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Preface to “Modularity and Twinning in Mineral
Crystal Structures”

In 2004, the book Crystallography of Modular Materials (IUCr/Oxford University Press) by G.
Ferraris, E. Makovicky and S. Merlino (2nd edition 2008) systematically reviewed theory and
examples of mineral crystal structures that can be described as built up by periodic repetition at
the atomic scale of either one (planar) module (polytypes) or more modules—m1, m2, ... mn—with
different compositions (polysomes). Whereas a series of polytypes, being based on the same
module, essentially show a constant chemical composition, the members of a polysomatic series have
different chemical compositions that depend on the m1/m?2.../mn ratio. In a polysomatic series,
the physical properties are a function of the chemistry of the modules and of their piling; thus,
tailoring of the properties is possible. A special class of polytypes is rationalized by the so-called
OD (Order/Disorder) theory. Twinning, i.e., the oriented association of two or more individuals of
the same crystalline compound, is considered a modular structure at the macroscopic scale. The
members of a series of polytypes or of polysomes usually have in common a supercell that, according

to the reticular theory of twinning, favours the formation of twins.

Giovanni Ferraris
Editor
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Ferraris et al. [1] systematically reviewed mineral phases whose crystal structures can
be described as built up by periodic stacking at atomic scale of either one (usually) module
(polytypes) or more modules—M, M’, M” ... —with different compositions (polysomes).
Whereas a series of polytypes shows essentially a constant chemical composition, the
members of a polysomatic series have different chemical compositions that depend on
the ratio M/M’/M” ... In a polysomatic series, the physical properties are a function
of the chemistry of the modules and of their stacking; thus, tailoring of the properties is
possible via synthesis of ad hoc compounds. A special class of polytypes is rationalized by
the so-called order/disorder (OD) theory [2] that plays a basic role in most of the articles
published in this special issue of Minerals.

Twinning, i.e., the oriented association of two or more crystals of a same compound,
is considered a modular structure at macroscopic scale (see Chapter 5 in [1]). The members
of a series both of polytypes and of polysomes usually have in common a supercell that,
according to the reticular theory of twinning, favors the formation of twins.

The articles published in this issue show that polytypism, polysomatism, and twinning
are fertile fields of research and their basic principles are powerful tools to solve and classify
related crystal structures. The detection of twinned crystals is almost no longer a matter of
morphological observation as it used to be in the past. This task is now left to algorithms
that are routinely included in the software dedicated to the solution and refinement of the
crystal structures.

However, research on twinning and its consequences on structure and properties of
crystalline materials is a growing field and a frontier field concerning twin walls is reviewed
in this issue by Salje [3]. The author shows that a specific type of twinning is a very common
phenomenon in ferroelastic materials where the thin areas (twin walls or twin boundaries)
between the twin domains yield characteristic physical and chemical properties. This
category of crystal structures generates a large variety of properties. Some properties of
the twin walls are discussed in the review article, such as their ability for chemical storage,
and their structural deformations which generate polarity and piezoelectricity inside the
walls. It is noteworthy that none of these effects exist in the adjacent domains of the twins
because only their twin walls contain topological defects, such as kinks, and are strong
enough to deform surface regions.

Instead, classical twinning is central in the articles contributed by Németh [4], Bindi
and Morana [5], and Makovicky [6]. Via the analysis of electron diffraction patterns and
high-resolution TEM images, the article [4] shows that the extra reflections occurring
halfway between the Bragg reflections of glendonite, a calcite (CaCO3) pseudomorph after
ikaite (CaCO3.6H;0), are the consequence of microtwinning by reticular pseudomerohedry
based on a pseudo-orthorhombic C-centered sublattice. The same diffraction features
correspond to the so-called carbonate c-type reflections associated with Mg and Ca ordering,
a phenomenon that cannot occur in pure calcite, as is the studied sample.

The article by Bindi and Morana [5] deals with the structural study of a low-temperature
phase of the mineral spryite, (Ag7.9sCu,05)s. = 8.03(As *0.31Geo 36A5> 0.31F**0,02)x. = 1.0095.97,
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a new natural sulfosalt recently described. At room temperature, spryite is orthorhombic,
space group Pna2; with cell parameters a = 14.984, b = 7.474, ¢ = 10.571 A; in its structure
As®* and As®* statistically occupy the same crystallographic position. X-ray diffraction data
were collected at 30 K (helium cryostat) on the same sample previously characterized from
a chemical and structural point of view at room temperature. At 30 K, spryite maintains
the Pna2; space group, but shows an a x 3b X ¢ superstructure and twinning by reticular
merohedry based on a hexagonal sublattice. The superstructure arises from the ordering of
As®* and (As®*, Ge*") in different crystal-chemical environments. Recognition of twinning
allowed solving and refining the crystal structure.

The twinning by merohedry of tetrahedrite—tennantite (point group —43m) is well
known. In his article, Makovicky [6] investigates the structural aspect of this twinning and
finds that it is related to defects which can occur during the growth of tetrahedrite crystals;
consequently, the twinning is described as an order-disorder (OD) phenomenon. The
author takes as unit OD layer a one-tetrahedron-thick (111) layer composed of six-member
rings of tetrahedra that are stacked according to the sequence ABCABC. The sequence can
be described by three consecutive tetrahedron configurations, named «, 3, and y. When
the orientation of the component tetrahedra is uniform, the o, 3, v,  sequence builds the
cage structure of tetrahedrite. If it happens that the tetrahedra of the 3 layer are rotated
by 180° against those in the underlying « configurations and/or rotated o configuration
follows after the 3 configuration (instead of v), the defect allows the growth of the crystal
structure according to a different orientation, i.e., a twinning is generated.

The use of the OD theory is also central in the articles by Aksenov et al. [7] and
Topnikova et al. [8]. In [7], the crystal structures of compounds with the general formula
Cs{ltJAL [ TP; O]} (T = Al, B) are analyzed. Microporous, heteropolyhedral MT frame-
works, consisting of octahedra (M) and tetrahedra (T), occur in these structures; thus, they
are suitable for the migration of small cations such as Li*, Na*, and Ag*. The studied
structures display order—disorder (OD) character and are described using the same OD
groupoid family and two kinds of nonpolar layers that alternate along the b direction
and have common translation vectors a and c¢. Both ordered polytypes and disordered
structures are obtained using the following symmetry operators: a 21 screw axis parallel to
¢, inversion centers, and a screw axis parallel to a.

Article [8] reports the crystal structure of a new silicate-germanate with formula
Rb1 66Cs1.34Tb[Si5 43Gep 57015]-H,O. However, for this special issue, the important part
of the article is represented by the comparison of the investigated structure with those
of other related layered natural and synthetic silicates. The comparison is based on a
topology—symmetry analysis by OD approach. A wollastonite chain was selected as initial
structural unit. Three symmetrical ways of forming ribbons from such chain and three ways
of interconnecting the ribbons to form layers are described using symmetry groupoids.
Finally, hypothetical variants of the described layers and ribbons are predicted.

In the last article [9], a family of layered vanadates, arsenates, and phosphates, includ-
ing the minerals vésignéite and bayldonite, and synthetic analogous is investigated. Their
structures are built by similar modules that consist of a central octahedral layer filled by
Mn, Ni, Cu, or Co and adjacent [VOy4], [AsOy], or [PO4] tetrahedra. These structures are
discussed in terms of modular crystallography and are shown to form a mero-plesiotype
polysomatic series, i.e., a series where a module is common to all the members of the series,
whereas a second module is peculiar for each member (merotypy) and, at the same time,
the common layer may be modified both in its chemical composition and, to some extent,
in its topology (plesiotypy; see Chapters 1 and 4 of [1]).

The articles published in this issue offer a sound update of research fields where the
concepts of modular crystallography are well alive and provide unique tools to understand
and to solve problems of structural crystallography. To note that even if the OD theory is
quite often applied to mineral phases, it has been successfully applied to molecular crystals
too, as, e.g., exemplified by the articles [10-12]. Reference [11], besides reporting the OD
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character of the crystals of 9,10 phenantrenequinone, illustrates the basic elements of the
OD theory.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Ferroelastic twinning in minerals is a very common phenomenon. The twin laws follow
simple symmetry rules and they are observed in minerals, like feldspar, palmierite, leucite, perovskite,
and so forth. The major discovery over the last two decades was that the thin areas between the twins
yield characteristic physical and chemical properties, but not the twins themselves. Research greatly
focusses on these twin walls (or ‘twin boundaries’); therefore, because they possess different crystal
structures and generate a large variety of ‘emerging’ properties. Research on wall properties has
largely overshadowed research on twin domains. Some wall properties are discussed in this short
review, such as their ability for chemical storage, and their structural deformations that generate
polarity and piezoelectricity inside the walls, while none of these effects exist in the adjacent domains.
Walls contain topological defects, like kinks, and they are strong enough to deform surface regions.
These effects have triggered major research initiatives that go well beyond the realm of mineralogy
and crystallography. Future work is expected to discover other twin configurations, such as co-elastic
twins in quartz and growth twins in other minerals.

Keywords: twin wall; twin boundary; minerals; emerging properties; piezoelectricity in minerals;
surface relaxations; anorthite; Pamierite; perovskite

1. Introduction

Twinning of minerals has intrigued mineralogists as long as mineralogy was established
as a discipline by Hatiy in 1797 [1]. At the beginning of the 20th century, many textbooks and
research articles in mineralogy focused on twinning from a geometrical perspective [2-8].
Many of the early pioneers of mineralogy and crystallography were involved in this research,
which highlights its importance. Landmark contributions came from Hugo Strunz [9] and
Paul Ramdohr [10], who were inspirational for generations of mineralogists. The impact of
work on the classification of “twins’ declined over recent decades; however, while research
on the consequences of twinning sharply increased in a wider field outside mineralogy,
namely physics, chemistry, ferroic materials, and nanotechnology. More than 8000 papers
on twinning were published in 2020 alone. The fundamental shift came with a change of
focus from twins to twin walls. A simple experiment partially initiated the new perspective,
which was first disbelieved but then confirmed and extended to many other scenarios. The
experimental discovery was that, in a specific tungstate mineral with perovskite structure,
WO;3, the boundary between various twins, the so-called ‘twin boundary” or ‘twin wall’, has
completely different physical properties from the twin domains (Figure 1). In this particular
case, the twins are insulators while the twin boundaries are highly conducting at room
temperature and become superconducting below ca. 3 K [11].
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Figure 1. Topology (left), conductivity (middle), and piezoelectricity (right) of twin structures in WO3 at room temperature.
The structure is tetragonal P-42;m and piezoelectric [12]. Twin walls appear as borders between twin domains on the
right, and as bright conducting regions in the middle panel. The piezoelectricity is short-circuited in the highly conducting
domain walls, which now appear dark in the PFM image on the right (horizontal length of the image 1.5 um, after [13]).

This review will describe other properties, and they were later identified to be localized
in the twin walls, but not in the twin domains. These properties are highly relevant for
technological applications and they triggered the shift from research on twin domains to
research on domain walls. Hence, the fundamental new discovery is that twin walls are not
simply thin layers inside minerals with essentially the same properties as the twin domains.
Instead, they represent novel materials, confined to the twin walls, which do not exist as
domains. Therefore, it is wrong to presume that the atomic configurations in the twin walls
are the same as in the twins. This realization is similar to the earlier observation that surfaces
are special because they contain surface reconstructions and surface relaxations, which
often lead to the discovery of important new structures that are fundamentally different
from the bulk. The earlier notion that twin walls are like internal surfaces, rather than
infinitely thin layers of glue between twin domains, hence has found some late justification.
The difference between twin boundaries and surfaces is that minerals can contain a large
number of twin boundaries, while surface regions are necessarily limited under most
circumstances. Hence, the emphasis of current research is to control twinning and use
the twin walls as active elements. Applications are superconducting layers, transistors,
photoelectric detectors, memory devices, piezoelectric layers, sources of chemical elements
for reactions in confined spaces, and many more. The key notion is that wall properties are
fundamentally different from the bulk properties. These physical, chemical, and structural
properties are typically ‘emerging’, i.e., they exclusively relate to the features of the twin
wall. They disappear when the twin walls disappear, so that mono-domain samples do not
display any of these emerging properties.

The move towards research on specific micro- and nano-structures that largely started
in 2010 with a new research discipline of ‘domain boundary engineering’ [14,15]. The aim
was to understand how to generate twinned materials with desirable twin wall effects. A
recent review by Nataf et al. [16,17] summarizes many aspects of successes and failures in
‘domain wall engineering’ from a physics perspective. From a mineralogical perspective,
many of these effects were initially discovered in minerals with naturally occurring twin
walls. We will now review some examples of minerals where important wall properties
were found. We will then argue that much more work needs to be done on different twins
in other minerals and highlight some open questions.

2. Ferroelastic Twin Laws in Minerals

Typical examples for phase transitions in minerals, which constitute large propor-
tions of the earth’s crust, are those of quartz and feldspar. Quartz transforms from a high-
temperature form with 622 symmetry (3-phase) via one or two incommensurate phases
(INC) into the trigonal a phase with 32 symmetry (x-phase) [18]. The transition mechanism
is related to the rotation of SiO, tetrahedra with additional small distortions of the tetrahe-
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dral bond lengths and bond angles. The symmetry change during the phase transition is
related to the appearance of a piezoelectric symmetry tensor, so that the transition cannot
be ferroelastic. No ferroelastic twin laws are symmetry allowed to explain the multiple twin
structures, because quartz is, instead, co-elastic. The inner structure of its twin walls in
quartz has not yet been fully explored, and it still constitutes a major challenge to miner-
alogists [19,20]. For example, first principle DFT calculations are highly desirable for the
determination of local crystal structures in twin walls of quartz. Co-elastic minerals are
defined as undergoing strain deformations during phase transitions that are not confined
to the symmetry breaking required for ferroelasticity. The strain often is a volume strain,
like in the case of quartz, which does not lead to twinning, but allows twin-like structures
inside the incommensurate phases. Nevertheless, co-elastic minerals are often twinned for
other reasons than ferroelasticity, such as growth twinning, twinning under uniaxial stress,
etc. Their twin boundaries are still awaiting a major research effort to understand their
local structures.

This behavior contrasts with the structurally more intricate transitions in feldspars.
Their transitions are related to three mechanisms: (i) the ordering of Al and Si in a tetrahedral
network, (i) structural distortions of the network of an essentially displacive nature (with a
variety of critical points in the Brillouin zone), and (iii) the ordering/exsolution of the alkali
and earth-alkali atoms. Na-feldspar is monoclinic C2/c at high temperatures and triclinic
P-1 at low temperatures. The phase transition is related to the simultaneous symmetry
breaking of the monoclinic structure via a displacive lattice distortion and a simultaneous
ordering of the Al and Si atoms. At lower temperatures (around 950 K), the contributions
of these two processes change in a crossover mechanism [21,22]. Two order parameters
characterize the transition behavior. A weak thermodynamic singularity occurs due to
a second-order transition with predominantly displacive character due to the tilt of the
structural crankshafts. This lattice distortion drags with it a cation ordering process, which
itself drives a crossover mechanism that operates without actual symmetry breaking at lower
temperatures [23]. The coupling between several structural instabilities is very common
in mineral systems and may, at first sight, seem to be rather complicated. Nevertheless,
both of the mechanisms follow the same ferroelastic symmetry breaking process from the
monoclinic to the triclinic phase. This means that the twin laws can be derived uniquely
from symmetry conditions. The orientation of ferroelastic twins is then fully determined
by the deformation of the P-1 phase relative to the C2/c phase. A full analysis of albite and
pericline twin laws in alkali feldspars in [24] demonstrates the power of this method.

A complete description of all possible ferroelastic transition symmetries with many
examples of minerals can be found in a textbook [25] and a specific review for the appli-
cation of Landau theory in minerals [26]. A classification of symmetry conditions for the
strain that determines twin laws was published by Carpenter and collaborators [27-29].
They derived a formal framework for detailed observations of the dynamical behavior of
twin structures.

The orientation of ferroelastic twins is determined by the Sapriel conditions that twin
walls are strain free [30]. Only two possible types of walls between twins are symmetry
allowed. They are either completely fixed by the crystallography of the low symmetry phase
or they are not. Fixed walls are called w-walls and flexible walls are called w’-walls. W-walls
are related to mirror planes that are lost during the phase transition, while w’-walls contain
equivalent diads inside the walls. The mineral palmierite is a typical example. Figure 2
shows the twin structure of a palmierite sample with composition Pb3(AsOy),, which
underwent a phase transition R-3m to C2/m. During the transition, the sample developed
twins with w and w” twin walls. The image shown in Figure 2 was taken along the pseudo-
triad, which explains the almost threefold symmetry of the twin walls. The exact angles
between the twin walls follow directly from the Sapriel condition and they deviate from
the multiples of 90° and 30°. In 2020, Yokota et al. [31] found that all of the twin walls in
palmierite are piezoelectric, while the twin domains are not. The structural symmetry inside
the twin walls, namely m and 2, was confirmed.
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W walls in Figure 2 appear as sharp lines because they are along the lost mirror plane
of the R-3m phase which are perpendicular to the surface. W” walls are inclined to the
surface and change their orientation with temperature. They contain the broken diads of
the high symmetry phase. The angles between the twin walls deviate from the multiples of
90° and 30° because the spontaneous strain deforms the twin orientations. All orientations
were reproduced from the Sapriel conditions that twin walls are unstrained in [32].

Figure 2. Birefringence image of the twin structure of the palmierite Pb3(AsOy); in the C2/m phase.
Twin variants appear as black and white regions. The birefringence image was taken along the
pseudo-trigonal axis with some twin domains in extinction direction (after [32]).

3. Twin Walls as Storages for Cations and Their Pinning Behaviour in Anorthoclase

Anorthoclase is a prototypic mineral for local exchanges of cations in twin walls.
Inscribing and erasing twin domains (so-called ‘twin memory” and ‘twin amnesia’) was
experimentally observed in anorthoclase with composition Ab70 Or25 An5 from volcanic
tuffs in Camperdown, Victoria (Sample 195127 in the Harker Collection, Cambridge Uni-
versity) [33]. After collecting the room temperature XRD rocking curve of anorthoclase,
a sample was heated rapidly in vacuum to some high temperature above the displacive
transition temperature for the sample (733 K); this temperature was then maintained for 4 h.
The sample was then cooled back to room temperature (with a cooling rate of ~10 K-min~1),
where the rocking curve was again recorded. The cycle of collecting a room temperature
rocking curve and heating to progressively higher and higher temperatures was repeated
until an annealing temperature of ~1000 K was reached.

Rocking curves clearly reveal the formation of twins. They showed that twins were
generated by quenching the sample through the phase transition temperature. This leads to
the ‘memory effect”: the twin structure remains stable and it will always reappear at exactly
the same locations in the sample when reheated and re-cooled through the transitions.
This effect continues until the walls are erased or overwritten by further heating, which
qualifies as ‘twin amnesia’. Annealing at 860 K does not induce much twin amnesia, while
annealing at 880 K has a much greater effect. The phase diagram for anorthoclase reveals
the underlying mechanism. The temperature at which twin memory begins to be lost is
near the solvus temperature for anorthoclase with the composition of the Camperdown
sample, where segregation between Na and K commences on cooling. Thus, the diffusion
K into the twin boundaries was identified as mechanism for the twin memory effect, while
the replacement by Na induces amnesia (Figures 3 and 4).

The local crystal structure inside the twin boundary differs from that in the bulk [34-38],
and this has the effect of attracting Na or K to the twin boundary. Simple symmetry and
volume arguments favor the larger K ions on the twin boundaries, and Na in the bulk.
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Figure 3. Schematic illustration of atomic-scale mechanism of twin memory in anorthoclase (af-
ter [34]).

While alkali segregation is the mechanism that is responsible for twin memory in
anorthoclase, one expects memory loss to occur quite rapidly once the solvus temperature is
exceeded, since alkali diffusion through the feldspar structure is rapid [39], and the diffusion
lengths that are required for twin memory are quite small. At room temperature, the twin wall
thickness in anorthoclase is of the order of 2.5 nm [40]. Thus, there are sufficient potassium
cations to completely fill the twin wall in a relatively narrow layer with a maximum diffusion
length required to be of the wall thickness.

Figure 4. Typical TEM micrographs of anorthoclase. This image at the left is of a (010) slice of Camperdown anorthoclase,

and shows the pericline twins approximately parallel to (001). The image at the right shows a wider view of twinning in an

albite rich plagioclase in granite. Twins are seen as narrow lines with two dominant orientations, representing the albite and

pericline twin laws. The diameter of the field of view is 3 mm (courtesy Prof. M.A. Carpenter).

This example highlights the effect of ‘loading” and “unloading’ twin walls with cations
or defects. In the case of anorthoclase, the change of chemical composition inside twin walls
was already observed in 2000 by microprobe techniques [36]. Such chemical changes, in
turn, pin the position of twin walls, so that the twin walls appear to be static under weak
fields while the un-doped sample shows freely moving twin boundaries. This effect was
also simulated by computational molecular dynamics methods [41]. The results show that
randomly distributed, static defects are enriched in ferroelastic domain walls. Quantitatively,
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the relative concentration of defects in walls, Nd, follows a power law distribution as a
function of the total defect concentration C: Ngq ~ C* with « = 0.4. In these simulations,
the enrichment Nd/C ranges from ca. 50 times to ~3 times. The enrichment is due to the
nucleation of twins at defect sites; the dynamics of twin nucleation and switching are then
strongly dependent on the defect concentration. Under stress, the domain walls do no
longer move smoothly, but form avalanches. This phenomenon is rather common when
walls de-pin and nucleate new walls, see the reviews in [16,42-46]. The energy distributions
of these avalanches follow power laws with energy exponents ¢ between 1.33 and 2.7. These
exponents then allow for a detailed characterization of the pinning behavior and assessment
how much the twin structures adapt to the defect distribution (Figures 5 and 6).
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Figure 5. (a) The relative concentration of vacancies at boundaries ry, as a function of the vacancy
concentration Cy, at T =5 x 10~ Tyg. Typ is the Vogel-Fulcher temperature of the twin mobility.
For mobile vacancies, after long time diffusion, it follows a power law ry, ~ Cy, * with a = 0.61 (red
data). The grey square shows the immobile vacancy. (b) The variation of twin boundary density
rpg with Cy, at T=5 x 10~% Typ follows a power law relationship. As rrg ~ Cy, * with « =1/3.
(c) The enrichment ratio of ry, /Cy, decreases with increasing temperature and drops to ca. 2.45 at
T = 0.8Tyg. Reproduced with permission from [47] published by Elsevier Ltd., 2019.
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Figure 6. Phase diagram for the energy Ey of mobile and immobile vacancies as a function of
temperature. Eg is defined as Ey ~ kg(T — Tyg), which corresponds to an activation energy at the
temperature T. The Vogel-Fulcher temperature is Ty, which is near 12K in this model. Reproduced
with permission from [47] published by Elsevier Ltd., 2019.

This mechanism changes when defects have mobilities that are comparable with those
of mobile twin walls [47]. Molecular dynamics analysis indicates how vacancies reduce
their energy by residing in twin boundaries, kinks inside twin walls, and junctions between
twin walls. Vacancies have the largest binding energy inside junctions and they co-migrate
with the motion of the junctions between twin walls. For defects trapped inside twin
walls, a “ghost line” may be generated, because vacancies do not necessarily diffuse with
moving boundaries, similar to the memory effect in anorthoclase. They leave a trace of
their previous position when they are left behind. Needle twin walls act as channels for
fast diffusion with almost one order of magnitude higher vacancy diffusivity than in the
bulk. This modifies the relative concentration of vacancies at twin boundaries as a function
of the average vacancy concentration. The concentration of vacancies at twin boundaries is
enriched ca. five times at low temperatures, as determined by these simple simulations.
With increasing temperature, the enrichment drops as the trapping potential at the twin
boundaries decreases via thermal release. The distribution of energy-drops upon twin
pattern evolution follows a power law. The energy exponent of the mobile twin walls ¢
increases from ~1.44 to 2.0 when the vacancy concentration increases. Such enrichments
of cations and vacancies in twin walls have been widely reported in the literature (e.g., in
perovskites [37], klinker [48], twinned alloys [49], pure metal twin walls [50], cassiterite
(SnOy) [51], tellurized molydenite [52], tungsten dichalcogenites [53], and twin wall doping
in palmierite [54]. Oxygen vacancy trapping in perovskite was simulated and the results
are discussed in [55,56]. The determination of chemical variabilities of twin boundaries
have become an active field of research, both experimentally e.g., when trace elements are
hidden in twin walls, and by computer simulation.

The chemical changes in twin walls requires that the twin walls have a finite volume.
It can be estimated that the typical proportion of atoms in twin walls in a heavily twinned
mineral is ca 1-10 ppm. The thickness of the twin walls has been measured for several
minerals and it extends over some nanometers (2 nm in palmierite [57], 1.3 nm in anortho-
clase [40], 1.6 nm in tungstate [58], 1.6 nm in LaAlOj3, [59], and 2 nm in perovskite [60]). In
addition, the possibility of thickness measurements by surface methods was raised [61-63].
It was argued that twin wall thicknesses will vary significantly with their local chemical
composition [64,65]. Nevertheless, the length scale over which the twin walls expand or
retract, their thickness remains below 10 nm. Hence, experimental work to quantify this
variation is very hard to perform, because other effects, like kink-formation and wiggles in
twin walls, will be superimposed onto the compositional effect and may obscure them.

11
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4. Structural Changes and Electric Polarization inside Twin Boundaries in the
Mineral Perovskite

Even when twin walls are chemically inert and do not change their composition
relative to the twin domains, they will still modify their crystal structure. The simple reason
is that the unit cells in twin walls are systematically deformed by the strain that is exerted
by the twin domains. A simple sketch presented in Figure 7 shows a simplified lattice
configuration with two twins. The repetition lengths between the lattice points have the
same length as in the twin domain and in the wall (tainted red in Figure 7). Only the
second nearest neighbor lengths across the twin wall are different in the wall from the bulk.
This leads to subtle structural differences in the domain and walls. A large cation is then
imagined to be inserted in these local cells. While their optimal position in the rectangles is
near its midpoint, this is not true for the wall. Here, the atoms will shift towards the upper
end of the kite-shapes cells. This simple thought experiment illustrates why large atoms in
the twin walls are always shifted with respect to the twin domains, and that these shifts
commonly are directed towards the apex of the wall cells.

Figure 7. A simple model of a twin wall where the exchange between short and long repetition lengths
between second nearest neighbor lattice points leads to a lattice distortion inside the red wall area.

This twin wall effect has been predicted in much more detail using Landau theory [66-68].
The structural deviations in the twin walls are substantial and they play a major role in
device fabrication [69-71] and so-called adaptive materials where the phase equilibria are
achieved by suitable twinning processes [72]. A typical example is the twin structure in
the mineral perovskite (CaTiO3), where the intrinsic wall activation energy was first cal-
culated by Lee et al. [73]. The breakthrough for the detailed structure determination was
achieved by Van Aert et al. [60], who demonstrated, by transmission electron microscopy,
that the Ti positions in the twin walls were indeed shifted by 6 pm along the wall direction
(Figures 8 and 9). Such large shifts were previously unexpected, and they rank amongst the
biggest polar shifts in any mineral. It is comparable with the ferroelectric shift of Ti in the
ferroelectric material BaTiOs.

12
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Figure 8. Perovskite CaTiOj3 (a) Single twin wall, indicated as standing dark grey plane, with the
chosen (x, y, z) reference system for the definitions of the measured displacements. The angle of
178.8° is the result of the twinning operation from the high temperature cubic to the low temperature
orthorhombic phase. (b) Atomic configuration on both sides of the (110) twin plane with Ca atoms
marked by large, filled circles, Ti atoms by medium-sized shaded circles, and O atoms by small
circles. Reproduced with permission from [60], published by John Wiley & Sons, Inc., 2011.

Figure 9. Mean displacements of the Ti atomic columns from the centre of the four neighbouring
Ca atomic columns inside the twin wall are indicated by green arrows in perovskite CaTiO3. The
centre row of atoms shifts to the left and generates polarity of the domain wall. The polarization
perpendicular to the wall is self-compensating. The blue line indicates the middle of the twin
boundary. Reproduced with permission from [60], published by John Wiley & Sons, Inc., 2011.
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The dramatic structural deformation inside twin walls has been observed in many
materials, although it was first discovered in the mineral perovskite. Technically, the
measurement of symmetry breaking in twin walls is very involved using transmission
electron microscopy. It is greatly eased by using the second harmonic generation, SHG,
technique, i.e., the observation of the doubling of the laser frequency in piezoelectric
twin walls, as a measure for the local structural distortion. This technique is ideal if the
twin domains are centrosymmetric, while the symmetry breaking renders the twin walls
piezoelectric. SHG does not see the twin domains in this case, but it gives strong signals of
the twin walls [74]. The symmetry relations of the SHG allow for the determination of local
point symmetry of the twin wall. Another useful method is phonon spectroscopy [75,76].
Polar twin walls were also confirmed in other minerals, such as palmierite [31,54] and
clinobisvanite BiVOy [77,78]. Very high densities of twin walls, such as in tweed structures,
lead to an overall SHG background that proves that the mineral contains an extremely high
density of walls that is hard to see using other techniques [79]. The tweed structure, as an
extension of the twin structure, was already predicted in the 1990s [80-85] and recently
observed in LaAlOj3. A short review on tweed in minerals can be found in [86]. A typical
selection of tweed in minerals is given in [87-92]. However, none of these minerals have
yet been analyzed in sufficient detail to quantify the local symmetry breaking effects in the
twin walls or in the tweed structure.

5. Topological Changes of Twin Walls: Kinks and Surface Intersections

Twin walls are planar in local areas, but not globally. They are prone to topological
defects, like kinks, arching, and systematic changes, when they touch surfaces. In addition,
they deform dynamically under external stress. This effect is at the core of Resonant
Ultrasonic Spectroscopy, RUS. Its application to twins in minerals is far too extensive to be
reviewed; here, the reader is referred to the excellent review by Carpenter and Zhang [93],
which covers several minerals. Specific examples were discussed [94-99]. The underlying
mechanisms of these dynamic phenomena of twins were computer simulated [100-102]
and they show a multitude of mechanisms like the progression and retraction of needles,
wall arching and shifts of wall defects [100-103]. They analyzed the movement of needles
domains and wall bending of twin domains, which is retarded by interactions with the
crystals structure. These interactions lead to pinning and, hence, to the damping of the wall
movement. RUS experiments prove that twin walls are locally mobile, and that damping
can be measured quantitatively. Hence, the macroscopic elastic response of a twinned
ferroelastic mineral has very little to do with its intrinsic elastic properties, but is greatly
reduced by the spatial relaxations and energy absorption of twin walls. Only when the
uniaxial stress is large enough to eliminate all twins, will one be able to measure the
intrinsic, un-twinned elastic properties. As the scientific question has now turned towards
the understanding of twins and their boundaries, elastic measurements need to avoid these
excessive stresses. Typical external strains in elastic measurements are in the order of 10~/
to 1074, i.e., being much lower than typical detwinning strains [104]. The induced wall
movements are equally small with resonance amplitudes in the order of several attometers.
Only the walls between twin domains contribute to damping, but not the twin domains
themselves, which gives excellent access to wall data that are not polluted by bulk effects.

Common perturbations of twin walls are kinks or latches. Figure 10 shows a typical
example.
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(a)

Figure 10. A static kink in a twin wall is shown by (a) the vertical shear angle and (b) the horizontal
shear angle. The strain field in (b) is similar to those of shear dislocations. Reproduced with permission
from [105], published by John Wiley & Sons, Inc., 2017.

These kinks generate large strain fields perpendicular and parallel to the twin walls.
The kinks move along the twin walls when external stresses are applied. The direction
of travel is determined by the energy gain by increasing the energetically favorable twin
domain and reducing the unfavorable twin domain. The overall location of the twin
wall does not change; only the kink inside the twin wall moves until it hits the sample
surface. The self-energy of a moving wall diverges in Landau-Ginzburg theory as E ~
(1 — ©?/c?)7%3, where c is the relevant sound velocity and v is the wall velocity. This
divergence stems from the one-dimensional (1D) character of the wall movement where
the propagation direction coincides with the strain gradient as discussed in detail in [25].
Kinks do not suffer from this singularity, because the propagation and strain gradient are
rotated by 45° with respect to each other, so that any analytical description is intrinsically
2D avoiding the mass renormalization. Nevertheless, moving kinks also dissipate energy,
and this dissipation is the “stumbling block” for high-speed applications. Kinks within the
most commonly discussed ®* model (the self-energy of the kink is a 4th order polynomial)
contain “wobbles” as internal degrees of freedom [106]. Certain speeds in excess of the
sound barrier are theoretically stable and they generate emanating elastic waves during the
propagation of the kink [107]. Molecular dynamics (MD) simulations of “realistic” kinks
show that the real situation is rather more intriguing: the kink is first accelerated from a
static position to a speed near the transverse sound velocity. Further acceleration leads to
a maximum velocity, which is greater than the longitudinal sound velocity. Thus, kinks
in a planar wall move at ultrasonic speeds if the driving force is sufficiently strong. The
kink profiles change during this movement. Phonons are emitted from the moving kink
at all velocities while the static kink only induces a strain field that is similar to that of
an edge dislocation. When kinks in twin walls propagate with velocities faster than the
various speeds of sound in a mineral, they emit secondary waves (~ ultrasonic ‘bangs’)
similar to high-speed projectiles. This effect is speculated to be useful for fast computer
memories where the kink position serves as a memory element. Highly twinned leucite
is such an example where kinks in twin walls are expected. The first experiments were
conducted [108] and they showed that the topological conditions for ultrasonic kinks are
favorable. However, the kinks did not contain polarity, or only very weak polarity, so that
any electric or magnetic observation of the kink movement would be very difficult.

Magnetic signals of moving kinks in twin walls were computer simulated and they
are now predicted for perovskite structures [109]. These results confirm the idea that twins
and twin walls commonly produce vortex structures [110,111], as shown in Figure 11.

15



Minerals 2021, 11, 478

a

twin wall

Relative displacement

‘e’s’e’s’s"a"0"a"0 0" ‘0"e"d -0.035

0.035

O A alom (anion)
o B atom (cation)

Figure 11. (a) Displacement currents and the corresponding magnetic fields produced by moving a kink inside a twin wall.

Relative displacements of cations and anions near the moving kink during a time interval of 0.5 ps. The colours are coded
by the atomic-level shear strain. Ionic displacements are amplified by a factor of 50 for clarity. (b) Two half-vortices of the
displacement currents rotate in the same direction in both domains. The current density was calculated based on the relative

displacements of anions and cations. The local displacement current is ~1071% A. The magnetic field is ~2.7 x 10~% uB for
each half-vortex (after [109]).

Twin domains are seen at the surface of the mineral, the walls between twin domains
appear as lines, which are often referred to as ‘striation’. This leads to the question how
the surface properties of a mineral are influenced by the emerging properties of the twin
walls. While this problem is greatly discussed in the case of magnetic and ferroelectric
materials, much less is known for ferroelastic twin boundaries. The first result is that the
surface is bent near the striation line [112,113]. Figure 12 depicts a cut through of the sample
perpendicular to the surface. It shows that the surface plane is compressed near the twin
boundary, and that long ranging relaxations extend over the surface. These relaxations
make the twin boundary appear in optical studies blurred and much wider than their
intrinsic geometrical core of some nanometers. The surface forms valleys and ridges where
the two twin variants meet at the twin boundary.
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Figure 12. Distribution of the order parameter shear deformation (~order parameter Q) at the surface
of the lattice (first 50 layers). Lines represent constant Q, with Qg = 1 in the bulk. There are three lines
in the middle of the twin domain wall that are not labelled, they represent the Q values of 0.40, 0.00,
and —0.40 respectively. Notice the steepness of the gradient of Q through the twin domain wall. The
two structures represent sheared twin atomic configurations in the bulk (far from the twin domain
wall and surfaces). Reproduced with permission from [112], published by IOP Publishing Ltd., 1998.

When the mineral is not mono-atomic, the cations and anions will form dipoles, as
discussed above. When these dipoles approach the surface, they are modified by surface
relaxations [114], as shown in Figure 13.
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Figure 13. Polarity at anion-terminated surfaces. (a,b) The atomic configurations and polarizations near twin boundary I
(a valley). The dipole displacement is amplified by a factor of 25 for clarity. Cations are colored in orange and anions are
colored in blue. (c,d) A snapshot illustrates incident electrons being reflected by the surface. Red electrons are approaching
the surface and blue electrons are departing from the surface (the mixture gives rise to the gray color of the electrons). The
red rectangle in the green sample indicates the region shown in (a) and (b). The reduced density (p/pg) of electrons projected
on the virtual screen is shown in (c), pg is the electron density in the initial configuration. (e-h) are the corresponding results
for twin boundary II (a ridge). Reproduced with permission from [114]), published by American Physical Society, 2019.

The electron scattering MEM image shown in Figure 14 shows the intricate twin
pattern in a perovskite mineral (a) and the equivalent AFM pattern (b). The twin domains
show the same surface charges and, hence, no variation in the surface polarization. In
contrast, the twin walls show the typical positive or negative surface polarization, which
confirms the fact that twin walls in perovskite are polar and piezoelectric.

Figure 14. (a) Experimental images of electron back scattered MEM image of the CaTiO3 (111) surface
showing bright and dark domain walls. Far from the domain wall there is no surface potential
contrast between domains. The domain walls are either dark or bright lines, reflecting positive or
negative surface topological charge (upward- or downwards-pointing polarity). The orange square is
the zone analysed by AFM in (b). Reproduced with permission from [114]), published by American
Physical Society, 2019.
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6. Outlook

Twin structures were well studied in several minerals. Their remarkable feature is that
the joint between twins is not simply a ‘glue’ that holds the twins together, but a highly
complex structural unit that differs greatly from the atomic structure of the twin domains.
The simple interpolation between atomic positions of adjacent twin domains does not
yield the structure of the twin wall. Many exciting properties exist only in the twin wall,
but not in the twin domains. Some were discussed in this short review, such as chemical
storage, polarity, piezoelectricity, topological defects, like kinks, and surface deformations.
This observation leads to the question of what happens to twins in minerals that are not
ferroelastic [115]. Growth twins are an excellent candidate for further research. We have no
information regarding the atomic structure of such twin walls, but we may speculate that
the same principles, which were discussed in this paper, also apply. An atypical example
is the twinning in cordierte that contains ferroelastic and topological aspects [116]. This
means that these twinned minerals may contain a multitude of ‘emerging’ properties that
we simply do not know. They may contain pockets of material with homeopathic doses
of dopants and novel structural elements which are stable only under the geometrical
confinement of the twin wall. This has significantly wider consequences: many properties
of solids have first been found in minerals before laboratory-based work reproduced the
same materials for technological applications. This ‘learning from nature’ served us well
over the last decades. It may well be, I beg to predict, that some of the most exciting
properties that are related to twinning are still to be discovered.
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Abstract: During phase transitions the ordering of cations and/or anions along specific crystallo-
graphic directions can take place. As a result, extra reflections may occur in diffraction patterns,
which can indicate cell doubling and the reduction of the crystallographic symmetry. However,
similar features may also arise from twinning. Here the nanostructures of a glendonite, a calcite
(CaCO3) pseudomorph after ikaite (CaCO3-6H,0O), from Victoria Cave (Russia) were studied using
transmission electron microscopy (TEM). This paper demonstrates the occurrence of extra reflections
at positions halfway between the Bragg reflections of calcite in Okl electron diffraction patterns and the
doubling of dyg4 spacings (corresponding to 2-3.03 A) in high-resolution TEM images. Interestingly,
these diffraction features match with the so-called carbonate c-type reflections, which are associated
with Mg and Ca ordering, a phenomenon that cannot occur in pure calcite. TEM and crystallographic
analysis suggests that, in fact, (1014) calcite twins and the orientation change of CO3 groups across
the twin interface are responsible for the extra reflections.

Keywords: electron diffraction; c-type reflections; ordering; twinning; calcite; glendonite; TEM

1. Introduction

Transmission electron microscopy (TEM) is an excellent method for characterizing the
nanostructures of crystalline materials. A wide range of imaging and diffraction techniques
provide unique information about the crystal structure of the studied samples, such as the
local elemental composition, electronic structure and bonding down to the atomic level [1].
Thanks to the latest developments, not only has the resolution limit been pushed below
0.5 A, but nowadays even the behavior of materials and devices at the atomic scale can
be mapped [2,3]. TEM is practically an indispensable technique for investigating crystal
defects and studying phase transitions. However, the interpretation of TEM data can be
challenging, and ambiguities can arise for cases that look simple [4]. In particular, the
recognition of twins from TEM data can be difficult because their diffraction features can
be confused with ordering and superstructures [5-7].

Here TEM is used to study the nanostructure of glendonite, which is a synonym for
calcite pseudomorph after ikaite (CaCO3-6H,0), as a result of transformation. Glendonite
is commonly associated with cold paleotemperature [8-10]. However, issues have been
raised with regard to using it as an indicator for cold temperature [11] because, in a
laboratory setting, ikaite formation was reported even above 20 °C [11,12]. Ikaite rapidly
disintegrates into a mush of water and recrystallizes to calcite during slight warming or
pressure release, resulting in a highly porous crystal mesh [13-16]. Aragonite (unit cell
parameters a = 4.9611 A, b=79672 A, c =5.7404 A; space group: Pmcn) has also been
observed from ikaite transformation in marine and alkaline lake environments [17,18].
Studies on the transformation of synthetic ikaite suggest that it can also transform to
amorphous calcium carbonate [19] and vaterite (unit cell parameters a = 4.13 A b=7154A,
c=8.48 A; space group: Pbnm) (e.g., [20]). Macroscopic calcite pseudomorphs after ikaite are

23



Minerals 2021, 11, 720

traditionally called glendonite, although other names also are used [8]. According to [11],
the pseudomorph replacement of ikaite by calcite occurs through a coupled dissolution—
reprecipitation mechanism at the ikaite—calcite interface. Since glendonites preserved the
parent phase morphology, structural relicts indicating phase transition can be expected [21].
In fact, the TEM data here reported indicated an interesting lamellar structure with the
occurrence of diffraction features that are inconsistent with ordinary calcite and that could
mistakenly be associated with crystallographic ordering and superstructures.

Understanding the structural details of Ca-Mg carbonates is an important topic since
they are rock-forming minerals. In particular, calcite is the dominant carbonate phase on
the Earth’s surface and it is the third most abundant mineral after quartz and feldspars. It
abundantly precipitates at ambient conditions and is one of the most important biominerals.
Calcite is thombohedral (unit cell parameters a = 4.989 A and ¢ = 17.06 A; space group: R3c).
In this paper, three independent indices hkl are used to label reflections and d-spacings and
four indices hkil (i = —(h + k)) are used whenever crystallographic planes and directions are
discussed. Ca atoms lie in the (1014) plane alternating with COj3 triangular groups along
the [0001] (Figure 1a). The orientation change of the carbonate groups implies a ¢ glide
that is revealed by systematic absences (I = 2n + 1 for 0kl reflections) in the corresponding
reciprocal lattice (Figure 1b). In dolomite, (1014) Mg and Ca cation layers alternate along
[0001]; as a result, the R3c symmetry is reduced to R3 and b-type reflections (I = 2n + 1 for
Okl reflections) occur (e.g., [22]). Although such b-type reflections do not occur in pure
conventional calcite, they are present in a disordered phase of calcite (space group: R3m)
as a consequence of the rotational disorder of the CO3 groups. This polymorph was
reported at high temperature (>1260 K) and at high pCO, [23]. The reflections halfway
between those of the a-type (I = 2n for the Okl reflections) and b-type are the so-called
c-type reflections (Figure 1c), which have been associated with ordering and attributed to
various superstructures in Mg-bearing calcite and dolomite [22,24,25]. In contrast to these
explanations, Larsson and Christy [5] showed that the c-type reflections can arise from
submicron-sized calcite twins. Shen et al. [26] followed this explanation and demonstrated
that multiple diffraction between the host dolomite and twinned Mg-calcite nano-lamellae
could give rise to the c-fype reflections in Ca-rich dolomite.
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Figure 1. (a) Structure of calcite seen along [0110]. In order, the large blue circles and red and black dots represent Ca, O and

C atoms. The (1014) plane is marked with a blue line. (b) 0kl diffraction plane of R3c calcite with a-type reflections (empty

circles). (c) Okl diffraction plane with c-fype reflections (blue dots) occurring halfway between a-type reflections.

The aim of this paper is to confirm Larsson and Christy’s [5] hypothesis via the
recognition of calcite (1014) twins from selected-area electron diffraction (SAED) patterns
and high-resolution TEM images (HRTEM). Here it is demonstrated that the c-type re-
flections in glendonite can be successfully interpreted in terms of (1014) twinning by
reticular pseudo-merohedry [27]. It is also shown that streaked c-type reflections can be
associated with (1014) stacking faults occurring inside the small (5-15 nm wide) twin do-
mains. The proper interpretation of these diffraction features is crucial as they can lead to
erroneous conclusions.
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2. Materials and Methods

Glendonite samples from Victoria Cave (Bashkiria, Russia) were received from Paul
Tochterle and Yuri Dublyansky (Institute of Geology, University of Innsbruck). The
description of the site and the characteristics of the samples are reported in [28] and
[21] respectively.

Glendonite grains were coated in gold and measured using a Zeiss EVO 40 scanning
electron microscope operated at 20 kV. A back-scattered electron (BSE) image was acquired
at 10,000 magnifications and the chemical composition of the sample was measured using
an Oxford INCA energy dispersive X-ray (EDX) spectrometer.

Glendonite powder was analyzed with an X-ray diffraction (X'Pert, PANalytical B.V.)
method with Cu K« radiation in the 26 range of 10 to 60°and with a 0.04°step scan for 1 sec.
Si was used as an internal standard. The unit-cell parameter of calcite was refined based
on the 012, 104, 110, 113, 202, 024 and 116 reflections using the PDIndexer program [29].

Zoltan May (ELKH Research Centre for Natural Sciences, Budapest) determined the
elemental composition of glendonite by atomic emission spectroscopy using a Spectro Gen-
esis ICP-OES (SPECTRO Analytical Instruments GmbH, Kleve, Germany) simultaneous
spectrometer with axial plasma observation. Multi-element standard solutions for ICP
(Merck Chemicals GmbH, Darmstadt, Germany) were used for calibration. The detection
limits of the analytical method are reported in [30].

For TEM investigation the samples were crushed in ethanol and deposited onto copper
grids covered by Lacey carbon supporting films. Bright-field TEM (BFTEM), HRTEM and
SAED data were acquired with a 200 keV Talos Thermo Scientific electron microscope. Fast
Fourier transforms (FFTs) obtained from the HRTEM images were calculated using Gatan
Digital Micrograph 3.6.1 software. Structure models of calcite were drawn using VESTA-
win64 software [31] and the twinning features of calcite were tested with the software
GEMINOGRAPHY [32].

3. Results and Discussion
3.1. c-Type Reflections and the Twin Lattice

The studied glendonite is built up of fine-grained (submicrons to several microns in
size) calcite crystals (Figure 2a). The sample is chemically homogeneous, practically pure
CaCO; (Figure 2a,b). Its water content is negligible [21] and its X-ray diffraction pattern is
consistent with ordinary calcite, having the unit cell parameters a = 4.989 (2) and ¢ = 17.08
(1) (Figure 2c). However, TEM reveals that the sample has a complex nanostructure. In
particular, BFTEM images taken along [0110] show linear features parallel to (1014) and
indicate the occurrence of 10-15 nm size nano-domains in the calcite matrix (Figure 3a).
SAED patterns of the nano-domains reveal weak c-type reflections that are incompatible
with the R3¢ space group of calcite (Figure 3b).

It is intriguing that the c-type reflections of the studied sample mimic the diffraction
features of ikaite (a = 8.792 A, b=8310A,c=11.021 A, 3 =110.53°, space group: C2/c)
and also those of a hypothetical carbonate supercell containing ordered cation sites. In fact,
the measured d spacings of 6.05 A and 3.85 A roughly match the dy1¢ (5.849 A) and dy_11
(3.882 A) of ikaite. In addition, the calculated angle between (110) and (211) is 75.7°, which
is close to the measured value of 73°. However, ikaite loses its water content in vacuum
within seconds; thus, it cannot be studied with TEM. Furthermore, Fourier transform
infrared spectroscopy does not indicate a detectable amount (<1 wt%) of crystalline water
inside the sample [21]. Similarly, the interpretation of c-type reflections with cation ordering
is not viable, because both EDX and ICP-OES analysis (Figure 2) suggest that the sample
does not contain a detectable amount (<1 wt%) of foreign cations.

In contrast to the abovementioned hypothetical explanations, (1014) calcite twins pro-
vide a convincing solution for the diffraction features of the SAED pattern
(Figure 3b). In particular, twin individuals hosted in an underlying calcite lattice [5]
give rise to the observed extra and split reflections (Figure 3c). According to tests using the
software GEMINOGRAPHY [32], the observed twin corresponds to a (1014) twin by reticu-
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lar pseudo-merohedry (twin index 4 and obliquity 0.74°) based on a pseudo-orthorhombic
C-centered sublattice with cell parameters a = 8.095 A, b=24286A,c=4989 A, x =90.00°,
3 =90.00° and y = 89.26°. The calculated obliquity (0.74°) is in accordance with the small
observed split of reflections in the SAED pattern (Figure 3c). The relationship between
the unit cell of calcite and that of the pseudo-orthorhombic twin lattice is described by the

following matrix T:

Element | (mg-kg)
Ba 47

Ca 399890
cr 3

Li 7

Mg 445

Mn 37

Ni 2

s 73

Si 118

Sr 282

Zn 10
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Figure 2. (a) BSE image and EDX data of the studied glendonite. (b) Elements present in glendonite. (c) X-ray powder
diffraction pattern of glendonite calcite. Si standard was added for measuring the cell parameters.
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Figure 3. (a) BFTEM image of a ~10 nm size (1014) twinned domain within the calcite matrix. The areas 1 and 2, marked by
white circles, are magnified in Figures 4 and 5, respectively. (b) The SAED pattern along [0110] obtained from a ~200 nm
size region shown in (a) reveals weak c-fype reflections (white arrows). (c) The interpretation of the SAED pattern (b) via
(1014) twinning. The splitting of the overlapping reflections (white squares) increases with increasing diffraction angle
(white arrows). Black arrows mark reflections arising from dynamically scattered electrons of the (1014) twin hosted within
a calcite matrix. (d) The interpretation of the SAED pattern (b) with the pseudo-orthorhombic twin cell (hk0 diffraction
plane). Large-size black dots denote the reflections marked by black arrows in (c).

Figure 4. (a) HRTEM image of a ~10 nm size (1014) twinned domain within calcite along [0110] (area shown in Figure 3a
with white circle 1). Blue and red lines show dy., spacings of three polysynthetic twinned individuals. Black and white
lines show single and doubled do4 spacings, respectively. FFTs calculated from regions 1 (b) and 2 (c) correspond to twin
individuals 1 and 2. (d) FFT calculated from region 3 corresponds to an area where individual 2 is hosted in the calcite
matrix. (e) FFT calculated from the entire HRTEM image (a) shows a diffraction pattern similar to inset (d). Dynamically
scattered electrons arising from the thick part of the sample result in reflections marked by black arrows in (d) and (e). The
FFTs of (d) and (e) are interpreted with the pseudo-orthorhombic twin cell. White arrows mark the streaked reflections for
(d) and (e), which are indicative for (1014) stacking faults.
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Figure 5. (a) HRTEM image of a ~15 nm size (1014) twin domain within calcite along [0110] (area shown in Figure 3a with

white circle 2). Blue and red lines mark d1(.; spacings of the twin individuals. White lines mark doubled d;o4 spacings.
(b) FFT calculated from the HRTEM image (a) showing c-type reflections (black arrow). The FFT is indexed according to
rhombohedral calcite. The white arrow shows streaked reflections, which can indicate (1014) stacking faults.

Applying this matrix to any [u, v, w] vectors of calcite, the corresponding [u’, v/, w’]
vectors of the pseudo-orthorhombic cell can be generated. In addition, applying this matrix
to indexes of the calcite hkl reflections, we can transform them to the h'k’l’ indexes referred
to the twin lattice. For example, the 104 reflection of calcite corresponds to 080 of the
pseudo-orthorhombic twin lattice. The twin lattice explains all the observed reflections
and shows that every fourth set of reflections of the individuals overlaps on the hk0 plane
(Figure 3d), as expected from the twin index 4.

3.2. HRTEM Images of the (1014) Calcite Twins and Doubled dyo4 Spacings

The identification of the (1014) calcite twins is straightforward from the HRTEM image
acquired with the electron beam incident along [0110] of the thin part (~10 nm thick) of
the sample; in fact, the two individuals can be easily recognized by the orientation change
of the fringes corresponding to do1, spacings (3.85 A) and they can be localized from their
corresponding FFTs (Figure 4a—c). The HRTEM image (Figure 4a) obtained from the thin
part also shows fringes with 3.03 A corresponding to djo4 spacing. However, 6.05 A spacing
can be measured from the thicker areas (>10 nm) of the image (white lines in Figure 4a) and
its corresponding FFT (Figure 4d), as well as the FFT calculated from the entire HRTEM
image (Figure 4e). This d-spacing, which is also evident in Figure 5a, erroneously indicates
cell doubling.

It should be noted that the systematic absences of the R3¢ space group, i.e., those of
the twin individuals, should be present even for thick samples. Thus, the side-by-side
arrangement of the individuals does not provide an explanation for the c-type reflections
of the FFT calculated from the thick part of the grain (Figure 4d). Therefore, following
the suggestion of Larsson and Christy [5], it is proposed that the small (<10 nm) twin
individual 2 is actually hosted in the calcite matrix (individual 1). Since HRTEM images
are two-dimensional projections of the three-dimensional structures, the HRTEM image
acquired with the electron beam incident along [0110] shows the vertical projection of
the individual 2 and that of the underlying calcite (individual 1) from areas thicker than
the individual twin size (>10 nm). It is suggested that electrons dynamically scattered
from these vertically stacked twin individuals give rise to the doubled dj4 spacings
(2:3.03 A) of the HRTEM image and the c-type reflections occurring along [104]* of the FFTs
(Figure 4d,e and Figure 5b). In fact, Christy and Larson [5] have demonstrated that, by
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considering twins in an underlying calcite matrix, even the doubled dy;» corresponding to a
2-3.85 A spacing can be generated. Thus, the doubled d1g4 and the dgy, spacings measured
on the thick part (>10 nm) of the HRTEM images can be used as evidence for nanosized
calcite twins.

Nanotwins hosted in a matrix are commonly observed, in particular for materials
such as diamond and SiC that contain abundant stacking faults [6,7,33,34]. In fact, the FFTs
calculated from the thick region and the entire image show streaked reflections (white
arrows in Figure 4d,e and Figure 5b), which can be associated with (1014) stacking faults
that occur inside the 5-15 nm wide twin individuals.

3.3. Crystal Structure of the (1014) Calcite Twins

The crystallographic analysis suggests that the c-type reflections in calcite and their
streaking can be successfully interpreted via (1014) twins and stacking faults. The structure
model of this twin along [0110] (Figure 6a), built based on the work of Bruno et al. [35,36],
reveals the orientation change of the CO; groups and the (1012) calcite planes across the
twin interface, which agrees well with the observed features (Figures 4a and 5a). Based on
geometry optimizations of 2D twinned slabs, Bruno et al. [35,36] demonstrated that the
twinned individuals are translated and, at the twin interface, tilting and rotation of the
COj3 groups occur, which gives rise to variations of the Ca—O distances. Following the
construction of the twin model, the crystal structure of a (1014) stacking fault can also be
generated (Figure 6b).
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Figure 6. (a) Structure model of (1014) twin (a) and (1014) stacking faults (b) constructed based on the work of Bruno
et al. [35,36]. In order, blue, red and black dots represent Ca, O and C atoms.

3.4. Possible Origin of the (1014) Calcite Twins

The (1014) twin is one of the four possible twins observed in calcite [37]. Although
it has been reported as one of the main deformation twinning planes of calcite [37], it is
also commonly associated with crystal growth and has been reported among others from
the calcite shell of a sea urchin [5]. This twin was observed in a glendonite sample that
formed from ikaite; thus, it may be associated with the ikaite-to-calcite transformation.
However, since the formation of aragonite [17,18], amorphous calcium carbonate [19] and
vaterite [20] has also been reported during this transition, a multiphase origin of the calcite
twin is also plausible. In either way, interpretation based on the occurrence of this twin
alone is definitely not a diagnostic for identifying glendonites and inferring cryogenic
conditions [21].
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4. Conclusions

c-type reflections (Figure 1) were identified in glendonite, a calcite pseudomorph
after ikaite. As the sample was chemically pure CaCOj (Figure 2), it turned out that the
c-type reflections cannot mimic the diffraction features associated with crystallographic
ordering. TEM and crystallographic analysis suggested that, in fact, twinning by reticular
pseudomerohedry (twin plane: (1014); twin index: 4; obliquity: 0.74°) successfully explains
these reflections (Figure 3). The twin individuals could be recognized from thin areas
(~10 nm) of the HRTEM images through the direction change of the fringes corresponding
to d1g.o spacings (3.85A). From the thicker part of the sample (>10 nm), the small-sized
twin individual (5-10 nm) hosted in the calcite matrix and dynamically scattered electrons
gave rise to double dyo4 spacings corresponding to 2-3.03 A measured on HRTEM images
(Figures 4 and 5). Streaked c-type reflections were also observed, and they were explained
by (1014) stacking faults occurring inside the small (5-15 nm wide) twin domains. It was
shown that the orientation change of carbonate groups across the (1014) calcite planes
(Figure 6) gave rise to the (1014) twins and stacking faults. Although in the glendonite
sample Mg and Ca ordering could not occur, this phenomenon may be present in Mg-
containing calcite, from which c-fype reflections have been reported. This paper strongly
supports (1) the interpretation of Larsson and Christy [5] associating c-type reflections with
(1014) twins and with the orientation change of carbonate groups across the twin interface
and (2) the final conclusion of considering the occurrence of (1014) twins before attributing
c-type reflections to Mg and Ca ordering.
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Abstract:  Spryite (Agy.98Cu.05)z-8.03(As” 031Geo36As 0 31Fe**0,02)2-1.005597, and ideally
Agg(As® 1 5A5°(5)S6, is a new mineral recently described from the Uchucchacua polymetallic
deposit, Oyon district, Catajambo, Lima Department, Peru. Its room temperature structure exhibits
an orthorhombic symmetry, space group Pna2;, with lattice parameters a = 14.984(4), b = 7.474(1),
c=10571(2) A, V = 1083.9(4) A3, Z = 4, and shows the coexistence of As3* and As>* distributed
in a disordered fashion in a unique mixed position. To analyze the crystal-chemical behaviour of
the arsenic distribution at ultra-low temperatures, a structural study was carried out at 30 K by
means of in situ single-crystal X-ray diffraction data (helium-cryostat) on the same sample previously
characterized from a chemical and structural point of view. At 30 K, spryite still crystallizes with
orthorhombic symmetry, space group Pna2;, but gives rise to a a x 3b x ¢ superstructure, with
a =14.866(2), b = 22.240(4), ¢ = 10.394(1) A, V = 3436.5(8) A% and Z = 4 (AgpsAs*t As®* Ge**Sg
stoichiometry). The twin laws making the twin lattice simulating a perfect hexagonal symmetry have
been taken into account and the crystal structure has been solved and refined. The refinement of
the structure leads to a residual factor R = 0.0329 for 4070 independent observed reflections [with
Fo > 40(F,)] and 408 variables. The threefold superstructure arises from the ordering of As®* and
(As>*, Ge**) in different crystal-chemical environments.

Keywords: twinning; chemical ordering; superstructure; spryite; argyrodite-type compounds; ultra-
low temperature

1. Introduction

Spryite, ideally Agg(As®*(5As>(5)Ss, is a new mineral belonging to the argyrodite
group recently described from the Uchucchacua polymetallic deposit, Oyon district, Cata-
jambo, Lima Department, Peru [1]. Argyrodite-type compounds allow for a large struc-
tural and chemical heterogeneity with the general formula A" "1 ) /m]B”+Q2_6,yX_ v
where A is a mono- or di-valent twofold or threefold coordinated cation such as Cu*, Ag™,
Li*, Cd?+, Hg2+, B is a tri-, tetra-, or penta-valent tetrahedral cation, like AP+, Ga3*, Si*t,
Ge*t, Sn** Ti*t, P5*, As*, Sb°*, Nb°*, Ta’*, and Q and X are respectively chalcogenide
or halide anions [2]. Natural and synthetic argyrodites have drawn attention over time
for their peculiar physical properties, such as superionic conduction, and their potential
application as electrolytes, e.g., [3]. In this respect, spryite represents an exception since it
does not behave as a superionic conductor [1]. The absence of such property was attributed
to the presence of As>" in the structure, another unique feature of spryite. As** was not
considered as a possible cation for the B site in the argyrodite-type structure because of the
presence of the lone-pair electrons that do not allow tetrahedral coordination. It is thus not
surprising that, before the description of spryite, only Al**, Ga3*, and Fe3* were reported
as trivalent cations in argyrodites [4-6]. In spryite trivalent and pentavalent, As (together
with Ge**) share the same split sites with slightly different atomic coordinates. On the
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one hand, As®* is split toward three S atoms to produce AsS; pyramids, analogously to
sulfosalts [7]. On the other hand, As>* and Ge** sit in the tetrahedral site typically occupied
by Ge in argyrodite-type compounds [8]. The presence of disordered As>*S; pyramids
might be responsible for the absence of superionic conduction, since they can hinder the
mobility of the Ag cations that in argyrodites-like structures are highly delocalized over
all the available sites, even at room temperature [9]. In fact, this mineral is characterized
by a network of non-interacting Ag cation, with all sites fully occupied. Temperature de-
pendence is another peculiar aspect of spryite. Argyrodite-type compounds usually show
three phase transitions as a function of temperature. The high temperature phase has space
group F-43m, that transforms to P2;3. On further cooling, these compounds apparently
adopt again the F-43m space group, but actually have an orthorhombic symmetry, such as
Pna2y, Pnam, or Pmn2; [7]. Conversely, spryite was shown to maintain the orthorhombic
structure from 90 to 500 K [1], thus representing a unique case in the argyrodite family.
Considering the peculiar structural features and temperature dependence of spryite, we
investigated its crystal structure at 30 K, in order to understand the effects of ultra-low
temperature on the structure and to verify if the disordered As/Ge position present in
the room-temperature structure could give rise to some localized ordering and thus to a
possible superstructure at ultra-low temperature.

2. X-ray Crystallography

The same crystal of spryite used to study the temperature behaviour in the range 90-500 K
(chemical composition (AgyesCu s)s-803(As™ 031Gep36As 0.31Fe>*0,02)5-1005597 [1]) was
mounted on an Oxford Diffraction Xcalibur 3 diffractometer (Oxford Diffraction, Oxford,
UK) (Enhance X-ray source, X-ray MoK« radiation, A = 0.71073 A), fitted with a Sapphire 2
CCD detector and an Oxford cryostream cooler (helium-cryostat). The temperature was
lowered at 30 K and, before the measurement, the sample was held at that temperature for
about 30 min. The diffraction pattern at 30 K was consistent with an orthorhombic symme-
try but additional reflections leading to a threefold ax3b x ¢ commensurate superstructure
were observed (i.e., a =~ 14.9 A, b~222,c~104 A). To account for a potential reduction of
symmetry for the low-temperature structure of spryite and given the fact that the crystal is
intimately twinned, a relatively high sin(0)/A cutoff and a high redundancy were chosen
in the recording setting design. Intensity integration and standard Lorentz-polarization
correction were performed with the CrysAlis software package [10,11]. The diffraction
quality was found to be excellent, thus indicating that no deterioration of the crystal oc-
curred even at ultra-low temperature. All the collected data are plotted down the c-axis
and shown in Figure 1. A strong hexagonal pseudo-symmetry of the X-ray reflections is
evident, which is due to the pervasive twinning giving rise to a pseudo-cubic, face-centered
cell with a =~ 10.5 A at room temperature [1] and to a pseudo-hexagonal cell with a ~ 7.5
and c ~ 105 A at30 K.

The values of the equivalent pairs were averaged. The merging R for the \{-scan
data set decreased from 0.1506 before absorption correction to 0.0355 after this correction.
The analysis of the systematic absences (0kl: k + I = 2n; hOl: h = 2n; h00: h = 2n; 0kO:
k = 2n; 00L: I = 2n) are consistent with the space groups Pnam (Pnma as standard) and
Pna2,. Statistical tests on the distribution of | E| values strongly indicate the absence of an
inversion centre [ | E2—11 = 0.695], thus suggesting the choice of the space group Pna2;.
To decide the correct space group for the low-temperature superstructure we also analyzed
the maximum orthorhombic klassengleiche subgroups of the Pna2; room-temperature space
group. We noticed that there is only one subgroup with b’ = 3b, that is Pna2;, and thus the
superstructure was solved in this space group.

The position of most of the atoms was determined from the three-dimensional Pat-
terson synthesis. A least-squares refinement, by means of the program SHELXL-97 [12],
using these heavy-atom positions and isotropic temperature factors, yielded an R fac-
tor of 0.2005. Three-dimensional difference Fourier synthesis yielded the position of the
remaining sulfur atoms. The introduction of anisotropic temperature factors for all the
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atoms led to R = 0.0329 for 4070 observed reflections [F, > 40(F,)] and R = 0.0346 for all
4705 independent reflections. Neutral scattering factors for Ag, As, Ge, and S were taken
from the International Tables for X-ray Crystallography [13].

Figure 1. Hexagonal pseudo-symmetry in the X-ray diffraction pattern of spryite at 30 K due to the
pervasive twinning.

In order to better model the twinning occurring in spryite [1], we then took into
account the twin law, which makes the twin lattice (L1) hexagonal (twinning by reticular
merohedry [14]) using the program JANA2006 [15]. For details of this kind of twinning
and on the averaging of equivalent reflections for twins in JANA, see the appendix in [16].
Remarkably, the same set of twin matrices (referred to the orthorhombic cell) were used
either at 30 K or at room temperature [1]. Once again, the structure refinement was initiated
in the orthorhombic supercell. After several cycles, the structure could be smoothly
refined without any damping factor or restrictions. The residual value converged to
R = 0.0329 for 4070 observed reflections [F, > 40(F,)] and R = 0.0346 including all the
4705 collected reflections in the refinement. Inspection of the difference Fourier map
revealed that maximum positive and negative peaks were 1.90 a-d 1.67 e /A3, respectively.
Experimental details and R indices are given in Table 1. Fractional atomic coordinates and
isotropic displacement parameters are shown in Table 2. The Crystallographic Information
File (CIF)of the structure is deposited as Supplementary Materials.
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Table 1. Experimental and refinement details for spryite at 30 K.

Spryite
Temperature 30(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pna2,q

Unit cell dimensions

Volume
V4
Density (calculated)
Crystal size
Theta range for data collection
hk,l ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F2
Final R indices [F, > 40(F,)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Twin matrices

(referred to the orthorhombic cell)

Twin fractions

0.28(3), 0.20(2), 0.16(2), 0.14(2), 0.12(2), 0.10(2)

a=14.866(2) A
b =22240(4) A
¢ =10.3940(10) A
3436.5(8) A3
4
6.549 Mg/mm?

0.040 x 0.030 x 0.020 mm?
4.78 to 30.00°
—20<h<20,-31<k<3l,-14<1<14
38705
4705 [Rin = 0.0355]
4705/1/408
1.052
R1 = 0.0329, wR2 = 0.0670
R1 = 0.0346, wR2 = 0.0678
0.000301(17)

1.90 and —1.67 e.A™3

0 1/2  1/4 1/2 1/2 -1/4 1/2

0 -1 -1/2 1 1 -1/2 -1

1 1 -1/2 0 1 1/2 0

0 -1/2 1/4 -1/2 1/2 1/4 -1/2
0 1 -1/2 -1 1 1/2 1
-1 1 1/2 0 -1 1/2 0

Table 2. Atom coordinates and equivalent isotropic displacement parameters (A?) for spryite.

Site xla y/b zlc Ueq
AglA 0.1257(3) 0.07361(17) 0.3742(5) 0.0383(5)
AglB 0.1269(2) 0.40562(13) 0.3764(4) 0.0359(4)
AglC 0.1269(4) 0.7341(3) 0.3739(6) 0.0393(6)
Ag2A 0.06183(4) 0.07485(2) 0.83671(6) 0.02599(11)
Ag2B 0.05993(4) 0.40511(2) 0.83817(6) 0.02494(11)
Ag2C 0.06321(3) 0.73552(2) 0.83630(6) 0.02402(11)
Ag3A 0.43197(5) 0.02050(3) 0.01921(7) 0.03304(14)
Ag3B 0.43246(4) 0.35041(3) 0.01990(7) 0.02850(13)
Ag3C 0.43262(5) 0.68067(4) 0.01956(9) 0.03866(17)
Ag4A 0.2768(4) 0.1662(3) 0.0834(8) 0.0290(10)
Ag4B 0.27687(4) 0.50675(14) 0.08245(6) 0.0286(4)
AgaC 0.2770(5) 0.8364(4) 0.0819(9) 0.0391(16)
Ag5A 0.41845(5) 0.03021(3) 0.69619(9) 0.03584(14)
Ag5B 0.41848(4) 0.36017(3) 0.69717(8) 0.03396(13)
Ag5C 0.41868(4) 0.70034(3) 0.69693(7) 0.02805(12)
Ag6A 0.27281(4) 0.12823(3) 0.68399(7) 0.02865(12)
Ag6B 0.27274(5) 0.46785(3) 0.68435(9) 0.03504(13)
Ag6C 0.27304(4) 0.79812(3) 0.68428(7) 0.02883(12)
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Table 2. Cont.

Site xla y/b zlc Ueq
Ag7A 0.01698(4) 0.0045(6) 0.60282(8) 0.0387(10)
Ag7B 0.0175(4) 0.3339(3) 0.6021(6) 0.0249(9)
Ag7C 0.0168(5) 0.6639(3) 0.6036(8) 0.0351(15)
Ag8A 0.25877(4) 0.04283(3) 0.90577(8) 0.03030(13)
Ag8B 0.25881(4) 0.37291(3) 0.90561(8) 0.03138(13)
Ag8C 0.25860(4) 0.70268(3) 0.90549(7) 0.02573(12)
AsP* 0.37565(4) 0.07852(3) 0.34985(10) 0.02252(13)
Ge 0.37583(4) 0.40121(3) 0.34959(10) 0.01968(12)
As3t 0.37990(3) 0.78942(3) 0.29965(11) 0.02286(12)
S1A 0.1227(8) 0.1644(5) 0.9763(8) 0.030(3)
S1B 0.12244(14) 0.5046(18) 0.9770(3) 0.037(3)
s1C 0.1221(10) 0.8341(6) 0.9774(13) 0.046(4)
S2A —0.00394(18) 0.09037(11) 0.2315(3) 0.0388(5)
S2B —0.00418(18) 0.42044(11) 0.2316(3) 0.0380(5)
s2C —0.00434(16) 0.75029(10) 0.2313(3) 0.0358(5)
S3A 0.37300(17) 0.15601(12) 0.4794(3) 0.0362(5)
S3B 0.37279(16) 0.48499(10) 0.4791(3) 0.0379(5)
S3C 0.37272(16) 0.81480(14) 0.4788(3) 0.0327(5)
S4A 0.25826(17) 0.07751(13) 0.2306(3) 0.0380(5)
S4B 0.25859(18) 0.40740(13) 0.2300(3) 0.0402(5)
s4C 0.25859(18) 0.73719(13) 0.2306(3) 0.0407(5)
S5A 0.3861(7) 0.1054(4) 0.8663(12) 0.0334(10)
S5B 0.3867(9) 0.4357(5) 0.8691(16) 0.0322(11)
S5C 0.3855(13) 0.7631(10) 0.879(2) 0.0398(19)
S6A 0.12309(13) 0.08887(10) 0.6117(3) 0.0320(4)
S6B 0.12280(14) 0.42869(10) 0.6117(3) 0.0351(5)
S6C 0.12278(14) 0.75866(10) 0.6112(3) 0.0337(4)

3. Description of the Low-Temperature Structure and Discussion

The low-temperature structure solution of spryite showed that the atomic arrangement
of the mineral at 30 K is topologically identical to that observed at room temperature [1]
with the cation ordering being limited to small portions of the structure only. Indeed, the
solution revealed that As®*, As®*, and Ge** are ordered into three specific sites. Indeed, the
unique mixed (As, Ge) position in the room-temperature structure (Wyckoff position 4a)
transforms into three 4a Wyckoff positions in the low-temperature structure hosting As>*,
As®*, and Ge, respectively. This does not lead to any reduction of symmetry as the space
group (Pna2;) remains the same as the room-temperature structure. In the structure, Ag
occupies sites with coordination ranging from quasi-linear to almost tetrahedral connected
into a framework (Figure 2 and Table 3). In particular, 10 Ag atoms are fourfold coordinated,
11 are threefold and 3 are twofold coordinated. As in the ambient temperature structure, the
average bond length increases from the twofold to the fourfold coordination: the average
Ag-S distance ranges from 2.569 to 2.722 A for the almost tetrahedral geometry, from
2.475 to 2.562 A for the trigonal geometry, and from 2.337 to 2.428 A for the quasi-linear
geometry. Each Ag site gives rise to three sites in the ultra-low temperature structure
maintaining the coordination present at room temperature, e.g., the fourfold coordinated
Ag?2 corresponds to three fourfold coordinated Ag2A, Ag2C, Ag3C. The almost tetrahedral
Agl is the only exception, since it is related to a fourfold coordinated AglC and two
threefold coordinated AglA and AglB. The analysis of the crystal-chemical characteristic
of the Ag-environments indicates that the As/Ge chemical ordering observed in the low-
temperature crystal structure of spryite does not affect significantly the geometry of their
coordination polyhedra, highlighting a clear similarity with the low temperature structure.
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Figure 2. Left: Portion of the crystal structure of spryite at room temperature highlighting the disorder between the M1 and
M2 positions (As>*, As>* and Ge**) at room temperature. In light blue the M1 tetrahedron (As>* and Ge**) and with a red
sphere the M2 atom (As®*). Right: The crystal structure of spryite at 30 K; Ag and S atoms are given as white and yellow
spheres, respectively. Light blue and red tetrahedra are filled by As>* and Ge**, respectively, whereas green polyhedra are
filled by As®*. The unit cell and the orientation of the structure are outlined.

Table 3. Selected bond distances [A] and angles (°) for spryite at 30K.

Atoms Distance Atoms Distance
AglA-S2A 2.460(6) Ag6A-S6A 2.507(2)
AglA-S4A 2.474(5) AgbA-54C 2.515(3)
AglA-S6A 2.492(6) Ag6A-S5A 2.586(12)
<AglA-S> 2.475 Ag6A-S3A 2.669(3)
Agl1B-54B 2.480(5) <Ag6A-S> 2.569
Agl1B-S2B 2.484(4) Ag6B-56B 2.510(2)
Agl1B-S6B 2.499(5) Ag6B-S4A 2.528(3)
<AglB-S> 2.488 Ag6B-S3B 2.629(3)
AglC-54C 2.461(6) Ag6B-S5B 2.659(16)
AglC-52C 2.477(7) <Ag6B-S> 2.582
Agl1C-56C 2.527(6) Ag6C-56C 2.517(2)
AglC-S5A 2.870(12) Ag6C-54B 2.521(3)
<AglC-S> 2.584 Ag6C-S3C 2.626(3)
Ag2A-S6A 2.529(3) Ag6C-S5C 2.74(2)
Ag2A-S1A 2.624(11) <Ag6C-S> 2.601
Ag2A-S5B 2.636(13) Ag7A-S6A 2.453(10)
Ag2A-S3B 2.670(3) Ag7A-S2A 2.506(12)
<Ag2A-S> 2.615 Ag7A-S3B 2.511(3)
Ag2B-56B 2.587(3) <Ag7A-S> 2.490
Ag2B-S5A 2.611(11) Ag7B-52C 2.313(6)
Ag2B-S3C 2.678(3) Ag7B-S3A 2.509(6)
Ag2B-S1B 2.80(3) Ag7B-S6B 2.627(6)
<Ag2B-S> 2.699 <Ag7B-S> 2.483
Ag2C-S3A 2.497(3) Ag7C-52B 2.307(8)
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Table 3. Cont.

Atoms Distance Atoms Distance
Ag2C-S6C 2.554(3) Ag7C-S3C 2.548(8)
Ag2C-S5C 2.68(2) Ag7C-S6C 2.634(7)
Ag2C-S1C 2.780(13) <Ag7C-S> 2.496
<Ag2C-S> 2.628 Ag8A-S5A 2.384(7)
Ag3A-56B 2.399(3) Ag8A-S3B 2.462(3)
Ag3A-S5A 2.560(11) <Ag8A-S> 2.428
Ag3A-S2B 2.739(3) Ag8B-S5B 2.389(10)
Ag3A-S1B 2.919(8) Ag8B-S3C 2.464(3)
<Ag3A-S> 2.654 <Ag8B-S> 2.427
Ag3B-S6C 2.396(3) Ag8C-S5C 2.33(2)
Ag3B-S5B 2.553(14) Ag8C-S3A 2.344(3)
Ag3B-S2A 2.732(3) <Ag8c-S> 2.337
Ag3B-S1A 2.882(12) As®*-S1B 2.11(3)
<Ag3B-S> 2.722 AsP*-S4A 2.141(3)
Ag3C-S6A 2.402(3) As®*-52B 2.168(3)
Ag3C-S5C 2.45(2) AsST-S3A 2.187(3)
Ag3C-S2C 2.843(3) <As’*-S> 2.152
Ag3C-S1C 2.870(15) S1B-As5*-S4A 111.4(4)
<Ag3C-S> 2.641 S1B-As%*-S2B 110.6(3)
AgdA-S4A 2.511(8) S4A-As®*-S2B 110.09(12)
AgdA-S1A 2.548(14) S1B-As’*-S3A 103.2(7)
Ag4dA-S6C 2.557(7) S4A-As®*-S3A 110.48(11)
<AgdA-S> 2.539 S2B-As*-S3A 110.81(10)
Ag4B-S6A 2.375(3) Ge-S1C 1.998(13)
Ag4B-S1B 2.544(2) Ge-S4B 2.145(3)
Ag4B-S4B 2.703(4) Ge-S2A 2.177(3)
<Ag4B-S> 2.541 Ge-S3B 2.299(3)
AgdC-S1C 2.545(18) <Ge-S> 2.155
AgdC-S6B 2.556(8) S1C-Ge-S4B 116.5(4)
AgdC-54C 2.707(10) S1C-Ge-S2A 115.3(5)
<Ag4C-S> 2.551 S4B-Ge-S2A 109.55(13)
Ag5A-S1B 2.426(10) S1C-Ge-S3B 102.5(4)
Ag5A-S5A 2.481(12) S4B-Ge-S3B 105.74(10)
Ag5A-S52B 2.778(3) S2A-Ge-S3B 106.06(9)
<Ag5A-S> 2.562 As3*-53C 1.949(3)
Ag5B-S1C 2.433(13) As3*-82C 2.061(2)
Ag5B-S5B 2.498(15) As3*-54C 2.262(3)
Ag5B-52C 2.780(2) As3*+-83C 1.949(3)
<Ag5B-S> 2.570 <As(3)-S> 2.055
Ag5C-S5C 2.40(2)

Ag5C-S1A 2.505(9)
Ag5C-S2A 2.778(3)
<Ag5C-5> 2.561

Bold = mean poyhedral bond distances.

As®* forms AsS; pyramids, typical of sulfosalts, and (Ge**, As>*) links four sulfur
atoms in a tetrahedral coordination. Given the close scattering power between As and Ge—
and their corresponding site geometry—it is hard to say which tetrahedron is dominated
by As (or Ge). Bond-valence considerations do not help in this case as the mean tetrahedral
distances and the mean tetrahedral angles are very close: 2.152 and 2.155 A and 109.4 and
110.9°, for the AsS, and GeSy, respectively (Table 3). However, the slightly smaller value for
the AsS, tetrahedron seems in agreement with the slightly shorter As®*-S distance (2.169 A—
see discussion in [17]) than that observed for GeS; in pure argyrodite (i.e., 2.212 A; [8D).
Furthermore, the analysis of the angle variance (¢%) and the quadratic elongation (A) of
the two tetrahedra [18] reveals strong differences: AsS, tetrahedra exhibit a 02 =9.86 and
A = 1.0030, while GeS; tetrahedra exhibit a 62 = 31.33 and A = 1.0094. The general higher
distortion introduced by the entry of Ge** in crystal structures [8] represents a further
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corroboration of the right assignment of As®* and Ge** in the two tetrahedra of spryite at
ultra-low temperature.

4. Conclusions

Our investigation shows that the crystal structure of cooled spryite is very close to
that observed at room temperature. Spryite is also characterized by pervasive twinning,
thus requiring an accurate structural characterization. We demonstrate by means of an in
situ data collection at 30 K that there is an ordering between As®* and (As®*, Ge**), leading
to a threefold superstructure. Spryite confirms its uniqueness in the argyrodite family of
compounds, since it maintains its orthorhombic symmetry on a large temperature range,
together with a network of non-interacting Ag cations, an unusual feature in argyrodite-like
compounds. The characterization of Ag coordination geometries allows to confirm that the
low-temperature structure and the room-temperature one are geometrically very similar to
each other.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-163
X/11/3/286/s1, file: Supplementary Materials CIF.
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Abstract: The crystal structures of compounds with the general formula Cs{lOIAL[MI TP, O]} (Where
T = Al, B) display order-disorder (OD) character and can be described using the same OD groupoid
family. Their structures are built up by two kinds of nonpolar layers, with the layer symmetries
Pc(n)2 (Lpy41-type) and Pc(a)m (Ly,-type) (category IV). Layers of both types (L, and Ly,,1) alternate
along the b direction and have common translation vectors a and ¢ (a ~ 10.0 A c~120 A). All ordered
polytypes as well as disordered structures can be obtained using the following partial symmetry
operators that may be active in the Ly, type layer: the 2; screw axis parallel to ¢ [-—2;] or inversion
centers and the 2; screw axis parallel to a [2; — —]. Different sequences of operators active in the Ly,
type layer ([- —21] screw axes or inversion centers and [2; — -] screw axes) define the formation of
multilayered structures with the increased b parameter, which are considered as non-MDO polytypes.
The microporous heteropolyhedral MT-frameworks are suitable for the migration of small cations
such as Li*, Na* Ag*. Compounds with the general formula Rb{lIMB+ T3P O]} (M = AL
Ga; T = Al, Ga) are based on heteropolyhedral MT-frameworks with the same stoichiometry as in
Cs{loJ AL [ITPc Oy} (where T = Al, B). It was found that all the frameworks have common natural
tilings, which indicate the close relationships of the two families of compounds. The conclusions are
supported by the DFT calculation data.

Keywords: OD structures; polytypism; polymorphism; heteropolyhedral framework; modularity;
topology; borophosphates; aluminophosphates; DFT

1. Introduction

Borophosphates (as well as borophosphate ceramics and glasses) attract interest
because of their wide technological applications as materials with optical [1-5], electro-
chemical [6-9], magnetic [10-12], and catalytic [13-15] properties. Moreover, crystalline
borophosphates and metal borophosphates with microporous structures are considered
as zeolite-like materials [16-20]. Borophosphates are characterized by a wide diversity of
tetrahedral and mixed triangular-tetrahedral anionic motifs [21-24], owing to the different
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possible coordination environments of boron. At present, more than 300 representatives of
this class are known, which are characterized by anionic motifs with different dimensional-
ities (from isolated groups to 3D frameworks).

Compounds with the general formula Cs{lI AL [MITP;Oy]} (Where T = B [25], Al [26])
are based on microporous heteropolyhedral frameworks formed by tetrahedral borophos-
phate or aluminophosphate [TP¢Oqyg]-layers linked by isolated AlO4 octahedra. The
large framework cavities are filled by Cs* cations. As was previously shown, both
Cs{ALL[BPsOy]} and Cs{AL,[AIP¢O]} are of modular character [27] and can be consid-
ered as polytypes belonging to the same OD family [20,25]. However, the corresponding
groupoid family has not been reported so far.

In this paper we provide a complete OD-theoretical analysis of the compounds with
the general formula Cs{[?1ALL,[TPsOx]} (Where T = B [25], Al [26]) and derive symmetry
and atom coordinates for the hypothetical MDO2 polytype. The energies of the observed
and hypothetical structures of the family are calculated using the density functional theory
(DFT). Possible ion-migration paths inside the microporous frameworks of the family are
estimated for different alkaline ions using the topological analysis.

2. Methods

The symmetrical relations between the compounds have been analyzed using the OD
theoretical approach [27-30] for the OD families containing more than one (M > 1) kind of
layers [31]. The OD layers have been chosen in accordance with the equivalent region (ER)
requirements [32]. As a reference structure for the further analysis, the MDO1 polytype
observed in Cs{AL[AIPsOy]} [26] was used. This compound was reported in the non-
standard setting of the space group C2cb [a = 10.0048(7) A, b=13.3008(10) A, ¢ = 12.1698(7) A,
which was transformed into the standard setting Aea2 using the [00-1/010/100] matrix (the
resulting unit cell parameters are: a = 12.1698(7) Ab= 13.3008(10) A c= 10.0048(7) A). The
unit-cell parameters and space groups of the crystal structures of Cs{Al;[BP¢Ox]} polytypes
have been transformed accordingly in order to preserve the orientation and stacking direction
of the OD-layers.

Topological analysis of the frameworks was performed by means of natural tilings
(the smallest polyhedral cationic clusters that form a framework) of the 3D cation nets [33].
The complexity parameters of the frameworks in different polytypes were calculated as
Shannon information amounts per atom (Ig) and per reduced unit cell (IG tota1) [34,35]. To
analyze the migration paths of alkaline cations in the structures, the Voronoi method [36],
which has proven itself in the study of cationic conductors of various types [37,38], was
used. Topological and complexity parameters for the whole structures as well as ion
migration paths have been calculated using the ToposPro software [39].

DFT calculations on the existing MDO-, non-MDO-40, as well as hypothetical MDO2
type polytypes (T = Al, B) were performed using the PBE exchange-correlation func-
tional [40] of the GGA-type utilizing the projector augmented wave method (PAW) as
implemented in the Vienna ab initio simulation package (VASP) [41,42]. The energy cut-
off was set at 500 eV with a 10 x 8 x 8 (MDO1, MDQO2), and 6 x 4 x 4 (non-MDO-40)
Monkhorst—Pack [43] k-point mesh used for Brillouin zone sampling. The convergence
towards the k-point mesh was checked. Full optimization of the unit cell parameters and
atomic coordinates was performed for all the structures except the MDO1 polytype of
Cs{Al[BP¢Oxl}, for which the original cell parameters were retained and atomic coordi-
nates optimized (as the compound was found to have the lowest energy, cell parameter
optimization was deemed unnecessary). For the optimization, the structures were con-
verted to the space group P1.
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3. Results
3.1. OD (Order-Disorder) Relationships

The crystal structures of Cs{leIAL[MITP¢Oy1} (where T = B [25], Al [26]) belong to
the same OD family of category IV [31] with two types of nonpolar OD layers and can be
described by an OD groupoid [27]. The layers are as following:

1.  Nonpolar Ly, type with the layer symmetry pcn2 [or Pc(n)2 in terms of the OD
notation, where braces indicate the direction of missing periodicity [44]] was reported
previously [20] and is represented by the tetrahedral [4] TP¢Oypl-layer (Figure 1);

2. Nonpolar Ly, type consists of aluminum and oxygen atoms on the borders of a thin
slab with the layer symmetry pcam [Pc(a)m or P2y /c (2/a) 21/m].

Symmetry of the L2n+1 type layer — Pc(n)2

Figure 1. The general view of the tetrahedral Lj,,; type layer in the crystal structures of
Cs{lPJAL [ TP4 O]} polytypes. The fundamental building block (FBB) of the layer is represented
by open-branched heptamer with the following descriptor [21,45]: 700:[300]20 1 20 | O 1 0. Modified
after [20].

Layers of both types (Lo, and Ly,+1) alternate along the b direction and have common
translation vectors a and ¢ (2 ~ 10.0 A, c~12.0 A), with by, the distance between the two
nearest equivalent layers, corresponding to one half of the b parameter of the compound
studied by Lesage et al. [26]. Because the symmetry of the L,, type layers is higher than
that of the Ly, type layers, polytypic relations are possible. All ordered polytypes as well
as disordered structures can be obtained using the following symmetry operators that may
be active in the Ly, type layer: the 2; screw axis parallel to ¢ [-—2;] or inversion centers
and the 2; screw axis parallel to a [2; — -] (Figure 2) [20]. The symmetry relation common
to all polytypes of this family are described by the OD groupoid family symbol:

Pc(n)2 P2/c(2/a)2y/m

[r, 0] ! (M)

where r = 0; the first line contains the layer-group symbols of the two constituting layers,
while the second line indicates positional relations between the adjacent layers [46].
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OD — layer
Al = Loy
A? = Loy

Figure 2. Different symmetry operators that may be active in the Ly, type layer: the 2; screw axis
parallel to ¢ [-—2;] (left) and inversion centers and the 2; screw axis parallel to a [2] — -] (right).

In accordance with the NFZ relation [27,28], there is only one kind of the (Ly,, Lon+1,
Lop.2) triples and two kinds of the (Lyy-1, Loy, Loy+1) triples. Consequently, the smallest
possible number of different triples in a structure is two and only two MDO polytypes
are possible:

Layer group Subgroup of A-t-operations N F Z
P2y/c2/a21/m Pc2m 4\ N1
. . : @
ymmetry of a layer pair — Pc11 2
Pcn2 Pcl1l 2 N N\ 2

The first MDO structure (MDO1 polytype) (Figure 3, left) can be obtained when
the [- — 21] operator is active in Ly, type layer. Through the action of this operator the
asymmetric unit at x, y, z (I) is converted into the asymmetric unit at —x, 1, 3+z (II); the
latter unit is converted by the [-— 2] operator in the Ly, layer into the asymmetric unit
atx, %+y, %+z (IIT). I and III are related by the translation vector t = by + ¢/2, which is the
generating operation, giving rise by the continuation to an A-centered structure with the
basis vectors a, b = 2by, ¢ and the space group Aea2. The MDO1 polytype corresponds to
the structure of Cs{Al;[AlPzOy]} with the following unit cell parameters: a = 12.1698(7) A
b =13.3008(10) A, c = 10.0048(7) A [26].

The second MDO structure (MDO?2 polytype) (Figure 3, right) can be obtained when
the inversion centers and [2; — —] operators are both active in the Ly, type layer. Through
the action of the operator [2; — —] the asymmetric unit at x, y, z (I) is converted into the
asymmetric unit %+x, -y, %—z (I); the latter unit is converted by the [- n —] operator in
the Ly, layer into the asymmetric unit x, %+y, -z (III); (I) and (III) are related by a b
glide normal to ¢, with translational component by, which is the generating operation: its
continuation also generates an orthorhombic structure with the basis vectors a, b = 2b),
¢ (the same for the MDO1 polytype) and the space group Pcnb (or Pbcn in the standard
setting). The MDO2 polytype has not yet been observed for the compound with the general
formula Cs{l®JAL[[{'TP¢,O,]}. The calculated atomic coordinates for the MDO2 polytype
are given in Table S1 (Supplement Materials).
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MDO1-polytype MDO2-polytype
(sp.gr. Aea2) (sp.gr. Pcnb)
L. Ls L: Ls
| & || L || L | | L || L || Ls |

N

<

e’
»

7 AV

\1/4 \1/4

Figure 3. The general views of the MDO1 (with the space group Aea2) and MDO2 (with the space group Pcnb) polytypes.
The operations active in the Ly, type layers as well as the generating operations are shown. Legend: AlOg-octahedra are
colored in cyan; POy-tetrahedra are colored in purple; TOy-tetrahedra are colored in dark yellow. Extra-frameworks Cs
atoms are omitted.

Different sequences of operators active in the Ly, type layer ([- — 21] screw axes
or inversion centers and [2; — —] screw axes) define the formation of structures with
the increased b parameter, which are considered as non-MDO polytypes (because of
the presence of more than one kind of (Ly,-1, Loy, Loys1) triples) [27]. The compound
Cs{Al,[BP¢Oyol} [25] contains four Ly, and Ly,41 types layers, where each Ly, type layer
has active [2; — -] screw axes, while in the Ly, type the inversion centers and [- — 24]
screw axes are active (Figure 4). The AlO4 octahedra in the Ly, and Ly,44 type layers
are tilted slightly differently, which can be explained by the “desymmetrization” effect of
OD structures [27,47,48], when the ideal symmetry suffers slight (in some cases severe)
distortions and the symmetry of OD layers in the polytype is lower than the idealized one.
The orthorhombic structure of Cs{Al,[BPsOy0]}—40 is characterized by the basis vectors a,
b = 4by, ¢ (where a = 11.815(2) A, b = 26.630(4) A, ¢ = 10.042(2) A [25]) and the space group
Pcab (nonstandard setting of the space group Pbca).

47



Minerals 2021, 11, 708

non-MDO-polytype
(sp.gr. Pcab)

/SN
] Y
P\

o

Hrs’

\1/4 \11/4 \11/4

Figure 4. The general views of the non-MDO 40 polytype. The operations active in the L, type
layers are shown. Modified after [20].

3.2. Topological Features

Compounds with the general formula Cs{loJ AL [MITP¢ O]} (Where T = B [25], Al [26])
are characterized by the heteropolyhedral MT-frameworks [20,49-51] of MOg-octahedra
and TOjy-tetrahedra related to classic zeolites and zeolite-type materials where all oxygen
ligands are bridged between two cations only [52]. In accordance with the theory of mixed
anionic radicals [53-55], the general crystal chemical formula of the framework (taking
into account the degree of sharing of oxygen ligands) can be written as [20]:

:| }m(VM—6)+n1 (VT1 —4)+n2(VT2 —4)

{Mm {(Tl)nl (T2) 1, O31m-42(ny +12) , @)

where where m and n;, V)y and V7, are the valences of the M and T; cations, respectively. If
M=M3*, Ty = T3, Ty = P, m = z, ny =y, n, = z, the Formula (3) can be rewritten as:

(M 1,205 00} )

Taking into account the observed ratio between the x, y, and z coefficients, the stoi-
chiometry of the heteropolyhedral MT-framework is:

{M3[TPgO0]}' ™. ©)

48



Minerals 2021, 11, 708

Topological features of the MDO1 and non-MDO 40 polytypes have been described
previously [20]. The cationic 3D net corresponding to the heteropolyhedral MT-framework of
MDO2 polytype consists of four natural tiles (Figure 5): [4.6%][3.5.62],[4*.52.72][3%.42.6°.7%].
The (6T1M)-[4.6°] and (6T2M)-[3.5.6?] tiles are topologically equal to those observed in
the MDO1 and non-MDO 40 polytypes; the (10T4M)-[4*.52.7] tile is equal to that in the
non-MDO 40 polytype. The (16T6M)-[3%.42.6°.72] tile is unique and is present in the MDO2
polytype only (Table 1).

non-MDO 40

MDO1

P . / N \ )
Natural tiles Natural tiles | ) .
RN @ R
. A —C, 5 Natural tiles
[4.77] [4.67] [4'.5.77 [4.67]
[3.5.6°] [3.4°.5.7] [3.5.67] [3°.4°.6.77] [4.77] [4.67]
¢ ! E @
[6".7'] [3.5.67] [3°.4°5.7
@ )
[4.5.77 [3.4.6°.77

Figure 5. Topological features of the 3D cationic nets of the heteropolyhedral MT-frameworks in the
structures of MDO1, MDO2 and non-MDO 40 polytypes of compounds with the general formula
Cs{loJ AL [HITP¢Oy1} (Where T = B, Al).

Table 1. The natural tiles in the MT-frameworks of the polytypes of compounds with the general
formula Cs{[(]AL[MITP;Oy]} (where T = B, Al).

Polytype Natural Tiles
MDO1 [4.62], [3.5.6%], [6%.74 [3.4%25.7°], [4.7%],
MDO2 [4.6%]» [3.5.6%], [4452.72]  [32.42.6°.72]
“"“gDO [4.6%]4 3562,  [4452.72]  [342572,  [47%,  [346°.7%,

Note. The point symbol of the 3D net has the form A?. B ... indicating that there are a angles with shortest
cycles that are A-cycles, b angles with shortest cycles that are B-cycles, etc., with A <B,<--- anda+b+--- =
n(n-1)/2 [33]. The topologically equivalent tiles are colored in the same color.
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The complexity parameters of the heteropolyhedral MT-framework of MDO2 polytype
are: v = 116 atoms; Ig = 3.892 bits/atom; I a1 = 451.526 bits/unit cell. The complexity
parameters increase in the row MDO1 — MDO2 — non-MDO 40.

3.3. lon Migration Path

Migration maps of Na* cation were constructed for the MDO1, MDO2, and non-MDO
40 polytypes (Table 2). Despite the presence of large pores filled by large Cs* ions, the size
of the effective windows between them is not enough for the migration of large alkaline
cations. However, all the types of the microporous heteropolyhedral MT-framework are
suitable for the migration of smaller ions such as Li*, Na* Ag*. The types of migration
maps depend on the topological type of the MT-framework (Figure 6), in particular, for Na*
ions, the maps are represented by 2D layers parallel to (100) for the MDO1 and non-MDO
40 polytypes, while for the MDO2 polytype it is represented by the system of parallel 1D
channels directed along [010] (Figure 6). In the case of Li* ions, the migration 3D maps are
similar for all the types of the frameworks.

Table 2. The natural tiles in the MT-frameworks of the polytypes of compounds with the general
formula Cs{l0!AL[ITP;O]} (where T = B, Al).

Pol Natural Tiles
o e
yp Li* Na* Ag' K* Rb* Cs*
MDO1 3D 2D 2D - _ _
MDO2 3D 1D 1D - _ _
non-MDO 40 3D 2D 2D - - _

Note: The following significance criteria for elementary channels (R.,an) and voids (Ryq) have been used for
the construction of migration maps: Li* (Renan = 2.02 A; Reg = 1.38 A); Na* (Repan = 2.16 A; Ryq = 1.54 A);
Ag*" (Repan =220 A; Ryg = 1.58 A), K (Repan = 230 A; Ry = 1.70 A); Rb* (Repan = 238 A; Ryq = 1.78 A);
Cs* (Rehan = 2.47 A; Ryq = 1.88 A).

MDO1-polytype MDO2-polytype

1D-channel
for Na® migration

2D-layer
for Na’ migration §
\_/V &

2D-layer
for Na" migration

Figure 6. Possible ion migration path of Na* cations in the crystal structures of Cs{l61 AL [4] TP¢Oxl}
polytypes.
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3.4. DFT Calculations

In order to gain more insight into the stability of various polytypes, energy-wise,
we have performed DFT calculations on the existing as well as hypothetical compounds
with the general formula Cs{AL[TPsOx]} (T = Al, B) with the structures belonging to
MDO1, MDQO2, and non-MDO 40 type polytypes, for T = Al; B. The comparative data and
optimized unit cell parameters are given in Table 3 (for MDO1, T = Al, original unit cell
metrics were retained).

Table 3. Comparative data for the frameworks of different polytypes.

MDO1 MDO2 Non-MDO 40
Parameter Polytype Polytype Polytype
T=B T=Al T=B T=Al T=B T=Al
12.170, 11.815,
Unit cell parameters (A), a,b,c n.d. 13.301, n.d. n.d. 26.630, n.d.
10.005 10.042
Volume (A%) n.d. 1619.46 n.d. n.d. 3159.55 n.d.
Obtimized unit cell parameters 12.0296, 12.1698 * 11.7893, 11.9479, 11.8248, 12.2217,
P (A), a b Cp 13.2109, 13.3008, * 13.4876, 13.6593, 26.7192, 26.9351,
i 9.9017 10.0048 * 10.1609 10.3157 10.0423 10.1760
Optimized volume (A3) 1573.60 1619.46 1615.68 1683.52 3172.86 3349.86
Z 4 4 8
Energy per formula unit (eV) -219.1885 -218.2701 -219.2479 -217.7659 -219.2780 -218.2109
FD [(M + T)/1000 A3] 19.76 19.81 19.01 22.69 21.49
v (atoms), framework, all 58, 60 116, 120 232, 240
Ig (bits/atom), framework, all 3.892,3.974 3.892,3.974 4.858,4.907
G, totar (bits/unit cell), 225.763, 238.413 451.526, 476.827 1127.052, 1177.654

framework, all

n.d.—no data, because of the absence of structural information; original unit cell parameter.

As seen from the comparison between the original and optimized cells of Cs{Al,[BP¢Ox0]}
of the non-MDO 40 type, they are in a very good agreement, with the difference in volume
of ca. 13 A, i.e., ca. 0.4% (see Table 3). The optimized coordinates in all structures showed
only minimal shifts from their original positions, mostly associated with a very small
rotation of tetrahedra. It is important to note that, despite unconstrained optimization, all
the structures, observed as well as hypothetical, retained their original cell symmetries.

As seen from Table 3, for the T = Al series, the structure with the lowest energy was
the MDO1-type polytype. However, the non-MDO 40-type structure was only ca. 0.06 eV
higher in energy, which corresponds to ca. 6.2 k]/mol. This difference is not large, yet
is arguably outside the margin of error for the computational method used, which is
commonly estimated as 1-2 k] /mol. The important thing here is that both experimentally
observed types of structures (albeit not both of them for T = Al), showed comparable
energies. Moreover, our calculations indicate that, under the right conditions, it might be
possible to obtain the non-MDO 40 polytype for aluminum. Regarding the MDO2-type
structure, the optimization gave us a stable minimum structure with the energy of ca. 0.5 eV
(ca. 49 kJ/mol) higher than MDO1. This means that, potentially, such a structure might
exist, however, the energy difference to the lowest energy structure is significant, and thus
it might be difficult to stabilize such a polytype.

For the T = B series, once again the lowest energy corresponds to the experimentally
observed structure, this time it is the non-MDO 40 polytype (see Table 3). In this case,
however, its energy is only ca. 0.03 eV (ca. 3 k] /mol) lower than that of the hypothetical
MDO2-type structure. The difference is on the border of the perceived accuracy of the
computational method, thus the MDO2 polytype appears to be a good candidate for the
experimental discovery. The MDO1-type structure in this case looks like the least favorable,
energy-wise, with the difference between its energy and minimal structure being ca. 0.09 eV
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(ca. 8.6 kJ/mol). This is clearly outside the margin of error; however, the difference
is small enough to be compensated by various effects in real crystals. It must also be
noted regarding all our calculations, that by their very nature they simulate ideal periodic
crystals in their ground state at 0 K. In addition, in our computations we cannot account
for potential kinetic hindrance of certain paths of compound formation.

4. Discussion

The heteropolyhedral MT-frameworks with similar stoichiometry (3) have been
found in compounds with the general formula Rb{l®!M3+,[[4IT3+P¢Oy]}, where M = Al,
Ga; T= Al Ga [26,56]. The unit cell parameters are similar to those for MDO1 and
MDO2 polytypes of Cs{Al,[TP¢Oxl} (T = Al, B): a = 9.876-10.002 A; b = 12.885-13.082 A;
¢ =11.919-12.071 A; space group C222;. Their crystal structures contain mixed tetrahedral
[TP¢Oypl-chains, which are linked by the MOg-octahedra (Figure 7). The tetrahedral chain
is formed by the condensation of FBU, an open-branched heptamer with the descriptor
70:[30]20 120 1O 10 similar to that for the tetrahedral [TP¢Ogg]-layers in Cs{Aly[TP¢O20]}
(T = Al, B). The negative charge of the framework is balanced by Rb* ions.

Rb{M**2[ T**'P¢O20]}
M=Al,Ga; T=Al,Ga [T*PeO20]-chain
@)
@ Rb
¥ ro:
@ ‘ 704

] ~

Figure 7. The general view of the crystal structure of compounds with the general formula
Rb{l6IAV3+, T3+ P, Oy} (Where M = Al, Ga; T = Al, Ga [26,51]) and a tetrahedral chain going
along [001].

Despite of the absence of the tetrahedral layers, the MT-framework can also be con-
sidered as the result of alternation along b of two types of nonpolar OD layers parallel
to (010):

1.  The first one corresponds to a layer with the symmetry P2(2)2; consisting of tetrahe-
dral chains. The tetrahedral layer in Cs{Al;[TP¢Oy]} and tetrahedral pseudolayer
in Rb{M;[TP¢Oy] are formed by the same FBU and demonstrate the symmetrical
relationship (Figure 8) indicating the possible OD-character as was previously shown
for compounds with tetrameric [57] and pentameric [20] borophosphate FBUs, as well
as for the silicate layers [58,59];

2. The second one consists of an octahedral layer with the symmetry P2;(2)2; similar to
that observed in Cs{Al[TP¢Oq]} (T = Al, B) (the layer group P2122; is a subgroup of
the layer group Pcam). To date, there are no other polytypes of this type of framework,
however they may be found later.
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Cs{Al2[ TPsO20]} Cs{M2[TPsO20]} ' PO«(-)
T=Al,B M=Al, Ga .
T=Al Ga <roe

Figure 8. The symmetrical relationship between tetrahedral layers and tetrahedral pseudolayers in compounds with the
general formulas Cs{Al[TPOyl} (T = Al, B) and Rb{M,[TPcOy]} (M = Al, Ga; T = Al, Ga), respectively. The orientation
of the tetrahedral pseudolayer (right) have been changed using the [001/010/100] matrix in comparison with that in the
crystal structures.

Topological features of the MT-framework are reflected in the sequence of its natural tiles:
[4.6215[4.7%]5[3.5.6°]5[3.4%.5.7%1,[6*.74]. It should be noted that three tilings ([4.6%], [4.7%]), and
[3.5.6%]) are topologically equivalent to those in the Cs{AL[TPsOxl} (T = Al, B) compounds,
which indicate the relation of the two types of the {103+, [ T3+ Py Oy }-frameworks.

5. Conclusions

The polytypism of compounds with the general formula Cs{Al,[TPsOql} (T = Al, B)
has been described using the OD theory approach. The crystal structure of the hypothetical
MDO2 polytype has been proposed and optimized using DFT calculations. It was shown
that the heteropolyhedral MT-frameworks of all the polytypes contain similar natural
tilings. The compounds with the general formula Rb{lIMB+, [ T3+ POy} (M = Al, Ga;
T = Al, Ga) have the heteropolyedral MT-frameworks with the same stoichiometry. It was
found that all the frameworks had common natural tilings, which indicates the relationship
of both families of compounds. Our computational data agree well with those which
are experimentally available and, we believe, provide a reasonable basis for an internally
consistent picture which supports crystallographic considerations concerning the formation
of the polytypes of compounds with the general formula Cs{Al[TP¢Oy]} (T = Al B). Thus,
it is seems possible to synthesize the MDO2 polytype as well as the “missing” members,
such as MDO1 polytype of Cs{Al;[BP¢O5]} and non-MDO 40 polytype of Cs{Al,[AlPcOy]}
using hydrothermal techniques.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min11070708/s1, Table S1: Site coordinates (xyz) and site multiplicities (Mult.) for MDO2
polytype of Cs{Al;[TP¢Oy]}. The optimized unit cell parameters and atomic coordinates for MDO1,
MDQO2, and non-MDO-40 polytypes of compounds with the general formula Cs{Al[TP¢O5]}
(T = Al, B) are given (the atomic coordinates are given for the whole crystal structures for the space
group P1).
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Abstract: The common twinning of tetrahedrite and tennantite can be described as an order-disorder
(OD) phenomenon. The unit OD layer is a one-tetrahedron-thick (111) layer composed of six-member
rings of tetrahedra, with gaps between them filled with Sb(As) coordination pyramids and triangular-
coordinated (Cu, Ag). The stacking sequence of six-member rings is ABCABC, which can also
be expressed as a sequence of three consecutive tetrahedron configurations, named «, 3, and .
When the orientation of component tetrahedra is uniform, the «, 3, v, « sequence builds the familiar
cage structure of tetrahedrite. However, when the tetrahedra of the 3 layer are rotated by 180°
against those in the underlying o configurations and/or when a rotated o« configuration follows
after the 3 configuration (instead of y), twinning is generated. If repeated, this could generate the
ABAB sequence which would modify the structure considerably. If the rest of the structure grows as
a regular cubic tetrahedrite structure, the single occurrence of the described defect sequences creates
a twin.

Keywords: tetrahedrite; tennantite; twinning; order-disorder approach; tetrahedral framework

1. Introduction

Tetrahedrite is an old, long-known mineral species. It was known already to old
miners as fahlerz, weissgiltigerz, grey ore, or panabase, under names mostly related to its
macroscopic appearance in hand specimens. Its present name “tetrahedrite” was given by
Haidinger [1] because of the common tetrahedral form shown by its crystals. The name
“tennantite” was given to its As-based analogue, first described by W. and R. Phillips [2,3]
from Cornwall. Early reports of the occurrence of Fe and Zn in tetrahedrite were the
starting point of the long research path which, among other results, led to the chemical
formula Cuqy(Fe,Zn),(Sb,As)4S13 for the most common tetrahedrite—tennantite solid so-
lution. The voluminous literature concerned with the chemistry of natural and synthetic
tetrahedrite and tennantite and with selected synonyms (e.g., binnite and coppite) has re-
cently been summarized and referenced by Biagioni et al. [4]. The principal complication
of the chemistry of this solid solution, the interplay of Fe3*and Fe?" in tetrahedrite and ten-
natite, has been studied by several authors (e.g., Makovicky et al. [5,6]; Andreasen et al. [7];
Nasonova et al. [8]). It does not alter the crystal structure principles of these minerals.

The crystal structure of tetrahedrite (Figure 1) was refined by Wuensch [9] using
a sample from Horhausen, Westerwald (Germany). That of tennantite was refined by
Wuensch et al. [10] starting with older data of Pauling and Neuman [11], and for the
tennantite-(Cu) by [12]. Structures of silver varieties were refined by, e.g., Peterson and
Miller [13], Johnson and Burnham [14], Rozhdestvenskaya et al. [15], and Welch et al. [16].
Karanovic et al. [17] reported the crystal structure of mercurian tetrahedrite from Serbia,
confirming the results of Kalbskopf [18]. Other crystal structure investigations on mercurian
tetrahedrite were reported by Kaplunnik et al. [19], Foit and Hughes [20], as well as
Biagioni et al. [21], and on hakite by Skacha et al. [22]. The crystal structure of synthetic Mn-
tetrahedrite was described by Chetty et al. [23], whereas Barbier et al. [24] determined the
crystal structure of a Ni-containing synthetic tetrahedrite. This count can be continued by
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recent studies of tetrahedrite by materials scientists. What is remarkable for the tetrahedrite—
tennantite structure type, is the stability of structure motif (Figure 1) under all these
element substitutions.

Figure 1. Crystal structure of tetrahedrite-tennantite. MeS, coordination tetrahedra (light blue) and
majority of the (Cu,Ag)S; coordination triangles (yellow) are shown in polyhedral representation,
the Sb(As)S3 coordination pyramids as cation-anion bonds. Note filling of truncated-tetrahedron
cavities in the tetrahedral framework by “spinners” composed of triangular co-ordinations. Inset:
“spinner” of (Cu,Ag)Ss coordination triangles with (Sb,As)S; coordination pyramids surrounding
spinner cavity.

2. Twinning of Tetrahedrite

The well-known twinning of tetrahedrite—tennantite (Figure 2) has been repeatedly
described by (a selection of) those twin elements which constitute the difference between
the holohedral cubic point-group symmetry 4/m —3 2/m and the point group symmetry of
tetrahedrite, which is —43m, as demonstrated by its morphology (Figure 2). In the present
study, we attempt to describe the structural aspect of this twinning by means of defects
which can occur during the growth of tetrahedrite crystals. We concentrate on the growth
scheme of this structure, selecting the layer-by-layer mechanism, the most probable growth
layers being one-tetrahedron-thick (111) in the cubic structure, which also are the principal
crystal form of these minerals. Although the tetrahedrite structure often is “derived” from
the sphalerite structure, presence of large cavities separated from one another by single-
polyhedron-thick walls leads to a much more complicated configuration of (111) growth
layers than found in sphalerite (Figure 3). Variation in stacking of these layers ought to
be the reason for twinning. In the present model, we present a potentially free stacking
variation of layers but within well-defined layer-match rules, i.e., we presume that they
behave as order-disorder (OD) layers as defined by Dornberger-Schiff [25], Durovic [26],
and Ferraris et al. [27], among others.

There is a limited number of types of such layers in any OD structure (only one layer
type in our case), with own layer-group symmetry and 2D architecture. Their relationships
in any layer pair (of two identical layers) is in the OD structure always described by the
same set of symmetry operations. However, this does not guarantee fixed relationships,
and periodicity, for triple layers and higher n-tuples, as it does in the majority of crystal
structures. This results in a disordered layer stacking while maintaining the layer-to-layer
relations for any pair of neighbors.
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Figure 2. Interpenetration twin of tetrahedrite by reflection on m||(100). Twin symmetry elements are
m||(001), 4||[100], 2||[110], and inversion center.

* "

Figure 3. A single one-tetrahedron-thick (111) order-disorder OD layer of the tetrahedrite structure
from Figure 1. Only the tetrahedral framework is shown. Tetrahedra present in the given layer are
given in bold outlines, on a background of the net of virtual tetrahedron bases. Triangular openings
of the six-member tetrahedron rings are filled (and their shape constrained) by Sb(As)Ss coordination
pyramids (not shown). The surrounding “empty” space of virtual tetrahedron bases represents
different sections of the structure cavities which contain corresponding portions of the “spinners”
with triangular Cu(Ag) coordinations (not drawn).

As a result of differing circumstances, mostly because of unfavorable distortion/mo-
dification of the ideal OD structure motif, instead of fully disordered layer sequences,
frequent or even infrequent twinning can occur, representing faults in otherwise periodic
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layer sequences. In most cases, these can be described as twinning. In our case, it is the
occurrence of Cu(Ag)eS “spinners” [9] which fill the “collapsed sodalite-like cavities” [28]
of the tetrahedron framework (Figure 1), that influences and defines the OD phenomena,
because we expect these cavities to be strongly modified when a “faulty” layer sequence
appears in the tetrahedrite-like structure.

3. The Concept of OD Layers
3.1. The Untwinned Layer Sequence

In tetrahedrite-tennantite, the OD layers are parallel to (111), and one tetrahedron
thick. They are polar, with triangular bases of tetrahedra all oriented to one side (Figure 3),
and the “free” tetrahedron vertices all turned towards the opposite side of the layer.
The unit measure of all dimensions in the layer is the length of the edge of an MeSy
coordination tetrahedron (which usually is occupied by Cu, Fe, Zn; Makovicky and Karup-
Moller [29]); this results in a “sphalerite-like motif” of intermixed existing and virtual
tetrahedra forming the layer, and determines the dimensions of the unit mesh (Figure 3).
The layer is composed of isolated “collapsed” hexagonal rings of occupied tetrahedra,
with three-fold symmetry (the OD layers do not have to be crystal-chemical layers and
even can be disjoined although they must be periodic). The rings form vertices of a 2D
hexagonal cell, with axes four tetrahedral edges long, and layer group 3m1 (Figure 3).
This scheme is a pure tetrahedral OD scheme, in which we consider the cavities which
contain Cu(Ag)eS “spinners”, and to some extent (e.g., concerning the orientation) also the
(Sb,As) coordination pyramids, as a fill of the illustrated tetrahedral scheme. It should be
stressed that all configurations observed in the OD layer are directly related to, and derived
from, those observed in the 3D structure with cages and with (Sb,As) in inter-cage partitions
(Figure 1).

The six-tetrahedra large (but after distortion three-fold) triangular openings of the
spinner cage, which are kept constrained to three-fold symmetry by the (Sb,As)S3 pyramids
situated in the opening, will be called the & configurations (Figures 3 and 4). They were
chosen as the origin of the trigonal 2D cell, which is 4 tetrahedron edges x 4 tetrahe-
dron edges in size (Figure 3). In the adjacent portions of the (111) layer, on threefold
axes, three pairs of such tetrahedra, from three surrounding & groups, are bonded via
their base vertices with a CugS-spinner [9] which is situated at (2/3, 1/3) of the 2D cell.
This triangular area is the B-element of the planar pattern (Figures 3 and 4). Except via
this spinner, the three « elements which surround the 3-element (or “configuration”) are
not interconnected. The other triangular gap between three adjacent & configurations,
which will be called “the y-type”, is surrounded and limited by horizontal edges of six
tetrahedra from the & groups, which are situated at the origin and at two cell corners which
have the y = 1.0 coordinate. This “antithesis” of the B configuration has tetrahedral sites
at triangular corners vacant (Figures 3 and 4) and is situated at (1/3, 2/3). The outlined
scheme of configurations is identical for all (111) layers of the {111} form.

The regular spinner-cage of untwinned cubic tetrahedrite is built by a sequence of
configurations strung strictly along the line perpendicular to the (111) OD-layer: from bot-
tom of Figure 4 upwards: « is covered by, and vertex-connected to, 3; the latter in turn
is vertex-connected to an overlying y ring. After these larger f and y configurations,
the more constricted « configuration, parallel with the orientation and placement of the
initial «, follows and closes the cage (Figures 3 and 4). (Sb, As) atoms are placed in the
triangular cores of the & elements. One (Sb,As) atom is on the level of the « tetrahedra,
three (Sb,As) atoms are on the B level, three on the y level, and finally one is in the closing
a ring (Figure 1). The (Sb,As) groups alternatively assume opposing orientations (in- and
outward-oriented in respect to the cage).

As the &, B, and y elements are parts of all OD layers, and the layers are identical,
the outlined scheme means that, upwards, the OD layers in a layer sequence undergo shifts
(defined here by the position of the & configuration) as follows: (0,0); (—1/3, —2/3); (—2/3,
—1/3); (0,0). These shifts define the classical ABCABC stacking sequence of cubic close
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packing but with shift lengths forming a superstructure of the cubic close packing of a
tetrahedra. These shifts preserve the same orientation of tetrahedra in all consecutive (111)
OD layers (Figure 4). The described sequence yields the regular scheme of the undisturbed
tetrahedrite/tennantite structure.

Figure 4. The truncated-tetrahedron cavity of the structural framework encompasses four consecutive
OD layers (two of which are shared with the preceding and the following cavity). The corresponding
configurations from one blown-out cavity are denoted as «, B, v, & then, the sequence repeats.
Lateral shifts in the depicted sequence simulate those needed for vertex-fitting.

3.2. The Twinned Layer Sequence

The well-known twinning of tetrahedrite/tennantite requires that the tetrahedron
orientation is altered by 180° rotation (Figure 2), together with the entire (111) OD layer,
in comparison with the original sequence. Interconnection of tetrahedron vertices with the
underlying layer must be preserved in this process (Figure 5).

If we examine the just growing 180°-rotated (111) layer of tetrahedra on the surface of
tetrahedrite, the interconnection condition is satisfied when the 180°-rotated o element in
the growing layer is anchored on vertices of the 3-element in the starting layer (Figure 5,
top). Then, in the adjacent portion of the growing rotated layer, the 3-element adjacent
to the said « element (both rotated in respect to such configurations in the starting layer)
will be anchored on pointing vertices of the & element in the starting layer. The adjacent
v element in the rotated layer is, in a rotated fashion, anchored on the vertices of the
Y element in the starting layer (Figure 5, right-hand corner). The x-on-3 sequence is one of
the mechanisms (structure defects) by which the twinned structure orientation is created.

In the resulting «B o’ sequence, the transfer of the first to the third layer represents a
twofold screw axis running through the « rings, with a shift equal to the thickness of two
layers and interlayer spaces. It is a trigonal antiprism of six corner tetrahedra, unlike the
full tetrahedrite cage.
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Figure 5. Tetrahedron-fit and vertex sharing of individual configurations from two (111) layers immediately following one
another; the configurations are enumerated in the text. Configurations «, 3, and vy for the unrotated layers are shown at the
bottom of the figure, whereas stacking of oc and 3 configurations for sequences which involve 180° rotation of consecutive
layers are shown above them and are indicated by priming of the symbols.

The defect shift sequence can be defined as (0, 0); 2(11/3,22/3,) and t(—11/3, —22/3),
i.e., rotation and displacement of the 3 element to the origin.

When centered on the « element in the starting layer, and attaching to its vertices,
the B element in the growing layer can assume two orientations (Figure 5, left). One of
them has tetrahedra oriented in the fashion parallel to those in the preceding o element
(and its entire starting (111) plane). After that, either a y element in the next growing layer,
and then the usual tetrahedrite-like sequence can follow, or a rotated o element can follow
after the attached B, as described in the preceding paragraph. In the other orientation,
the B configuration in the growing layer is 180° rotated against that in the starting layer
but it still fits with the vertices of the underlying o element. As the result of these two
choices, the set of layer shifts either creates a normal tetrahedrite cage, xBy«, or it gives a
modified sequence, aB’y’ &/, or it even can generate the «f’ o« sequence (which has been
already mentioned). Presence of the rotated sequence means that the “(0,0) configuration”
is followed by a layer with rotation and a shift (—11/3, —22/3).

The just described «B’ sequence produces a nicely interconnected openwork of tetra-
hedra as a basis of further growth. Both above outlined approaches, &’ and «p’, give the
same, identical result because placing the rotated « element on the B element automat-
ically places the adjacent rotated  onto the & configuration. If repeated, instead of the
ABCABC layer-stacking sequence which is typical for tetrahedrite, this sequence produces
an ABABAB stacking of « rings, which are of the same polarity along the stacking axis,
with all rings 180°-reversed (in a wurtzite-like fashion) in the B layers of the stacking
formula. In this case, the gamma elements become open channels along the direction
perpendicular to OD planes, unlike the cage-scheme observed in tetrahedrite.

3.3. Twin Symmetry in OD Description

The OD groupoid symbol, describing both the symmetry of individual OD layer and
the symmetry operations transforming the nth layer into the (n + 1)th layer reads as
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P m m m (3) 1 1 1

' nmipmp myps2  mysp  (22) o o o }

where the individual elements relate to three horizontal crystallographic axes a;, fol-
lowed by the value for the c axis and directions parallel to it, and by three directions which
halve the angles between adjacent a axes. Thus, the mirror planes present in the layer
(Figure 6) are perpendicular to the a cell axes, and are interleaved by a full-unit-cell size
gliding arrangement of « rings; these planes are extended into a layer pair as 1y /3, glide
planes of the (11) orientation; these are active for the ABC sequence. The glide component
of 1/3 is valid for all three periodic directions in which the « elements in (n + 1) layer
surround the initial element in the nth layer, although the periodicities in these three
directions are not equal in their absolute length (in A). The second subscript (2”) indicates
a full OD layer-to-OD layer shift. Additional c-glide planes are oriented as (10) planes and
are active only in the ABA sequence. Similar to the diagonal glide planes in the formula,
the c glide planes all are c; operations [26], i.e., the layer-to-layer operations, and not the
“classical” planes with a half-period translation component. They are placed alternatively
between two more distant « rings and between two underlying and one overimposed
« ring, with their more extensive overlap in projection (Figure 6). The latter sequence
contains [001] 2, rotation axes. Thus, the ABC sequence is as follows.

p m m m 3) 1 1 1

U mysp misp myzp (O 11 1T )
and the ABA sequence is

p m m m 3) 1 1 1

{1 1 1 () o ¢ ¢ |}

All the symmetry operations preserve the polar layer orientations. The layer-reversing
symmetry operations are absent.

All other attempts of layer fitting result in small partial fits and huge misfits elsewhere
in ring-like configurations. If the rest of the structure grows as a regular cubic tetrahedrite
structure, the single occurrence of the described defect sequences creates a twin.

3.4. Penetration Twins

There are four equivalent planes in the {111} form, and each of them can give rise to
the described twinning. What is the situation along [110], the meeting line of two such
planes or even the [111] meeting point of three {111} planes? To answer the first question,
when two o elements on the opposing {111} planes meet, they produce a characteristic
group of four parallel tetrahedra (Figure 1). Closing of the space between such adjacent
groups creates an undisturbed structure.

What is the situation in one growing (111) plane, which surrounds a patch of twin-
oriented (111) plane in its middle? This situation is modeled in Figure 6, in which it can be
seen that the rotated o configurations are displaced from their regular spacing in unrotated
structure portions. This displacement can be described as separation by one row of virtual
tetrahedral bases on all three equivalent {10} lattice planes in the trigonal plane-group
(lattice). Displacement proceeds parallel to the axes of the trigonal plane lattice, along [01]
in Figure 6, and the shift is by one edge length of the virtual triangular base of a tetrahedron.
Each of the three displacement orientations can occur in two alternative directions (+ and
— on the given axis) leading to potential order-disorder shifts between adjacent domains if
more than one rotated structure patch appears in the growing layer. Propagation of the
rotated structure patch to consecutive growth layers is assured by the differences in the
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position of the free tetrahedron vertices in the starting layer and in the 180°-rotated version
of the structure.

Figure 6. A two-layer sequence, with unrotated sequence of OD layers in the lower portion of the figure, and a 180°-rotated
patch of the second (111) layer of tetrahedra in the upper portion of the figure. Incoherence between these two patches when
they meet is accentuated in the right-hand central portions of the figure. Simplified symbols of symmetry operations indicate
the reflection planes m in the individual OD layer, tied with the n-glide planes of the OD type (see full characterization in
the text) for the unrotated layer pair, and the OD-type c-glide plane, and the corresponding 2, screw-axis, for the sequence

with rotated OD layers.

3.5. (As,Sb)-Coordination Pyramids and (Cu,Ag)-Spinners

The OD phenomena of the purely tetrahedral OD scheme may be complicated by
potential changes induced to the architecture of coordination pyramids and of lone electron
pair schemes of As and Sb, and to those of (Cu,Ag)sS spinners in the cavities. Do we
see configurational and compositional changes, and are there clusters of any kind which
are forbidden?

Models reveal that the above described defect sequences allow three (Sb,As) pyramids
on the level of 3 element in an arrangement as exists in the undisturbed tetrahedrite
structure. Orientation of adjacent tetrahedra suggests that these pyramids are oriented
outwards, out of the cage. The pyramid in the initial & ring points inwards, however, as do
those in the y element, whenever it follows. In the final « ring, the pyramid points out of
the cage (or semi-cage) which we have just constructed, similar to the tetrahedra around it.

Whereas the question of (Sb,As) accommodation is surprisingly simple, that of spin-
ners may be more complex. In the case of ap«’ sequence, only one half of a spinner
(three arms) can fit in the reduced cavity. The central S atom of the original spinner may
not fit this arrangement in the original form and the actual spinner re-arrangement is not
known.

4. Conclusions

The model of twinning described here is based on order—-disorder phenomena occur-
ring when the tetrahedrite structure grows as a sequence of incremental (111) layers which
are one tetrahedron thick. It does not require edge sharing of tetrahedra and resulting
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short cation—cation distances. As a chemical implication, it does not indicate excessively
reducing conditions of formation.

The rough estimate of the local compositional problems for twinned layer configu-
ration is difficult to give because changes in spinner configurations on twinning are not
known. However, from the initial discussion (above), it follows that all OD layers have
identical composition, notwithstanding their shifts, and the disordered structure should
have the same composition as the ordered ABCABC structure. This indicates that the
usually observed formation conditions for tetrahedrite-tennantite should not influence
the presence or frequency of its twinning, although the presence of more exotic substitutes
(with unusual atom radii) might do so.
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Abstract: Crystals of new silicate-germanate Rbj ¢¢Csq 34Tb[Si5 43Geg 57015]-HoO have been syn-
thesized hydrothermally in a multi-component system TbCl3:GeO;:5i0; = 1:1:5 at T = 280 °C and
P =100 atm. K,CO3, Rb,CO3 and Cs,CO3 were added to the solution as mineralizers. The crystal
structure was solved using single crystal X-ray data: 2 = 15.9429(3), b = 14.8407(3), c = 7.2781(1) A,
sp. gr. Pbam. New Rb,Cs,Tb-silicate-germanate consists of a [Si5.43Geq.57015]cco corrugated tetra-
hedral layer combined by isolated TbOg octahedra into the mixed microporous framework as in
synthetic K3Nd[SigO15]-2H,0, K3Nd[SigO15] and K3Eu[SigO15]-2H,O with the cavities occupied by
Cs, Rb atoms and water molecules. Luminescence spectrum on new crystals was obtained and anal-
ysed. A comparison with the other representatives of related layered natural and synthetic silicates
was carried out based on the topology-symmetry analysis by the OD (order-disorder) approach. The
wollastonite chain was selected as the initial structural unit. Three symmetrical ways of forming
ribbon from such a chain and three ways of further connecting ribbons to each other into the layer
were revealed and described with symmetry groupoids. Hypothetical structural variants of the layers
and ribbons in this family were predicted.

Keywords: RE-silicate-germanate; hydrothermal synthesis; layered silicates; modular approach;
wollastonite chain; topology-symmetry analysis; OD theory; structure prediction; luminescence
properties

1. Introduction

Si and Ge elements have equal formal charge 4+ and tetrahedral coordination. In the
crystal structures, Si and Ge occur together only as the isomorphic substitution Si-Ge in
tetrahedra. Both elements are present isomorphically in the minerals sanbornite, milarite,
albite, perrierite, farmakosiderite, garnet, titanite, and zeolite analogues [1]. Lone pair
heavy metals act together with different anionic units containing mixing components. Such
an approach is actually used in materials design to result in promising properties. There
are no silicate-germanates with Tb in the nature or synthetic compounds according to [1,2].
However, there are a lot of original synthetic Tb-silicates with different anionic radicals [2,3]:
ortho- NaTbg(S5i04)¢O; [4], KTbg(S5iO4)sO2 and Cd;Tbg(5i04)6O; [5] (structural type of
apatite), NagsTb4(OH)[SiO4]4 [6]; diortho- Tb,Si,O7 [7], K3TbSir O [8], TbsS3Si,O7 [9];
triortho- K3TbSi3Og(OH);, [10]; tetraortho-groups BayTb;SisO13 [11]; six-membered rings
Na3Tb35igO15-HyO (synthetic gerenite) [12]; chains—unbranched Rb,TbGaSisOq; [13],
wollastonite NayTbq gsCap 92SigO18Hp g [14] and spiral NaszTbSi3Og-3H,0O [15]; layers in
CS3TbSi4010F2 [16] and K7'04Tb38i12032'02'1.36H20 [17], sheets in CSgTbSi8019~2H20 [18]
and NayK;Tb;Si16035-10H,0 [19]. For some of these compounds, the luminescence prop-
erties were investigated [6,10,13-15,18,19].
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Silicate crystal structures with the layers are presented [20,21] as a result of condensa-
tion of various chains. The formation of chains, layers, or frameworks by linking tetrahedra
by the symmetry elements are partially addressed in a monograph [20], where the chains
of Ba-silicates and symmetry elements responsible for their formation are identified. Im-
portant aspects of the modular approach and OD description of crystal structures were
analyzed in [22]. For careful analysis of the similarities and differences in crystal structures,
it is necessary to separate building units or modules which may be similar in different
minerals, for example, layers in micas. The use of symmetry, a fundamental concept in
crystallography, is a key tool for the description of structural families and for the construc-
tion of anionic radicals. Such an approach was suggested in [23] for layered ordered crystal
structures in which a significant disorder component may be presented (OD theory). The
local symmetry of layers or rods leads to structural variants of their conjugation and allows
to predict new crystal structures. In the OD family, sursassite-pumpellyite-ardennite, the
fourth member, was predicted and confirmed by high-resolution electron microscopy [24].
Strict symmetric rules dictate all possibilities in real or hypothetical crystal structures. The
symmetry approach, based on the principles of OD theory [23], was developed for the
borates [25] at all levels of condensation from the initial isolated tetrahedron to the chain,
layer, and framework anionic units and described by groupoids of different ranks. As
mentioned in the investigation of the crystal structure of the chain diborate GAH[B,Os] [26],
the results are the same for borates, silicates, and other tetrahedral radicals. Thus, the
borate chain in vimsite Ca[B,O,(OH)y] is identical to the pyroxene chain. The formation of
ribbons, layers, and frameworks in the well-known silicates are considered in [26]. The
letters U (upward) and D (downward), which are commonly used in the literature for
the description of tetrahedral anionic groups (chains, layers, and frameworks) actually
reflects the absence or presence of inversion symmetry elements [27]. Two-chain ribbons
are present in palygorskite Mgs[SisO19]2(OH),-8H,0O, and three-chain ribbons in sepiolite
Mgu[SigO151(OH),-6H;O. In both minerals, pyroxene chains are related by the symmetry
elements m,, —1, my, —1 ... (palygorskite) or my, my, 2., my,, my, 2, ... (sepiolite) [26].
The crystal structure of x-celsian Ba[Al,Si;Og] demonstrates next step of condensation:
nonpolar double-decker sheets are formed of polar mica-like layers multiplied by the
mirror plane m; via sharing of the apical vertices of the tetrahedra.

Synthesis of a new Rb,Cs,Tb-silicate-germanate, its structure solution and crystal
chemical comparison with known related natural and synthetic silicates led us to using
topology-symmetry analysis of OD theory. The following rubricating of known and
predicted layered crystal structures is presented in this work. Luminescence properties are
also characterized.

2. Materials and Methods
2.1. Synthesis of Crystals

The crystals of a new Rb,Cs, Tb-silicate-germanate were synthesized by a hydrother-
mal method in the system, containing oxide and chloride components in the mass ratio
TbCl3:GeO,:5i0; = 1:1:5 that corresponds to 1.0 g (0.003 mol) TbCls, 1.0 g (0.001 mol) GeO,
and 5.0 g (0.017 mol) SiO,. All the reagents were of analytical grade. The mass ratio of
solid and liquid phases was 1:5. K,CO3, Rb,CO3 and Cs,CO3 were added at the solution
as mineralizers. The phase formation occurred at a pH 3 (measured after the completion
of the reaction). The synthesis was carried out at the temperature of 280 °C and pressure
of 100 atm. A standard autoclave (capacity 5 to 6 cm?) lined with Teflon was used. The
characteristics of experiment were limited by the kinetics of the hydrothermal reactions
and the instrumental capabilities. The reaction went to completion during heating for 18
to 20 days; followed by cooling to room temperature for over 24 h. The grown crystals
were isolated by filtering the stock solution, washed with water and finally dried at room
temperature. The small colorless transparent prismatic crystals, splices and brushes of
crystals were found in the reaction products. The yield of the crystals was about 50 vol.%.
Determination of the unit cell parameters on single crystals was performed using pre-
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experiment on Xcalibur S diffractometer (CCD area detector; graphite-monochromated
Mo-K radiation). The chemical composition was determined using a Jeol JSM-6480LV
scanning electronic microscope combined with WDX analysis (Jeol, Osaka, Japan). The
qualitative test revealed the presence of Tb, Cs, Rb, Si, Ge and O.

2.2. Luminescence Study

Photoluminescence emission (PL) and excitation (PLE) spectra were recorded on an
Agilent Cary Eclipse fluorescence spectrometer (Agilent Technology, Malaysia) with a
75 kW xenon light source (pulse length T = 2 ps, pulse frequency v = 80 Hz, wavelength
resolution 0.5 nm; PMT Hamamatsu R928). For correct determination of photolumines-
cent properties, the measurements were performed on three portions of the crystals. The
photoluminescence spectra of all samples were obtained under similar experimental con-
ditions to compare the relative emission intensities and reduce the error. The experiment
showed complete reproduction of the photoluminescence data for these three portions.
The obtained spectra were corrected for the sensitivity of the spectrometer.

In Figure 1a, the PLE spectrum of Rbq 46Cs1.34Tb[Si5 43Geg 57015]-HoO is shown. Ac-
cording to the results, the Tb3* ion can be excited in different ways: within intraconfigural
4f8 transitions, and by interconfigural 4f8-4£75d! transition [28]. Several bands at 300 to
500 nm are attributed to {-f transitions of Tb3* ions from the “Fg ground state to the 5Hg
(303 nm), °Hy (320 nm), °Lg (360 nm), °D; (378 nm) and °Dy (480 nm). The most intensive
°Dj; transition was not split.
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Figure 1. Rby ¢4Cs1.34Tb[Si5 43Geq 57015]-HyO: PLE spectrum (a) and PL spectrum at Aexc = 378 nm (b).

In Figure 1b, the PL spectrum of Rby 46Cs1.34Tb[Sis 43Ge( 57015]-H,O controlled at
Aexc = 378 nm is shown. The spectrum consists of Dy — 7F] (J = 3-6) optical transitions
of Tb3* jon. The emission from the hypersensitive >Dy—’F5 transition at 540 nm is pre-
dominant. There was no emission from the higher lying °Ds level to 7F] states (Figure 1b).
Generally, the absence of these transitions is due to the presence of efficient cross-relaxation
processes [29]. The deactivation in the D3 emitting state such as °D3 — °Dy and “Fg
— 7Fy or °D3 — "Fy and “Fg — °Dy [30,31] is observed since the concentration of Tb3*
is relatively high. The main peak is split into two Stark components. This, apparently,
is due to the presence of two non-equivalent positions occupied by Tb®* in the crystal
structure. Only the °D,~’F; (] = 3-6) transition lines have a measurable intensity. It was
noted that the luminescence intensity of the 5Dy — 7Fj transition could become comparable
to that of the main green °Dy — ”Fj transition of Tb®>*, when the crystal field is strong [32].
In Rbl_66C51‘34Tb[Si5,43Ge0,57015]~H20 the 5D4 — 7F3 Compared to 5D4 — 7F5 is less, by
approximately 10 times. So, the studied crystal has a low crystal field strength. In addi-
tion, the ratio between the °D, — 7Fs transition (green band at 490 nm) to the °Dy — ”Fg
transition (blue band at 540 nm) is known as green-to-blue fluorescence factor (G/B) [33].
The G/B (Tb3*) determines the asymmetry of the local environment around the Tb%* ions
and character bonding (covalent/ionic) between Tb3* and O?2~. The G/B factor for Tb>*
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ions in Rbq ¢¢Csq 34 Tb[Si5 43Geq 57015]-H,O is 5.01 has been calculated. The obtained value
is rather high, which suggests more covalent character of the bonding between terbium
and oxygen ions. This is due to the presence of heavy rubidium and cesium atoms in the
crystal composition.

3. Results
Structure Solving and Description

A small colorless transparent short-prismatic crystal with a size of 0.10 x 0.05 x 0.04 mm
was selected for the single-crystal X-ray study. The diffraction experiment was carried
out on an Xcalibur-S diffractometer (Oxford Diffraction, Oxford, UK) with a graphite-
monochromatized Mo-K  radiation source (A = 0.71073 A) and a CCD detector (w scanning
mode). The data were integrated using the CrysAlis Pro Agilent Technologies (v.1.1713735.
2014) software [34] and corrected for the Lorentz and polarization factors. The refined
orthorhombic unit-cell parameters are a = 15.9429(3), b = 14.8407(3), ¢ = 7.2781(1) A,
V =1722.03(6) A3. A structural model was found by the direct method determination
using SHELXS [35] within the WinGX v2018.3 [36] software in the suggested space group
Pbam in agreement with the systematically absent reflections. At the first step, Tb1, Tb2,
Rb1, Rb2, Csl, Si and several of O sites were found. The remaining O sites were detected
in different Fourier syntheses and were introduced in the model. As the temperature
displacement parameters for all Si sites and Rb2 site were decreased, a small amount of
Ge was isomorphically added in the Si sites ((Sig.93Geg.07)1, (Sig.88Gep.12)2, (Sip.91Gep.09)3,
(Sig.92Gep p)4) and Cs—in Rb2 site (Rbg 46Csg 34)2 which significantly improved the R-factor.
The occupations of these sites were found first by changing them step by step in a search for
the minimum R-factor with the control of the temperature displacement parameters. After
that, we applied the procedure of the refinement of tetrahedral position occupations and
(Rs,Cs)2 position occupations, which made it possible to improve the result. The O11 atom
was identified as the oxygen of a water molecule based on Pauling’s bond valence distribu-
tion [37] (Table 1). The resulting chemical formula is Rbj ¢6Cs1.34Tb[Sis5 43Ge( 57015]-Ho O,
Z = 4. The structural model in a space group Pbam was refined using the least squares proce-
dure in anisotropic approximation of the atomic displacements and with the refinement of
the weighting scheme using SHELXL [38]. The absorption of crystal was not corrected be-
cause it was negligible prmax = 0.63 and did not influence the result. Crystallographic data,
atomic coordinates and selected bonds are presented in Tables 2—4. CCDC CSD 2,062,486
contains crystallographic data for this paper. These data can be obtained free of charge
via www.ccde.cam.ac.uk/data_request/cif (accessed on 24 March 2021). Illustrations were
produced using ATOMS (v. 5.1) [39] and CORELDRAW (v. 21.0.0.593, 2019) programs.

Table 1. Pauling’s balance of valences for Rbj ¢¢Cs; 34Tb[Sis5 43Geq 57015]-HO.

Tb13* Tb23* Cs1* Rb1* (Rb,Cs2)* T1% 24 T3% T4
CN.=6 CN.=6 CN.=11 CN.=9 CN.=7 CN.=4 CN.=4 CN.=4 CN.=4 Zexp Ztheor
0.25* 0.25* 0.5* 0.5* 0.5* 0.5* 1.0* 1.0* 0.5*
01>~ 0.5*% 0.045 0.056 1.0 -1.1 -1.0
02%~05*% 0.071 0.5 0.5 —-1.071 -1.0
032~ 1.0* 0.125 x 4 0.045 x 4 0.071 x 2 1.0 —1.825 —-2.0
04>~ 1.0*% 0.125 x 4 0.056 x 4 1.0 —-1.722 -2.0
052~ 1.0* 0.056 x 2 0.5 x2 1.0 —-2.111 -2.0
06>~ 1.0* 0.071 x 2 1.0 1.0 —2.143 —-2.0
07>~ 0.5*% 0.125 x 2 0.045 x 2 0.071 0.5 —0.912 -1.0
08>~ 1.0* 0.045 x 2 1.0 0.5 x2 —2.091 —-2.0
09%~ 0.5*% 0.125 x 2 0.071 0.5 —0.821 -1.0
010>~ 0.5* 0.045 0.056 1.0 —-1.1 -1.0
O11w?~ 0.5* 0.045 0.056 -0.1 0
z +0.75 +0.75 +0.5 +0.5 +0.5 +2 +4 +4 +2 15 15

* These values correspond to multiplicities scaled to common position multiplicity equal to 1.0.
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Table 2. Crystal data and structure refinement for Rby 46Cs1 34 Tb[Si5 43Geg 57015]-HyO.

Formula Rb1_66Cs1.34Tb[Si5_43Ge0,57015]-HZO
formula weight (g/mol) 930.48
T (K) 293(2)
crystal system Orthorhombic
space group, Z Pbam, 4
a(A) 15.9429(3)
b (A) 14.8407(3)
c(A) 7.2781(1)
V(A3 1722.03(6)
crystal size (mm) 0.10 x 0.05 x 0.04
Pcalc (g/cm 3) 3.532
i (mm— 1) 12.610
F(000) 1677
wavelength (A) 0.71073
0 range/deg. 2.75-30.78
limiting indices —22<h<22, -21<k<20,-10<I1<10
refl. collected/unique 28316/2756 [Rint = 0.0695]
completeness to theta 99.9
data/restraints/parameters 2756/0/143
GOF 1.187
Ry, wRy 1[I > 20(I)] 0.0541, 0.0885
Ry, wR, (all data) ! 0.0670, 0.0926
Apmax and Apmin (€ A~3) 1.726 and —2.318

LR(F) =L IFyl — |Fcl 1 /X1 Fol and wRy = [Yw(Fo? — Fe 2)2 /Y w(Fo2)2]Y/2 for Fo2 > 20(Fo2).

Table 3. Atomic coordinates and atomic displacement parameters (U, A2) for Rby 44Csq34Tb
[Si5.43Geg 57015]-HoO. Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Wyckoff
Atoms Position, S.o.f. X Y Z Ueq
Point Symm.
Csl 4g,m 1.0 0.1306(1) 0.5459(1) 0 0.0255(2)
Rb1 4h, m 1.0 0.2830(1) 0.8920(1) 0.5 0.0408(4)
(Rb, Cs)2 4g,m 0.66, 0.34 0.4222(1) 0.4033(1) 0 0.0250(2)
Tb1 2b,2/m 1.0 0.5 0.5 0.5 0.00832(14)
Tb2 2d,2/m 1.0 0 0.5 0.5 0.00750(14)
(Si, Ge)1 4h, m 0.93, 0.07 0.0874(1) 0.7829(2) 0.5 0.0083(7)
(Si, Ge)2 8i,1 0.88,0.12 0.3535(1) 0.6345(1) 0.7838(2) 0.0077(5)
(Si, Ge)3 8i, 1 0.91, 0.09 0.0395(1) 0.3024(1) 0.2181(2) 0.0087(5)
(51, Ge)4 4h, m 0.92,0.08 0.2068(1) 0.6291(2) 0.5 0.0060(7)
o) 4g,m 1.0 0.0165(5) 0.2918(5) 0 0.0192(16)
0Q) 4h, m 1.0 0.1804(4) 0.7355(4) 0.5 0.0139(15)
(0]C)] 8i,1 1.0 0.0526(3) 0.4042(3) 0.2791(7)  0.0150(10)
0@4) 8i,1 1.0 0.4291(3) 0.5701(4) 0.7326(8)  0.0176(11)
(0](5)] 8i,1 1.0 0.0392(3) 0.7465(4) 0.3168(7)  0.0184(11)
o(6) 8i,1 1.0 0.1258(3) 0.2425(3) 0.2554(7)  0.0141(10)
o) 4h, m 1.0 0.1292(4) 0.5630(5) 0.5 0.0134(14)
O(8) 8i,1 1.0 0.2653(3) 0.6115(4) 0.6809(7)  0.0189(11)
0©) 4h, m 1.0 0.0990(4) 0.8882(5) 0.5 0.0142(15)
0(10) 4g,m 1.0 0.3262(5) 0.6260(6) 0 0.0187(16)
o(1nw 4q,m 1.0 0.2446(9)  0.3400(10) 0 0.079(4)
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Table 4. Selected interatomic distances for Rbq 46Cs1.34Tb[Sis5 43Geg 57015]-H,O.

Atoms Bonds (A) Atoms Bonds (A)
Tb10¢ Octahedron Tb20¢ Octahedron
Tb1-0O4 x4 2.286(5) Tb2-07 x2 2.262(7)
Tb1-09 x2 2.290(7) Tb2-0O3 x4 2.304(5)
Average 2.287 Average 2.290
(Si,Ge)104 Tetrahedron (Si,Ge)204 Tetrahedron
(Si,Ge)1-09 1.573(7) (Si,Ge)2-O4 1.582(5)
(5i,Ge)1-O5 x2 1.632(5) (5i,Ge)2-08 1.629(5)
(51,Ge)1-02 1.640(7) (5i,Ge)2-010 1.637(3)
Average 1.619 (5i,Ge)2-06 1.662(5)
(Si,Ge)304 Tetrahedron Average 1.628
(51,Ge)3-0O3 1.588(5) (Si,Ge)404 Tetrahedron
(Si,Ge)3-O5 1.617(5) (Si,Ge)4-0O7 1.579(7)
(Si,Ge)3-0O1 1.637(3) (Si,Ge)4-08 x2 1.634(5)
(51,Ge)3-06 1.660(5) (5i,Ge)4-02 1.635(7)
Average 1.626 Average 1.621

The new crystal structure of Rby ¢6Cs1.34Tb[Si5 43Ge( 57015]-H,O consists of mixed
(51, Ge) tetrahedra (Table 3) which are combined into the corrugated layer [Si5 68Gep 32015]c000
parallel to ac containing four-, six- and eight-membered rings. The isolated TbOg centro-
symmetric octahedra (Table 4) connected with (5i, Ge) tetrahedral layers into the mixed
microporous framework. Rb, Cs atoms and water molecules fill the channels of the
framework (Figure 2a,b).

Rb, (Cs, ,Tb[Si;,Ge,;,0,4] H,0
sp.gr. Pbam

Er vy

(©)

Figure 2. Crystal structure of Rby 46Cs1 34 Tb[Si5 43Geq 57015]- H2O: mixed framework in ab-projection
(a), Si-O tetrahedral layer in ac-projection (b) and isolated wollastonite chain (c).

4. Discussion
4.1. Structural Comparison with the Related Layered Silicates

Polytypic relations between isochemical alkali-REE layer silicates and sazhinite were
analyzed in [40]. Multiring tetrahedral sheets for four crystal structures: sazhinite Na,Ce[Sig
O]4(OH)2]'1‘1H20 [41], Na2.74K0.26Ce[Si6015]-ZHQO [42], Na2.4Ce[Si6015]-2HzO [43], K3Nd
[SigO15]-2H,0 [44] were analyzed, emphasizing the presence of a xonotlite-like ribbon.
Polytypic relations were derived for the compounds and the crucial role of large K cations
was found in forming crystal structures. Some symmetry elements were described: m
mirror plane for sazhinite structure type, a glide for Naj 4Ce[SigO15]-2H,O. Diffraction
features, which present some diffusion effects and spurious reflections, were fixed on
reciprocal lattice h0l and h1l.

The crystal structure of a new member of the family, Rby ¢¢Cs1.34Tb[Sis5 43Geg 57015]-H,O,
is close to the layered K3Nd[516015]2H20 [44], K3Nd[516015] [45] and K3Eu[816015]-2H20
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(symmetry decrease is caused by the displacement of some atoms from the m-plane) [46]
(Table 5). All the compounds have identical mixed frameworks consisting of Si-O tetra-
hedral layers combined with isolated REEOg-octahedra. The new crystal structure differs
from these only by the substitution of Rb, Cs for K and the amount of water molecules.
Different filling of voids is a characteristic feature of this structural family up to differences
in individual crystals of the same mineral sample. Silicate K3Eu[SigO13(OH)4]-2H,0 [46]
contains ribbon [SigO13(OH)4]e instead of layer (Figure 3a). The similar ribbon as in
the latter crystal structure is presented in the layers of all former silicates including the
new member. Ribbons are multiplied into the layer along the a-axis by inversion center
(Figure 3b).

Table 5. The main crystallographic characteristics of the family structures.

Unit Cell

o Reference
Parameters, A

Chemical Formula Space Group

a=15.943
Rb1A66C81_34Tb[5i5.43G60457015]' Hzo Pbam b=14.841 [this WOrk]

c=7.278
a =16.008

K5Nd[SigO15]-2H,O Pbam b =15.004 [44]
c=7.279
a=16.011

K5Nd[SigO15] Pbam b=14.984 [45]
c=7.276
a=14.852

K3Eu[SigO15]-2H,0 P2,2,2 b =15.902 [46]
c=7.243
a=7.500

Pmm?2 b=15.620 [41]
¢ =7.350
a=7415

Pmm?2 b=15515 [47]
c=7.164
a=14.370

B-K3Nd[SicO15] Bb2ym b=15518 [44]
c=14.265
a=7.309

Na2,4Ce[Si6015]~2H20 Pman b=14.971 [43]
c=7.135
a=30.870

NaNd[SisO13(OH),]-H,O Cmm?2 b=7387 [48]
c=7.120
a=7.385

NaNd[SigO15]-2H,0 Cmm?2 b =30.831 [49]
c =7117
a=7413

Na2_74K0_26Ce[SiéOl5]~2H2O Cmm?2 b =30.965 [42]
c =7.167
a=7415

NazLa[SigO15]-2.25H,0 Cmm2 b =31.008 [42]
c =7153
a =7422

Na2.72K0.25LaSiéOl5~2.25H20 Cmm?2 b =31.039 [42]
c =7.196

NazCe[Si(,Ol4(OH)2] -nHzO
Ce-sazhinite

NagLa[Si6015]~2H20
La-sazhinite

The crystal structure of sazhinite NayCe[SigO14(OH),]-nH,O [41] (NazLa[SigO15]-
2H,0 [47]) (Table 5) is similar to the Rb,Cs,Tb-silicate-germanate mixed framework and
configuration of the corrugated tetrahedral layer with four-, six- and eight-membered rings
(Figures 2a and 4a, side projections). However, these layers have a different topology and
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symmetry visible in frontal projections (Figures 2b and 4b). In sazhinite, the wollastonite
chain multiplies into the ribbon by the mirror plane m, (Figure 4b) and then into the layer by
inversion centers valid only for the layer pairs and not for the whole structure. That corre-
sponds to local symmetry operation used in OD theory. A flat ribbon is formed in sazhinite
in contrast to a double-decker ribbon in new silicate and in K3zEu[SigO13(OH)4]-2H,O
because of influence of large K atoms [40]. The 3-K3sNd[SigO;5] [44] (Table 5) is a distorted
variety of the sazhinite crystal structure (Figure 4a—d).

K,Eu[Si0,,(0OH),] 2H,0 Rb, Cs,,, Tb[Si;Ge,,0,5]-H,0
ribbon layer
a \ \ Y
jl[—\. - \ AV »_A\x
L / V24V V)4
b l a
l (ﬁ

t » b (a) (b)

Figure 3. The ribbon in the crystal structure of K3Eu[SigO13(OH),]-2H,O (a) and the layer in the
crystal structure of Rby 6Cs1 34Tb[Si5 43Geg 57015]-HoO (b).

Sazhinite Na,Ce|Si,0,,(OH)]'nH,0
sp.gr. Pmm?2

my psa{rdo ny pssTudo my

(a) (b)

B-KNd[Si,0,]
sp.gr. Bb2,m

© e

Figure 4. Crystal structure of sazhinite: mixed framework in bc-projection (a), Si-O tetrahedral layer
in ab-projection (b); crystal structure of 3-K3Nd[SigO15]: mixed framework in ab-projection (c), Si-O
tetrahedral layer in be-projection (d).
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The original crystal structure Nay 4Ce[SigO15]-2H,0 [43] (Table 5, Figure 5) discussed
in [40] has a new variant multiplication of wollastonite chains into the ribbon by a, glide
which are further multiplied by the inversion center in the layer.

Na, Ce[Si,O]-2H,0
sp.gr. Pmna

/J
\ \/
N

Figure 5. Si-O tetrahedral layer of Naj 4Ce[SigO15]-2H,O crystal structure in ac-projection.

In the NaNd[Si6013 (OH)Z] HzO [48] (equal to NagNd[Si6015]~2H20 [49]), Na2_74K0.26
Ce[Si6015]~2H20, NagLa[Si6015]'2.25H20 and Na2.72K0,25LaSi6015-2.25H20 [42] Crystal
structures (Table 5, Figure 6a,b), two variants of ribbon-forming are observed: by my as in
sazhinite, and by the by operation in accordance with the unit cell selection. Ribbons are
connected into the layer by local operation or pseudo-inversion centers 1 (Figure 6b). As a
result, the a parameter (b in sazhinite) is doubled (Table 5).

NaNd[Si,0,,(0H),]-H,0
sp.gr. Cmm?

/T\' /\* ". - 4\.;‘\
‘\_%‘h > ‘4;/’
b 44
L“\__ B .y ,/>
P plé
<:;:" [P ; '"’“:J-«,_ i
Ve Ve

mx : mx
psendo pseudo  pseudo  pseudo

| 1 I 1
(b)

Figure 6. Crystal structure of NaNd[SigO13(OH);]-H,O: mixed framework in ac-projection (a), Si-O tetrahedral layer in

ab-projection (b).

4.2. Topology-Symmetry Analysis and Structure Prediction

Based on the topology-symmetry analysis of this family of layered crystal structures
and the wollastonite chain with my symmetry, we can identify the ribbon from the chain by
three variants of symmetry operations: m,, 1 (equal to 2) and a,. This first step is illustrated
at the top of the Figure 7. The ribbons can be connected into the layers in several ways using
the same operations: m,, 1 and ay left to right, shown on the next line marked as “layers”.
The first case is when the ribbon with the symmetry Pm, is multiplied by the mirror plane
my giving the layer with the polar symmetry group Pmm?2. Multiplication of the same
ribbon by the inversion center gives the layer of idealized sazhinite with symmetry group
Pmmb. The second case is when a centro-symmetric ribbon with symmetry P1 is multiplied
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'y

_,r
T

by my, giving the Pmmb space group or by the inversion center giving the P2/m space group.
The third case describes multiplying of the ribbon with another symmetry group Pa by m,
or inversion center giving the Cmm2 or Pman space groups, correspondingly. The latter
variant presents known structure Naj 4Ce[SigO15]-2H,O (space group setting Pmna) [43].
In all drawings, the resulting unit cells are shown.
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struction of anionic Si-O radicals based on wollastonite chain and different multiplying symmetry operations.

Structural diversity has an OD character described by a symmetry groupoid. The
chain, which has a one-dimensional periodicity, is multiplied in the ribbon in different
ways; thus, a groupoid family symbol of lower rank is used as it was in [25] for borates:

P(my)1 A-PO,

1||my||ay,  o-PO.

Different ribbons are joined by different symmetrical operations in different layers,

and that corresponds to the groupoid family symbol:
(Pmm2||P2/m||Pma2) 1  A-PO,

1||my|la,  o-PO.
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All variants are shown in Figure 7 and belong to the members of the unify OD family
with the maximum degree of order (MDO) because the A-PO and o-PO operations are the
same for every layer, and all the ribbon pairs in the layer are equal.

Periodic crystal structures with the alternation of A-PO and 0-PO may exist in the
family up to disordered members if no order will be in initial A-PO or o-PO.

It is possible to predict not only layers but also different ribbons containing crystal
structures, if we use a, as 0-PO. They are shown in the next row in Figure 7 for different
initial ribbon A-PO (see arrows) with the different 0-PO multiplication and resulting space
groups and unit cells. Hypothetic crystal structures with double ribbons are shown at the
bottom of Figure 7 as an intermediate case between ribbon and layered crystal structures.

The specific diffraction effects described in [40] were explained by the polytypic nature
of the compounds. This is consistent with the order-disorder (OD) nature of the crystal
structures belonging to the OD family described using topology-symmetry analysis.

5. Conclusions

Crystals of Rby ¢6Cs1.34Tb[Si543Ge(57015]-HpO have been synthesized hydrother-
mally in a multi-component system at T = 280 °C and P = 100 atm and luminescence
properties on the crystals were investigated. The crystal structure of new Rb,Cs,Tb-silicate-
germanate with the isomorphic substitution in tetrahedra consists of corrugated layers
[Si5 43Geg 57015]c0c0 Which are connected with isolated TbOg-octahedra into the mixed
microporous framework. Larger than Na,K-atoms, Rb, Cs atoms and water molecules fill
the channels of the framework. The substitution of larger Nd, Eu REE by smaller Tb REE
does not changes the dimensions of voids. Structural comparison with the related layered
silicates was carried out. Modular description added with the symmetry analysis of the
OD approach allows to systematically describe the structural families or to predict new
members. Topology-symmetry analysis of this silicates family was performed based on
consideration of the wollastonite chain and symmetry variants of chain combination into
the ribbons and then into the layers. The structural representatives of minerals and syn-
thetic compounds are potentially extended. One example of “hypothetical structure” with
the space group Pman corresponds to real Nap 4Ce[SigO15]-2H,0O being in a systematically
derived position in the field of structural variants. Most of the hypothetical layered and
ribbon crystal structures are not yet discovered. Their description will help to recognize
new crystal structures of minerals in nature or in synthetic experiments and to confirm the
predicted models.
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Abstract: The family of layered vanadates, arsenates, and phosphates is discussed in terms of a mod-
ular concept. The group includes minerals vésignéite and bayldonite, and a number of synthetic
analogous and modifications which are not isotypic, but their crystal structures comprise similar
blocks (modules) consisting of a central octahedral layer filled by atoms of d elements (Mn, Ni,
Cu, or Co) and adjacent [VOy], [AsOy4], or [POy4] tetrahedra. The octahedral layers are based on
the close-packing of oxygen atoms. Within these layers having the same anionic substructure, the
number and distribution of octahedral voids are different. In the crystal structures of compounds
participating in the polysomatic series, these blocks alternate with various other structural fragments.
These circumstances define the row of structurally-related vanadates, arsenates, and phosphates
as a mero-plesiotype series. Most of the series members exhibit magnetic properties, representing
two-dimensional antiferromagnets or frustrated magnets.

Keywords: modular structures; polysomes (series); synthetic analogues of minerals; transition metal
phosphates; X-ray diffraction; antiferromagnets; frustrated magnets; kagomé lattice

1. Introduction

The modular approach for interpreting the crystal structures of minerals is well known.
Its intensive use in modern crystal chemistry has become possible after the pioneer works
of Thomson [1-3] and Veblen [4]. The modular concept operates with large segments
(modules), which represent stable polyhedral complexes of definite topology and size, and
can differ in structure and/or composition. Within this concept, the crystal structure can
be interpreted as a derivative of diverse modules; then it is meant as a polysome. The
polysomatism considers a particular crystal structure in required connection with other
structures, assembled from the same modules. This method allows distinguishing series
of non-isotypic, but crystal chemically-related phases, so-called polysomatic series, with
structures built by fragments of the same topology taken in various combinations. The
stability of repeating fragments is controlled by the energetic advantage of the associations
of polyhedra forming these modules. Obviously, one can use the modular approach only
in the case of several compounds (at least two) containing similar substructural segments
(modules), with clearly pronounced rules for their spatial arrangement and alternation.

To expand the field of structurally-related compounds within the polysomatic series,
Makovicky [5] proposed to adopt a possibility of variations both in the structure and in the
chemical composition of modules still keeping their topological similarity. These advanced
sequences of compounds were called mero-plesiotype series. In the framework of this
concept, a “common” fragment for all of the structures shows clear variability; besides,
modules of another type are dissimilar for different members of the series [6,7].

Through efforts of numerous scientific schools, this methodology has allowed the
introduction of many families of inorganic compounds, including minerals, as polysomatic
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series of oxides, sulfosalts, silicates, manganates, phosphates, etc. [8-21]. Several aspects of
modular analysis such as symmetrical, topological classification can be mentioned. Usually,
they are all interconnected; all are presented and complement each other in the study. In
addition, the polysomatic model facilitates the representation of mineral transformation
and substitution reactions and also allows predicting possible topological constraints in the
propagation of mineral reactions [22]. It is difficult to overestimate the heuristic potential of
this approach, since the prediction of the structural state of atoms and atomic groups, the
way of their interaction within the crystal, ion migration paths, and the features of chemical
bonds are extremely important in the context of the targeted selection of compounds for
studying their physical properties that underlie the creation of new materials.

Within a program to explore the synthesis and crystal chemistry of compounds, po-
tentially interesting as possible battery electrodes and/or magnetic materials, we have
established crystal structures of two transition and alkaline metal phases synthesized under
hydrothermal conditions, namely the first vanadate carbonate, KyMn3[VO,4]>(CO3) [23]
and the sodium nickel hydroxide phosphate, Nap;Niz(OH)2(POy); [24]. A structural study
of the KoMnj3[VO4]»(CO3) was carried out on a crystal showing [110] twinning by mero-
hedry. [110] is a twofold axis of the lattice (point group 6/mmm) but not of the structure
(point group 6/m) and can act as twinning operation. Both structures are built of similar
slabs consisting of a central octahedral layer partially filled by atoms of d elements Mn/Ni
and adjacent [VO4] or [POy4] tetrahedra. A noticed similarity of their crystal architecture
completed with research on structurally-related synthetic phases and minerals allowed us
to establish a new polysomatic series of vanadates, arsenates, and phosphates with densely
packed octahedral layers decorated by tetrahedra, as repeating fragments.

2. The Main Module Topology

The core structural module upon which the whole family is built presents the block
centered by an octahedral layer filled by atoms of d elements Mn/Ni/Cu/Co and adjacent
from both sides [VOy], [PO4], and [AsOy] tetrahedra. (In all the following figures, Mn,
Ni and Cu atoms are shown in pink, green, and turquoise colors, respectively; P-, As-,
and V-centered tetrahedra are colored yellow, blue, and olive green). The central layer is
based on a closest sphere packing of oxygen atoms. The octahedral voids within the layer
may be differently populated by the cations; therefore, various arrangements of filled and
empty octahedra arise. Sheets of the brucite type (the so-called trioctahedral layers) are the
densest, since they have fully occupied MeOg octahedra sharing edges. If 2/3 of the voids
are filled, a gibbsite sheet (dioctahedral) is formed. These two varieties of layers present
essential structural fragments of phyllosilicates and clay minerals. In the crystal structures
under consideration, a fraction of the empty octahedral voids inside the oxygen sphere
packing can be equal to ! /3 or 1/4. Besides, these voids can be differently distributed
within the layer, causing differences in the structure design. From both sides of the empty
octahedral voids, the tetrahedral groups are attached by sharing three vertices with O
atoms of the layer, while the apical vertex is pointing outside towards the next module that
is individual for each structure, thus defining the polysomatic series as the mero-plesiotype
row. The formulae of the basic blocks may be written as {Me;[TO4]>}, or {Me3(OH)2[TO4]2},
according to the number of the empty octahedra in the layer.

It is worth mentioning that the crystal structures of minerals reppiaite, Mns(OH)4[VO4]; [25],
cornubite, Cus(OH)4[AsOy], [26], and their synthetic arsenate formula analogue Nis(OH)4[AsOy]> [27]
are also based on the closest sphere packing of O atoms. In all three cases, the atoms of
transition metals occupy °/¢ of the octahedral voids (Figures 1 and 2). However, the
way of the empty octahedra arrangement in the monoclinic reppiaite and isotypic Ni
arsenate structures on one hand, and in the structure of triclinic cornubite on the other,
are different, providing a diverse topology of their cationic substructures, as dual-width
stripes of the triangular net separated by honeycombs or dual-width stepped stripes of
the triangular net separated by honeycombs (Figure 3). Note that both arrangements, as
well as other diagrams shown in Figure 3 may be obtained as vacancy-modified triangular

82



Minerals 2021, 11, 273

nets. The tetrahedral groups are placed on both sides of the layer just above and under
empty octahedra with the formation of the {Me5(OH)4[TO4]>} block. In all three structures,
the similar blocks are stacked together in a direction normal to the plane of the layer
through oxygen-bridging contacts. The neighboring modules are semi-translationally
displaced in one direction to form an AA’ sequence with a period value of about 9.4 A
(Table 1). Accordingly, it can be concluded that these phases with the crystal structures built
exclusively from basic modules, on which the polysomatic series of vanadates, arsenates,
and phosphates is based, represent the archetype structures.

(a) (b)

Figure 1. The crystal structure of reppiaite, Mns(OH)4[VOy4], in yz (a) and xy (b) projections.

b\

@) (b)

Figure 2. The crystal structure of cornubite, Cus(OH)4[AsOy4], in projections along the [011] (a) and [111] (b) directions.
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@) (b) ()

Cu

Cu

€3] (8

Figure 3. The topology of magnetic subsystems (cationic substructures): the honeycomb-type (or graphite-type) lattice
characteristic of the gibbsite layer (the cationic substructure of the core modules in vanadate carbonates, BaNi[VO4],
and other double vanadates, arsenates and phosphates) (a); The kagomé lattice (bayldonite, Pb(Cu,Zn)3(OH),[AsOy4], and
vésignéite, BaCuz(OH),[VOy4],) (b); The stripes of the triangular net separated by honeycombs (NayNiz(OH),[PO4], and
KoMn3(OH);[VOy4],) (c); The triangular lattice inherent for the brucite-type layers (the cationic substructure of the B module
in Cuy3(OH)10F4[VO4ls) (d); The stepped stripes of the triangular net separated by honeycombs (Cuy3(OH)19F4[VO4l4) (e);
The dual-width stripes of the triangular net separated by honeycombs (reppiaite, Mns(OH)4[VOy]5) (f); The dual-width
stepped stripes of the triangular net separated by honeycombs (cornubite, Cus(OH)4[AsO4]) (g).
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3. The Mero-Plesiotype Series of Structurally-Related Phases

All crystal structures of the series can be represented as an assembly of alternating two-
dimensional core module A and other slabs of diverse composition and design (Table 1).

The crystal structure of the “mineralogically probable” divanadate carbonate
KoMn3[VO4]»(CO3) [23] is formed by two types of modules alternating along the ¢ axis
of the hexagonal unit cell (Figure 4a). Gibbsite-like layer parallel to the ab plane has a
honeycomb arrangement of Mn?* cations (Figure 3a) at the centers of octahedra sharing cis
and trans edges (Figure 5a). The [VO4] tetrahedra at both sides of the dioctahedral layer
complete the main block to the Mn;[VOy], composition and provide its linkage along the
c axis with the second {K,MnCO3} module formed by Mn-centered trigonal bipyramids,
[COs] triangles, and K atoms. The MnCOj cellular layer is topologically identical in the ab
plane to the kalsilite network built of Si and Al tetrahedra (Figure 5b). From both sides,
these layers are attached by sheets of K nine-vertex polyhedra sharing vertices. Thus, the
structure can be represented as an alteration of negatively charged {Mnj, [VO4],}*~ and
positively charged {K;MnCOj3}** modules. Recently published, two novel vanadate car-
bonates KyCo3[VO4]2(CO3) and RboMn3z[VO4]2(CO3) have similar crystal structures [28].
Moreover, the Mn and Co containing formula analogues are isotypic, while the Rb, Mn
variety possess trigonal symmetry. The authors of [28] noted the effect of the larger size of
Rb* in comparison with the size of K* on the structure transformation that occurs when
the [VOy] tetrahedra adjacent along the c axis rotate around the [001] direction by 180°.
Thus, two vanadate tetrahedra of {Me;[VO4]»} modules adjacent along the c axis have the
same vertex orientation “up, up” (or “down, down”) in the hexagonal KyMn3[VO,],(CO3)
structure, while the opposite “up, down” orientation of these tetrahedra characterizes the
trigonal Rb formula analogue (Figure 4). Nevertheless, both compounds have similar to
the KoMn3[VO4],(CO3) structural blocks, alternating {Mep[VOq]z} (A) and {A;MeCOs} (B)
modules. In accordance with the action of the 63 or 3 axis, the symmetrically multiplied
structural A’B’ fragment is shifted by !/, of the translation vector along the [001] direction.
The sequence of the modules’ alternation (ABA'B’) corresponds to the value of the ¢ axis of
the unit cell that is in the range from 22 to 23 A.

(a) (b)

Figure 4. K;Mn3[VO4]»(CO3) (a) and RbpMn3[VO4]>(CO3) (b) crystal structures in the [110] projection, showing the
different vertex orientation of vanadate tetrahedra.
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(@ (b)
Figure 5. Gibbsite-like (a) and kalsilite-like (b) layers in the ab projection of the KMn3[VO4]»(CO3) crystal structure.

The same blocks built of octahedral layers of the gibbsite-type and adjacent [VOy4]
tetrahedra, form the crystal structure of BaNiy[VOy], [29] with similar parameters of the
trigonal unit cell, but with the R Bravais lattice (Table 1). Due to the R lattice translation,
neighboring blocks of the Niy[VOy], composition are shifted in the [110] direction. Along
the ¢ axis, they alternate with layers of large barium 12-vertices polyhedra sharing edges
(Figure 6). In the structures of vanadate-carbonates, similar blocks alternate with the
{A>,MeCO3} modules, as shown above. The formal transformation of the structure can
be restored as a result by an extraction of [MeCOs]e layers from the Ay;Me3[VO4]2(CO3)
crystal structure with the simultaneous exchange of Me?* ions in octahedra for Ni?*, and
one Ba?* for two K* or two Rb* ions. Then, the BaNi,[VOy], structure is obtained as
a derivative of the vanadate-carbonate architecture. Translation period for the module
alternation (ABA/B’'A’'B"’) defines the unit cell ¢ parameter equal to 22.3 A (Table 1). The
same structural features demonstrate isotypic cobalt phosphate BaCo,[PO4], [30] and
arsenate BaCo,[AsOy4], [31].

Let us mention here two isotypic arsenates, KNi[AsO4] and NaNi[AsOj4] [32] which
crystallize in the same R3 space group inherent to the BaNiy[VOy],, but their crystal
structures include twice more alkali cations between {Mep[TO4]>} modules as compared
with the amount of alkali earth Ba atoms in the vanadate. Consequently, the increased c
parameters of KNiAsO4 and NaNiAsOy to 28.53 and 26.47 A correspond to two-layer blocks
of sharing edges seven-vertex K- or Na-centered polyhedra between the main modules of
the arsenate structures.

(@) (b)

Figure 6. The {Ni, [VO412}2~ module based on a gibbsite-type layer in the crystal structure of BaNiy[VOy], (a) and its
alternation with Ba-cations in [110] projection (b).
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Synthetic phases NapNi3(OH),[POy4]; [24] and KoMn3(OH);[VO4], [36] present an
example of isotypic compounds from different chemical classes. A virtual exchange of all
cations (except H*) at four symmetrically independent structural positions (Na*, Ni1?*,
Ni22*, and P°*) in the NayNiz(OH),[POy], structure for cations in the same oxidation state
of a larger radius, (K*, Mn1%*, Mn2%*, and V°*) leads to the formation of the isostructural
phase, KoMn3(OH),[VOy4],, of the same symmetry (space group C2/m), but with obviously
increased values of the unit cell parameters and the monoclinic angle (Table 1). In both
cases, the layers of edge-sharing MeO,(OH); octahedra include 411 of vacancies giving rise to
the cationic substructure formed of stripes of the triangular net separated by honeycombs
(Figure 3c). Distances between the modules with central layers built of Ni or Mn octahedra
are 4.2 and 4.8 A accordingly, and depend mainly on the sizes of [PO4] and [VOy4] tetra-
hedra and the hydrogen bond lengths. The naturally smaller space between neighboring

{Niz3(OH),[POy4]2} blocks in the phosphate structure suits perfectly for being filled by Na

atoms (Figure 7). The similar modules alternate with the layers of KO; or NaO7 polyhedra
of the same topology (Figures 7 and 8).

(b)

/"\ 7N\

(a) (b)

Figure 8. The crystal structure of K;Mn3(OH),(VOy); in [101] (a) and [001] (b) projections.

The described above lattice (Figure 3c) stands between the honeycomb lattice (Figure 3a),
characteristic of the recently discussed divanadate carbonates, and the kagomé lattice
(Figure 3b), inherent in the isostructural synthetic phase BaNiz(OH);[VO4]» [34] and
mineral vésignéite, BaCus(OH),[VOy4]; [33]. In the vésignéite structure, the octahedral
voids of the central layers of the main modules are also filled for % by the Ni or Cu atoms,
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but the distribution of the empty voids inside the octahedral layers corresponds to the
regular kagomé lattice (Figure 9a). Along the [001] direction, these modules (A) alternates
with layers formed by the large Ba-centered polyhedra presenting the second-type slabs B
(Figure 9b). The AB sequence of their repetition along the [001] direction defines the value
of the c axis close to 8 A for both compounds (Table 1).

Figure 9. The crystal structure of vésignéite, BaCuz(OH),[VOy]; in projections onto the ab (a) and be (b) planes.

The cationic arrangement inside the layer centering the basic block of the
{(Cu,Zn)3(OH);[AsO4]»} composition in the monoclinic crystal structure of mineral bayl-
donite, Pb(Cu,Zn)3(OH),[AsOy], [37] also shows the layers with 3/, of octahedral voids
populated by the Cu/Zn atoms. It corresponds to the same ordinary kagomé configuration
as in vésignéite (Figure 3b). Along the [001] direction, these blocks (A) alternate with layers
of Pb eight-vertex polyhedra (tetragonal antiprisms) (B) (Figure 10). However, differently
to the similarly monoclinic (sp. gr. C2/m) vésignéite structure, in the present case, the
modules are twice multiplied along the c axis due to the symmetry (sp. gr. C2/c), forming
the ABA’B’ sequence with a period of 14 A.

(a) (b)
Figure 10. The crystal structure of bayldonite, Pb(Cu,Zn)3;(OH);[AsOy], projected onto the ab (a) and bc (b) planes.

A unique distribution of the filled and empty octahedral voids inside the closest packing
of oxygen atoms is established in the crystal structure of the synthetic oxyfluoride vanadate
Cuy3(OH)1oF4[VO4]s [38]. Here, the core module A includes /4 of the empty octahedra,
but differently to the structures discussed above, an exclusive cationic arrangement within
the layer arises. It can be described as stepped stripes of the triangular net separated by
honeycombs (Figure 3e). The negatively charged A modules {Cu3(OH), [VO4]»)*~ formed
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Sl
5 ﬂkﬂ’«
4&;4» >N

by such octahedral layers with adjacent vanadate tetrahedra, alternate along the b axis with
B fragments of the brucite-type structure with a triangular sublattice (Figure 3d). These
positively charged B-modules {Cuj 5(OH)3F,}** are based on the densely packed oxygen
and fluorine atoms, with all octahedral voids occupied by Cu. The AB repetition of the
modules fixes the value near 10.2 A of the b parameter (Figure 11) of the triclinic unit
cell (Table 1).

<>4;<

(b)

Figure 11. The {Cuz(OH),[VO4]>}>~ module in the crystal structure of Cuy3(VO4)4(OH)19F4 (a) and its alternation with
octahedral {Cuz 5(OH)3F,}2* layers in [001] projection (b).

4. Magnetic Behavior of the Series Members

Recently, studies of quantum-spin systems have been of considerable interest. On the
basis of low-dimensional magnetic systems, exotic quantum ground states of matter can be
realized including gapped and gapless spin liquids [42], spin ice [43,44], spin glass, and
various peculiar forms of long-range magnetic order [45-47]. If the way of the distribution
of spin carriers can be described by a special lattice constructed of triangles sharing vertices
or edges, such as kagomé and triangular lattices [48-50], the three-dimensional magnetic
order tends to be suppressed due to spin frustration [38]. The presence of ions with an
open shell Mn?*, Ni2*, Co%*, or Cu?* inside the octahedral layers causes the appearance of
two-dimensional antiferromagnetic or frustrated magnetic properties for the compounds
considered in this work. Anionic tetrahedra [PO4]?~, [VO4]*~, or [AsO4]*~ serve as ideal
non-magnetic separators between transition-metal 2D planes and contribute to the octa-
hedral environment of oxygen atoms around cations. Moreover, these units can prevent
distortions of the Me-centered octahedra to preserve the planar geometry of the magnetic
substructures. The way in which magnetically active ions fill octahedral voids inside the
closely packed oxygen/fluorine atoms determines the type of magnetic structure (Figure 3)
that inevitably contains geometric frustrations.

The kagomé lattice should provide a much stronger frustration than the simplest
triangular lattice (due to the chirality degeneration), and, as a consequence, the absence
of long-range magnetic order [51]. The classical kagomé lattices describe the cationic sub-
structures of the vésignéite BaCuz(OH);[VO4], and BaNi3(OH),[VO4],. At 53 K, vésignéite
demonstrates a strong antiferromagnetic interaction between spins of nearest-neighbors
without long-range magnetic order up to 2 K, and its ground state is assumed to be a gapless
spin liquid [52]. In BaNi3(OH);[VO4],, magnetic frustration arises due to the competition
between ferromagnetic and antiferromagnetic ordering, which leads to a glassy transition at
19 K [34]. According to [51], in the honeycomb-type substructure should be no frustration,
except in the presence of next-nearest-neighbor exchange interactions. The honeycomb
lattices characterize isostructural BaMe;[TO4], (Me = Co, Ni; T = P, V, As) compounds,
which display quite different magnetic properties. Thus, BaNiy[VO4], demonstrates the
onset of antiferromagnetic long-range ordering near 50 K [29]. BaCo;,[POy4]; is a rare highly
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frustrated, quasi-2D magnetic material with the honeycomb substructure that displays
competing for short-range magnetic ordering below Ty; ~ 6 Kand Tnp ~ 3.5 K, but resists
long-range magnetic order and spin freezing [44]. The complex magnetic ordering and spin
dynamics in BaCo,[AsO4], has been investigated several times, but still remains an open
problem. The BaCoy[AsOy], frustrated magnet with the honeycomb distribution of Co
atoms sharply ordered at T ~ 5.4 K with a probable formation of a helical design [53], but
repeated research revealed its quasi-collinear incommensurate ground-state structure [54].

Another type of frustrated substructure, described as built from stripes of triangular
nets separated by honeycombs, which is a compromise between honeycomb and kagomé
lattices, should not have an antiferromagnetic order of the Néel-type, but should have
geometric magnetic frustration [51]. The same lattice characterizes the isotypic crystal
structures of NapNi3(OH),(PO4)2, NayCos3(OH),[VO4], and KoMnz(OH),[VOy]y; they
all demonstrate low-dimensional antiferromagnetic ordering of various origins. In the
phosphate compound, it arises as a result of the presence and competition of ferro- and
antiferromagnetic interactions [24]. Mn vanadate exhibits geometric frustration and low-
dimensionality effects and spin-lattice coupling [51]. Cobalt phase shows evidence of
spin-orbit coupling in Co?* ions with antiferromagnetic ordering at 4.4.K and highly
anisotropic field-dependent behavior with multiple metamagnetic transitions [35]. Dual-
width stripes of triangular net are surrounded by honeycombs in the substructure of
reppiaite, Mns5(OH)4[VO4]o. This 2D magnet displays Curie—Weiss behavior above 100 K
with significant antiferromagnetic coupling and canted antiferromagnetic order below
57 K [55].

In crystal structures of some compounds, magnetic cations form two types of magnetic
arrangements. Thus, the complex structure of Cuy3(OH)19F4[VO4ls is described by the
triangular lattice, which alternates with a unique substructure of dual-width stripes of the
triangular net separated by honeycombs. The magnetic system of Cuy3(OH)19F4[VO4]s
created in this way exhibits long-range antiferromagnetic ordering at ~3 K, a strong
spin-frustration effect, and a spin-flop transition at 5 T [38]. Each member of the vanadate-
carbonate family is also characterized by two magnetic subsystems, honeycomb- and
triangular-type in their crystal structures. They all order antiferromagnetically but at
different temperatures due to diverse sorts of transition cations. KyMn3[VO4]>(CO3)
showed a two-step formation of long-range magnetic order at low temperatures [23].
The following study showed that triangular and honeycomb magnetic layers undergo
sequential magnetic ordering and act as nearly independent magnetic subsystems. The
honeycomb substructure orders at about 85 K in a Néel-type antiferromagnetic structure,
while the triangular arrangement displays two consecutive ordered states at much lower
temperatures of 3 and 2.2 K [56]. Likewise, the Rb-analogue Rb,Mn3[VO,4]>(CO3) exhibits
three magnetic transitions at 77 K, 2.3 K, and 1.5 K. At 77 K, it orders in the honeycomb layer
in a Néel-type antiferromagnetic orientation, while the lower temperature spin structure
has either a collinear or a canted magnetic structure for the triangular Mn lattice [28].
K5Co3(VO4),CO; displays a canted antiferromagnetic ordering below Ty = 8 K [28].

5. Conclusions

We have shown [57] that the crystal structures of the mero-plesiotype series of natural
and synthetic vanadates, phosphates and arsenates with first row transition metals are
formed of similar 2D modules, which alternate in one direction with other structural frag-
ments, diverse for different members of the series. The core modules are built of a central
octahedral layer filled with d elements (Mn, Ni, Cu, or Co) and adjacent anionic (VO4, POy,
AsQy) tetrahedra. The central layer is based on the closest packing of oxygen (and fluorine)
atoms. Changed amounts of the octahedral voids and their varying distribution differ
from one structure to another in a framework of the same anionic substructure. Seven
“magnetic” topologies of the transition metal distribution within the layers have been
identified: triangular, honeycomb, kagomé, and different combinations of fragments of
the triangular and honeycomb lattices (Figure 3). The crystal structure constitution based
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References

on the same repeating modules establishes the 2D character design for all polysomes.
Consequently, they all have similar translations inside the module plane equal of about
5 A, while the values of the unit cell axis perpendicular to the sheet is defined by the size
of the second module and the sequence of the module’s alternation. The only basic type of
modules with similar dimensions reproduces in one direction in the structures of minerals
reppiaite Mns[VO4]2(OH)4 and cornubite Cus(OH)4[AsOy]y, as well as synthetic arsenate
Ni5(OH)4[AsOy4]. Therefore, these phases with the crystal structures built exclusively
from the main modules, on which the polysomatic series of vanadates, arsenates, and
phosphates is based, represent the archetype structures.

When additional (B) slabs of the alkaline (or alkaline-earth) metals interrupt the basic
(A) modules, a few combinations within the mero-plesiotype series are formed: (AB) for
vésignéite BaCus(OH),[VOy4]; and its Ni-analogue BaNi3z(OH),[VO4], with approximately
78A period along the modules’ alternation, (ABA’B’) for bayldonite Pb(Cu,Zn)3(OH);[AsOx],,
NazNi3(OH)2(PO4)2 and KzMHg(OH)g[VO4]2 with about 14.5 A period, and (ABA/B/A”B”)
for BaNiy[VOy4], with 22.3 A translation. Another kind of supplementary slabs present the
octahedral layers of brucite topology, which interconnect with the basic modules in the
Cuy3(OH)19F4[VOy4]y crystal structure resulting the (AB) translation period equal to 10.2 A.
In the crystal structures of vanadate-carbonates KoMn3[VO4]2(COs3), K;Coz[VO4]2(CO3),
and Rb,Mn;3[VO4],(CO3), two different modules alternate in a sequence (ABA’B’) along
the ¢ axis of about 22.4 A. The main block is a core module based on the gibbsite-type
octahedral layer. The second one is the block formed by the kalsilite-like sheet of Mn
bipyramids and COj3 triangles that is sandwiched between two layers of alkaline metals.

It is important to note that the minerals and laboratory-synthesized compounds con-
sidered here exhibit magnetic properties, representing two-dimensional antiferromagnets
or frustrated magnets. Obviously, their magnetic behavior is directly related to the crystal
structure peculiarities. In particular, the way in which magnetically active Mn?*, Ni?*,
Co?*, or Cu?* ions occupy the octahedral voids between the densely packed oxygen atoms
is crucial.
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