence
of the intermediate M1 monoclinic phase (and possibly T1) which would preclude the dynamic
disorder. Note that the MM form could be associated with different metastable states as the superlattice
reflections do not necessarily occur in the same 26-range as already observed at 373 K. Upon increasing
pressure, 12 GPa < P < 13.3 GPa, phase coexistence between MM and the high-pressure M2 phase
is observed, Figure 3a-b. However, mechanisms implying the transition to the M2 phase probably
exhibit particular pressure induced strain along the ¢ direction as coexistence of 001¢5,,,, and 001p,,
reflections already existing at 373 K, Figure 3¢, cannot be observed at 298 K, Figure 3c. For P > 15 GPa,
the pure M2 phase can be obtained, Figure 3, which can be recovered at atmospheric pressure as
already mentioned. The By value calculated of the M2 phase at 298 K is 170 (2) GPa with V = 0.905 (1),
Figure 5a.

98



Crystals 2018, 8, 184

3.1.3.50K

Figure 6a shows the synchrotron XRD data obtained at 50 K upon increasing pressure. As already
mentioned on Figure 4, at 50 K, compression resulted as an intensity increase of the triclinic superlattices
as a result of an increase in the distorsion. For this isotherm, bulk modulus of the low pressure T1
phase is 187 GPa (38). At 7 GPa, the modulated MM phase(s) is characterized by the appearance of
many additional superlattice reflections, which are not the same at 7 GPa and 10.7 GPa respectively as
an additional evidence of the metastability of the MM states.
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Figure 6. Pressure dependence of the LuFe,O4 X-ray data at 50 K, (a) full-26-range, (b) 2°-8°-20-range.

As already observed at 298 K, transformation to MM is not accompanied by the existence of diffuse
scattering. Increasing the pressure to 14.5 GPa lead to a phase coexistence between the MM and the M2
phase. The later M2 phase is found to be pure above 17.2 GPa. Mechanisms implying the transition to
the M2 phase, which exhibit pressure induced strain along the ¢ direction as coexistence of 001¢5/,,
and 001p,, reflections already shown at 373 K, Figure 1c, cannot be observed at 50 K, Figure 6b. The M2
phase can be recovered at atmospheric pressure and exhibits the following properties: By = 157 (1) GPa

and Vj =0.911 (1), Figure 7.
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Figure 7. Pressure dependence of the LuFe,O4 low pressure T1 and monoclinic M2 high pressure

forms at 50 K.
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3.2. Neutron Powder Diffraction

As powder statistics did not permit us to follow the quantitative structure dependence of LuFe,Oy,
high pressure ND was performed. Figure 8 shows the ND data obtained at 2.7 GPa and the results of
a refinement using the Rietveld method with the C2/m space group, Table 1. This structural model
was used for 0 GPa < P < 6.1 GPa although a smooth structural change is suggested above 2.5 GPa.
Compared to the above high resolution X-ray data, the resolution neutron data at A = 1.36 A did not
reasonably justify the use of lower symmetry.
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Figure 8. Rietveld refinement of LuFe,O,4 neutron powder diffraction data at P = 2.7 GPa. Experimental

data are represented by open circles using the calculated profile by a continuous line, and the allowed
structural Bragg reflections by vertical marks. The difference between the experimental and calculated
profiles is displayed at the bottom of the graph.

Table 1. Structural data of LuFe,Oy at P = 2.7 GPa obtained by neutron powder diffraction data.

C2/m (n° 12)
4y =5.9415 (4) A
m=34181 (2) A Rpyagg =13.9%
cm = 8.6087 (5) A x2=4.75
B = 103.505 (5)°
V =170.002 (2) A3

Atom Wyckoff Site x y z Isotropic B Factors
Lu (2a) 0 0 0 2.266
Fe (41) 0.218 (2) 0 0.6443(5) 1.100
O (4i) 0.300 (2) 0 0.8760(7) 1.658
O, (4) 0.129 (3) 0 0.3815 (6) 2.750

Pressure in the ND experiment was calibrated based on the equation of state obtained in the
synchrotron XRD experiment, Figure 5a. Bond lengths calculation obtained using the Rietveld refined
structure from NPD data tends to confirm the smooth structural change above 2.5 GPa to the triclinic
T1 phase for the Fe-Fe, Lu-Lu, Lu-Fe, Lu-O and Fe-O distances, Figure 9.

Looking at the high pressure ND data, the transition to the M2 high pressure form can be
evidenced in the 6-8 GPa range by (i) the decrease of the most intense reflection of the LP phase (M1)
at about 46-48° (20) and by (ii) the appearance of a new extra low-20 HP peak (M2), Figure 10, as a
result of antiferromagnetic ordering as already previously reported [25].
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Figure 9. Pressure dependence of the (a) Fe-Feja; (b) Fe-Fejnter; (¢) Lu-Lu; (d) Lu-Fe; (e) Lu-Oy;
(f) Fe-Oy; (g) Fe-O, distances based on Rietveld refinements using ND data of the M1 phase. For each
distance, the different relative compressibilities are calculated.
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Figure 10. Pressure dependence of the ND data. Note the appropriate hydrostatic conditions which are
confirmed by the presence of the diffuse scattering from the ethanol-methanol pressure transmitting
medium close to 20° at 0 GPa. The M2 high-pressure phase is also characterized by the extra low 26
peak arising from antiferromagnetic ordering.

Note that no structural information can be obtained above 6 GPa due to the phase coexistence
between the M1 and the M2 phase. Additionally, it is of great importance to note that no supplementary
MM phase is present in the ND data which clearly evidence that this latter form is metastable and
is only observed in the synchrotron XRD, due to the different acquisition time used in these studies;
1 s and 2-3 h for the synchrotron and the ND studies respectively. At the highest pressure reached,
i.e., 12 GPa, the transformation to the M2 phase is not totally complete. However, as the HP phase can
be recovered at ambient pressure, one could estimate the exact completeness of the transition to the
HP M2 phase (90%) based on an XRD investigation and the 2.7% compression difference between the
¢ parameter of the M1 phase and the M2 one.

3.3. Resistivity Measurements

Figure 11 shows results obtained based on resistivity measurements. Figure 9a describes the
temperature dependence of the resistivity, i.e., isobar measurements, as a function of pressure; it is
consistent with semiconductor behavior over the entire pressure range. However, it is obvious that
above 6 GPa the resistivity data tend to exhibit a similar temperature behavior. This is confirmed with
Figure 11b which shows the pressure dependence of the resistance at 298 K and 150 K respectively,
with a clear change in slope at 6 GPa, which could be linked with the transition to the M2 phase
as described above. It is interesting to compare the present resistivity measurements with those
previously reported which were obtained at ambient temperature with increasing pressure, i.e.,
isotherm measurements; in these measurements, the change in behavior occurred at about 11 GPa [27].
This apparent distinct behavior can be understood based on the acquisition time of the respective
experiments similarly to what we observed in the synchrotron XRD and ND studies; the present
isobar measurements required one day per pressure point, i.e., the entire dataset was performed over a
month, whereas the isotherm measurements from atmospheric pressure to 15 GPa were performed
within several hours. As we previously observed that the transition to the M2 phase could imply
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(several) intermediate metastable state(s) (MM), the kinetics are of the greatest importance in this
transformation; these two sets of resistivity measurements represent furter evidence of the slow kinetics
of this phase transition.
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Figure 11. (a) Pressure dependence of resistivity measurements as a function temperature; (b) resistivity
measurements as a function of pressure at 290 K and 150 K respectively.

3.4. Infrared Spectroscopy

Figure 12a shows the far infrared spectra of LuFe,Oy in the low-pressure M1 stability range,
i.e., below 7 GPa. Infrared spectrum obtained at about 1 GPa is similar to that previously reported
in the literature [29-32]. However, when pressure is increased above 2.4 GPa, some subtle changes
noted A,B,C can be observed (mode assignment was indicated in [33]), Figure 12a, which could be
interpreted as an indication of a phase transition. It is interesting to note that these changes occur in
the same pressure range as modifications previously reported based on ND data, Figure 9, and the
appearance of satellites reflections on XRD patterns, Figure 3. Such a signature could reinforce the
probable existence of the T1 phase. When pressure increases above 6.3 GPa, Figure 12b, a clear change
occurs and the infrared spectra saturate in intensity between 370 cm~! and 600 cm~!. This saturation
of the absorption spectra has to be correlated with the change in resistivity observed at the transition to
the M2 phase at close to 6 GPa, Figure 11. The saturation of the LuFe,O4 absorption spectrum therefore
probably indicates that the bandgap of the M2 phase is in the infrared energy range. However, when
pressure is further increased up to the highest pressure, the saturated absorption intensity between
370 cm~! and 600 cm ™! progressively decreases and can even be measured during decompression,
Figure 12b. Figure 12c shows the absorption spectrum of the HP M2 phase recovered at atmospheric
pressure. The frequency positions and mode assignment of the Pm M2 phase were determined based
on DFT calculations. Group theory shows us that the phonons of the M2 phase can be classified into
I' =28 A’®14A” where 2A’®A” are accoustic modes. The A” and A” irreducible representations are
both Raman and infrared active.
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Figure 12. (a) Pressure dependence of the infrared spectra of LuFe,Oy (vertically shifted) in the low
pressure regime, i.e., within the M1 phase stability range; A,B,C correspond to the labelled infrared
modes which could be associated to a phase transition as previously observed based on diffraction
techniques (b) vertically shifted infrared spectra during compression-decompression; the dotted line
marks the transition to the M2 phase; (c) high-pressure M2 phase recovered at ambient pressure; vertical
ticks represent calculated optical infrared modes. Note on Figure 10c that the frequency positions of
the calculated infrared modes are upshifted as they were determined at 0 K whereas the experimental
spectra are obtained at room temperature.

3.5. X-Ray Absorption Spectroscopy

Low pressure spectrum is consistent with those previously reported in the literature [13], Figure 13.
High quality, high-pressure X-Ray absorption spectra data of LuFe, Oy at the Fe K edge were normalized
to the jump at the absorption edge and a clear change is observed at about 16 GPa, Figure 13.
In agreement with above results, such a high-pressure spectrum can be recovered to atmospheric
pressure implying that the change in the Fe-local environment obtained under pressure is preserved
during decompression. In order to verify the structural change to the M2 phase previously proposed,
ab-initio simulations were performed using the FDMNES code [26], Figure 14, resulting in a good
agreement between experiments and simulated X-Ray absorption spectra. 10 A and 6 A cluster radii
were respectively used for the M1 [7] and M2 [25] phases. The 5-fold to distorted 5 + 1-fold change
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in the Fe-local environment obtained under pressure is therefore proposed to be at the origin of both
the slow kinetics of the M1-M2 phase transition and the recovering of the high-pressure form at
ambient pressure.
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Figure 13. Pressure dependence of the x-ray absorption spectra of LuFe,Oy4 obtained at the K-edge.
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Figure 14. Comparison between low-pressure (1.3 GPa) and high-pressure (25 GPa) (a) experimental
and (b) simulated X-ray absorption spectra of LuFe,Oy4 at the K-edge.

4. Conclusions

The present study allows us to construct a P-T phase diagram for LuFe,;Oy, Figure 15.

A clear phase boundary to the high pressure M2 phase was established. An additional transition
to the rhombohedral high temperature phase are proposed along with a potential M1-T1 phase
transition based on [28]. As the transition to the M2 high pressure phase is reconstructive with a
change of five-fold to 5 + 1-fold Fe-local environment, the MM metastable phases characterized by
synchrotron XRD are also included. It is interesting to note the parallel between physical pressure
behavior in the present study and chemical pressure one in the oxygen (dis)-insertion previously

reported [8] which was also characterized by several intermediate metastable states and a change in
the Fe-local environment.
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Figure 15. Pressure dependence of the LuFe;O4 The R (R3m, M1 (C2/m) and T1 (proposed
smooth charge/structural change of M1), MM (metastable modulated monoclinic phases) and M2
(Pm high-pressure phase) phase stability regions are shown. Solid line corresponds to the determined
phase boundary to the high pressure M2 phase. Additional potential M1-R M1-T1 [28] and T1-R
frontiers are proposed using dashed lines. Finally, the metastable MM phase(s) obtained from
synchrotron X-ray study are also shown.
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Abstract: The GdPO, monazite-type has been studied under high pressure by first principles
calculations in the framework of density functional theory. This study focuses on the structural,
dynamical, and elastic properties of this material. Information about the structure and its evolution
under pressure, the equation of state, and its compressibility are reported. The evolution of the Raman
and Infrared frequencies, as well as their pressure coefficients are also presented. Finally, the study
of the elastic constants provides information related with the elastic and mechanical properties of
this compound. From our results, we conclude that monazite-type GdPO4 becomes mechanically
unstable at 54 GPa; no evidence of soft phonons has been found up to this pressure at the zone center.

Keywords: ab initio; monazite; orthophosphate; equation of state; elasticity; phonons; Raman

1. Introduction

The APO, orthophosphates compounds (A = trivalent cation) are materials analogous to
orthoarsenates, orthovanadates, and orthosilicates. The size of the ionic radio of the A cation defines
the two different structures where this family of compounds crystallizes. APO,; compounds with
an ionic radio lower than Gd crystallize in the tetragonal zircon structure (I4;/amd, space group 141
with Z = 4). All other orthophosphates (A = La to Gd) crystallize into a monoclinic lower symmetry
phase, that is, a monazite structure (P2;/n, space group 14 with Z = 4) [1]. The monazite structure is
isostructural to cerium phosphate mineral (monazite). This structure can be viewed as being composed
by alternating edge-sharing AOg polyhedra, with a structural distortion derived from a rotation of the
POj tetrahedra and a lateral shift of the (100) planes that reduce the symmetry from the tetragonal of
the zircon structure to the monoclinic symmetry.

Due to their numerous potential applications, the orthophosphate family has attracted a lot of
interest in the last decades. The study of the mechanical properties of these materials can be relevant,
since some orthophosphates have shown to be promising materials for oxidation-resistant ceramic
toughening [2] and to have interesting luminescent and optical properties with a wide range of
potential applications [3-6].

This family of minerals appears in nature as accessory mineral in rhyolites and granitoid
rocks [1]. Therefore, the study of orthophosphates may be of importance in petrology [7], chemistry,
and mineral physics. These materials can be employed as geochronometers for geological dating [8],
because of their doping with radioactive elements that possess a very large half-life. Additionally,
since orthophosphates incorporate rare earth elements, they can also be used to determine the
distribution of rare earth elements in our Planet [9]. Another interesting application of these
compounds is related to their use as potential matrix for nuclear waste disposal [5,10-12]. GAPO,4 and
other orthophosphates have been suggested as inclusion compounds to made nuclear fuel canisters
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due to their high neutron absorption [13]. Therefore, the study of these orthophosphates under high
pressure is very promising for future practical applications. Although there are several studies focused
on pressure-induced transition and on the structural and vibrational properties of monazite phosphates
under pressure [7,14-18], these studies were carried out only up to 30 GPa. A systematic understanding
of their properties has not yet been achieved; the study of their elastic and mechanical properties is
scarce [5,19,20]. Clearly, additional researches are needed to deepen our knowledge of this group of
materials. A systematic investigation of the properties of monazite phosphates (particularly at high
pressure) is necessary, especially if we want to use them in efficient and safe applications.

The ab initio methods have been successfully applied to study the thermodynamic properties
of monazite rare earth orthophosphates [21-24]. Moreover, the use of ab initio simulations has
become a strong and very well supported method to investigate the properties of materials under high
pressures [25-28]. In particular, in the case of monazite-type orthophosphates under pressure, the ab
initio simulations have been employed with good results [29,30].

The aim of the present paper is to contribute to the knowledge of the properties of orthophosphates
at high pressure. In this work, we perform a detailed study of the structural, dynamic, and elastic
properties of monazite-type GdPO, under pressures up to 60 GPa, going from first principles
simulations. This method has proven to be quite efficient, in order to study a variety of properties on
related compounds.

2. Simulations Details

The influence of pressure on the crystal structure, mechanical and vibrational properties of
monazite-type GdPO, has been analyzed using ab initio simulations. The study was based on
the Density Functional Theory (DFT) [31] employing the Vienna Ab initio Simulation Package
(VASP) [32-34] and pseudopotentials generated with the Projector-Augmented Wave scheme
(PAW) [35,36], with the f electrons included into the core. This has proven to give good results
in the study of monazite-type structures [20,30,37]. To reach accurate results, the set of plane waves
was extended up to a 520-eV cutoff energy and the exchange-correlation energy was expressed by
means of the Generalized-Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof for
solids (PBEsol) functional [38]. A dense grid of Monkhorst-Pack [39] k-special points was utilized
to perform the integrations on the Brillouin Zone (BZ). The achieved convergence was 1 meV per
formula unit in the total energy. All the structural parameters were optimized by minimizing the forces
on the atoms and the stress tensor, at selected volumes. This method has been successfully applied
to study the phase stability, and structural properties of semiconductors under high pressure [40].
To carry out the study of the mechanical properties of GAPOy4, we have evaluated the elastic constants,
which describe the mechanical properties of a material in the region of small deformations. The elastic
constants can be obtained by computing the macroscopic stress of a small strain with the use of the
stress theorem [41,42]. In the present study, we employ the method implemented in the VASP code:
the ground state and fully optimized structures were strained in different directions taking into account
their symmetry [43].

The phonons study was performed using the supercell method [44]. The diagonalization of the
dynamical matrix provides the frequencies of the normal modes. Furthermore, these calculations also
provide the symmetry and eigenvectors of the phonon modes at the I" point. The calculation of the
phonon dispersion curves along the main directions within the BZ was carried out with a supercell of
size 2 x 2 x 2. Following the conclusions of our previous studies and those of Blanca-Romero et al. [45],
in all the calculations, we neglect the spin—orbit interaction, because the structural properties are barely
affected [15,17,26,29,30,37].
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3. Results and Discussion

3.1. Structural Properties

The monoclinic structure of monazite, space group P2;/n [1] has been described in the
introduction. A schematic view of the crystal structure is presented in Figure 1. It can be seen as an
alternating chain of phosphorus-oxygen POy tetrahedra and trivalent cation-oxygen GdOg polyhedra.

Figure 1. (Color online) Crystal structure of monazite-type GdPO4. Oxygen, phosphorus,
and gadolinium atoms are shown in red, orange, and blue, respectively. The POy tetrahedral units and
the GdOg polyhedral units are also shown.

The calculated structural parameters and atomic coordinates at ambient pressure are given in
Tables 1 and 2, and are in a very close agreement with the available theoretical and experimental
results [11,14,18,20,21]. Previous theoretical results [20] differ slightly due to the exchange-correlation
functional used in the calculations.

Table 1. Structural parameters of monazite-type GdPO, at 0 GPa.

This Study Experiments Theory
6.623° P
a(A) 6.6276 6.6516(3) 64152
6.62(2) © 6.713
6.829° P
b (A) 6.8145 6.84840(7) ® 6:;;;6
6.823(2) © -
63352 P
c(d) 6.2930 6.33571(12) 66.0395583e
6.319(2) ¢ :
103.80 2 .
B() 104.18° 104.023(2) 18;1‘.2 X
104.16(2) © :

a Reference [14]. ® Reference [18]. ¢ Reference [11]. ¢ Reference [20]. ¢ Reference [21]. Data from References [18,20]
were obtained in a different setting than the one employed in the present work.

Table 2. Atomic positions of monazite-type GdPOy at 0 GPa.

Atom Site X y z
Gd de 0.28394 0.14513 0.08817
P 4e 0.29933 0.16215 0.61291
Oy de 0.2510 0.0000 0.4330
0O, 4e 0.3850 0.3381 0.5017
O3 de 0.4735 0.1010 0.8184
Oy de 0.1182 0.2100 0.7148
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The evolution of the structural parameters with pressure is displayed in Figure 2a. The calculations
have been already compared with experiments [14,18], showing an excellent agreement. The obtained
linear axial compressibilities of each axis are: K, = =! Z—Z =276x103GPa !, Ky = L % =
225 x 1073 GPa~L; K. = ’Tl g—; = 2.03 x 1073 GPa~!. Therefore, from the present results and
previous studies [14,18], it can be concluded that the compression of GAPOy, as in other monazite-type
phosphates, is not isotropic. The a-axis is the most compressible one and the c-axis the least
compressible one. As shown in Figure 2a, there is a tendency for the unit-cell parameter a to approach
the value of c. Moreover, in Figure 2b, it can be seen that the monoclinic 8 angle decreases under
compression. As a result of these two facts, there is a gradual symmetrization of the monazite structure
under compression.
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Figure 2. (a) Pressure dependence of the lattice parameters. (b) Pressure dependence of the  angle.
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The bulk modulus, By, and its first pressure derivative were obtained by fitting the set of theoretical
energy-volume data with a third-order Birch-Murnaghan (BM) Equation of State (EOS) [46]. The results
(Bg = 138.3 GPa, and B/ = 4.02) are summarized in Table 3 and are compared with previous results of
By reported for GAPOy: the agreement between experiments is good.

Table 3. Volume at 0 GPa, bulk modulus, By, and its pressure derivative, By, from a fit with a 3th order

Birch Murnaghan EOS.
This Work Experiments Theory
a
V (A% 275.55 23%%5‘1 b i&;ﬂgg ;
a
By (GPa) 1383 12&13.610(%) b 11;?0%]1
By 4.07 5?5(72) b

a Reference [14]. P Reference [18]. © Reference [11]. ¢ Reference [47]. ¢ Reference [20]. f Refence [21]. 8 Reference [48],
h Reference [24].

From our calculations, we have determined the pressure dependence of the polyhedral volumes
and distortions for monazite GdPOy. Figure 3a presents the relative volume of the PO4 and GdOyg
polyhedra and that of the unit—cell. As it can be observed, the POy tetrahedron is highly incompressible,
while the GdOy polyhedron is much more compressible. Actually, in the monazite-type GdPOy,
the volume change of the GOg polyhedra seems to be responsible for most of the volume reduction
induced by pressure within the structure. In fact, the phosphate tetrahedra can be treated as a rigid unit
in the monazite-type phosphate [17,18,48]. The P-O distances do not vary greatly within the tetrahedra.
At zero pressure, two distances are 1.55 A, and the two other 1.56 A, and 1.54 A, while at 53 GPa
these distances decrease to 1.51 A x 2,1.52 A, and 1.49 A, respectively. Indeed, the distortion index,
calculated with VESTA [49], for the POy polyhedron (see Figure 3b) is very small, and it increases
slowly with compression. Regarding the GdOg polyhedra at zero pressure, the central gadolinium
atom is connected to nine oxygen atoms with eight bonds whose lengths vary from 2.34 to 2.55 A,
with one length at2.78 A. At 53 GPa the lengths range from 2.16 to 2.46 A and the largest one changes to
253 A. The GdOy distortion index do not vary linearly, as seen in Figure 3b. There is a decrease around
4 GPa, followed by a considerable increase in pressure, in a similar manner than in the isostructural
LaPOy and CePOy. The GdOg polyhedron is more distorted than the PO, tetrahedron: its distortion
index changes from approximately 0.0381 at ambient pressure to 0.0440 at 54 GPa.
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Figure 3. (Color online) (a) Relative variation with pressure of the polyhedral and unit cell volumes of
monazite-type GdPOy. (b) Distortion index of the POy tetrahedron and the GdOg polyhedron.

3.2. Elastic Properties

GdPOy belongs to the monoclinic space group n° 14; it therefore has 13 independent elastic
constants [50]: C11, C12, C13, Ci15, Cpp, Ca3, Cos, Css, Css, Caq, Cy6, Cs5, and Cgg in the VOigt notation.
Table 4 summarizes our results for the set of C;; elastic constants at 0 GPa. The values here reported
are in overall good agreement with those of Feng et al. [20]. The diagonal elastic constants Cy1, Cap,
C33, are the highest ones, while Cys, Cs5, Ca6 are the lowest ones. It must be noted that in [20], the cell
parameters are underestimated, as commented above. When a non-zero uniform stress is applied to a
crystal, the relevant magnitudes that describe their elastic properties are the elastic stiffness coefficients
Bjj [51]. In the special case of a hydrostatic pressure, P, applied to a monoclinic crystal, the elastic
stiffness coefficients are related to the elastic constants through the following relationships [51,52]:

B11 =Cy1 — P,B1p =Cyp + P, Bi3 =Cy3 + P, Bys = Cy5, Byp = Cop — P, Byg = Cp3 + P, Bos = Cps,
B3z = C33 — P, B35 = C35, Bag = C4q — P, Byg = Cyg, Bss = C55 — P and Bgg = Ces — P.

Table 4. Elastic constants (in GPa) of monazite-type GAPOy at 0 GPa.

Cn Cx Cs3 Cug Css Ces C12 Ci3 C1s Cx Cas Cas Ca
262,19 251.61 205.01 65.19 6032 58.16 7141 90.99 5.28 88.50 —18.17 —18.17 —13.70

Figure 4 shows the pressure dependence of the elastic stiffness coefficients, Bj;. It can be seen that,
B11, By, Bsa, B2, B13, and Bas increase with pressure in the whole pressure range studied, especially
in the diagonal components, while Byy, Bss and Bgg decrease under compression. On the other hand,
B is almost unaffected by pressure. It should be noted that Bys, B3s, Bas have similar negatives values
and that they decrease under compression.
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Figure 4. (Color online) Pressure evolution of the elastic stiffness coefficients, Bj;.

At zero pressure, a crystal is mechanically stable when the Born stability criteria are fulfilled [53].
However, when a hydrostatic pressure is applied to the crystal, the generalized Born stability
criteria [52,54] must be employed to study the mechanical stability. This means that the matrix
Bj; must be positive definite. Consequently, the stability conditions for a monoclinic crystal are given
by the following conditions:

My =B;1 >0

My = B11By — B%z >0
M3 = (ByBss — B33) By — B33B}, +2By3B12B13 — BpBi, >0

My = By >0

Ms = B3,B3; — Ba3BssB2, + 2Bs5B12B13B23 — 2B12B13BasBss
—2B12B15B23B3s + 2B33 B12B15Bos + B33 B3s — By Bss B2,
—2B13B15B23Bos + 2By B13B15Bss + B2 B3, — By BasB2,
—B11Bs5B3; + 2B11 Bo3 BosBas — B1BssBas — B11BxnB3s
+B11B2Bs3Bss > 0

M6 = B44B()6 - BZ6 > 0

The simulations of the elastic constants have been extended up to 60 GPa, well above the maximum
experimental pressure reported [14,15]. The generalized stability criteria for GAPO, as function of
the pressure are presented in Figure 5. At 54 GPa, one of the M; criterion is violated, making the
system mechanically unstable at this pressure. No evidence of soft phonons was found at the I" point
in this pressure range. These results are consistent with the experimental and theoretical reports that
confirm that there is no phase transition induced by pressure in the monazite structure up to the
highest pressure reached in those studies (30 GPa) [14,17].
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Figure 5. (Color online) Generalized stability criteria for monazite-type GdPOj.

The bulk modulus (B), the shear modulus (G), the Young modulus (E), and the Poisson’s ratio (v)
describe the major elastic properties of a material. Analytical expressions can be obtained for these
moduli in the Voigt, Reuss and Hill approximations [55-57] from the elastic stiffness coefficients, Bj;.
Hill has proved that the Voigt and Reuss approximations are limits and pointed out that the arithmetic
mean of the two bounds can be considered as the actual B and G elastic moduli. In the case of a
monoclinic crystal, the bulk and shear moduli can be expressed in the three approximations as [58]:

_ Bi1+ By + B3z +2(Biz + Bys + Bis)

B
v 9

1
B = S11+ S22+ S33 +2(S12 + S23 + S13)

R
By + Br
By = —1—
H 2
G, — Bt Bo+ By~ (B12 4 B3 + By3) + 3 (Bag + Bss + Beg)
v 15
1 4(Su1+ 5o+ Ss3) — 4(S12 + S23 + S13) + 3 (Saa + Ss5 + Ses)
Cr 15
G G
Gy = %

where Sj; refers to components of the elastic compliances tensor, and subscripts V, R, and H stand for
Voigt, Reuss and Hill respectively. The Young modulus, E, and the Poisson’s ratio, v, are obtained with
the expressions [59]:

_ 9BxGx
Xti+3BX

L 1(3Bx 26y

X7 2\ 3By + Gy

where the subscript X refers to the symbols V, R, and H.
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In order to discuss the elastic properties of GAPO,4 at ambient pressure, the elastic moduli at 0 GPa
are summarized in Table 5. The bulk modulus, By = 134.47 GPa is in rather good agreement with our
theoretical value of By = 138.3 GPa, obtained from a fit with a third order Birch-Murnaghan equation
of state [46], and with the experimental values of By = 137 GPa previously reported [47]. As for E,
G, and B/G elastic moduli, as well as the Poisson’s ratio, v, at zero applied pressure, it should be
noted once more that there is good agreement between our calculations and the experimental results.
These facts demonstrate the quality of our simulations.

Table 5. Elastic moduli B, E and G, the B/G ratio, and the Poisson’s ratio, v, in the Hill approximation,

at 0 GPa.
By (GPa) Eg (GPa) GH (GPa) BH/GH v
134.47 2 169.62 2 65.575 2 2.052 0.289 2
137P 1720 67b 2.045P 0.290 ®
121.0¢ 165.2°¢ 64.9°¢ 1.86 ¢

2 This work, ? Reference [47], ¢ Reference [24].

The pressure dependence of the elastic moduli up to 56.1 GPa is presented in Figure 6a—d. It can
be observed that By, and vy increase with pressure. However, Eyy and Gy increase under compression
reaching maximum values at 11 GPa and 9 GPa, respectively; above that pressure they decrease. All the
elastic moduli change dramatically around 54 GPa, since the monazite structure becomes mechanically
unstable. The Poisson’s ratio gives information about the characteristics of the bonding forces and
the chemical bonding. The value of the Poisson’s ratio in the Hill approximation is vy = 0.29 at 0 GPa.
A value of v > 0.25 indicates that the interatomic bonding forces are predominantly central and that
ionic bonding is predominant against covalent bonding [60,61]. The increase of v upon pressure can be
interpreted as an increase of the metallization.

320 =
/
[ vagl /
BR!U“S
280 — BH " /'/
= ,/
o —
2
0 240
=
=
o
£
x 200
=]
[11]
160
L | 1 | I
0 20 40 60

Pressure (GPa
()

Figure 6. Cont.

117



Crystals 2018, 8, 209

200
™
o
e
Hill
3 100
=]
=]
o
= L
o
c N
3 \
>~ 0 '\‘
\n
\\I
= I|II
1 I 1 I 1
0 20 40 60
Pressure(GPa)
(b)
©
o
e
Pl
=
=]
°
o
= »
b
©
@
=
7]
0
C 1 I 1 I 1 \|
0 20 40 60

Pressure (GPa)
()

Figure 6. Cont.

118



Crystals 2018, 8, 209

05

0.4

Poisson’s Ratio

o
w

02 L | L | 1
0 20 40 60

Pressure(GPa)
(d)

Figure 6. (Color online) (a) Pressure dependence of the bulk modulus, B. (b) Pressure dependence of
the Young modulus, E. (c) Pressure dependence of the shear modulus, G. (d) Pressure dependence of
the Poisson’s, v, in the approximation of Voigt, Reuss and Hill.

The B/G ratio is 2.05 and it increases with pressure (see Figure 7). Therefore, GdAPO4 monazite is
more resistant to volume compression than to shear deformation (B > G). Moreover, according to Pugh
criterion, monazite-type GAPO4 behaves like a ductile material, since B/G is smaller than 1.75 [62],
in the whole pressure range studied (materials with B/G < 1.75 behave as brittle materials). Our B/G
value is consistent with the experimental result of Du et al. [47], although it is somewhat larger than
the theoretical one of reference [24]. This is probably due to the small value of By reported in that
reference. However, it is clear that monazite GAPOy is a ductile material.
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Figure 7. (Color online) Pressure dependence of the B/G ratio.
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3.3. Vibrational Properties

The phonon dispersion of GAPO,4 along the main paths on the Brillouin zone is presented in
Figure 8. Three frequency regions are separated by two gaps: a little one between the low- and
the medium-frequency regions, and a bigger one between the medium- and the high-frequencies
regions. The Partial Density Of States (PDOS) for phonons (see Figure 9) allows us to analyze these
vibrations. The PDOS presents three zones separated by two gaps. The first zone, corresponding to
the low-frequencies, down to 311 cm~!, is composed of vibrations of Gd atoms and GdOg polyhedra,
as well as a small contribution of PbOy tetrahedra. The intermediate-frequency zone, from 381 cm™!
to 600 cm ™!, is mainly due to vibrations of the PbOy tetrahedra with a very small contribution from
the GdOg polyhedra. A large gap of ~340 em~! separates this zone with the high-frequency region,
which corresponds to frequencies between 942 cm~! and 1073 cm ™! that are only due to vibrations
from PbOy units. Therefore, the vibrational spectra of the GAPO, monazite could be interpreted
in term of the modes of the PbOy, tetrahedra, which can be considered as independent units in the
monazite structure, and GdOg polyhedra. Indeed, the vibrational spectrum of monazites ABO,4 has
been interpreted in terms of internal modes (bending and stretching modes) associated with the
tetrahedron BO,4 and external modes (translational and rotational) which involves movement of both
A and BOy ions [17,63].

o
o
o
l

phonon frequency (cm-')

I Z E Y r B D Z E

Figure 8. Phonon dispersion along the Brillouin zone of the of monazite-type GdPOy,
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Figure 9. (Color online) Partial and total phonon density of monazite-type GdPOj states.

Through group theory analysis, it can be established that the monazite structure has 72 vibrational
modes at the zone center: 36 optical Raman-active modes (18Ag + 18By), 33 optical IR-active modes
(17Ay + 16By), and 3 acoustic modes (1A, + 2By). These vibrational modes can be interpreted as
36 internal (v1, v, v3 and v4) and 36 external (translational (T) and rotational (R)) modes [17,63].

The Raman spectrum of many monazite-type phosphates (e.g., BiPO4 LaPOy, CePOy, PrPOy
and GdPOy) at ambient conditions has been previously studied by different authors [18,29,64,65].
BiPO4 LaPOy, CePOy, and PrPO4 have also been studied under compression [17,66-68]. The frequency
distribution of Raman modes is very similar for all of them. As in the case of GAPOy, phonon gaps are
observed between the three frequency regions in monazite phosphates; they are also observed in the
monazite structure of chromates and selenates [30].

GdPOy has a distribution of Raman modes similar to other monazite phosphates [17]. The Raman
mode frequencies and their pressure coefficients at room pressure are summarized in Table 6. The mode
Griineisen parameters [69], that provide a dimensionless representation of the response to compression
are also reported.

It can be observed that the Raman spectrum of GAPO4 monazite could be divided into three
regions: the low-frequency region, up to 310.91 cm~!, corresponds to the eighteen external or
lattice T and R modes (9A, + 9B,); the medium-frequency region, between 381.30 and 603.46 cm ™,
corresponds to the ten internal bending modes (5Ag + 5Bg); and the high-frequency region,
above 942.72 cm ™!, corresponds to the eight internal stretching modes (4Ag + 4Bg).

As seen in Figure 10, which shows the theoretical pressure dependence of the Raman-active mode
frequencies, most modes harden under compression, as is usual in most materials. However, there are a
few modes between 84.78 and 153.94 cm ™! whose frequency changes very slightly under compression.
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Table 6. Raman frequencies at ambient pressure, their pressure coefficients, and Griineisen
parameters (v). The pressure dependence of frequency has been fitted with a second order polynomial:

w = wo+ (%P + (22

Mode wp (em™1) % (cm~1/GPa) 2« (cm~/GPa?) Y
Bg 84.78 0.762 0.0180 124
Ag 86.33 0.807 0.0128 1.29
Ag 108.61 0.846 0.0216 1.07
Ag 124.99 0.765 0.008 0.84
Bg 12932 0.830 0.016 0.88
Bg 137.84 0.852 0.002 0.85
Bg 153.93 0.059 0.027 0.05
Ag 178.30 1.354 0.029 1.05
Bg 180.54 2.610 0.007 1.99
Ag 190.93 1.648 0.016 119
Ag 189.67 3477 0.0343 2.53
Bg 235.29 3.887 0.057 2.28
Ag 240.14 3.014 0.0233 1.736
Bg 246.86 3411 0.012 1911
Ag 264.93 5.089 0.069 2.656
Bg 276.56 3.176 0.011 1.588
Bg 295.93 3.982 0.044 1.861
Ag 310.90 2.209 0.000 0.982
Bg 381.29 2.722 0.001 0.987
Ag 404.71 2.524 0.007 0.862
Ag 455.84 2.592 0.018 0.786
Bg 499.31 2.653 0.035 0.734
Ag 506.02 0.589 0.010 0.161
Bg 533.07 1.190 0.017 0.308
Ag 542.17 1.677 0.003 0.427
Bg 563.55 1.750 0.004 0.429
Ag 600.11 1.482 0.007 0.341
Bg 603.45 1.624 0.007 0.372
Bg 942.72 4215 0.028 0.618
Ag 954.05 4277 0.036 0.620
A 984.01 4300 0.013 0.604
Ag 1007.23 5.005 0.039 0.687
Bg 1020.45 3.972 0.016 0.538
A 1051.30 4269 0.014 0.561
Bg 1055.21 4837 0.050 0.633
Bg 1072.33 4.480 0.008 0.577

External modes (low frequency region) involve movements of the trivalent Gd atoms, and in
phosphate monazites ABOy, their frequencies greatly depend on the mass of the A atom [17,70].
These external modes show very different pressure coefficients, since they involve different Gd-O
bonds, with different compressibility, as seen in Section 2 [14]. Due to the marked differences between
the pressure dependence of the different modes, see Table 6, crossing and anti-crossing phenomena are
observed in this region. In particular, one of the modes most affected by compression is the Ag mode
at 264.93 cm~!; The lowest-frequency Bg mode is almost not affected by pressure. In previous studies
of monazite chromates [37] and phosphates [17], softening of the lower Raman modes was related
to a pressure-driven instability of the monazite structure, which could result in a phase transition
above 30 GPa [17]. In the case of the monazite-type GdPO,, the lower modes are little affected by
compression. As commented in a previous section, the extension of the simulation up to 60 GPa does
not show evidence of soft phonons mode at the I point. The pressure-driven instability seems to be
related to mechanical instability, rather than dynamical instability.
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Figure 10. (Color online) Pressure dependence of the Raman modes of monazite-type GdPOy,

Internal bending motions of the PO, tetrahedron (medium frequencies region) have smaller
pressure coefficients. Two modes with frequencies Ag = 506.02 and By = 530 cm ™! at room pressure
are the less affected by pressure, while the mode most sensitive to pressure in this region is the Bg
mode with a frequency 381.30 cm~! at room pressure. The crossover of Bg (499.32 cm~1) and Ag
(506.02 cm~!) modes is observed at 224 GPa in Figure 10, due to the different pressure dependences.
This behavior could be related to the non-isotropic compression of monazite. This can cause the
lower-frequency Bg mode to move faster towards high frequencies than the higher-frequency mode.

The internal stretching modes (high frequency region) of the PO, tetrahedron have
similar pressure coefficients, and they are among the modes whose frequency increases faster
under compression.

Regarding the infrared modes of monazite GAPOy, low-, medium-, and high frequencies modes
have the same general behavior with pressure than the Raman modes have. This also happens for
monazite chromates [34]. In particular, the modes less affected by pressure is the first A, mode
(91.057 cm~1); see Table 7 and Figure 11.
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Table 7. Infrared frequencies at ambient pressure, their pressure coefficients, and Griineisen
parameters (v). The pressure dependence of frequency has been fitted with a second order polynomial:

w = wo+ (%P + (22

Mode wo(em™) % (mY/GPa) ¢ (em~1/GPa?) Y
Au 91.05 0.219 0.007 0.332
Bu 102.50 1442 0.005 1946
Au 11632 1.541 0.0125 1.832
Bu 168.18 0.722 0.013 0.594
Au 170.55 0.866 0.010 0.702
Bu 187.21 1270 0.032 0.938
Au 189.765 2.761 0.041 2,012
Bu 205.99 2.328 0.021 1563
Au 219.28 1.386 0.006 0.874
Bu 225.70 3.603 0.026 2.207
Au 245.96 3.397 0.032 1910
Bu 254.49 3.153 0.013 1713
Au 274.99 3.789 0.0231 1.905
Au 304.38 4.034 0.039 1.832
Bu 300.61 1.867 0.006 0.834
Bu 375.28 3.061 0.033 1.128
Au 388.32 2.186 0.0011 0.778
Au 466.32 1.013 0.0122 0.300
Bu 48423 1.851 0.003 0.528
Au 507.73 1,501 0.0044 0.408
Bu 526.89 2.3165 0.0124 0.608
Au 533.09 1.864 0.0033 0.483
Bu 550.13 1.428 0.007 0.359
Bu 590.07 1.384 0.006 0.324
Au 613.26 1.765 0.008 0.398
Au 935.32 4,083 0.023 0.603
Bu 936.86 4205 0.029 0.620
Au 974.23 3.643 0.017 0.517
Bu 986.50 3483 0.014 0.488
Bu 1004.66 4.674 0.030 0.643
Au 1014.56 5.209 0.038 0.710
Bu 1066.28 4,956 0.024 0.642

Au 1082.61 4.763 0.024 0.608
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Figure 11. (Color online) Pressure dependence of the infrared modes of monazite-type GdPOy,.

The Griineisen parameters in the high frequency region are very similar, while there are large
differences between the Griineisen parameters for the lower frequencies (Tables 6 and 7). Therefore,
there are large differences between the restoring force on the atoms associated with the lowest modes.

4. Conclusions

The effects of high pressure on the structure of monazite-type GdPO, were studied from
first principles, ab initio calculations. The simulations were extended up to 60 GPa, well above
the maximum experimental pressure previously reported (30 GPa). The evolution of the lattice
parameters under compression, the equations of state, and the axial and polyhedral compressibilities
are reported. Moreover, the under-pressure distortion of the polyhedral units PO and GdOg is shown.
The compression of monazite-type GdPOj is not isotropic, and the GdOg polyhedra account for almost
all the volume reduction under pressure.

The elastic constants and elastic stiffness coefficients were accurately determined, through which
the elastic behavior of monazite-type GdPOj, at high pressure was analyzed. The evolution with
pressure of the B, G, and E elastic moduli, v Poisson’s ratio, and the B/G ratio was reported. At all
pressures, this compound has shown to be ductile and more resistive to volume compression than
to shear deformation (B > G). Furthermore, the high-pressure mechanical stability of this monoclinic
compound was studied. It was found that monazite-type GdPO, becomes mechanically unstable
above 54 GPa.

Finally, through the total and partial density of states, the contribution of each polynomial units
to the vibrational modes was discussed. This contribution is similar to that found in other monazite
phosphates. The evolution of the Raman- and infrared active modes of the monazite-type GdPOy
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as function of pressure was analyzed. No soft-modes were found up to 60 GPa at the center of the
Brillouin zone.
A possible pressure-driven phase transition or amorphization might occur due to mechanical
instability at the high pressure of 54 GPa. No dynamical instability was found up to this pressure.
The results of the presents study confirm the high stability under pressure of the monazite-type
GdPOy, which is very promising for practical applications.
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Abstract: The pressure-dependent behaviour of NaMn;Oj, (up to 40 GPa) is studied and
discussed by means of single-crystal X-ray diffraction and resistance measurements carried out on
powdered samples. A transition from thermally activated transport mechanism to semimetal takes
place above 18 GPa, accompanied by a change in the compressibility of the system. On the other hand,
the crystallographic determinations rule out a symmetry change to be at the origin of the transition,
despite all the structural parameters pointing to a symmetrizing effect of pressure. Bond valence
sum calculations indicate a charge transfer from the octahedrally coordinated manganese ions to the
square planar ones, likely favouring the delocalization of the carriers.

Keywords: strongly correlated systems; high pressure; charge ordering; MIT

1. Introduction

Strongly correlated oxides can display a wide spectrum of intriguing properties, including
magnetoresistance, half-metallicity, superconductivity, heavy fermion behaviour, and metal-insulator
transition (MIT), with potential applications such as spintronics, superconductive devices or
magnetoresistive memories. Often, different perturbations, like magnetic or electrical fields,
temperature, doping or strain and pressure, can modify the material’s electronic band structure [1].
Aside from the obvious structural variations (shortening of the bond distances, increased density,
Jahn-Teller (JT) distortion), the application of external pressure to strongly correlated systems may
lead to a wide range of phenomena, such as quenching of the orbital moment, spin crossover (high- to
low-spin transition), metal-metal inter-valence charge transfer, MIT, etc. Mott insulators are likely to
show metallization at high pressure due to competition between Coulomb repulsion and bandwidth.
The latter is more susceptible to applied pressure [2], and therefore, experiments in which the
bandwidth can be controlled with pressure represent an experimental proof for the existing theories
on the behaviour of the strongly correlated electron systems, as reported in MnO [3], BaCoS; [4],
BayIrO4 [5], CaaRuOy [6] and in the organic compound bis(ethylenedithio)tetrathiafulvalene [7].
Quite often, pressure-induced MIT is associated with symmetry changes, as for instance in SrTiO3 [8]
or BiNiO3 [9,10], where the suppression of charge disproportionation involving the Bi**/Bi®* ions is
reported to bring from a triclinic insulating phase to higher-symmetry metallic phase. A similar case is
PbCrOj3 [11], where at ambient pressure, Cr3* /Cr®* charge disproportionation occurs with the 6s-6p

Crystals 2018, 8, 81; doi:10.3390/ cryst8020081 130 www.mdpi.com/journal/crystals



Crystals 2018, 8, 81

hybridization of the Pb?* orbitals with the oxygen 2p ones accounting for the insulating properties,
while high pressure induces a single Cr** state which gives rise to the metallic phase. In some cases,
however, isostructural MIT can take place when the crystallographic modifications induced by applied
pressure modulate the structural features without symmetry breaking, as in the case of PrNiO; [12],
metal osmium [13], FeAs [14] and VO, [15]. In WSe;, the MIT is caused by the anisotropic character
of the compressibility, which induces a structural transition characterized by a sliding of the 2D
layers [16]. In MoS,. similar phenomena are observed, but accompanied by a discontinuous change in
the lattice parameters variation with pressure [17]. Other mechanisms may be at the origin of high
temperature metallization, as in the case of LaMnO3, where the phenomenon is claimed to be caused in
the paramagnetic phase by orbital splitting of the majority-spin eg bands [18,19]. The effect of pressure
on ordering phenomena is crucial, as in Pri_,CaxMnOj3 [20], where the suppression of charge order is
identified as the origin of the MIT, while in Pr ¢Cag 4Mng 96 Al 0403 the quenching of JT distortion [21]
is the driving force of metallization.

“Quadruple-perovskite” manganites, having general formula A Mn3Mn4O1;, exhibit strong
electronic correlations [22]. These materials are characterized by A site cation ordering, where % of the
original perovskite A sites are occupied by Mn®* ions in an uncommon square planar coordination
(Figure 1), only stabilized by high-pressure /high-temperature (HP /HT) synthesis. The valence of
the A ion tunes the Mn®* /Mn** ratio on the B site, determining the crystal symmetry based on the
specific charge and orbital ordering, as reported for compounds with A = Na [23], Ca [24], (Sr, Cd) [25],
Pb [26], La [27,28], Bi [29,30], Y [31], and Pr [32]. The high electronic correlations, the significant lattice
distortions, the full oxygen occupation (contrary to what usually happens in the conventional “simple”
perovskites) and the chemical order (hetero-valent manganese atoms occupy different crystallographic
sites), make this class of materials an intriguing playground for the study of possible instabilities
induced by external stimuli on both the structural and physical properties.

Figure 1. [100] projection of the quadruple perovskite structure having general formula AA’3B4015.
In the present case, A, A’ and B correspond to the Nal, Mn1 and Mn2 sites, respectively.

The sodium-substituted quadruple-perovskite manganite, NaMn;O;, (NaMn3Mn,Oy7), shows
features that make it particularly interesting for pressure-dependent crystallographic and physical
studies. The presence of Na* at the A site induces a 1:1 ratio of Mn®* and Mn** on the B site. At room
temperature, the symmetry is cubic (Im-3) as a consequence of the delocalization of the Mn3* eg
electrons [33], while below 175 K, the JT effect leads to a complete charge and orbital ordering, giving
rise to superlattice reflections with propagation vector (1/2, 0, —1/2) observed by electron diffraction
and powder synchrotron diffraction data [34]. The charge and orbital order scheme is then described
by a monoclinic super-structure with C2/m symmetry, which, in agreement with band structure
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calculations [22], is characterized by a periodic scheme of ]JT apically elongated MnOg octahedra.
The structural phase transition is accompanied by a change in both the resistivity and magnetic
susceptibility and is clearly observed by diffraction techniques. The compound undergoes two different
magnetic transitions at 125 K and 90 K related to the ordering of the Mn ions at the B and A’ sites
respectively. The weakly ferromagnetic transition observed below 125 K is related to spin canting of an
E-type AFM structure with (% 0 %) propagation vector due to the large buckling of the MnOg octahedra.
The 90 K transition is purely antiferromagnetic, and is ascribed to the ordering of the square planar
Mn ions.

In the present work, the pressure dependent behaviour of NaMn;Oy; is studied by means of
single-crystal X-ray diffraction and resistance measurements up to about 40 GPa, showing the presence
of an isostructural insulator-to-semimetal transition around 18 GPa, associated to an abrupt drop in
the electrical resistance.

2. Experimental

NaMn;O1, samples were obtained by solid-state HP /HT reaction using a multi-anvil apparatus,
as reported in Ref. [35]. The synthesis conditions were P = 6.0 GPa, T = 830 °C and reaction
time 1 h. The NaMn;Oq, crystals, having a typical size of 100 um, were mechanically extracted
by the bulk matrix. High-pressure electrical resistance measurements up to 40 GPa were performed
on finely ground pure NaMn;O;; powder, with the van der Pauw method integrated in a Diamond
Anvil Cell (DAC), using 300 um culet anvils. A rhenium gasket was first filled with an insulator
Al,O3-NaCl mixture (3:1 atomic ratio), which also acts as a pressure medium. The crystalline samples
were placed inside a 100 um cavity drilled within the pressed insulating layer. Six platinum thin strips
were used as electrical probes for resistance measurements, as shown in Figure 2; the measurements
were carried out in all cases using 4 of the 6 contacts in the Van der Pauw mode, the two “additional”
Pt strips were placed to have backup contacts in case of breaking, which quite often happens as the
pressure is increased. The Pt contacts were connected to copper leads, at the base of the diamond anvil,
using a silver epoxy. At each pressure, under both compression and decompression cycles, the sample
resistance was measured by the standard four-probe method as a function of temperature in a cryostat.

Figure 2. Diamond anvil cell’s culet (300 pm diameter) with 6 Pt contacts.

Diffraction experiments were performed at the ID09 beam line of the ESRF (Grenoble, France) [36].
NaMn;Oj; crystals were extracted from the HP/HT ceramic sample and introduced into a DAC with
helium as a pressure medium to provide nearly hydrostatic conditions up to 40.8 GPa. For both
resistivity and diffraction measurements, small rubies were inserted in the DAC, whose fluorescence
was used as a pressure reference. The monochromatic X-ray radiation wavelength was set to
A =0.41456 A and diffraction data suitable for structure refinement were collected using a Mar555 flat
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panel detector in the range 2.5° < 0 < 19° by 0.5° w step in the angular interval +30°. The structure
refinement was carried out by the SHELXL software (SheldrickGoettingen, Germany) [37], making use
of anisotropic atomic displacements parameters (a.d.p.) for all atoms.

3. Results and Discussion

3.1. Transport Analysis

In the “low-pressure” regime (P < 15 GPa), the DAC in situ electrical measurements performed
on NaMn;Oy; are in agreement with previous observations [33]. Electrical resistance vs. T show a
semiconductor-like thermal activated transport mechanism related to the manganese eg electrons
delocalized by kT energy (Figure 3a). By increasing pressure, a sharp resistance drop is observed
above 18 GPa, yielding a semimetallic behaviour (Figure 3b), with almost temperature invariance of
the resistance vs. temperature. By lowering T, no decreasing trend of resistance is detected up to the
maximum value of the applied pressure, so that the high-pressure state of NaMny;O1, behaves like a
semimetal rather than a conventional metal.

iD‘U 1 2 r g
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Figure 3. Electrical resistance vs. temperature of NaMn;O; for different applied pressures (a) and
electrical resistance vs. the applied pressure at different temperatures (b).

The Arrhenius plot derived from the R vs. T curves in the semiconducting regime shows the
two critical temperatures of NaMn;O1,, namely the charge ordering temperature Tco = 176 K and
the Ty = 90 K, distinguishable as deviations from the linear trend expected for a pure semiconductor,
more evident at lower applied pressure (Figure 4). The E5 measured at the lowest reachable
pressure (110 meV) is different from the value previously reported at ambient pressure (47 meV, [33]);
measurements conducted on bulk pellets or ground powders are likely to give slightly different results,
since the extrinsic phenomena and the occurrence of different percolative paths significantly affect
the electrical transport mechanism. Moreover, the employed technique allows effective sample-wire
contact only after the application of a (small) pressure; as a consequence, it was not possible to measure
the electrical resistance below 0.4 GPa.

As the pressure increases, the charge-order transition anomaly becomes weaker and broader,
in agreement with the symmetrizing effect of hydrostatic pressure, and is expected to finally lead to the
melting of the charge and orbital orders. On the other hand, the anomaly observed at the Ty seems to
move towards lower temperatures while getting more pronounced. By increasing pressure, the slope
of the curves decreases, in accordance with the expected reduction of the thermally activated transport
mechanism activation energy E,, driven by the enhancement of the mechanical energy reducing the
separation between the conduction and valence bands. Consequently, the E5 terms (obtained by the

133



Crystals 2018, 8, 81

linear fit of the Arrhenius curves in the intermediate regime Ty < T< Tcp) plotted vs. the applied
pressure, shows a linear decrease from 110 to 87 meV (Figure 5).

20
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Figure 4. Arrhenius plot elaborated for the curves reported in Figure 2, limited to the thermal activated
regime of NaMn;Oy; (P < 15 GPa).
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Figure 5. Calculated activation energy Ex vs. P in the “low pressure” thermal activated regime of
NaMn;O; (P < 15 GPa).

3.2. Structural Analysis

Single-crystal XRD experiments were carried out at room temperature in the 0.1-40.1 GPa range.
Although the use of the DAC did not permit the collection of a significant portion of the Ewald sphere,
the high symmetry of the analysed phase provides a sufficient number of equivalencies. The structure
refined against the 0.3 GPa data is in excellent agreement with the previously reported crystallographic
information: Im-3 symmetry (S.G. number 204), compatible with the absence of charge and orbital
ordering [33]. The Na ion lies at the 2a site, while Mn1 and Mn2 are located at the 6b and 8c positions,
respectively. Mn2 displays an octahedral coordination, while Mn1 a strongly distorted dodecahedral
environment, often reported as square planar due to the large elongation of eight Mn-O bonds, four of
which exceed 2.5 A and four of which are above 3 A (Figure 1).

It should be noted that all the atoms are located at high-symmetry positions with fixed x, y,
z coordinates, except the sole oxygen atom, which is found at a low-symmetry site: 24 g with
(0, y, z) coordinates.

While the [m-3 symmetry and the crystal structure are retained through the entire investigated
pressure range, a very small change in the compressibility coefficient is detectable around the electrical
transition, as shown in Figure 6. The refined lattice parameters, relevant bond distances and Mn-O-Mn
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tilt angle are reported in Table 1. All the parameters show monotone variations in the investigated
pressure range, with the cation-oxygen bond lengths decreasing with increasing pressure.

On the other hand, at about 18 GPa (matching the insulator to semimetal transition),
the compressibility of the manganese-oxygen bond system abruptly decreases, with the Mn1 atom in
square planar coordination displaying the most relevant variation (Figure 7).

T T T T
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o« Expdsta =t AT (ID08A 2012)
e — V= 380.4(3) A% B- 190(3) GPs; B=4 GPa
— V,=383(2) A, B=214(13) GPa; B4 GPa
370
&
£ 380
3
=3
380
L]
340
330
1 1 1 1
[ 0 E] )

20
Pressure (GPa)

Figure 6. NaMn;O1; cell volume vs. pressure. Fittings were performed using the Birch-Murnaghan
equation. B is the bulk modulus, and B’ is set to 4. A change in the compressibility is observed at about
16 GPa. Error bars are smaller than the corresponding symbols.

Table 1. Lattice parameter, cell volume and selected bond lengths of NaMn;O;, at different
applied pressures.

P(GPa) a(Ad) V(A?») Nal-O1(A) Mnl-O1(A) Mnl-O1(A) Avg. Mn1l-O1 Mn2-O1(A) Mn2-O1-Mn2 (°)

03 7301(2) 389209  2.644(7) 1.943(2) 2.6867(6) 2.3149(10) 1916(7) 139.9(4)
28 7264(2) 383209  2.629(4) 19320(15)  2.6734(6) 2.3027(8) 1.909(4) 140.1(2)
55 7237(2) 379009)  2.618(7) 1.924(3) 2.6648(6) 2.2944(15) 1.904(7) 140.2(4)
84  7205(2) 374009)  2.605(8) 1.918(3) 2.6610(12) 2.2895(16) 1.901(8) 140.3(4)
112 71742) 3693(9)  2.593(4) 19063(14)  2.6411(6) 2.2737(8) 1.891(4) 140.4(2)
145 714202) 3643(9)  2.58209) 1.8974(11) 2.629(6) 2.263(3) 1.884(3) 140.45(16)
172 7102Q) 3583(9)  2.566(3) 1.8853(10)  2.6128(6) 2.2491(6) 1.878(3) 140.70(15)
204 70622) 35220)  2546(4) 1.8745(13)  2.6042(6) 2.2394(7) 1.868(4) 140.7(2)
233 70412) 349.109)  2538(7) 1.867(2) 2.5932(6) 2.2301(10) 1.8682(7) 141.1(4)
254 70262) 346909)  2534(4) 1.8637(14)  2.5881(6) 2.2259(8) 1.863(4) 142.0(2)
285 6995(2) 342309)  2537(11) 1.857(10) 2.5606(6) 2.2088(6) 1.854(3) 141.2(6)
359 6959(2) 33329)  2516(4) 18510(13)  2.5763(6) 2.2135(7) 1.859(4) 141.8(2)
401 6933(2) 330709)  2490(6) 1.834(2) 2.5566(6) 2.1953(10) 1.853(6) 141.8(4)
ll&
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Figure 7. Pressure dependence of the manganese-oxygen bond lengths. A slope change is observed at
18 GPa, where the Mn1-O1 = Mn2-O1 bonds.
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Interestingly, the Mn-O-Mn bond angles (Figure 8) retain a linear trend over the whole pressure
range, showing an opposite slope for the octahedral tilt angle (Mn2-O1-Mn2), which increases with
pressure, contrary to (Mn1-O1-Mn2). This behaviour is a consequence of the symmetrizing effect of
pressure, which forces the framework towards the undistorted simple perovskite geometry, where
the Mn2-O1-Mn2 and Mn1-O1-Mn2 are 180° and 90°, respectively. In order to qualitatively evaluate
the valence variations on the two symmetry-independent manganese ions induced by pressure, bond
valence sum (BVS) calculations were performed by using the refined crystal data [38]. To this end,
the Mn-O bond distances were normalized following the formula: dnorm = dp-apg/ap, where dp is
the bond distance at a chosen pressure, ap is the lattice parameter at the same pressure and apy is
the NaMn;Oy lattice parameter at room pressure. This operation is required to eliminate from the
calculation the simple effects of the compressibility, since the reference bond length used in BVS is
valid at room pressure.
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Figure 8. Mn-O-Mn bond angles in the 0-40 GPa pressure range. Mn2-O1-Mn2 monotonically evolves
towards the 180° value, while Mn1-O1-Mn2 approaches 90°.

The obtained dnorm Values and the corresponding valence of the manganese ions are reported in
Figure 9. It should be noted that djorm only depends on the oxygen atom displacement within the unit
cell, given that the lattice parameter contribution to compressibility has been stripped out through
normalization. Consequently, the linear trend displayed by the normalized values of Mn1-O1 and
Mn2-O1 distances over the whole investigated pressure range, indicates that the anomaly previously
observed in the refined bond length trends is directly related to the change in the lattice compressibility
observed at the insulator-to-semimetal transition.

Moreover, the normalization procedure reveals a completely different behaviour for the Mn1
and Mn2 ions with respect to the unprocessed data. Indeed, the Mn-O bond distance in the square
planar coordination increases by increasing the pressure, contrary to the octahedral site. The BVS
values at the lowest reachable pressure (0.3 GPa), being 3.03 and 3.67 for the square planar and
octahedral coordination, respectively, are quite close to the values expected by the nominal formula
NaMn"3(Mn™,Mn!V,)O4, (3 and 3.5). Itis interesting to note that, when the average manganese
valence is taken into account, the calculated value is not only in good agreement with the nominal one
(3.29, given by 5 Mn3* and 2 Mn** in the structure), but also remains practically constant, ranging from
3.39 to 3.36, over the whole pressure range. This indicates the substantial accuracy of the normalization
applied to the bond distances and of the used model. On the other hand, it turns out that the system
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experiences, with increasing pressure, a relevant charge transfer from the Mn2 to the Mn1 sites.
The BVS of Mn2 undergoes a 3% increase from 3.67 to 3.78, whereas those of Mn1 decreases from
3.03 to 2.79 (8%), causing the observed decrease of the normalized volume of the MnOg octahedra
accompanied by the elongation of the normalized square planar bonds (Figure 9). On the basis of these
results, the increase in pressure progressively extends the delocalization, even to the A’ site electrons,
playing an important role in determining the electric transition. Similar phenomena are reported for
LaCusFe 017 [39], where intersite charge transfer at room temperature occurs by applying pressure
between the A-site Cu and B-site Fe, leading to a first-order transition from LaCu3+3Fe3+4012 (at low
pressure) to LaCu?*3Fe375* ;015 (high pressure). The transition is accompanied by a structural phase
transition related to the different charge ordering scheme yielding significant reduction of unit-cell
volume and a change from antiferromagnetic-insulating to paramagnetic-metallic state. No symmetry
change is observed in the present case, being NaMn;O, not charge and orbital ordered at ambient
conditions. As a consequence, the role of pressure in modifying the electronic band structure cannot be
ruled out, but the charge transfer between octahedral to square planar sites probably plays the central
role in inducing the semimetallic behaviour at high pressures instead of the pure metallic character
observed in LaCugFe Oq;.
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Figure 9. Bond Valence Sum and dnorm values (inset) as a function of pressure for the Mn1 and
Mn2 atoms. The two sites display an opposite trend, pointing to an intersite charge transfer taking
place from the octahedral to the square planar coordinated site.

4. Conclusions

The in situ, high-pressure powder electrical resistance measurements demonstrate that
NaMn;Oj,, a metastable, charge-ordered manganite with quadruple-perovskite structure, undergoes
an insulator-to-semimetal transition at about 18 GPa.

Across such transition, as refined by high-pressure single-crystal X-ray diffraction, NaMn;O1,
retains the cubic (Im-3) structure with no symmetry breaking and non-relevant anomalies, or jump in
the unit cell volume vs. P. On the contrary, charge transfer from the Mn2 (on the B site) to the Mn1
ions (on the A’ site) is detected as the pressure increases, explaining the transformation of the system
from an insulating to a semimetallic state. In this framework, the drop of the electric resistance can be
interpreted as a significant electronic charge delocalization at the A’ site favoured by the narrowing of
the band gap.
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Abstract: Delafossites, with a unique combination of electrical conductivity and optical transparency
constitute an important class of materials with their wide range of applications in different fields.
In this article, we review the high pressure studies on copper based semiconducting delafossites
with special emphasis on their structural and vibrational properties by synchrotron based powder
X-ray diffraction and Raman spectroscopic measurements. Though all the investigated compounds
undergo pressure induced structural phase transition, the structure of high pressure phase has
been reported only for CuFeO,. Based on X-ray diffraction data, one of the common features
observed in all the studied compounds is the anisotropic compression of cell parameters in ambient
rhombohedral structure. Ambient pressure bulk modulus obtained by fitting the pressure volume
data lies between 135 to 200 GPa. Two allowed Raman mode frequencies E; and Aj, are observed in
all the compounds in ambient phase with splitting of E; mode at the transition except for CuCrO,
where along with splitting of E; mode, A, mode disappears and a strong mode appears which
softens with pressure. Observed transition pressure scales exponentially with radii of trivalent cation
being lowest for CuLaO, and highest for CuAlO,. The present review will help materials researchers
to have an overview of the subject and reviewed results are relevant for fundamental science as
well as possessing potential technological applications in synthesis of new materials with tailored
physical properties.

Keywords: delafossites; high pressure; X-ray diffraction; phase transition; Raman spectroscopy

1. Introduction

Delafossites are ternary metal oxides belonging to a large family of compounds with the general
formula A*1B*302~, (A is monovalent cation Pt, Pd, Ag or Cu; B is trivalent transition metal).
The primary member of the series is the mineral CuFeO; and the compounds adopting structure of
CuFeO, are clubbed together as delafossites [1]. Scientific interest in this class of compounds is due to
the diversity of the physical properties exhibited by them. They show a wide range of conductivity
from insulating to metallic [2—4]. Most of the Cu and Ag based delafossites are semiconductors
whereas Pt and Pd based compounds exhibit good metallic conductivity; with their room temperature
in-plane conductivity reaching about a few p() cm, which is comparable to that of metallic elemental
copper [5]. Along with good electrical conductivity, many of the delafossites show good transparency
to optical photons and the compounds exhibiting the combination of these two properties are termed
as transparent conducting oxides (TCO) [6-8]. Furthermore, depending on the donor or acceptor
level in the band gap, they can show p-type or n-type conductivity. The origin of p-type conductivity
in un-doped delafossites is either due to excess oxygen in the interstitials or copper vacancies [9].
Due to the unique combination of optical transparency and electrical conductivity, delafossites have
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been proposed to be useful in many areas, including in the solar energy industry [10], for liquid
crystal displays [11], and in electro-chromatic materials for smart windows [12]. Thin films of a few
delafossites find their uses as photocathodes to produce hydrogen by water splitting [13]. The catalytic
activity of copper delafossites also finds applications in hydrogen production by decomposition of
toxic HS gas [14]. Doping of a few delafossites also increases the p-type conductivity by an order of
three [15,16]. Mineral CuFeO, finds its uses in medicine as a novel antimicrobial material [17],
as an anode in lithium ion batteries [18], and as a gas sensor [19]. CuCrO, is being used as a
catalyst for the production of chlorine [20]. Interestingly a few of these compounds also exhibit
negative thermal expansion (NTE) behavior [21], which is attributed to the anharmonicity of linear
O-Cu-O bond along the c-axis. A few members of the delafossite family where B atom is magnetic
have attracted interest due to the multiferroic properties, wherein ferroelectricity is induced by
magnetic ordering [22]. Low temperature investigations of these materials led to interesting magnetic
behavior along with spin lattice coupling [23]. Various synthesis routes are also being employed to
engineer different polymorphs of these semiconductors for applications as an absorber in solar cells by
manipulating their band gaps. In fact, synthesis of tetrahedral structured wurtzite analogues with the
same general formula ABO; has been successfully achieved [24]. These are direct narrow band gap
semiconductors, unlike the rhombohedral modification where the band gap is indirect. Synthesis of
delafossites in nanophase such as nanoparticles, nanowires, nanoplates and investigating the particle
size effect on the properties of these materials is another interesting field which is currently being
explored. Eu®* doped CuAlO, single phase nanofibers prepared via an electrospinning technique
show strong photoluminescence spectra with emission bands at 405 and 610 nm due to the intrinsic
near-band-edge transition of CuAlO; and the f-f transition of the Eu®* activator respectively [25].
Nanoplates of CuGaO, synthesized via low temperature hydrothermal method exhibited a blue
emission at room temperature and free exciton emission at low temperature. P-N junction fabricated
by these nanoparticles of p-type CuGaO, and n-type nano ZnO exhibited enhanced photocatalytic
activity and light absorption properties [26]. Investigation of structural and vibrational behavior
of CuAlO; as a function of particle size shows the expansion of lattice parameters and the cell
volume with the reduction of particle size. Raman spectra shows large red shifts (~60 cm~!) and line
broadening (~50 cm 1) as the particle size becomes of the order of 13 nm [27]. The electrochemical
performance of nano CuAlO, with an average particle size of ~20 nm demonstrated 12 times more
catalytic activity in the electrolysis of water to the hydrogen evolution reactions and oxygen evolution
reactions compared to bulk CuAlO, [28]. Research on thin films of delafossite is another interesting
and widely investigated area for their potential uses in optoelectronic device fabrication [29-32]. As
has been well established by the high pressure scientific community, compression is yet another way
to engineer the crystal/electronic structure of materials, producing compounds with entirely different
set of physical properties without altering their chemical composition [33,34]. The focus of the present
article is to comprehend the high pressure studies on delafossite structured compounds till date in
general, with special emphasis on their X-ray diffraction and Raman spectroscopic investigations. With
the exception of one preliminary study on PdCoO, [35], most of the high pressure work has been
focused on copper based delafossites, probably because of the difficulty in preparing the Ag/Pt/Pd
based delafossites. Due to low decomposition temperature of their respective oxides, special synthesis
techniques are required to synthesize Ag/Pt/Pd based delafossites [36,37]. It is to be noted here, that
since it is easier to synthesize the rhombohedral polytype of delafossites, most of the experimental
high pressure studies carried out are on thombohedral structured delafossites [38].

2. Ambient Crystal Structure and Vibrational Properties of ABO,

As shown in Figure 1, delafossite crystallizes in layered structure with hexagonal symmetry
and can exist in two structural polymorphs, namely rhombohedral 3R with space group: R-3m, or
hexagonal 2H with space group: P63/mmc. The building block of both the polytypes is layers of
edge-connected BO, octahedra and triangular metallic planes of monovalent element A which are
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stacked along the c-axis. A cation is linearly coordinated with oxygen of upper and lower BOg layers.
The difference in the two structures is the different orientation of the triangular metallic plane along
the c-axis stacking. When two consecutive A layers are stacked with each layer rotated by 180° with
respect to one another, the structure is hexagonal. Alternatively, when the layers are stacked in the
same direction with respect to one another, resultant structure is rhombohedral. In the primitive
rhombohedral cell, there are only four atoms: one A, one B and two oxygen atoms. However, in
the triple hexagonal cell which is conventionally used to describe this structure, A and B cations
occupy 3a (0,0,0) and 3b (0,0,0.5) Wyckoff positions respectively. The O atoms are situated at 6¢ (0,0,1)
positions [39,40]. Each element in the delafossite structure forms the triangular lattice and stacks along
the c-axis in the sequence B3*-O%?~-A*-O?~-B3*. One of the key features delafossite structure has in
common with other layered structured oxides is its extremely accommodating nature and flexibility to
host many different elements. Another structure commonly adopted by the ABO, compounds and
related to delafossite is ordered rock salt. This structure too has a similar triangular lattice with same
space group (R-3m), the only difference is in the stacking pattern of O>~-A*-O?layers. While the
delafossite structure has a straight stacking, the ordered rock salt structure has a zigzag one (Figure 1).
In both cases the rhombohedral (ABCABC...) stacking is realized among B>* layers, although the
distance between them is much shorter in the latter case.

LRI
Rew
X Q—I—D Y :
Rhombohedral ~ Hexagonal Ordered Rock Salt
R-3m P6sy/mme R-3m

Figure 1. Various crystal structures adopted by ABO, layered compounds. Rhombohedral and
hexagonal polytypes adopted by delafossites have linear A-O bonding while in ordered rock salt
structure, octahedra is formed around both A and B atoms.

As has been mentioned earlier, ABO, delafossites with rhombohedral structure (space group
R-3m), consist of one formula unit of ABO; per primitive cell with four atoms, resulting in twelve
vibrational modes at the zone center, which transform as I' = Ay + Eg + 3A, + 3E,. Modes denoted
by subscript ¢ are Raman active modes and modes denoted by subscript u are infrared active which
also includes acoustic modes Ay, +E,. In Figure 2, we show the pictorial representation of the two
Raman active modes. Delafossites with hexagonal structure consist of two formula units of ABO, per
primitive cell with A at 2¢, B at 2a and O at 4f position resulting in 24 modes of vibration at the zone
center. Based on the structural information, using the nuclear site method [41], these vibrational modes
are found to transform as I' = Ay + Eyg + 2Epg + 2B1g + 3Aa, + 3E1y, + 2Ep, + 2Byy,. Out of these
A, E1g, Eng and By are Raman active modes while Ay, E1y, E2, and By, are infrared active modes.
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So, at ambient conditions, six distinct Raman modes are expected in hexagonal structure. Finally, in
the ordered rock salt as the atoms occupy the same sites as in delafossite rhombohedral structure,
the expected Raman modes are same in both structures. Table 1 shows the structural and vibrational
details of the three structures.

&

Figure 2. Eigen vectors for Eg and A3y modes of vibration in ABO, delafossite compounds.

Table 1. Structural and vibrational details of ABO, type compounds.

Hexagonal P63 /mimnc, Z = 2 Atomic coordinates Vibrations at the zone centre

Wyckoff position X y z Arg Eqg Ejg Big A Eqy Ezy, By,
Monovalent cation A at 2¢ 1/3 2/3 1/4 - - 1 1 1 1 - -
Trivalent cation B at 2a 0 0 0 - - - - 1 1 1 1
Oxygen at 4f 1/3 2/3 00892 1 1 1 1 1 1 1 1
Rhombohedral R-3m, Z =1 Atomic co-ordinate Vibrations at the zone centre

Wyckoff position X y z Arg E¢  Axn Eu

Monovalent cation A at 3b 0 0 0 - - 1 1

Trivalent cation B at 3a 0 0 1/2 - - 1 1

Oxygen at 6¢ 0 0 0108 1 1 1 1

Ordered rock salt R-3m, Z =1 Atomic co-ordinate Vibrations at the zone centre

Wyckoff position X y z Alg Eq Ay E,

Monovalent cation A at 3a 0 0 1/2 - - 1 1

Trivalent cation B at 3b 0 0 0 - - 1 1

Oxygen at 6¢ 0 0 0743 1 1 1 1

3. High Pressure Studies

The first high pressure in-situ X-ray diffraction (HP-XRD) measurement was reported on copper
iron oxide, the representative of the series by Zhao et al. [42] in the year 1996. The measurement
was carried out on powdered sample up to 10 GPa. Authors found an increase in ¢/a ratio indicating
lattice anisotropic compression; however the ambient phase was found to be stable in the studied
pressure range. On fitting the pressure volume data to 3rd order Birch-Murnaghan equation of
state (BM-EOS) [43], ambient pressure bulk modulus, By, of the compound was reported to be
156 GPa, with its pressure derivative By’ = 2.6. Nearly seven years later, Hasegawa et al. reported the
HP-XRD measurements on metallic delafossite PdCoO, up to 10 GPa [35]. Structurally this compound
was also found to be stable with anisotropic compression of lattice -parameters and increase in
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c/a ratio. The reported value of bulk modulus for the compound based on 3rd order BM-EOS
fitting of experimental pressure volume data is 224(2) GPa with pressure derivative of bulk modulus
By’ = 0.7(0.5). High value of bulk modulus and low value of By’ indicates highly incompressible
nature of the compound [43]. In both these measurements, methanol:ethanol in 4:1 ratio was used
as pressure transmitting medium. Subsequently, with the availability of bright synchrotron sources,
evolution in the diamond anvil cell (DAC) and detector technology, many of the delafossites have been
investigated under high pressure with increased pressure range. Revisiting the compression behavior
of CuFeO; up to 30 GPa using XRD along with 5 Fe Mossbauer and Fe & Cu K-edge X-ray absorption
spectroscopy methods, reveal a sequence of electronic-magnetic pressure-induced transitions along
with structural transition to more isotropic C2/c structure with onset of long range antiferromagnetic
order at 18 GPa. Beyond 23 GPa, interionic valence exchange between Cu and Fe leads to a four-fold
coordinated Cu, resulting in another crystallographic structure with space group P-3m. All the observed
transitions are reversible with minimal hysteresis [44]. However, a neutron diffraction experiment on
isotropically compressed CuFeO, indicated suppression of long range magnetic ordering at around
7.9 GPa [45]. X-ray diffraction data on CuGaO;, collected up to 28.1 GPa, at two different temperatures,
indicated pressure induced phase transition in the compound beyond 24 GPa [46]. As observed in
CuFeO, and PdCo0,, anisotropy in the axial compressibility was also observed in this compound.
Though the transition was found to be irreversible, no details of the high pressure phase were provided
in this article. A report on vibrational behavior up to 33.3 GPa on the same compound followed in the
year 2005, which happens to be the first delafossite whose vibrational properties were investigated
experimentally under high pressure [47]. Based on splitting of the E¢ mode, authors reported a
structural phase transition in the compound beyond 26 GPa. Raman measurements on single crystal
of CuAlO; up to 48 GPa indicated a pressure driven phase transition at around 34 (£2) GPa, which
is completed by 37 (£2) GPa [48]. Raman data on the pressure cycled sample showed the presence
of two modes as observed in the ambient sample, indicating the reversibility of the phase transition.
Based on density functional theory, the phase transition is related to the dynamic instability in the
compound [49]. High quality X-ray diffraction and X-ray absorption measurements on CuAlO,,
also indicated the presence of phase transition around 35(+2) GPa [50]. However, first-principles
calculations on CuAlO, under high pressure showed transformation to a leaning delafossite structure
at 60 GPa with an increased energy gap due to the enhanced covalency of Cu 3d and O 2p states [51].
Optical absorption measurements on thin films of CuAlO; (indirect band gap) and CuScO; (direct
band gap) up to 20 GPa indicated two phase transitions in CuScO, at 13 and 18 GPa [52], however
the structures of high pressure phases have not been identified. High pressure behavior of CulnO,,
which is the only copper based delafossite that can be doped with both - and p-type ion [53], has not
been investigated experimentally, however, its structural, elastic, mechanical and optical properties
have been reported by first-principles density-functional theory [54]. The two polytypes of the
compound with 3R and 2H phases become unstable beyond 9.3 and 8.7 GPa with the value of bulk
modulus as 121 and 117 GPa which are nearly 20% less than the earlier reported values of 156 and
146 GPa respectively [55]. The dielectric, ferroelectric and ac calorimetric measurements on CuCrO,
have revealed the increase in magnetic transition temperature Ty remarkably on pressurization.
However, the magnitude of the dielectric anomaly at Ty is suppressed by applying pressure and the
magnitude of the spontaneous polarization below Ty is abruptly suppressed at around 8 GPa [56].
We have investigated the high pressure behavior of CuCrO, and CuLaO, using synchrotron based
X-ray diffraction and Raman spectroscopic technique on polycrystalline samples followed by Raman
studies on single crystal of CuFeO,. For all these XRD measurements, Mao-Bell type of diamond
anvil cell with stainless steel gasket pre-indented to a thickness of 40-80 um and central hole of
100-200 um was employed as the sample chamber. Methanol:ethanol in 4:1 ratio by volume was used
as pressure transmitting medium and ruby fluorescence technique was employed for in-situ pressure
calibration [57]. In X-ray diffraction measurements, equation of state data of standard like gold/copper
was used for pressure calibration [58]. Rietveld/Lebail analysis of the XRD data was carried out using
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GSAS software [59]. All Raman spectroscopic measurements were carried out using a 532 nm laser
in back scattering geometry. Polycrystalline samples of all these compounds were synthesized using
conventional solid state route. Single crystals of CuFeO; used in the present work were grown by
the floating zone technique [60]. Readers can refer to earlier publications to get more detail about the
sample synthesis and experimental details.

In Figure 3, we show the refined ambient XRD data on CuCrO,, CuFeO, and CuLaO; along with
residuals while their Raman spectra are depicted in Figure 4. All the observed diffraction peaks could
be fitted with rhombohedral symmetry, indicating the single phase formation of these compounds.
Raman data of all three compounds have two prominent Raman modes along with a few disorder
induced non-zone center modes. While the vibrations in the direction of Cu-O bonds along the c-axis
are represented by A, modes, vibrations in the direction perpendicular to c-axis correspond to Eg
modes (Figure 2). As seen in Figure 4, both the frequencies in all three compounds shift to higher
values as the ionic radii of trivalent cation decreases from La3* to Cr3* which is a consequence of lattice
contraction due to decrease in B>* ionic radii. Higher frequency modes are identified to be Ayg and the
lower frequency mode as Eg from ab-initio calculations [48] as well as polarized Raman measurements
on single crystals [61]. In Table 2, we give ionic radii of various trivalent cations [62] along with
lattice parameters and Raman frequencies of copper delafossites in rhombohedral symmetry [63-67].
There are various efforts to substitute trivalent cation and investigate the effect of chemical doping
on structural and vibrational properties on delafossite systems. Depending on the ionic radii, there is
a contraction or expansion of the lattice which results in increase/decrease in the frequency of
the Raman modes, particularly the Eg modes which are highly sensitive to the ionic radii of the
trivalent cation. In doped CuCrO,, the lattice parameters were found to vary according to Vegard’s
law with broadening in the reflection due to local lattice distortion as a result of difference in ionic
radii between Cr>* and trivalent dopants [68]. The effect of scandium doping in CuCrO, [69] and
CuFeO, [70] indicated the softening of both the modes. Temperature dependence of the two modes
of CuFeO, was found to decrease with increasing temperatures and the behavior was attributed to
thermal expansion of the lattice and phonon-phonon interaction [71].

Table 2. Ionic radii, Raman mode frequencies, lattice parameters and bond-lengths for various copper
delafossite compounds.

Ionic Radii of Raman Mode Frequency Lattice Parameter Bond-Length
Delafossite Trivalen[tﬁ(zilation (A) Eq Asg a c Cu-0 M-0 Ref.
(em™1) (em™1) (A) (A) (A) (A)

CuLaOy 1.032 318 652 3.8326 17.092 1.760 2.466 [63]
CuPrO, 0.99 3.7518 17.086 1.789 2411 [63]
CuNdO, 0.983 3.7119 17.085 1.836 2.370 [63]
CuSmO, 0.958 3.6628 17.078 1.880 2.325 [63]
CuEuO, 0.947 3.6316 17.074 1.895 2.302 [63]
CuYO, 0.90 3.5330 17.136 1.827 2.285 [64]
CulnO, 0.8 378 678 3.2922 17.388 1.845 2172 [65]
CuScO;, 0.745 3.2204 17.099 1.831 2121 [66]
CuFeO, 0.645 352 692 3.0351 17.166 1.835 2.033 [61]
CuGaO, 0.62 368 729 2.9770 17.171 1.848 1.996 [46]
CuCrOy 0.615 454 703 2.9767 17.111 1.8455 1.989 [67]
CuAlO, 0.535 418 767 2.8584 16.958 1.8617 1.912 [50]
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Figure 3. Rietveld refined ambient pressure and temperature X-ray diffraction patterns of
as-synthesized CuLaO,, CuFeO, and CuCrO, showing single phase formation of the compound
in rhombohedral structure. Difference plot is also plotted. Vertical tick marks represent allowed
reflection of delafossite structure with R-3m space group.
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Figure 4. Raman spectra of as-synthesized CuLaO,, CuFeO, and CuCrO,,showing two allowed
Raman modes, a few weak modes shown by asterisks are disorder induced non-zone centre modes.

Figure 5 shows the high pressure Raman data on CuLaO, which shows interesting sequence of
phase transitions. Unlike other delafossites, structural transition in CuLaO, takes place at a relatively
low pressure of 1.8 GPa. Appearance of several new modes beyond 1.8 GPa indicates lower symmetry
of the high-pressure phase. The nature of changes observed in the Raman spectra at 1.8 GPa are similar
to CuAlO; at 34 GPa [48]. Beyond 7 GPa, there is sudden loss of Raman intensity as the compound
becomes opaque indicative of electronic/structure changes. The changes are irreversible from 8
GPa [72]. In Figure 6, pressure evolutions of XRD data of CuLaO, up to 36 GPa are shown. Data at
0.7 and 1.6 GPa could be fitted with the ambient structure. However, data collected at 4.2 GPa shows
appearance of a few peaks at 20 = 6.6° and 13.8°. On further pressurization, these two peaks build up
in intensity while the peak intensity from ambient structure reduces. Data collected beyond 8 GPa,
shows disappearance of the peaks corresponding to the first HP phase along with clusters of new peaks
with broadening. This is the same pressure region where there is a complete loss of Raman intensity.
Possible reasons for loss of Raman intensity could be that the second high pressure phase is Raman
inactive or the reduction in band gap across the transition which results in increase in absorption.
Indeed, our electrical resistance measurements under high pressure show a considerable drop in the
resistance, indicating a reduction in band gap [72]. Compressibility was found to be highly anisotropic
and further investigation to identify the high pressure structure is in progress. Pressure evolution of
XRD data on CuCrO, (Figure 7) do not reveal any major changes in the data except for the shifting
of diffraction peaks to higher angle, indicative of lattice compression. Refined pattern with residuals
at two pressures are shown in Figure 8. Similar types of refinements were obtained for all the data
points. High pressure Raman data on CuCrO, shown in Figure 9 indicates usual pressure hardening of
both modes up to 24.5 GPa however major changes are observed beyond 24.5 GPa with splitting of Eg
mode and appearance of a new mode which softens with pressure and grows in intensity with further
pressurization. At 31 GPa, the delafossite modes completely disappear with an intense broad mode at
lower frequency [73]. The features in the Raman spectra are similar to that seen in lithium intercalated
compound LiCoO, [74] which crystallizes in closely related structure of layered rock salt. However, in
our XRD measurements, we have not reached the pressures at which transition has been observed
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in Raman data. Experimental pressure volume data obtained by the Rietveld refinement [59] of XRD
data for the low pressure phase when fitted to 3rd order Birch-Murnaghan equation of state results
in ambient pressure bulk modulus as 154(25) and 156(2.8) GPa with their pressure derivative of bulk
modulus as 4.8(0.5) and 5.3(0.5) for CuLaO, and CuCrO; respectively. It is to be noted here that bulk
modulus and pressure derivative of bulk modulus are highly correlated [75]. In Figure 10 we show
the normalized pressure volume data for CuCrO, and CuLaO,. As one can see, the data of CuLaO,
almost overlaps with that of CuCrO;, indicating the similarity of bulk modulus of both compounds.
Nearly same value of bulk modulus for the two compounds indicates that it is mainly the compression
of Cu-O bonds which contribute to the overall compressibility of the compounds. Normalized a
and c axis for CuCrO, and CuLaO; in the ambient pressure phase are plotted in Figure 11. One can
clearly see an anisotropic compression of the axes in both the compounds. Interestingly, anisotropy in
axial compressibility seems to be the only common feature of all the studied delafossites with a R-3m
structure, which results in the regularization of oxygen octahedra around B atom which is slightly
distorted at ambient conditions [54]. High pressure Raman measurements on single crystals of CuFeO,,
shown in Figure 12a, could well reproduce the structural changes reported earlier [52]. While both the
Raman modes harden under pressures up to 18 GPa, the first transition around 18 GPa to the reported
monoclinic C2/c phase is indicated by splitting of the E; mode. This is accompanied by softening of A,
mode thereafter [76]. Figure 12b shows the pressure dependence of mode frequencies. Rapid softening
of the high frequency mode is understood as due to the change in Fe-O bond-length which ultimately
results in change in copper coordination leading to the second high pressure phase transition above
23 GPa. Unlike in CuLaO; and CuAlQO,, there are no additional modes in the low frequency region
(around 100 cm™!) in CuFeO, across the transition. In Figure 13, we have summarized the bulk
modulus of various copper delafossites where except for CuYO, and CulnO,, the experimental values
have been plotted. The high value of bulk modulus for CuAlO, and CuGaO, are expected because of
the covalent nature of B-O bond in these compounds, however we need more accurate measurements
on a few other compounds to establish an empirical relation for bulk modulus in ABO, delafossites.

CuLaO,

P-released

6.7

Intensity (arbitrary units)

[ 3%
T
i

-
T
L

200 400 600 800
Raman Shift (cm'1>

Figure 5. Raman spectra of CuLaO; at various pressures. Note the appearance of new modes above
2 GPa.
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Figure 6. X-ray diffraction data for CuLaO; at a few selected pressures. Arrow indicates appearance
of new peaks indicating instability in the ambient phase. Diffraction peaks from gold, used as

insitupressure marker is indicated with Au.
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Figure 7. X-ray diffraction data at a few selected pressures for CuCrO, along with the released data.

Diffraction peaks from in-situ pressure calibrant (Cu) are also indicated. Numbers denote the pressure
in GPa.
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Figure 8. Observed, calculated and difference plot of X-ray powder patterns for CuCrO; at 4.8 GPa,
at 20.4 GPa. Top, middle and bottom vertical marks indicate Bragg reflections from the sample, pressure
calibrant (Cu) and sample chamber (W) respectively. The difference between fitted and observed data

is also plotted.

Figure 9. Pressure evolution of Raman spectra of CuCrO, at a few selected pressures. Arrow indicates
the splitting of E¢ mode and appearance of new modes at higher frequency which soften with pressure.
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Figure 10. Normalized pressure-volume data for CuCrO, and CuLaO,. Symbols are explained in

the figure.
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Figure 11. Normalized cell parameters of CuCrO, and CuLaO,. Both the samples show anisotropic
compression. Symbol are explained in the figure.
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In Figure 14, we have plotted the trivalent ionic radii vs. transition pressure for available
copper delafossites. Based on this data, we found following empirical relation between transition
pressure and cationic radii.

Y=Yy +A xexp(—Rg x X)

where Y = transition pressure in GPa; Yy, A and Ry are constants with their numerical values as = —1.74,
430.73 and 4.6 respectively. X = trivalent cationic radii in A. In spite of various elements at B site
(transition metal, rare earth, group III), the transition pressure scaling systematically indicates that
the size of the trivalent cation plays an important role in phase transition pressure in delafossites.
Empirical relations have been proposed earlier in general for compounds containing different rare-earth
ions with widely spaced radii [77] to predict transition pressures. In the present article, from the
available data for delafossites, we have found a non-linear dependence of transition pressure with
cationic radii, which is unusual. Only future high pressure studies on other delafossites can validate
this empirical relationship.
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Figure 14. Transition pressure of various copper delafossites as a function of trivalent cationic radii.

Green line is a fitted exponential function showing decrease in the transition pressure with the increase
in trivalent cationic radii. Numbers in the bracket indicate the references.
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4. Summary

To summarize, we have reviewed the structural and vibrational properties of copper delafossites
under high pressure. While there is a similarity between the high pressure vibrational behavior of
CuGaO,, CuAlO,, CuLaO; and CuFeO,, the high pressure behavior of CuCrO; is quite different
and unique, where an intense Raman mode appears in the high pressure phase which softens under
pressure. Another feature common to all the delafossites investigated so far is the anisotropy in the
compressibility of cell axes in the initial phase and the rapid increase in c¢/a ratio leading to structural
phase transition. Surprisingly, in spite of having good quality synchrotron based XRD data, the
structure of high pressure phase has only been reported for CuFeO;. Probably high quality single
crystal X-ray diffraction data under high pressure may be helpful to get the structure of high pressure
phase. Till now the high pressure studies are focused on copper based delafossites with rhombohedral
symmetry, however delafossites with hexagonal symmetry have not yet been investigated, and hence
systematic investigations on these compounds is required. Another area of research under high
pressure is the effect of non-hydrostatic stresses [78] on the crystal structure and band gap of these
materials which may result in synthesis of new metastable polymorph with improved properties.
Doped delafossites with reduced band gap and increased conductivity can also be investigated under
high pressure to obtain compounds with tailor made properties for specific applications.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: In this article, we review the advances that have been made on the understanding of
the high-pressure (HP) structural, vibrational, and electronic properties of wolframite-type oxides
since the first works in the early 1990s. Mainly tungstates, which are the best known wolframites,
but also tantalates and niobates, with an isomorphic ambient-pressure wolframite structure, have
been included in this review. Apart from estimating the bulk moduli of all known wolframites,
the cation-oxygen bond distances and their change with pressure have been correlated with their
compressibility. The composition variations of all wolframites have been employed to understand
their different structural phase transitions to post-wolframite structures as a response to high pressure.
The number of Raman modes and the changes in the band-gap energy have also been analyzed in
the basis of these compositional differences. The reviewed results are relevant for both fundamental
science and for the development of wolframites as scintillating detectors. The possible next research
avenues of wolframites under compression have also been evaluated.

Keywords: wolframite; high pressure; phase transitions; crystal structure; phonons; band structure

1. Introduction

Wolframite is an iron manganese tungstate mineral. The name is normally used to denote the
family of isomorphic compounds. The crystal structure of a wolframite was first solved for MgWO, by
Broch [1]in 1929 with the exception of the oxygen positions and then completely determined for NiWO,
by Keeling [2] in 1957. The structure of wolframite, monoclinic with space group P2/c, is adopted
by all tungstates AWO, with the divalent cation A with an ionic radius in octahedral coordination
r4 < 0.9 A. In addition, CdAWO,, both M = In and Sc niobates MNbQO, and tantalates MTaOy,, and
a metastable high-pressure (HP) and high-temperature polymorph in molybdates AMoOy [3] have
an isostructural crystal structure. Most wolframites, and in particular tungstates and molybdates
with an A%* cation with a completely empty or full outer d shell, have been extensively studied for
their applications in scintillating detectors for X-ray tomography, high-energy particle physics, and
dosimetry devices [4-6]. The reason behind this is their high light yield when hit by y-particles or
X-rays despite long scintillation times of a few ps [7]. In fact, the search for different polymorphs of the
scintillating wolframites with enhanced properties, i.e., a faster scintillating response, has motivated
the study of these materials under high pressure conditions. In addition, wolframites with transition
metals with unfilled outer d-shells are magnetic. In particular, hiibnerite MnWQO,, which shows three
different antiferromagnetic phases below 13.7 K, is a type II multiferroic material [8,9], exhibiting
ferroelectricity induced by helical magnetic ordering.

After the pioneering work of Young and Schwartz [3], dated from 1963, in which the synthesis
of different wolframite-type molybdates was reported at ~0.6 GPa and 900 °C, only two works were

Crystals 2018, 8,71; doi:10.3390/ cryst8020071 159 www.mdpi.com/journal/crystals
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published about the HP behavior of wolframites during the 1990s. A detailed structural study of
the wolframite structure of MgWO,, MnWO,, and CdWO, was performed at room temperature
by Macavei and Schultz [10] up to 9.3 GPa using single crystal X-ray diffraction (XRD). A Raman
spectroscopy study of CAWOy at up to ~40 GPa was carried out by Jayaraman et al. [11] in which
a structural phase transition of CdAWO,4 was found at 20 GPa. However, during the last decade,
the interest in the behavior of wolframites under high pressure has inspired many works that have
contributed to our understanding of their structural [12-16], vibrational [15-21], and electronic [14,22]
properties under compression.

In the following sections, we shall review first the main features of the behavior and trends of the
structure of wolframites under high pressure and the advances on the structural determination of their
HP phases. Finally, the effects of pressure on the vibrational, electronic, and optical properties shall be
presented with a special emphasis on CdWO,, whose HP phase has recently been fully solved.

2. The Wolframite Structure at High Pressure

The best description of the wolframite structure at ambient pressure was formulated by Kihlborg
and Gebert [23] in 1969, unfolding the structure of the Jahn-Teller distorted CuWO, wolframite.
The wolframite structure of an AXO4 compound at ambient conditions (Figure 1a) can be described as a
framework of oxygen atoms in approximately hexagonal close packing with the cations (A and X = W),
octahedrally coordinated and occupying half of the octahedral sites. In this structure, the octahedral
units of the same cations share edges forming alternating zig-zag chains and conferring the structure
with a layer-like AOXO configuration in the [100] direction. A particular case worth mentioning is
CuWOy, not included in the list of wolframites presented in the introduction. Although, according to
the ionic radius of Cu, it should also crystallize in the same structure as NiWO,4 and ZnWOQy, it does
it in a distorted version of the wolframite structure. In CuWWQy, as a consequence of the Jahn-Teller
effect of Cu®* in octahedral coordination [23,24], the Cu?* ion requires a distortion that is achieved by
a shear parallel to the b-axis along each copper plane. This has as a consequence a displacement of
oxygen layers, destroying the twofold symmetry and lowering the space group from P2/c to P1.

@ (b)

Figure 1. (a) General ambient-pressure wolframite-type structure of AXOy (X = W) compounds and
high-pressure (HP) structure of (b) InTaO4 and (c) CdWOj. In (a), the coordination polyhedra of the
divalent cation A (W) are shown in green (turquoise). In (b), the same color code is used for In and Ta
polyhedra, respectively. In (c), Cd (W) polyhedra are shown in green (turquoise).
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In wolframites, the monoclinic a and c unit-cell lattice parameters are similar, although the c-axis is
slightly larger than the a-axis. However, the b-axis is, in general, around 15% larger than the other axes.
The monoclinic angles are always very close to 90°. As was first shown by Macavei and Shultz [10]
in MgWO,, MnWOy, and CdWOQy, this causes the wolframite structure to suffer an anisotropic
contraction under pressure (Figure 2). For instance, in MnWOj [13], the axial compressibility (defined
asky = (—1/x) x 9x/dP) of the b-axis (kp = 3.3(1) x 1073 GPa~!) almost doubles the axis compressibility
of aand ¢ (ky =2.0(1) x 1073 GPa ! and k. = 1.6(1) x 1073 GPa~!). The same anisotropic compression
has been found in CAWO,4, MgWQ,, and other wolframites [10-14]. This fact, together with a
continuous increase in the monoclinic  angle, indicates that, under compression, the monoclinic
structure tends to distort, at least in tungstates. We shall show in the next section that this continuous
distortion causes a phase transition to a structure with a lower symmetry in most wolframite-type
tungstates. The only exception is CdWQ,, which increases its space-group symmetry at the phase
transition. In the structure of wolframite, the octahedra of different cations only share corners between
them, while octahedra of the same cation share both corners and edges. Hence, we can isolate the
AQOg and XOg polyhedral units as independent blocks in the structure. In this picture, each type of
polyhedra would respond differently to the effect of pressure. In particular, one would expect the
XOg, with high valence (6" in W or Mo, and 5* in Ta or Nb) to be much less compressible than the A
cations with 2% or 3* valences. Such an approach has often been used to study the bulk compressibility
of scheelites, a structure adopted by tungstates with A cations with a large ionic radius. However,
differently from wolframites, in scheelites, the also-isolated X cations are tetrahedrally coordinated.
Therefore, the XOy polyhedra are almost pressure-independent, and the bulk modulus is very well
predicted by the empirical equation By = N-Z/da_o?, first proposed by Hazen and Finger [25], which
assumes that the bulk modulus is proportional (N being the proportion constant) to the formal charge
of the A cation, Z, and inversely proportional to the cation-anion distance to the third power da_o°.
In the case of scheelites, this proportion constant is N = 610 [26]. The question is how such a model
would work for wolframites. In Figure 3, we show the estimated and experimentally available bulk
modulus of all known wolframites. The agreement is excellent considering N = 661 for wolframite-type
tungstates and molybdates and N = 610 for tantalates and niobates, indicating that assuming that
the XOg in wolframites is a rigid and almost pressure-incompressible unit is justified in terms of the
bulk modulus. In Section 4, we shall study how this approximation works in terms of describing the
Griineisen parameters of the Raman-active modes. The experimental bulk modulus values are shown
in Table 1. Figure 3 also shows that the bulk moduli of tantalates and niobates is around 30% larger
than the bulk modulus of tungstates. This fact, a result of a higher valence of the A cation (3" instead
of 2%), reinforces the negligible effect of pressure on the XOg polyhedra since the empirical formula is
also valid despite the valence of Ta and Nb is 5" instead of 6*.

Table 1. Experimental bulk modulus (By) of different wolframites. Results were obtained from [10]

and [12-16].
Compounds By (GPa) Reference
MgWOy4 144-160 [10,12]
MnWOy, 131-145 [10,13]
ZnWOy 145 [12]
CdWOy4 136-123 [10,14]
InTaOy4 179 [15]
InNbO4 179 [16]
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Figure 2. Pressure dependence of the unit-cell lattice parameters of MnWO,. Empty circles represent
Macavei’s and Schulz’s data [10], full circles and triangles represent data obtained by powder
X-ray diffraction, and the crosses represent data obtained by single crystal X-ray diffraction [14].
The continuous lines are fits to a third-order Birch-Murnaghan equation of state.
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Figure 3. Volume change of the bulk modulus By of all known compounds with a wolframite-type
structure. Crosses (+) represent experimental results. Circles are the estimated By considering the
WOg, M0Og, TaOg, and NbOg as rigid units and the following dependence with the A-O distances:
By = 610-Z/da_o° in the case of tantalates and niobates and By = 661-Z/da_o® in the case of tungstates
and molybdates. Different colors are used for different compounds, the same color being used for the
compound name.
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Regarding the atomic positions under compression in wolframites, while the oxygen atoms barely
change their positions, the cations tend to shift along the high symmetry b-axis [10]; the A cations
either shift down or up depending on the compound, but the W cations largely shift down along the
b-axis. For tantalates and niobates, no reliable atomic positions exist under pressure.

3. Phase Transitions

Under compression, most wolframites undergo a phase transformation to a different polymorph,
with tungstates transiting at around 20 GPa, and InTaO4 and ScNbO, doing so a few GPa below.
However, the post-wolframite phase depends on the compound. Thus, while tungstates, except
CdWOy, apparently transform to a triclinic version of wolframites, similar to that of CuWO,, with
space group P1 and a similar unit-cell, tantalates and niobates also do it but to another distorted
version of wolframite that keeps the same space group P2/c. CuWO4 and CdWO;, are the only
(pseudo)wolframites that, under pressure, increase their space-group symmetry, with CuWO,
transforming to a normal wolframite structure with space group P2/c, despite keeping the Jahn-Teller
distortion, and CdWO; introducing a screw axis in space group P2;/c and doubling the unit cell.
The solution of the HP phase of the tungstates has been approached unsuccessfully with powder
X-ray diffraction in ZnWO, and MgWOj, [12] and with single crystal X-ray diffraction in MnWOj [13].
However, based on the careful indexation of the observed reflections, the study of the systematic
extinctions of the HP phase, and the number of active Raman modes observed in the HP phase,
which we shall show in the next section, a triclinic structure is proposed as the post-wolframite
structure of normal wolframites. This proposed post-wolframite structure would be very similar to
the low-pressure phase, but would be described as being in space group P1. Unfortunately, in the
particular case of MnWOy, the single crystal, despite of a small volume collapse of only 1% in the
phase transition, dramatically deteriorates (Figure 4) with the appearance of more than two triclinic
HP domains during the phase transition coexisting with the monoclinic low-pressure phase. This fact
prevents a correct integration of the reflection intensities and therefore an accurate determination of
the atomic positions in the HP phase. Since the experiments in MnWO, were carried out using Ne as a
pressure-transmitting medium, the phase coexistence observed is likely inherent to the properties of
the sample and not caused by non-hydrostatic effects. The study of this issue deserves future efforts.
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Figure 4. Section of one single-crystal X-ray diffraction frame of MnWOy (left) showing the
existence of the reflections of two HP triclinic domains (T1, T2) along the monoclinic (M) reflections.
The corresponding projection of the reciprocal space on the (b*; c*) plane (right). Dots represent the
location of the measured reflections projected along the a*-axis. The axes of the unit cells are shown as
dashed lines. The monoclinic reflections are in black, while the triclinic reflections of the two domains
are in blue (T1) and red (T2).
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In the previous section, we mentioned that CdWO,, with Cd having an ionic radius in octahedral
coordination above 0.9 A, is just above the limit to be a wolframite at ambient pressure. This implies
that the Cd—O distances are larger than the A-O distances in the remaining wolframites and that its
bulk modulus is therefore the lowest one in the series (Figure 3). In the extreme case of MgWOy,,
the Cd-O distances are around 12% longer than the Mg-O distances and the bulk modulus of MgWO,
is 25% larger than that of CdWO,. These differences have an influence in the phase transition of
CdWO;, that emerge for instance in the Raman spectrum of the HP phase of CdWQ,, presenting
36 instead of 18 modes observed in the post-wolframite phase of normal wolframites (Section 4).
In fact, such an increase in modes relates to the doubling of the unit cell that the post-wolframite
of CAWOy presents above 20 GPa. The structure (Figure 1c) was solved with single-crystal X-ray
diffraction at 20 GPa [14]. According to Macavei and Shultz [10], the y coordinate of Cd moves fast
under pressure. In the phase transition, the a-axis of the HP unit cell remains in the [100] direction of
the low-pressure cell, increasing its length, while the new [010] and [001] directions form from the [011]
and [011] directions of the low-pressure wolframite cell, respectively. Such a transformation, which can
be described by the following transformation matrix [1 00,01 1, 01 1] implies a doubling of the unit
cell from Z = 2 in the wolframite structure to the Z = 4 of the post-wolframite of CdWOy. Such a phase
transition gives rise to the formation of a screw axis in the [010] direction of the HP phase and therefore
a space-group symmetry increase from P2/c to P2;/c. Regarding the coordination of the tungsten
and cadmium ions, it is increased to 7-fold and 6+1-fold, respectively, when the phase transition
occurs (Figure 1c). This coordination increase contrasts with the phase transition undergone by normal
wolframites, which keep the same octahedral coordination for both cations up to the highest pressure
reached according to Raman spectroscopy in the case of the other tungstates. According to powder
X-ray diffraction, a coordination increase occurs at the phase transition in tantalates and niobates as
well [15,16]. Considering that the Cd—O distances are abnormally large in the wolframite-type structure,
the coordination increase associated with the phase transition relates well with CdWOy, which has a
more compact and stable structure that differs more from the wolframite-type structure than the HP
phase of the wolframite-type tungstates that keep the cationic coordination. This coordination change
is directly related to a band-gap energy drop associated with the phase transition as we shall show in
Section 4 [14].

In the case of InTaO4 and InNbOy, both compounds undergo phase transitions at 13 and 10.8 GPa,
respectively. These are pressures around 10 GPa below the phase transition of wolframite-type
tungstates. This indicates that, when the X cation is substituted by Ta or Nb, the wolframite structure
becomes less robust, probably, as the result of the lowering of the nominal charge of the ion and
therefore weakening the X-O bond. Under high pressure, InTaO4 and InNbO,4 undergo the same phase
transition to a structure (Figure 1b) solved with powder X-ray diffraction [15,16]. Their post-wolframite
structure consists on a packing of the wolframite-type structure with the X cations increasing their
coordination from 6 to 8-fold filling the channels that the alternating AOXO zigzag chains create in the
[001] direction in the wolframite structure. This alternating pattern is kept in the HP phase but with
the A and X cations having an eight-fold coordination in the HP phase. The coordination increase in
both kind of cations and the packing increase generate a different interaction between the AOg and
XOg polyhedra that now share also edges in addition to corners between them. This implies that they
cannot longer be considered as separated blocks.

In order to conclude this section, we shall comment on the case of CuWOy, which, though it
presents a distorted triclinic version of the monoclinic wolframite structure at ambient pressure, also
transforms to the monoclinic wolframite structure above ~9 GPa [23]. As we explained in the previous
section, the low-pressure structure of CuWOQy is also formed by CuOg and WOg polyhedra arranged in
a very similar way to wolframite. However, due to the degeneracy breaking of the 3d° orbitals of Cu?*
into five electronic levels (two singlets and one doublet) as a result of the Jahn-Teller effect, two of the
six Cu-O distances are longer than the other four, thus lowering its local structure from quasi O, to
quasi Dy, symmetry. Under high pressure, the two longest Cu-O distances reduce; however, before
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quenching the Jahn-Teller distortion, the system finds an easy distortion direction, and the elongated
axes of the CuOg polyhedra shift from the [111] in the low-pressure phase to the [101] in the HP phase.
Thus, the structure transforms to a wolframite structure in space group P2/c that still accommodates
the Jahn-Teller distortion of Cu?*.

4. Raman Spectroscopy

Raman spectroscopy is a technique used to observe vibrational modes in a solid and is one
of the most informative probes for studies of material properties under HP [24]. Since the study
performed two decades ago by Fomichev et al. in ZnWO, and CAWO; [25], the Raman spectra
of wolframite-type tungstates have been extensively characterized. Studies have been carried out
for synthetic crystals [17-20] and minerals [26] and have been also performed for InTaOy4 [15]
and InNbOjy [16]; however, the characterization of the Raman-active vibrations in wolframite-type
molybdates is missing. Indeed, the Raman spectra of CoMoO,, MnMoQj, and MgMoO, have been
characterized [27-29], but for polymorphs different from wolframite.

According to group-theory analysis, a crystal structure isomorphic to wolframite has 36 vibrational
modes at the I point of the Brillouin zone: ' = 8Ag + 10Bg + 8Ay + 10By. Three of these vibrations
correspond to acoustic modes (A, + 2By) and the rest are optical modes, 18 of which are Raman
active (8Ag + 10Bg) and 15 of which are infrared active (7Ay + 8By). Typical Raman spectra, taken
from the literature [17-20] of wolframite-type tungstates are shown in Figure 5. In the figure, it can
be seen that the frequency distribution (and intensity) of the Raman-active modes is qualitatively
similar in CdAWOy, ZnWO,, MnWOy, and MgWOy. Since Raman-active vibrations correspond either
to Ag or Bg modes, polarized Raman scattering and selection rules can be combined to identify the
symmetry of modes [30,31]. The expected 18 Raman modes have been measured for CdWOy, ZnWOy,,
MnWOy, and MgWOy, and 15 modes for CoWOy, FeWOy, and NiWOy. The frequencies of the modes
are summarized in Table 2. As we commented above, the frequency distribution of modes is similar
in all tungstates, with 4 high-frequency modes, two isolated modes around 500-550 cm !, and the
remaining 12 modes at frequencies below 450 cm~! in all of the compounds.

Table 2. Raman frequencies, w (em™1), measured in different wolframite-type tungstates [17-20].
The symmetry of the different modes is given. The pressure coefficients, dw/dP (cm~'/GPa), are
included in parenthesis for those compounds that are available. The asterisks identify the internal
modes of the WOg¢ octahedron.

| MgWO, MnWO, ZnWO, CAWO, FeWO; CoWO; NiWO,

Mode =, (dw/dP) @ (dw/dP)  w (dw/dP)  w (dw/dP) w w w
By 97.4(0.69) 89 (0.73) 91.5 (0.95) 78 (0.52) 86 88 91
Ag 1559 (0.26)  129(0.02)  123.1(0.65 100 (0.69) 124 125 141
By 185.1(0.51)  160(0.22)  1458(1.20) 118 (1.02) 154 154 165
By 215.0(0.63) 166 (0.78)  1641(0.72)  134(0.82) 174 182 190
By 2667 (1.01)  177(1.03)  189.6 (0.67) 148 (1.51) 199 201
Ag 277.1(055) 206 (201) 1961 (225) 177 (0.71) 208
By 3139(1.99)  272(2.03)  267.1(1.32) 249 (2.14) 266 271 298
Ag 294.1(1.92)  258(0.30)  276.1(0.87) 229 (0.29) 298
By 384.8(4.95)  294(2.02)  313.1(1.74) 269 (1.41) 299 315
Ag 351.9(352)  327(150)  342.1(1.74) 306 (0.04) 330 332 354
By 4052 (147)  356(4.09)  3541(3.87) 352 (4.55)
Agr 4204 (159) 397 (1.69) 407 (1.65) 388 (2.33) 401 403 412
By 518.1(3.30)  512(2.86)  5145(3.18) 514 (3.86) 500 496 505
Ag 5516 (3.00)  545(239)  5455(3.00) 546 (2.32) 534 530 537
By 6839 (4.09)  674(420)  677.8(390) 688 (4.35) 653 657 663
Ag 7132(3.35)  698(3.08) 7089 (330) 707 (3.92) 692 686 688
By 808.5(3.69)  774(358)  786.1(440) 771 (4.30) 777 765 765
Ag 916.8(3.19)  885(1.63) 9069 (3.70) 897 (3.66) 878 881 887
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Figure 5. Raman spectra of CdWOy, ZnWO,, MnWOy,, and MgWOy, at ambient conditions.

The similitude among the Raman spectra of wolframite-type tungstates can be explained, as a
first approximation, by the fact that Raman modes can be classified as internal and external modes
with respect to the WOg octahedron [19]. Six internal stretching modes are expected to arise from
the WOg¢ octahedron. Four of them should have Ay symmetry and the other two Bg symmetry. Since
the W atom is heavier than any of the divalent cations in AWO, wolframites (e.g., Mg or Mn) and
W-O covalent bonds are less compressible than A-O bonds, the internal stretching modes of WO
are the four modes in the high-frequency part of the Raman spectrum (2Ag + 2Bg) plus one Ag mode
located near 550 cm ! and one Ag mode with a frequency near 400 cm 1. To facilitate identification
by the reader, the six internal modes are identified by an asterisk in Table 2. Notice that these six
modes have pressure coefficients that do not change much from one compound to the other, and are
among the largest pressure coefficients (dw/dP). These observations are consistent with the fact that
these modes are associated with internal vibrations on the WOy octahedron and with the well-known
incompressibility of it [10], explained in the previous section.

The twelve Raman modes not corresponding to internal stretching vibrations of the WO
octahedron imply either bending or motions of WOy units against the divalent atom A. These modes are
in the low-frequency region and are of particular interest because they are very sensitive to structural
symmetry changes. Most of these modes (except to B; modes) have smaller pressure coefficients
than do the internal modes. As expected, all Raman-active modes harden under compression, which
indicates that the phase transitions induced by pressure are not associated with soft-mode mechanisms.
A similar behavior has been reported for wolframite-type MnWO,-FeWO, solid-solutions [32].

Raman spectroscopy is very sensitive to pressure-driven phase transitions in wolframites. In order
to illustrate this, we show in Figure 6 a selection of Raman spectra measured in MnWOj at different
pressures. The experiments were carried out in a diamond-anvil cell using neon as a pressure medium
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to guarantee quasi-hydrostatic conditions [20]. Clear changes in the Raman spectrum are detected
at 25.7 GPa. In particular, new peaks are detected. These changes are indicative of the onset of a
structural phase transition. Above 25.7 GPa, gradual changes occur in the Raman spectrum—the
Raman modes of the low-pressure wolframite phase only beyond 35 GPa disappear—which indicates
the completion of the phase transition. In parallel, the Raman modes of the high-pressure (HP) phase
steadily gain intensity from 25.7 to 35 GPa. In Figure 6, the Raman spectra reported at 37.4 and
39.3 GPa correspond to a single post-wolframite phase. In the same figure, it can be seen that the phase
transition is reversible, the Raman spectrum collected at 0.5 GPa under decompression corresponding
to the wolframite phase. The number of Raman-active modes detected for this HP phase of MnWO,
is 18 (the same number as that for the wolframite-type phase). These modes have been assigned in
accordance with the crystal structure proposed for the HP phase [13,31]. This structure is a triclinic
distortion of wolframite, and the same number of Raman-active modes is expected; however, all of
them have Ag symmetry in the HP phase. Table 3 shows the frequencies of the Raman-active modes of
the HP phase of MnWOy and its pressure coefficients. A detailed discussion of the Raman spectrum
of the HP phase can be found elsewhere [20] and is beyond the scope of this article. Here, we will
just mention its most relevant features: (1) The modes are no longer isolated in three groups, which
suggests that vibrations cannot be explained with a model that assumes that the WOg octahedron is an
isolated unit. (2) The most intense mode is the highest frequency mode (Figure 6), which indicates that
it might be associated with a W-O stretching vibration. (3) Interestingly, this mode drops in frequency
in comparison to the highest frequency mode in the low-pressure wolframite phase. This is indicative
of an increase in W-O bond length evolving towards an effective increasing of the W-O coordination.
(4) All the modes of the HP phase harden under compression, but the pressure coefficients of the
different modes are smaller than those in the low-pressure phase, which can be explained by the
decrease in the compressibility of MnWOj.

Table 3. The Raman active modes of the HP phase of MnWOj at 34 GPa with their pressure coefficients.

Mod . dw/dP

ode w (ecm™1) (em—1 GPa—))
Ag 146 0.8
Ag 186 0.09
Ag 196 1.78
Ag 217 1.73
Ag 242 1.58
Ag 292 0.78
Ag 314 1.34
Ag 370 2.02
Ag 388 2.6
Ag 446 246
Ag 495 1.5
Ag 511 1.34
Ag 586 1.19
Ag 676 1.86
Ag 710 1.46
Ag 784 1
Ag 810 3.26
Ag 871 0.69
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Figure 6. Raman spectra of MnWQy at selected pressures. Raman modes of the wolframite phase are
identified by ticks (and labeled) in the lowest trace (3.6 GPa). At 25.7 GPa, the modes of the low- and
high-pressure phase are identified by red and green ticks, respectively. At 37.4 GPa, the ticks identify
the 18 Raman-active modes of the HP phase. Pressures (in GPa) are indicated in each Raman spectrum.
The spectrum labeled as 0.5(r) was collected at 0.5 GPa after decompression.

Phase transitions are detected by Raman spectroscopy in other AWO, tungstates from 20 to
30 GPa [17-19]. In CAWOy, ZnWOy, and MgWO, phase coexistence is found between the low- and
high-pressure phases in a pressure range of 10 GPa. The Raman spectra of the HP phase of all of the
compounds studied up to now resemble very much those of the HP phase of MnWO,. However,
there are small discrepancies that suggest that, even though the HP phase is structurally related to
wolframite, there are some differences in their HP phases. These can be clearly seen when comparing
the Raman spectra published for the HP phases of CdAWOy [18] and MnWOy [20]. In CdWOQy, the phase
transition to the post-wolframite structure leads to a doubling of the unit-cell (hence, the formula
unit increases from 2 to 4) [14], with the consequent increase in the number of Raman modes. They
have been assigned to 19 Ag + 17 Bg modes. Out of them, only 26 modes have been observed [14,18].
The frequency of these modes and the pressure coefficients are summarized in Table 4. These values
agree very well with theoretical predictions for the monoclinic HP phase of CAWOy [18]. The larger
number of modes observed in the HP phase of CdWOy in comparison with MnWOj clearly indicates
that the crystal structures of the two compounds are different. In spite of this fact, in the post-wolframite
phase of CdWOy, there is a substantial drop in the frequency of the highest frequency mode (the most
intense one), as observed in MnWOQ, [20]. In the case of CdWOQy, a clear correlation can be established
between the frequency drop in this W-O stretching mode and the increase in the tungsten—oxygen
coordination number [13]. Regarding the pressure dependence of the Raman modes in post-wolframite
CdAWOy, in Table 4, it can be seen that, as in MnWOy, in the HP of CdWOy phase the vibrational modes
are less affected by compression. In the HP phase of CdAWOQy, there are two modes with negative
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pressure coefficients. The existence of modes with negative pressure slopes might be an indication of
structural instability like that observed in related scheelite-type tungstates [33].

Table 4. The Raman-active modes of the HP phase of CdWOy at 26.9 GPa with their pressure coefficients.
Twenty-six out of the 36 modes expected were measured.

Mode w (em™1) dw/dP (em~1 GPa—1)
Ag 69 196
By 88 194
Ag 99 0.09
By 130 038
Ag 146 135
Aq 155 0.97
Bg 165 0.19
Ag 185 1.26
Bg 209 1.26
Ag 243 ~0.06
By 279 253
Ag 290 0.99
Bg 315 3.00
B, 378 165
Ag 401 2.31
Aq 428 3.03
By 475 251
Ag 486 271
Bg 512 2.33
Bg 590 2.62
Ag 673 ~0.82
Ag 688 281
By 710 1.60
Ag 766 212
Aq 824 223
Aq 864 2.04

To conclude the discussion on tungstates, we would like to state that, in ZnWO, and
MgWOy [7,19], fewer than 18 Raman modes have been found for the HP phase. The frequency
distribution of Raman modes more closely resembles that of MnWO, than that of CdWO,. However,
no definitive conclusion can be stated on the structure of the HP phase of ZnWO, or MgWO, only
from Raman spectroscopy measurements. Indeed, the accurate assignment of the modes of the HP
phases of ZnWO, and MgWOj, requires HP single-crystal experiments similar to those already carried
out with MnWO, and CAWOQOy [13,14].

HP Raman studies have been also carried out for wolframite-type InTaO4 and InNbOj [15,16].
In both compounds, the Raman spectrum and its pressure evolution resemble those for the tungstates
described above. Again, in the low-pressure phase, the modes that change more under compression
are the highest frequency modes, which correspond to internal stretching vibrations of the TaO4 or
NbOg octahedron. In these compounds, the phase transition occurs around 15 GPa. At the transition,
there is a redistribution of high-frequency modes (which seems to be a fingerprint of a transition to
post-wolframite), which involves a drop in frequency in the highest frequency mode and other changes
consistent with coordination changes determined by XRD experiments [15,16].

5. Electronic Structure and Band Gap

The knowledge of the electronic band structure of wolframite-type compounds is important
for the development of the technological applications of these materials. The study of the pressure
effects in the band gap has been proven to be an efficient tool for testing the electronic band structure
of materials. The first efforts to accurately determine the band structure of wolframites were made
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by Abraham et al. [34]. These authors focused on CdWQ,, comparing it with the better known
scheelite-type CdMoOy. By means of density-functional theory calculations, they found that the
lowermost conduction bands of CdWOy are controlled by the crystal-field-splitting of the 5d bands
of tungsten (slightly hybridized with O 2p states). On the other hand, the upper part of the valence
band is mainly constituted by O 2p states (slightly hybridized with W 5d states). As a consequence,
ZnWO,, CdWOy, and MgWO, have very similar band-gap energy E,. Accurate values of Eg have been
determined by means of optical-absorption measurements, E, being equal to 3.98, 4.02, and 4.06 eV
in ZnWOy, CAWOy,, and MgWOy, respectively [22]. On the contrary, MnWQy is known to have a
considerably smaller band gap, Eg = 2.37 eV [22]. This distinctive behavior is the consequence of the
contribution of the Mn 3d° orbitals to the states near the Fermi energy. Basically, Mg (3s%), Zn (3d'?), or
Cd (44'%) have filled electronic shells and therefore do not contribute either to the top of the valence
band or the bottom of the conduction band. However, in MnWOy, Mn (3d°) contributes to the top of
the valence band and the bottom of the conduction band, reducing the band-gap energy in comparison
to ZnWO,, CAWO,, and MgWO,. A similar behavior to that of MnWOj is expected for NiWOy,
CoWOy, and FeWOy due to the presence of Ni 348, Co 3d”, and Fe 3d° states. Therefore, among the
wide dispersion of values reported for NiWO, (2.28 eV < Eg < 4.5 eV) [35], those in the lowest limit
appear to be the most realistic values. Notice that the above conclusions are in agreement with the fact
that CuWOy, a distorted wolframite, in which Cu 34° states contribute to the top of the conduction
band, has a band-gap energy of 2.3 eV [36]. Another relevant difference between the band structure
of the first and second group of compounds is that it necessarily implies that ZnWO,, CdWOy, and
MgWOy, are direct band gap materials, but the other wolframites are indirect band-gap materials [22].

An analogous behavior to that of the wolframite-tungstates is expected for isomorphic
molybdates. In this case, the states near the Fermi level will be basically dominated by MoO,2~ [37],
so wolframite-type molybdates should have slightly smaller E¢ than the tungsten-containing
counterpart [38]. Unfortunately, less efforts have been dedicated to molybdates than to tungstates.
However, the above stated hypothesis has been confirmed in the case of wolframite-type ZnMoO,,
which has Eg = 3.22 eV [39]. A similar value is expected for MgMoOQy, ruling out estimations that range
from 4.5 to 5.5 eV [40]. On the other hand, the band-gap energy of 2.2 eV determined for NiMoOy [41]
is fully consistent with the conclusions extracted from MnWO;. In this case, the Ni 3d® states will be
responsible of the reduction of its Eg in comparison with ZnMoO,.

InTaO4 and InNbOy are promising materials for photocatalytic water splitting applications [42].
Both materials have been found to be indirect band-gap semiconductors, with Eg = 3.79 eV in
InTaOy [16]. In this compound, the O 2p states, with a small amount of mixing of the In 44 states,
dominate the upper part of the valence band, and Ta 5d states and In 5s dominate the lower conduction
bands. An analogous situation is expected for InNbOy, with the only difference being that Nb 4d
contributes to the bottom of the conduction band and the Ta 5d states do not. This fact makes Eg
slightly smaller in InNbOy (nearly 3.4 eV) than in InTaOy [43]. An explanation for this phenomenon
comes from the larger Pauling’s electronegativity of Nb (1.6) in comparison with Ta (1.5) [44]. Within a
basic tight-binding approach, E is proportional to the overlap integral between the wave functions of
atoms. Since Ta has a smaller Pauling’s electronegativity than Nb, in a tantalate, the electron transfer
from Ta to neighboring oxygen atoms is expected to be larger than the electron transfer from Nb to the
neighboring oxygen atoms in a niobate. Therefore, the superposition of wave functions of Ta and O is
larger than that of Nb and O, resulting in a larger Eg in InTaOy than in InNbOy. The same argument
can be used to justify the fact that, systematically, molybdates have a smaller E, than tungstates, which
has been stated in the previous paragraph.

We shall discuss now the influence of pressure on the band structure of wolframites. We will
first focus on wolframite-type tungstates. The pressure dependence of E¢ has been determined
from optical-absorption experiments up to 10 GPa for CAWO,4, MgWO,4, MnWOy, and ZnWO, [22].
The experiments were carried out on single-crystal samples, under quasi-hydrostatic conditions up
to a maximum pressure which is far away from the transition pressure. The obtained results are
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summarized in Figure 7. There it can be seen that MnWOj, has a very distinctive behavior. For MgWOQy,,
ZnWO,, and CdWOy, the pressure dependence of Eg can be represented by a linear function with
a positive slope close to dE;/dP = 13 meV/GPa [22]. However, a different pressure dependence is
followed by MnWOy, in which E, redshifts at —22 meV/GPa [22]. An explanation to the different
behavior of Eg in MnWO, comes from the contribution of Mn 3° states to the bottom of the conduction
band. Whereas for MgWOy, ZnWO,, and CAWOy,, under compression the bottom of the conduction
band goes up in energy, the contribution of Mn states makes it to go down [22]. On the other hand,
for the four compounds, the top of the valence band keeps the same energy. This is translated into an
increase in Eg for MgWO,, ZnWOy, and CdWOy and a decrease in Eq for MnWO,. The same behavior
in MnWOy has been reported for triclinic wolframite-related CuWOj [35] and can be predicted for
CoWOQy, FeWQy, and NiWOy.

42 @

E, (V)

E, (eV)

Pressure (GPa)

Figure 7. Pressure dependence of the band-gap energy in (a) wolframite-type MgWOQOy,, ZnWOy,,
CdWOy, and (b) MnWOy.

The same arguments used to explain the HP behavior of the band-gap in wolframites are
useful for understanding the related scheelite-type and monazite-type oxides [45]. An example
of it are scheelite-type CaMoOy4 (CaWOy) and PbMoOy (PbWO;) [46,47]. Another example of it is
monazite-type SrCrO4 and PbCrOy [48,49]. In all these compounds, the Pb-containing compounds
have a smaller E; than their isomorphic compounds. This is due to the contribution of Pb 6s (6p) states
to the top (bottom) of the valence (conduction) band. In addition, the Pb states make the band gap to
close under compression. As a consequence, dE¢/dP is negative in the Pb containing compounds, but
has the opposite sign in the other compounds.

Studies beyond the pressure range of stability have been carried out for CdWOy [14]. In this
compound optical-absorption studies under quasi-hydrostatic conditions have been performed up
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to 23 GPa. The pressure dependence determined of E; is shown in Figure 8. As described above,
in the first compression steps, E, increases with pressure. However, at 16.9 GPa, the behavior of Eg
changes, moving to lower energies under compression up to 19.5 GPa. This change is caused by a band
crossing of the direct and indirect band gaps [14], this result being consistent with Raman and XRD
measurements. Beyond 19.5 GPa, a drastic color change occurs in the sample as the result of a sharp
band gap reduction to ~3.5 eV [14]. The changes are triggered by the onset of the structural phase
transition described in a previous section. In the HP phase of CAWOy E, decreases with pressure.
Regarding the slope change observed at 16.9 GPa, it is a consequence of a direct to indirect band-gap
transition caused by the modification of the electronic band structure under compression [14,50]. Such
band crossing has also been observed in other wolframites, such as InTaOy [15]. This phenomenon
should influence not only the band gap but also other band-structure parameters, such as the effective
masses, having a strong influence in transport properties [51], an issue that deserves to be explored in
the future.
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Figure 8. Pressure dependence of the band-gap energy for the low- and high-pressure phases
of CAWOy.

Let us discuss now the case of InTaOy. In this compound, E¢ has been experimentally determined
up to 23 GPa [15]. Calculations have been also carried out [15]. The results are shown in Figure 9.
Calculations underestimate the value of Eg, which is typical of density-functional theory; however,
they nicely reproduce the pressure dependence of E. In the figure, it can be seen that, when pressure
is increased, there is a blueshift of E; with a change of the dE¢/dP around 5 GPa. As in CdWOy, this
singularity occurs due to a band crossing [15], which in the case of InTaOy is triggered by changes
induced in the top of the valence band by pressure. In particular, at around 5 GPa, the maximum
of the valence band changes from the Y point of the Brillouin zone to the Z point. On the other
hand, when increasing the pressure beyond 13 GPa, InTaO, changes from colorless to yellow [15].
The change in color is correlated to a band-gap collapse and is associated with a structural phase
transition found by Raman and XRD experiments [15]. The HP phase has been found to have a direct
band gap (the low-pressure wolframite has an indirect gap). In contrast with the low-pressure phase,
in the HP phase E¢ redshifts with pressure. This is a consequence of the fact that, under compression,
the valence band shifts slightly faster towards high energies than the conduction band.
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Figure 9. (left) Pressure dependence of Eg in the low-pressure phase of InTaOy4. The change in the
pressure dependence caused by the band-crossing induced by pressure is indicated with arrows.
(right) Pressure dependence of Eg in the low- and high-pressure phases of InTaO4. The band-gap
collapse associated with the transition is indicated (Eg = 1.3 eV). In both figures, symbols correspond to
experiments and lines to calculations.

To close this section, we would like to comment on the possible pressure-induced metallization of
wolframites. It has been suggested, based upon resistivity measurements, that ternary oxides related
to wolframite might metallize through band overlapping at relative low pressures (12-30 GPa) [52,53].
So far, no evidence of metallization has been detected for all the studied wolframites, either in the
pressure range of stability of the low-pressure phase or in the post-wolframite phases up to the
maximum pressure achieved in experiments (45 GPa in ZnWO, and CdWOy) [17,18]. In particular,
the sample darkening associated with a semiconductor-metal transition has never been detected in any
wolframite under compression. In addition, density-functional theory calculations also exclude the
possibility of metallization in the wolframite and post-wolframite phases [14,15]. One of the reasons
preventing metallization is the robustness of the WOg (MOg, NbOg, and TaOg) octahedron, which is
a less compressible polyhedral unit within the crystal structure. As a consequence, the application
of high pressures is not enough to increase the overlap between the electronic wave-functions of
transition metals (W, Mo, Nb, and Ta) and oxygen atoms to broaden the electronic bands and
create the eventual delocalization of the electrons requested for metallization [54]. The fact that
in distorted wolframite CuWWO, a HP phase transition takes place without any significant reduction
of the Jahn-Teller distortion [55] suggests that this compound is the best candidate for metallization
driven by band overlap under compression.
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6. Concluding Remarks

In the sections presented above, we have described the recent advances made on the understanding of
the structural, vibrational, and electronic properties of wolframites under compression. The discussion
has mainly been based on experimental results; however, ab initio calculations have been crucial for
the interpretation of experiments [12-16]. Between the recent advances, the one that has likely had
more influence in the field has been the structural solution of the different post-wolframite structures.
The precise knowledge of the pressure structural stability of different wolframites and their HP
structures has opened two new avenues to explore: (i) the study of the scintillating properties of the HP
polymorphs by means of HP photoluminescence studies; (ii) the changes produced by this structural
change on the magnetic properties of those wolframites with an open d outer shell like multiferroic
MnWOy; and (iii) the behavior under compression of wolframite alloys like MnW;.,Mo,O4 [56];
in particular, CdW;_.«MoxO4 whose end-members have either the wolframite or scheelite structure.
For these biphasic alloy systems, their HP behavior is unpredictable [57].

In recent years, some works have appeared to deal with the pressure—temperature magnetic phase
diagram of pure [9,58] or cobalt alloyed [59] MnWOj,. Those works have found that pressure is able to
disrupt the fine equilibrium of the frustrated antiferromagnetic phase of MnWO, (AF1) but enhance the
Néel temperature of the AF3 and AF4 magnetic phases of pure or lowly Co-doped MnWQO, and highly
Co-doped MnWOQy, respectively. Considering the direct effect that pressure has on the spin structure
that is even able to cause a spin—flop transition for highly Co-doped MnWOy [59], one can expect a
new and fascinating phase diagram in the HP phase of MnWQO,, where distortions are expected to be
higher due to the lowering of symmetry from space group P2/c to P1. So far, the only study done in
this direction has been done with CuWOy,; according to calculations in that study, the structural phase
transition from P2/¢ to P1 also involves an antiferromagnetic to ferromagnetic order [60].

In summary, though some fundamental questions still remain to be completely solved, such as the
crystallization of CdWOj, in wolframite structures in spite of the size of Cd or the atomic coordinates
of the post-wolframite phase of MnWQy, this brief review shows (i) the great advances that have been
done with respect to this family of compounds since the pioneering works of Macavei and Shultz [10]
and Jayaraman et al. [11] and (ii) the avenues that have yet to be explored.
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Abstract: Self-assembly of chromophores nanoconfined in porous materials such as zeolite L has
led to technologically relevant host-guest systems exploited in solar energy harvesting, photonics,
nanodiagnostics and information technology. The response of these hybrid materials to compression,
which would be crucial to enhance their application range, has never been explored to date. By a
joint high-pressure in situ synchrotron X-ray powder diffraction and ab initio molecular dynamics
approach, herein we unravel the high-pressure behaviour of hybrid composites of zeolite L with
fluorenone dye. High-pressure experiments were performed up to 6 GPa using non-penetrating
pressure transmitting media to study the effect of dye loading on the structural properties of the
materials under compression. Computational modelling provided molecular-level insight on the
response to compression of the confined dye assemblies, evidencing a pressure-induced strengthening
of the interaction between the fluorenone carbonyl group and zeolite L potassium cations. Our results
reveal an impressive stability of the fluorenone-zeolite L composites at GPa pressures. The remarkable
resilience of the supramolecular organization of dye molecules hyperconfined in zeolite L channels
may open the way to the realization of optical devices able to maintain their functionality under
extreme conditions.

Keywords: high-pressure chemistry; nanomaterials; supramolecular chemistry; self-assembly;
X-ray diffraction; zeolites; density functional calculations; ab initio molecular dynamics; structural
refinements; artificial antenna systems; organic-inorganic hybrid materials

1. Introduction

Zeolites are crystalline natural or synthetic porous materials consisting of corner-sharing
tetrahedral units, characterized by a regular arrangement of cages and channels of molecular size [1,2].
The nanometric-scale geometry of zeolite pore systems allows the intensive use of zeolites in several
fields such as in molecular separation processes and in heterogeneous catalysis [3,4].
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Besides being instrumental in traditional applications, the ordered arrangements of zeolitic cages
has long been recognized as a route to create advanced materials based on confined, organized
nanostructures, such as luminescent metal clusters [5-8], quantum dots/wires [9] or lanthanides [10].
Turning to more complex guests, the incorporation of fluorescent molecules in zeolite cages generally
enhances their emission properties [11-13] because it allows to obtain high concentrations of
chromophores while limiting the formation of aggregates (which negatively affect the emission
intensity) [14]. Incorporated dyes exhibit a preferential orientation of the electronic transition
dipole moments, which endows -dye-zeolite host-guest compounds with exceptional energy transfer
properties, similar to antenna systems in natural photosynthetic organisms [11,15-25].

Zeolite L (Figure 1) features a unique one-dimensional 12-membered (12 MR) channel system
running along the [001] direction. One of the greatest advantages of zeolite L is that high-quality
crystals with a desired aspect ratio can be easily synthesized [26,27]. Also importantly, their surfaces can
be modified selectively by the attachment of molecules carrying a specific chemical functionality [28,29],
thus allowing zeolite L crystals to be sealed (to avoid leakage of dye molecules) [30-32], or interfaced to
molecules [33], nanoparticles [34,35], living cells [36,37] and rigid supports [38]. Based on these features,
zeolite L has been fully exploited as matrix for dye encapsulation and the molecules organization
has been hierarchically enhanced up to the macroscopic scale, resulting into functional materials
with remarkable electro-optical and energy-transfer performances, already exploited in devices [39].
Composites based on zeolite L as host matrix have reached an advanced stage of development [40]
and are presently used as effect pigments [41], in solar energy harvesting [11], or in biomedical
technology [42,43].

Figure 1. Zeolite L and its one-dimensional nanochannels. Left panel: View along the channel axis
(parallel to [001]) highlighting the larger channel, delimited by a 12-membered ring (12 MR) and
surrounded by smaller 8 MR channels. The tetrahedral atoms of the framework (T = Si, Al) are
represented by small balls, O atoms by big balls. Colour codes: T1 = yellow, T2 = blue, O1 = blue
(big), O2 = red, O3 = grey, O4 = orange, O5 = yellow (big), O6 = green; Right panel: Half-section of the
12 MR channel, viewed perpendicular to the 12 MR channel axis. T-atoms (Si, Al) are represented by
grey tetrahedra, O atoms by big balls, with same colour codes as in the left panel. The coloured lines
are a guide to the eye drawn to represent the different rings in the cage and to evidence the channel
curvature under a perspective view.
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Such ongoing progress in applications has been accompanied, in the latest years, by a deeper
molecular-level understanding of the confined photoactive assemblies, which has been achieved
through computational modelling [44-50], often combined with multi-technique experimental
analyses [45,50-57]. The key role of water in tuning the organization of the confined chromophores
has been revealed [45,46,58], as well as the stabilizing effect of potassium cations in composites with
carbonyl dyes [44,57,59].

The high-pressure behaviour of zeolites has been intensively studied in the last 15 years, as
documented in various reviews [50,60-66], both with pore penetrating and non-penetrating pressure
transmitting media (PTM). One reason for this interest is that high pressures, combined with the
confining environments of nanometric pores, may reveal unexpected chemical phenomena (e.g.,
pressure-induced hydration [67-82], ionic conductivity [83], guest exchange [84-88], or realization of
new materials otherwise unattainable [89-97]). With this paper we would like to answer the question:
how do confined supramolecular assemblies of water and chromophores respond to compression?

In this paper, it is reported the study of the high-pressure evolution of zeolite-dye hybrids.
Specifically, we selected the zeolite L (ZL)-fluorenone (FL) hybrid (ZL/FL from now on), subject of
previous investigations performed by our group [56]. We are interested in exploring whether the
compression could favour a more ordered distribution of the dye molecules in the zeolite L channels
and if this process leads to an improvement of the optical properties of the hybrid material. In fact,
it has been shown that the properties of dye-zeolite systems depend on the molecular orientation,
arrangement and packing inside the channel [14,15,20,44-46,56,58], which control the guest-guest and
host-guest interactions. To unravel and understand at molecular level the compression behaviour
of the inclusion composites we adopted an integrated experimental-theoretical approach, based on
the use of high pressure (HP) in situ synchrotron X-ray powder diffraction (XRPD) and ab initio
molecular dynamics [98] simulations, which already captured a nice example of pressure-induced
supramolecular organization in zeolites [97]. Herein, high-pressure experiments were performed up to
6 GPa using non-penetrating pressure transmitting media on samples characterized by three different
contents of fluorenone molecules per unit cell, in order to verify how the dye loading influences the
structural properties of the hybrid material under compression.

2. Materials and Methods

2.1. Zeolite Dye Hybrids: Structural Details at Ambient Conditions

The LTL framework [1] is built from columns of cancrinite cages stacked with double six
membered rings (D6R) along the ¢ axis. These columns are connected to form larger circular
12-ring (12 MR) channels and smaller elliptical 8-ring (8 MR) channels both running along the c axis
(8 MR _L [001], channel || [001]). The main channels—with dimensions ranging from of 7.1 to 12 A—are
connected to the parallel 8 MR channels by a non-planar boat shaped 8 MR (8 MR | [001]). In the
as-synthesized K-LTL [56,99] [Kg 46(Alg 35-Si27.53)O72:17.91H;0, 5.g. P6/mmm, a = 18.3795, ¢ = 7.5281],
three positions of K cations were located: site KB in cancrinite cage, site KC in the 8 MR and site KD in
the main 12 MR channel.

The ZL/FL composites here investigated are those synthesized and previously characterized at
ambient pressure (P,np,) by Gigli et al. [56]. Specifically, three hybrids at different fluorenone loadings
were investigated, containing 0.5, 1 and 1.5 molecules of colorant per unit cell (from now on ZL/0.5FL,
ZL/1FL, ZL/1.5FL).

In the structures of ZL/0.5FL and ZL/1FL at P, [56] the fluorenone molecules are sited in the
12 MR on the mirror planes parallel to the ¢ axis, statistically occupying only one of the six equivalent
positions (Figure 2a,b). The oxygen of the carbonyl group of the FL molecule is strongly interacting
with potassium atoms KD located along the walls of the main channel. Along with the dye, water
molecules were also located in the 12 MR channel: specifically, 14.7 molecules/u.c. in the ZL/0.5FL
composite and 9.7 molecules/u.c. in the ZL/1FL one. The structure of ZL/1.5FL resulted to be too
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complex to be unravelled by structural refinement (i.e., due to high symmetry constrains imposed and
to the low electronic density of the atoms), thus a theoretical approach was used. Density functional
calculations were indeed able to provide a reliable structural model of the packing of fluorenone
inside the composite at room pressure conditions: more specifically, the supramolecular organization
of the confined dyes consisted of pairs of molecules—positioned roughly on top of each other, with
their long axes nearly parallel to the channel axis—alternated by a dye molecule oriented at about
45° with respect to the zeolite channel axis (Figure 3) [56]. Moreover, calculations evidenced that
such a peculiar arrangement—originally called “dye-nanoladder”—was due not only to the structural
constraints imposed by the ZL-nanochannel geometry but also to a complex network of intermolecular
interactions, among which the dominant one was the coordination of the carbonyl oxygen to the K*
extra framework cations (KD)).

Figure 2. Arrangement of FL and water molecules in the 12 MR channel along [001] and along [010]
directions in ZL/0.5FL (a) and ZL/1.0FL (b) at Py [56].
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Figure 3. Structure of the hydrated ZL/1.5FL model at P,;,—(side view of the 12 MR channel
I [001] axis [56]). Tetrahedral atoms (T = Si, Al) of the zeolite L framework are represented as grey
stick-and-ball. K* = purple spheres. Water and fluorenone atoms are depicted in van der Waals
representation (cyan = C, red = O, white = H) to highlight the close-packing arrangement of guest
species inside the zeolite L nanochannel.

2.2. Synchrotron X-ray Powder Diffraction Experiments

All the samples were studied with silicon oil (s.0.) as non-penetrating PTM. The in-situ HP
XRPD experiments were performed at the SNBL1 (BM01a) beamline at ESRF (European Synchrotron
Radiation Facility) with fixed wavelength of 0.72 A, using a modified Merril-Basset Diamond Anvil
Cell (DAC) [100,101]. The pressure was measured using the ruby fluorescence method on the
non-linear hydrostatic pressure scale [102]. The estimated error in the pressure values is 0.05 GPa.
Bidimensional diffraction patterns were recorded on a PILATUS2M-Series detector (commercialised
by Dectris-Switzerland, Baden-Dattwil, Switzerland) (pixel dimension 172 pm) at a fixed distance of
195 mm from the sample; the exposure times were 300 s for each collected pattern. One dimensional
diffraction patterns were obtained in the 20 range 0°—43° by integrating the two dimensional images
with the program Fit2D [103]. Some patterns were collected upon pressure release (labelled (rev) in
Tables and Figures). Unit cell parameters determination through Rietveld refinements was possible
for all the ramps (Table S1). The Rietveld structural refinements were performed on the ZL/0.5FL,
ZL/1FL composites at 2.09 and 2.01 GPa, respectively (from now on will be both labelled 2 GPa (i.e.,
the highest pressures at which the quality of the diffraction patterns allowed the structural refinement)
and upon complete decompression (P, (rev)). All the structural refinements were carried out in
the space group P6/mmm starting from the atomic coordinates reported by Gigli et al. [56], using the
GSAS package [104] with EXPGUTI interface [105]. The background curves were fitted by a Chebyschev
polynomial function with 24 coefficients for all the samples. The pseudo-Voight profile function
proposed by Thomson et al. [106] was used with refined Gaussian (GW) e Lorentzian (LX) terms and
a 0.1% cut-off was applied to the peak intensities. The scale factor and 20 zero shift were accurately
refined in all patterns of the data set. Soft constraints were imposed on tetrahedral bond lengths
(Si-O =1.63 A) as well as on the C—C (in the range 1.39-1.48 A) and C—-0O (1.19 10%) distances, with
tolerance values of 0.03 A. The isotropic displacement parameters were constrained in the following
way: the same value for all tetrahedral cations, a second value for all framework oxygen atoms and a
third value for water molecules. For both the ZL/FL systems, isotropic displacement parameters for
FL atoms were kept equal to P,, values. Occupancy factor for FL were not varied and kept equal
to Py, values for all the refinement [56] and a fourth for the oxygen atoms of the water molecules.
Details of the structural refinements are reported in Table 1. Atomic coordinates, site occupancies and
isotropic displacement parameters are reported in Table S2 while interatomic distances in Table S3.

2.3. Theoretical Modelling

The behaviour of the ZL/1.5FL sample was simulated both at ambient conditions and at compression
corresponding to 1.95 GPa in s.o0. adopting the experimental cell parameters. The simulation cell consisted
of two crystallographic cells along the 12 MR channel (c axis). The corresponding stoichiometry of the
simulated system is K1g[Al;gSi54O144]13-(H2O) 3-FL, as determined in [56]. The systems were simulated,
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at room temperature, via first-principles molecular dynamics [98]. The PBE approximation to Density
Functional Theory was adopted for the electron-electron interactions and augmented with dispersion
corrections via the Grimme D2 approach [107] for the FL-FL interactions. Pseudopotentials and basis
set expansion were the same adopted in [56]. Such a computational approach has demonstrated
to provide a satisfactory description of diverse systems involving adsorbate-surfaces [108-122] or
host-guest interactions [123-134] including also processes at zeolite interfaces [32,59] and high pressure
conditions [97,135-140].

Equations of motion were integrated with the Car Parrinello Lagrangean [98,141] adopting a time
step of 0.121 fs. The starting configuration for the P,,, simulation corresponded to the minimum
energy structure determined in [56]. An equilibration trajectory of 5 ps was followed by 12 ps of
production run. The final configuration obtained at P}, conditions was used as starting configuration
for the 1.95 GPa compression simulation. Also in this case, data were gathered from a 12 ps trajectory
after a 5 ps equilibration run. In all cases, temperature was controlled via Nose-Hoover thermostats
set at 300 K. In all the simulations, performed with the CPMD code [142], no constraints was imposed
to the systems except for the experimentally determined cell parameters.

3. Results

3.1. Structure of the ZL-FL Composites at Different Pressure Conditions

Figure 4 shows selected powder patterns of the three ZL-FL composites compressed in s.o. as
a function of pressure. With increasing pressure the peak intensities decrease and the peak profiles
become broader. Notwithstanding this, complete X-ray amorphization is not achieved up to the highest
investigated pressure (about 6 GPa). All the observed peaks are consistent with the P/6mmm s.g., thus
ruling out any P-induced phase transition. The patterns collected upon decompression demonstrate
that the P-induced effects are almost completely reversible. In fact, the features of the ambient-pressure
pattern (P,p,p) and the unit cell parameters are rather well recovered upon P release. The decrease
of the cell parameters for ZL/0.5FL, ZL/1FL, ZL/1.5FL samples up to 6 GPa are: Aa = —3%, —2.7%,
—2.3%; Ac = —4.6%, —4.4%, —3.7% accounting for a AV = —10.1%, —9.5% and —8.0%, respectively
(See Figure 5 and Table S1). These values indicate that the compressibility changes with the loading
and that the FL molecules hosted in the channels stiffen the structure.

The hexagonal lattice undergoes a slight anisotropic compression (Figure 5), with c as the most
compressible axis. This is probably due to the presence of bonds among the FL carbonyl groups and
KD potassium cations, lying along the a direction, that stiffen the structure.

m

Figure 4. Selected integrated powder patterns (in the 26 range 3°-12°) of ZL/0.5FL (a), ZL/1FL (b)
and ZL/1.5FL (c) compressed in s.0., reported as a function of pressure. The powder patterns at the top
(Pamb (rev)) is collected upon pressure release.
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Figure 5. Variations of normalized lattice parameters as a function of pressure for: (a) ZL/0.5FL;
(b) ZL/1FL; (c) ZL/1.5FL. The errors associated with the cell parameters are smaller than the symbols
used. The full black symbols are associated to decompression ramp.

Table 1. Experimental and structural parameters for selected XRPD refinements performed on the
ZL/0.5FL and ZL/1FL composites compressed in silicon oil (s.0.) at 2 GPa and upon decompression
(Pamb (rev)). ! From Ref. [56].

ZL/0.5FL
P (GPa) Pop ! 2 GPa Pomp (rev)
Space group P6/mmm P6/mmm P6/mmm
a (A) 18.3860 (4) 18.1788 (9) 18.4349 (8)
c (A) 7.5228 (2) 7.3866 (4) 7.5498 (6)
V (A) 2202.4 (1) 2114.0 (2) 2222.0 (2)
R F**2 (%) 7.3 123 11.2
No. variables 73 82 82
No. obs. 1319 2474 2474
No. refl. 944 618 618
ZL/1FL
P (GPa) Pomp ! 2 GPa P, (rev)
Space group P6/mmm P6/mmm P6/mmm
a(A) 18.3940 (6) 18.250 (1) 18.3962 (8)
c (A) 7.5203 (3) 7.4063 (5) 7.5189 (4)
V (A) 2203.5 (1) 2136.3 (2) 2203.6 (2)
R F**2 (%) 7.8 11.9 13.7
No. variables 81 83 83
No. obs. 1319 2422 2404
No. refl. 946 679 639
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Framework Modifications

(i)

(i)

(iif)

(iv)

The framework P-induced deformations can be summarized as follows (see Table 2 and Figure 6):

In the ZL/0.5FL at 2 GPa, both the diameters (O1-O1 and O2-02) of the 12 MR shorten.
The shortening of the 12 MR O1-O1 diameter is reflected in the lengthening of the O1-O1
diameter of 8 MR channel (|| [001]), which becomes more elliptical. Upon pressure release,
the original values of the 12 MR diameters are almost regained (remaining slightly smaller than
those observed at P,;,), while the 8 MR ones are strongly lengthened with respect to the original
values, in accordance with the increase of a parameter (see Table 1 and Table S1).

In the ZL/1FL sample, O2-O2 (12 MR) diameter decreases with pressure while O1-O1
increases—probably due to the presence of a larger numbers of FL molecules in the channels
with respect to the ZL/0.5FL system. The O1-O1 (12 MR) increase is balanced by the decrease
of O1-0O1 diameter of the 8 MR channel running alongside (|| [001]): as a consequence, 8 MR
becomes less elliptical. Upon pressure release, the 12 MR opening remains slightly smaller than
that observed at P,,,,. The significant enlargement of the 8 MR leads to an overall value for a
parameter comparable with that at Pjpy,.

The 8 MR window (8 MR || [001]) (O1-O1, O6-06), parallel to the c axis, becomes more circular at
2 GPa in both the samples. Once the pressure is released the starting values are regained.

The O3-05-0O3 and O5-0O3-O5 angle variations indicate that the D6R slightly increases
its ditrigonal distortion in both samples. Upon pressure release the P,y features are
almost recovered.

Table 2. Experimental framework distances obtained from the refinements performed on the ZL/0.5FL
and ZL/1.0FL composites at P, (from Ref. [56]), at 2 GPa and upon decompression (P (rev)).
1 From ref. [56].

ZL/0.5FL ZL/1FL
Pamp ! 2 GPa Pamp (rev) Pop ! 2 GPa Pamp (rev)
12 MR 12 MR
01-01 10.10 9.76 9.95 10.14 10.30 10.00
02-02 10.52 10.43 10.56 10.46 10.12 10.45
8 MR _L [001] 8 MR _L [001]
01-01 8.29 8.41 8.48 8.26 7.95 8.39
05-05 4.63 4.54 4.75 4.60 4.70 5.22
*E 1.79 1.85 1.78 1.79 1.69 1.61
8 MR | [001] 8 MR || [001]
01-01 7.52 7.39 7.54 7.52 7.41 7.51
06-06 4.66 4.45 4.63 4.68 4.42 4.60
D6R D6R
05-03-05 147.67 151.82 145.63 149.18 152.6 143.00
03-05-03 91.68 86.51 93.23 90.09 87.7 95.97
12 MR maximum diameter
06-06 15.60 15.44 15.69 15.67 15.67 15.91

* E = (Ellipticity) is the ratio between the largest and the smallest O-O diameters.
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o i o

Figure 6. Arrangement of FL and water molecules in the 12 MR channel along [001] and along [010]
directions in the ZL/0.5FL and ZL/1.0FL composites (a,b) at 2 GPa, as obtained by Rietveld refinements.

Extra Framework Species

The distribution of the K cations in both composites at P,,, can be described as follows (see
Table S2 and S3):

(i)  site KB—in the centre of the cancrinite cage—is fully occupied and coordinated to six framework
oxygen atoms O3;

(i) site KC—in the centre of the 8 MR channel—is fully occupied and coordinated to four oxygen
atoms O5;

(ili) site KD—near the wall of the main 12 MR channel—is partially occupied and coordinated to
six oxygen atoms (O4, O6), two water molecules (WH and WI) and to the oxygen atom of FL
molecule (OFL).

At Ppp, in ZL/0.5FL and ZL/1.0FL composites the water molecules (14.7 and 9.7 per unit cell,
respectively) are distributed over three extra framework sites (WH, WI, W]). All of them are located in
the main channel. WH site is present only in ZL/0.5FL composite, the other two sites have the same
positions of the oxygen atom and of the C3 carbon atom of FL molecule (labelled OFL/WI and C3/W],
respectively, in Ref. [56]).
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Upon compression at 2 GPa the following structural features are observed:

(i) the distances between KB, KC and the coordinating framework oxygen atoms (Table S3 and
Ref. [56]) decrease as a consequence of the shape modifications of both 8 MR channel aperture
and D6R. The distances between the cation in the main channel (KD) and O4 and O6 decrease as
well. All these effects are more marked in the ZL/1FL system.

(i) OFL-KD distance decreases in ZL/0.5FL and remains almost constant in ZL/1.0FL.

(iii) Compression induces the splitting of OFL/WI and C3/W] sites, which in the P, structures
of ZL/0.5FL and ZL/1FL samples [56], occupy single sites. After the splitting, W] increases its
distance from the framework O2 atom, approaching W1 site (Table S3). After pressure release,
the original positions are recovered in the ZL/0.5FL composite, while this does not happen in the
ZL/1FL sample.

(iv) At2GPa, the shape, orientation and arrangement of the fluorenone molecules in the main channel
do not change with respect to ambient pressure.

All these P-induced deformations are reversible and, once the pressure is released, the original
features of the zeolite and the distances among the FL molecules are almost recovered (Tables 2, S2
and S3).

3.2. Structure of the ZL/1.5FL Composite from First-Principles Molecular Dynamics

As evidenced by the above-discussed data, XRPD refinements provided a satisfactory description
of the P-induced structural modifications of the composites characterized by low and moderate
dye content. On the other hand, the great number of low-occupancy sites found for water and
fluorenone molecules and the high symmetry hindered the structural refinement of the sample
containing the maximum amount of dye. Such a difficulty was previously encountered in the room
pressure refinement of the ZL/1.5FL composite and it was overcome by integrating the experimental
data on cell parameters with theoretical modelling for the atomic coordinates [56].

Hence, encouraged by this result, we exploited again theoretical modelling for achieving an
atomistic structural description of the ZL/1.5FL composite at high-pressure conditions. Practically,
we used the room-pressure coordinates as an initial guess to determine the composite structure at cell
parameters corresponding to 1.95 GPa and we run first-principles molecular dynamics simulations for
both P = P,,, and P = 1.95 GPa in order to study the pressure-induced changes of the supramolecular
organization inside the zeolite nanochannels at molecular-level detail.

The first remarkable observation is that the unique dye-architecture found at room pressure
remains stable at high pressure conditions (Figure 7), with minimal alterations of its intermolecular
distances and essentially without significant perturbation of the FL molecular geometry, apart
from slight instantaneous distortions from the ideal gas-phase structure, mainly ascribable to
thermal motion.

Significantly, the leading interaction stabilizing the confined fluorenone superstructure, i.e.,
the coordination to potassium cations, not only is maintained but it appears also to be, on average,
strengthened upon compression. Indeed, by comparing the pair distribution functions relative to the
K-OFL interaction, we deduce a significant shortening of the minimum coordination distance, which
passes from 3.1 to 2.9 Ain going from room pressure to 1.95 GPa (Figure 8). Moreover, the splitting of
the first maximum into two peaks becomes much more evident upon compression, indicating that the
interaction of the carbonyl group and potassium may have different degrees of strength among the
hyperconfined fluorenone molecules. Taken as a whole, these data indicate that the supramolecular
architecture of dyes responds to pressure essentially by approaching with the carbonyl groups the
potassium cations in the 12 MR channel, without undergoing appreciable modifications of both intra-
and inter-molecular distances.
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Figure 7. Snapshot from first-principles molecular dynamics (FPMD) simulation showing the structure
of the hydrated ZL/1.5FL model with cell parameters corresponding to P = 1.95 GPa (side view of the
12 MR channel || [001] axis). Colours are the same as reported in Figure 3.
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Figure 8. Pair distribution functions g(r) from the room-temperature FPMD simulations relative to
Pamp (red) and P = 1.95 GPa (black), calculated for the potassium extra framework cations of zeolite L
with the carbonyl oxygens of fluorenone.

By considering now water molecules, which share the channel space with fluorenone, a striking
similarity emerges by comparing their pair distribution functions at room pressure and 1.95 GPa
(Figure 9). Actually, for both water protons (Figure 9a) and water oxygens (Figure 9b) the two curves
are almost superposable, showing also very close positions for first maximum peaks of water-water
hydrogen bonding (corresponding, at room pressure, to Hy,—O,, and Oy,—O,, distances of 1.85 and
2.80 A, respectively—see upper panels of Figure 9a,b). In particular, only the shoulder of the Hy,—Ow
peak—found at 1.78 A at P,,,—appears to be very slightly displaced towards greater distances.
Also the interaction of water with framework oxygens—which, as normally found for zeolitic water,
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is weaker than water-water hydrogen bonding [143-168]—appears to be nearly unperturbed upon
compression and characterized by Hy-Of and Oy,—O distances of 1.95 and 2.90 A, respectively (see
centre panels of Figure 9a,b). Furthermore, the interaction of water with potassium cations is nearly
unaffected by pressure at short range distances (with first maximum position at 2.90 A, see Figure 9b,
bottom panel), indicating that the coordination environment of the zeolite L extra framework cations
is, on average, spectacularly insensitive to compression: no variation of the K coordination number
occurs and distances from water oxygens remain basically unaltered. Finally, very minor changes are
detected for the water-carbonyl interaction: the first peak position passes from 1.80 to 1.75 A upon
compression, indicating a slightly stronger interaction of water molecules with the carbonyl group of
the dye (Figure 9a, bottom panel).

Interestingly, whereas in the ZL/0.5FL and ZL/1FL composites the O6-O6 distance (i.e.,
the maximum diameter of the 12 MR channel) either remains constant (ZL/1FL) or slightly shortens
(ZL/0.5FL) with pressure (Table 2), such a distance increases in the ZL/1.5FL composite. Accordingly,
the calculations also predict a decrease of the 12 MR window (i.e., the channel opening) of ZL/1.5FL
with compression (see O1-O1 and O2-O2 distances in Table 3). This behaviour is due to the peculiar
close-packing arrangement of the extra framework content at maximum dye loading (ZL/1.5FL).
Specifically, as compression occurs mainly along the channel axis, the guest species—water molecules
and dye nanoladder—can only respond by further clustering in the maximum-diameter region of
the channel (Figure 7), thus explaining the O6-O6 lengthening and the 12 MR window narrowing.
The different pressure response of the composites according to the dye loading is a consequence of the
stiffening /template effects of the extra framework content, already observed in several high-pressure
studies on zeolites and zeolite-based materials (see, e.g., Refs. [62,63,66,77,81,139,169-171]).

Taken together, besides the impressive stability of the fluorenone nanoladder, these results
underline a quite surprising and important feature of the confined supramolecular system: even
though water is smaller than the dye and hence in principle more easily displaceable upon compression,
the arrangement of the water molecules in ZL/0.5FL and ZL/1FL is only slightly modified by the
application of hydrostatic pressure—in particular, W] increases its distance from the framework O2
atoms—and remains essentially unperturbed in ZL/1.5FL. This is ascribable to the fact that the P,
structure of the ZL/1.5FL composite has already a close-packing arrangement of the extra framework
species. In particular, all water molecules are fully stabilized by coordination to potassium cations and
by the network of hydrogen-bond interactions with fluorenone carbonyl groups, water and framework

oxygens [56].
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Figure 9. Pair distribution functions g(r) from the room-temperature FPMD simulations relative to
Pamb (red) and P = 1.95 GPa (black), calculated for: (a) the water hydrogens Hy, with water oxygens
Oy (top), framework oxygens Of (middle), carbonyl oxygens Og, (bottom); (b) the water oxygens Oy
with water oxygens (top), framework oxygens O (middle) and potassium cations (bottom).
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Table 3. Calculated average diameters of 12 MR channel in A from room-temperature FPMD
simulations at different compression for the hydrated ZL/1.5FL system.

Distance Pamb 1.95 GPa
01-01 9.934 9.878
02-02 10.431 10.409
06-06 15.520 15.614

4. Discussion

The main motivation of our study was to elucidate the behaviour of luminescent hybrid materials,
obtained via the inclusion of the fluorenone dye in zeolite L microcrystals, under compression.
To answer this question, a thorough study has been performed using non-penetrating pressure
transmitting fluid (silicon oil) in the high pressure X-ray diffraction experiments and complementing
those results by ab initio molecular dynamics simulations, which allow to explore the finite temperature
behaviour of the system at atomistic level detail.

If we consider that the technological applications of these composites rely on the presence of
confined regular arrays of photoactive species, it is important to understand how this supramolecular
organization of dye molecules responds to non-ambient conditions, specifically an applied pressure.
Remarkably, all of the experiments and simulations evidenced the approaching of the fluorenone
carbonyl group to potassium—i.e., the strengthening of the main stabilizing interaction in zeolite
L composites with carbonyl dyes. Also notably, the applied pressure did not cause appreciable
distortions of the molecular geometry of the chromophore, because of the zeolite framework ability to
withstand compression effects, as already demonstrated in other high pressure studies of zeolites with
non-penetrating fluids [135,138-140,169-171].

Experiments performed on the samples with low and medium fluorenone contents showed that
the arrangement and the distances of the dye molecules, upon increasing pressure, do not change
and their behaviour is consistent with the observed shortening of the c-parameter of the zeolite host.
This pressure-induced shortening of intermolecular distances between dye molecules is however
reversible upon returning to P,,p, because it depends solely on non-covalent interactions. Also, such
an effect is much less pronounced in the case of the high-concentrated composite (1.5FL/ZL), where the
dye molecules are organized in a very close-packed arrangement already at room pressure conditions.

All these observations suggest that also the optical properties of the composites should not be
significantly perturbed by external pressures of GPa-scale, an extremely important feature in the
perspective of potential applications.

5. Conclusions

Opverall, this study highlights the stability upon compression of the zeolite L/fluorenone adducts.
This very important fact is of relevance in view of possible applications of such a kind of dye-zeolite
composites at conditions different from the standard ones. We have also monitored an intriguing
fluorenone-loading dependence of the system response to the applied pressure. However, some
common features have been evidenced as well. In particular, compression brings about a strengthening
of the fluorenone-zeolite L interactions, as shown by the shortening of the distance between the
carbonyl oxygen atoms of the dye and the K* cations. Also, the molecular structure of the dye guests
is barely influenced by compression. This is essentially due to the zeolite framework, which bears
most of the compression effects—as evidenced by the (moderate) changes in the cell parameters and
by the (moderate) changes in the 12 MR channel—that are relevant for the zeolite pores volume.
Such a framework stability upon compression induces only a modest variation of the pores volumes,
which affects only to a minor extent the molecular structure of the organic guests. In conclusion, we
have shown for the first time the stability towards pressure of dye-zeolite L adducts, which suggests
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that also the technologically relevant photophysical properties of these appealing materials could be
exploited at high pressure conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/8/2/79/s1,
Table S1: Unit-cell parameters of ZL/0.5FL, ZL/1FL, ZL/1.5FL samples at the investigated pressures; Table S2:
Refined atomic positions, occupancy factors and displacement parameters of ZL/0.5FL and ZL/1FL at 2 GPa and
upon decompression (P, (rev)); Table S3: Extra framework bond distances <3.2 A for the ZL/0.5FL, ZL/1.0FL
composites at 2 GPa and upon decompression (P, (rev)).
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Abstract: This article reviews and discusses the thermodynamic properties of dimer-Mott-type
molecular superconductive compounds with (BEDT-TTF),X composition, where BEDT-TTF is
bis(ethylenedithio)tetrathiafulvalene and X denotes counter-anions, respectively. We focus mainly
on the features occurring in the k-type structure in which the d-wave superconductive phase
appears depending on the Coulomb repulsion U and the bandwidth W, which is tunable by external
and chemical pressures. First, we report the high-pressure ac (alternating current) calorimetry
technique and experimental system constructed to measure single-crystal samples of molecule-based
compounds to derive low-temperature thermodynamic parameters. Using extremely small resistance
chips as a heater and a thermometer allows four-terminal detection of an accurate temperature and
its oscillation in the sample part with sufficient sensitivity. From the analyses of the temperature
dependence of the ac heat capacity of k-(BEDT-TTF),Cu(NCS), under external pressures, we discuss
the changes in the peak shape of the thermal anomaly at the superconductive transition temperature
T¢ at various external pressures p. The rather sharp peak in C, T~! at T, =9.1 K with a strong coupling
character at ambient pressure is gradually reduced to weaker coupling as the pressure increases to
0.45 GPa concomitant with suppression of the transition temperature. This feature is compared with
the systematic argument of the chemical-pressure effect on the basis of thermal anomalies around
the superconductive transition of k-(BEDT-TTF),X compounds and other previously studied typical
dimer-Mott 2:1 compounds. Finally, the discussion is extended to the chemical pressure effect on
the normal state electronic heat capacity coefficient oy obtained by applying magnetic fields higher
than H and the residual 7*, which remains in the superconductive state due to the induced electron
density of states around the node structure. From the overall arguments with respect to both chemical
and external pressures, we suggest that a crossover of the electronic state inside the superconductive
phase occurs and the coupling strength of electron pairs varies from the electron correlation region
near the metal-insulator boundary to the band picture region.

Keywords: organic superconductor; dimer-Mott system; heat capacity; electron correlations;
d-wave; pressure

1. Introduction

Molecule-based superconductors are attracting much attention in condensed matter science because
they provide a platform to discuss the physics related to the electron correlations in low-dimensional
and relatively soft lattice systems [1-4]. Although there are several types of superconductive compounds
in molecule-based systems, such as doped fullerene, graphite, polymers, and the recently observed
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picene [5-8], most are categorized as charge transfer complexes of organic donor/acceptor molecules
with counter-ions. Electron pairs are formed by the attractive force in itinerant m-electrons released from
frontier orbitals such as the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) to form electron bands. The band structure is determined by the molecular arrangement
where the condensation energies are dominated by relatively weak van der Waals interactions.

Since a variety of molecular packings are possible in these charge transfer complexes, even in
the same combination of donor/acceptor and counter-ions, the development of new superconductors
and investigations of their physical properties have been extensively performed over the past
four decades, as summarized in the literature [1-4,9-13]. To date, the most widely studied
are the 2:1 complexes consisting of TMTSF (tetramethyltetraselenafulvalene), BEDT-TTF, BETS
(bis(ethylenedithio)tetraselenafulvalene), and M(dmit), (dmit is 1,3-dithiole-2-thione-4,5-dithiolate)
with their counter-ions. Due to the segregated stacking of organic donor/acceptor molecules and
counter-ion molecules, they show a layered structure of organic molecules and counter-ions to form
quasi-one-dimensional and two-dimensional electronic systems [1-4,9-17]. Complexes of BEDT-TTF
and BETS with monovalence counter-anions give numerous superconductive materials.

Among the various superconductive complexes, we have focused mainly on the k-type
dimer-Mott systems of BEDT-TTF and analogous molecules, which are extensively studied as a
prototype of effective half-filling compounds. They sometimes show antiferromagnetic insulating
states due to the electron correlation mechanism. The antiferromagnetic spin correlation due to
the on-site Coulomb repulsion in the half-filled state plays a dominant role in determining the
low-temperature electronic states. The electronic features of the dimer-Mott systems are summarized
as a pressure—temperature phase diagram (Figure 1) where the ratio of the band energy W and the
electron correlation in the dimer unit U are the essential parameters controlling the ground state
features [14,15]. The antiferromagnetic Mott insulating phase changes the superconductive phase by
applying pressure due to the decrease in the U/W ratio. Kanoda et al. mapped several compounds with
rigidly dimerized BEDT-TTF compounds in the phase diagram and discussed the relation between
the chemical and the external pressure effects in [11,14,15]. A superconductivity where T, exceeds
10 K appears near the metal-insulator boundary, which is known as the Mott boundary. The diagram
in Figure 1 is recognized as a typical bandwidth control of a two-dimensional electron correlation
system in two-dimensional (2D) half-filling state [14,15,18-20]. It is known that the phase diagram
dominated by the parameter V/t, where V is the intermolecular Coulomb and f the intermolecular
transfer—discussed experimentally by Mori et al. [21] and theoretically by McKenzie et al. [22]—gives
a pressure-sensitive feature. This phase diagram is realized in non-dimeric arrangements, such
as O-type BEDT-TTF systems. In the case of the dimer-Mott system, the pair symmetry of the
superconductivity and the possibility of unconventional pairings with a nodal gap feature through
NMR [23], STM [24], and thermodynamic [25,26] experiments have been discussed, although the
electron—phonon interactions are considered to be relatively large in organic systems [27].

To investigate the relationship between superconductivity and electron correlation physics, which
peculiarly appears in 2D dimer-Mott systems especially for k-type compounds, and to discuss the
mechanism of superconductivity, the characteristic features occurring inside the superconductive
phase, as well as the features of the phase transition, must be pursued. Thermodynamic information
from heat capacity measurements can provide quantitative information via the analysis of entropic
information of the superconductivity [28-31]. By analyzing the features of the thermal anomalies at
the transitions and low energy excitations simultaneously, it is possible to grasp systematic changes in
the superconductive phase where the quantum mechanical crossover is observed. For this purpose,
pressure-controlled thermodynamic measurements to tune the U/W ratio and systematic arguments
with the parameter of this ratio are required [32,33]. In this article, we summarize the thermodynamic
features in the superconductive phase of dimer-Mott compounds from heat capacity measurements
under pressure. We also discuss the results by comparing with the features observed in the chemical
pressure effects produced by changing the anions (X) in the k-(BEDT-TTF) ,X system.

201



Crystals 2018, 8, 143

P CUlN(CN) 3B
AGICNLHO |
l, | CulNCSH  dyCulN(CN]IBr

100+

p

Figure 1. Electronic phase diagram of dimer-Mott compounds with a DX composition. Diagram is
constructed based on the chemical and external pressure dependences of the physical properties of
k-(BEDT-TTF),X compounds by Kanoda in Refs. [14,15]. Position of several compounds with different
counter-anions are shown by dashed lines. Horizontal axis is the U/W ratio, which is tunable by an
external pressure.

2. Calorimetry Apparatus to Measure the Heat Capacity under Pressure

To measure the heat capacity of single-crystalline samples of organic superconductors at ambient
pressure, we used the thermal relaxation calorimetry technique developed by Bachmann et al. [34,35].
We constructed and modified our original apparatus—that aimed to measure the heat capacity of
molecule-based compounds—to realize accurate measurements for 80 ug—1 mg single crystals. Figure 2
shows a schematic drawing and photograph of the sample cell. Developments of the apparatus
focusing on the technique to measure single crystals are reported in the literature [36-38].

Heater
Strain gauge

Thermometer RuOx chip

(a)

Figure 2. Schematic (a) and photograph (b) of the relaxation calorimetry cell used to measure the
heat capacity of small amounts of samples of molecule-based compounds. Photograph (c) shows the
relaxation curvature in the measurement.

The application of external pressure reduces the inter-atomic or inter-molecular distance in
crystal lattices, inducing various structural transformations due to molecular or atomic arrangements,
dielectric, magnetic, and transport properties, which are dominated by the orbital overlap between
neighboring atoms and molecules. It also induces an increase in bandwidth W, which directly affects
the U/W ratio. To measure the heat capacity while varying the external pressure, both the temperature
and magnetic fields are important to realize new functionalities and to understand the mechanism of
pressure-induced phase transitions. For heat capacity measurements of molecular compounds under
pressure, we used the ac calorimetry technique. The adiabatic technique and the relaxation technique
for heat capacity measurements are quite difficult because they usually require a substantial amount
of sample and semi-adiabatic conditions around the sample from the surroundings. Such conditions

202



Crystals 2018, 8, 143

cannot be realized when the crystal and the thermometer are in direct contact with the pressure medium.
Therefore, the ac technique [39], which separates the difference of the temperature relaxation rates
inside the sample parts from that of the surroundings, is the best way to detect precise thermodynamic
information, as suggested by Eicher and Gey [40]. The detection of temperature oscillations using the
frequencies in the range between Text L < W < Tine !, where Text and Tin are the internal and external
temperature relaxation rates, respectively, can give an accurate heat capacity of the sample parts.

We constructed an ac heat capacity measurement apparatus for single-crystalline samples of
molecular compounds. Measurements are available over a wide temperature range from a low
temperature of about 0.7 K up to about 20 K while reducing the sample amount to 200 pg—2 mg [41-45].
The construction details are reported elsewhere [33,41,42]. The adoption of extremely small chips
as the thermometer and the accurate detection using the four-terminal method have worked well to
achieve high-resolution detection for organic superconductors, providing heat capacity measurements
in the low-temperature region. Figure 3 shows a schematic view of the apparatus where the sample
part and pressure cell are set with CuBe and NiCrAl. We utilized a ruthenium oxide tiny chip sensor
with a room temperature resistance of 102 O, dimensions of 0.6 x 0.3 mm?, and a thickness of 0.2 mm.
We also used another small-sized chip sensor with a resistance of 1 k() at room temperature. The GE
(General Electric) vanish confirms good contact between the sample and the sensor and the sample
parts were also coated by a small amount of epoxy (Stycast 1266, 2850FT, and 2850GT etc.) before
being sealed inside a Teflon capsule with a pressure medium (Daphne 7373 oil, Idemitsu). The sample
cell was set in the CuBe piston cylinder and clamped using CuBe screws on both sides.

"""""" Pressurecell ~——— V_I_,.-'),E
ac
NiCrAl
Balu
/
RuOx

0 10 20 30
i w/2m [Hz]

(a) (b)

Figure 3. (a) Schematic of the ac calorimetry system in the hybrid pressure cell of CuBe and NiCrAl.
Sample part consists of a single crystal sample and two chip sensors working as a thermometer and
a heater; (b) a typical curve of the frequency dependence of the ac amplitude voltage to evaluate the
measurement validity. In the plateau region, which is marked by the arrow, the oscillation frequency
satisfies the appropriate conditions for the measurements.

The temperature modulation excited by the ON/OFF current of the heater was detected by the
thermometer using an ac resistance bridge. The modulation occurs more rapidly than the relation of
heat to the surroundings expressed by text. Since the sensitivity of the ruthenium oxide chip increases
in the low-temperature region, this technique is available even in the low-temperature region where
thermocouples are not very sensitive. Furthermore, the ruthenium oxide chip sensor has a variable
range hopping-type transport feature and can be utilized in extremely low-temperature regions with
small magnet resistance.

The frequency dependence of the oscillation amplitude for typical organic crystals is shown in
Figure 3b. Although this system is constructed for low-temperature experiments, the use of a tiny Pt
chip thermometer and a Cernox thermometer make it possible to detect heat capacity measurements
between 20 K and 300 K, as reported by Danda [45] and Konoike [46]. Danda et al. reported the Verwey
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transition of iron oxide (Fe3Oy) in a higher temperature system [45]. The sharp peak due to magnetic and
charge-ordering transition at 124 K is broadened by pressures up to 1 GPa without significantly changing
the transition temperature. The most serious problem is to separate the background contribution since the
extra contribution of the addenda, which consists of the chips, the lead wires, and the Stycast, is included.

3. Heat Capacity of k-(BEDT-TTF),X under Pressure

In this section, we review the calorimetry results of dimer-Mott compounds under pressure.
Figure 4 shows the temperature dependence of the heat capacities of four charge transfer complexes,
including k-(BEDT-TTF),Cu(NCS),, obtained by relaxation calorimetry. The details are reported in the
published literature [47-51]. Compared with other compounds in the figure, k-(BEDT-TTF),Cu(NCS),
exhibits a rather sharp peak as shown in Figure 4c [49,50]. The thermodynamics of this compound and
k-(BEDT-TTF),Cu[N(CN),]Br, which has a similar transition temperature, have already been thoroughly
discussed. Several groups have analyzed the peak shape and the magnitude of the heat capacity jump
at T, for k-(BEDT-TTF),Cu(NCS); [49,50,52-57]. In the initial investigation stage of this material, the
heat capacity jump is reported as evidence of the bulk nature of the superconductivity, as reported by
Katsumoto et al. [52] and Andraka et al. [53]. Additionally, Graebner et al. [54] measured the ac heat
capacity with an absolute precision around the peak and suggested, for the first time, a strong coupling
nature with a larger condensation energy. More recently, Miiller et al. [55] reported a detailed analysis of
the peak shape. They showed the data over a wide temperature range to determine the « value of the
coupling strength. The data are shown in Figure 4c where the magnitude of CpT ! ~ 60 mJ] K2 mol ! is
consistent with the strong coupling picture in Refs [26,49,50,54-56]. A similar thermodynamic feature has
also been reported for k-(BEDT-TTF),Cu[N(CN),],Br, which shows a stronger coupling peak shape [57].
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Figure 4. CVT’] vs. T? plot of superconductive compounds (a) «-(BEDT-TTF)3Hg;_ 5Brg
(Refs. [47,48]); (b) k-(MDT-TTE),Aul, (Ref. [49]); (¢) k-(BEDT-TTF),Cu(NCS);, (Refs. [49,50]); and
(d) (MDT-TSF)(Auly) 436 (Ref. [51]) obtained under 0 T and with magnetic fields.

To confirm the thermodynamic peak in the ac heat capacity data obtained by the high-pressure
calorimetric system, we have analyzed the data at ambient pressure and compared them with the
relaxation calorimetry data. Figure 5a shows the ac heat capacity measurement results at ambient
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pressure obtained using a high-pressure calorimeter as a C,T~! vs. T2 plot [32]. A thermal anomaly is
detected as a hump structure around 9 K in this plot, although there is a rather large background due
to the addenda heat capacity in the pressure cell. This anomaly is associated with the superconductive
transition since the peak temperature and the peak shape resemble the preceding data obtained by the
thermal relaxation technique in Figure 4c. Upon applying magnetic fields almost parallel to the plane
in the present pressure calorimetry set up, the anomaly is suppressed through comparative analyses of
the magnetic field dependence, as already reported [32]. The data obtained up to 7 T has a constant
shift of C},T*1 values at different magnetic fields (Figure 5a).
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Figure 5. (a) CVT’l vs. T? plot of the ac heat capacity of k-(BEDT-TTF),Cu(NCS), at ambient pressure
with magnetic fields of 0 T, 2 T, and 7 T applied parallel to the conducting layer. The values of CpT’1
under magnetic fields are plotted with constant offsets in the vertical axis. The arrow shows the
superconductive transition temperature. (b) Temperature dependence of the AC,T~! obtained by
subtracting the 7-T data as the background (AC,,T’](H) = C,,,T’l(H) — C,,T’](7 T)) to evaluate the
anomaly in the temperature dependence due to the electronic heat capacity around the transition
(details are reported in Ref. [32]).

Usually, in quasi-2D superconductors, an increase in the magnetic field applied parallel to the
plane drastically suppresses and broadens the thermal anomaly. To analyze the peak shape around
T. in detail, Figure 5b plots AC,T~" as the electronic heat capacity around the transition temperature.
Here, AC; is determined as the discrepancy of the heat capacity values in the 0-T and 7-T data assuming
that the thermal anomaly due to superconductive transition is almost reduced in a magnetic field
of 7 T. The analytic details were reported in Ref. [32]. The peak resembles the typical shape of the
superconductive transition with a strong coupling feature. ACp at 2 T is also evaluated and plotted
as the discrepancy from the 7-T data. A slight downward shift in the transition temperature and
suppression of the magnitude of heat capacity jump are observed.

Figure 6a shows the temperature dependence of the ac heat capacity at 0.15 GPa and Figure 6b
shows the result of the similar analysis as was performed for ambient pressure data in Figure 5b.
The transition temperature is reduced to about 5-6 K, which is consistent with the results of the
proceeding work [44]. Subtracting the 7-T data also gives the relative change of the electronic heat
capacity contribution AC, for each field, which is shown in the AC,T~! vs. T plot in Figure 6b. It is
difficult to see a distinct peak structure even for the data of 0 T; however, the magnetic field seems to
suppress the peak and the transition temperature systematically. We can mention that the peak shape
broadens compared with that at ambient pressure. The suppression of the peak structure becomes
more remarkable in the case of 0.30 GPa and 0.45 GPa. Since the sensitivity of the resistance sensor
increases in the lower temperature region, small anomalies, if any exist, can be more easily detected in
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the lower T cases. In fact, several compounds with a magnetic or superconductive transition around
2-4 K have been detected in a high-pressure calorimeter [41,42].
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Figure 6. (a) C,[,T’1 vs. T2 plot of the ac heat capacity of k-(BEDT-TTF),Cu(NCS), at 0.15 GPa with
magnetic fields of 0 T, 1 T, 2 T, and 7 T. The values of CpT’1 under magnetic fields are plotted with
constant offsets in the vertical axis. The arrow indicates the superconductive transition temperature at
0T; (b) temperature dependence of the AC,T~! at 0.15 GPa obtained by subtracting the 7-T data as the
background (details are reported in Ref. [32]).

To compare the relative change in the broadness and the magnitude of the heat capacity jump
induced by the pressure in the same figure, Figure 7 plots the overall feature in the peak shape
of AC,,T’1 obtained at ambient pressure, 0.15 GPa, and 0.30 GPa, where the temperature in the
horizontal axis is the relative temperature normalized by the transition temperature (T) of each
pressure. A qualitative comparison of the peak shape for the superconductive transition indicates
that the reduction in the transition temperature is accompanied by a systematic change in the peak
structure. As T. decreases due to the increase in pressure, the magnitude of the peak of AC,T~!
becomes smaller and the peak shape broadens gradually. This is explained by the continuous
reduction in the coupling strength of the superconductivity in a dimer-Mott system. The sharp
peak with a relatively high T. means the coupling strength is strong and is almost as large as the
condensation energy of the electron pairs. In contrast, broadening is considered to be the suppression
of such pairing forces as the system becomes more metallic. k-(BEDT-TTF),Cu[N(CN);]Br and
k-[(BEDT-TTF);_,(BEDSe-TTF)],Cu[N(CN);]Br compounds also show a broadening in the peak
shape and a decrease in the heat capacity jump AC,T~! as the transition temperature is suppressed.
However, the latter may have some extra effects related to the frustration due to the increase in the
triangularity in the molecular arrangement of the dimer units. We have also reported the suppression
of the peak by pressure in k-(BEDT-TTF),Ag(CN);H,O [44]. These features are consistent with
k-(BEDT-TTF),Cu(NCS),, as summarized in Figure 7.
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Figure 7. Systematic changes in the peak shape of k-(BEDT-TTF),Cu(NCS); as the pressure increases up
to0 0.30 GPa. (See details in Ref. [32].) Temperature in the horizontal axis is scaled by T to qualitatively
evaluate the sharpness of the thermal anomaly. Correspondence of the data in each pressure is shown
in the schematic phase diagram of the dimer-Mott system.

4. Chemical Pressure Effect on Dimer-Mott Organic Compounds

The systematic change in the peak shape in the k-(BEDT-TTF),Cu(NCS), and similar features
observed in other k-(BEDT-TTF),X compounds under pressures can be compared with the chemical
pressure effects of the dimer-Mott system induced by varying the counter-anions. It is well known that the
counter-anion size of organic charge transfer complexes induces a kind of pressure effect in the molecular
arrangement, causing systematic changes in the physical properties. According to transport and NMR
studies of the dimer-Mott phase diagram, the external pressure effects in 10 K class compounds with
X = Cu(NCS); and Cu[N(CN),]Br are consistent with the chemical pressure effects. Similar to the case
where the external pressure increases, counter-ions with smaller volumes change the features from a
strong correlation system to a normal metallic system. Many thermodynamic studies by heat capacity
measurements of several k-type compounds with different counter-ions have been performed up to
now [49-60]. As mentioned in the previous section, the strong coupling nature of k-(BEDT-TTF),Cu(NCS),
has been observed in 10 K class superconductors (Figures 4c and 8). The values of AC, /7T, of two typical
compounds k-(BEDT-TTF);Cu(NCS); and k-(BEDT-TTF),Cu[N(CN),Br—which were obtained using
the normal state heat capacities obtained under strong magnetic fields above H, as the background heat
capacity of exceed 2.0—are much larger than that of the BCS (Bardeen Cooper Schrieffer) weak coupling
theory [54,55,57]. As compared with these higher T. compounds, the heat capacity jump of middle-class
(about 4-5 K) superconductors, such as k-(BEDT-TTF), Ag(CN),H,O (T = 5 K) [58], gives a AC, /T
value of 1.1. Although k-(MDT-TTF),Aul, consists of a different asymmetric donor molecule, its T is
45K [49] and it has a AC, /T value of 1.4. These values are within the weak coupling region.

The plot in Figure 8 shows the systematic change in the peak shape for several superconductive
compounds with the k-type structure using the scaled temperature of t = T /T, for each compound.
We also include the AC, /T, data of mixed crystals of k-[(BEDT-TTF); _x(BEDSe-TTF)x]oCu[N(CN),]Br
compounds with x = 0.10. A clear tendency is observed; 10 K class superconductors have a sharper
peak with a large ACprl. This is typical for strong coupling systems, but 4-5 K class compounds have
a smaller mean field type peak. The systematic change in the peak shape indicates a gradual crossover
from a strong coupling region near the boundary to a weak coupling region in the superconductive
phase, as shown schematically in Figure 8 (right) [32,33]. Although some exceptions exist, such as
k-(BEDT-TTF),I3 being reported to have strong coupling features [59], the overall tendency seems to
be consistent with the external pressure controlled effects. This feature is reasonably consistent with
our observations of k-(BEDT-TTF),Cu(NCS), under pressure, as summarized in Figure 7.
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Figure 8. Shape of the thermal anomalies at the superconductive transitions of several compounds
with the k-D;X composition. ET is an abbreviation of BEDT-TTF molecules. BEDSe-TTF10% means
that a solid solution system of BEDT-TTF(90%) and BEDSe-TTF(10%) molecules. Cg in this plot is
determined as the difference of the 0 T data and the heat capacity data obtained under magnetic fields
higher than H, for each compound. (The data are from Ref. [33].) The dashed curves in the figure are
a guide for the eyes to see temperature dependencies. The temperature in the horizontal axis is scaled
by the transition temperature of each compound to compare the peak shape changes. The right part of
the figure shows qualitatively the variation in the peak shapes in the dimer-Mott phase diagram.

The similar tendency observed between the data of the external and the chemical pressure-controlled
experiments demonstrates that a crossover occurs inside the superconductive phase due to variations in
the coupling strength of the superconductive electrons. A similar situation may occur in high T cuprates
or heavy electron systems in which the quantum mechanical features produce a crossover in the ground
state, giving complicated phase diagrams.

It is important to mention that although the peak shape of AC,/T. varies with the decrease in
U/W, the temperature dependence of the heat capacity in the low-temperature region gives a quadratic
temperature-dependent term, as suggested by the nodal feature of the d-wave formation [60]. Figure 9a,b
compares the temperature dependence of the low-temperature heat capacity of two k-type compounds
with a high T, (10 K) class and a middle T. class. The existence of the quadratic temperature dependence
in the electronic heat capacity clearly shows the difference in the BCS characters, even though the
peak shapes are quite different, as we discussed in Figure 8. Since the large lattice contribution in
the heat capacity creates ambiguity in background subtraction in such organic systems, the recovery
of the y by magnetic fields of both compounds also shows an (H/H)'/>-dependence characteristic
of d-wave pairings. The change in the nodal direction, even in the same k-type structure, has been
suggested theoretically, depending on the balance of the transfer integral inside the dimer and the ratio
between the transfer integrals in the rectangle and the diagonal directions of the superconductivity. It is
emphasized, however, that the electron correlations still seem to be an important mechanism for realizing
superconductivity in this system. The existence of the nodes is also consistent with other experiments,
such as the thermal conductivity, NMR, and STM experiments [23-26].
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Figure 9. Temperature dependence of the electronic heat capacity determined as the difference
of the 0-T data and the normal state data obtained under magnetic fields higher than H, for
(a) k-(BEDT-TTF),Cu[N(CN);]Br and (b) k-(BEDT-TTF), Ag(CN),H,O below the transition temperatures.
(Ref. [60].) The lines and the curve shown in the figure denote T linear, T?, T?, and T3/ 2exp(—A/kgT)
temperature dependence.

5. Normal State Electronic Heat Capacity Coefficient v and the Residual *

A quantitative comparison and the overall discussion of the coupling strength observed in the peak
shape of the heat capacity and magnitude of the electronic heat capacity coefficient y of the normal state
should reveal a more profound understanding of the superconductive state of the dimer-Mott system.
For this purpose, low-temperature heat capacity data should be discussed systematically throughout
the superconductive phase. In this section, we survey the normal state o and the residual 7* in the
superconductive state observed from the data of the low-temperature heat capacity, which reflects the
low energy excitations in the superconductive phase. We discuss the peculiar feature and stability of the
superconductive states in terms of the competition between the stability of the Fermi liquid nature and
the magnitude of the electron correlations. Since the ground state of the k-(BEDT-TTF),X compounds in
question is superconductive with electron pairs, the heat capacity measurements with magnetic fields
higher than H, should be performed to evaluate the electron density of state of the Fermi surface.
The electronic heat capacity coefficient obtained under a magnetic field is defined as the normal state y
and is proportional to the electron density of states D(er) in the band theory.

To discuss the systematic changes of <y in the dimer-Mott-type superconductive phase, Figure 10b
plots the -y values of several compounds with the conceptual phase diagram (Figure 10a). We use the
values of the dimerized compounds of k-(BEDT-TTF),X and some other compounds also considered
as dimer-based systems. The data are taken from Table 9 in Ref. [28] and the low-temperature heat
capacity results reported in Refs. [42,59-63]. In this plot, we also included B-(BEDT-TTF),I; in a
well-annealed case according to the proposed phase diagram in Refs. [11,14,15]. The two arrows show
that the systematic tendency occurs in the superconductive phase. Complexes of partially deuterated
BEDT-TTF molecules with X = Cu[N(CN),|Br were used to systematically investigate the change in
the normal state y near the boundary region [62,63]. The normal state < drastically decreases around
the boundary despite the fact that T maintains a relatively high value around 10 K, indicating that the
Mott boundary occurs as a first-order transition in the dimer-Mott system. The change in y occurs in a
region far away from the boundary, suggesting that the band-like feature reflecting in the electronic
density of states systematically varies. In the discussion on this region, we include data of solid
solution compounds of BEDT-TTF and BEDSe-TTF with X = Cu[N(CN);]Br since light doping (less
than 10%) of BEDSe-TTF tends to reduce the T. by keeping the bulk superconductive feature [33].
The arrow on the left side of the figure clearly indicates that the 7 values increase as the U/W ratio
increases. This is considered as a kind of Brinkman—Rice enhancement. It predicts that the increase in
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the electron correlation of the parameter U/W leads to an increase in the density of states similar to that
observed in correlated metallic systems with a distinct band structure [63—-65]. The normal state <y value
gives a maximum around k-(BEDT-TTF),Cu(NCS),, which shows a stable bulk superconductivity
with a transition temperature of 9.1 K. In this compound, the cooling rate does not affect the transition
temperature located close to the boundary, which differs from the case of X = Cu[N(CN);]Br (both
deuterated and non-deuterated cases).
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Figure 10. Systematic variations of the low-temperature thermodynamic parameters in the compounds
mapped in the dimer-Mott phase diagram (a). Changes in (b) the normal states electronic heat capacity
coefficient ¢ obtained by heat capacity data above H., and (c) the residual electronic heat capacity
coefficient * in the superconductive state at 0 T are plotted in accordance with the position in the phase
diagram. The position of each compound is determined in reference to Refs [11,14,15]. The data are
taken from Table 9 in Ref. [28] and the reported results data in Refs [42,59-63]. Systematic change of the
thermodynamic parameters occurring with the change in chemical pressure, namely the change in the
parameter of the U/W ratio, suggests that a kind of crossover exists inside the superconductive phase.
Compounds shown as the name of the counter-anions are BEDT-TTF(ET) complexes. BEDSe-TTF 5%,
10% mean the solid solution systems of BEDT-TTF and BEDSe-TTE. (See text.) d[n,n]-Cu[N(CN);,]Br
denotes a Cu[N(CN), |Br compound with BEDT-TTF of which ethylene groups are partially deuterated
(Ref. [61,62]) to tune the chemical pressure. Arrows show the characteristic tendency reflecting the
physical properties.

The Brinkman-Rice-type enhancement is due to the increase in the enhanced correlation U
in the region where the Fermi liquid picture holds. The increase in the correlation influences
the effective mass of the normal electrons within the band picture and, therefore, it leads to an
increase in 7y values. The compounds in the left arrow region are considered to have a Fermi liquid
character with a well-defined electron band. However, increasing U further leads the system to an
anomalous metallic state where the picture with a gap-like structure between the upper and the
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lower Hubbard bands become dominant if the Mott boundary is approached. The relatively smaller
normal state y value despite the higher transition temperature and the stronger coupling character in
the superconductivity in k-(BEDT-TTF),Cu[(N(CN);]Br than Cu(NCS), can be explained from this
perspective. The decrease in 7 in the partially deuterated compound denoted by d[1,1]-Cu[N(CN);]Br
is considered as evidence of further opening of the Hubbard gap, leading to a decreased electron
density of state as a band picture. On the other hand, the smaller y values in the middle-class T,
compounds of k-(BEDT-TTF), Ag(CN),H,0 and k-(MDT-TTF),Aul, located in the band region can be
explained in the frame of the Brinkman-Rice picture. Recently, Imajo et al. studied A-(BETS),GaCly,
which is also classified as a dimer-Mott-type superconductor and has a T. of about 5.2 K. It shows
a similar normal state y = 22.9 mJK~?mol ! [66]. This result is consistent with this picture. We also
include the 7 values of k-(BEDT-TTF),I3 [59] and B-(BEDT-TTF),X (X = I3, Auly) [67,68], which are
also consistent with the above feature. Not only is the coupling strength reflected in the heat capacity
jump but the feature of the normal state y value also suggests that the electron correlations become
stronger by approaching the boundary and are important for stabilizing the bulk superconductivity.
When the transition temperature decreases with a decrease in the U/W ratio, the Mott-Hubbard
picture is gradually suppressed and the Fermi liquid nature is enhanced. The change from strong
coupling to weak coupling observed by pressure calorimetry is related to this crossover from the
electron correlation region to the band-like region.

The crossover in the coupling nature originating from the magnitude of the electron correlation
is also reflected in the low-temperature residual 7* in the superconductive state (Figure 10c).
The superconductivity of the dimer-Mott system is a d-wave with a nodal gap with four-fold symmetry
around the two-dimensional Fermi surface, as detected by the magnetic angle-resolved heat capacity
measurements. In such nodal gap superconductors, normal electrons inevitably remain due to the
residual disorder in the crystals even without an external magnetic field. The effects of disorder and
impurities can induce normal electrons around the nodal position with a very small gap. Figure 10c
also shows the data for 4*. As previously reported, the v* value shows a sample dependence
but the value is about several percent of the normal state y and less than 1-2 mJK~?mol~! in the
cases of k-(BEDT-TTF),Cu[N(CN),]Br and «-(BEDT-TTF),Cu(NCS),. However, those with lower
T. compounds tend to have larger * values despite the heat capacity giving a distinct peak at
the transition. In the cases of k-(BEDT-TTF),Ag(CN),H,0 and k-(MDT-TTF),Auly, the reported *
values are 5.1 mJK2mol~! and 5.9 mJK2mol 1, respectively [33,49]. A more recent experiment on
k-(BEDT-TTF); Ag(CN),H,O claims a smaller 7* value (less than 2 mJK~2mol 1) using the fitting
of the d-wave model [60]. This seems to be larger than those of k-(BEDT-TTF),Cu[N(CN),]Br, and
k-(BEDT-TTF),Cu(NCS),. A-(BETS),GaCly also gives a relatively large value of 3.2 mJK~2mol ! [66].

Although the bulk nature of the superconductivity is retained in these compounds, pair breaking
due to suppression of the electron correlation and the increase in the stability of Fermi liquid nature
occurs in the superconductive phase. The competition of the band picture, which just enhances the
electron density of state and the Mott-Hubbard picture, should exist in the superconductive phase;
however, a gradual crossover occurs inside the superconductive phase. These characters can be
considered to have similar physics in the over-doped region of high T. cuprates. The heat capacity
peak around the transition becomes much broader and the bulk nature of the superconductivity is
suppressed in the over-doped region due to the Fermi liquid character, which stabilizes the band nature.
This character is in contrast with the under-doped and optimal-doped regions [69]. Considering the
overall thermodynamic features of dimer-Mott systems, the mechanism to produce a d-wave type
superconductor is quite reasonably related to the electron correlations U, and the superconductivity
is stabilized in the anomalous metallic region near the Mott boundary. Here, we discussed mainly
k-type compounds with a dimer lattice. More detailed thermodynamic information for other types of
dimer-Mott structures with -, #’-, and A-type compounds is necessary in the future.
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6. Conclusions

We systematically discuss the thermodynamic parameters to quantitatively evaluate the
superconductive characters of the dimer-Mott system, which appear as tuning of the U/W ratio.
The calorimetric information of k-(BEDT-TTF),Cu(NCS), and other counter-anion compounds reveals
that the magnitude of the coupling strength is suppressed from the high T. region to lower T,
region. The chemical pressures also confirm the changes in the peak shape of this thermal anomaly.
A comparative discussion of the electronic heat capacity coefficients in the low-temperature heat
capacity in both the superconductive state at 0 T and the normal state demonstrates that a crossover
from the band character region to the strong electron correlation region exists in the superconductive
phase. Such a crossover may support the unconventional nature of the superconductivity in dimer-Mott
superconductors since the superconducting character near the strong correlation region provides
stability compared with the lower T, region where the band character becomes dominant. This feature
resembles cuprate superconductors in which the electron correlations and band character compete with
each other, yielding complicated electronic features in the optimal doping region. More systematic
thermodynamic experiments with a parameter of pressure are required to further investigate the system.
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Abstract: A zero-gap state with a Dirac cone type energy dispersion was discovered in an organic
conductor a-(BEDT-TTF),I3 under high hydrostatic pressures. This is the first two-dimensional (2D)
zero-gap state discovered in bulk crystals with a layered structure. Moreover, the Dirac cones are
highly tilted in a k-space. This system, thus, provides a testing ground for the investigation of physical
phenomena in the multilayered, massless Dirac electron system with anisotropic Fermi velocity.
Recently, the carrier injection into this system has been succeeded. Thus, the investigations in this
system have expanded. The recent developments are remarkable. This effect exhibits peculiar
(quantum) transport phenomena characteristic of electrons on the Dirac cone type energy structure.

Keywords: o-(BEDT-TTF),I3; Dirac electron system; transport phenomena; inter-band effects of the
magnetic field; carrier doping; quantum Hall effect

1. Introduction

The realization of the graphene opened the physics of the Dirac electron in a solid [1,2]. A rich
variety of material with Dirac electrons has been discovered, and the recent progress of the physics for
Dirac electrons has been brilliant [3-16]. However, the zero-gap material with the Fermi level at the
Dirac point is limited. The physics at the vicinity of the Dirac point is the most significant. Among them,
we have discovered the zero-gap material with Dirac-type energy dispersion in a-(BEDT-TTF),I3
(BEDT-TTF = bis(ethylenedithio) tetrathiafulvalene) [17] (Figure 1) at high pressure. This is the first
bulk (multilayered) 2D zero-gap system with Dirac electrons. Thus, this material has led the studies of
the specific heat [18] and the nuclear magnetic resonance (NMR) [19] for the Dirac electron system.
Another significant feature is that the Dirac cones are highly tilted as shown in Figure 1d,e [13-16].
Thus, this system has led to the peculiar transport characteristic of the electrons on the Dirac cone
type energy structure [8-12,16,20-23]. This Dirac electron system, on the other hand, is next to the
charge-ordered insulator phase in the temperature-pressure phase diagram. Therefore, strongly correlated
Dirac electrons constitute one of the interesting recent studies [19,24,25].

The recent success of carrier injection helped the development of physics with regard to
this system. In this review, the effects of carrier doping on the peculiar (quantum) transport phenomena
are described. In the following, the electronic structure of a-(BEDT-TTF),I3 and the experimental
evidence of massless Dirac electron systems are briefly mentioned in this section. The methods of the
carrier doping in Section 2 and those effects on the transport phenomena in Sections 3-5 are revealed.
In Section 6, the Dirac type energy structure of this system is corrected.

Crystals 2018, 8,126; doi:10.3390/ cryst8030126 216 www.mdpi.com/journal/crystals
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Figure 1. (a) BEDT-TTF molecule and I3~ anion, crystal structure of «-(BEDT-TTF),I3 viewed from
(b) a-axis and (c) c-axis, (d) band structure, and (e) energy contours near a Dirac point. Note that we
take the origin to the position of the Dirac point.

1.1. Electronic Structure of x-(BEDT-TTF),I3

a-(BEDT-TTF),1; is a member of the (BEDT-TTF),I5 family [17]. The crystals consist of conductive
layers of BEDT-TTF molecules and insulating layers of I3~ anions as shown in Figure la—c [26-28].
The difference of the arrangement of BEDT-TTF molecules gives rise to variations in the
transport phenomena. Most are 2D metals with large Fermi surfaces, and some of them show a
superconducting transition [26-28]. «-(BEDT-TTF),I3, however, is different from other members.
The band calculation indicated a semimetal with small Fermi pockets of the electron character and the
hole character [8].

This material behaves as a metal down to 135 K, where it undergoes a phase transition to an
insulator [17]. At temperatures below 135 K, an abrupt drop of the magnetic susceptibility suggests
that a nonmagnetic state with a spin gap is realized [29]. The theory by Kino and Fukuyama [30]
and Seo [31], the NMR study by Takano et al. [32], the Raman study by Wojciechowski et al. [33],
and the spectroscopy study by Moldenhauer et al. [34] indicated that the origin of this transition was
due to the charge disproportionation. Each BEDT-TTF molecule with approximately 0.5¢ has formed
the horizontal charge stripe patterns for +1e and 0 at temperatures below 135 K [33,35]. This phase
transition is suppressed by the pressure above 1.5 GPa at room temperature [8,9,16].

The resistivity at high pressure is very peculiar. It is almost constant over the whole temperature
range like dirty metals. The carrier mobility in dirty metals should be low, because the impurity
scattering dominates the conduction. Thus, the resistance in dirty metals is temperature independent.
However, the present situation is different. The large magnetoresistance at low temperatures indicated
that the carrier mobility was extremely high. It was estimated to be approximately 10> cm/ Vs at low
temperatures [9,16,35-37]. The high carrier mobility led to the observation that the magnetic field
warped the path of the electric currents [8]. So, this system is clean.

This is the motive with which this study has started. To clarify this mechanism, the Hall effect
was investigated. Surprisingly, in the region from 300 to 2 K, the carrier (hole) density and the mobility
change by approximately six orders of magnitude as shown in Figure 2. At low temperatures, the state
of extremely low density of approximately 8 x 10'* cm 3 and extremely high mobility of approximately
3 x 10° cm?/V's is realized [10,16]. The independent resistance is due to the effects of changes in
the density, and the mobility just cancels out [8-10,16].

According to the band calculations by Kobayashi et al. and first-principles band calculations by
Kino and Miyazaki, this material under high pressures is in the zero-gap state of which the bottom
of the conduction band and the top of the valence band touch each other at two points (we call
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these “Dirac points”) in the first Brillouin zone [13-15]. The Fermi energy is located exactly on the
Dirac point.

In the picture of 2D zero-gap energy structure with a linear dispersion, the peculiar transport
phenomena were naturally understood. The carrier density proportional to the temperature squared
is explained. When the Fermi energy Er located at the Dirac point is temperature-independent,
itis written as n = [ D(E)f(E)dE « T2, in which D(E) is the density of state and f(E) is the Fermi
distribution function. According to Mott’s argument [38], on the other hand, the mean free path [ of a
carrier can never be shorter than the wavelength A of the carrier, so [ > A. For the cases of high density
of scattering centers, I ~ A (Ik ~ 1). As the temperature is decreased, I becomes long, because A
becomes long (k becomes small) with the decreasing energy of the carriers. The Boltzmann transport
equation gives the temperature-independent quantum conductivity as oy, = 8¢* [ v2t(—df/9E)dk = 2¢%/h,
in which v, is the velocity of Dirac electrons when the electric field along x-axis is applied and 7 is
the lifetime. The constant sheet resistance (resistivity per layer) Rs close to the value of the quantum
resistance, 1/¢? = 25.8 kQ), is derived. Many realistic theories for the sheet resistance in the zero-gap
system give Ry = gh/e?, in which g is a parameter of order unity [39-41]. Combining the temperature
dependences of the carrier density and the resistivity with ¢ = ney, on the other hand, the temperature
dependence of the carrier mobility # « T2 was led as shown in Figure 2.
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Figure 2. The carrier density and the mobility under the pressure of p = 1.8 GPa against
the temperature. Close circles show the effective carrier density ,7¢ and the mobility ¢ estimated
from the Hall coefficient (Ry = 1/ne) and the conductivity (@ = o/ne). The magnetoresistance
mobility 1) and the density 1), on the other hand, is shown by open square. The carrier density
obeys 1 o« T from 10 K to 50 K (indicated by broken lines). Reproduced with permission from [9].

1.2. Experimental Evidence of Massless Dirac Electron System

We can see the remarkable characteristic transport of 2D Dirac electron systems in the magnetic
field normal to the 2D plane. In the 2D massless Dirac electron system, the particles obeyed to the Weyl
equation H = vro-p, in which ¢ is the Pauli matrix and p is the momentum. In the magnetic field,
the gauge transformation from p into p 4 eA derives the energy of Landau levels Ey as

EN::I:UF\/ZEﬁ‘NHB| (1)
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in which A is the vector potential, vr is the Fermi velocity, N is the Landau index, and B is the magnetic
field strength. This energy depends on the square root of B and N, which is different from that of
the conventional conductors. At the Dirac point (E = 0), N = 0, and the Landau level, called the
zero-mode, always appears [42].

For kT < E.q, the system is in the state of the quantum limit so that the zero-mode carriers
dominate the conduction. In this situation, the carrier density per spin and per valley is given by
D(B) = B/2¢yp, in which ¢y = h/e is the quantum flux and the Fermi distribution function at Er is 1/2.
Strong magnetic fields induced the zero-mode carrier with high density.

Tajima et al. succeeded in detecting this effect in the longitudinal inter-layer magnetoresistance
R [11]. In this experiment, the Lorentz force is weak, because the electrical current and the magnetic
field are parallel to each other. Thus, the effect of the magnetic field only gives rise to the change in
the zero-mode carrier density. It leads to the remarkable negative interlayer magnetoresistance in
the magnetic field above 0.2 T, as shown in Figure 3 [11]. An analytical formula for R, by Osada
reproduced well the field and the angle dependences of R, [43].

Since each Landau level is broadened by the scattering of carriers and/or thermal energy,
the zero-mode is sure to overlap with the other Landau levels at a low magnetic field. In such
a region, the relationship of R, « B ~1 Joses its validity. We can recognize this region in Figure 3,
in which a positive magnetoresistance is observed. At T, = 4 K, for example, this critical field B,
is approximately 0.2 T. At the magnetic field above Bj, the overlap between the zero-mode and
the N = +1 Landau levels E; will be sufficiently small so that the negative magnetoresistance is
observed there. Thus, E; ~ kpT, at B,. The Fermi velocity vr was estimated to be approximately
4 % 10* m/s [44,45].

Thus, the detection of zero-mode has demonstrated that this material under high pressure
was composed of truly massless Dirac electron systems. The recent progress of this system has
been remarkable. One example of this is the success of the carrier doping to this system. In the
next section, the effects of the carrier doping on the transport phenomena are described.

10+ BL plane

B(T)

Figure 3. Field dependence of the interlayer magnetoresistance for p = 1.7 GPa at 4 K [11].
Remarkable negative magnetoresistance is observed at B > 0.2 T. Fitting curve (red line) is an Equation
Rez o (|B| + By) ! in the negative magnetoresistance region, in which By is a fitting parameter that
depends on the purity of a crystal [36].

2. Methods of Carrier Doping

In the Dirac electron systems, the Berry phase, which is fundamental concept for the geometry of
the Bloch particles, plays an important role in quantum transport. In 2D massless Dirac electron system,
the particles obey the Weyl equation H = vro-p has 7 Berry phase. 77 Berry phase has yielded the new
type of quantum Hall effect (half integer quantum Hall effect), which was first discovered in graphene.
The success of the carrier doping (control of Er) by the field effect transistor (FET) method led to
this discovery.
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Here, the detection of the Berry phase is briefly mentioned. The semiclassical quantization
condition for a cyclotron orbit is written as Syy = 27t(N + 7) /13, in which Sy is the cross-section area
of the Nth Landau level, Iy = \/7i/¢B is the magnetic length, and y (0 < 7 < 1) is the Onsager phase
factor that is related to the Berry phase ¢p as v = 1/2 — ¢p/27. In a conventional electron system,
¢p and 1y are expected to be 0 and 1/2. Dirac particles, on the contrary, prefer ¢p = 7 and v = 0.
Dirac particles in a solid thus had been identified from the phase analysis of quantum oscillation
(Shubnikov-de Haas oscillations: SdH) in a magnetic field.

In order to detect the quantum Hall effect (QHE) characterized by the electrons on the Dirac
cones in a-(BEDT-TTF),I3 under high pressure, the Fermi level should be moved from the Dirac point.
However, control of the Fermi level by the field effect transistor (FET) method is much more difficult,
because this crystal has a multilayered structure with high conductivity. Moreover, the conductivity in
each layer is high.

Cannot we inject carriers to a-(BEDT-TTF),I3 under high pressure? Cannot we detect the QHE
experimentally in this system? The answer is “NO”. One of the breakthroughs for the carrier injection
to a-(BEDT-TTF),I3 was suggested. Important results are that the SAH oscillations and the QHE
associated with the special Landau level structure of Equation (1) were detected at low temperature [16,46].
In this section, we mention some unique methods of carrier doping in this system.

2.1. Effects of Dopant

Because of the characteristic energy spectrum, slight dopant brought a strong effect on the
transport phenomena. The instability of I3~ anions is the main origin of the dopant. Depending on
the dopant, there are two types of samples according to which the electrons or holes were doped.
Moreover, sample (dopant) dependence of the resistivity and the Hall coefficient is strong at
low temperatures. This characteristic feature provided experimentally an anomalous Hall conductivity
caused by the inter-band effects of the magnetic field [12]. In the magnetic field, the vector
potential plays an important role in the inter-band excitation of electrons [47]. In this situation,
large diamagnetism and the anomalous Hall conductivity is derived by the orbital motion of virtual
electron-hole pairs. This is the inter-band effect of the magnetic field. This effect is strongest when the
chemical potential is located at the Dirac point. In Section 3, inter-band effects of magnetic field on the
transport properties are described.

2.2. Electron Doping by the Annealing

Annealing of the crystals in a vacuum at high temperature gives rise to the lack of I3~ anions [48,49].
It yields mobile electrons. Annealing time and temperature are the control parameters of the density [50].
Recently, Tisserond et al. succeeded in injecting electrons and observed SdH oscillation at low
temperature [51]. Effects of electron doping by the annealing on the transport properties are roughly
mentioned in Section 4.

2.3. Hole Doping by Contact Electrification

The carrier density per layer of x-(BEDT-TTF),I3 under a high pressure at low temperatures
is estimated to be approximately 10% cm~2 [10]. Thus, the effects of hole doping can be detected
on the transport phenomena by fixing a crystal onto a substrate weakly that is negatively charged.
This is called the contact electrification method. The effects of hole doping on the quantum transport
phenomena were detected by fixing a thin crystal onto a poly (ethylene naphthalate) (PEN) substrate
(Figure 4) [46]. Positively charged substrate, on the other hand, dopes electrons. Effects of hole doping
by the contact electrification on the transport phenomena are described in Section 5.
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(b) ‘
a-(BEDT-TTF),I,
Polyethylene Naphthalate (PEN)

Figure 4. (a) Crystal structure of x-(BEDT-TTF),l3 viewed from the a-axis; (b) schematic diagram of
this system. The thickness of the crystal measured with a step profiler was approximately 100 nm;

(c) optical image of a single crystal on a PEN substrate in the processed form. The crystal was cut using
a pulsed laser beam with a wavelength of 532 nm. The scale bar is approximately 0.2 mm.

2.4. Experiments of the Transport Phenomena in a-(BEDT-TTF),13 Under High Pressure

A sample on which six to eight gold wire with a diameter of 15 pum is attached by the carbon paste
and is put in a Teflon capsule filled with the pressure medium (DN-oil 7373, Idemitsu, Tokyo, Japan),
and then the capsule is set in a clamp-type pressure cell made of hard alloy MP35N cell or BeCu/NiCrAl
dual-structure cell. The pressure was examined by change in the resistance of Manganin wire at
room temperature. Resistance of a crystal was measured by a conventional dc method with six to
eight probes. An electrical current between 0.1 pA and 10 A was applied in the 2D plane. The magneto
transport phenomena were investigated at temperatures from 0.1 K to 300 K in the magnetic field up
to12T.

3. Effects of Dopant: Inter-Band Effects of Magnetic Field

The sample (dopant) dependence of the resistivity and the Hall coefficient is strong at
low temperatures, as shown in Figure 5, because this system has the characteristic energy spectrum.
This fact is very important, because the dopant will throw light on the structure and the characteristic
properties in the vicinity of Dirac point. In this section, anomalous Hall conductivity that originated
from the inter-band effects of the magnetic field at the vicinity of Dirac point is examined [12]. Moreover,
electron-hole symmetry of this system is revealed.

As mentioned in Section 1, Ry is proportional to T? at temperatures below 50 K. It was explained
based on a single Dirac cone type energy structure. In the present system, however, two cones that
touched at a Dirac point exclude such a simple situation. In the case that the two Dirac cones are
strictly symmetric, the Hall coefficient will be zero, because the signals of the Hall effect due to carriers
on the top and bottom of the Dirac cones cancel out. To detect the signal, the energy structure should
be asymmetrical. The measurements of Ry should detect the signal that depends on the strength
of asymmetry.

Tajima et al. examined the temperature dependence of Ry for seven samples (n1-n7) and found
that the samples were classified into two groups. First group (n4 and n6) is that Ry is positive over
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the whole temperature range, as shown in Figure 5b. In another group (n1, n2, n3, n5, and n7), on the
other hand, the polarity of Ry changes at a certain temperatures below 10 K, as shown in Figure 5c.
The dopant with a low level of density in the sample leads to this difference. It plays an essential role in
the polarity of Ry at low temperatures. The density and the kind of dopants were determined by Ry
at the lowest temperature, in which the thermal excitation of carriers between the cones is negligible.
The kind of dopant of the first group (n4 and n6) is hole. On the other hand, electron is the character
of dopant in another group (n1, n2, n3, n5, and n7). Here, we have a deep interest in the change in
the polarity of Ry in the second group (electron doped samples: n1, n2, n3, n5, and n7), as shown
in Figure 5c. We find strong sample dependence of the temperature in which the polarity changes.
Note that above 10 K, the curve of Ry for all samples is a single. It indicates that doping does not
affect the electron energy structure. Thus, the effect of the dopant results in changes in Er. The change
in the polarity of Ry is understood as follows.

Strong temperature dependence of Ry indicates that the symmetry of the present Dirac cones
is low. In this situation, the chemical potential y should vary with the temperature. At the temperature
at which y = 0, the polarity of Ry changes [12,20]. This fact is very important, because the temperature
dependence of the transport phenomena provides its chemical potential dependence in the vicinity of
the Dirac point. Here, let us detect the inter-band effects of the magnetic field in the Hall conductivity.
The inter-band effect is strongest at = 0 [47]. In the following, we examine the inter-band effect in
the vicinity of Ry = 0 (1 = 0).
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Figure 5. (a) Temperature dependence of Rs for seven samples under pressure of 1.8 GPa. R; at
temperature below 10 K is shown in the inset; (b,c) is the temperature dependence of Ry for
hole-doped-type and electron-doped-type samples. Note that the absolute value of Ry is plotted.
Thus, the dips in (c) indicate a change in the polarity. The inset of (b,c) shows the schematic illustration
of the Fermi levels.

First, let us express y as a function of T. The dopant density 1; was determined from ns = 1/Rpe
at low temperature. Thus, Er was calculated from the relationship Ep = hwpy/ns /7t with op = 35 x 10* m/s.
Note that the value of v for all samples is almost the same, because sample dependence of Ry is
very weak at temperatures of above 7 K. For example, Er/kp for samples nl and n7 are estimated to
be 1.35 and 0.35 K, respectively. Kobayashi et al. theoretically demonstrated that y is varied with
the temperature as approximately y/kp = Er/kp = Ep/kg — AT at low temperatures, in which a
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parameter A depends on the symmetry of the Dirac cone (v /v%: v/t and v are the Fermi velocities for
lower and upper Dirac cones) and is independent of Ep. At Ry (T) =0, u/kp = 0. Thus, A = Er/kgTp
is estimated to be approximately 0.24 at Ry(T = 0) = 0. This experimental formula is consistent
with the theoretical curve well [20]. Hence, v’f /% is estimated to be approximately 1.2 [12]. This is
the electron-hole symmetry of this system. The detail for asymmetric Dirac cones in this system is
described in Section 6.

The calculation of the Hall conductivity o, = pyx/ (03, + pix) is the second step. The temperature
dependence of gy, for samples nl and n7 is shown in Figure 6a. In this calculation, it was assumed as
pxx = Pyy- The last step is that oy, is drawn in Figure 6b as a function for u by replacing T by T ().

We should compare this with the theoretical curve Ufyleory. Experimental data roughly reproduce the

. th
relation oy, ~ g(fxyeory

, in which g is a parameter that depends on the temperature. It is significant
that there is a peak and a dip structure in each curve at the vicinity of the point at which oy, = 0.
In the magnetic field, the orbital motion of virtual electron-hole pairs by the vector potential plays
an important role in 0y,. The peak structure of oy, shown in Figure 6 is the characteristic feature due
to the inter-band effects of the magnetic field [20]. The energy between two peaks is the damping,
which depends on the density of scattering centers in the crystal. The intensity of the peak, on the
other hand, depends on the damping and the tilt of the Dirac cones [20]. Note that o, without the
inter-band effects, on the other hand, has no peak structure.

Another important finding is a smooth change in the polarity of oyy. This is evidence that this
material has an intrinsic zero-gap energy structure.
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Figure 6. (a) Temperature dependence of the Hall conductivity for nl and n7 in Figure 5;
(b) chemical-potential dependence of the Hall conductivity for nl and n7. Solid lines and dashed
lines are the theoretical curves with and without the inter-band effects of the magnetic field by
Kobayashi et al., respectively [20]. Reproduced with permission from [11].

4. Electron Doping by the Annealing

As mentioned in the previous section, the dopant with the density of ppm order gave rise to the
intense effects on the transport phenomena. The origin of the dopant is the instability of I3~ anions
in a crystal. In a sense, this is the natural doping. Annealing in a vacuum at high temperature,
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on the other hand, enhances the lack of I3~ anions so that the mobile electrons are yielded.
In this section, the effects of annealing on the transport phenomena in a-(BEDT-TTF),I3 under the
pressure are mentioned.

The density of the doped electron by the annealing depends on the parameters of its time
and temperature. The annealing at temperature above 80 °C, however, changes the crystal structure
from - to B-types [48]. Thus, Miura et al. investigated the resistivity of a crystal with a parameter
of the time with 10 min steps of annealing in a vacuum of 1073 Pa at 70 °C [50]. The effects of
anneal (doping) were clearly seen in the value of resistivity and its temperature dependence as shown
in Figure 7a. The effects of annealing lead this crystal to a metal. At 4.2 K, for example, the resistivity
is decreased by about two orders of magnitude in duration of 40 min annealing. It is expected that
electrons were doped to this system.
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Figure 7. (a) Effects of the annealing on the resistivity in x-(BEDT-TTF),I3 under pressure of 1.3 GPa;
(b) annealing time dependence of electron density at 4.2 K and 1.6 K. Reproduced with permission
from [50,51].

Here we note that this experiment was performed by a single crystal. First step was to investigate
the resistivity of a-(BEDT-TTF),I3 under the pressure of 1.3 GPa. As the second step, the crystal was
annealed in the duration of 10 min in a vacuum about 103 Pa at 70 °C after pressure was removed.
Then, the resistivity of this crystal under the pressure of 1.3 GPa was investigated again. For the
after steps, the doping of electrons by the annealing was repeated in the same way.

The polarity of the Hall coefficient indicated the electron doping successes. At low temperature,
the variation in the electron density estimated from the Hall coefficient is almost same as that in
the resistivity. It is increased by about two orders of magnitude in a 40 min of anneal at 4.2 K as shown
in Figure 7b.

Here, let us return to Figure 7a. The resistivity per layer in the case without annealing expressed
as Ry ~ h/e? in a wide temperature region is the characteristic transport in the massless Dirac electron
system in which Er is located close to Dirac point as mentioned in Section 1. However, the system
with Er far from the Dirac point lacks validity of this law. The resistivity of the case with annealed
duration of 40 min shows the metallic behavior.

Figure 8 is the recent highlight. Tisserond et al. succeeded in detecting SAH oscillation in a thick
crystal under pressure of 2.2 GPa at 200 mK. [51]. Note that it is doped as a side effect of the elaboration
of the gold electrical contacts deposited by Joule evaporation, with an unintentional annealing.
Careful analysis of SAH oscillations, however, conduced the correction of the Dirac cones in this system.
In Section 6, this will be disclosed.
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Figure 8. Field dependence of the magnetoresistance in x-(BEDT-TTF),I3 under pressure of 2.2 GPa
at 200 mK. Inset shows the photograph of sample. Reproduced with permission from [51].

5. Hole Doping by Contact Electrification

By fixing a thin crystal onto a substrate weakly negatively charged as shown in Figure 4, the effects
of carrier doping by contact electrification can be detected in the transport. The polarity of Hall
resistance R,y indicates that the hole doping is successful. Note that holes should be injected into a few
layers (pairs of BEDT-TTF molecular layers and I3~ anion layers). Main is the first from the interface.

5.1. Resistivity of a-(BEDT-TTF),13 on PEN Substrate under High Pressure

Figure 9 shows the temperature dependence of the resistivity of a-(BEDT-TTF),I3 on PEN
substrate under pressure of 1.7 GPa. We see clear effects of the hole-doping in the resistivity.
First, the value of resistivity of the thin crystal on the PEN substrate is lower than those of the
usual thick crystal. Most noticeable difference is seen at temperatures below 2 K. The resistivity for
the thin crystal on the PEN substrate behaves as p o T2. This is the characteristic transport in the
Fermi liquid state.
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Figure 9. Temperature dependence of resistivity of a-(BEDT-TTF),I3 on PEN substrate under pressure
of 1.7 GPa. Inset shows Ap = p — pg against T2, in which 0o is the resistivity at a limit of T = 0.
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Thus, carrier injection into «-(BEDT-TTEF),I3 with a layered structure was successful. Note that
the resistivity depends on the crystal thickness, because the number of carrier-doped layers is small,
as mentioned before.

5.2. Observations of SAH Oscillations and Quantized Hall Resistance

The signature of the Dirac electrons is seen in the quantum transport. The magnetic field
dependence of resistance Ryy and the Hall resistance Ry, in the thin crystal on the PEN substrate
under pressure of approximately 1.7 GPa were investigated at 0.5 K. We find clear oscillation of Ry, as
shown in Figure 10a. The oscillation as a function of B~! indicates the SdH signal with a frequency of
By ~9.18 T. The second-order differential of Ry clearly depicts the oscillation in Figure 10b.

Here, we regard the origin of the SdH oscillation is 2D massless Dirac electrons. In the Dirac
electron systems, the circular orbit around the Dirac point in the magnetic field would yield Berry
phase 7, as mentioned before. The effect of the phase of the SAH oscillation is further probed in
the semi-classical magneto-oscillation description. In general, the component of the SdH oscillation
written by

ARy = A(B) cos[27(By/B+7)] @

acquires the phase factor ¢ = 1/2 or 0 for normal electrons with ¢p = 0 and Dirac particles with
¢p = 1. Here, A(B) is the amplitude of the oscillation. We obtain phase factor v by plotting the
values of B! at the oscillation minima of ARy as a function of their number, as shown in Figure 10c.
The linear extrapolated values of approximately 1/2 at B~! = 0 determine the phase factors 7,
which are approximately 0. Thus, we identify the Dirac particles.
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Figure 10. (a) Magnetic field dependence of Ryy, Ryy, and (b) SdH oscillation (—d%Ryy/dB?) under
the pressure of 1.7 GPa at 0.5 K; (¢) value of B! for the SdH oscillation minima. In the Dirac
electron systems, the linear extrapolation of the data to B~! = 0 should be 1/2. For normal electrons,
on the other hand, it is shifted to 0.
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Here, we notice the split of the SdH oscillation at B~* ~ 0.25 T~! in Figure 10b. The SdH
oscillation represents the density of states of the Landau levels. Thus, it indicates the Zeeman splitting
of N = —2 Landau level. The Landau level structure including its Zeeman splitting is written as

En = ~+vpy/2¢h|N||B| + @ 3)

in which g is the g factor and p is the Bohr magneton. Combined this relation of N = 2 and g = 2 with
Ey/vp = hk = h, /47rBf/¢0 ~ 1.7 x 1.0726 Jm~ s, the Fermi velocity is estimated to be vp ~ 4.3 m/s,

in which ¢ = 2 and ¢ = 4.14 x 107> Tm 2 is the quantum flux.

The most significant finding is the quantum Hall state in this system. Two obvious Ry, plateaus
are observed at magnetic fields of approximately 3.5 and 5.5 T, which show Ry, minima (Figure 10a).
Based on the conventional 2D Dirac electron systems, the Ry, plateau is interpreted as follows.

Ryy quantization is in accordance with 1/Ry, = v-e2/h, in which v = +s(n+1/2) is the
quantized filling factor, and s = 4 is the fourfold spin/valley degeneracy. An outstanding effect
on the Dirac electron system is that the factor of half-integer exists. Thus, probes of the quantum Hall
plateaux for |v| = 2, 6, 10, 14, -- - are expected. In the data in Figure 10a, based on this step rule,
v = —6, —10, —14 for the first layer at R,y plateau, or anomalies are required from SdH oscillations
against the Landau index shown in Figure 11.
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Figure 11. Landau index N or filling factor for first layer v dependence of —d?Ry,/dB? and Oxy-
Reproduced with permission from [45].

The estimation of v from the values of Ryy plateau in this system, however, is a serious problem.
The multilayered structure with a few hole-doped layers (mostly single layer) gives rise to the lack of
the validity of the estimation of v from the values of Ry, plateau because it depends on the thickness.
On the other hand, the conductivities for the many undoped layers are finite. Hence, Ry, is not zero
but shows minima at Ry, plateaux. At magnetic field, for example, we can see this effect on Ryy.
In this magnetic field region, the polarity of Ry, is negative and yet holes are injected, as shown
in Figure 10a. This is a frequently observed behavior of the present material induced by electron-type
dopant (Section 3). However, detailed examination of the thickness (number of layer) dependence
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of the Hall conductivity revealed v. For example, v ~ —6 at Ryy plateau of 5.5 T in Figure 10a [46].
This is expected v shown in Figure 11.

6. Correction of Dirac Cones

In Section 5, the detection of SAH oscillations, whose phase was modified by 7 Berry phase,
is evidence that this system is a 2D Dirac electron system. This measurement was done in the magnetic
field below 7 T at 0.5 K. However, recent examination of the SdH oscillations at the magnetic field up
to 12 T by Tisserond et al. suggested the correction of the Dirac cones [51]. In this section, the SAH
signals in the high magnetic field are interpreted within the model of distorted Dirac cones.

The detections of the SAH oscillations were done by two carrier doping methods: anneal
(Sample A: Figure 8) and contact electrification (Sample B). Both the oscillations with the 1/B
periodicities and the phase factors of the Berry phase 7t indicate that the Dirac carriers are involved
at low magnetic field. At high magnetic field, however, both the SdH signals are very peculiar.
Both oscillations lost 1/ B oscillations periodicity as shown in Figure 12 [51]. The detail structure of
Dirac cones shows up the non-periodic SAH oscillations of the high magnetic field [52].

5

® P=2.2GPa

n

24
14
b4 Sample A
" T T T T T T T
00 01 02 03 04 05 06 07
-1
1/B (T)
44 )
| P=20GPa
® P=22GPa
3] * P=23GPa
¢ P=2,6GPa
o 24

Sample B-1

0 T T T
0,0 0,1 0,2 0,3 0.4

1/B (T

Figure 12. Construction of Landau plots from the analysis of the SdH oscillations. At low
magnetic fields, the oscillations are 1/ B periodic; they are SAH oscillations. The determination of their
phase offset, connected to the Berry phase, indicates that the Dirac charge carriers are involved in the
measured oscillations. At higher magnetic fields, the 1/B oscillations periodicity loss. Reproduced
with permission from [51].
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Tisserond et al. interpreted the SdH signals shown in Figure 12 based on the picture of distorted
Dirac cones, of which the Hamiltonian is written as H = vpo-p + p?/2m, in which mass m is the
curvature term. Figure 13 is the sketch of distorted Dirac cones. In the magnetic field, by the
gauge transformation from p into p + eA, the Landau level structure without Zeeman effect term is
calculated as

Ev — B \/ 5 fiwom \ 2

~N = hwn N £ vpy| 2ehvg|N||B| + (T) (4)
in which w;;, = eB/m and |N| > 1. The positive part of this equation corresponds to the conduction
band contribution and the negative part to that of the valence band. The curves (solid lines) of Landau
index N against B~! reproduced well the experimental curve as shown in Figure 13. The best fit mass
parameter for Sample A is |m| ~ 0.03m. For Sample B, on the other hand, it is to be |m| ~ 0.022m.
Note that others possible causes, such as a cone tilting or a Zeeman effect, are carefully ruled out in the
Reference [46] and its Supplementary Materials.

The proposed interpretation corrects the band structure from (a) massless Dirac cone to distorted
Dirac cone with (b) m > 0 or (c) m < 0 shown in Figure 13. This electron-hole asymmetry explains the
temperature dependence of the chemical potential mentioned in Section 3 [12,20]. It suggests distorted
Dirac cone shown in Figure 13b. Moreover, recent realistic calculations of the energy band and Landau
level structures in this system by Kishigi and Hasegawa support our experimental results and those
interpreted qualitatively [53].

(a) 9] ©

E E E
% | % | ¥k
m=0 m>0 m<0

Figure 13. Distortion of the Dirac cone by a curvature term with a mass m. (a) massless Dirac cone;
(b) distorted Dirac cone (m > 0); (c) distorted Dirac cone (m < 0). Reproduced with permission from [51].

7. Summary

We summarize this review as follows.

The effects of carrier doping on the peculiar (quantum) transport phenomena in x-(BEDT-TTF),I3
under high pressure were described. We presented three unique methods for the carrier doping of
this system. First, unstable I3~ anions yield the dopant in the crystal. This effect led to the detection
of anomalous Hall conductivity that originated from the inter-band effects of the magnetic field;
second, subjects that were annealed in a vacuum at high temperature enhanced the lack of I3~ anions
so that the mobile electrons were yielded. The effects of annealing on the transport phenomena
in a-(BEDT-TTF),I3 under pressure were mentioned. Tisserond et al. succeeded in detecting SAH
oscillation in a thick crystal under pressure of 2.2 GPa at 200 mK [51]. Lastly, we presented the effects
of the carrier doping by the contact electrification on the transport phenomena. Only by fixing a thin
crystal onto a substrate weakly negatively charged by contact electrification, the effects of carrier
doping can be detected in the transport. A significant finding is the SdH oscillation and the quantum
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Hall effect characterized by the Dirac type energy structure. Moreover, the distortion of the band
structure Dirac cones was revealed.

The effects of carrier doping became more important for the organic Dirac electron system.
However, control of the Fermi energy has not been achieved yet. Control of the Fermi energy and
further investigations will lead us to interesting phenomena.
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Abstract: Comprehensive measurements of the pressure- and temperature-dependent dc-transport
are combined with dielectric spectroscopy and structural considerations in order to elucidate the
charge and anion orderings in the quasi-one-dimensional charge-transfer salts (TMTTF), X with
non-centrosymmetric anions X = BFy, ClO4 and ReOy4. Upon applying hydrostatic pressure, the
charge-order transition is suppressed in all three compounds, whereas the influence on the anion
order clearly depends on the particular compound. A review of the structural properties paves the
way for understanding the effect of the anions in their methyl cavities on the ordering. By determining
the complex dielectric constant é(w, T) in different directions we obtain valuable information on
the contribution of the anions to the dielectric properties. For (TMTTF),ClO4 and (TMTTF);ReQOy,
ey exhibits an activated behavior of the relaxation time with activation energies similar to the gap
measured in transport, indicating that the relaxation dynamics are determined by free charge carriers.

Keywords: Fabre salts; one-dimensional conductors; charge order; anion order; electronic transport;
pressure dependence; dielectric spectroscopy

PACS: 71.30.+h, 74.70.Kn, 75.25.Dk, 71.27 +a, 72.15.-v, 77.22.Gm

1. Introduction

Electronic correlations play a decisive role in the quasi-one-dimensional molecular charge-transfer
salts (TMTTEF),X, where TMTTF means tetramethyltetrathiafulvalene. As a result of the 2:1
stoichiometry with positively charged (TMTTE)?, py = 0.5, and monovalent anions X, the
(TMTTEF), X salts should have a 3/4-filled conduction band. The slight dimerization of the molecular
stacks leads to a splitting into a completely filled lower and a half-filled upper band; accordingly,
metallic properties are expected. This behavior is observed in the sibling TMTSF compounds, known
as Bechgaard salts, here TMTSF stands for tetramethyltetraselenafulvalene. Due to the reduced
dimension, Fermi liquid theory breaks down separating spin and charge degrees of freedom [1,2].

In the case of the Fabre-salts TMTTF, however, a minimum in resistivity p(T) is observed at
T, ~ 250 K, followed by a strong increase at Tco [3-5]. The first phase below T, is referred to as charge
localization or dimer Mott insulator, whereas the charge-order (CO) transition occurs at Tco, usually
somewhere below 160 K. Both states arise due to strong electronic correlations which are well described

Crystals 2018, 8,121; doi:10.3390/ cryst8030121 233 www.mdpi.com/journal/crystals
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by the extended Hubbard model taking into account on-site U and nearest-neighbor Coulomb
interactions V [6]. Intense research over the last decades revealed a colorful interplay of charge, spin
and lattice degrees of freedom and established a generic phase diagram. The temperature-pressure
diagram is shown in Figure 1 and includes (TMTTF), X and (TMTSF), X salts with centrosymmetric
anions X = Br, PFs, AsFg, SbFg, TaFs, wherein the position can be tuned either by external pressure or
by substituting the anions, causing chemical pressure. In the phase diagram Figure 1, the compounds
with non-centrosymmetric anions, such as SCN, FSO3, NO3, BF4, Cl1O4 and ReOy are missing, as they
exhibit ordering of the anions upon cooling.
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Figure 1. (a) The generic phase diagram of the tetramethyltetrathiafulvalene (TMTTF) and
tetramethyltetraselenafulvalene (TMTSF) salts with centrosymmetric anions, as first suggested by
Jérome [7] and further refined by other groups [2]. The position can be tuned either by external physical
pressure or by chemical pressure via substituting the anion. The arrows indicate the ambient pressure
position of the particular compounds with different anions. Decreasing the anion size corresponds
to increasing pressure upon which the properties become more metallic and less one-dimensional.
The full and dashed lines indicate phase transitions and crossovers, respectively. The various terms are
shortened as follows: CO charge order, loc charge localization, SP spin-Peierls, AFM antiferromagnet,
SDW spin density wave and SC superconductivity; (b) Crystal structure of (TMTTF),PF [8] illustrating
the stacking of the TMTTF molecules and the anions along the a-direction and, (c) in the bc-plane
showing the separation of the TMTTF stacks by anions.

2. Structural Considerations

Before we report our experimental studies on the electronic properties of (TMTTF), X and discuss
the temperature and pressure development, let us summarize the structural aspects known for this
class of materials. As the best studied example, the crystal structure of (TMTTF),PFs under ambient
conditions [8] is exemplarily shown in Figure 1b and c for the (TMTTF),X salts. Commonly they
exhibit a triclinic space group P1 with inversion centers located in between the TMTTF molecules
and on the anions [9-14]. Most importantly, the planar TMTTF molecules are arranged in zig-zag
stacks along the a-direction (Figure 1b) giving rise to the quasi-one-dimensional physics in the Fabre
salts [3]. The anions separate the TMTTEF stacks along the b + ¢ direction (Figure 1c) and mediate the
inter-stack coupling. Moreover, due to the presence of the anions, a slight dimerization is introduced
on the TMTTF stacks which decreases upon cooling [15]. This already indicates that the counter
ions play a more complex role then just acting as spacers between the TMTTF stacks and that their
symmetry affects the electronic properties [4,16-18].

The anions are located in cavities, which are constituted by the methyl end groups of the six nearest
neighbor TMTTF molecules [19]. Depending on their size, symmetry, and polarizability, the anions and
the methyl groups are slightly deformed, leading to a more or less snug fit in the cavities [14,16,17,20,21].
For that reason, the anions possess some limited rotational and translational degrees of freedom that
are activated at higher temperatures [22,23]. The methyl groups basically form a centrosymmetric
environment with symmetry axes close to the ones of the octahedral anions. This implies that for

non-centrosymmetric entities, i.e., linear, triangular, tetrahedral anions, orientational disorder becomes
an issue [17,24].

234



Crystals 2018, 8,121

At lower temperatures—when thermal disorder is reduced—weak hydrogen-bonds are formed
between the ligands of the counter ions and the closest methyl groups [25]. Moreover, there is a link
between the S-atom of the nearest TMTTF molecule and the anion ligand O or F-atom [26], evidenced
by an anion dependence of the sulfur to anion-ligand distance day,—g [4,18] (Table 1). It is important to
emphasizes, that via the methyl groups any structural or charge modification in the TMTTF molecules
influences the position of the anions and vice versa [17].

At elevated temperatures, the symmetry of the anions does not play a crucial role, for these
entities are subject to rotation and disorder. Upon cooling, however, the motion is hindered and
the anions get locked in certain positions, where the symmetry of the anions becomes an important
aspect. The alternating orientation of the tetrahedra along and perpendicular to the stacks leads to a
doubling of the lattice periodicity; hence the anion order is a structural transition with wave vector
qao = (%, %, %) X-ray absorption near edge structure (XANES or NEXAFS) [27] and infrared optical
spectroscopy [23] measurements unanimously identify a tetramerization of the TMTTF stacks at the
AO transition Tpo, the latter also providing evidence for a 0110 charge pattern. A scheme of the
corresponding modification of the structure and the charge pattern is shown in Figure 2e.

(a) dimerized state (b)  normal state (c)  charge order (d)  anion order 1 (e)  anion order 2 (f)  anion order 3
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Figure 2. Sketch of the molecular and charge arrangements for different states of (TMTTF), X salts.
The organic molecules are depicted as rectangles; the amount of charge pg, pg % ¢ is illustrated by
red ellipses of different size. The anions are shown as blue hexagons or triangles, depending on the
centrosymmetry. (a) The TMTTF stacks are dimerized at room temperature, a &+ x. The degree of
dimerization decreases upon cooling, thus equalizing the TMTTF sites towards the uniform state in
(b). Panel (c) illustrates how charge disproportionation develops as the charge-ordered state is entered
with a 1010 charge pattern along the stacking direction. A priori, three different charge configurations
are possible in the anion-ordered phase: (d) one with a 1010 pattern and (e,f) two with a 1100 pattern.
Our optical studies [23] have revealed that the tetramerized state (e) forms due to the anion order, with
an intra-dimer molecular distance a — x, and the dimers separated by a + x" and a + x”.

In this respect, charge order as well as anion order in the (TMTTF), X salts still bear some mystery.
Among the remaining questions are (i) about the exact mechanism for CO involving the anions,
hence (ii) about the nature of interplay, if there is any, between CO and AO and (iii) about the role of
polarizability of the anions for CO and AO.

2.1. Charge Order

Charge order is caused by redistribution of electronic charge within the TMTTF stack resulting
in an alternating arrangement of differently charged molecules (TMTTF) 05+ and (TMTTF)*05—¢
along the a-direction. This charge disproportionation is observed in all TMTTF salts considered
here, except (TMTTF),ClOy. Charge order lifts the inversion symmetry and conceptually doubles
the unit cell. Halving the Brillouin zone leads to the opening of a gap in the electronic density of
state [3]. The latter is observed as a strong increase of resistivity at Tco [4,5] whereas the charge
disproportionation is evidenced by nuclear magnetic resonance (NMR) [28,29], dielectric [30-36] and
optical spectroscopy [23,37,38], as well as by synchrotron X-ray diffraction measurements [39]; the
latter results evidence a 1010 charge pattern. The electrical transition proceeds continuously, wherein
the charge disproportionation and the energy gap exhibit a temperature dependence that resembles
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the mean-field behavior of a second-order phase transition [4,23]. An overview of the transition
temperatures and structural parameters determined at room temperature is given in Table 1.

Figure 2 illustrates the molecular and charge arrangements for the different states realized in
the (TMTTF), X salts. Panel a corresponds to the state at high temperatures, which exhibits a finite
dimerization of the organic molecules. Upon cooling, the dimerization diminishes [15], approaching
the arrangement shown in panel b. The charge disproportionation starts to develop upon entering the
charge-ordered state with a 1010 pattern along the stacking direction as sketched in panel c.

2.2. Anion Contribution to Charge Order

From a general point of view, the (TMTTF),X salts are stabilized by the charge transfer of
half an electron from the TMTTF molecules to the anions. Therefore it seems reasonable that
charge redistribution at the CO transition introduces structural modifications [17]. Nevertheless,
the associated alternation in the crystal structure could not be resolved for a long time [15,40],
and as a result, the charge order transition was first considered as a “structureless transition” of
unknown origin [41]. Only recent YF-NMR studies [42], measurements of the thermal expansion
[43,44], neutron scattering [45] and optical spectroscopy [38,46,47] provided the necessary evidence
that CO is accompanied by lattice effects, attributed to a collective shift of the anions [17].

Pouget proposed [17] two different directions for the anion shift. First, the anion moves along
the c-direction towards the methyl groups, as indicated by black arrows in Figure 3a,b. The resulting
deformation of the methyl end-groups polarizes the hydrogen-bond network leading to a displacement
of charge in the o-bonds connected to the H-bonds. This indirectly stabilizes the excess of 7r-holes
on the corresponding TMTTF molecule as indicated by a red ellipsoid, whereas blue ellipsoids mark
charge-poor molecules (Figure 3).

= C b
(a) "ib (b) b-/

Figure 3. The anions shift along the b + ¢ direction towards the methyl groups and towards the sulfur
atoms, as suggested by Pouget [17]. Charge-rich TMTTF molecules are indicated by a red ellipsoids
whereas blue ellipsoids mark charge-poor molecules. (a) View in the ac-plane and (b) along the a-axis
onto the cb-plane. The shift of the anions towards the S-atoms of the nearest TMTTF molecule depicted
(c) in the ac-plane and (d) in the cb-plane. The polygons formed by the purple and orange dashed lines
in panel d indicate which anion stacks are shown in the previous frame c.
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Several observations support this suggestion of an anion shift with a strong contribution along
the c-direction. First of all, thermal expansion measurements exhibit a clear anomaly at T, which is
most pronounced along the c-axis [43]. Secondly, the coupling between the methyl groups and the
anions is mostly in the bc-plane. Furthermore, deuteration of the methyl groups significantly increases
Tco- The heavier mass slows the lattice dynamics and weakens the coupling between the anions and
terminating endgroups (Figure 4); thus CO can be stabilized already at higher temperatures [23].

The second proposed translation of the anions [17] is towards the closest sulfur atom of a TMTTF
molecule, indicated by black arrows in Figure 3c,d. This goes hand in hand with the enhanced 7r-hole
density at the corresponding TMTTF molecule. NEXAFS measurements clearly show the strengthening
of the S-F bonds [48].

Both shifts are supposed to increase the charge concentration on the corresponding
TMTTF molecule. It is energetically favorable that the second neighboring TMTTF molecule contains
less positive charge. Hence, by minimizing the electrostatic energy between the anion stacks and
adjacent TMTTF stacks, a three-dimensional charge pattern is established that is crucial for stabilizing
CO [23,43]. In fact, temperature-dependent transport measurements [4] clearly show the opening of
a CO gap along all three crystallographic directions providing evidence for this three-dimensional
charge pattern due to inter-stack coupling mediated by the anions.

Some further considerations have been published, which should be mentioned here. First, the
anion shift accompanying CO does not introduce the tetramerization [23]. Second, although the anions
do shift at the CO transitions, they are still considered to exhibit a random rotational motion depending
on the temperature [17].
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Figure 4. Dependence of the charge order temperature Tco (colored squares) and anion order
temperature Tro (colored circles) for various Fabre salts (TMTTF), X with different X as indicated.
(a) Tco plotted versus the distance between the TMTTF molecules d; along stacking direction
determined at room temperature. Here, octahedral and tetrahedral salts fall on two different
lines. Although the octahedral anions exhibit larger values for dq, Tco is lower compared to the
tetrahedral salts. The octahedral anions are larger (Table 1) resulting in an increased value of d;.
The anion-TMTTF stack coupling increases due to the larger anions, and the match between anion
and cavity symmetry; thus thermal fluctuations prevail upon the electronic correlations giving rise to
CO down to lower temperatures. (b) Plot of T versus the mass of the anions. A monotonic increase
of Tco with anion mass is observed, which is attributed to less effective motion of heavy anions due
to thermal fluctuations and, consequently, a less disordered anion potential influencing electronic
correlations within the TMTTF stacks. The octahedral and tetrahedral salts fall on two distinct lines due
to different coupling between the anions and the TMTTF stacks. (c) For the anion ordering temperature
observed in the tetrahedal (TMTTF), X salts, an increase of Top with the anion mass is observed. At a
specific temperature, heavy anions are less affected by thermal fluctuations. Consequently, the anion
orientation is locked permanently for heavier anions at higher temperatures. As a result, anion order
occurs at higher temperatures for heavy anions.

Having established the anion shift, we now have to pose the question whether charge order can
still be understood as a phenomenon inherent to the one-dimensional TMTTF stacks as described by
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the extended Hubbard model, or whether a more advanced theoretical treatment is required including
the contribution of the lattice in general and the anions in particular. In other words, we have to find
out whether the Coulomb attraction between the negative charge located on the anion-ligand with
shortest S-F contact is crucial for charge order, or whether it only stabilizes the arrangement. It has
been proposed, that the shortest anion-ligand to sulfur distance day _g is the parameter determining
CO [4,18], in contrast to a purely electronic picture, which implies that the distances between the
TMTTF molecules, dy and d,, are decisive. Recent spectroscopic and structural investigations could
shed light on this issue [18,23]. In the following we give a short overview on the different approaches
and on the studies focusing on the structural aspects of the CO transition.

Table 1. Overview on the transition temperatures Tco and Tap, as well as on the room-temperature
structural data of various (TMTTF), X salts with octahedral and tetrahedral anions X. Here daj _g
is the shortest distance between the anion-ligand (F or O) and the sulfur atom. d; and d, denote
the distances between planes defined by the TMTTF molecules within one stack [9,11-13,18]. Hence,
(d1 —dy)/(dy + dz) denotes the structural dimerization along the stacks determined by the distance
between the TMTTF molecular planes; it does not take into account any displacement of the molecules
along the b or c direction. In contrast to that, dstruc and dgje. are determined by ab-initio DFT calculations
based on X-ray structural data [49,50]. dstruc corresponds to a structural dimerization as well, which is
defined by the distance between the centers of mass in each TMTTF molecule. dgjec = 2|1 — £2|/ (11 + t2)
explicitly takes into account the overlap of the transfer integrals #; and #,. The unit cell volume is
listed as Vinitcen [9,11-13]. The parameter Ry denotes the thermochemical radius of the monovalent
anion [51]; although calculated for a salt with 1:1 stoichiometry, we consider this as a valid estimate for
the anion size. The anion volume is listed as Vypjons following [52]. In the last row the anion mass 114
is given in atomic units.

Anion X PFG ASF6 SbF6 TaF6 BF4 C104 Re04
Teo (K) 67 102 157 175 84 - 230
Tao (K) - - - - 415 734 157
dar_s (A) 330 327 321 3215 328 345  3.05
di (A) 3.621 3.632 3.642 3.642 356  3.60 3.59
dy (A) 3527 3524 3526 3534 354 351 357
dy — dy (1072) 132 151 162 151 028 127 028
d1+dy
Ostruc 0.040  0.041 0.041 - 0.028  0.04 -
Betec 0230 0110 0298 - 033% 0616 -
Venitcenl A% 6766 6977 7029 70652 6485 6548 6795
Rp (pm) 242 243 252 250 205 225 227
Vanions (A3) 70.6 - 81.8 - 51.6 547 648
my (au) 14496 18891 23575 29494 86.80 99.45 250.21

In Table 1 we summarize electronic and structural parameters determined from literature data. For the
octahedral anions, Tco rises with anion size (and mass) d(PFs) < d(AsFs) < d(SbFs), < d(TaFs);
the same is found for the salts with tetrahedral anions. Moreover, a larger anion diameter correlates
with a shorter sulfur-anion-ligand distance d; g and larger intra-stack distances between the TMTTF
dy —dy
di +ds
seen [18,49,50]. So far, Tco scales with both, ds1 s and dy, impeding a simple answer of the question

posed above.

In Figure 5a the charge disproportionation 26 is plotted as a function of the CO temperature
Tco. Interestingly, both the salts with tetrahedral and with octahedral anions fall onto the very same
line, providing strong indications that CO is independent on anion symmetry and emerges from the
electronic interaction and one-dimensional physics inherent to the TMTTF stacks [23]. This conclusion
complies with the extended Hubbard model and theories based on it; where structural peculiarities are

molecules dq and d,. Regarding the structural dimerization and Tco, no clear trend can be
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disregarded [6]. Along these lines the competition between the nearest-neighbor Coulomb repulsion V
and the bandwidth W = 4t is crucial for CO, wherein the transfer integral t sensitively depends on the
distance between TMTTF molecules.
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Figure 5. (a) Charge disproportionation 24 of the (TMTTF), X salts with different anions X plotted
versus the CO transition temperature Tco. The open circles [38,53] and closed circles [23] were
determined by optical spectroscopy on the octahedral anions PFg, AsFg, SbFg, TaFs, and tetrahedral
anions BF; and ReQy, respectively; the green crosses and green plus signs were measured by
NMR [37,54,55] and Raman spectroscopy [38,56], respectively. The red line corresponds to 26 o Tég’.
Most important, all salts fall onto this line independent on the anion symmetry. (b) The shortest
distance day,_g between the sulfur atom of the organic molecule and the anion-ligand is evaluated
at room temperature and plotted in dependence on the charge-order transition temperature Tco.
All salts exhibiting CO fall on a line, indicating a linear decrease of T as the spacing d a1 g increases.
(c) Temperature dependence of the bond dimerization Z(Ltl:ttzz)\
transfer integrals f; and t; were obtained by applying the extended Hiickel model on temperature
dependent X-ray data.

taken from Reference [15], wherein the

To countercheck, in Figure 5b the distance day_g is plotted versus Tco. For all salts we find a
linear relation of falling transition temperature and increasing distance, independent on the symmetry
of the anions. Note, the values given in Table 1 and plotted in Figure 5b are determined at ambient
conditions; they change upon cooling and the application of pressure.

Figure 5c presents the temperature dependence of the electronic bond dimerization

2|t — ¢t o . e S
Solec = M, which is proportional to the electronic dimerization dgje., considering that the transfer
1+t

integrals t; and t; are calculated by the extended Hiickel model on temperature dependent X-ray data
[15]. Most importantly, the dimerization decreases with lowering the temperature, fully consistent
with the findings of Reference [50]. It is concluded that CO sets in below a critical bond dimerization of
0.25. This picture explains the absence of CO in (TMTTF),ClOy, however, (TMTTF),BF; is not included.
There also remains a discrepancy between the observed value of about 0.37 for (TMTTF),ReO,4 with
Tco =230 K.

In a more advanced approach, the influence of structural effects on charge ordering in
the (TMTTEF),X salts was investigated by ab-initio DFT calculations based on pressure- and
temperature-dependent X-ray data [49,50]. No systematic relation was observed as far as Tco and
the structural dimerization is concerned, i.e., the distance between the TMTTF molecules. For the
electronic dimerization 6., however, they find an increased value for (TMTTF),ClO4 compared to the
other salts, that explains the absence of CO in this particular salt. Besides the distance of the molecular
planes, J,, also takes into account the differences in the orientation and size of the transfer integrals.
When the electronic dimerization increases, CO is suppressed and can even be absent as in the case of
(TMTTE),ClO;.
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We can conclude this short overview by emphasizing the importance of ab-initio DFT calculations
based on detailed temperature-dependent X-ray data for all (TMTTF),X salts. This way we can
unambiguously determine which role lattice effects play in general and the anions in particular on the
charge-order transition.

2.3. Anion Order

In addition to charge order, the (TMTTF),X salts with non-centrosymmetric anions X = SCN,
SFO3, NOg, BEy, ClO4, and ReO4 undergo an ordering of the anions at Top; here we focus on the
tetrahedral counter ions. At room temperature, the octahedral and tetrahedral anions exhibit random
translational and rotational movement caused by thermal fluctuations [22]. As the temperature is
lowered, the tetrahedra do not fit into the cavities formed by the methyl end-groups due to their
non-matching symmetry resulting in an stochastic anion orientation [17]. This orientational disorder is
resolved at Ty by AQ, a structural phase transition orienting the anions within the cavities.

For the (TMTTEF), X salts with X = BF,, ClO4 and ReQOy, the ordering of the anions is a first-order
transition breaking the room temperature symmetry and doubling the lattice periodicity [4,18].
The resulting superstructure exhibits a reduced wave vector of a0 = (%, %, %) [16,17,57]. AO is detected
by several methods: in resistivity measurements a kink-like feature is observed with a corresponding
hysteresis [4], a pronounced peak or shoulder is seen in dielectric spectroscopy [32,36,58], and the
optical spectra are distinctly modified [23]. In the case of (TMTTF),ClOy4 charge disproportionation
26 occurs right at the anion order [23]. As can be seen from Table 1, Tyo rises with increasing anion
volume and mass.

It is instructive to look at the sibling compound (TMTSF),X, where the AO takes place at
Tao = 24 K for X = ClO4 and 180 K for ReOy [57,59-61]. In general the selenium analogues possess
a larger bandwidth, compared to the (TMTTF), X salts and therefore the anion potential has only
smaller influence. While the former compound orders in a ga0 = (0, %, 0) fashion, the latter one also
exhibits a first-order phase transition with a wave vector a0 = (%, %, %) ; interestingly a high-pressure
phase with (0, }, 1) coexists for p > 10 kbar [62]. For both compounds, the solid solution of TMTTF
and TMTSF reveals several instabilities, broadens and shifts the AO transition [61,63-65]. A large
number of studies have been devoted to the occurrence of superconductivity in (TMTSF),ClOy as the
cooling rate is varied in order to retain anion disorder to low temperatures [66—69]. To the best of our
knowledge, similar studies have not been performed on the Fabre salts.

Figure 6 illustrates our present understanding of the structural modifications taking place at the
AO transition [17,18,23]. Due to their non-centrosymmetric shape, the tetrahedral anions exhibit only
a single anion-ligand to sulfur link along the (—b + c)-direction, indicated by the black dashed line.
This defines the direction along which the tetrahedra preferably reorient: one corner points along the
anion-ligand to sulfur link towards the nearest S atom of the closest neighboring TMTTF molecule.
Simultaneously, the other three anion ligands lie in a plane matching the symmetry of the methyl cavity.

A great many experiments provided compelling evidence that the anions are not statistically
oriented along one of the two possible directions towards the nearest S atoms but exhibit long-ranged
order, resulting in a 0110 charge pattern and tetramerization of the TMTTF stacks as sketched in
Figure 6. Structural refinements on (TMTTF),ReOy revealed the staggered orientation of the anions
along the [111]-direction and the tetramerization with intra-stack distances d; ~ 3.45 A, dy ~ 3.6 A
and dj ~ 3.48 A [70]. The molecular tetramerization was also observed by angular-dependent
X-ray near-edge structure (XANES) measurements [27]; in addition, they reveal a slight shift and
deformation of the ReO4 anions. For all salts with tetrahedral anions X = BF4, ClO4 and ReQy, electron
spin resonance (ESR) spectroscopy sees a drop of the spin susceptibility right at Too that is attributed to
the formation of a singlet-triplet gap upon tetramerization [71-73]. Most recently, infrared spectroscopy
could confirm the 0110 charge pattern by looking at the molecular vibrations [23]; more comprehensive
investigations on this issue are under way [74].
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Albeit a precise and complete microscopic picture of the AO transition could not be reached yet,
there is wide agreement that Coulomb interactions between the anions and the TMTTF stacks are
the driving force [17]. The orientation and slight deformation of the anions gives rise to a periodic
electrostatic potential influencing the charge distribution on the TMTTF molecules. This anion potential
is most pronounced along the sulfur to anion-ligand link and thus the staggered orientation of the
anions imposes the 0110 charge pattern onto the TMTTF stacks. As seen from Table 1, there is no
monotonic dependence of Ty on day_g; we should mention, however, that dsp _g is determined at
room temperature and one should consider the distance right at the respective AO transition. It is not
fully clear to what extent the 0110 charge pattern actually minimizes the Coulomb repulsion within the
TMTTE stacks. The contribution of the anion potential cannot be determined precisely without detailed
structural data in dependence on temperature covering the AO transition. Finally we would like to
draw the attention on the effect of isotope substitution, since Ty seems not to change appreciably
upon deuteration [36].
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Figure 6. Scheme of the anion arrangement for the tetrahedral (TMTTF), X salts as T < Tyo. Upon AO,
the anions re-orient in the methyl cavities along the anion-ligand sulfur link in (—b + ¢)-direction,
represented by the black dashed line, forming long-range order. Coulomb attraction between the
anion-ligand and the charge on the TMTTF molecule results in a 0110 charge pattern; the red and blue
ellipsoids mark charge-rich and charge-poor TMTTF molecules, respectively. The polygon formed
by the dashed orange line indicates which anion stacks are shown on the left side, illustrating the
charge pattern along the stacking direction. In addition to a reorientation of the anions, a shift along
the anion-ligand sulfur link occurs as well; this is not included here.

2.4. Deuteration

The replacement of hydrogen by deuterium in the methyl end-groups of the TMTTF molecule
has only minor influence on the anion order but increases Tco [75-77]; hence deuterated (TMTTF), X
salts provide valuable information on the ordering mechanisms. It was pointed out recently [23] that
with increasing anion size or mass, the effect of deuteration on the CO transition diminishes. Defining
the temperature shift ATco = Tcop — Tco, where Tcop and Tco are the transition temperatures
for the deuterated and hydrogenated crystals, respectively, the change in transition temperature is
strongest for small anions, as illustrated in Figure 7a. This important relation provides compelling
evidence that charge order — considered as a purely electrostatic effect —is crucially affected by dynamic
anion fluctuations. A simple relation is found for all TMTTF salts studied: T%O,D =T%,+D2%

It is important to note the structural aspect that dimerization decreases upon deuteration.
Starting with equally spaced TMTTF molecules in an isolated stack, dimerization is imposed by
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the anions. The coupling of the thermally fluctuating anions to the TMTTF stacks takes place via the
terminal methyl groups, i.e., it is mediated by hydrogen bonds. At elevated temperatures, the methyl
groups and the anions both require more space due to thermal fluctuations; their stronger interaction
enhances the anion-TMTTF coupling. By deuterium substitution the methyl-group motion is slowed
down, reducing the coupling to the counterions. As a consequence, the dimerization is smaller
for di,-TMTTF salts compared to the hydrogenated analogues. This also explains the concomitant
enhancement of Tco.

Anion order takes place at lower temperatures when the anions and the methyl groups fluctuate
less and their dynamic interaction is of minor relevance. Instead, it is more important to consider
the static Coulomb interaction between the monovalent anions and the charge spread on the TMTTF
molecules, mainly located at the S atom and the C=C double bonds. Since the electrostatic interaction is
not affected by deuteration, the influence of the anions does not change due to this isotope substitution.
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Figure 7. Effect of deuteration on charge order observed in (TMTTF), X. (a) For several anions X = PFg,
AsFg, Sbg and ReQy, the change in the transition temperature ATco = Tco,p — Tco is plotted versus
the square of the CO transition temperature T(Z:o of pristine crystals. The increase is most pronounced
for small and light anions. The inset indicates that deuteration rises the CO temperature, deminishes
dimerization, but has no effect on AO. (b) Plotting Tcop over Tco clearly reveals the dependence
TéO,D = T2o + D? with D = 60.2 K. The data are taken from Reference [75,77]; the plot follows
Reference [23].

3. Experimental Details

Single crystals of TMTTF,X salts with X = BF4, ClO4 and ReO4 were grown by the standard
electrochemical methods using an H-type glass cell at ambient temperature and inert atmosphere.
Platinum plates with an area of approximately 3 cm? served as electrodes and a sand barrier was
introduced to reduce diffusion. By applying a constant voltage of 1.5V, a current between 9.2 and
13.4 pA was drawn through the solution. The growth of the needle-shaped single crystals of typical
dimensions (2 x 0.5 x 0.1) mm?3 took several months. Since the crystal shape does not correspond to
the triclinic symmetry of the crystal structure, b’ denotes the projection of the b-axis perpendicular to
the a axis, and c* is chosen orthogonal to the ab-plane.

In order to perform the electrical transport measurements, small gold contacts were evaporated
onto the natural crystal surface and thin gold wires were attached to them by carbon paste. The dc
experiments applied the four-point method. Pressure-dependent measurements were carried out
by means of a clamp-type pressure cell using Daphne 7373 oil as pressure medium. Daphne 7373 is
the favored pressure medium for this kind of experiments because it conveys hydrostatic pressure
and (TMTTF), X crystals are inert to it. For all applied pressures the pressure medium stays fluid at
room temperature, relevant shearing forces seem to appear only when cooling through the freezing
temperature at pressures between 0-3 kbar. Temperature-dependent transport measurements were
carried out in a standard helium bath cryostat. The inherent pressure loss upon cooling was recorded
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continuously in-situ by an InSb semiconductor pressure gauge, as illustrated in Figure 8. The dielectric
measurements were performed with two contacts in a pseudo four-point configuration by means of
an Agilent 4284 Impedance Analyzer (20 Hz-1 MHz). For both measurement techniques, the applied
voltage was in the mV range to avoid heating and ensure measurements in the Ohmic regime.
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Figure 8. Left panel: Pressure loss of Daphne 7373 oil during cooling; the arrows mark the temperature
range of freezing. The data were recorded in a Copper-Berrilium cell by four-point resistance
measurement of an InSb pressure sensor. Right panel: Sketch of the actual pressure cell used and
photos of the sample holder, and the hydraulic press.

4. Electrical Transport under Pressure

The physical properties of the (TMTTEF),X family have been widely studied for several
decades [78-81], however most of the work dealt with centrosymmetric anions. Here we advocate that
the structural phase transition should not be considered an additional complication but an opportunity
to gain more insight on the effect of the lattice on the electronic properties; there is no question,
however, that further investigations are needed. In the following we will present the first complete
set of systematic dc measurements under hydrostatic pressure of the three most common (TMTTF), X
with tetrahedral anions (X = BF4, ClOy4, ReOy). After detailed discussions of p(T, p) for each particular
compounds, we will compare the rather diverse characteristics.

4.1. (TMTTF),ClO,4

From Table 1 we see that X = ClOy is placed between X = BF,; and ReOy with respect to the
anion size. From the charge transfer salts with octahedral anions we know that Tco increases with
anion radius [4,18]. The same is expected for the tetrahedral anions. (TMTTF),ClO; is in so far
particular, as it does not exhibit the charge order typical for all other Fabre salts. As far as the
anion transition is concerned, it follows strictly the expected relation for the tetrahedral anions:
TAo(BF4) < TAo(CIO4) < TAo(ReO4).

The pressure dependence of p(T) is affected by the absence of CO showing extraordinary features.
In Figure 9 the electrical resistivity p, (T, p) and pc(T, p) are displayed for pressures up to 11.6 kbar
in panels a,b and d respectively. At ambient pressure, p,(T) develops the well-known activated
temperature dependence for T < T, ~ 260 K (localization temperature) and shows a distinct jump
to lower values at Too ~ 73 K [4]. It is interesting to note a change in slope of p,(T) that appears
around 40 K. Applying hydrostatic pressure, the local minimum at T, disappears as well as the jump
at Too. Whereas the former may be assessed as an artifact caused by the temperature-dependent
pressure loss due to the pressure media in the cell (Daphne oil 7373, see Figure 8), the latter is inherent
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to (TMTTF),ClOy. For increasing pressure, the AO transition smears, broadens and moves to lower
temperatures, developing a distinct valley of low resistivity. Concurrently the onset of the transition
TAO-max follows the trend of Tao, accompanied by the development of steep increase of p(T, p) at T,
which is related to the lower bound of the minimum.

At p ~ 10 kbar the trend stops; Tao—max and Ty do not significantly shift in temperature any
more when p increases further. The mechanism triggering the valley seems to come to a halt. As can be
seen in Figure 9b, the valley is gradually filled. At the maximum pressure applied, p = 11.6 kbar, the
minimum has somehow disappeared completely. Instead for high pressures a second peak develops at
about 40 K, which does not shift in temperature for p > 11 kbar; this feature progressively dominates
the temperature dependance of p(T). This behavior is observed in both directions, for p,(T, p) and
0c(T, p), as seen by comparison of panels b and d. In Figure 10 we take a closer look at the pressure
range from 10.0 to 11.6 kbar. The appearance of the second peak is accompanied by a hysteretic
behavior in the temperature-dependent resistivity on both sides of the valley. Multiple temperature
cycles reveal fluctuations in p,(T) not observed in other cases.
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Figure 9. Pressure evolution of the temperature-dependent electronic transport of (TMTTF),;ClOy.
(a) dc resistivity as a function of temperature for ambient conditions and for hydrostatic pressures up
to 10.0 kbar measured along the stacking direction a. (b) For higher pressure values a more complex
behavior of p, (T, p) is observed. (c) For the example taken at p = 4.1 kbar, we illustrate how the
different parameters of the anion ordering transition were extracted from p(T, p) and its derivative
with respect to inverse temperature 1/7T. (d) Temperature dependence of the perpendicular resistivity
pc(T, p) for the high-pressure range.

In the phase diagram displayed in Figure 11a, we summarize the different phases, transitions,
and appearing features as extracted from our p(T, p) data. At elevated temperatures (TMTTF),ClO4
behaves like a low-dimensional metal with dp,/dT > 0 along the stacking direction and dp./dT < 0
perpendicular to the stacks. Between 250 and 150 K charge localization takes place at T,. While the
metal-like behavior in p,(T, p) for T > T, is obvious at p = 0, it gets masked for finite but intermediate
pressures; interestingly, the localization temperature is recovered at high p values. According to
Figure 8 the temperature-dependent pressure loss is reduced as the applied pressure increases; hence
this effect influences p(T) less. For the p = 9.3 kbar curve, we can clearly identify a range of metallic
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behavior by dp,(T,p)/dT > 0. For increasing pressures, the minimum in p(T) at T, is reduced.
T, extracted in this manner specifies the upper limit of the inherent localization temperature of
(TMTTF),ClOy. Since in the perpendicular direction dpc(T, p)/dT < 0 for the whole investigated
pressure and temperature range, our data identify the high-temperature phase of (TMTTF),ClOy as a
low-dimensional metal. The subsequent phase is an insulating one; nothing hints towards any inherent
changes in the material down to the anion ordering. No indications towards charge order are detected.
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Figure 10. Magnification of the high-pressure resistivity along the a-axis of (TMTTF),ClOy in the
temperature range of Tap. For pressure between 10.2 — 11.7 kbar, a second peak in p,(T) appears.
Simultaneously at the anion ordering p, (T) exhibits a distinct hysteresis and fluctuations.
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Figure 11. (a) The phase diagram of (TMTTF),ClOy as obtained from resistivity measurements indicates
various phase transitions. (b) Temperature-dependent susceptibility of (TMTTF),ClOy as obtained
from electron spin resonance (ESR) measurements (taken from Dumm et al. [82]). Two distinct drops
in the ESR intensity can be identified, one at the AO transition and the other at the antiferrmagnetic
order Tapym = 12 K. The onset of the plateau appears around T ~ 20 K (indicated by the blue arrow),
which coincides with the steep increase of the resistivity at Ty;.

The onset of the AO transition, To0_max, is defined by the local maximum in p(T) followed by a
sharp drop; the AO temperature Tp0 is given by the steepest decline of p(T) between Taoo_max and

the local minimum at ToQ_min- This is illustrated in Figure 9c in full detail, where also the derivative
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dIn{p.}/d (%) is plotted in the Arrhenius-like manner. The AO transition becomes obscured, when
the second peak starts to grow. This additional feature is first visible as pressure exceeds 10 kbar.
It always seems to be located at T ~ 40 K, with no significant shift for varying pressure. It is
interesting to compare the structural properties with the sister compound (TMTSF),ClO,, which can
be turned from a T, = 1 K superconductor to an antiferromagnetic SDW insulator by suppression of
the g, = (0, %, 0) anion order at Tyo = 24 K by rapid cooling [61]. The pronounced hysteresis and
fluctuations might point towards the development of an AO with another superstructure at T = 40 K.
Recalling the observation of different superstructures with pressure and disorder in (TMTSF),ReOy4 [62],
we could imagine a coexistence of the conventional AO superstructure g1 = (1,1, 1) and a new, but
weaker one with a different g vector also for (TMTTEF),ClO4 [13].

It might be worth to have a closer look on the temperature Ty; defined by the lower bound of
the resistivity valley, since this transition does not shift in temperature for the entire pressure range.
The strong increase in p(T) at Ty cannot be related to the transition into the antiferromagnetic state,
since for p = 0 the corresponding transition occurs at Tapm = 12 K [83] and no feature is visible in
the resistivity data at that temperature. It is interesting to note, however, that the increase of p(T) at
T = T coincides with the weak upturn of the magnetic susceptibility after the local minimum in the
ESR data (reproduced in Figure 11b) [82]. Although Ty develops only for relatively high pressures, the
ESR data are recorded at ambient pressure. Maybe this feature is present even at ambient conditions
but masked by the high resistivity due to the strong anion order. We call for further investigations of
these relations.

4.2. (TMTTF),BE,

In Figure 12 we present our dc resistivity results p,(T,p) and pc(T,p) for (TMTTF),BE,,
the compound with the smallest tetrahedal anion. At first sight, the resistivity of the two crystal
directions seems not to differ much, except of the absolute value. Dominated by an activated
temperature dependence, a pronounced kink at the CO transition is present for all investigated
hydrostatic pressure values. It is followed by an increase in slope for T < Tco. At the anion ordering
both p,(T) and p.(T) exhibit a step-like feature, but then continue with more or less the same derivative.
As pressure rises, this step-down is washed out and has eventually disappeared completely.
The activation energy is significantly reduced for rising pressure. A closer look reveals distinct
differences between the transport in the different crystallographic directions: p, and p.. Most obvious,
the temperature-dependent dynamics along the a-axis appears about two orders of magnitude higher
for all pressures compared to the transport along the c*-direction. Pressure has a much more severe
effect on the perpendicular transport p. than parallel to the stacks, p,. For low temperatures, the
high-pressure resistivity becomes almost isotropic.

The analysis of the charge and anion ordering transitions is explained in Figure 12. In panels c and
d the derivatives dIn{p, } /d <%) are plotted as a function of temperature in order to define the actual
transition temperatures. Here we can also identify differences in the slopes, since this temperature
derivative equals the gap size of an activated behavior. The kink in p(T) at Tco appears as a clear peak
in the derivative. For increasing pressure the CO peak sharpens, it gets more pronounced and shifts to
lower T.

For T < Tcp and high pressures, we see a steep upturn in resistivity that occurs for p,(T, p) as
well as for p.(T, p). It is followed by a clear change of the resistivity slope at Tpo. It is interesting
to look at the ratio of the resistivity values at the CO transition and those at the AO transition:
Ap = p(Tao)/p(Tco). Along the stacks, the change is about five orders of magnitude at all pressures;
for the c*-direction, Ap shrinks from 10,000 at ambient pressure to only about 100 at the highest
investigated pressure of p = 11.5 kbar. Hydrostatic pressure has a stronger impact on p.(T, p) than on
0a(T, p). This picture is supported by the more pronounced loss in activation energy with pressure at
T < Tao for the transverse transport p. (T, p) compared to the longitudinal one p, (T, p).
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Figure 12. Temperature dependence of the dc resistivity of (TMTTF),BF, measured for the directions
(a) parallel and (b) perpendicular to the stacks when increasing hydrostatic pressure is applied
as indicated. Besides the minimum in resistivity at T, the charge-order transition at Tco and the anion
ordering at Ty is clearly observed. The analysis of the data is illustrated in panels (c) and (d) where
the temperature derivative dIn{p,}/d (1/T) is plotted for both orientations. The extrema indicate the
ordering temperatures Ty and Tco. In addition we define an onset temperature for the charge and
anion orders. The inset (e) enlarges the range around the AO temperature.

At Tpo, p(T, p) undergoes another remarkable change in its behavior that strongly depends
on pressure. Under ambient conditions, AO results in a discrete jump in p(T) to lower values; since
the slope is preserved, the gap size in an activated behavior remains unchanged at the transition.
This observation was explained [4] by a reduction of scattering as the anions are locked in
the methyl cavities. This jump becomes smooth when pressure is applied; a plateau starts to
develop gradually. Increasing pressure further, p(T) becomes rather broad for both directions, and
eventually the AO transition cannot be identified as a discrete feature any more; what remains is an
upturn in resistivity in a wide temperature range. Looking at the derivative in Figure 12¢,d, Tao is
identified as a sharp peak in the low-pressure range. But for p > 8.3 kbar this characteristic vanishes.
It is interesting to note that the onset of the AO transition at Too_onset related to the upturn in
dIn{p.}/d (%) , seen just before Ty (Figure 12c and inset e), can be distinguished up to the highest
pressure. For p = 11.5 kbar the AO-onset peak is dominated by the strong CO peak coming very close
in temperature. Surprisingly, no onset feature of AO is present in p.. Nevertheless, these observations
in p, hint that the AO transition might survive even the high hydrostatic pressure. No doubt Tao
shifts down in temperature much slower with pressure than Tco.

In Figure 13a,b we focus on the high-temperature regime in order to inspect the metallic behavior
and charge localization. For high pressure, p > 10.5 kbar, both p,(T) as well as for p.(T) exhibit a
metal-like temperature dependence. The derivatives plotted in Figure 13¢,d evidence a crossing of
the zero line at around T = 100 K. We should note that in the clamped cell pressure losses might
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occur when cooling down from high temperatures, masking the inherent metallic behavior. Thus the
second crossing point should be considered with some reservations, when drawing the phase diagram
in Figure 13e. We associate the change in slope dp,(T)/dT with the charge localization temperature
Tioc = 240 K. With increasing pressure Tj,. shifts to lower temperatures. For the perpendicular
transport, p.(T) exhibits an activated behavior under ambient conditions. The boundary between the
metallic regions in Figure 13e therefore indicates a lower limit.
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Figure 13. The panels on the left display the temperature dependence of the resistivity of (TMTTF),BF,
measured for different hydrostatic pressure applied with the main focus on the metal-insulator
transition and charge localization. (a) The on-chain resistivity p,(T) exhibits the development of
a minimum as pressure increases. (b) Resistivity p.(T) perpendicular to the stacks for different
pressure values. (c,d) Pressure evolution of the resistivity derivative dIn(p)/d(1/T) as a function of
temperature for both orientations. The metal-insulator transition is indicated by the arrows. Also seen
is the freezing of the pressure transmitting oil Daphne 7373. (e) In the phase diagram of (TMTTF),BF,
different electronic states are depicted as derived from dc transport experiments. Upon cooling
the low-dimensional metal exhibits a charge localization that moves from about room temperature
down to below 100 K as pressure increases. For pressure above 8 kbar a three-dimensional metallic
phase develops. At lower temperatures charge order and anion order appear subsequently. Both phase
boundaries move towards lower temperature with increasing pressure.

4.3. (TMTTF),ReO;4

As listed in Table 1, (TMTTF),ReQy is the compound with the highest CO and AO transition
temperatures in the whole family of Fabre salts. At ambient pressure (TMTTF),ReO,4 develops
CO at Tco ~ 230 K and the AO transition at Too ~ 160 K. Figure 14a displays the results of our
pressure and temperature-dependent dc resistivity measurements along the perpendicular direction.
The corresponding temperature derivative d In{p.}/d (%) is a measure of the energy gap for activated
charge transport; its temperature dependence is presented in Figure 14b. The CO temperature Tco can
be identified as a kink in pc(T, p). Even more pronounced is the anion order at Txo.
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Figure 14. (a) Temperature-dependent resistivity of (TMTTF),ReO4 measured along the c*-direction
for different values of external pressure. The red and black arrows indicate the charge order and
anion order transition temperatures. (b) The temperature derivative dIn(p)/d(1/T) shows the
charge-order transition as a step in the temperature dependence; the anion ordering Tpo is seen
as a pronounced peak. Both exhibit a distinct pressure dependence. (c) Arrhenius plot of the resistivity
pc(T) as the pressure increases. All curves are shifted with respect to each other for clarity reasons.

For T < Tap the resistivity increase can be described by an activated behavior with an energy
gap that increases in a BCS-like fashion; more details on the dc transport at ambient pressure can
be found by Kohler et al. [4]. When hydrostatic pressure is applied, Tco shifts to lower values and
resistivity changes at the transition get weaker. Tpo on the other hand does not move in temperature
for p < peit = 5 kbar. Also the qualitative shape of p.(T) and its slope for T < Tao do not change
significantly in this pressure range. In the derivative of the resistivity, the AO transition appears as
a sharp peak, indicating a first-order phase transition for all values p < pgit = 5.0 kbar. When the
CO transition coincides with the anion ordering, a sudden change in the pressure dependence of
Tao is observed. Above a critical pressure pit = 5.0 kbar the AO related kink moves to higher
temperatures when pressure increases further. In addition, the shape of p.(T) changes from a BCS-like
to a rather straight and flat evolution of p.(T) for temperatures T < Tpo. For higher pressures,
P > Perit the shape of the transition resembles a second-order phase transition. The strong reduction
of the energy gap A at low temperatures for increasing pressures p > peit can be seen best in the
Arrhenius plot of Figure 14c.

In Figure 15c—e we show the temperature dependence of the charge and anion ordering gaps, Aco
and Ao, respectively, for selected pressures. With increasing pressure p < puit, the energy gap Aco
continuously converges to zero at the critical pressure of 5.0 kbar is approached. On the contrary, Axo
stays fixed. For higher pressure p > puit, Apo gets continuously suppressed as well. For comparison
the dc measurements of Coulon et al. [41] along the chain direction, p,(T, p) are presented in Figure 15b.
They exhibit qualitatively the same behavior as our dc results in the perpendicular direction.

By extracting the temperatures for the different phase transitions from our resistivity data we
can compose a phase diagram of (TMTTF);ReOy presented in Figure 15a. The CO state is limited
to low pressure. Pressure-dependent X-ray investigations may shed light on the origin of the
sudden change at the critical pressure of puir ~ 5.0 kbar. By comparison with the sister compound

(TMTSF);ReQy, we can speculate about a change in anion superstructure. As shown in Figure 15f,
Moret et al. [62] found a change from g, = <%, 1, %) togz = (O, 1, %) superstructure vector as pressure

exceeds a certain critical pressure.
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Figure 15. (a) Phase diagram of (TMTTF),ReOy as obtained from our pressure- and temperature-dependent
transport measurements. Even for 15 kbar hydrostatic pressure, no metallic behavior is observed up
to room temperature. The charge-ordered phase is limited to low pressure values. The transition
into the anion-ordered state changes from first to second order. (b) Normalized dc resistivity versus
temperature measured at 1 bar and 5 kbar along the chain direction of (TMTTF),ReOy; reproduced
from [41]. (c—e) Temperature change of the activation energy obtained below the AO transition and CO
transition of (TMTTF),ReOy for different pressure. (f) Temperature-dependent anion-ordering phase
diagram of (TMTSF),ReQ; as obtained from X-ray scattering experiments of Moret et al. [62]. The g,
and g3 phase boundaries overlap at p = 9.5, 10, and 11 kbar and they have opposite slopes.

4.4. Discussion

For a better comparison, in Figure 16 we present next to each other the temperature-dependent
resistivity of the three Fabre salts (TMTTF),X with tetrahedral anions, X = BF,, ClO4, and ReOy,
obtained at different pressure. In the case of centrosymmetric anions a simple relation between anions
size and charge ordering could be derived [18]: the larger the anions, the larger the stack separation
and the higher Tco. This concept fails for the tetrahedral anions. Obviously the original idea of anions
as pure spacers between the one-dimensional TMTTF stacks has to be discarded; instead we have
to account for the three-dimensional lattice structure and in particular the interaction of the organic
stacks with the anions.

Based on the size of the anions [52], V/E:?on < Vg‘%‘n < V}sﬁ%‘, the CO temperature of
(TMTTF),ClOy should fall right between ng and ngo“. Surprisingly, no CO transition is detected
in (TMTTF),ClOy. Provided it is not just an exception to the general rule, (TMTTF),ClO; may be
the key compound for understanding the Fabre salts. Comparing our resistivity data for the three
different compounds in Figure 16 reveals that the absence of CO has drastic consequences on the
o(T) for T < Tpp. At ambient pressure no qualitative difference is observed of X = BF4 and ClOy;
at Tpo the resistivity exhibits a step to lower values followed by an activated temperature behavior.
This common picture changes when pressure is applied. For (TMTTF),BF, we still find p(T) to be
thermally activated down to low temperatures. In (TMTTF),ClOy4, however, a large minimum in p(T)
develops for a temperature range of about 30 K. When the pressure has reached p = 9.3 kbar, Tao has
shifted down by 25 K for (TMTTF),ClOy, while only 6 K in the case of (TMTTF);BF,. The compound
(TMTTF),ReO4 does not show any appreciable temperature shift of Tao for pressure up to p = 5 kbar;
only after Tap ~ Tco the AO temperature suddenly starts to move up quite fast with pressure, cf.
Figure 15. At his point it is not clear whether this shift is due to the combination of charge and
anion order or whether a new superstructure occurs, as in the case of (TMTSF);ReOy [62]. Ongoing
spectroscopic investigations will clarify this point. In (TMTTF),BF, our data indicate the survival of
both CO an AO under pressure. It would be of interest to follow the ordering temperatures to even
higher pressure; we speculate that Tyo might move up in temperature as soon as it merges with Tco;
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similar to (TMTTF),ReOy. This would underline the competing influence of CO on the AO transition,
as suggested by our transport data.
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Figure 16. The temperature dependent resistivity for the (TMTTF), X salts with tetrahedral anions.
The three compounds are sorted for increasing anion size from left to right. (a) (TMTTEF),BF, is the
compound with the smallest anion: Vapion = 51.6 A3 Tt shows both transitions in the dc resistivity,
charge and anion ordering. (b) In (TMTTE),ClO4 with Vapjon = 54.7 A3 only anion ordering was
detected but no separate charge order. (c) (TMTTF),ReO; has by far the largest tetrahedral anion with
Vanion = 64.8 A3; it also has the highest charge and anion ordering temperatures.

In order to gain further insight into the structural aspects on charge order, Figure 17 displays the
distance between the anions and the TMTTF molecule. In the first frame T is plotted as a function of
the shortest distance between the anion-ligand (F or O) and the sulfur atom on the organic molecule
for Fabre salts with tetrahedral as well as octahedral anions. In panel b we consider the distance of the
anion center, defined by the B, CI, Re, P, As or Sb-atoms, to the sulfur atom of the organic molecule.
Finally, in Figure 17c we plot the distance of the anion-ligand to the nearest carbon atom. In those
cases, Tco behaves differently for (TMTTF), X with octahedral and tetrahedral X. It seems that the
distance between the central atom of the anion and the nearest carbon atom reflects the cavity size or
the anion size better than any coupling mechanism. The (theoretical) anion volume, listed in Table 1,
follows the relation [52]: V}jﬁ;‘on < Vgi%‘n < Vi{f{g; < V}\Eiﬁon < V:ﬁfg’n < Vigfgn. The correlations
plotted in Figure 17 might help to understand some of the effects, but further temperature- and
pressure-dependent investigations are needed to completely clarify the situation.
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Figure 17. Dependence of the charge order temperature T for various Fabre salts (TMTTF), X
with different X as indicated. (a) Effect on the shortest distance between anion-ligand and TMTTF
sulfur atom. (b) Change of Tco with the distance between the central atom of the anion and the
sulfur atom. (c) Influence on the shortest distance from the anion-ligand to the nearest carbon atom.
The value for (TMTTF),ClOy, which shows no CO, is indicated by a red arrow. All distances were
determined at ambient conditions.
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5. Dielectric Spectroscopy

Dielectric spectroscopy is a sensitive tool to detect changes in the charge degrees of freedom that
have revealed evidence for CO in the (TMTTF), X salts [84,85]. Numerous studies performed over
the years [30-36,86] identified a Curie-like peak of the permittivity €,(T) at Tco reaching huge values
up to 10° for E || a. While the peak position is frequency-independent up to 1 MHz, its amplitude
decreases with rising frequency. The Curie-behavior has drawn a lot of attention [84,85,87-90] because
it is characteristic for ferroelectricity. Its origin is considered to be mainly electronic, and thus referred
to as “electronic ferroelectricity” [33,91-93]. Nevertheless, the observation of a hysteresis in the electric
polarization P(E) is impeded by the high conductivity of the (TMTTF), X salts compared with canonical
ferroelectrics.

Most of the studies dealt with Fabre salts of centrosymmetric anions, and there is only a single
report on (TMTTF),ReO4 and (TMTTF),BF, [36]. In the first compound, the AO transition is evidenced
by a sharp drop of permittivity at Tao; it is explained by the formation of TMTTF tetramers with a 0110
charge pattern, which are less polarizable compared to dimers [23]. Interestingly, for (TMTTF),BF,
a small peak is revealed at Tpoo with a frequency-dependent amplitude followed by a monotonous
decrease of €}, (T) upon further cooling.

5.1. Results

We have conducted frequency-dependent measurements of the real part of the dielectric constant
&y = €, — i€y, with the electric field applied perpendicular to the chain direction, E || b’, at different
temperatures and ambient pressure. The findings for (TMTTF), X with X = BF4, ClO4 and ReOy taken
at f = 1,10, 100 kHz, and 1 MHz are plotted in Figure 18. For (TMTTF),BF,; and (TMTTF),ReOy the
charge and anion-order transitions are clearly observed with exactly the same signatures as reported
for measurements along the stacking axis [36].

In the case of (TMTTF),BF,, this corresponds to a peak at Tco ~ 80 K, which is reduced in
amplitude as frequency increases. For f = 100 kHz the peak height of 3000 is lower by factor of
200 compared to a value of 7 - 10° observed for E || a [36]. When the temperature is lowered, €, (T)
drops until the AO transition, which is observed here by another peak around 36 K, in accord with
the findings for E || 4. In contrast to the feature Tco, the AO peak is strongly suppressed with
increasing frequency. While for f = 10 kHz, a value of €, = 20 is observed, the peak cannot be
identified above 1 MHz.

For the ReOy salt, the CO peak appears at 228 K and exhibits a maximum of 4 - 10* when measured
at f = 100 kHz perpendicular to the chains; this is one order of magnitude lower than the peak found
for E || a [36]. With decreasing temperature €}, (T) continuously decreases by one order of magnitude
at Tao = 157 K, where a step is observed with a frequency-dependent height. Upon further cooling,
€;,(T) approaches a constant value around 2000, which is slightly dependent on frequency.

(TMTTF),ClO;4 exhibits a strong and monotonous decrease in €}, (T) from room temperature
down to about 100 K. At Tpo an abrupt step with a frequency-independent height up to 50 marks the
anion order. At lower temperatures €}, (T) changes in shape forming a shoulder-like drop of one order
of magnitude. Interestingly, for higher frequencies this drop occurs at higher temperatures reminiscent
of a dielectric relaxation.

252



Crystals 2018, 8,121

108 a1t 10‘:|'|-|-|~|'|'| 10651'|'|'|-
£(TMTTF),BF, 3 E(TMTTF)ZU(/))/ F (TMTTF),ReO,
10*f { [ i [ - 1k ]
E S - 1okHz
[ 10° 100 kH. e
. 103:[ 3 A 1MHzZ W
) E
10° 3
o 10k 3
MY Ellb
10" PR T TP M SN TP | B I 3l I 1 1

j 10 10
0 50 100 150 200 250 300 0 50 100 150 200 250 300 100 150 200 250 300
Temperature (K) Temperature (K) Temperature (K)

Figure 18. Temperature dependence of the real part of the dielectric permittivity ¢’(T) measured with
E || V' for (TMTTF), X with X = BF4, ClO, and ReQy at different frequencies as indicated. The insets
emphasize the changes close Tyo and below.

5.2. Analysis

In general, a ferroelectric phase transition is accompanied by a soft mode strongly slowing down
near the critical temperature. It is usually observed in optical, infrared or microwave spectroscopy
for a displacive phase transition; or by a relaxation mode at lower frequencies, as seen in disordered
systems [94,95]. Hence, investigating the relaxation time can provide valuable insight into the dynamics
related to the transitions. The Cole-Cole or generalized Debye model is a well established and useful
description to analyze the frequency-dependent complex permittivity

Ae

T+ wm) v

é(w) — €inf =
where T is the relaxation time, w = 27t f the angular frequency of the applied electric ac-field, 1 — &
a parameter describing symmetric broadening of the loss peak and Ae = €gatic — €in¢ the dielectric
strength with €gtic and €j,¢ the values for low and high frequencies, respectively. The deviation
from the Debye model (¢ = 0) is attributed to the distribution of 1y arising from disorder [84]. If
the materials are not completely insulating, but exhibit a considerable electronic background, such
as the (TMTTF), X salts, the dc-conductivity has to be taken into account when the dielectric loss is
determined:

o'(w) —opc

(w) = TOIE ®)

As an example for (TMTTF), X salts with tetrahedral anions investigated here, Figure 19 shows
the dielectric spectra of (TMTTF),ClOj in the range of the relaxational mode for different temperatures
close to the AO transition. The real part of the dielectric constant e}, (w) is plotted in the upper
panel: with increasing frequency it exhibits a step that shift towards higher frequencies as the
temperature increases. The point of inflection marks the relaxation rate 1/1) and corresponds to
the maximum of the broad peak in the imaginary part €}, (w). The solid lines represent fits according
to Equation (1) and agree well with the expected behavior.
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Figure 19. Frequency dependence of the permittivity é(w) = €'(w) — i€’ (w) of (TMTTF),ClO4
measured with E || b’ at various temperatures close to the AO transition. The real part €’ (w) exhibits a
roll-off that shifts to higher frequencies with increasing temperature. This behavior corresponds to a
peak in €”(w) as shown in the lower panel. The solid lines represent fits according to the generalized

Debye model (1).
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Figure 20. Temperature dependence of the parameters used to fit the dielectric spectra of (TMTTEF),BF,,
(TMTTE),ClO4 and (TMTTF);ReOy by the Cole-Cole model (1). The upper row shows the Arrhenius
plots of the dielectric strength Ae, followed by the relaxation time 1) and the broadening parameter
(1 — a) in the lower row. For X = BF, and ClO; the data on two crystals each (indicated by black and
red symbols) are taken for E || b’. For X = ReO, we show data measured along the a and b'-directions.
Most important, in (TMTTF),ClO,4 and (TMTTF),ReOy the relaxation time 1y exhibits an activated
behavior; the obtained activation energies resembles the gap previously measured in dc transport [4].
For (TMTTF);BFy, 19(T) increases with decreasing T in a fashion best described by the empirical
Vogel-Fulcher-Tammann relation.

The parameters Ae, g and 1 — a extracted from the Cole-Cole fit of the dielectric spectra are plotted
in Figure 20 as a function of inverse temperature. The data have been recorded along the b’ direction of
the (TMTTF),BF,, (TMTTF),ClO, and (TMTTF),;ReOy salts. We confined ourselves to this temperature
region because our experimental frequency window is restricted to 1 MHz. For (TMTTF),BF, the
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relaxation mode moves through this frequency window for 50 K > T > 30 K, which includes the
AO transition. Here Ae exhibits a small peak around T = 38 K and 36 K for the two different
samples, labeled 1 (black) and 2 (red symbols). These steps correspond to the features observed in
é(T) (Figure 18) and are ascribed to the AO transition. The broadening parameter (1 — a) decreases
upon cooling indicating an increased cooperativity in the relaxation. Interestingly, 1(T) rises with
lowering temperature in a fashion best described by the empirical Vogel-Fulcher-Tammann relation

Ty = TyF exp {TE*V;VF} , ©)
which is known as a good parametrization for the slowing down of molecular motion in disordered
systems and the glass-like freezing of dipolar order in relaxor ferroelectrics. The corresponding
energy Eyp can be interpreted as a temperature-dependent activation energy for reorientational motion.
Tyr denotes the temperature where 1y diverges, and Tyr the time scale for the ac response in the
high-temperature limit. The glass temperature T is defined as the temperature where 75 = 100 s.
The obtained fit parameters are listed in Table 2. There is a considerable difference in the values for
Evr and Typ, whereas there is a minor deviation for T which we attribute to different cooling rates
during the measurements.

Table 2. Parameters obtained by fitting the temperature-dependent dielectric relaxation time 1y(T)
of (TMTTEF),BF, with the Vogel-Fulcher-Tammann relation. Eyr is the activation energy, Tyr denotes
the Vogel-Fulcher temperature, and tyr the corresponding time scale. The glass temperature is given

by TG'
(TMTTF);BF, Sample 1 Sample 2
Evg (K) 4947 153.5 + 11.5
Tyr (K) 275405 185+ 0.5
TvE (5) 25+12)-108 (6.1+25)-1077
Te (K) 30 25

For (TMTTEF),ClOy the mode can be observed in our frequency window between T = 20 K and
50 K, which is below T 40, but in the range of the dispersive shoulder-like drop in €}, (T) shown
in Figure 18. For the second crystal, we observe a monotonous decrease of Ae with falling temperature,
in agreement with the behavior of €}, (T). There is an additional small bump around T = 23 K for
sample 1. In both specimens an activated behavior in 1y is observed with activation energies of 300 K
and 420 K, respectively. The fit parameters are listed in Table 3. We can compare our findings with the
energy gap of (440 + 60) K derived from dc-transport measurements reported in Reference [4].

Table 3. Parameters of the activated behavior of 1y for (TMTTF),ClO, derived from dielectric
measurements of two different crystals.

(TMTTEF);ClO4 Sample 1 Sample 2
Eact (K) 300 + 10 420+8
Tact (3) (574191001 (6.0+1.7)-10°13

The relaxation mode in (TMTTF),ReO4 slows down more quickly; it enters our experimental
frequency window for 90 K < T < 140 K, right below the AO transition. Surprisingly, there is a small
peakin Ae at T = 112 and 105 K for E || b’ and E || 4, respectively, which superimposes a gradual
increase with temperature. No corresponding counterpart is observed in €}, (T). For both directions, 1
follows an activated behavior; the fit parameters are listed in Table 4 for the two polarization directions.
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From dc transport a temperature-dependent energy gap was derived [4] that saturates at (1560 & 80) K
in the limit of T — 0 for all crystal directions.

Table 4. Parameters of the activated behavior observed in 7 for two crystal directions of (TMTTF),ReO.

(TMTTF);ReO4 Ela E|V
Eact (K) 1372 + 4 1651+ 27
Tact () (31+01)-1072  (73+1.6) 10712

Since for (TMTTEF),ClO4 and (TMTTF);ReOy the activation energies of the relaxation time 1y agree
well with the values obtained by dc-transport, we conclude that the relaxation is determined by the
free charge carries responsible for the dc conduction, which freeze out at low temperatures.

5.3. Discussion

For the (TMTTF), X salts, the peak in €’ at Tco obeys Curie’s law as established for canonical
order-disorder ferroelectrics [84]; it is attributed to a combination of charge disproportionation and
ionic displacements [32,33].

As far as the anisotropy is concerned, the ratio of the peak amplitudes ¢, /¢€;, probed at f = 100 kHz is
about 200 and 1000 for (TMTTF);BF, and (TMTTF),;ReOy, respectively, higher than the anisotropy of the
dc resistivity at Tco [4]. It is interesting to compare our findings with the report of de Souza et al. [96]
on the Fabre sals with octahedral anions. As reproduced in Figure 21, they found a strong peak in €/, at
Tco similar to previous reports on €, (T) [30-32,34-36] and €}, presented here (Figure 18). The peak
value is sample-dependent and in general by several orders of magnitude lower compared the value
observed along the stacks. While in the a-direction the permittivity is affected by critical fluctuations
that become important when approaching the ordering transition in one dimension, the response in
the perpendicular direction probes the involvement of ionic displacements and the stabilization of the
three-dimensional charge pattern upon CO.

0.5

SbF,
23
AsF_ - Pristine

(TMi'rF))'('
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Figure 21. Temperature dependence of the dielectric constant of several (TMTTF), X salts with
octahedral anions: Hyp-(TMTTE);PFg and Dy,-(TMTTF),PFs, (TMTTF),AsFg and (TMTTEF);SbFe.
The experiments have been performed along the c*-axis perpendicular to the chain direction [96].
The maximum in €.(T) is located at Tcp, similar to measurements along the other orientations
€,(T) [30-32,34-36] and €, (T). The peak value is lower by several orders of magnitude compared to
€}, similar to the anisotropy determined in dc transport [4].

The rather high values of €/(T) at room temperature, found in Figure 18, are attributed to the
slight dimerization of the TMTTF molecules and the resulting enhanced polarizability, which scales
with €’ & (wp/A)?, wherein w,, is the plasma frequency and A the transport gap [97]. The temperature
dependence of A(T) for E || V' is found [4] constant for (TMTTF);ReOy from T = 300 K to 250 K,
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whereas it is decreasing for (TMTTF),ClO4 and (TMTTF),BFy; the latter is explained by the decrease
in dimerization. Accordingly, the reduction of €}, (T) upon cooling observed here is induced by the
decrease of wy(T) due to the freezing out of mobile charge carriers. This can be confirmed by detailed
optical investigation of all (TMTTF), X salts.
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Figure 22. Temperature dependence of (a,c) 1/€,(T) (data from [36]) and (b,d) 1/€},(T) for (a,c)
(TMTTEF),BF, and (b,d) (TMTTF);ReOy. There is good agreement with the Curie-Weiss behavior
(red solid lines) for T < Tcq, except for (TMTTF),BF, along I'-direction, where the peak in 6‘;, (T)is
somewhat rounded. For canonical second-order ferroelectric transitions, mean-field theory predicts
that the slopes on both side differ by a factor of 2 [94]. The deviation from this expected behavior is
usually attributed to structural disorder [36,86].

The Curie-Weiss behavior €/(T) = TfCTCO is nicely illustrated in Figure 22 where 1/¢€(T) and
1/ eg, (T) are plotted for (TMTTF),BF, and (TMTTF),ReOy. In particular for T < Tco the agreement
is rather good, except for (TMTTF),BF, along the b'-direction (cf. Figure 18). Above Tco we observe
rather large deviations from the expected behavior for both salts.

At this point it is important to mention that the amplitude and broadening of the CO peak in
€/(T) is known to be sample-dependent [36,86] and hence, in case a deviation from the Curie-behavior
is observed below T, it is ascribed to structural disorder. The latter also explains, why the slope ratio
|Cg’b / Cf’b deviates in some reports [86,96] from the expected value 0.5, which is predicted by mean
field theory for a canonical second-order phase transition [94].

The ratio of the slope obtained along the b’-direction does not necessarily infer a minor
sample quality. The CO peak is weaker along the b'-direction, implying that at high temperatures
the contribution of dimerization to the background could be appreciable. Similar deviations from
this mean-field dependence are observed for (TMTTF),AsFg and (TMTTF),PFs when looking along
the c*-direction [96]. Additional ionic contributions are more pronounced in the perpendicular
polarizations and should be investigated in more detail in future.

For (TMTTF);ReOy the abrupt drop of the permittivity at Tyo evidences the formation of TMTTF
tetramers with a 0110 charge pattern; they are less polarizable compared to dimers. Interestingly,
in (TMTTF),BF, a small peak is observed at Tpo, followed by the drop due to tetramerization.
The absence of a comparable peak in the other two salts may be due to screening by free charge carriers.
In (TMTTE),BF, the resistivity at Tao is three orders of magnitudes higher compared to (TMTTF);ReOy,
for instance [4]. In the case of (TMTTF),ClO, there is no CO for T > Tao. Below Tap, around T = 50K,
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there is a second drop which shifts to higher temperature for increasing frequency, reminiscent of
a dielectric relaxation. Note that in this temperature range, ESR measurements reveal a drop of
the spin susceptibility [73], which is attributed to the formation of a spin singlet-triplet gap upon
tetramerization, and optical investigations [23] prove the growth of charge disproportionation with
a 0110 charge pattern. Further investigations have to fully clarify the connection to the observed
dielectric relaxation. The observation of a corresponding feature in (TMTTF),BE; and (TMTTEF);ReO4
might be obscured by a strong background due to the CO peak.

In (TMTTEF),AsFs the mean relaxation time 7y(T) contains a peak at Tco due to the softening
of the oscillating mode concomitant to the ferroelectric transition and an activated behavior
with an activation energy similar to the gap obtained by dc transport [35,86]. Brazovskii and
coworkers [89] report an additional relaxation mode in (TMTTF),AsFs for T < Tco, which is
ascribed to slow oscillations of pinned ferroelectric domains. Recent Raman spectroscopy evidences
the presence of neutral TMTTF? and ionized TMTTF~! molecules, which are assigned to charged
domain walls [56]. It is worthwhile to mention that in the two-dimensional charge-transfer salts
x-(BEDT-TTF), X, with X = Cu[N(CN),]Cl [98], Cua(CN)3 [99,100] and Agr(CN)3 [101], as well as
in a-(BEDT-TTF),I3 [102,103], charge domain walls are also considered to give rise to an anomalous
dielectric response in the audio- and radio-frequency range. For (TMTTF),ClO4 and (TMTTF),ReOy4
the activation energies of the relaxation time 1y(T) agree well with dc-transport measurements, in
accord with the observations for (TMTTF),PFg [31] and (TMTTF),AsFg [35,86]. This indicates that the
relaxation is determined by the free charge carries responsible for the dc-conduction, which freeze out
at low temperatures. We assume that crystal defects and charged impurities locally change the charge
pattern due to anion order, giving rise to domains walls. If charge carriers are thermally activated
above the transport gap, which is composed of the contributions due to dimerization, charge and anion
order [4], they move along the TMTTF chains adding to the dc-conductivity. This changes the charge
pattern and results in an effective shift of the domain walls, explaining why the activation energy of
the relaxation time corresponds to the dc-transport gap.

For (TMTTF),BE, with Tap = 41.5 K, the relaxation mode is observed for 50 K > T > 30 K and
the relaxation time 1(T) follows the empirical Vogel-Fulcher-Tammann relation. In this temperature
range, the resistivity is rather high and transport is ascribed to hopping conduction [4]. The drastic
decreased number of free charge carriers results in glass-like freezing of domain walls, as evidenced by
the observation of the Vogel-Fulcher behavior. Surprisingly, the results obtained here for T < Tyo on
the salts with tetrahedral anions agree well with the ones obtained for T < T on the centrosymmetric
anions, indicating that the underlying order determining the charge pattern is of minor role for the
relaxation dynamics.

6. Conclusions

Our pressure-dependent DC-transport measurements yield valuable information on the influence
of the lattice on the ordering phenomena in the quasi one-dimensional charge-transfer salts (TMTTF), X
with tetrahedral anions X = BF,, ClO4 and ReO,. We observe a decrease of the charge ordering
temperature Tco upon pressure for (TMTTF),BF; and (TMTTF);ReO;; similar to the observation
reported for salts with octahedral anions [104]. In contrast to CO, the pressure dependence of AO
differs for each salt such that the construction of a generic phase diagram of (TMTTF), X salts with
tetrahedral anions is not possible. In (TMTTF),BF,, CO is visible up to the highest pressure applied
with Tco(p = 8.8kbar) = 47.5 K whereas the signature indicating AO dissolves around 34.5 K at a
pressure of 5.3 kbar. We call for structural studies that will yield information on the actual arrangement
of the anions.In (TMTTF),;ReO4, AO is enhanced upon applying pressure with an increase of T, at
around 3.0 kbar Tyo = To is reached and for pressures above, CO seems to be fully suppressed and
the AO shifted up to 277 K at p = 14.7 kbar. Interestingly in (TMTTF),ClOy, the jump-like feature
indicating AO shifts to lower temperatures and significantly broadens. For p > 10.2 kbar, we observe
a second peak evolving right at Tyo whose origin is still unclear. The fact that no CO is detected in
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(TMTTEF),ClOy is probably the most puzzling observation that calls for explanation. We attribute the
absence of CO in (TMTTF),ClO; to the polarizability of the anion. ClOy is less polarizable because Cl
has an electronegativity comparable to O. Consequently, the bonds within the anion are more covalent
making the anion more stiff and less deformable. As a result, the ClO,4 adapts less to the methyl cavity
and deforms them more strongly. The deformation leads to a change of the 7r-orbital direction, which
— considering one particular anion stack — applies to every second TMTTF molecule of a neighboring
stack. This modulates the direction of the transfer integrals for every second TMTTF molecule and
results in an increased value of the electronic dimerization J,,. (cf. Table 1), preventing the emergence
of CO in (TMTTEF),ClOy.

We furthermore performed measurements of the permittivity along b’ direction, perpendicular
to the stacking, and observe qualitatively the same signatures in ¢}, as in literature for ¢;,. The ratio
of the peak amplitudes €} /¢}, at 100 kHz is 200 and 1000 for (TMTTF);BF4 and (TMTTF);ReOy,
respectively, are higher then the anisotropy at Tco determined by dc resistivity measurements [4].
This reflects the one-dimensional nature of the critical fluctuations when approaching Tco, whereas
the reduced value along the b’-direction is due to the displacement of anions upon formation of the
three-dimensional charge pattern. For all salts investigated, an abrupt drop of the permittivity at
Tao is detected, which is attributed to the formation of TMTTF tetramers with 0110 charge pattern.
By analyzing the frequency dependence of €,, we observe a dielectric relaxation below Tpap. In
(TMTTEF),ClO4 and (TMTTF),ReO4, we observe an activated behavior of the relaxation time with
activation energies resembling the gap measured in transport, indicating that the relaxation dynamics
are determined by free charge carriers. This agree quite well with observations in (TMTTF),PFe [31]
and (TMTTF),AsF [35,86] for T < Tco, for which the relaxation time is activated and corresponding
activation energies match to the dc-transport gap as well. This indicates that the relaxation is
determined by the free charge carries responsible for the dc conduction which freeze out at low
temperatures and that the underlying order giving rise to the transport gap plays a minor role.
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Abbreviations

The following abbreviations are used in this manuscript:

TMTTF tetramethyltetrathiafulvalene
TMTSE tetramethyltetraselenafulvalene

Cco charge ordering

AO anion ordering

NEXAFS X-ray absorption near edge structure
NMR nuclear magnetic resonance

ESR electron spin resonance

DFT density functional theory
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Abstract: The melting curves of rhenium and osmium to megabar pressures are obtained from an
extensive suite of ab initio quantum molecular dynamics (QMD) simulations using the Z method.
In addition, for Re, we combine QMD simulations with total free energy calculations to obtain its
phase diagram. Our results indicate that Re, which generally assumes a hexagonal close-packed
(hcp) structure, melts from a face-centered cubic (fcc) structure in the pressure range 20-240 GPa.
We conclude that the recent DAC data on Re to 50 GPa in fact encompass both the true melting curve
and the low-slope hcp-fcc phase boundary above a triple point at (20 GPa, 4240 K). A linear fit to
the Re diamond anvil cell (DAC) data then results in a slope that is 2.3 times smaller than that of the
actual melting curve. The phase diagram of Re is topologically equivalent to that of Pt calculated by
us earlier on. Regularities in the melting curves of Re, Os, and five other 3rd-row transition metals
(Ta, W, Ir, Pt, Au) form the 3rd-row transition metal melting systematics. We demonstrate how this
systematics can be used to estimate the currently unknown melting curve of the eighth 3rd-row
transition metal Hf.

Keywords: quantum molecular dynamics; phase diagram; melting curve; transition metal

1. Introduction

Uncertainty in experimental stress conditions is an important source of error in measurements of
phase equilibria and physical properties at deep Earth pressures. This error is evident in the range of
reported pressures for key mantle phase transitions such as the perovskite-post-perovskite boundary
in MgSiO3. Accurate pressures are also necessary for measurements of the equation of state and
compressibility of different materials. Differences of up to 15% have been observed among equation of
state measurements for materials such as MgSiO3 post-perovskite and iron largely due to pressure
scale differences at Mbar pressure. Advances in high-pressure techniques require standards which are
applicable at multi-Mbar pressures.

An ideal pressure standard is inert and compressible, with a simple crystal structure and strong
X-ray diffraction pattern. Ideally, it should have no phase transitions over the experimental pressure
range. In reality, it may have phase transitions, but its phase diagram should be relatively simple,
with all the solid phases being described by simple and well-defined equations of state. Both gold
and platinum have been in focus of high-pressure research for several decades as primary equation of
state standards. Supposedly large pressure and temperature stability ranges of the face-centered cubic
(fcc) phases of the third row transition metals Au and Pt and their large isothermal compressibility
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make them very attractive materials to be used as pressure markers above 1 Mbar. However, the newly
discovered structural transformation in gold [1] severely limits the applicability of the Au standard.
Likewise, the structures instability in Pt at high pressure (P) and temperature (T) [2] limits the
applicability of the Pt standard to low T.

Another consideration in pressure calibrant choice is overlap of diffraction peaks of the standard
with those of the sample. For Au and Pt (as well as, e.g., another potential pressure marker MgO)
that have fcc structure, their diffraction peak positions are similar at Mbar conditions. In this respect,
another pair of the third row transition metals, namely, Re and Os, that have hexagonal close-packed
(hcp) structure, may offer potential to be a useful alternative to fcc standards. At present, the phase
diagrams of either Re or Os are virtually unknown. We address the issue of their phase diagrams
(specifically, their melting curves) in this paper. We calculate the melting curves of Re to 3.5 Mbar and
of Os to 5 Mbar using ab initio quantum molecular dynamics (QMD) simulations.

In what is now following, we summarize the existing information on both Re and Os that can be
found in the literature.

1.1. Rhenium

The equation of state (EOS) of solid Re has been extensively studied to P as high as 640 GPa [3],
and there are isothermal compression data at T's up to 3000 K [4]. Comparison of the T = 0 free
energies of candidate crystal structures for Re shows that hexagonal close-packed (hcp) is the most
stable structure up to at least a compression of two; face-centered cubic (fcc), the closest structure to
hcp, is 4 to 12 mRy/atom (55-165 meV /atom) higher in energy [5]. The T = 0 fcc-hcp free energy
difference is a quasi-linear function of P up to ~1000 GPa: AFg pep(P) =~ 55+ 0.11 P meV /atom.

Unless a free energy difference becomes sufficiently large (typically % 0.1 eV/atom, which corresponds
to P ~ 400 GPa for Re), it can be overcome by the entropy term at finite T, hence we expect fcc-Re to
become energetically competitive with hcp-Re with increasing T over some limited range of P.

In 2012, Yang, Kandikar, and Boehler (YKB) carried out DAC measurements of the melting
temperature of Re to 50 GPa [6]. Their melting curve is quasi-linear with a slope of 17 K/GPa, which is
2.3 times smaller than the slope (40 K/GPa) of the melting curve measured by Vereshchagin and
Fateeva (VF) in 1975 using electrical heating in a belt apparatus to 8 GPa [7]. Other, theoretical,
values for this slope are 58 K/GPa [8] and 29.2 K/GPa [9,10]. If 17 K/GPa were the correct value of
the initial slope of its melting curve, Re would be unique among the transition metals of the third
period since the melting curves of the other metals in this group that have been reliably determined
either experimentally or theoretically, or both, have initial slopes in the range 40-55 K/GPa: ~55 for
Au [11-13], ~50 for Ir [14], ~45 for Ta [15] and W [16], and ~40 for Pt [2]. Below we show that it is
the VF melting curve that is correct, and with which our ab initio QMD simulations are in excellent
agreement, rather than the recent YKB DAC curve which in fact includes part of the Re s-s (specifically,
hcp-fec) phase boundary.

1.2. Osmium

Comparison of the T = 0 free energies of candidate crystal structures for Os shows that hexagonal
close-packed (hcp) is the most stable structure up to at least a compression of two; face-centered cubic,
the closest structure to hcp, is ~10 mRy/atom (~0.14 eV /atom) higher in energy [17]. The very recent
experimental study [18] reveals that Os retains its hcp structure upon compression to ~800 GPa. Hence,
we assume that in the pressure range considered in this work Os is a single-phase (hcp) material.

The equation of state (EOS) of solid osmium has been extensively studied [19]. The very recent
experimental data go up to a pressure of 700 GPa [18], and there are isothermal compression data
at temperatures up to 3000 K [20], but its melting curve, Ty, (p) or T, (P), has never been measured.
A theoretical melting curve of Os to 800 GPa [17] has been constructed on the basis of first-principles
calculations of the Griineisen parameter, (p), and the use of the Lindemann formula for the melting
temperature as a function of density, i.e., dInT,(p)/dInp = 2[y(p) — 1/3]. With this theoretical
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melting curve converted into the P-T coordinates, using the corresponding EOS, melting on the
Hugoniot is predicted to occur at ~450 GPa and ~9200 K [17]. Most recently, Kulyamina et al. [21]
analyzed all of the isobaric-heating data on Os available in the literature and extracted the initial slope
of the Os melting curve: dT,,(P)/dP = 40.4 K/GPa. We note that their determination is based on the
Clausius-Clapeyron relation dT,,/dP = AV, /AS,;, but since neither the volume change at melt, AV,
nor the melting entropy, AS,,, are known from experiment, their values can only be estimated. Other,
theoretical, values for this slope are 65 K/GPa [8] and 53.4 K/GPa [9,10].

2. Z Method Calculations

In the present work we determine the melting curves of rhenium to ~350 GPa and osmium to
~500 GPa using the Z method which we describe in what follows.

The Z method was developed to calculate melting curves using first-principles based software,
specifically VASP (Vienna Ab initio Simulation Package); it was introduced and used for the first
time in our paper on the ab initio melting curve of Mo [22]. The method has since been applied to
the study of a large number of melting curves of different materials [23-25], and comparisons with
experimental data on Pb [26], Ta [15], Fe [27], and Pt [28] at European Synchrotron Radiation Facility
(ESRF) show good agreement. If a material has more than one thermodynamically stable crystal
structure, the Z method yields the solid-liquid equilibrium boundaries of those structures. The phase
having the highest solid-liquid equilibrium temperature over some pressure range is the most stable,
thus the physical melting curve, including triple points, is the envelope of the solid-liquid equilibrium
boundaries. We note that until recently, VASP could only be run for NVE or NVT ensembles, but with
the release of the latest version, VASP5.3, we now have the option of running NPT, hence the so-called
2-phase simulations are now an alternative to the Z method.

Figure 1 shows a typical Z isochore, there comprised of the three green segments AC-CD-DE.
It can be approximately mapped out by performing a sequence of QMD runs at progressively higher
temperatures and pressures, typically 6-8 points, starting in the solid (segment AB), progressing to the
superheated (SH) solid (segment BC), and finally to the liquid (segment DE). If the total energy in a
QMD run in the superheated solid is such that the equilibrium temperature T < T, the final state
is on segment AC, but if T > T the system melts and the final state is a point (P}, T;) on segment
DE above the melting curve (dark blue); a further increase in the initial system energy moves the
final state up segment DE. Ideally, the QMD runs in the superheated solid would differ by only small
temperature increments so that the upper vertex C would be precisely determined, and then a run
starting from C would take the system to the point D on the melting curve, but generally this cannot
be achieved in practice. The standard implementation of the Z method involves bounding the vertex
D from below by the highest calculated state (Ps, T;) on solid segment AB, and from above by the
lowest state (P}, T;) on liquid segment DE. Then the melting point can be approximated as (P, Ty) ~
((Ps+P)/2, (Ts+ T;)/2). The true melting point must be close to (P, Tj;) because the actual melting
curve crosses the box formed by Py, = (P, — Ps)/2and T, = (T; — Ts) /2.
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Temperature

Pressure

Figure 1. Typical isochore used in the Z methodology. Different segments of the isochore correspond to
solid (AB), superheated solid (BC), liquid (DE), and supercooled liquid (DF) states. Melting corresponds
to segment CD. Isochoric and isothermal solidification processes correspond to segments FB and GH,
respectively, and are used in the so-called inverse Z method [2].

3. QMD Simulations of the EOS and the Melting Curve of Os

Our Z method calculations are carried out using the QMD code VASP, which is based on
density functional theory (DFT). We use the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. We model Os using the electron
core-valence representation [*8Cd 4 14] 5p® 54° 652, i.e., we assign the 14 outermost electrons of Os to
the valence. The valence electrons are represented with a plane-wave basis set with a cutoff energy of
400 eV, while the core electrons are represented by projector augmented-wave (PAW) pseudopotentials.

3.1. T = 0 Isotherm

We first calculated the T = 0 isotherm of Os. This was done by optimizing the value of c/a,
i.e., determining the c¢/a that minimizes the energy, at a fixed volume of a hexagonal supercell, and
extracting the corresponding value of P. We used a 8 x 8 x 5 (640-atom) supercell with a single I'-point.
With such a large supercell, energy convergence to <2.5 meV/atom is achieved, which was verified by
performing short runs with 2 x 2 x 2,3 x 3 x 3, and 4 x 4 x 4 k-point meshes and comparing their
output with that of the 640-atom run with a single I'-point. This introduces additional uncertainty of
~30 K for the numerical values of the corresponding T;; which is small compared to the uncertainties
of the Z method itself (75 K or 125 K, see below).

In the ab initio approach, the density of osmium at (P, T) = (0,0) is 22.17 g/cc, whereas the
experimental value is 22.66 g/cc [29]. Specifically, VASP predicts the lattice constants of the hexagonal
unit cell to be (upon optimizing its c¢/a ratio) a = 2.7319 Aand ¢ = 43134 A (c/a = 1.5789),
which corresponds to 22.17 g/cc. The experimental values are [30] 2 = 2.7315 A ¢ = 43148 A
(c/a =1.5797), and p = 22.661 g/cc. Alternatively, with VASP, the experimental (P, T) = (0,0) density
of 22.66 g/ cc corresponds to (P, T) = (9.4 GPa, 0). This 2.2% density mismatch, or 9.4 GPa pressure
mismatch, is due to the specifc implementation of DFT, namely PBE, in our VASP simulations. In order
to directly compare our QMD results to experiment, we will apply the 2.2% density correction (9.4 GPa
pressure correction) to all VASP results in the p-T (P-T) plane. Specifically, we will multiply VASP
densities by 1.022, or subtract 9.4 GPa from VASP pressures, whichever is relevant.
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Qur results on the T = 0 isotherm, as well as the value of ¢/a as a function of P, are shown in
Figures 2 and 3, respectively. We note that each of the papers that discuss Os EOS data [18-20,31-34]

uses the third-order Birch-Murnaghan (BM3) EOS
3 p>7/3 <p>5/3 3 , <p>2/3
P)=2By((E£) (£ 1+By—4) | (£) -1)], 1
(0) =3 o<<p0 £ JE-9((2 o)

where By and B(’) are the values of the bulk modulus and its pressure derivative at the reference point
0 = po. Since the P = 0 values of the density of Os at T = 0 and 300 K differ by ~0.3% (22.66 vs.
22.59 g/cc [29]), and T = 300 K introduces a negligibly small thermal pressure correction, the ' = 0
and T = 300 K isotherms can be described by the same values of By and Bj. Consequently, we can
compare room-temperature isotherm data to our zero-temperature isotherm as determined from QMD.
A comparison is shown in Figure 2. It is seen that BM3 with Bj, = 5 fits both the experimental and
QMD data up to ~200 GPa as well as the QMD data at higher P. Our best fit to the QMD data in the
whole pressure range gives By = 415.0 GPa and Bj, = 4.87.

Os

1000~ T T T T T T T Ty

F [ QMD ]
800 By =402.7 GPa, Bo'=5.0 i
r == Dubrovinsky et a/.

600 ——— Perraultetal. ]

r = Qccelliet al.

400

Pressure (GPa)

200

15 20 25 30 35 40
Density (g/cc)

Figure 2. The T = 0 Os EOS from VASP compared to the experimental 300 K 3rd-order Birch-Murnagan
(BM3) EOSs from different literature sources [18,31,34]. The pressure ranges of the experimental EOSs
are those in which they were measured.
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Figure 3. The c/a ratio as a function of P: QMD vs. the available experimental data from different
literature sources [18,31,32].

3.2. ¢/a Ratio as a Function of P

Based on their experimental results on ¢/a as a function of P, Occelli et al. [31] suggested the
existence of an isostructural phase transition in Os at about 25 GPa associated with an anomaly in the
compressibility. This anomaly was in turn associated with a discontinuity in the first pressure derivative
of the c/a ratio which may arise from the collapse of the “small hole-ellipsoid” [31] in the Fermi
surface near the L point. Subsequent experimental studies did not confirm this c¢/a anomaly [19,32,35].
However, the very recent experiments by Dubrovinsky et al. [18] reveal two different anomalies,
around 150 and 400 GPa, each of which represents a small, ~0.2%, reduction in the ¢/a value (Figure 3).
As discussed in [18], the first of these two anomalies may be the signature of a topological change in
the Fermi surface for valence electrons, while the second might be related to an electronic transition
associated with pressure-induced interactions between core electrons. No such c¢/a anomalies are
seen in our ab initio study (Figure 3). As noted in [18], in the case of Os, direct comparison between
theory and experiment is not legitimate, because the calculations are carried out at T = 0 whereas
the experimental data are taken at room temperature. Moreover, for hcp metals, direct comparison
between theory and experiment is generally nontrivial: in hcp metals the effect of the electronic
transitions on the c¢/a ratio should become visible at finite T due to the anisotropy of the thermal
expansion of the hep lattice. In any event, for these two anomalies, reductions in the ¢/a value are so
small that each of the corresponding pressures (related to the volume derivative of the total energy
as a function of c/a at fixed volume) only changes by a few tens of GPa. Therefore, even if they are
real, these anomalies do not influence the room-T isotherm of Os that does not take them into account;
consequently, they do not influence comparison of our cold EOS to this room-T isotherm. Finally,
we note that the most recent expeimental EOS of Os [34] does not confirm the occurence of either of
the two anomalies of Ref. [18].

3.3. Melting Curve

In contrast to previous melting curve calculations based on the Z method, here the method was
utilized as closely as possible to the original concept, but at the expense of an extensive suite of QMD
simulations. We calculated eight melting points. At a given density we performed a sequence of very
long runs, each up to 25,000 time steps or 25 ps, with initial temperatures separated by relatively
small increments: 150 K for the first three points on the Os melting curve and 250 K for the remaining
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five points. We performed 10 such runs for each of the first three points, and 14 runs for each of the
remaining five points for a total of 100 runs and ~2 million time steps. In the course of these extensive
computer simulations, our strategy for detecting the melting point was as follows. The conversion
of the initially ordered solid state into a disordered liquid during a QMD run was detected in one
of three ways: (i) visual observation of atomic motion in the computational cell (vibrations around
equilibrium sites in a solid vs. diffusion between the sites in a liquid); (ii) a drop in the value of the
equilibrium T and the corresponding jump in the value of the equilibrium P; (iii) change in the radial
distribution function (a long sequence of well-pronounced peaks in a solid vs. a few peaks in a liquid).
If the system did not melt during the 25 ps of running time, we started the next run with an initial T
higher by 150-250 K than the previous one, etc. The first run in which the system melts during the
25 ps of running time was assumed to correspond to the upper vertex C; during this run the complete
melting process corresponding to the C—D transition in Figure 1 is usually observed. We refer to such
a run as the melting run. With an even higher initial T, the system melts at an earlier time than in the
melting run, and the duration of the melting process shortens; both the time when melting begins
and the duration of the process decrease with increasing T, and for a sufficiently high initial T the
system melts immediately. Examples of the QMD melting simulations using the Z method are shown
in Figures 4-7.

hep—Re, p = 26 g/cc

25000 - e To=25000K ]
i e To=25500K i
[ °  To=26000K ]
~ 20000 - i
g i ]
: ] ]
2 [ :
<
§ 15000 ]
2 ] ]
£ i ]
3 i ]
10000 - j
5000 ;\ L T I T T I T S I T T I S R T S R HY R EN B! :

0 1000 2000 3000 4000 5000 6000 7000
Duration of QMD run (number of time steps, fs)
Figure 4. Time evolution of T for hcp-Re in three QMD runs with initial temperatures (Tps) separated by

500 K. The middle run is the melting run, during which T decreases from ~12,000 K for the superheated
state to ~10,000 K for the liquid at the corresponding melting point.
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Figure 5. The same as in Figure 4 for the time evolution of P. During melting P increases from
~210 GPa for the superheated state to ~217 GPa for the liquid at the corresponding melting point.
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Figure 6. The same as in Figure 4 for fcc-Re.
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Figure 7. The same as in Figure 4 for fcc-Re.

An analytic expression for the melting curve of Os in the P-T plane can be constructed as the
best fit of the Simon form, T,,(P) = T,,(0)(1 4 P/a)?, to all eight QMD points with T,,(0) = 3370 K.
The result is (T in K, P in GPa)

P 0.53
Tu(P) = 3370 (1 + ﬁ) . 2

The melting curve (2) is shown in Figure 8 along with the eight QMD melting points and the
theoretical melting curve of Ref. [17]. The (only) reason for a difference between our melting curve
and the one from [17] is most likely the calculation of the Griineisen 7y (p), which the latter is based on,
not being accurate enough. For (2), dT,,(P)/dP = 49.5 K/GPa at P = 0, in good agreement with the
values from [8-10,21].
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Figure 8. The melting curve of Os: VASP results (bullets) and the corresponding Simon equation,
Equation (2), vs. the theoretical model of Joshi et al. [17].
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4. Uncertainties in the Values of T;, and P,

We now estimate the uncertainties in the melting temperature and pressure for the computational
procedure outlined above.

First of all, changes in P are typically much smaller than that in T. For instance, as seen in
Figures 4-7, which typify T and P changes during simulated melting, the pressure changes by less
than 10% while AT ~ 20-25%. We estimate the errors in P to range from a few GPa at low pressures to
~10 GPa at the highest pressure considered; such errors do not exceed the size of the points in Figure 8.
As a reasonable approximation, we can ignore errors in P.

The error in the melting temperature is due to the uncertainty in the maximum temperature for
which the Os remains a superheated solid, i.e., the temperature at vertex C in Figure 1. Assume that
the melting occurs from a superheated solid state C' which lies on the continuation of segment BC in
Figure 1 beyond point C; the temperature at C is Tsy and that at Cis Tsy + ATsy. Melting from C
takes the system to point D at temperature T;;, while melting from C leaves the system in a liquid state
D' on segment DE at temperature T}, + AT,,. Following [36], we now consider energy balance for the
virtual transitions B—C and B—Dyjg. The energy increase for B—C is Cyg (TS H— T,S,B)), where Cyg
is the solid heat capacity at constant volume and T,(,lB ) is the melting temperature at B. The transition
B—Dy;; can be decomposed into B—Dj,; with energy change Cys (Tm — T,(,,B) ) , and then melting at D
with an energy increase of T;;,AS;;, where AS,;, is the entropy of melting; thus the total energy change

for B—>Dliq is Cys (Tm — T,SlB )> + TSy, Since points C and Dliq have the same energy, we can equate
the energy changes for B—C and B—Dyjq (T,(HB) drops out):

Cys (TSH - Tm) = TuASy. (3)
Similarly, for B—C and B—D' we have
Cys (Tsp + ATsg — Tin) = TnASm + CyL ATy 4)

Here Cy/ is the liquid heat capacity at constant volume. It then follows from (1) and (2) that

C
ATy = 2% ATsy. 5)
Cvr

In the vicinity of the melting point the solid and liquid heat capacities are known to be
approximately equal [37,38], hence

We have the simple result that the error in T}, is approximately equal to the difference in the
temperatures for the first run during which melting occurs and the true melting run.

The temperature difference between two solid states on segment AC in Figure 1 is about half of
the difference of the initial temperatures in the QMD runs. This is so because during a QMD run the
initial thermal energy, which is the total system energy, is divided almost equally into potential and
kinetic energies, and the latter is the thermal energy of the final state. Therefore, ATsy cannot exceed
one half of the difference of the initial temperatures for the first run during which the system melts and
the last run during which the system remains superheated. For the present Os calculations, this implies
a maximum error of ~75 K for the first three points on the ab initio melting curve and ~125 K for the
remaining five points. All these errors are less than the size of the corresponding symbols in Figure 8.

5. QMD Simulations of the EOS and the Phase Diagram of Re

We now determine the phase diagram of Re to ~350 GPa using the Z methodology, which is
described in detail in [2,14]. In addition to the Z method described above it consists in the so-called
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inverse Z method, that is, the solidification of a liquid into a crystalline structure. The inverse Z
method allows one to find solid-solid transition boundaries, by solidifying liquid into different solid
structures on both sides of the boundary and thereby bracketing its location on the P-T plane.

Our Z methodology calculations were carried out using VASP. We again used the GGA
approximation with the PBE exchange-correlation functional. We modeled Re using the electron
core-valence representation [*3Cd 4 14] 5p° 54° 652, i.e., we assigned the 13 outermost electrons of Re to
the valence. The valence electrons were represented with a plane-wave basis set with a cutoff energy
of 400 eV, while the core electrons were represented by PAW pseudopotentials.

5.1. T = 0 Isotherm

We first calculated the T = 0 isotherm of Re. Just like for Os, this was done by optimizing the
value of c¢/a, i.e., determining the ¢/a that minimizes the energy at a fixed volume of a hexagonal
supercell, and extracting the corresponding value of P. We used a7 x 7 x 6 (588-atom) supercell with
a single I'-point. With such a large supercell, energy convergence to <45 meV/atom is achieved,
which was verified by performing short runs with 2 x 2 x 2,3 x 3 x 3, and 4 x 4 x 4 k-point meshes and
comparing their output with that of the 588-atom run with a single I'-point. This introduces additional
uncertainty of ~50 K for the numerical values of T;, which is small compared to uncertainites of the Z
method itself (250 K for Re, see below).

In the ab initio approach, the density of Re at (P,T) = (0,0) is 20.686 g/cc, whereas the
experimental value is 21.12 g/cc [4]. Alternatively, with VASP, the experimental (P,T) = (0,0)
density of 21.12 g/cc corresponds to (P, T) = (8.2 GPa, 0). Just like for Os, this 2.1% density mismatch,
or 8.2 GPa pressure mismatch, is due to the PBE implementation of DFT in our VASP simulations.
In order to directly compare our QMD results to experiment, we will apply the 2.1% density correction
(8.2 GPa pressure correction) to all VASP results in the p-T (P-T) plane. Specifically, we will multiply
VASP densities by 1.021, or subtract 8.2 GPa from VASP pressures, whichever is relevant.

Since the P = 0 values of the density of Re at T = 0 and 300 K differ by ~0.5% (21.12 g/cc
vs. 21.02 g/cc [4]), and there is a negligibly small thermal pressure correction at T = 300 K,
the T = 0 isotherm is a very good approximation to the T = 300 K isotherm. In Figure 9 we compare
room-T isotherm data to our T = 0 isotherm as determined from QMD; the experimental data
are from [3,4,39-41]. It is seen that all of the available data and the QMD points are in excellent
agreement up to p~26 g/cc (P~150 GPa) beyond which the different sources of data begin to depart
from one another. We note that our QMD results are very accurately represented by a fourth-order
Birch-Murnaghan EOS (BM4)

e
+3 (4 + (B —7)By + BoBY)) ((%)2/3 — 1>2] ,

where By, B, and B{ are the values of the bulk modulus and its first and second pressure derivatives at
the reference point p = pg. For practical purposes BM3 (1) can be used as well if B} is changed from 6
to 5 (see Figure 9).

@)
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Figure 9. The T = 0 Re EOS from VASP compared to the experimental 300 K EOSs from different literature
sources [3,4,39]. The pressure ranges of the experimental EOSs are those in which they were measured.

5.2. ¢/a Ratio as a Function of P

Our results for c¢/a as a function of P are shown in Figure 10. We find that our theoretical
c/a lies in the range 1.615 + 0.006 for P € [0,900 GPa] (so that its variation is less than 1%),
consistent with experimental data [3,39]. Other theoretical data from [5] have c/a lie in the narrower
range of 1.6175 + 0.003 (Figure 10) but exhibit quite irregular behavior as a function of P. Our c/a
exhibits a P-dependence consistent with that from [3]. Although our calculations demonstrate that
hcp-Re remains the most thermodynamically stable solid phase up to at least 900 GPa, in agreement
with [5] (a somewhat more detailed discussion will follow), the decreasing c/a may signal its dynamic
instability, and the corresponding s-s phase transition, at higher P.
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Figure 10. The c/a ratio as a function of P: VASP vs. the available experimental data from different
literature sources [3,5,39].

5.3. Melting Curve

We then calculated the melting curves of both hep- and fec-Re. For fce-Re, we also used a 588-atom
supercell in a hexagonal setting: 3 atoms per unit cell with ABC stacking (the hcp counterpart has
2 atoms per unit cell with AB stacking); the supercell dimension was 7 x 7 x 4. By using supercells
with the same number of atoms we could make direct comparisons of the hcp and fcc free energies.
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We simulated 11 melting points: 6 for hcp-Re and 5 for fcc-Re. At a given density we performed a
sequence of long runs, each of 7500-10,500 time steps or 7.5-10.5 ps, with initial temperatures separated
by increments of 500 K. We performed 10 QMD runs for each of the 11 melting points; our simulations
covered a range of initial T of 4500 K in each case. We carried out a total of 110 runs which, with an average
of ~9000 time steps per run, amounted to a total of ~1 million time steps for our melting simulations.

Figures 4 and 5 illustrate the T- and P-evolution of hcp-Re runs with initial temperatures of 25,500,
26,000 and 26,500 K; these runs correspond to the ab initio hcp-Re melting point at ~209 GPa shown in
Figure 11 as an open blue circle. Similarly, Figures 9 and 10 illustrate the T- and P-evolution of the fcc-Re
runs that correspond to its ~212 GPa ab initio melting point shown in Figure 11 as an open green circle.

The 11 melting points of Re are shown in Figure 11. We note that their T error bars are half of the
T increment, i.e., £250 K, basically the size of the points in Figure 11; the P error bars are very small
which we ignore, just like for Os. The melting curve of hcp-Re, as the best fit to the corresponding
6 QMD points, is given by (T}, in K, P in GPa)

TP (P) = 3460 (1+ P/58.5)"% )

for which the initial slope is 40.8 K/GPa, in excellent agreement with the VF melting curve obtained by
electrical heating [7]. The melting curve of fcc-Re, as the best fit to the corresponding 5 QMD points, is

TISC(P) = 2466 (1+ P/7.6)"% o

The two melting curves cross each other at (20 GPa, 4240 K) and (240 GPa, 10,650 K), therefore
Re melts from fcc over the pressure range 20-240 GPa. In order to determine the exact locaton of the
hcp-fee phase boundary, we carried out full free energy calculations on the two solid structures.

Re Phase Diagram
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Figure 11. The phase diagram of Re based on the theoretical results of this work vs. the experimental
DAC data of Ref. [6].

5.4. Full Free Energy Calculations on hcp-Re and fcc-Re

In Figures 12 and 13 we show the phonon spectra of hcp- and fcc-Re, respectively, at one
fixed density, namely, 25.1 g/cc (P ~ 115 GPa), at five different temperatures calculated using
the temperature-dependent effective potential (TDEP) method [42,43], which takes into account
anharmonic lattice vibrations. It is seen that fcc-Re is dynamically stable (no imaginary phonon
branches) at all temperatures, and the T-dependence of its phonon spectra is weak. Similar calculations
show that fcc-Re is dynamically stable in the whole range of densities considered in this work.
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We calculated the full free energies of both fcc-Re and hep-Re using TDEP. The differences between
the full free energies of fcc- and hcp-Re as functions of T at four pressures are shown in Figure 14.
The T = 0 differences between the enthalpies of fcc- and hcp-Re are in excellent agreement with
previous calculations (on both hep-fec and hep-bece free energy differences) [5]; they are the starting
points of the four curves in Figure 14. There are four hep-fec transition points (AF = 0). The best fit to
these four transition points is T(P) = 4415 — 11.9 P + 0.158 P2 (T, in K, P in GPa); this fit is plotted in
Figure 11 as a red curve. It crosses the hep and fce melting curves at the (P, T) points (20,4240) and
(240, 10,650), which are hcp-fee-liquid triple points.

Re

0.08 -
Z 006 3
2 [
3 004 ]
> .
QL [
z oo ]
= L
= 000
S —0.02F ]
= . A 210GPa ]
U004 @ 160GPa ]
< _006f -@ 70GPa * ]

0 2000 4000 6000 8000

Temperature (K)

Figure 14. The hcp-Re—fcc-Re full free energy differences as functions of T at four pressures.

In order to validate the location of the hcp-fec s-s phase boundary we also carried out a set of
four independent inverse Z runs [2] to solidify liquid Re into hep below the boundary and fcc above
it. We used a computational cell of 686 atoms prepared by melting a 7 x 7 x 7 solid body-centered
cubic (bcc) supercell which would eliminate any bias towards solidification into either hcp or fec.
We carried out NVT simulations using the Nosé-Hoover thermostat with a timestep of 1 fs. Complete
solidification typically required from 15 to 25 ps, or 15,000-25,000 timesteps. The inverse Z runs
indicate that Re does solidify into hcp below the red curve in Figure 11, while above this curve it
solidifies into fcc. The radial distribution functions (RDFs) of the final solid states are noisy; upon fast
quenching of the four structures to low T, where RDFs are more discriminating, we clearly observed
both hep and fec; see Figure 15.

Figure 11 also shows the Re principal Hugoniot [44], T(P) = 293 + 0.08 P15, which crosses the
melting curve at (525 GPa, 16,920 K); this is our prediction for the Re melting point in a SW experiment.
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Figure 15. RDFs of the final states in the inverse Z simulations described in the text.

5.5. Topological Equivalence of the Phase Diagrams of Re and Pt

We note the topological equivalence of the phase diagrams of Re calculated in this work and that
of Pt from our earlier study [2]. In both cases there is a second solid phase—fcc for Re and random hcp
(thep) for Pt—along the melting curve over a limited range of pressures. The P intervals for the second
phase are similar: 20-240 GPa for Re and 35-300 GPa for Pt. The T = 0 free energy differences between
the high-PT and ambient structures grow with P in a similar way: 55 + 0.11 P meV /atom for Re and
60 + 0.07 P meV /atom for Pt (Supplementary Materials of Ref. [1]). At the corresponding transition
points the T = 0 free energy differences are nearly equal: 57.2 meV/atom for Re vs. 62.5 meV /atom for
Pt at the lower-P transition points, and 81.4 meV/atom for Re vs. 81.0 meV/atom for Pt at the upper-P
points. Both DAC melting curves are also similar: in both cases the slope of the DAC melting curve is
2.3 times smaller than the actual one (in K/GPa): 17 [6] vs. 40 [7] for Re, and 19.3 [45] vs. 43.8 [2] for Pt.
Our results suggest that the DAC melting curve in Figure 11 can be split into two different segments,
just like the one for Pt [2]. The first, which lies between the origin and the triple point, is consistent
with the ab initio melting curve after taking the DAC error bars into account, and the second segment
is above the triple point on the hcp-fec s-s phase boundary. Fitting a single linear form to these two
segments results in a much lower Clapeyron slope for the DAC melting curve, which is apparently the
case for both Re and Pt.

6. 3rd-Row Transition Metal Melting Systematics

Of all the 3rd-row transition metals, only the melting curve of Hf has never been measured or
calculated yet. In addition to the melting curves of Re and Os calculated in this work, in Figure 16
we also plot the melting curves of Ta [15,23], W [16], Ir [14], Pt [2,25,28], and Au [11-13]. As seen in
Figure 16, all the seven 3rd-row transition metal melting curves have low curvature and comparable
slopes, roughly 45 K/GPa. These regularities form the 3rd-row transition metal melting systematics.
The initial slopes of the seven melting curves can be grouped accoring to (i) crystal structure, (ii) relative
location in the periodic table (PT), and (iii) topological equivalence of the phase diagrams (for Re and Pt).
More specifically, these initial slopes are (in K/GPa): ~55 for Au, ~50 for Os and Ir (PT neighbors that
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have very similar mechanical and bulk properties, mass density in particular; although their ambient
crystal structures are different, fcc iridium transforms into hexagonal structure at high-PT [14]), ~45
for W and Ta (PT neighbors, both bec), and ~40 for Re and Pt (that have topologically equivalent phase
diagrams albeit different ambient crystal structures). Even the numerical values of the parameters
(a, b) in the Simon form of the melting curve, T,y = T,;(0)(1 + P/a)?, can be grouped accordingly:
(36.1, 0.53) for Os and (31.2, 0.59) for Ir, and (35.1, 0.47) for Ta and (41.8, 0.5) for W. The exception is
the pair Re and Pt for which the corresponding sets are somewhat different: (58.5, 0.69) for Re and
(44.3, 0.85) for Pt. We now demonstrate how this melting systematics combined with the P = 0 value
of the melting temperature can be used to estimate the currently unknown melting curve of the 8th
3rd-row transition metal Hf.

3rd-row transition metals

6000

4000

Melt temperature (K)

2000

1 1 1 1 1
0 20 40 60 80 100

Pressure (GPa)

Figure 16. The melting systematics of the 3rd-row transition metals based on the available experimental
and/or theoretical data.

Hf Melting Curve Estimate

At ambient P Hf is a hcp metal; on increasing T it undergoes a hcp-bec structural transformation
at ~2000 K and then melts (from bcc) at 2506 K [46]. To estimate the numerical values of the parameters
(a, b) in the Simon form of its melting curve, T,, = Ty (0)(1 + P/a)?, we refer to its 3rd-row bcc
counterparts Ta and W for which the corresponding values are given above. Since the values of b are
close to each other, and all three are PT neighbors with Z =72, 73, and 74, the value of b for Hf should
be close to those for Ta and W. If there is any Z dependence of b, perhaps it may be approximated by a
linear function over a short Z interval (72-74) to yield b(72) =~ 0.44. We therefore assume that for Hf
b = 0.47 £ 0.03, which seems to encompass all the possibilities. As regards 4, a linear extrapolation of
the corresponding Ta and W values would give 28.4 for Hf, but a = 35.1 £ 6.7 (to cover all possible
values from 28.4 to tungsten’s 41.8) will produce a large uncertainty in the corresponding values of
Tn. We assume that a for Hf is not larger than that for Ta (35.1) but its error is essentially smaller than
6.7(= (41.8 — 28.4) /2); speficially, we choose a = 32.5 & 2.5. Thus, our estimate for the melting curve

of Hf is
) 0.4740.03

Twu(P) = 2506 <1 + (10)

325425

In order to test this estimate, we carried out the calculation of two melting points of Hf using
the Z method implemented with VASP. We ran bee-Hf cells of 432 atoms (6 x 6 x 6), having lattice
constants of 3.26 A and 2.65 A, or densities of 17.11 g/cc and 31.85 g/cc, which correspond to ~50
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and 500 GPa, respectively, with a single I point. We chose a timestep of 2 fs and an initial T increment
of 375 K (so that the T, error is roughly +200 K) in each case. Figures 17 and 18 show the time
evolution of T and P in the sets of runs that include the melting run, in one of these cases, namely,
p =17.11 g/cc. Our simulated (P, T) melting points are (T in K, P in GPa) (51, 3940) and (497, 9465).
The corresponding values of T from (10) are 3905 + 140 and 9303 - 840, in excellent agreement with
our VASP results. Thus, our estimate (10) is at least a very good approximation for the actual melting
curve of Hf over a wide range of P, 0-500 GPa. A more consistent calculation of the melting curve of
Hf, which requires simulating additional number of its melting points, goes far beyond the scope of
this work; it will be undertaken in one of our future research projects.

bce-Hf, p=17.11 g/cc

10000 o To=10250 K R
[ e To=10625K

Li e To=10000 K ]
8000 |-: ]

6000 |-

Temperature (K)

4000

L L L
10000
Number of time steps (2 fs)

Figure 17. Time evolution of T for bec-Hf with a density of 17.11 g/cc in three QMD runs with initial
Tps separated by 375 K.
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Figure 18. The same as in Figure 17 for the time evolution of P.
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7. Concluding Remarks

We have calculated the melting curve of Os using the Z method based on first-principles QMD
implemented with VASP. We have also calculated the phase diagram of Re to 350 GPa including the
melting temperatures of both hcp-Re and fce-Re. We have run a total of about 2 million time steps in
our QMD simulations on Os, and over 1 million time steps in those on Re; however, the high accuracy
of the results and their importance to the field of phase diagram studies justifies the computational cost.
Our calculated melting curve of hep-Re is in excellent agreement with the low-pressure experimental
data of VF [7]. Free energy calculations using TDEP and inverse Z simulations yield the same hcp-fcc
phase boundary. We have shown that the recent DAC data of YKB [6] in fact map out the hcp-fec s-s
phase boundary. The phase diagram of Re is topologically equivalent to that of Pt. The two DAC
melting curves are also similar: in both cases the slope of the DAC melting curve is 2.3 times smaller
than the correct one because of fitting a single linear form to its two segments; the first is along the
melting curve between the origin and the triple point, and the second is above the triple point along
the s-s phase boundary. Our findings suggest that the DAC melting curve may be erroneous in some
other cases. In fact, the older low-slope DAC melting curve may map out either the corresponding s-s
phase boundary, similar to the cases of Re and Pt, or a solid texture transition line, similar to the case
of Mo for which such a texture transition was discovered in the most recent experimental study [47].
The resolution of this issue calls for additional study, both experimental and theoretical. Regularities
in the melting curves of Re, Os, and five other 3rd-row transition metals form the 3rd-row transition
metal melting systematics. We have demonstrated how this systematics can be used to estimate the
currently unknown melting curve of the eighth 3rd-row transition metal Hf.
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Abstract: In this study, we present a number of experiments on the transformation of graphite,
diamond, and multiwalled carbon nanotubes under high pressure conditions. The analysis of our
results testifies to the instability of diamond in the 55-115 GPa pressure range, at which onion-like
structures are formed. The formation of interlayer sp>-bonds in carbon nanostructures with a decrease
in their volume has been studied theoretically. It has been found that depending on the structure,
the bonds between the layers can be preserved or broken during unloading.

Keywords: onions; carbon; high pressure

1. Introduction

On the basis of experimental data, we have recently proposed a new phase diagram of carbon
with a region of diamond instability in the 55-115 GPa pressure range [1,2]. In this range, the data
on shock compression of single-crystal graphite [3] indicate formation of a phase denser (by 2%)
than diamond. At pressures less than 55 GPa and above 115 GPa, graphite transforms to diamond.
No diamond formation in the intermediate pressure range is observed, while graphite transforms
to onion-like structures [4]. Multiwall carbon nanotubes (MWCNT) also transform into onions with
layers cross-linked by sp®-bonds at around 65 GPa [5]. For comparison, the outer shells of MWCNT
form some sp3-hybridized regions at pressures below 50 GPa [6]. In this case, the inner layers of the
nanotubes are retained. In shock wave experiments, diamond formation from MWCNT was observed
at a pressure of <50 GPa and temperature of 1500 °C [7,8]. According to the data on shock compression
of graphite [3], formation of a phase denser than diamond is observed at 55-100 GPa (at a temperature
of about 3000 K). However, the structure of this phase is underinvestigated.

The existence of denser phases should lead to a loss of stability in diamond [9,10], which was
also observed in [1-3]. The loss of stability of diamond can be initiated by a critical shear stress
at room temperature. In [11], a phase transformation from diamond to the intermediate carbon
phase was observed [12], the latter being composed of graphene plates cross-linked by sp®-bonds.
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The transition was stimulated by additional stresses applied to the compressed diamond anvils with
torque by rotation of the anvil around the anvil’s axis; the maximal shear stress approached 55 GPa
during rotation under a hydrostatic part of the stress tensor around 40 GPa [11].

The aim of this work is to study the onion-like structures that are formed in the diamond instability
region in the 55-115 GPa pressure range.

2. Materials and Methods

We used a shear diamond anvil cell (SDAC) for our high-pressure study. In the SDAC, controlled
shear deformation was applied to the compressed sample by rotation of one of the anvils around
the anvil’s symmetry axis [13]. Pressure was measured from the stress-induced shifts of the Raman
spectra from the diamond anvil tip [14]. The sample (graphite or MWCNT) was placed in a hole
of a pre-pressed tungsten gasket without any pressure-transmitting media. We used the samples
made of synthetic single-crystal graphite. The MWCNT were synthesized using a chemical vapor
deposition procedure [15]. To study the diamond stability, we used a diamond with a mean crystal
size of 25 nm produced at the Microdiamant AG (Lengwil, Switzerland). The diamond grain size
must be much bigger than 2-5 nm when quantum confinement effect is not significant. As a result
of quantum confinement effect, a bandgap of nanodiamond increases in the 2-5 nm size interval,
along with discrete energy levels arising at the band edges. In a case of covalently bonded solids,
the bandgap growth means an increase in the chemical bond energy which means an increase in elastic
moduli. Indeed, bulk modulus of the 2-5 nm nanodiamond is around 560 GPa, while bulk modulus of
the 25 nm diamond being identical to bulk diamond (443 GPa) [16].

On the other hand, the smaller the grain size, the larger the specific surface area that is the
source of structural instability. The mixture of 25 nm nanodiamond and 25 wt % of NaCl as a
pressure-transmitting media was placed in the gasket hole. The mixture has been preliminary treated
in a planetary mill. A Fritsch planetary mill with ceramic silicon nitride (SizN4) bowls and balls of
10 mm in diameter was used. Treatment in a planetary mill provides preparation of homogeneous
nanocomposites without contamination by material of the balls [16]. The Raman spectra were recorded
with a Renishaw inVia Raman microscope, excitation wavelength 532 nm (Renishaw plc, New Mills,
Wotton-under-Edge, Gloucestershire, UK), and a TRIAX 552 (Jobin Yvon Inc., Edison, NJ, USA)
spectrometer, equipped with a CCD Spec-10, 2KBUV Princeton Instruments 2048 x 512 detector and
razor edge filters (excitation wavelength 257 nm). The transmission electron microscope (TEM) studies
were done by a JEM 2010 high-resolution microscope (JEOL Ltd., Tokyo, Japan).

Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential was used [17] to
theoretically study the atomic structure and mechanical properties of the proposed models. Simulation
was carried out using the LAMMPS software package for molecular dynamics (Sandia National
Laboratories, Albuquerque, NM, USA), which allows calculating structures containing up to 10° atoms.
An undoubted advantage of this method is the ability to simulate huge systems with a sufficiently
high calculation speed and acceptable quality.

3. Results

3.1. Onion Formation from Graphite and MWCNT

The Raman spectra of the initial graphite and MWCNT samples are characterized by a G-band
at 1581 em~!. A disorder-induced D-band in fact is absent in both samples (Figure 1a). The graphite
or MWCNT samples were loaded into a shear diamond anvil cell (SDAC), and their Raman spectra
(Figure 1b) were studied in situ.
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Figure 1. (a) Raman spectra of the initial samples of graphite and MWCNT; (b) Raman spectra of
the samples of graphite and MWCNT under a 62 GPa pressure (note the Raman G band shifts to
~1700 cm~1). A part of the spectra between 1310 cm ™! and ~1490 cm~! is covered by the stressed
diamond anvil.

Pressure dependences of the Raman G-band of graphite and MWCNT (Figure 2) are quite similar.
Both dependences are linear below 25-30 GPa. With further increase in pressure, both dependences
display the instability of sp>-bonding [18] at a pressure above 30 GPa. Slowing in the change of
Raman frequency indicates that the graphite and MWCNT structures become unstable at pressures
above 30-35 GPa.
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Figure 2. Pressure dependences of the Raman G-band of graphite (circles) and MWCNT (crosses).

Application of shear deformations in the beginning of the instability region (around 30-35 GPa)
activates the phase transition. In the case of graphite we observe a phase transition to diamond [19].
If we use MWCNT, the outer shells of the nanotubes form some sp3-hybridized regions [6]. In this
situation, the inner layers of the nanotubes are retained.

According to the results of our simulation, the onion-like structures containing sp>-bonds have a
density higher than that of diamond in the 50-100 GPa pressure region. Consequently, their formation
is preferable in comparison to diamond in this pressure range [9,10].

The results of the simulation are confirmed by the TEM studies. Figure 3 illustrates the onions
obtained from graphite and MWCNT. The resulting structures have some common features: an onion
with radial disorders (linear defects) responsible for the formation of sp>-bonds.

The defects indicated by arrows in Figure 3 are formed inside the sp? network and are bound
by sp3-bonds. This was first reported in Refereces [20,21]. The relative content of these defects in the
onion structure (carbon onion) is small compared to sp?-hybridized carbon, so the presence of these
defects with sp3-bonds does not lead to appreciable changes in the EELS spectra obtained by us.
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Figure 3. Onions formed from different precursors. (a) An onion obtained from graphite at 70 GPa.
The arrows denote linear and point defects. There is a splitting of some graphene layers in multi-layered
onions. According to [20,21] in the places of splits, the atoms of adjacent layers join and form sp3-bonds;
(b) An onion obtained from MWCNT. The horizontal arrows indicate the radial disorders (linear defects)
responsible for the formation of sp3 -bonds, the vertical arrow points to the fragments of nanotubes
inside the onion.

3.2. Onion Formation from Diamond

The presence of a 55-115 GPa diamond instability region in the phase diagram of carbon indicates
the possibility of phase transformations of diamond into onion-like structures. However, in view of the
large hysteresis of the phase transitions in carbon [9] and the high strength of diamond, activation of
the phase transition by application of shear strains in a SDAC is a technically challenging problem [11].
The transition of diamond to onion-like structures can be facilitated if the size of the diamond particle
is close to the ~20 nm size of the onions formed in this pressure range. The choice of diamond grain
sizes is discussed in more detail in the Materials and Methods section.

The mixture of 25 nm nanodiamond and 25 wt % of NaCl as a pressure-transmitting media was
placed in the gasket hole. The Raman band of the diamond loaded in a NaCl medium to 52 GPa is
located at 1483 cm ™!, which is appropriate to the known data [22]. The Raman band of diamond
shifts from 1333 cm ™! to 1483 cm~! under a 52 GPa pressure. The stress tensor conditions in the
diamond sample differ from the ones in the diamond anvils, so the Raman band of the diamond
loaded between the anvils is separated from the Raman band of the diamond anvil [22]. An increase in
pressure from 52 GPa to 57 GPa leads to the disappearance of the diamond Raman band (Figure 4)
under the influence of laser radiation (the Raman spectra were registered when excited by a 1 mW
laser beam with a 532 nm wavelength focused to a 1-2 um spot). The G-band does not appear in
the spectra (according to Figure 2, one could be expected around 1700 cm~! at pressure ~60 GPa).
Under ambient conditions, the same irradiation does not lead to degradation of diamond powder with
a 25 nm grain size.

Intensity (arb. units)

1200 1300 1400 1500 1600 1700 1800
Raman shift {cm’")

Figure 4. Raman spectra of the 25 nm diamond under a 52 GPa pressure, and the disappearance of the
Raman band under 57 GPa. A part of the spectra between 1330 cm~! and >1460 cm ™! is covered by
the stressed diamond anvil.
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For a more detailed study of the observed effect, four samples of the 25 nm diamond in a NaCl
medium were loaded to pressures of 57, 60, 70, and 120 GPa, respectively. The samples were irradiated
under pressure by a 15 mW laser beam with a 532 nm wavelength focused to a 1-2 um spot in steps
of 2 um for 100 s in each position. The grain temperature of the 25 nm diamond in NaCl could
reach 2000-3000 K.

The diamonds irradiated at a pressure of 120 GPa are preserved without any noticeable changes
in the phase composition. The diamonds irradiated at 57, 60, and 70 GPa are transformed into onions.
Figure 5 depicts two types of onions created from diamond under 57 and 60 GPa, and the onion-like
structures with nuclei of 5 nm nanodiamonds in the center obtained under laser radiation at a 70 GPa
pressure (Figure 6a). The latter structure could be also considered as 5 nm nanodiamonds covered by a
few graphitized layers of carbon created from a 25 nm nanodiamond. Nevertheless, comparison of
Figures 5 and 6 prompts consideration of the structures presented in Figure 6a as onion-like structures
with nuclei of 5 nm nanodiamonds in the center. The images of the initial 25 nm diamonds are
provided for comparison (Figure 6b). No graphitized layers of carbon can be seen on the surface of the
initial diamonds.

Figure 5. Onions, formed from diamond: (a) onion created from diamond under 57 GPa; (b) onion-like
structure created from diamond under 60 GPa. This onion type corresponds to the simulation results.

Figure 6. (a) onion-like structures with nanodiamond nuclei (of around 5 nm) created from 25 nm
diamond under a 70 GPa pressure (the onion-like structure is marked with an arrow); (b) initial
25 nm diamonds.

4. Discussion

There are various traditional methods for producing carbon onions. For example, carbon onions
are synthesized using the high-energy electron irradiation of carbon particles [23], annealing of
nanodiamonds [24], an arc discharge between two graphite electrodes submerged in water [25],
the carbon-ion implantation of silver [26] or copper [27] substrates, etc. In recent years, the onions have
been obtained under high-pressure conditions. For example, carbon onions made by four different
methods, three of them using high-pressure techniques, have been investigated in [28]. In the present
work, we continue investigations of the onions obtained using high pressures.
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We have studied two types of onion structures that demonstrate different behavior under the stress.
We designed onions containing interlayer sp3-bonds built on Cpg and Csg fullerenes. We investigated
stability of the four—layered structures C3¢@C144@C304@Cry6 and Cpp@Cgy@C150@C3pp.

Figure 7 shows the energy dependence on the volume of intermediate structures during the
onion-nanodiamond transition. We observe that the behavior of the two nanostructures under
investigation is fundamentally different. In particular, the onions containing the chemically active Cyg
fullerene in their center (orange curve) tend to retain the energy-favorable sp>-hybridized interlayer
bonds. Consequently, these onions remain in a compressed state even after unloading. This is due to
the fact that such a sequence of fullerene shells is obtained with a ~2.5 A distance between the layers,
which is much less than the interlayer distance in graphite (3.4 A). While in the structure containing
some interlayer sp3-bonds their lengths are ~1.6 A, with an increase in the number of layers this value
tends more and more toward the characteristic bond length in cubic diamond (1.54 A). The appearance
of a local minimum of the dependence near 0.92 V/V,,;,, in the figure is explained by the fact that
the fourth layer of the transition structure at this point is already at a distance significantly exceeding
the characteristic length of the carbon sp3-bond, while the three-layer nucleus still contains some
interlayer bonds.

=== Cas@C144@C24@Cs76
—o C2@Cao@C180@Cazo0
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02

Erer eV
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Figure 7. Behavior of the onion structures under pressure. The x-axis represents the volume
of structures constructed with respect to the volume of the onion sp?-hybridized structure.
Along the y-axis, we plot the energy (per atom) given with respect to the energy of the onion
sp?-hybridized structure.

In the case of C34-based structures, the dependence character changes to the opposite, that is, the
structure containing interlayer sp3-bonds becomes less energetically favorable than the corresponding
onion in the absence of loading. The distance between the layers of fullerenes in this case is ~3 A.
Due to this, increasing number of layers in the structure is accompanied by quick accumulation of
mechanical stresses by the interlayer bonds, which leads to structure destabilization and stratification
into sp2-hybridized onions when the load is removed.

5. Conclusions

It has been shown experimentally that diamond is unstable in the pressure range of 55-115 GPa.
At these pressures, graphite, diamond, and multi-walled carbon nanotubes transform into onion-like
structures. According to the results of our simulation, when the volume of the onion decreases,
some sp>-bonds can form between its layers, which can be retained when the load is removed from the
material (depending on the structure of the onion).
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Abstract: The high-pressure behavior of silicon carbide (SiC), a hard, semi-conducting material
commonly known for its many polytypic structures and refractory nature, has increasingly become
the subject of current research. Through work done both experimentally and computationally,
many interesting aspects of high-pressure SiC have been measured and explored. Considerable work
has been done to measure the effect of pressure on the vibrational and material properties of SiC.
Additionally, the transition from the low-pressure zinc-blende B3 structure to the high-pressure
rocksalt B1 structure has been measured by several groups in both the diamond-anvil cell and shock
communities and predicted in numerous computational studies. Finally, high-temperature studies
have explored the thermal equation of state and thermal expansion of SiC, as well as the high-pressure
and high-temperature melting behavior. From high-pressure phase transitions, phonon behavior,
and melting characteristics, our increased knowledge of SiC is improving our understanding of its
industrial uses, as well as opening up its application to other fields such as the Earth sciences.

Keywords: silicon carbide; high pressure; high temperature; review

1. Introduction

A hard and refractory semi-conductor, silicon carbide (SiC) is both a useful industrial material
as well as an interesting component of naturally occurring systems. Known for its many polytypic
structures appearing at ambient conditions, SiC is composed of stacked SisC (or SiCy) tetrahedra
and is found in cubic, hexagonal or thombohedral forms depending on the stacking sequence [1].
The most well studied and/or naturally occurring structures are the zinc-blende (B3), also known
as the 3C polytype, and the hexagonal wurtzite structured 6H polytype. The cubic structure is also
known as beta () SiC while the hexagonal and rhombohedral structures are all classified under the
umbrella term alpha («) SiC [1]. Although not exhaustive, the range of typical SiC polytype structures
is depicted in Figure 1.
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B-SiC (cubic 3C, B3) ¢ Rocksalt SiC (cubic B1, high-pressure)

Figure 1. Structure diagram of several low pressure polytypes of SiC as well as the high-pressure
rocksalt structure. The larger blue spheres represent the Si atoms while the smaller brown spheres
represent the C atoms. Structures visualized using the program VESTA [2] with 3C from [3], 2H from [4],
6H from [5], and 21R from [6].

The effect of high pressure on the crystal structure, material properties and melting characteristics
of SiC has been an active area of research for many years. In addition to better understanding the
industrial uses of SiC, such work has also allowed a better understanding of SiC in a planetary
context. Known under the mineral name moissanite [7], SiC has been found in small amounts in
many geologic settings on Earth [8], as well as in meteorites and other astronomical bodies [9]. It was
recently proposed that star systems more carbon-rich than the Solar System may harbor entire planets
composed of significant quantities of SiC [10,11]. This review aims to summarize and discuss aspects
of high-pressure work on SiC that aids in our understanding of both its industrial uses as well as its
place in the natural world.

We begin with a discussion of the high-pressure structure of SiC, including the stability
of different polytypes. Following, we present a discussion of the large body of work on the
high-pressure phase transition in SiC, including observations and predictions of the transition
conditions, predicted intermediate structures and transition mechanisms, as well as the kinetics
across the transition. We then discuss proposed alternative stoichiometries at pressure. Work on the
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vibrational modes of SiC at pressure, as well as absorption measurements, and both measurements
and computations of the equation of state (EOS) parameters and elastic constants are discussed in the
following section. We end with a discussion of thermal expansivity and the thermal equation of state,
as well as a discussion of high-pressure and high-temperature (high P-T) melting and decomposition.
We find that thermodynamic equilibrium is often difficult to attain in high P-T experiments on SiC,
meaning that time-dependent kinetic effects and hysteresis are often observed across phase transitions
and melting reactions. The observed sluggish kinetics of SiC can explain many of the discrepant
findings between studies.

2. High-Pressure Crystal Structure

Over 250 polytypes of SiC have been observed at ambient conditions [12]. Much work has been
done to understand the formation of specific polytypes at ambient pressure and high temperature
and to understand the transformation conditions and mechanisms between polytypes (i.e., [13]).
As the structure of SiC may have an impact on material properties, identifying the stable structure
at pressure is necessary to improve our understanding of SiC in high-pressure contexts, such as in
dynamic applications or in planetary interiors. Several experiments have been performed exclusively
on determining stable polytype structures at pressure [14-16]. It was found in [14] that the 3C cubic
phase was stable at lower temperatures but became more stable with increased pressure, while the 6H
phase was preferred at high temperatures (2300-2800 K), at least at pressures of 6.5 GPa and below.
These findings were supported by observations in [17] at pressures below 3 GPa. The phase boundary
marking the transition to 6H likely crosses the melting/decomposition line at high pressures [18,19],
however, implying that 3C may be the more stable solid phase at higher-pressure conditions.

Shock studies on both x-S5iC and (3-SiC compare the proportion of polytypes present in samples
after being shocked to P-T conditions of 5-25 GPa and 600-1500 K [16]. They find that in -SiC,
6H begins to transform to 15R and a small amount of 3C after shock experiments as indicated by X-ray
diffraction of recovered samples. 3-SiC also transforms to rhombohedral structures (21R, 33R) during
shock again based on X-ray diffraction after shock. This preference for rhombohedral polytypes at high
P-T may be due to the effect of the shear stresses from the passing shockwave, however, rather than
an indication that 15R, 21R or 33R are the equilibrium stable phases at pressure. The shockfront is
associated with a reduction in particle size as well as potentially changing the stacking sequence of the
Si-C layers, resulting in the formation of rhombohedral polytypes. Shock studies to higher pressures
of over 100 GPa with in situ X-ray diffraction do not see a transition to rhombohedral structures but
instead find a transition to the high-pressure rocksalt structure over 100 GPa [20]. These findings
support previous shock work on 6H SiC [21] that infers a transition to the rocksalt structure from a
density change in the sample.

Upon consideration of all the high P-T studies on 3C, 6H, and 15R, a consistent phase boundary
marking transitions between polytypes is not agreed upon. This indicates that their relative enthalpy
is perhaps small or that their transformation kinetics are slow. Impurities may also play a role in the
expressed polytypes as has been observed in ambient pressure experiments [13]. In reported static
experiments at high-pressures the starting polytype structure remains throughout pressure loading
and unloading [22,23], at least up to the conditions of the transition to the rocksalt structure [20,24,25].
See Figure 2 for a compilation of experimental data on the stability of common polytypes at pressure.
In addition to polytype transformations and the high-pressure transition to the rocksalt structure,
other structural transitions have also been found in SiC, such as the transition to a high-density
amorphous phase under large plastic shear and high pressure [26].
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Figure 2. Compilation of experimental work on polytype transformations at pressure. DAC studies
find that 15R remains under compression to at least 35 GPa at 300 K [22], 3C remains stable
to 105 GPa at 300 K and 6H remains stable to 95 GPa at 300 K before transition to a dense,
high-pressure rocksalt structure [25]. LHDAC experiments find that both 6H and 3C remain in
experiments covering conditions of ~10-80 GPa and ~3000 K (shown in blue) before transition to the
rocksalt structure [18,23,24,27,28]. Shock experiments up to 25 GPa and ~2000 K find an increase in
the proportion of rhombohedral and cubic phases at high P-T and a decrease in hexagonal phases [16].
Rainbow colored shock data indicate the proportion of rhombohedral polytypes resulting from shock:
15R forming in the «-SiC sample (15% in starting sample), plotted with open squares; 21R and
33R forming in the 3-SiC sample (0% in starting sample), plotted with open triangles. Multi-anvil,
high pressure apparatus work finds that 3C transitions to 6H at high P-T over 2000 K [14]. The lack of
clear boundaries between phases may indicate that either the kinetics of transition are sluggish or that
the energy difference between polytypes is low at high P-T.

2.1. Transition to the Rocksalt Structure

The most well studied aspect of high pressure SiC is the transition from the cubic 3C (zinc-blende,
B3) structure to the cubic rocksalt (B1) structure, with additional work considering the transition
from the hexagonal 6H polytype to the rocksalt structure. Computational and experimental work has
made significant progress in identifying the transition conditions, the intermediate structures and the
mechanism of the transition in both cases. Such research has additionally illuminated the slow kinetics
and hysteresis of the transition.

The transition from a four-fold coordinated zinc-blende structure to a six-fold coordinated rocksalt
structure at high pressure occurs in many semi-conductors i.e., [29]. It was first predicted for the
3C-SiC system by [30] and first observed experimentally by [25] during room temperature compression
of SiC in a static diamond-anvil cell (DAC). Since these early results, many computational studies have
worked to better understand the transition conditions [31-38] and several experimental studies have
further observed the transition using both laser-heated diamond-anvil cells (LHDAC) and shockwave
experiments [20,21,24,27,28,39,40].

298



Crystals 2018, 8, 217

Calculations also predict the transition to the rocksalt structure from the 6H polytype as
well [33,36,41]. Experimentally, this transition has been observed in shock studies at pressures of
~105 GPa [21]. Calculations find that the 2H and 4H polytypes also transform to the rocksalt structure
at high pressures [33,42] although no experimental work has been done on the transition in these
polytypes to date.

A hallmark feature in the transition to the rocksalt structure is the large unit cell volume drop,
or density increase, across the transition. Both experimental and computational work indicates that
the volume of SiC drops between 15% and 20% across the transition. Such a large density increase
has implications for the role of SiC deep in planetary interiors as has been discussed by several
studies [24,27,43]. A compilation of the transition parameters from computations and experiments is
presented in Table 1, while a summary of the P-T transition conditions, with a focus on experimental
work, can be found in Figure 3.
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Figure 3. Experimental data from DAC (black), shock, (blue), and selected computational results
(red) for the high-P-T transition conditions to the rocksalt (B1) structure. All data shown start
with the cubic B3 polytype aside from the shock study [21], which starts with the 6H polytype.
Bars extending from shock studies (blue triangle [20], blue square [21]) indicate the likely high
sample temperature. Open symbols represent the low pressure B3 structure (open circle [24],
open triangles [27]) while solid symbols indicate the appearance or stability of the Bl structure in
(LH) DAC experiments (solid circles [24], solid triangles [27], solid thick diamond [25], solid thin
diamonds [28]). Computations considering the hysteresis across the transition are plotted in red
crosses [44], while the range of most transition temperatures found in computational studies is shown
by the red bar. Long dashed line indicates Clapeyron slope proposed by [24] while short dashed line
indicates Clapeyron slope proposed by [27].
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Table 1. Parameters for the transition from zinc-blende (B3) to rocksalt (B1) SiC, compiled from both
experiments and computations. Vi/Vj represents the ratio of the volume of B3 SiC at the transition,
to the zero pressure volume of B3. AV (%) shows the change in volume between B3 and B1 at the
transition pressure.

Pressure (GPa) ViV AV (%) Method Reference
Experiments
74 0.813 17.3 LHDAC [27]
65-70 LHDAC [28]
62.4 0.811 16.5 LHDAC [24]
66.6 0.809 174 LHDAC
100 0.757 20.3 DAC [25]
Computations
58 0.825 18.1 DFT (PBE) [34]
67 0.811 18.2 DFT (PBEsol)
75.4 0.799 18 DFT (LDA) [35]
63 0.80 18 DFT (GGA) [36]
140 0.78 21 MD [45]
66 0.819 179 DFT (LDA) [33]
66 0.81 18.5 Ab initio pseudopotential [30]
65.9 0.823 18.3 DFT (GGA) [44]

2.2. Intermediate Structures

In addition to identifying the transition conditions, work has been done to understand the
mechanism of the transition to the high-pressure structure, particularly to identify the intermediate
structures that come about during the transition from the four-fold coordinated structure to the
six-fold coordinated structure. Experimental work has not identified an intermediate structure
across the transition. This is perhaps not surprising as the intermediate structures are likely very
transient, with computations indicating that the transition to the rocksalt structure occurs in 0.1 ps [46].
Despite the large amount of work however, the transitional structure still remains controversial.

In early first-principle calculations it was proposed that SiC passes through a rthombohedral
R3m transition state with one formula unit per primitive unit cell [33,47]. Molecular dynamics (MD)
simulations using a new interatomic potential model in [45] found that the MD cell changes from
cubic to monoclinic (rather than rhombohedral) during the transition at 100 GPa, and is accompanied
by the Si and C sublattices shifting relative to each other along the [100] direction in the zinc-blende
structure. The following year it was proposed that the intermediate state actually has orthorhombic
Pmm2 symmetry with two formula units per cell [31]. These least-enthalpy calculations used a periodic
linear-combination-of-atomic-orbitals scheme with a transition pressure of 92 GPa. It was found
by [31] that this orthorhombic transition pathway has a much lower activation energy than the original
R3m state. The Pmm2 symmetry of the orthorhombic pathway was questioned in an active comment
thread by [48,49] and it was instead proposed that the transition structure has an Imm2 symmetry.
The Imm?2 structure was later confirmed by the original author [50], although the results of the study
were not affected by favoring the higher symmetry Imm2 structure over the Pmm?2 structure. It was
also suggested that the orthorhombic structure is body-centered rather than primitive [48], in contrast
with the original study [51].

The orthorhombic transition pathway was seen to have the least enthalpy barrier by [52] along
with seven other structures with low enthalpy barriers that could represent the transition state.
Their computations were performed with density functional theory (DFT) using both the local
density and generalized gradient approximations (LDA, GGA) in addition to spin polarization [53].
They propose a bilayer sliding mechanism of the [111] planes such that the bonding evolves from
tetrahedral to octahedral without breaking any of the bonds. Such a mechanism is consistent with each
of the lowest enthalpy barrier structures in their study.
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This orthorhombic transition pathway was found to be very close to a generalized monoclinic
pathway by [36], which was found to be a unified path for any tetrahedrally bonded SiC polytype
to transition to the rocksalt structure. In a later work, it was suggested that this pathway would
also hold true for the transition to a rocksalt structure in other similarly structured semiconductors
regardless of the chemical components [29]. This transition state was proposed to be a unified path for
all semi-conductors going from the zinc-blende to the rocksalt structure at high-pressure.

More recently, several studies have found that the transition pathway follows a tetragonal and an
orthorhombic [32] path at very high transition pressures of 600 GPa. After further consideration it was
found that the transition path follows a tetragonal and then a monoclinic intermediate state by [38]
at 101 GPa and that the transition pressure could change the favored transition pathway, particularly
in studies with over-applied pressure [46].

The disparate findings from the previous studies can be explained as follows. The various
computational techniques likely contribute to the conflicting results. As discussed in [46], they could
also be partly due to the differing transition pressures at which the zinc-blende to rocksalt transition
occurs between studies. It is possible that different transition pathways stabilize at different pressure
conditions. As will be discussed in the next section, there appears to be a strong kinetic barrier across
the transition, meaning that a single transition pressure is difficult to agree on both experimentally and
computationally. It is possible that several transition pathways could occur in nature or in experiment
depending on the conditions and how close to or far from equilibrium the system is.

2.3. Transition Kinetics

One emerging result of the work on the transition to the rocksalt structure is the variability in
the observed transition conditions both in computational, but particularly in the experimental studies
(as can be seen in Table 1, Figure 3). The transition to the rocksalt structure has been observed at a
range of pressures and temperatures from as low as 62 GPa at ~1750 K to as high as 100 GPa at room
temperature [24,25,27]. Such a steep Clapeyron slope is not expected for the transition however, as
the volume change is large (~17-18%) but the entropy change is likely small across this solid-solid
transition [24,54]. Calculations performed in [24] based on the method proposed in [54] indicate that
the Clapeyron slope is very nearly flat at equilibrium transition conditions. The steep experimental
phase boundary as well as the offsets between different experimental results can be explained if there
is a large kinetic barrier across the transition. This is particularly evident when comparing static
diamond-anvil cell work with shock wave data. Even though shock wave experiments generate heat,
the time scale of the experiment is so short that the transition to rocksalt occurs at higher pressures
than in heated diamond-anvil cell studies (e.g., [21]).

Recent computational work considers the hysteresis across the B3 to Bl (zinc-blende to rocksalt)
transition, finding that the equilibrium transition pressure is at 65.9 GPa but that a large enthalpy
barrier is present [44]. This work uses a martensitic approach with an intermediate Imm2 structure.
The enthalpy barrier can be surmounted by over pressurizing SiC, as seen in room temperature
static data [25] or by heating the sample as seen in laser-heated diamond-anvil cell studies [24,27].
This barrier also explains the hysteresis upon decompression in which rocksalt SiC has been seen to
remain until ~35-40 GPa after which it transitions back to zinc-blende or B3 SiC [24,25,27]. The slow
kinetics is perhaps not surprising as transitions in pure carbon are also quite slow, such as that of
cold compressed graphite to M-carbon [55-57] or of metastable diamond to graphite. It does mean,
however, that we must be aware of the experimental conditions at which high-pressure SiC is studied
due to the difficulty in achieving equilibrium conditions.

2.4. Beyond Equimolar Compositions

Atambient pressure, 1:1 SiC is the only stable stoichiometry in the Si-C system with enrichments of
Si or C remaining in their elemental form. Computations exploring the possibilities of other structures,
such as SipC or SiCy, find that these structures are all unstable relative to SiC, though may be formed
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metastably [58]. Other stoichiometries have also been explored computationally for monolayer 2D
Si-C structures [59]. The Si-C system has been considered at pressure in both experimental and
computational work. Laser-heated diamond-anvil cell experiments coupled with in situ synchrotron
X-ray diffraction find that both Si- and C-rich compositions form SiC with the enrichment coming
out in its elemental form up to pressures of 200 GPa and temperatures of 3500 K [28]. This indicates
that alternative stoichiometries, such as Si,C or SiC, are not stable at the experimental conditions
considered [28]. It has been proposed however, that such stoichiometries become stable at much higher
pressures than those accessible by current experiments [43]. It was found by [43] through a random
structure search algorithm that SiC + Si forms [4/mcm structured Si,C at pressures over 13 Mbar and
that SiC + C forms Cmmim structured SiC, at pressures over 23 Mbar. Experimental confirmation of
such findings is not easily achieved, though such high-pressure SiC may be applicable to the interior
structure and composition of very large carbon-rich exoplanets [43].

3. High-Pressure Spectroscopy and Equations of State

3.1. High-Pressure Vibrational Spectroscopy

Raman spectroscopic measurements have improved our understanding of the lattice structure of
SiC. At pressure, detailed Raman measurements have been performed on the 3C, 6H and 15R polytypes.

The first Raman measurements of SiC at pressure were performed nearly 50 years ago by [60],
where the shift of the longitudinal optical (LO) and transverse optical (TO) phonon modes were
measured on single crystal zinc-blende 3C-SiC. At ambient pressure, the LO mode was measured at
971 cm~! and the TO mode was found at 795 cm~!. Both modes were seen to shift with pressures
up to ~1 GPa, with the LO mode shifting linearly to higher wave numbers and the TO mode shifting
non-linearly to higher wave numbers [60]. Similar measurements on 3C were subsequently explored
in many experimental studies, covering a pressure range up to 80 GPa [22,61-66]. Several observations
have come from these Raman measurements. One is that the splitting between the LO and TO modes
increases with pressure. This implies that the transverse effective charge is also increasing, indicating
that it is quite sensitive to the electronic structure [64]. The pressure dependence of the LO and TO
bands in 3C-SiC based on DAC studies is summarized in Figure 4a. The agreement between studies
at lower pressures is exceptional. The two studies reaching higher pressures find a slightly different
pressure dependence for the phonons [22,66], though the increased LO-TO splitting is still robust.
Second order phonons are reported in [63], although the modes were not all identified. The modes
labeled in Figure 4a indicate their interpretation [63].

Pressure dependence of the Raman phonons in 6H-SiC was measured by [67] up to ~10 GPa
in a diamond-anvil cell. Five optical modes (LO, TO;, TO,, axial and planar modes) as well as four
acoustic phonon modes were measured. While the optical modes and one acoustic mode all shifted
linearly to higher wavenumbers with pressure, three of the measured acoustic modes showed no
response to increased lattice compression. This is unexpected based on most tetrahedrally coordinated
semi-conductors [68]. The mode-Griineisen parameters were calculated for each mode with only one,
the planar acoustic mode (x = 1), having a slightly negative v, indicating a softening of that mode with
pressure. This is again counter to findings of other similar semi-conductors [67]. Raman measurements
of 6H-SiC were extended to 50 GPa [22] where fifteen fundamental bands were observed. It was
again observed that the transverse acoustic (TA) modes were anomalously pressure-independent
while the LO, TO and longitudinal acoustic (LA) modes have a strong positive pressure dependence.
Raman measurements of 15R-SiC were also carried out to 35 GPa by [22] where eighteen bands were
observed. The behavior of the LO, TO, LA, and TA modes are similar to the 6H polytypes. Work on
6H-SiC to even higher pressures of 95 GPa measured by [69] observes that the splitting between the
LO and TO modes increases rapidly below 60 GPa but then flattens out at higher pressures. Based on
their measurements, the transverse effective charge is seen to decrease at high pressures indicating
an increasing covalent bonding. It is also seen that both the LO and TO mode show an anomalous
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decrease potentially due to the high-pressure phase transition. High-pressure IR measurements on 6H
SiC were also carried out to 53 GPa where the LO and TO modes were measured and compared to the
Raman data [70]. The shift in the LO and TO modes agree well with the Raman measurements and are
shown as symbols on the plot in Figure 4b.
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Figure 4. Summary of DAC studies on the first-order LO and TO phonon pressure dependence
in SiC. (a) Summary of experimental Raman data of the first and second order phonons in 3C-SiC.
The first-order LO and TO phonons are labeled and are consistent between studies. Crosses are
from [60], thick black lines from [64], thin dot-dot-dash lines from [22], thick dashed lines from [62],
and thin dashed lines from [66]. The second-order phonons as measured by [63] are plotted as dotted
grey lines to 11 GPa, with zero pressure positions in order of increasing wavenumber listed: 764.8, 795.9,
881.3,972.9, 1028.5, 1456.3, 1519.3, 1623.7, 1712.8 cm . The assignment of second-order phonon modes
from [63] are labeled. All measured phonons for 3C-SiC shift to higher wavenumbers with increased
pressure with a slight increase in the LO-TO splitting; (b) Summary of experimental Raman data on the
phonons of 6H-SiC. Phonons in 6H that have been measured, with zero pressure positions in order
of increasing wavenumber listed: 149.1, 241.3, 267.2, 506, 766.7, 773, 787.8, 796.3, 887.8, 969.3 em™ L
Thick black lines are from [69], thin black lines from [22], and dashed lines from [67]. IR measurements
are plotted in solid black circles [70].
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The pressure dependence of Raman linewidths in 3C-SiC have been explored in several studies.
It was found by [63] that the linewidths of the first-order optical phonons increased dramatically at
~ 10 GPa. This increase was inferred to indicate a corresponding increase in the decay rates of the
phonons with pressure. Raman linewidths was subsequently explored in several other works. It was
observed experimentally that the linewidths remained constant with pressures up to 20 GPa [71] and
up to ~15 GPa [65]. This result was consistent with ab initio computations [65] and it was proposed
that the broadening observed in [63] was due to non-isotropic stress from the freezing of their alcohol
pressure medium rather than from an increased phonon decay rate. Based on the results in [65],
in which helium was used as a pressure medium for hydrostatic conditions, pressure appears to have
little effect on the Raman linewidths of SiC, at least up to pressures of ~15-20 GPa.

High-pressure Raman measurements have not been carried out on the other polytypes of alpha SiC,
although measurements at ambient conditions have been completed on 4H, and 21R in addition to 3C
and 6H, and 15R structures and show a common set of strong phonon modes between polytypes [72,73].

3.2. High-Pressure Absorption

Absorption measurements of SiC particles, particularly in the infrared (IR) wavelengths,
are essential for understanding the spectrum of carbon-stars where SiC is ubiquitous [74,75].
Detailed IR measurements at ambient pressure are necessary in order to interpret the stellar spectra of
such stars. These IR absorption measurements indicate that there is an absorption feature in SiC at
around 11.3 pm [76] which is also present in carbon stars [74,75]. At pressure, the absorption properties
of SiC have been measured in reference to the use of moissanite anvils in high-pressure experiments [70].
Measurements on moissanite single crystals have been carried out up to 53 GPa, while absorption
measurements have been performed up to 43 GPa on powdered SiC. It was observed that pressure
did not significantly change the transmission properties of the moissanite anvils. Additionally,
transmission through the anvils was up to an order of magnitude higher than through type II
diamonds across a wavenumber range of 1900-2600 cm !, aside from the absorption feature in
moissanite at 2300 cm ™! [70]. This range corresponds to the strong second order phonon absorption in
diamond, and suggests that moissanite anvils may provide a solution to measuring absorption spectra
across these wavenumbers in materials at high pressure [70]. The concentration of impurities in SiC
may change the absorption over this region, however [70] did not observe differences in absorption
between different moissanite anvils, in contrast to diamonds which can vary drastically depending on
type [77]. These observations open up applications of moissanite anvils for high-pressure absorption
measurements on materials.

Absorption measurements on additional polytypes of pure SiC at pressure are limited.
Measurements on doped n-type 3C-5iC up to 14 GPa in a diamond-anvil cell were performed by [78] in
which the pressure dependence of the luminescence spectra was investigated. Four luminescence lines
were measured, all of which moved to higher wavenumbers with pressure [78]. To our knowledge,
no studies have been carried out to higher pressure on pure 3C-SiC nor have they been made on the
other polytypes.

The pressure dependence on the band gap of SiC has also been considered in several studies.
The first experimental work measured the movement of the absorption edge of 3C-SiC [78] and found
that the band gap had a very small pressure derivative of —1.9 MeV/GPa. The experimental data
was later reanalyzed and found to be more consistent with a value of —3.4 MeV/GPa, consistent with
computations finding —3.3 MeV/GPa [79]. High-pressure and low-temperature experiments were
conducted on nitrogen-doped 6H- and 4H-SiC where positive pressure dependence was observed.
The pressure dependence of the indirect gap in these cases was found to be 2.0 MeV /GPa for N doped
6H-SiC at 29 K and pressures up to 5 GPa [80], and 2.7 MeV /GPa for N doped 4H-SiC at 7 K and
pressures up to 5 GPa [81].
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3.3. High-Pressure Elasticity and Equation of State

SiC is known to be a hard and strong material [82]. The elastic properties and equation of state
of SiC have been explored comprehensively at pressure both experimentally and computationally.
The equation of state (EOS) has been found experimentally through X-ray diffraction, ultrasonic
measurements, or Brillouin scattering by [25,66,83-85] and computationally through several techniques
by [86-89]. SiC has been found to have a large room-pressure bulk modulus K greater than 200 GPa
with pressure derivative Ky’ around 4. Table 2 compiles the experimental EOS data for each polytype
of SiC that has been studied in the literature.

In addition to the EOS parameters, work has been performed on the pressure dependence of the
elastic constants of SiC. Brillouin and Raman spectroscopy on the 3C polytypes done by [66] finds
that the Cq; and Cy, constants increase by over 50% across the pressure range of 0 to 65 GPa (399 GPa
increase to 672 GPa and 133 GPa increase to 339 GPa respectively). The Cy4 constant also increases,
although much less dramatically and seeming to follow a second-order polynomial fit (251 increase to
316 GPa over the same pressure range). The pressure dependence of several of the elastic constants
of the 6H polytype were predicted by first principles DFT calculations using LDA potentials [87].
A similar pressure dependence trend holds for the C;; and Cyy4 constants, although the predicted value
of Cy; is a little higher than that measured for 3C while the predicted values of Cj; and Cyy are a
little lower.

Table 2. Experimental equations of state for several polytypes of SiC.

Max
Polytype  Pressure EOS Ko Ko’ Method Ref.
(GPa)
3C 45 scale proposed by [90] 27+3 41+01 Raman [61]
3C 25 Murnaghan (M) EOS 248+ 9 40403 XRD [85]
3C 75 primary scale 218 +1 375+4 XRD, Brillouin, Raman [66]
3C 8.1 Birch-Murnaghan (BM EOS) 237 +2 4 (fixed) XRD [91]
3C, 6H 95 BM EOS 2609 £9 29+03 XRD [25]
6H 68.4 BM EOS 230.2 £4.0 4 (fixed) XRD [84]
6H 13.6 BM EOS 2165+ 1.1 4.19 +0.09 Ultrasonic [83]
6H 27 BM EOS 2184 +49 4.9 (fixed) XRD [83]
15R 35 scale proposed by [90] 224+ 3 43+03 XRD, Raman [22,92]

3.4. Thermal Expansion and Equation of State

The combined effect of pressure and temperature on SiC has been the subject of several
recent studies with a focus on the thermal expansion of both the 3C- and 6H-SiC polytypes.
At ambient pressure the thermal expansion of SiC, particularly of 3C-SiC, has been extensively
studied due to its importance in material applications. The thermal expansion has consistently
been reported to be between 4 x 107¢ 1/K and 6 x 10~ 1/K based on both X-ray diffraction and
dilatometer measurements [93-99]. X-ray diffraction measurements taken over a temperature range
of 300-1300 degrees K find that a second order polynomial better fits the thermal expansion giving a
value of ~3.2 x 106 1/K at ~300 K and a larger value of 5.1 x 10~ 1/K at ~1300 K [100].

Determination of the thermal EOS of SiC and the thermal expansion at pressure has recently
been carried out. Both DFT calculations and large volume press experiments coupled with in situ
X-ray diffraction at conditions up to 8.1 GPa and 1100 K were performed by [91] to determine thermal
EOS parameters. Fitting their diffraction data to a modified Birch-Murnaghan EOS gives a value
of a=5.77 x 107% + 1.36 x 1078 T. Their DFT results give a similar thermal expansion, with a value
of =591 x 1070+ 1.08 x 1078 T using LDA and « = 6.99 x 107¢ + 1.11 x 1078 T using GGA.
The values from each method seem to agree well, both with each other as well as with previous
ambient pressure data. They find that the thermal expansion decreases with pressure and find the
pressure derivative through two different methods. The modified Birch-Murnaghan EOS gives a
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pressure derivative of —6.53 x 1077 GPa~! K~!, while a thermal pressure approach gives a slightly
lower value of —7.23 x 1077 GPa~! K~1.

Only one study to date has explored the thermal expansion of SiC at even higher pressures.
A recent study [23] used the LHDAC coupled with in situ X-ray diffraction to measure the thermal
expansion of both the 3C- and 6H-SiC polytypes [23]. Their measurements spanned a range
of conditions up to 80 GPa and 1900 K for 3C-SiC, and up to 65 GPa and 1920 K for 6H-SiC.
They determined pressure by a gold standard loaded in their sample chamber and considered three
different gold EOS’s [101-103] when calculating the thermal expansion from their measurements.
Several interesting findings are presented, including a higher thermal expansion for SiC than previous
measurements, although this is likely due to the high temperatures of their study. The thermal
expansion found in [23] is on the order of 1 x 1072 1/K at 2500 K, nearly an order of magnitude
higher than previous studies at room temperature. They also find that the thermal expansion changes
very little with pressure. Based on the gold scale in [102] they find that the thermal expansion of
SiC is nearly constant over the entire pressure range considered. The gold scale by [101] gives a
decrease in the thermal expansion with pressure, though the change is still less than a factor of
two. Further studies on the effect of pressure on the thermal expansion of SiC are needed to better
understand these observations.

4. Melting Behavior and Decomposition

SiC is known to be a very refractory material with a high ambient pressure melting point [19].
Rather than melting congruently (i.e., solid SiC melting to liquid SiC), SiC has been observed to melt
incongruently at ambient pressure with the Si fraction coming out as a liquid and the C fraction
remaining as a solid [19]. The ambient pressure decomposition of SiC into solid C plus liquid Si
begins at ~2840 K in experiments [19] but is predicted to occur at higher temperatures of 3100 K in
computations [104,105]. Prior to recent diamond-anvil cell work up to ~80 GPa [18], explorations of
high-pressure melting and decomposition have gone up to ~10 GPa while heating to temperatures as
high as 3500 K [17,106-110]. Although confusion has arisen as to the nature of SiC melting at lower
pressures, higher pressure studies indicate that 3C-SiC continues to decompose at high temperature,
at least up to the transition to the rocksalt structure at ~60 GPa.

Many earlier studies have observed decomposition of SiC to Si + C at low pressure. SiC was seen
to decompose up to 8 GPa based on quench texture and composition [110], although the temperature
of the decomposition was not directly measured. Similar results were found in [17,106] in a
high-pressure high-temperature cell at 3 GPa without a direct temperature measurement, though the
power-temperature relation indicated that the sample was above 2800 K. Incongruent melting was also
observed in [109] up to ~10 GPa. Decomposition was identified through a change in the resistivity of
the sample as well as through Si and C diffraction signals upon quench. Temperature of decomposition
was determined based on the inserted energy and it was found that SiC decomposed following
a positive phase boundary. Based on the increase in the solubility of C in liquid Si with increasing
pressure, however, [109] predicts that decomposition does not continue past about ~10 GPa, after which
SiC melts congruently.

In contrast to these works, congruent melting was inferred by several studies over the
same pressure-temperature conditions. Sokolov et al., 2012 [108] performed experiments in a
high-temperature, high-pressure apparatus at 5 and 7.7 GPa, in which they identified melting of
SiC by a change in the microstructure of recovered samples or by a jump in the electrical resistivity of
the sample. They additionally performed X-ray diffraction measurements but did not see evidence
of decomposition. Based on their experiments SiC melts congruently following a negative phase
boundary. Congruent melting at pressure was also previously seen in [107].

Recent diamond-anvil cell work [18] finds that 3C-SiC continues to decompose at high pressures
and high temperatures, following a phase boundary with a negative slope. The high-pressure
decomposition temperatures measured are considerably lower than the decomposition temperature

306



Crystals 2018, 8, 217

at ambient, with the measurements indicating that SiC begins to decompose at ~2000 K at 60 GPa
as compared to ~2800 K at ambient pressure. Once 3C-SiC had transitioned to the high-pressure
rocksalt structure, decomposition was no longer observed, despite heating to temperatures in excess
of ~3200 K. Several methods were used to identify in situ decomposition in samples as temperature
increased, including the appearance of diamond peaks in X-ray diffraction as well as changes in the
optical character of the sample. Additionally, recovered samples were cross-sectioned and analyzed
for composition, confirming the presence of SiC decomposition products. Raman measurements across
decomposed regions indicated the presence of carbon, whereas measurements across un-decomposed
regions did not. Kinetics appears to be a strong influence on the decomposition reaction as well,
since complete decomposition was not observed on the timescale of the experiments (on the order of
minutes) and the reaction was not observed to be reversible. Once the products of decomposition were
observed, they remained in the sample both upon temperature/pressure quench and upon heating to
temperatures below the observed decomposition onset boundary.

The temperature of decomposition and the nature of the decomposition phase boundary appear
to be strongly influenced by the pressure-induced phase transitions to higher density structures in SiC,
silicon and carbon, as is discussed further in [18]. However, additional work is necessary to understand
the melting characteristics of the rocksalt structure at pressures above 60 GPa. Figure 5 summarizes
the high P-T phase diagram of SiC to date including the data on melting and/or decomposition from
each previous study. Above the transition to the B1 structure, it is still unclear whether or not SiC
decomposes at high temperatures or melts congruently, as indicated by the arrow in the top right
corner of the plot. As these measurements have not been performed, the temperatures required for
melting may be much higher than those represented on the current phase diagram.
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Figure 5. High-pressure and -temperature phase diagram of SiC melting and decomposition. Solid
black symbols indicate studies finding incongruent melting (decomposition) (bowtie [19], circle [106],
diamonds [109], upside down triangle [110], square [17], triangles (multi-wavelength imaging
radiometry and X-ray diffraction) [18]) while open symbols indicate studies observing congruent
melting to SiC liquid (open circles [108], diamond [107]). The solid grey square indicates P-T conditions
where no melting of any kind was observed [18]. Red symbols indicate the experimentally observed
conditions of the B3 to Bl transition in the LHDAC (red x’s [24], red asterisk [27], red plus signs [28]).
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5. Conclusions

High-pressure work on SiC has opened up many new questions as well as answering those
discussed here. The issue of kinetics continues to reappear in high-pressure studies of SiC, whether it
is on the transition between polytypes or in the melting behavior. Metastable states and the time scales
needed to achieve equilibrium at high P-T conditions are topics that are not yet well understood but
which may have important implications for industrial and naturally occurring SiC. More high-P-T
studies above 10 GPa are certainly needed to confirm and expand upon thermal expansion and thermal
equation of state measurements, as well as to explore decomposition/melting in other polytypes or in
the B1 rocksalt structure.
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Abstract: A series of new Ge-substituted skutterudite compounds with the general composition of
LnyCoySbys—yGey, where Ln = La, Ce, Pr, and Nd, is prepared by high-pressure and high-temperature
reactions at 7 GPa and 800 °C. They have a cubic unit cell and the lattice constant for each
compound is 8.9504 (3), 8.94481 (6), 8.9458 (3), and 8.9509 (4) A for the La, Ce, Pr, and Nd
derivatives, respectively. Their chemical compositions, determined by electron prove microanalysis,
are Lags57C04Sb191Gen3s, Cepg9Co4Sbg g5Gers1, Prog7CosSbesrGer g1, and Ndgg7Co4Sbg gsGe og.
Their structural parameters are refined by Rietveld analysis. The guest atom size does not affect the
unit cell volume. The Co-Sb/Ge distance mainly determines the unit cell size as well as the size of
guest atom site. The valence state of lanthanide ions is 3+.

Keywords: skutterudite; intermetallic compound; high-pressure; thermoelectric materials

1. Introduction

The filled skutterudite compounds have attracted much attention after the finding of the anomalous
superconductivity of PrOs4Sby, [1]. It has a cage structure composed of corner-sharing MXg octahedra
and large guest atoms A, which are situated in the cages, where A, M, and X are electropositive elements
(mainly alkaline earth and rare earth elements), transition metals (group 8 and 9), and electronegative
elements (mainly group 15), respectively. A lot of isotypic compounds were synthesized and examined
to expand the skutterudite chemistry.

The high-pressure and high-temperature reactions are very effective to prepare new skutterudite
compounds, including superconductors [2-5], and a great many filled skutterudite compounds have
been reported for the widespread combination of the elements by the high-pressure techniques.
Surprisingly, there are unique derivatives IM4Sb1, M = Rh and Co, which have anionic guest atoms
(iodine) in the cages [6-8]. Recently, bromine filled skutterudite has been reported [9].

The group 14 elements, however, are slightly difficult to introduce into the structure. Nolas et al.
reported the first filled skutterudite compounds containing group 14 elements in the M site,
LnlrySboGes, Ln = La, Nd, and Sm. In these compounds, the electrons from the guest trivalent
cations compensate for the electron deficiency of the host network caused by the substitution of a
group 14 element for the group 15 element [10-12]. We also prepared a series of Ge-substituted
filled skutterudite compounds LnRhySboGes, Ln = La, Ce, Pr, and Nd, using high-pressure and
high-temperature reactions [13]. They were stable at ambient pressure and the oxidation state of the
guest atoms was 3+. Takizawa and Nolas also reported an interesting compound Geg 20C04Sb11 4Geg 6,
where germanium atoms were situated in the A site as well as in the X site [14].
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In the present study, I used cobalt instead of Rh. Mori et al. also prepared a Ge-substituted
skutterudite compound, which contains Yb in the Ln site, YbyCo4Sb115Geqs [15]. T performed
high-pressure and high-temperature reactions in the Ln-Co-Sb-Ge system, Ln = La, Ce, Pr, and Nd, to
obtain a new series of Ge-substituted filled skutterudite compounds.

2. Results and Discussion

Dark gray products were obtained after the high-pressure reactions. They were stable in air under
ambient pressure. The XRD patterns of obtained samples are shown in Figure 1. The diffractions
for each compound were indexed with a cubic unit cell having the systematic absence of a space
group I m-3. The peak pattern indicated that the obtained compounds have the skutterudite structure.
Small amounts of Sb (containing small amount of Ge) and monoclinic Co(Sb,Ge), were also detected
as shown in the figure.
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.“;:‘
=
g
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% Sb ':“:__JL_,_,__J\__,_/L_/‘L—A_A_A_.__‘AW__
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Figure 1. Powder XRD patterns of La, Ce, Pr, and Nd samples. The main phase is a Ge-substituted
antimony skutterudite compound for each sample. Small diffraction peaks of Sb-Ge solid solutions
and monoclinic Co(Sb,Ge), are observed.

The presence of Ge in each compound was confirmed by chemical analysis. The chemical
compositions for the samples determined by EPMA are summarized in Table 1. The relative number
of atoms of each element is calculated according to an assumption that there is no defect in the Co site
because the transition metal sites of the skutterudite structure are fully occupied in most skutterudite
compounds. From these observations, the products of the high-pressure synthesis were identified as
Ge-substituted filled skutterudite compounds.

I performed the Rietveld analysis for all compounds in order to confirm the site occupancy of
the Ln sites and the Ge substitution for the Sb site. Rietveld structure analysis was performed using
RIETAN-FP [16] on the powder XRD data collected with a D8 advance X-ray diffractometer (Bruker
AXS, Karlsruhe, Germany) with CuK« radiation from 26 range of 20° to 105°. The refined lattice
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constant for each compound is shown in Table 1. The results of the pattern fitting in Rietveld analysis
are shown in Figure 2.

Table 1. Lattice constant and chemical composition of Ge-substituted skutterudite compounds.

Composition Lags57Co4Sb101Gez3s  Cep99CosSbogsGersi  ProgyCosSbysyGerer  Ndo.s7C04Sbg gsGer g
Lattice constant (&) 8.9504 (3) 8.94481 (6) 8.9458 (3) 8.9509 (4)

H
"1 §
Al J | ™ '\_,.__’_M‘I"_’.I‘_)A A
2 - A, e
(9 (d)

Figure 2. The XRD patterns and the results of pattern fitting; (a) Lags;Co4Sb11Genas; (b)
Ce(].99CO4Sb9‘65G62‘51; (C) ProA97C04Sb9A52Ge2A61; (d) NdOA87C04Sb9A94GeZ23. The observed data are
shown as red points and the calculated fits and difference curves are shown as green and blue lines,
respectively. Tick marks show the calculated diffraction positions.

All samples contain a very small amount of Sn-Ge solid solutions and monoclinic Co(Sb,Ge); as
shown in Figure 1. The diffraction peaks of those phases were excluded in Rietveld analysis so that
they might not exert an adverse influence on the refinement.

The occupational parameters of L and Sb sites were refined as well as the atomic parameters and
isotropic temperature factors for all sites. Split Pearson VII functions were used as profile functions.
An overall isotropic temperature factor was refined only in the case of the La compound and a same
isotropic temperature factor was applied to the Co and Sb/Ge sites only in the case of Ce compound
due to the difficulty for convergence in the refinements.

The crystallographic data and some R factors are listed in Table 2. The atomic parameters and
isotropic temperature factors for each compound are shown in Table 3. The refinement was well
converged for each case. The R values are small and the S values are less than 1.3 for all compounds.

While the L sites of Ce, Pr, and Nd compounds were almost fully occupied, the La site occupancy
turned out to be 0.7. I checked the possibility that some Ge atoms occupy the La site because some
Ge atoms are situated in the guest site in a ternary skutterudite compound Ge220C04Sb11.4Geg 6 [14].
However, I could not get any meaningful results in all trials. I therefore concluded that the La site
contained atom vacancies and did not contain any Ge atoms in the guest atom site. This site is
fundamentally a site for cationic species in group 9—group 15 type skutterudite compounds. Therefore,
if there is an electropositive element like La in the system, Ge appears not to be able to occupy the
guest site.
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The relatively larger isotropic temperature factors of the Ln sites may suggest an off-centered
disorder of lanthanide ions. The analysis of it is, however, beyond the potential use of the present data.

The crystal structure of my compounds is illustrated in Figure 3. The refined occupational
parameter of the Ln site for each compound is in good agreement with the composition determined by
EPMA, when the standard deviations are taken into account. The M and X sites are occupied by cobalt
and antimony atoms, respectively. Germanium atoms substituted randomly for some antimony atoms.
The refined occupational parameters of the M site for the Ce and Pr compounds well reproduce the
atomic ratios of Sb/Ge determined by EPMA, when the standard deviations are taken into account.
Those parameters for La and Nd did not show good agreement with the Sb/Ge ratios determined
by EPMA. This would be due to the fact that it is difficult to determine occupational parameters and
temperature factors simultaneously. Especially in the case of the La compound, I applied an overall
isotropic thermal parameter in the refinement, which might affect the poor estimation of the site
occupancy of the La site. Even so, it can be clearly concluded that Ge atoms preferentially occupied
the X site in the present systems.

Table 2. Crystallographic data and R indices of Rietveld analysis.

Formula Lag57C04Sb101Gez3s  Cep.99C04Sbg e5Gers1  Prog7CosSbos2Gergr Ndo.s7CosSbo.gsGer s
Space group I'm-3(204) I'm-3 (204) I'm-3(204) I'm-3 (204)
Lattice
parameter (a/ A) 8.9504 (3) 8.94481 (6) 8.9458 (3) 8.9509 (4)
Unit cell
volume V/A3 717.02 (4) 715.670 (9) 71590 (4) 717.13 (6)
26 range/ degree 20-105 20-105 20-105 20-105
Rup/% 4.23 5.03 4.04 4.35
Rp/% 3.33 3.94 3.16 3.44
Re/% 3.59 4.46 3.20 3.56
Rg/% 3.86 7.15 7.17 6.40
Rr/% 3.04 3.31 3.95 441
S 1.18 1.13 1.26 122

Rup = [Zi wilyi — L /Z wi yi21Y2, Ry = 5y lyy — L1 /S i, Re = [(N — P)/Z; wi yi21Y/2, Rp = Zy 1 L ("0) — Li(0) | /2
T (0"), Rp = 2y [ (“0)]V2 = [Ik(@)]V/2 | /Z [ (0)]V/23, S = Rup/Re; yi: observed intensity, I;: calculated intensity;
wi: weight; N: number of data; P: number of parameters; I (‘0’): estimated observed intensity of the k-th reflection;
Ik (c): calculated intensity of the k-th reflection.

Table 3. Structural parameters ocp, n, x, y, z, and B/ A2 of the Ge-substituted cobalt antimony
skutterudite compounds.

ocp n* x y z BIA?

Lag 57C04Sb10.1Gex 38

La 0.704 (8) 1.41 0 0 0 overall

Co 1 8 0.25 0.25 0.25 0.03 (5)

Sb 072(2)  17.28 0 0339(2) 0159 (2)

Ge 0.28 6.72 0 0.3396 0.1599
Ce.99C045by 65Ger 51

Ce 090(3) 178 0 0 0 2.8 (5)

Co 1 8 0.25 0.25 0.25 0.05 (4)

Sb 085(2) 203 0 03384(5 01611(3) 005

Ge 0.15 3.7 0 0.3384 0.1611 0.05
Pr(.97C04Sbg 50Ger 61

Pr 0942 188 0 0 0 3.0 (4)

Co 1 8 0.25 0.25 0.25 0.6 (3)

Sb 0.77 (5) 18.48 0 0.3408 (2) 0.1581 (2) 0.5 (1)

Ge 0.23 5.52 0 0.3408 0.1581 0.5
Ndo 87C04Sbg 94Ger 28

Nd 0.87 (3) 1.74 0 0 0 5.6 (5)

Co 1 8 0.25 0.25 0.25 0.2 (3)

Sb 063(4) 152 0 03376 (2) 0.1572(2) 03 (2)

Ge 0.37 8.8 0 0.3376 0.1572 0.3

* n: number of equivalent atoms per unit cell.
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Group15

|

Group 14 elements

Figure 3. Crystal structure of the filled skutterudite compounds. In the present study, L sites are
occupied by La, Ce, Pr, and Nd. The group 15 element is antimony, a part of which is substituted with
germanium atoms. The transition metal sites are occupied by cobalt atoms.

The lattice constants of Ge-substituted compounds are smaller than that of CoSbs (9.039 A7)
because the radius of Ge is smaller than that of Sb. Figure 4 shows that the lattice parameter was
not affected by the size of the guest ion, whether it was La, Ce, Pr, or Nd. They are almost constant.
This means that the size of the unit cell is determined mainly by the covalent connection in the
Co-(Sb,Ge) host network. Similar behavior was observed for the lattice constants of LnRh,SbgGes,
Ln =La, Ce, Pr, and Nd [10]. The lattice constants for those Rh compounds were in a very narrow
range from 9.112 to 9.107 A.

9.2
z
s 9.1+ CoSbs
b [ ]
2 90+ La Ce Pr Nd
8 ¢ —o
£ 8.9
5
8.8
b))
«® T T T T

1.22 1.20 1.18 1.16
Effective ionic radii / A

Figure 4. Lattice constant of the Ge-substituted cobalt skutterudite compounds.

The importance of the host network size is also proved by the fact that the lattice constants of
the Ce and Pr compounds are slightly shorter than those of the La and Nd compounds. The former
compounds contain a slightly larger amount of Ge in the X sites than the latter ones. The size of the
host network is, thus, the principal parameter in these systems to determine the unit cell volume.
This size effect of the host network also effectively explains the reason why it is difficult to prepare
the analogs containing heavy rare earth elements, which have a smaller ionic radius than light ones.
I tried to prepare a Lu analog by the same reaction condition but could not obtain it. Their small radius
would not fit the host network size and such a system would become unstable. In contrast, the size of
La3* would be slightly too large for the cages. This indicates that difference of ionic size is why only
the La site showed atomic vacancy.

317



Crystals 2017, 7, 381

The interatomic distances between host antimony/germanium atoms and guest Ln atoms are
derived from the results of Rietveld analysis; they are 3.360, 3.353, 3.361, and 3.333 A for the La, Ce,
Pr, and Nd compounds, respectively. These values can be used as an indicator of the size of the A
site. It is noteworthy that the interatomic distances of those compounds are very similar to that of
CoSbs (3.352 A [17]), even though the lattice constants of them remarkably decrease. Introduction of
Ge atoms in the host network, therefore, contributes to the expansion of size of the A site, which can
be correlated with the degree of f-electron localization in the lanthanide metal [18,19].

Magnetic susceptibility measurements revealed that the valence state of Ce and Nd was 3+.
The temperature dependence of magnetic susceptibility of each compound is shown in Figure 5.
The inset plots show Curie-Weiss behavior of the samples. Their susceptibilities obey a modified
Curie-Weiss law, xmol = X0 + C/(T — 6), where X0 is @ molar magnetic susceptibility, C is the Curie
constant, 6 is the Weiss temperature, and ) is a paramagnetic term including a Van Vleck contribution.
The data was approximated by the equation in the temperature range from 2 to 295 K for Ce and from
4 to 300 K for Nd. The obtained parameters in the fitting are summarized in Table 4. The effective
moments calculated from their Curie constants are 2.12 g and 3.12 pp for Ce and Nd, respectively.
They are slightly smaller than the theoretical values of 2.54 yp and 3.62 i for Ce®* and Nd®*. Although
their valence states are basically 3+, we may have to consider mixed valence state or Kondo system
especially for the Ce compound.
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Figure 5. Temperature dependence of the magnetic susceptibility of (a) Ceg9Co4Sbg5Ges 515
(b) Prg 97C04Sbg 52Ges ¢1; and (c) Ndg g7C045bg 94Ges 2.
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Table 4. Curie constant (C), Weiss temperature (f), a paramagnetic term () and the effective moment
Hest (With theoretical values in parentheses) derived from regression calculations using a modified
Curie-Weiss equation.

Compound C (emu mol ' K1) 0 (K) Xo (emu mol~1) Heft (1B) Temp. Range (K)
Ce.99C04Sbg 65Gen 51 0.563 (3) 0.27 (1) 0.0544 (1) 2.12 (2.54) 2-295
Prj.97C04Sbg 5pGep 61 1.78 (4) —27 (1) 0.0401 (2) 3.77 (3.58) 30-250
Ndp 87C04Sbg 94Ges g 1.22(3) 1.33(8) 0.0175 (7) 3.12 (3.62) 4-300

The data of the Pr compound did not obey the equation. I have, however, applied the equation
to the data in a reduced temperature range from 30 to 250 K and obtained a well-fitting curve. The
calculated effective moment of 3.77ug is in good agreement with the theoretical value of 3.58 yp for Pr3*.
The valence state of Pr would be 3+ in the temperature range; however, further investigation should
be necessary to determine the magnetic behavior of the Pr compound as well as the Ce compound.

The partial substitution of Ge atoms for Sb atoms induces a structural disorder in the host
network. Such a disorder would have an effect of decreasing the lattice thermal conductivity [10-12].
It is desirable to evaluate the thermal conducting and thermoelectric properties for these compounds.

3. Materials and Methods

In the sample preparation I used rare earth elements (99.9%, Rare Metallic Co., Ltd., Tokyo, Japan),
cobalt powder (99.9%, Aldrich Chem. Co., St. Louis, MO, USA), antimony powder (99.999%, Katayama
Chemical, Osaka, Japan), and germanium (99.999%, Rare Metallic Co., Ltd., Tokyo, Japan). I first
prepared digermanides LnGe; for La, Ce, Pr, and Nd with an argon-filled arc furnace because the
elemental lanthanides are highly unstable and are easily oxidized in air. The mixtures of LnGe,, Co, Sb,
and Ge with a molar ratio of 1:4:9:1 (Ln:Co:Sb:Ge = 1:4:9:3) were reacted using a Kawai-type (6-8 type)
high-pressure system according to the following process [20]. Each mixture was placed in an h-BN
container with 2 mm in inner diameter and 4 mm in depth. The container covered with Ta foil, which
was used as a heater, was put in a thermal-insulating pyrophyllite tube with 6 mm in diameter and
1 mm thick. A Pt/Pt-Rh thermo couple was used to control the reaction temperature during heating.
This sample unit was placed in an octahedral MgO pressure medium, and was put at the center of
eight tungsten carbide anvils. This reaction cell was pressed by a multi-anvil press. The samples were
reacted at 7 GPa and 800 °C for 1 h, and was rapidly cooled down to room temperature. After the
sample temperature became room temperature, the pressure was slowly released.

All products were characterized by powder X-ray diffraction (XRD) method and electron probe
micro analysis (EPMA) (JEOL 73311, Tokyo, Japan). Rietveld structure analysis was performed
using RIETAN-FP [16] on the powder XRD data collected with a D8 advance X-ray diffractometer
(Bruker AXS, Karlsruhe, Germany) with CuKe radiation from 26 range of 20° to 105°. The magnetic
susceptibility of the samples were measured with a SQUID magnetometer (Quantum Design MPMS5s,
San Diego, CA, USA) applying a magnetic field of 5000 Oe.

4. Conclusions

High-pressure and high-temperature reactions provide a new series of Ge-substituted filled
skutterudite compounds, LnyCo4Sb1>,Gey, where Ln = La, Ce, Pr, and Nd. The guest site is fully
occupied by lanthanide ions except for the La compound, whose occupancy x is 0.6. The germanium
content, y, is different for each compound and is in the range from 2.3 to 2.6. The unit cell volume is
not affected by the guest atom size. It is principally determined by the host network formed by the
Co-Sb/Ge covalent bonds. The valence state of the guest lanthanide ions is basically 3+.
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