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Since single-layer graphene [1] with ultrahigh carrier mobility was obtained exper-
imentally in 2004, two-dimensional (2D) layered electronic materials have become more
widespread [2–9]. Two-dimensional non-layered materials [10–14], with their abundant
terrestrial resources and low costs, support broader practical applications. Consequently,
the repository of 2D materials has become more diverse, facilitating their application in
spintronics [15–19], flexible electronics [20,21], information science [22,23], and related
fields [24,25].

Over the past two decades, spintronics and electronics [26–30] have developed very
rapidly. In 2017, low-temperature long-range ferromagnetic order was experimentally
discovered both in Cr2Ge2Te6 [26] and Crl3 [27] monolayer systems. Two-dimensional
ferromagnetism immediately became of tremendous interest to researchers all over the
world. As such, studies on 2D materials have expanded and now correlate with investi-
gations of both traditional materials and emerging materials including diluted magnetic
semiconductors and wide band gap semiconductors.

This Special Issue brings together ten articles, specifically eight research articles and
two review articles, dedicated to advanced spintronic and electronic nanomaterials. The
content of the Special Issue includes the following: the modulation of vortex resonance
in ferromagnetic permalloy dots [31], the capping layer effect on tunneling magnetore-
sistance in tunnel junctions [32], the size-dependent superconducting properties of in-
dium nanowires [33], the co-doping effect of Mn and halogen elements on GeSe mono-
layers [34], the colossal magnetoresistance in layered diluted magnetic semiconductor
Rb(Zn,Li,Mn)4As3 [35], charge density wave transitions in 2D 1T-TaS2 crystals [36], charac-
terizations of Mn5Ge3 contacts on Ge/SiGe heterostructures [37] and Ni-doped Cd3As2
films on GaAs (111) substrates [38], strain engineering of intrinsic ferromagnetism in 2D
van der Waals materials [6], and spintronic applications of carbon-based nanomaterials [39].
Our Special Issue may promote and accelerate ongoing research efforts of advanced spin-
tronic and electronic nanomaterials. It is of vital importance to 2D spintronic devices and
will be of interest to general readers of Nanomaterials.
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Strain Engineering of Intrinsic Ferromagnetism in 2D van der
Waals Materials
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Abstract: Since the discovery of the low-temperature, long-range ferromagnetic order in monolayers
Cr2Ge2Te6 and CrI3, many efforts have been made to achieve a room temperature (RT) ferromagnet.
The outstanding deformation ability of two-dimensional (2D) materials provides an exciting way to
mediate their intrinsic ferromagnetism (FM) with strain engineering. Here, we summarize the recent
progress of strain engineering of intrinsic FM in 2D van der Waals materials. First, we introduce how
to explain the strain-mediated intrinsic FM on Cr-based and Fe-based 2D van der Waals materials
through ab initio Density functional theory (DFT), and how to calculate magnetic anisotropy energy
(MAE) and Curie temperature (TC) from the interlayer exchange coupling J. Subsequently, we focus
on numerous attempts to apply strain to 2D materials in experiments, including wrinkle-induced
strain, flexible substrate bending or stretching, lattice mismatch, electrostatic force and field-cooling.
Last, we emphasize that this field is still in early stages, and there are many challenges that need to
be overcome. More importantly, strengthening the guideline of strain-mediated FM in 2D van der
Waals materials will promote the development of spintronics and straintronics.

Keywords: strain engineering; ferromagnetism; transition metal trihalides; transition metal chalcogenides;
transition metal phosphorous chalcogenides; wrinkle; flexible substrates; lattice mismatch; spintronics;
straintronics

1. Introduction

According to the Mermin–Wanger–Hohenberg theory [1,2], thermal fluctuations can
destroy the long-range magnetic order of 2D systems at finite temperatures. However,
the anisotropy of the system suppresses thermal disturbances by opening the gap in
the spin-wave spectrum [3–6]. Furthermore, spin orbit coupling (SOC) can stabilize the
long-range magnetic order in 2D systems by contributing to magnetic anisotropy. After
the discovery of the low-temperature, long-range ferromagnetic order in monolayers
Cr2Ge2Te6 and CrI3 [7,8], many efforts have been made to achieve a room temperature (RT)
ferromagnet. Indeed, strain engineering [9–25] is a very important strategy for mediating
material properties, including optoelectronic [9,10,13–15,21], electrocatalytic [11,16,22–24],
and magnetic properties [15,19,21,24–28]. Since Novoselov et al. [29] obtained a stable
monolayer graphene in the laboratory in 2004, further research gradually revealed that
2D materials, such as MoS2, could withstand up to 20% strain [30–33]. However, it was
very difficult to directly apply strain to 2D materials in experiments, which made strain-
controlled performance largely remain in theoretical study. This was because by changing
lattice parameters, strain could be easily applied to the lattice of 2D materials. Specifically,
the study on strain-mediated magnetism in 2D materials, especially in 2D van der Waals
materials with intrinsic long-range FM order, was focused on theoretical calculation. More
interestingly, the Bi2Te3|Fe3GeTe2 heterostructure related to strain [34,35] was designed to
increase the Curie temperature (TC) due to the proximity effect [36–40].
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Very recently, some significant progress was also made in the field of experimental
research [27,28,41–48]. In Figure 1, we summarize the recent progress of strain engineering
of intrinsic ferromagnetism (FM) in 2D van der Waals materials. First, we introduce
how to explain the strain-mediated intrinsic FM on Cr-based and Fe-based 2D van der
Waals materials with long-range FM order through ab initio Density functional theory
(DFT), and how to calculate magnetic anisotropy energy (MAE) and Curie temperature
from the interlayer exchange coupling J. Subsequently, we focus on numerous attempts
to apply strain to 2D materials in experiments, including wrinkle-induced strain, flexible
substrate bending or stretching, lattice mismatch, electrostatic force and field-cooling. Last,
we emphasize that this field is still in early stages, and there are many challenges that
must be overcome. More importantly, strengthening the guideline of strain-mediated
FM in 2D van der Waals materials will promote the development of spintronics [6,49–57]
and straintronics [12,19]. As shown in Figure 1, we summarize three different kinds of
2D materials with intrinsic long-range FM order, including transition metal trihalides
(CrCl3, CrBr3 and CrI3) [5,58–72], transition metals chalcogenides (Cr2Ge2Te6, FenGeTe2
and CrTe2) [42–46,73–87], and transition metal phosphorous chalcogenides (AgVP2Se6,
CrPS4) [88–91].
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Figure 1. The three different kinds of 2D van der Waals materials with intrinsic long-range FM order.

2. Theoretical Calculations

In order to understand the essence of 2D ferromagnetism, ab initio Density functional
theory, including linear density approach (LDA) [59], local spin density approximation
(LSDA) [92], the generalized gradient approach (GGA) [61,93,94], and DFT + U [95,96], was
often used to calculate the electronic structure of the system as a starting point. Moreover,
the interlayer exchange coupling J was closely related to magnetic anisotropy, and it would
also be used to calculate TC [86,97–100]. The mean field theory [97,101] would roughly
estimate TC but, often, TC overestimated it. Although the random phase approximation
(RPA) could more accurately estimate TC of three-dimensional (3D) materials, it may fail in
2D systems with large anisotropy. Notably, classic Monte Carlo (MC) [6,97] simulations
can also describe the critical temperature.

2.1. Cr-Based 2D van der Waals Materials
2.1.1. CrCl3

Unlike bulk materials, 2D materials can sustain larger strains [33,102]. Similarly,
single-layer transition metal trihalides (MX3, I, Cl and Br) can also withstand a strain of
about 10% [58]. As a typical example, Yan et al. [59] studied the biaxial strain dependence
magnetic anisotropy energy (MAE) of the 2D monolayer CrCl3 (Figure 2a–d). When
the compressive strain reached 2.5%, a phase transition from antiferromagnetism (AFM)
to FM occurred (Figure 2e). In addition, when tensile strain was 2.4%, the maximum
Curie temperature (TC) reached 39 K. The MAE in the unstrained monolayer was positive,
indicating the spins of Cr atoms were off-plane (Figure 2f).
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Figure 2. (a) Top and (b) side view of atomic structure of monolayer CrX3 (X = Cl, Br, I). (c) Bonding
between chromium and iodine atoms. The unit cell of CrX3, which includes two Cr and six X atoms,
has been indicated in (a). The bond length between Cr and an X atom, the bond angle θ1 between
Cr and two X atoms in the same plane, and the axial angle θ2 are also shown in (c). (d) The two
magnetic orders, namely AFM and FM. Energy difference between the FM and AFM phases for
(e) CrCl3. The AFM phase region is highlighted in red. The calculated TC is also shown for each
case. Change in MAE with respect to strain in (f) CrCl3. (Reproduced with permission from [59].
Copyright 2016, American Physical Society). (g) Crystal structure of monolayer CrCl3. Dashed lines

denote the unit cell with basic vectors δ1 = aε(0, 1), δ2 = aε
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)
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,
with strain-dependent lattice constanta aε. (h,i) Magnetic nearest-neighbor superexchange J and
anisotropy K of Hamiltonian (1), respectively, computed via Density Functional Theory (DFT) as a
function of monolayer strain ε. (j) Finite−temperature phase diagram of the monolayer CrCl3 versus
strain ε. Strain drives the monolayer into three different finite−temperature magnetic phases: BKT
quasi-LRO phase, AFM Ising, and FM Ising. (Reproduced with permission from [63]. Copyright
2021, American Physical Society). (k,l) Arrangement of Cr atoms in the lattice of the CrCl3 bilayer
in the low temperature phase. The green arrow indicates the direction of lateral shift between the
top and bottom layers. (m) Schematic plot of three different spin configurations of bilayer CrCl3.
(n) The energy difference between the FM and AFM phases. (Reproduced with permission from [64].
Copyright 2023, Springer Nature).
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After applying the strain to the lattice, Cl atoms adjusted their position to minimize the
lattice distortion energy at this strain (Figure 2g). After generating a specific structure, the
energy difference between the ferromagnetic and antiferromagnetic states was calculated.
Mapping this energy difference to the Hamiltonian (1), Dupont et al. [63] obtained the
nearest-neighbor exchange coupling J and magnetic anisotropy K, as shown in Figure 2h,i.

Ĥ = Jε ∑
〈→r ,
→
r
′〉

→̂
S→

r
·
→̂
S→

r
′ + Kε∑

→
r

(→̂
S z→

r

)2

(1)

Note that: the spin value of S was 3/2 in the above equation.
As the strain evolved from compression to tension, the system sequentially exhibited

the BKT (Berezinskii–Kosterlitz–Thouless) quasi-long-range order (LRO) phase, AFM Ising
and FM Ising by QMC (Quantum Monte Carlo) simulations. Although theoretical and
experimental studies have been conducted on monolayer and bulk CrCl3 materials, research
on their multilayer structures, including bilayers and trilayers systems, was very limited.
Ebrahimian et al. [64] found that biaxial strains could also achieve a phase transition from
AFM to FM (Figure 2k–n). In addition, the magnetic anisotropy could be mediated by
the strain.

2.1.2. CrBr3

More interestingly, the Curie temperature of monolayer CrBr3 could be increased
to 314 K by doping [103], which was between CrCl3 (323 K) and CrI3 (293 K). Although
both hole doping and electron doping could enhance ferromagnetic coupling, the effect
of hole doping was better at the same doping concentration. After applying biaxial strain
to a unit cell, its magnetic moment remained unchanged, which indicated that the biaxial
strain could not effectively enhance the ferromagnetic coupling of monolayer CrX3. In
addition, Webster et al. [59] found that applying a tensile strain of 2.1% could increase the
TC to 44 K, which was about 5 K higher than when no strain was applied. However, at a
compressive strain of −4.1%, a FM to AFM phase transition, similar to CrCl3 [59,63,64] and
CrI3 [59,70–72], also occurred.

2.1.3. CrI3

Unlike monolayer CrCl3, the electronic bandgap of monolayer CrI3 remained al-
most unchanged after applying biaxial tensile strain; after applying biaxial compressive
strain, the electronic bandgap decreased significantly and MAE increased significantly.
When compressive strain reached 5%, MAE increased by 47% [59]. Continuing to in-
crease the strain (−5.7%) resulted in a phase transition from FM to AFM. Similar to CrCl3,
Wu et al. [69] also found that the CrI3 monolayer underwent a complex phase transition
from magnetic metals, half-metal, half-semiconductor to magnetic semiconductor as the
strain evolved from compression (−15%) to tension (10%).

As a typical example, Vishkayi et al. [71] investigated the effects of biaxial and uniaxial
strain on the magnetism of monolayer CrI3 (Figure 3a–e). A similar phase transition from
FM to AFM [59] was also observed when a compressive strain greater than 7% was applied
(Figure 3d). As the strain increased, the electronic bandgap showed an opposite trend when
applying compressive or tensile strain (Figure 3d). Interestingly, uniaxial strain enhanced
the nearest neighbor, Dzialoshinskii–Moriya (DM) interaction, by breaking the inversion
symmetry, and its effect was stronger than biaxial strain.
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oms, where J1 denotes the coupling between nearest-neighbor atoms and J2 denotes the coupling 
between next-nearest-neighbor atoms. (c) The same as (b) for the DM vectors. (d) The total energy 
difference between the FM and AFM configurations, Δ𝐸, and (e) the variation in the band gap as a 
function of strain for monolayer CrI3 in the FM and AFM configurations. (Reproduced with permis-
sion from [71]. Copyright 2020, American Physical Society). 
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CrSe2 and (c) CrTe2 bulks; real part of electron susceptibility 𝜒ᇱ with 𝑞௭ = 0 for (d) CrSe2 and (e) 
CrTe2 bulks. Relative total energies of three different magnetic configurations [FM, AFM1 (collin-
ear), and AFM2 (non-collinear)] as a function of biaxial strain for (f) CrSe2 and (g) CrTe2 monolayers. 

Figure 3. (a) Top and side views of monolayer CrI3. The bonding angles between the atoms in the
monolayer are denoted by θ, α, and β. A 2× 2× 1 supercell of the monolayer. The blue (pink) spheres
represent Cr(I) atoms. (b) Schematic picture of the symmetric exchange couplings between Cr atoms,
where J1 denotes the coupling between nearest-neighbor atoms and J2 denotes the coupling between
next-nearest-neighbor atoms. (c) The same as (b) for the DM vectors. (d) The total energy difference
between the FM and AFM configurations, ∆E, and (e) the variation in the band gap as a function of
strain for monolayer CrI3 in the FM and AFM configurations. (Reproduced with permission from [71].
Copyright 2020, American Physical Society).

The phase transition from FM to AFM under compressive strain (−3% or −5%) had
also been discovered in the CrI3 bilayer [70], similar to other previously reported sys-
tems [59,71]. In addition, Safi et al. [72] found that the phase transition occurred at −6%
compressive strain. More importantly, they also discovered a second phase transition point
from FM to AFM, which occurred near −2.5% compressive strain.

2.1.4. CrTe2

Guo et al. [104]. found that applying uniaxial or biaxial tensile strain to monolayer
CrTe2 in the T phase did not cause a phase transition from direct to indirect bandgap.
Under biaxial strain, the CrTe2 monolayer [105] underwent phase transformation at −1%
compressive strain in Figure 4a–k.
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Figure 4. (a) Crystal structure of CrSe2/CrTe2 bulk; Fermi surface without spin polarization for
(b) CrSe2 and (c) CrTe2 bulks; real part of electron susceptibility χ′ with qz = 0 for (d) CrSe2

and (e) CrTe2 bulks. Relative total energies of three different magnetic configurations [FM, AFM1
(collinear), and AFM2 (non-collinear)] as a function of biaxial strain for (f) CrSe2 and (g) CrTe2

monolayers. Strain dependence of (h) the energy difference ∆E (=EAFM − EFM) between AFM and
FM states in one unit cell, (i) the TC in FM states, (j) magnetic moments on Cr and Se/Te atoms in FM
states, and (k) the number of density of states (DOS) at the Fermi energy NEF in the nonmagnetic
(NM) states for CrSe2/CrTe2 monolayers. (Reproduced with permission from [105]. Copyright 2015,
American Physical Society). (l) strain and (m) band filling of 1 L, 2 L, and bulk 1T-CrTe2. Difference
in SOC matrix elements ∆ <pi|pj> (per atom) of the Te-5p orbitals. (n) ∆ <pi|pj> of 1 L, 2 L, and bulk
1T-CrTe2 versus strain. At each strain, the values for δθD are also shown. Positive and negative values
of the strain correspond to tensile and compressive strain, respectively. For the bilayer, values for Te
atoms at the van der Waals gap (Tev) and Te atoms at the free surface Tes are shown. (Reproduced
with permission from [106]. Copyright 2022, American Physical Society). (o) Computed STM images
for monolayer CrTe2 in the normal state and the charge density wave (CDW) phase. (Reproduced
with permission from [107]. Copyright 2020, American Chemical Society).

Interestingly, the CrTe2 monolayer with strain-free was a FM state. After the tensile
strain was applied, its TC could rise to 1022.8 K [106], and the magnetic moment of Cr
atom increased linearly, which may be caused by the increase of the density of states at
Fermi energy NEF. Magnetic anisotropy exhibited a different sensitivity to uniaxial and
biaxial strain, as shown in Figure 4l. A monolayer was more sensitive to tensile strain,
while a bilayer was more sensitive to compressive strain, and bulk was insensitive to the
applied strain. Furthermore, band filling [108] of the monolayer also underwent a transition
from out-of-plane to in-plane, while the bilayer and bulk did not undergo this transition
(Figure 4m). More interestingly, the strain had the greatest impact on the dihedral angle
θD, followed by the effect of Cr-Te-Cr bond length (Figure 4n). Notably, the charge density
wave (CDW) phase [107] promoted greater stability of the long-range FM order.

2.1.5. Cr2Ge2Te6

As early as 2014, Li et al. [73] predicted that Cr2X2Te6 (X = Si, Ge), a layered crystal
with intrinsic FM, could be obtained experimentally by exfoliation. Furthermore, the TC
of Cr2Ge2Te6 (Cr2Si2Te6) was increased by 51.7(56) K under an isotropic tensile strain.
Similarly, Dong et al. [75] also found that Cr2Ge2Se6 and Cr2Ge2Te6 were a stable FM
semiconductor, as shown in Figure 5a–e.
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Figure 5. (a) top view in the a-b plane and (b) side view in the a-c plane of crystal structure of
Cr2Ge2Se6. The 2D Brillouin zone is shown in (c). (d) M-T. The experimental results for are taken
from Ref. [7]. The calculated results are obtained by DFT calculations and Monte Carlo simulations.
(e) TC-U. (Reproduced with permission from [75]. Copyright 2019, American Physical Society).
(f) top and side view of crystal structure of CrPbTe3. M-T curves for (g) pristine CrPbTe3,
(h) 4% tensile strain structure, (i) 4% compressive strain structure and (j) variation of TC with
strain. (Reproduced with permission from [78]. Copyright 2020, IOP Publishing).

Through Monte Carlo simulation, it was found that the TC of Cr2Ge2Se6 (144 K) was
five times that of Cr2Ge2Te6 (30 K) (Figure 5d). Interestingly, when compressive strain was
applied, the TC decreased, and even at 2% strain, the phase became AFM. After applying
tensile strain, the TC would be increased, even up to 500 K. Notably, the TC of Cr2Ge2Se6
with 5% strain was always higher than RT (Figure 5e). To our knowledge, 2D Cr2Ge2Se6
has not yet been prepared experimentally.

As a member of Cr-based materials, 2D CrPbTe3 (CPT) has a stable monolayer structure
and a higher TC, as shown in Figure 5f. Similar to Cr2Ge2Se6, its TC (110 K) gradually
increased from compressive strain (61 K) to tensile strain (150 K) (Figure 5g–j). In addition,
strain can also induce spin reorientation from the in-plane to the out-of-plane.

2.1.6. CrPS4

AgVP2Se6, as a typical quaternary FM semiconductor, was synthesized by heating
the elements in evacuated silica tubes as early as 1988 [88]. Ouvrard et al. found that
its polycrystalline powder showed low-temperature FM, high-temperature PM and TC of
about 29 K. Recently, single crystal AgVP2Se6 samples [90] exhibited better stability than
MX3 materials. As another typical example, single crystal CrPS4 [91] was obtained by the
chemical vapor transport method and mechanical exfoliation. Interestingly, odd layers
were ferromagnetic at lower temperatures, while even layers were antiferromagnetic, as
shown in Figure 6. To the best our knowledge, there were currently no reports on regulating
the magnetic properties of AgVP2Se6 and CrPS4 through strain engineering.
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2.2. Fe-Based 2D van der Waals Materials 

The bulk Fe3GeTe2 (FGT) with the hexagonal platelets was first synthesized by a di-
rect solid-state reaction (SSR) [81]. Zhuang et al. [82] found that applying biaxial strain on 
single-layer metallic Fe3GeTe2 could enhance the MAE and total magnetic moment (Figure 
7a–d). When 2% tensile strain was applied, its MAE increased by 50%; After the applied 
strain changed from compression to tension, the total magnetic moment also increased 
with the increase of strain. Through DFT calculations, Hu et al. [85] discovered that mon-
olayer FGT was a metallic type ferromagnet, with its magnetic moment mainly localized 
on Fe atoms and its metallicity mainly derived from the Fe d orbitals in Figure 7e–g.  

Figure 6. Layer dependent magnetic properties of thin CrPS4. (a) Optical image. Scale bar is 5 µm.
(b) Raman spectra. (c) Temperature dependence of MOKE signal under µ0H = 0.25 T measured on
1 L to 5 L flakes shown in (a). (d) Raman peak intensity of the F peak for each flake normalized by
that from the 5 L as a function of the layer number. (e) Critical temperature, TC (black dashed bar),
and critical exponent, β (blue symbol), extracted from the fitting lines shown in (c). (Reproduced
with permission from [68]. Copyright 2021, American Chemical Society).

2.2. Fe-Based 2D van der Waals Materials

The bulk Fe3GeTe2 (FGT) with the hexagonal platelets was first synthesized by a direct
solid-state reaction (SSR) [81]. Zhuang et al. [82] found that applying biaxial strain on single-
layer metallic Fe3GeTe2 could enhance the MAE and total magnetic moment (Figure 7a–d).
When 2% tensile strain was applied, its MAE increased by 50%; After the applied strain
changed from compression to tension, the total magnetic moment also increased with the
increase of strain. Through DFT calculations, Hu et al. [85] discovered that monolayer FGT
was a metallic type ferromagnet, with its magnetic moment mainly localized on Fe atoms
and its metallicity mainly derived from the Fe d orbitals in Figure 7e–g.

After applying the biaxial strain shown in Figure 7h, there was a significant change in
the spin-density distributions of the FGT monolayer. The magnetism of this system mainly
came from Fe atoms (Figure 7i), especially Fe3 atoms at the inequivalent site (Figure 7f),
with little contribution from Ge and Te atoms (Figure 7j). Due to the Poisson effect, when
stretched in the in-plane direction, it contracted in the out of plane direction. Therefore,
as the bond lengths of Fe1-Te and Fe3-Te were reduced in the plane, the bond lengths of
Fe3-Te in the vertical direction were increased (Figure 7k). Biaxial strain caused a change in
bond length, thereby promoting charge transfer within the monolayer (Figure 7l). When
the biaxial strain increased from −5% to 5%, the spin splitting of the Fe1 3d orbital near the
Fermi level became larger, as shown in Figure 7m; after the strain was applied, the spin
polarization of Fe3 atoms would increase in Figure 7n, which would cause the magnetic
moment to increase. In conclusion, biaxial strain-mediated FM in the FGT monolayer was
closely related to the charge transfer between Fe1 and Te atoms.

Previous studies have mainly focused on biaxial strain-mediated FM in the FGT
monolayers [82,85], without studying the modulation mechanism of uniaxial strain on
FM. As a typical example, Zhu et el. [86] investigated the uniaxial (εa and εc) and isotropic
(εiso.) strain modulation of the exchange coupling constant Jij and TC in FGT. As shown in
Figure 8, three different magnetic configurations (FM, AFM1, and AFM2) were considered.
The total energy of AFM2 was much higher than those of FM and AFM1.
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FGT monolayer was closely related to the charge transfer between Fe1 and Te atoms. 

 

Figure 7. (a) Top and (b) side views of the atomic structure of monolayer Fe3GeTe2. The unit cell is
enclosed by the dotted lines. Inequivalent Fe sites are numbered by I and II, respectively. Variation of
(c) MAE and (d) total magnetic moment per Fe atom of single-layer Fe3GeTe2 under biaxial strain.
(Reproduced with permission from [82]. Copyright 2016, American Physical Society). (e) Top and
(f) side views of the structural models of the FGT monolayer. The purple, green, and yellow balls
stand for Fe, Ge, and Te atoms, respectively. Fe sites are numbered by Fe1, Fe2, and Fe3, respectively,
where Fe1 and Fe2 atoms are located at 2 equivsites, while Fe3 atom has the inequivalent site.
(g) Spin-polarized band structures of the FGT monolayer. The Fermi level is set at zero, denoted by
the olive dashed line. (h) Spin-density distribution of the FGT monolayer with −5, 0, and 5% strain.
The isovalues are 0.02 e/Å3. Strain dependence of magnetic moment (i) per Fe1 and Fe3 atoms and
(j) per Ge and Te atoms in the FGT monolayer. Strain dependence of (k) the distance and the bonding
length (Fe1–Fe2 distance, dFe1-Fe2; Fe3–Te bond length, dFe3-Te; Fe1−Te bond length, dFe1-Te; Fe3–Ge
bond length, dFe3-Ge). (l) Electron transfer of Fe, Ge, and Te atoms in the FGT monolayer. PDOS
(partial density of states) of (m) Fe1 atom and (n) Fe3 atom in the FGT monolayer. The enhanced
spin splitting of the a and b states in PDOS. (Reproduced with permission from [85]. Copyright 2020,
American Chemical Society).
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Figure 8. Schematic of the crystal structure of FGT from (a) top and (b) side view, and (c) the spin 
structure of FM, AFM1, and AFM2 configurations. (d,e) Total energy of FM, AFM1, and AFM2 con-
figurations of FGT as a function of lattice distortion (d) along the a-axis and (e) the c-axis. (f) Total 
energy difference (ΔE = EFM − EAFM) under c-axis and a-axis strain. The background indicates the FM- 
or AFM-stable region. (g) The schematic picture of Fe–Fe exchange interactions in FGT, where only 
the Fe atoms are displayed. (h–j) Total isotropic exchange coupling parameters of J1,1, J1,2, J1,3, J1,6 in 
functions of three different kinds of distortion: (h) along the a-axis, (i) along the c-axis and (j) iso-
tropically. (k–m) Corresponding variation of TC under above strains. The insets show the Ji,j that 
play a main role in the variation of TC. (Reproduced with permission from [86]. Copyright 2018, 
Elsevier). 

  

Figure 8. Schematic of the crystal structure of FGT from (a) top and (b) side view, and (c) the
spin structure of FM, AFM1, and AFM2 configurations. (d,e) Total energy of FM, AFM1, and
AFM2 configurations of FGT as a function of lattice distortion (d) along the a-axis and (e) the c-axis.
(f) Total energy difference (∆E = EFM − EAFM) under c-axis and a-axis strain. The background
indicates the FM- or AFM-stable region. (g) The schematic picture of Fe–Fe exchange interactions
in FGT, where only the Fe atoms are displayed. (h–j) Total isotropic exchange coupling parameters
of J1,1, J1,2, J1,3, J1,6 in functions of three different kinds of distortion: (h) along the a-axis, (i) along
the c-axis and (j) isotropically. (k–m) Corresponding variation of TC under above strains. The insets
show the Ji, j that play a main role in the variation of TC. (Reproduced with permission from [86].
Copyright 2018, Elsevier).

The system exhibited a phase transition from AFM to FM, similar to the modulation
result of biaxial strain [59]. Interestingly, when the strain (εa) along the a-axis was applied,
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the phase transition occurred at a tensile of ~4% or compressive of ~2%; when the strain (εc)
along the c-axis strain was applied, it occurred at a compressive of ~8–10%. Furthermore,
the strain-mediated variation of Jij

total is shown in Figure 8g–i. TC could be estimated by
the following equation [86,98,99]:

TC =
2

3KB
Jmax (2)

Note that Jmax is the maximal eigenvalue of the matrix consisting of the exchange
coupling between different atoms [86,109]. After applying the uniaxial strain, the TC could
be raised to room temperature (Figure 8k–m). When isotropic strain is applied, the TC
exhibited complex nonlinear changes and failed to reach room temperature (Figure 8m).
Their results demonstrated that applying uniaxial strain was an effective way to elevate
the TC.

Regarding another interesting compound, Fe5GeTe2 [110,111], recent experiments
have found that it has a higher TC. However, little is known about the electronic and
magnetic properties of its monolayer. Joe et al. [83] found that the magnetism of bulk and
monolayer metallic Fe5GeTe2 originated from Fe d orbital. Moreover, biaxial strain could
also enhance the Fe magnetic moment from 1.65 µB to 2.66 µB.

3. Introducing Strain in 2D van der Waals Materials
3.1. Wrinkle-Induced Strain

The previously discovered strain-mediated FM phenomena were all in 2D materials
without intrinsic long-range magnetic order [27,28,41]. Very recently, Seidel et al. [42] found
a clear dependence of TC on the strain state and the thickness of Cr2Ge2T6 (CGT). The
layered CGT lattice with intrinsic magnetism was shown in Figure 9a. A stripe domain
structure was observed with MFM (Figure 9b). After buckling, the wrinkled area had a
higher TC than the flat area on (Figure 9c). DFT calculations indicated that the strain could
elevate the TC in monolayer and bilayer Cr2Ge2T6 (Figure 9d–g). In addition, the strain
of three different wrinkles in Figure 9h was confirmed by COMSOL simulations. To the
best of our knowledge, this was the first time that the strain distribution in CGT wrinkles
was mapped with the COMSOL simulation. Furthermore, the magnetic signals could be
observed at the wrinkled regions at RT through MFM.

3.2. Bending or Pre-Stretching Flexible Substrates

Similar to pre-stretched flexible substrates, including Gel-Film [30], polydimethylsil-
oxane (PDMS) [30,112–117], polyethyleneterephthalate (PET) [118], polyimide
(PI) [47,119,120], and polyvinyl alcohol (PVA) [121,122], strain can also be introduced into
2D materials by bending flexible substrates. As a typical example, Yan et al. [121] designed
a novel polymer-buried strategy to apply tensile strain on Fe3GeTe2 (FGT) nanoflakes
(Figure 10a). Firstly, PVA was spin-coated onto pre-stretched mechanical exfoliated FTG
nanosheets. Then, the PET sheet was attached to the surface of the PVA film and peeled off
with tweezers. The complex film (FGT/PVA/PET) was placed into a non-magnetic plastic
tube and then the tensile strain was applied on the FGT nanosheets through a three-point
fixing device. As the applied strain gradually increased, the sample transitioned from its
original PM state to FM states, as shown in Figure 10b,c. When the strain reached 4.7%,
the hysteresis loop evolved from soft magnet to hard magnet; however, when the strain
reached 7.0%, the hysteresis loop displayed an opposite evolution trend. Moreover, the
Ms and Hc were very close to those found for the case of tensile strain. Unlike zero-strain
samples, the sample with a 3.4% tensile strain always exhibited centrosymmetry and no
exchange bias (Figure 10d,e). The hidden AFM state and interface–exchange interaction
could be revealed by controlling the strain. The frequency shift was inverted after relaxing
the strain, indicating the transition from FM state to PM state (Figure 10f,g). As the strain
increased, the TC was elevated above RT in Figure 10h,i. In short, strain engineering is an
efficient way to increase TC compared to other methods (Figure 10j).
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Figure 9. Curved nanostructures in vdW Cr2Ge2T6: (a) CGT crystal lattice showing the vdW layered 
structure and interlayer distance. (b) Typical magnetic stripe domain structure at 4 K seen in MFM 
measurements. (c) Schematic showing wrinkles in layered CGT and magnetically coated tip for 
MFM measurements. DFT predicted trend of magnetism and transition temperature with strain 
percentage. (d) Intralayer Cr the nearest-neighbor (J1), the second-nearest−neighbor (J2), and the 
third-nearest-neighbor (J3) exchange couplings. (e) Interlayer Cr the nearest−neighbor (J1′) and the 
second-nearest-neighbor (J2′) exchange couplings in bilayer Cr2Ge2T6. The calculated MAE per Cr 

Figure 9. Curved nanostructures in vdW Cr2Ge2T6: (a) CGT crystal lattice showing the vdW layered
structure and interlayer distance. (b) Typical magnetic stripe domain structure at 4 K seen in MFM
measurements. (c) Schematic showing wrinkles in layered CGT and magnetically coated tip for
MFM measurements. DFT predicted trend of magnetism and transition temperature with strain
percentage. (d) Intralayer Cr the nearest-neighbor (J1), the second-nearest−neighbor (J2), and the
third-nearest-neighbor (J3) exchange couplings. (e) Interlayer Cr the nearest−neighbor (J1′ ) and the
second-nearest-neighbor (J2′ ) exchange couplings in bilayer Cr2Ge2T6. The calculated MAE per Cr
atom and TC as functions of strain for (f) monolayer and (g) bilayer Cr2Ge2T6. (h) Temperature-
dependent MFM examination of curved wrinkles with increasing strain: Left, Topography of three
different strained wrinkles. Right, MFM image series depicting enhanced magnetic signal at the
wrinkles depending on specific strain state up to RT. Magnetic signals in wrinkles exhibiting strain
of 1.3% disappear above 100 K, while wrinkles with 2.3% strain exhibit clear MFM phase signals
up to RT. Diagonal periodic lines in the figures are a result of instrument noise and are not part of
the magnetic signal (1.3% strain at 110 K and 2.3% strain at 120 K). (Reproduced with permission
from [42]. Copyright 2022, American Chemical Society).
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the strain increased, the TC was elevated above RT in Figure 10h,i. In short, strain engi-
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Figure 10. (a) Schematic illustration of the transfer and bending process of FGT nanoflakes on flexible
PVA/PET substrates. (b) M–H curves at under different strain values. (c) Extracted MS and HC as a
function of tensile strain. (d) ZFC and FC curves before and after the training procedure. (e) M–H
curves and anomalous exchange-bias effect. Insets are the corresponding schematic illustrations.
(f) AFM and MFM images of a single nanoflake in the bending and recovery states. All scale bars are
1 mm. (g) Extracted height and Df along the white dashed lines marked in (f). (h) M-T and critical
fittings under different strains. (i) Strain-tuned TC phase diagram. The blue square symbols are the
results of this current work and others are collected from the literature. (j) Comparison of optimal
TC values using different methods based on the FGT system. From top to bottom: Fe5 [111] and
Co [123] represent pure and Co-doped Fe5GeTe2, respectively; Fe4 refers to Fe4GeTe2 [124]; Au [125],
FePS3 [37] and Bi2Te3 [34] denote the corresponding heterojunctions with Fe3GeTe2. Gating means
the electrostatically gated Fe3GeTe2 [126], FIB [127] and Ga [128] are focused ion beam-treated and
Ga ion-implanted Fe3GeTe2, respectively. (Reproduced with permission from [121]. Copyright 2021,
The Royal Society of Chemistry).

As another typical example, Miao et al. [47] found that when 0.32% uniaxial tensile
strain was applied to the FGT nano sheet, its Hc increased by more than 150%. In order to
apply strain, they directly exfoliated the FGT nanosheets onto the PI film. By controlling
the distance of the needle tip pushed at the center of the substrate, the PI film was bent
to apply different uniaxial tensile strains to the FGT sample. The difference of magnetic
anisotropy energy was attributed to the strain-mediated FM. More importantly, they real-
ized a magnetization reversal with the limited strain. Similarly, Xu et al. [48] also observed a
reversible phase transition from AFM to FM in a CrSBr nanoflake at cryogenic temperature.
Their strain equipment consisted of three piezoelectric actuators glued to a titanium flexure
element. By cleaving a silicon substrate to form a micrometer-scale gap, the sample was
suspended at the gaps. Furthermore, a piezo voltage was used to continuously apply strain
reversibly to the CrSBr flake.
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3.3. Lattice Mismatch

High-quality, single-crystalline Fe4GeTe2 thin films [43] were grown on sapphire
substrate by molecular beam epitaxy (MBE). As shown in Figure 11a, the thin films exhibited
a rhombohedral structure. During the MBE epitaxy preparation, due to a lattice mismatch
of about 20% between the Fe4GeTe2 sample and the sapphire substrate, the lattice rotated
30◦ to form a perfect single crystal.
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of the crystal structure of Fe4GeTe2 stacked in ABC configuration (left), and its rhombohedral struc-
ture unit (right). (b) Temperature dependence of the magnetization for 16 nm Fe4GeTe2. (c) XRD 
scan of the Fe4GeTe2 film. (d) A typical HRTEM image of Fe4GeTe2 films; the color squares show the 
high-pass filtered images of the vdW structure. Up Inset: The EDX result verifies the 4:1:2 Fe: Ge: Te 
stoichiometric composition with the uniform element distribution map (right). I M–H curves of 4 
nm Fe4GeTe2 at 300 K. (e) Room-temperature magnetic hysteresis loops. (f) In-plane Mr–T curve. (g) 
Detailed magnetic field-dependent magnetization of 4 nm Fe4GeTe2 at various temperatures for H//ab. 
Inset: zoom-in hysteresis loop at 300 K. (h) Mr-T curves. (i) Tc for Fe4GeTe2 thin films with different 
thicknesses. (j) Effective magnetic an isotropy energy Keff and curie temperature Tc for our samples 
and previous vdW ferromagnets [77,124,129–131]. (Reproduced with permission from [43]. Copy-
right 2023, Springer Nature). 

However, there was a tensile strain of about 2% inside the Fe4GeTe2 film. The in-plane 
M-T curve of the 16 nm FGT film in Figure 11b indicated that its TC was close to RT. The 
results of XRD (Figure 11c) and HRTEM (Figure 11d) indicated that the FGT film had a 
perfect single crystal, and the atomic ratio of the Fe:Ge:Te element was about 4:1:2. At 300 
K, a 4 nm film exhibited robust in-plane magnetic anisotropy, as shown in Figure 11e. By 
fitting the Mr-T curve in Figure 11f, the TC could be deduced as high as 530 K. Furthermore, 
in Figure 11, it was confirmed through M-H loops that the few layered FGT sample exhib-
ited high-temperature FM. In addition, the thickness dependence of TC showed that when 
the thickness was thinner, its TC was higher, as shown in Figure 11h,i. Notably, MBE-prepared 
FGT had the higher TC and maintains a relatively high-magnetic anisotropy (Figure 11j). 
Through DFT calculations, it was found that a 2% tensile strain was not the reason for the 
enhanced TC. 

3.4. Electrostatic Force 
Considering the abnormally large mechanical response of Cr2Ge2Te6 (CGT) thin films 

caused by strong magnetostriction at TC, it was expected that this reverse effect could 
achieve strain-controlled TC. As shown in Figure 12a–c, the electrostatic strain-tuning TC 
was realized in a suspended Cr2Ge2Te6/WSe2 heterostructure [44]. After applying a gate 
voltage Vg, there was electrostatic force (Fel) in Figure 12c between the heterostructure and 

Figure 11. Crystal structure of the Fe4GeTe2 and its thickness-dependent magnetism. (a) Schematics
of the crystal structure of Fe4GeTe2 stacked in ABC configuration (left), and its rhombohedral
structure unit (right). (b) Temperature dependence of the magnetization for 16 nm Fe4GeTe2. (c) XRD
scan of the Fe4GeTe2 film. (d) A typical HRTEM image of Fe4GeTe2 films; the color squares show the
high-pass filtered images of the vdW structure. Up Inset: The EDX result verifies the 4:1:2 Fe: Ge:
Te stoichiometric composition with the uniform element distribution map (right). I M–H curves of
4 nm Fe4GeTe2 at 300 K. (e) Room-temperature magnetic hysteresis loops. (f) In-plane Mr–T curve.
(g) Detailed magnetic field-dependent magnetization of 4 nm Fe4GeTe2 at various temperatures for
H//ab. Inset: zoom-in hysteresis loop at 300 K. (h) Mr-T curves. (i) Tc for Fe4GeTe2 thin films with
different thicknesses. (j) Effective magnetic an isotropy energy Keff and curie temperature Tc for our
samples and previous vdW ferromagnets [77,124,129–131]. (Reproduced with permission from [43].
Copyright 2023, Springer Nature).

However, there was a tensile strain of about 2% inside the Fe4GeTe2 film. The in-plane
M-T curve of the 16 nm FGT film in Figure 11b indicated that its TC was close to RT. The
results of XRD (Figure 11c) and HRTEM (Figure 11d) indicated that the FGT film had a
perfect single crystal, and the atomic ratio of the Fe:Ge:Te element was about 4:1:2. At 300 K,
a 4 nm film exhibited robust in-plane magnetic anisotropy, as shown in Figure 11e. By fitting
the Mr-T curve in Figure 11f, the TC could be deduced as high as 530 K. Furthermore, in
Figure 11, it was confirmed through M-H loops that the few layered FGT sample exhibited
high-temperature FM. In addition, the thickness dependence of TC showed that when the
thickness was thinner, its TC was higher, as shown in Figure 11h,i. Notably, MBE-prepared
FGT had the higher TC and maintains a relatively high-magnetic anisotropy (Figure 11j).
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Through DFT calculations, it was found that a 2% tensile strain was not the reason for the
enhanced TC.

3.4. Electrostatic Force

Considering the abnormally large mechanical response of Cr2Ge2Te6 (CGT) thin films
caused by strong magnetostriction at TC, it was expected that this reverse effect could
achieve strain-controlled TC. As shown in Figure 12a–c, the electrostatic strain-tuning TC
was realized in a suspended Cr2Ge2Te6/WSe2 heterostructure [44]. After applying a gate
voltage Vg, there was electrostatic force (Fel) in Figure 12c between the heterostructure and
the bottom silicon substrate, resulting in strain in Cr2Ge2Te6 thin films. The strain of the
CGT layer can be estimated using the following formula:

∆ε = εel
(
Vg
)
+ εb

(
Vg
)

≈
[

2
3

(
ε0r

8g0
2n(T0)

)2
]

V4
g +

[
ε0r∆z(1−v)
4g0

2n(T0)

]
V2

g ,
(3)
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Figure 12. Strain-mediated TC in a suspended CGT/WSe2 heterostructure. (a) The schematic cross-
section of the suspended CGT/WSe2 heterostructure membrane. (b) The optical image of the heter-
ostructure. Scale bar: 12 μm. (c) The schematics of the electrostatic strain-tuning principle. (d) Meas-
ured resonance frequencies f0 of the heterostructure membrane as a function of temperature for dif-
ferent gate voltages Vg. (e) Filled blue circles—the measured resonance frequency as a function of 
Vg at 60 K. (f) The temperature derivative of f02 as a function of temperature. (g) Solid magenta line—
the estimate of electrostatically induced strain Δϵ as a function of Vg. The shaded magenta region 
shows the uncertainty in Δϵ. The inset shows as a function of added voltage-induced strain Δϵ in 
addition to calculations from Li and Yang [73] (solid green line) and from Dong et al. [132] (solid 
orange line). The vertical error bars in TC were estimated from determining the peak position in (e) 
within 2% accuracy in the measured maximum. (Reproduced with permission from [44]. Copyright 
2022, American Chemical Society). 

Note that Δ𝜖  is the total strain in the CGT layer; 𝜖  is the electrostatic pulling 
strain; 𝜖 is bending strain; 𝜀 is the dielectric constant of vacuum; 𝑉 is the gate volt-
age; 𝑟 is the membrane radius; 𝑣 is the Poisson’s ratio; 𝑛ሺ𝑇ሻ is total tension in sus-
pended heterostructures at 𝑇 = 60 K; and 𝑔 is the separation between the heterostruc-
ture and the bottom Si substrate. Interestingly, when the electrostatic force induced a 
strain of 0.026%, the TC of the suspended Cr2Ge2Te6 /WSe2 heterostructure was increased 
by about 2.6 K, as shown in Figure 12d–g. 

3.5. Field-Cooling 
Due to the fact that the lattice parameters of CGT materials at 5 K are greater than 

those at 270 K, it would cause in-plane expansion during cooling [133,134]. Phatak et al. 
[45] found that field-cooling could cause the material expansion in CGT flakes, leading to 
in-plane strain. Furthermore, they directly observed strain-induced evolution of the mag-
netic domain structure by cryogenic Lorentz transmission electron microscopy (LTEM), 
which was closely related to the magnetoelastic coupling between strain and 

Figure 12. Strain-mediated TC in a suspended CGT/WSe2 heterostructure. (a) The schematic
cross-section of the suspended CGT/WSe2 heterostructure membrane. (b) The optical image of the
heterostructure. Scale bar: 12 µm. (c) The schematics of the electrostatic strain-tuning principle.
(d) Measured resonance frequencies f0 of the heterostructure membrane as a function of temperature
for different gate voltages Vg. (e) Filled blue circles—the measured resonance frequency as a function
of Vg at 60 K. (f) The temperature derivative of f02 as a function of temperature. (g) Solid magenta
line—the estimate of electrostatically induced strain ∆ε as a function of Vg. The shaded magenta
region shows the uncertainty in ∆ε. The inset shows as a function of added voltage-induced strain ∆ε
in addition to calculations from Li and Yang [73] (solid green line) and from Dong et al. [132] (solid
orange line). The vertical error bars in TC were estimated from determining the peak position in (e)
within 2% accuracy in the measured maximum. (Reproduced with permission from [44]. Copyright
2022, American Chemical Society).

Note that ∆ε is the total strain in the CGT layer; εel is the electrostatic pulling strain;
εb is bending strain; ε0 is the dielectric constant of vacuum; Vg is the gate voltage; r is the
membrane radius; v is the Poisson’s ratio; n(T0) is total tension in suspended heterostruc-
tures at T0 = 60 K; and g0 is the separation between the heterostructure and the bottom Si
substrate. Interestingly, when the electrostatic force induced a strain of 0.026%, the TC of
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the suspended Cr2Ge2Te6 /WSe2 heterostructure was increased by about 2.6 K, as shown
in Figure 12d–g.

3.5. Field-Cooling

Due to the fact that the lattice parameters of CGT materials at 5 K are greater than
those at 270 K, it would cause in-plane expansion during cooling [133,134]. Phatak et al. [45]
found that field-cooling could cause the material expansion in CGT flakes, leading to in-
plane strain. Furthermore, they directly observed strain-induced evolution of the magnetic
domain structure by cryogenic Lorentz transmission electron microscopy (LTEM), which
was closely related to the magnetoelastic coupling between strain and magnetization. This
work revealed how to directly measure magnetic domain structures at the nanoscale.

4. Conclusions and Outlook

In this review, we have summarized the recent progress of strain-mediated intrinsic
FM in 2D van der Waals materials with long-range order. First, we introduce how to
explain the strain-mediated intrinsic FM on Cr-based and Fe-based 2D van der Waals
materials with long-range FM order through ab initio Density functional theory (DFT), and
how to calculate magnetic anisotropy energy (MAE) and TC from the interlayer exchange
coupling. Subsequently, we focus on numerous attempts to apply strain to 2D materials
in experiments, including wrinkle-induced strain, flexible substrate bending or stretching,
lattice mismatch, electrostatic force and field-cooling. However, research in this field is still
in its early stages and there are many challenges that must be overcome.

By selecting substrates with different thermal expansion coefficients, including x-
quartz [135–138], sapphire [27,28,139], and SiO2 [114]), uniaxial [135–138] or biaxial
strain [27,28,114,139,140] could be introduced into 2D materials. The introduction of biaxial
strain in this way was limited to the study of 2D materials without intrinsic long-range
magnetic order, such as MoS2 [28] and ReS2 [27]. So far, this strategy has not been applied
to the research on 2D intrinsic van der Waals materials. Very few equipment [47,48,121]
could apply strain to 2D materials, but less could be coupled with magnetic testing equip-
ment [41,141]. Especially, it is very challenging that one could accurately determine the
strain while measuring the magnetic properties and TC in different regions.

Recently, some emerging magnetic imaging technologies, such as magneto-optical
Kerr effect (MOKE) [7,8,40,142–144], magnetic circular dichroism (MCD) [62,126,145–149],
photoemission electron microscopy (PPEM) [150], scanning transmission X-ray microscopy
(STXM) [151], Lorentz transmission electron microscopy (LTEM) [150–152], spin-polarized
scanning tunneling microscopy (SP-TEM) [66,153], MFM [41,154], scanning
SQUID [155–159], and scanning nitrogen-vacancy center microscopy (SNVM) [160–164],
have been used to study 2D FM materials. However, these studies have not yet been com-
bined with strain and, currently, it is almost impossible to directly analyze the relationship
between strain and FM in 2D intrinsic materials. More importantly, strengthening the guide-
line of strain-mediated FM will promote the development of spintronics and straintronics.

Author Contributions: Writing—original draft preparation, H.R.; writing—review and editing,
H.R. and G.X.; supervision, G.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant No.
52172272), Shandong Province Natural Science Foundation (Grant No. ZR202103040767) and Doctoral
Scientific Research Foundation of Liaocheng University (Grant No. 318052054).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

19



Nanomaterials 2023, 13, 2378

Abbreviations

2D two-dimensional
3D three-dimensional
AFM antiferromagnetism
BKT Berezinskii-Kosterlitz-Thouless
CDW charge density wave
CGT Cr2Ge2Te6
CPT CrPbTe3
DFT density functional theory
DM Dzialoshinskii-Moriya
DOS density of states
FGT Fe3GeTe2
FM ferromagnetism
GGA the generalized gradient approach
HRTEM high resolution transmission electron microscopy
LDA linear density approach
LRO long-range order
LSDA local spin density approximation
LTEM lorentz transmission electron microscopy
MAE magnetic anisotropy energy
MBE molecular beam epitaxy
MC Monte Carlo
MCD magnetic circular dichroism
MFM magnetic force microscopy
MOKE magneto-optical Kerr effect
NM nonmagnetism
PAD polymer assisted deposition
PDMS polydimethylsiloxane
PEEM photoemission electron microscopy
PET polyethyleneterephthalate
PI polyimide
PRA the random phase approximation
PVA polyvinyl alcohol
QMC Quantum Monte Carlo
RT room temperature
SEM scanning electron microscopy
SNVM scanning nitrogen-vacancy center microscopy
SP-TEM spin-polarized scanning tunneling microscopy
SQUID superconducting quantum interference device magnetometry
SOC spin-orbit coupling
SSR solid-state reaction
STM scanning tunneling microscopy
STXM scanning transmission X-ray microscopy
XRD X-ray diffraction
Fel electrostatic force
TC curie temperature
J the exchange coupling constant
K magnetic anisotropy
∆E total energy difference
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Abstract: The term “carbon-based spintronics” mostly refers to the spin applications in carbon mate-
rials such as graphene, fullerene, carbon nitride, and carbon nanotubes. Carbon-based spintronics
and their devices have undergone extraordinary development recently. The causes of spin relax-
ation and the characteristics of spin transport in carbon materials, namely for graphene and carbon
nanotubes, have been the subject of several theoretical and experimental studies. This article gives
a summary of the present state of research and technological advancements for spintronic appli-
cations in carbon-based materials. We discuss the benefits and challenges of several spin-enabled,
carbon-based applications. The advantages include the fact that they are significantly less volatile
than charge-based electronics. The challenge is in being able to scale up to mass production.

Keywords: carbon-based spintronics; graphene; carbon nanotube; fullerenes; carbon nitride

1. Introduction

In the 1990s, the term spintronics (short for spin electronics) was created to designate
technologies that make use of an electron’s quantum mechanical feature known as “spin”,
which has only two values: spin-up and spin-down. To keep up with the ever-increasing
data generation, our society has dramatically boosted data storage capacity. Memory
devices have shrunk in size concurrently [1]. In part, this growth in data storage capacity
at smaller dimensions makes it easier to carry and exchange online material such as music
and photographs on mobile devices. This field of study and technology is frequently
referred to as spintronics since a significant portion of this technological breakthrough
has been made possible by controlling the spin degree of freedom of electrons in circuits.
After the giant magnetoresistance (GMR) effect was discovered in the 1980s, spintronics
research developed pace [2]. One of the newer technologies that will allow next-generation
nanoelectronics devices to have more memory and processing capability while using less
electricity is spintronics. Such devices make use of the degree of freedom that electrons
and/or holes’ spins have, which can also interact with their orbital moments. The spin
polarization in these devices is managed either by magnetic layers acting as spin-polarizers
or spin-polarizer/analyzers or by spin–orbit coupling [3].

The carbon material research focuses on carbon nanotubes and graphene. Although
carbon exists in a variety of allotropic forms, these two substances offer a low dimensional-
ity and high crystalline purity, opening the door to several unusual quantum events [4].
Spin injection and transport in carbon materials, such as carbon nanotubes, graphene,
fullerene, and organic materials, are referred to as “carbon-based spintronics”. They can
display strong long-range magnetic ordering and have much applicability if magnetic
moments are introduced. For application in computers, tablets, and handheld devices,
spintronics is utilized in fast microchips, logic gates, transistors, and capacitors. Addition-
ally, all-hydrocarbon products can drastically cut the demand for crucial materials used in

27



Nanomaterials 2023, 13, 598

the semiconductor sector (e.g., indium and gallium) [3,5]. It is necessary to comprehend
the history of magnetic coupling and make improvements to this vital characteristic to
create new and significantly improved spintronic devices. At the same time, traditional
research into hybrids of pure carbon units and magnetic metal species, known as magneti-
cally functionalized carbon nanostructures, continues to advance rapidly. When creating
composites with tunable magnetic characteristics, carbon components are essential because
they serve as templates for magnetic units. Various kinds of carbon nanomaterials are
utilized to shield and stabilize encapsulated magnetic subunits by forming cages with
high cohesion [6–8].

To properly understand carbon-based spintronics, it is crucial to assess the most
recent research in the area. This review article has explored the evolution of carbon-
based spintronics and has also discussed some current problems and anticipated future
developments. The preparation of the materials needed for carbon-based spintronic is
covered in the first section. The second section illustrates the operation of carbon-based
spintronic device operations. In this section, a few potential carbon-based spintronic
devices for logic and memory applications are introduced along with other uses. The last
section discusses the topic of prospective and challenges in carbon-based spintronics for
real-world applications.

2. Carbon-Based Spintronics
2.1. General

The different carbon prototypes used in the synthesis serve as the foundation for
most carbon-based spintronic devices. The carbon materials utilized are divided into
four distinct types: graphene-based, carbon nanotubes-based, carbon nitride-based, and
fullerenes-based (Figure 1). These are representations of carbon’s nanoscopic allotropes in
two, one, and zero dimensions.
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2.2. Preparation

It is possible to think about graphene as a single sheet of graphite since it produces a
perfectly planar layer of carbon atom. Thus, the arrangement of carbon atoms results in
a hexagonally symmetric, monatomic, two-dimensional lattice. Currently, there are three
main methods for creating graphene nanoribbons (GNRs): cutting graphene using lithogra-
phy, polycyclic bottom-up synthesis, and unzipping carbon nanotubes (CNTs). Chemical
vapor deposition (CVD) on metal surfaces, mechanical exfoliation, electrochemical exfo-
liation, chemical exfoliation of graphite powder, epitaxial growth on single crystal SiC,
chemical coupling processes, and intercalation/sonication are the common techniques used
to produce graphene nanosheets (GNs) [9]. Graphene quantum dots (GQDs) can be created
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using top-down or bottom-up methods. In the top-down strategy, different synthetic and
fabrication techniques are used to create zero-dimensional GQDs from specific carbon
source materials (carbon fibers, graphene oxide, and graphene nanoribbon) [10]. These
include microwave-assisted hydrothermal, solvothermal, chemical oxidation, microflu-
idization, and electrochemical techniques. Using a bottom-up strategy, stepwise solution
chemistry, pyrolysis and oxidation, and hydrothermal heating are used to combine smaller
benzene derivative units into larger GQD entities. The single-step Wurtz reaction is used to
create scalable carbon nanosheets (CNs) without magnetic impurities, which feature an
amorphous structure with embedded crystalline graphene nanocrystals by Liu C. et al. [11].
The synthesis is depicted in Figure 2.

Nanomaterials 2023, 13, x FOR PEER REVIEW 3 of 20 
 

main methods for creating graphene nanoribbons (GNRs): cutting graphene using lithog-
raphy, polycyclic bottom-up synthesis, and unzipping carbon nanotubes (CNTs). Chemi-
cal vapor deposition (CVD) on metal surfaces, mechanical exfoliation, electrochemical ex-
foliation, chemical exfoliation of graphite powder, epitaxial growth on single crystal SiC, 
chemical coupling processes, and intercalation/sonication are the common techniques 
used to produce graphene nanosheets (GNs) [9]. Graphene quantum dots (GQDs) can be 
created using top-down or bottom-up methods. In the top-down strategy, different syn-
thetic and fabrication techniques are used to create zero-dimensional GQDs from specific 
carbon source materials (carbon fibers, graphene oxide, and graphene nanoribbon) [10]. 
These include microwave-assisted hydrothermal, solvothermal, chemical oxidation, mi-
crofluidization, and electrochemical techniques. Using a bottom-up strategy, stepwise so-
lution chemistry, pyrolysis and oxidation, and hydrothermal heating are used to combine 
smaller benzene derivative units into larger GQD entities. The single-step Wurtz reaction 
is used to create scalable carbon nanosheets (CNs) without magnetic impurities, which 
feature an amorphous structure with embedded crystalline graphene nanocrystals by 
C.Liu et al. [11]. The synthesis is depicted in Figure 2. 

 
Figure 2. Synthesis of ferromagnetic carbon nanosheets. Reproduced from ref [11] with permission 
of Journal of Physical Chemistry C copyright 2020. 

Arc discharge [12], chemical vapor deposition, and laser ablations are some of the 
techniques used to produce CNTs [13]. Most frequently, reactive nitrogen-rich, oxygen-
free molecules with pre-bonded C-N core structures, such as triazine and heptazine de-
rivatives, are utilized as precursors in the chemical production of gC3N4. Using conven-
iently accessible nitrogen-rich precursors such as cyanamide, urea, thiourea, melamine, 
and dicyandiamide, it can be produced with just one step of heat processing [14]. Initially, 
fullerenes were created by laser vaporizing carbon in an inert atmosphere, but this process 
only yielded trace amounts of fullerenes. Later on, using the arc heating of graphite and 
the laser irradiation of polyaromatic hydrocarbon (PAHs), substantial amounts of fuller-
ene C60 were produced. The synthesis process for different carbon-based materials is il-
lustrated in Figure 3. 

Figure 2. Synthesis of ferromagnetic carbon nanosheets. Reproduced from ref [11] with permission
of Journal of Physical Chemistry C copyright 2020.

Arc discharge [12], chemical vapor deposition, and laser ablations are some of the
techniques used to produce CNTs [13]. Most frequently, reactive nitrogen-rich, oxygen-free
molecules with pre-bonded C-N core structures, such as triazine and heptazine derivatives,
are utilized as precursors in the chemical production of gC3N4. Using conveniently
accessible nitrogen-rich precursors such as cyanamide, urea, thiourea, melamine, and
dicyandiamide, it can be produced with just one step of heat processing [14]. Initially,
fullerenes were created by laser vaporizing carbon in an inert atmosphere, but this process
only yielded trace amounts of fullerenes. Later on, using the arc heating of graphite and the
laser irradiation of polyaromatic hydrocarbon (PAHs), substantial amounts of fullerene C60
were produced. The synthesis process for different carbon-based materials is illustrated
in Figure 3.
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3. Applications
3.1. Graphene-Based

This carbon-based substance, graphene, is fundamentally important in spintronics
and the reason for this decision was due to its inherent magnetic properties. The dimen-
sionally reduced graphene nanoribbons are introduced in this section along with a general
description of graphene. The zigzag varieties of these species, which have been shown to
display magnetic properties in their ground state, can be viewed as the basic elements of
carbon nanostructure magnetism. With a 1.97 eV optical bandgap, carbon nano solenoid
(CNS) exhibits strong red photoluminescence. According to the results of magnetic tests,
the CNS exhibits complicated magnetic ordering behavior and a paramagnetism response
at low temperatures. Overall, such a Π-conjugated CNS makes it possible to serve as
the foundation for the creation of electrical and spintronic devices that comprise of CNS
molecules [15]. Partially hydrogenated graphene (PHGr), produced by S. Yang and his
research team, contains periodic hexagonal graphene nanoflakes (GNFs) with zigzag bor-
ders embedded within a layer of hydrogenated graphene [16]. They revealed that a single
Au atom can catalyze H2 dissociation by selectively adhering to borders, lowering the
barrier to graphene hydrogenation. The PHGr can therefore be used as a platform for
single-atom catalysts and carbon-based spintronic devices. Additionally, when the size of
the GNF fluctuates between 1.4 nm and 2.3 nm, it was discovered that the antiferromag-
netic boundary states and semiconducting characteristics remain unaltered. The impact of
magnetic coupling engineering on the spin transport characteristics of covalently coupled
nanographene dimer-based molecular devices has been investigated by Jing Zeng and
Xiaohui Deng. Their findings demonstrate that the magnetic coupling strength of the
covalently connected, five-membered ring-decorated nanographene is a key factor in the
superior spin transport capabilities [17]. The on-surface synthesis of covalently bound tri-
angulene dimers and a proof-of-concept experimental analysis of magnetism are presented
by Mishra S. et al. The selective synthesis of triangulene dimers, in which the triangulene
units are either directly joined through their minority sublattice atoms or are separated by
a 1,4-phenylene spacer, results from on-surface interactions of rationally chosen precursor
molecules on Au(111) [18]. Bond-resolved scanning tunneling microscopy has been used to
describe the chemical composition of the dimers. Collective singlet–triplet spin excitations
are discovered in the dimers by scanning tunneling spectroscopy and inelastic electron
tunneling spectroscopy experiments, proving effective intertriangulene magnetic coupling.
Using 2,6-dibromo-1,5-diphenylnaphthalene as a precursor, Keerthi A. et al. describe the
on-surface synthesis of an unheard-of cove-edge chiral GNR with a benzo-fused backbone
on an Au(111) surface [19]. A scanning tunneling microscopy and spectroscopy indicate
the initial precursor self-assembly and the development of the chiral GNRs following
annealing, as well as a very tiny electronic bandgap of about 1.6 eV.

The “inverse Schottky” feature, high spin polarization, the reverse of spin polar-
ization, and substantial magnetoresistance were among the remarkable spin transport
properties discovered. These findings suggest that the covalently bonded, five-membered
ring-decorated nanographene dimers can be engineered to function as overcurrent protec-
tion, information storage, and logic devices. The research supports a practical approach
to producing high-performance molecular spintronic devices made of carbon. Different
emergent spin-related quantum phenomena are strongly influenced by spin–orbit coupling
(SOC). Additionally, light carbon atoms imply a small intrinsic SOC strength, which pre-
vents their use in spintronics. Gu J. et al. develop a specific deformation vector with chiral
curvature, to replicate the warping and twisting of space to increase the SOC effect [20]. This
opens the door to the creation of numerous spintronic devices, such as spin current sources,
spin field-effect transistors, spin galvanic meters, and inverse spin Hall effect-related spin
current sources and transistors. The discovery by de Sousa, M.S.M. et al. that periodic
vacancies can transform single-layer graphene into a nodal-line or nodal-loop semimetal
opens the door to the creation of novel capabilities for spintronic or electrical devices based
on graphene [21]. Additionally, the density of states at the Fermi level is increased in the
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vacancy-engineered graphene. This method is true even in the presence of high spin–orbit
coupling, regardless of the specifics of the systems, and applies to a variety of crystalline
structures. The isolated cyclo [18] carbon (C18), a recently synthesized carbon allotrope,
has the potential to be the essential element of advanced electronic systems because of its
superior physical characteristics. Based on the non-equilibrium Green’s function approach
and density functional theory, Hou L. et al. studied a unique molecular spin-filtering
device that was created by covalently sandwiching a C18 ring between two zigzag-edged
graphene nanoribbons (ZGNRs) [22]. By sandwiching a metal-carbon chain between C18
and nonmagnetic ZGNRs (on/off ratio of ≈2737), it is possible to produce a potent bi-
molecular configuration switching effect. Correa J.D. et al. systematically investigate the
electrical and magnetic properties of a class of Penta-graphene-related materials that are
produced by swapping out the four-fold coordinated carbon atoms for other elements [23].
Pentagonal nanoribbons exhibit remarkable electrical and magnetic properties as a result
of quantum confinement and edge effects. These systems can retain magnetic states with
different electronic behaviors or spin-unpolarized states, depending on the particular pen-
tagonal material and edge geometries. Liang Z.’s group uses density functional theory and
non-equilibrium Green’s function to conduct a theoretical study on the electrical character-
istics of double atomic carbon chains bridging graphene electrodes. Atomic carbon chains’
conductivity is significantly impacted by strain. But the intrinsic transport of double atomic
carbon chains is mostly governed by the coupling effect between adjacent chains. The
connected double atomic chains have strong antiparallel spin-filtering capabilities on two
electrodes. In spintronic devices and carbon-based field-effect transistors, the connected
double-atomic carbon chains have a wide range of possible applications. An all-carbon
spintronic device made of a perylene molecule connected to two symmetrical ferromagnetic
zigzag-edge graphene nanoribbon (ZGNR) electrodes via carbon atomic chains was the
subject of an investigation by Han X. et al. [24]. The ZGNR electrodes magnetization could
be changed by applying an external magnetic field. The setup displays spin filtering and
the negative differential resistance (NDR) effect when the spin configuration is parallel.
Antiparallel spin arrangement reveals bipolar spin filtering, spin rectifying, and a NDR
effect. Additionally, there is a significant magnetoresistance difference between the parallel
and antiparallel spin arrangements. By organizing the direction of the magnetic moments
of carbon atoms at the edges, Prayitno T.B., Budi E. and Fahdiran R. have shown how
first-principles calculations may be used to modify the band gap of the bilayer zigzag
graphene nanoribbon [25]. The polar angle, as it is specified in spherical coordinates, was
used to specify these directions. The band gap increases as the polar angle rises from the
ferromagnetic configuration to the antiferromagnetic state. In addition, it has been demon-
strated that the ferromagnetic configuration leads to the metallic system, whereas the others
lead to the insulator. A straightforward plasma technique was used by Jeong et al. to create
N-doped graphene, and the resulting material was shown to have a specific capacitance of
280 F/g, which is four times greater than that of the similar undoped pure graphene [26].
This is due to the fact that N-doping can improve the electrical conductivity of graphene
and introduce charge-transferring sites through a doping-induced charge modulation,
leading to an increase in the specific capacitance and an improvement in power density
of 8105 W/kg and energy density of 48 Wh/kg. GO can also be hydrothermally reduced
using compounds that contain nitrogen to create N-doped graphene.

3.1.1. Doping or Embedding

The structure of nanoscale carbon materials can be improved and controlled through
doping, which in turn affects their optical, electrical, dielectric, and magnetic properties.
It was shown that the system’s spin characteristics can be dramatically affected by cobalt
(Co) atoms chemisorbed on p-conjugated C atoms. Distinct Co atoms have different
distributions of the spin densities of the various energy levels, creating pathways for
effective spin-transfer operations. Both global spin-transfer activities between the Co atoms
and reversible local spin-flip events on each Co atom are accomplished [27]. Zhang P.
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and colleagues showed that the magnetism in boron atoms (B2) doped seven-atom-wide
armchair graphene nanoribbons (B2-7AGNRs) is provided by p-electrons, resulting from
the imbalance of electrons in two spin channels because of boron dopants [28]. The
significant observation of R. Langer and his team was that doping graphene with two
separate transition metal atoms and creating transition metal dimers results in a vastly
increased magnetic anisotropy energy (MAE) when compared to graphene doped with
a single atom [29]. A new two-dimensional carbon allotrope called twin T-graphene that
has three atomic layers of thickness was explored by Majidi R. et al. [30]. Twin graphene
is created by substituting carbon dimers for one-third of the parallel aromatic bonds in
AA-stacked bilayer graphene. It resembles a graphene bilayer in which two layers are
connected organically [31]. In their study, density functional theory (DFT) calculations
were used to examine the structural and electrical characteristics of 3D twin T-graphene
embedded with transition metals (TM). They showed that TM adsorption influences the
twin T-electrical graphene’s characteristics. The authors observed the adsorption of Sc, Ti,
V, Cr, and Zn on semiconductors, Mn, Cu, and Ni on metals, and Fe and Co on bipolar
magnetic semiconductors. Twin T-graphene sheets with TM embedded in them have an
energy band gap that narrows with increasing TM atom concentration. The outcomes
demonstrated the potential of TM-integrated twin T graphene for usage in electrical and
spintronic systems. Twin graphene investigations with the dual doping of Al and Y (Y—B,
N, O) atoms at various sites (ortho, meta, and para) were also carried out by Yu L. et al.
using first-principle DFT calculations to determine the structural, electrical, and magnetic
properties [32]. The AlB-TG system is the most stable dual-doped structure since all Al-Y
dual-doped twin graphene (AlY-TG) systems are formed through exothermic methods that
result in stable dual-doped structures. In the situations of AlB and AlN doping, dual doping
controls the bandgap of twin graphene. The bandgap of twin graphene is controlled by
doping when AlB and AlN are utilized, and the pure twin graphene has a direct bandgap, is
nonmagnetic, and is semiconductive. By dual doping Al and Y (Y—B, N, O) atoms, the twin
graphene’s electrical and magnetic characteristics can be altered. A theoretical foundation
for using twin graphene in nanomagnets and spintronic devices is provided in this paper.
Graphene nanoribbons (GNRs) can become the fundamental components of spintronic
devices thanks to the embedded spin chains. Magnetism in GNRs is typically linked to
highly reactive, hard-to-produce localized states along zigzag edges. Friedrich N. et al.
showed that by creating atomically precise engineering topological flaws in the interior of
the GNR, magnetism can also be induced away from the physical zigzag edges [33]. Two
spin-polarized boundary states are created around a pair of substitutional boron atoms
that are introduced into the carbon backbone, breaking the conjugation of their topological
bands. Electrical transport experiments using boron-substituted GNRs suspended between
the tip and the sample of a scanning tunnelling microscope revealed the spin state. A
magnetic ground state is made possible by adding two boron atoms to the carbon lattice of
graphene nanoribbons (GNRs) as shown in Figure 4.

1 
 

 

Figure 4. (a) Structure of the 2B-7AGNR shown over a color map representing the spin polarization
density map, computed using density functional theory simulations ([16]) (green represents the boron
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moiety). (b) Spin-resolved projected density of states (PDOS) over carbon atoms around the boron
dimer. Net spin polarization of one kind confirms the ferromagnetic alignment of the two magnetic
moments. Reproduced from ref [33] with permission of Phys. Rev. Lett. copyright 2020. The
production of nitrogen-doped porous graphene nanoribbons (N-GNRs) on Ag(111) was accomplished
by Pawlak R. in a different study by using a silver-assisted Ullmann polymerization of brominated
tetrabenzophenazine [34]. Combining scanning tunneling microscopy (STM), atomic force microscopy
(AFM) with CO-tip, scanning tunneling spectroscopy (STS), and density functional theory provides
insights into the hierarchical reaction pathways from single molecules toward the formation of
one-dimensional organometallic complexes and N-GNRs (DFT).

Osman W. and their colleagues use density functional theory to examine the electri-
cal and magnetic properties of armchair-hexagonal (AHEX) and zigzag-triangular (ZTRI)
graphene quantum dots doped with alkali metals [35]. Alkali metals (Li, Na, and K) act as
dopants by substituting one of the C-atoms present inside the flake in various locations.
Also, the stability of the undoped systems is confirmed using the binding energy. Even
though doping makes single-layer structures less stable, bilayer structures have higher
binding energy between the layers. Magnetic characteristics are also influenced by stacking;
for example, edge pairing causes pure bilayer triangular flakes to turn antiferromagnetic.
Doping has a considerable impact on the energy gap; for example, when Na is doped at
the upper position in hexagonal flakes, the gap drops from 3.7 eV to 1.5 eV. Zheng Y. et al.
showed that designer above-room-temperature magnetic phases and functionalities are
abundant in graphene nanomaterials. The capacity to adjust magnetic coupling signs has re-
mained elusive but highly wanted, despite recent confirmation that spins exist in open-shell
nanographenes. In atomically accurate open-shell bipartite/non-bipartite nanographene,
they have successfully illustrated an engineering method for magnetic ground states by
combining scanning probe techniques with mean-field Hubbard model calculations [36].
By disrupting the bipartite lattice symmetry of nanographene, the magnetic coupling di-
rection between two spins was regulated. Additionally, by carefully adjusting the overlap
of two spins’ spin densities, the exchange interaction strength between them was broadly
controlled, yielding a significant exchange interaction strength of 42 meV.

3.1.2. Logic Application:

Similar to the implantation of biological logic-gates [37–39], graphene nanoflakes (GNFs)
have recently gained significant interest due to their use in spintronic devices [40,41]. They al-
low for the induction of magnetism via boundary states, defects, doped magnetic atoms, or
strain. In a current study, the authors suggested a number of binary (two-qubit) logic gates
in the p-conjugated rhombic graphene nanoflakes (Co4-GNF). For the Co4-GNF structure,
the spin manipulation procedure was completed with a fidelity above 96% in the subpi-
cosecond time scale. They used the position and direction of the spin as the information bits
of the binary gates because the spin density of the system continues to be highly localized
in some electrical states. Numerous options result in various reorganizations of various
classical and quantum logic gates. Both traditional (OR, AND, NAND) and quantum
(CNOT, SWAP) binary logic gates are built by carefully mixing the various spin-dynamics
processes attained in the Co4-GNF structure [27]. A molecular spin logic gate was designed
by Zhang W. et al. using two Mn porphyrins connected by a six-carbon monoatomic chain
(diMnPh) and sandwiched between two electrodes made of armchair graphene nanorib-
bons (AGNR). The researchers’ findings demonstrate that the spin-resolved transport
features can be successfully controlled by simultaneously modifying the molecules’ initial
spin polarizations and zigzag edges. The diMnPh molecular junction can realize various
spin logic gates, such as YES, NOT, XOR, OR, and NOR, which are crucial for designing and
implementing high-performance and multifunctional molecular spintronic devices in the
future. These gates can be realized based on different spin-dependent current-voltage char-
acteristics [42]. The work by the Han Zhou group thoroughly examines the spin couplings
between transition metal atoms doped on graphene and demonstrates how they may be
used to create various logic gates for spintronic device design [43]. The spin-coupling effect
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can manifest a certain distance dependence and space propagation, as further confirmed
by the impacts of the number of carbon layers and the distance between doped metal
atoms on the logic gate implementation. The accomplishments in this work reveal the
potential utility of graphene materials and are anticipated to open new research directions
for investigating their use in the creation of complex spintronic devices. In this work, the
six logic gates AND, OR, NOT, XOR, NOR, and INHIBIT are implemented.

3.2. Carbon Nanotubes

Since Iijima’s 1991 discovery of CNTs, there has been a lot of interest in CNT-based
spintronics [12]. Different structural categories are used to categorize CNTs. Single-walled
carbon nanotubes (SWCNTs) are created by rolling a graphene nanoribbon into a cylinder;
multi-walled carbon nanotubes are created by nesting several SWCNTs with various radii
together (MWCNTs). Depending on their diameters and chiralities, SWCNTs can have
metallic or semiconducting electrical characteristics. MWCNTs can be thought of as a
collection of coaxial SWCNTs.

3.2.1. SWCNTs

The design of magnetic materials, spintronic devices, and others are all inextricably
connected to the spin-polarized behavior of electrons [3,44]. The research of wang J. et al.
on cap-(9, 0) CNTs investigates a defect for adsorbed atoms that could lead to spin polariza-
tion on the surface of C30 [45]. To investigate it, they employed the first-principles DFT
approach [46–48]. The outcomes of the calculations demonstrate that the C adatom drives
the formation of spin density and that the distribution of spin density varies for various ad-
sorption positions. The research on spintronic injection and other devices will benefit from
this effort. Their research suggests that the asymmetric structure’s spin polarization can
be modified by adding adatom defects. The capacity of spin crossover (SCO) molecules to
change their spin state in response to various stimuli makes them interesting candidates for
nanoscale magnetic switches. Strong Fe-based SCO molecules have proven to be enclosed
within the 1D cavities of single-walled carbon nanotubes by Villalva J. et al. [49] as shown
in Figure 5. They discovered the SCO process holds up to individual heterostructures
being enclosed and placed in nanoscale transistors. A substantial conductance bistability
is triggered through the host SWCNT via the SCO switch in the guest molecules. Addi-
tionally, unlike crystalline samples, the SCO transition occurs at higher temperatures and
exhibits hysteresis cycles, which results in the memory effect. Their findings show how
SCO molecules can be processed and positioned into nanodevices using SWCNTs as a
support structure, which can also help to adjust their magnetic characteristics. Using DNA
strands to helical functionalize carbon nanotubes, the chirality-induced spin selectivity
(CISS) effect can polarize carrier spins.

A fundamental comprehension of this effect, which M. W. Rahman and colleagues have
studied, is essential for the prospective application of this system in spintronic devices [50].
Due to DNA functionalization, the conduction mechanism was discovered to operate in the
strongly localized regime, and the observed magnetoresistance is a result of interference
between the forward and backward hopping paths. According to estimates, CISS-induced
spin polarization increases the carrier localization length by an order of magnitude in the
low temperature range and has a non-trivial impact on the magnetoresistance effect that
was not seen in traditional systems.
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SCO@SWCNT. (c) Scanning electron microscopy (SEM) image of a transistor-like device containing a
SCO2@SWCNT heterostructure trapped via dielectrophoresis. Scale bar: 500 nm. Reproduced from
ref [49] with permission of Nat. Commun. copyright 2021.

To create high-performance nanoelectronic devices in the future with minimal in-
terface contact resistance barriers and micro superconducting spintronic devices, C/BN
heteronanotubes with polar discontinuity have been created by Wang Y. [51]. Linear in-
terfaces between CNTs and h-BN nanotubes (BNNTs) within heteronanotubes introduce
unexpected electrical and spintronic properties that are distinct from those of the individual
parts. Polar discontinuities occur at the interfaces of heteronanotubes with zigzag bound-
aries (ZCBNNTs), creating an inherent electric field that acts on the segment CNTs. To make
up for the potential difference, the electric field then induces a charge transfer between the
two interfaces; as a result, the interface states (or boundary states) exhibit novel behaviors.
For instance, ZCBNNTs are half-metallic in nature. Due to the compensatory effects of
the free charge to the polarization charge, the ZCBNNTs’ length and diameter can also be
used to alter the electrical properties in an efficient manner. Chen M. et al. developed inno-
vative nanomaterials for use in electrical atomic switches, optoelectronic, and spintronic
devices [52]. They have shown that chromium atoms put between parallel SWNT sidewalls
can transfer electrons to the benzene rings of the nanotubes by forming hexahapto bonds
with the benzene atoms. This maintains the nanotube’s conjugated electrical structure. An
appealing method for the reversible chemical engineering of the transport characteristics of
aligned carbon nanotube thin films is to link the graphitic surfaces of carbon nanotubes
with transition metal atoms, which boosts the transverse conductivity of connected and
aligned SWNTs by ≈2100%. They show that a SWNT-aligned device can transition back
and forth between a state of high electrical conductivity. They have shown that a device
made of aligned SWNTs is capable of being reversibly switched from a state of high electri-
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cal conductivity (ON) via light to a state of low electrical conductivity (OFF) by applying
voltage. CNTs are excellent choices for supercapacitor electrodes, both when combined
with other electrode materials and when used alone. Activating the CNT walls and/or
tips will increase the specific surface area. For instance, Pan et al. increased the specific
surface area of SWNTs through electrochemical activation from 46.8 m2/g to 109.4 m2/g,
resulting in a three-fold increase in the specific capacitance [53]. For extremely pure SWNTs,
Hata and colleagues reported a specific surface area of 1300 m2/g [54]. Chen X. et al.
have reported energy densities up to 94 Wh/kg (or 47 Wh/L) and power densities up to
210 kW/kg (or 105 kW/L) using an organic electrolyte (1 M Et4NBF4/propylene carbonate)
to assure a high voltage of 4 V [55].

3.2.2. MWCNTs

Danilyuk A.L. and colleagues have explored the indirect exchange coupling mediated
by conduction electrons in multiwall carbon nanotubes (MWCNTs) with single-domain fer-
romagnetic nanoparticles (FNPs) implanted inside. They have demonstrated that the static
spin susceptibility can spread up to tens of micrometers by modifying the Klinovaja–Loss
(KL) model for single-wall CNTs [56]. The adjustment of the Fermi level to the gap cre-
ated by the spin–orbit interaction is the primary requirement for the long-range exchange
interaction (SOI). The suggested method enables measuring the exchange interaction’s
energy between FNPs that are part of the same CNT. The results obtained present promis-
ing prospects for the fabrication and application of MWCNT-based spintronic devices.
Mosse I.S.’s work with nano-tweezers is an important source for the creation of device
components that could be useful for quantum information technology [57]. A controlled
synthetic chemical technique was used to improve magnetic interactions along nanotube
walls. This technique is based on a two-step process that first examines the functionaliza-
tion of nanotubes (carbonyl groups) and then looks at the attachment of an organo–metallic
complex to the carbonyl group. Depending on the functionalization method, mesoscopic
electron spin correlations have been seen as well as a distinct transition from superparam-
agnetism to weakly ferromagnetism. Next, they used a nano-tweezer made from a memory
metal alloy to illustrate a novel production method based on nanointegration. The devel-
oped devices had quantum rings, crossed junctions, and fine network topologies that can
be controlled by nano-probes.

3.3. Carbon Nitride
3.3.1. General

A brand-new group of carbon-based materials made up of nitrogen (N) and carbon (C)
atoms are known as 2D carbon nitride nanosheets. A recent study has focused heavily on
the 2D carbon nitride family due to evidence of its physical, chemical, and morphological
features [58,59]. It is interesting to note that by adjusting the N/C ratio and moving the
N and C atoms around in the lattice structure, the electric characteristics of carbon nitride
nanosheets can be flexibly designed to range from half-metal to semiconductor [60,61], offer-
ing insightful design guidance for novel g-C3N4-based two-dimensional elastic electrical
and spintronic devices. Biaxially strained graphitic carbon nitride’s (g-C3N4) mechanical
and electrical characteristics were studied by Qu L.-H. and colleagues [62]. The results
demonstrated that g-C3N4 has substantial linear elasticity and extremely isotropic mechan-
ical characteristics. The photon transition between band gaps was modest, implying that
the g-C3N4 monolayer is not a good material for solar cells. It was discovered that the
spin-unrestricted band gap of g-C3N4 can be over-estimated, and that sufficient biaxial
strain can cause the spin splitting of g-C3N4. The experimental implementation of bare
C3N nanoribbons spintronic devices is challenging. This is because edge reconstruction
will take place in the bare C3N nanoribbons. Utilizing ferromagnetic Ni electrodes, Zeng J.
and Zhou Y. thoroughly examined the spin-polarized characteristics of 2D C3N sheets and
the related hydrogen-passivated nanoribbons [63]. On top of the Ni electrodes, a 2D C3N
sheet exhibited semiconductor-to-metallic spin filtering and a positive magnetoresistance
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effect. Particularly impressive were the increased spin polarization effectiveness and the
appearance of the negative magnetoresistance effect following the transformation of the 2D
C3N sheet into hydrogen-passivated nanoribbons. These findings suggest that C3N has a
lot of promise for use in nanoscale spintronics.

3.3.2. Doping

In addition to using carbon nitride in its purest form, doping the monolayer with
atomic impurities has also been investigated to enhance its physical and chemical prop-
erties. By manipulating the band structure, doping with non-metal atoms such as S, O, B,
and C can increase the lifetime of photogenerated electrons and the range of absorbed light
wavelengths [64]. One efficient and convenient approach to improvement is co-doping
carbon nitride nanosheets. According to research by Bafekry et al., co-doping changes
the semiconducting properties of C6N7 into a Dirac half-metal with a 2.3 eV band gap in
the spin-up channel, and a gapless Dirac conic band structure in the spin-down channel.
These results show that the 2D carbon nitride family has applicability in spintronic devices,
made possible by the co-doping technique, in the band structure [61]. The metal-adsorbed
C4N systems are remarkable potential candidates for the development of electrical and
spintronic devices. Liu W. and colleagues presented a novel possibility for controlling
the ferromagnetism in light element systems [65], by adding ferromagnetism to materials
with only s and p electrons in light elements. In this study, the ferromagnetic properties
of carbon-doped boron nitride (B-C-N) nanosheets were investigated. These nanosheets
were produced by the high-temperature annealing of a stacked mixture of boron nitride
nanosheets (BNNSs) and graphene that had been prepared by urea-assisted aqueous exfo-
liation. The BCN nanosheets showed strong ferromagnetic responses, with a saturation
magnetization of 0.142 emu/g at ambient temperature. They discovered that the ferromag-
netic characteristics of the BCN nanosheets are significantly influenced by the thickness of
the predecessors.

The electrical and magnetic characteristics of the 2D materials were successfully altered
by surface adsorption. Xu M. et al. used the density functional theory to examine the
adsorption behaviors of 16 metal atoms that were adsorbed on the 2D dumbbell C4N
(DB C4N), including alkali metals, alkaline earth metals, 3D transition metals (TMs), and
precious metals [66]. The alkali metals (Li, Na), alkaline-earth metals (Be, Mg), 3dTMs (Ti,
V, Cr, Mn, Fe, Co), and precious metals (Ag, Pt, Au) were shown to open the zero bandgaps
of DB C4N through the charge transfer between the adatoms and the surface of the material.
Additionally, the monolayer C4N was made magnetic using the 3D transition and precious
metal adatoms.

3.4. Fullerenes

We must be able to comprehend and manipulate metal-organic interactions for the
functionalization of organic complexes for next-generation electrical and spintronic de-
vices. The so-called single molecular magnets (SMM) are of special relevance for magnetic
data storage applications because they provide the opportunity to store information on
a molecular scale. The research of Seidel J. et al. focused on the adsorption character-
istics of the archetypal SMM Sc3N@C80 produced as a monolayer film on the Ag(111)
substrate [67]. They offered convincing proof that the adsorption on the Ag(111) surface
caused a pyramidal deformation of the otherwise planar Sc3N core inside the carbon cage.
It is possible to link this adsorption-induced structural change in the Sc3N@C80 molecule
to a charge transfer from the substrate into the lowest unoccupied molecular orbital of
Sc3N@C80, which drastically changes the charge density of the fullerene core. This research
demonstrated how such an indirect interaction between the metal centers of SMMs that
are enclosed and the metal surfaces can significantly modify the geometric shape of the
metallic centers, potentially changing the magnetic characteristics of SMMs on surfaces
as well.
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3.5. Others

Carbon-based materials have received considerable and widespread research attention
ever since monolayer graphene was successfully synthesized. They show great promise
for use in electronic devices, even replacing silicon-based electronics, optoelectronics, and
spintronics, due to their outstanding transport capacity and conductivity. In work by
Liu C. et al., amorphous carbon nanosheets (CNs) with an average of 3.6 nm graphene
nanocrystals inside were found to macroscopically attain room-temperature ferromagnetic
ordering [11]. The magnetization that could result from the ferromagnetic coupling between
the zigzag edges of nanocrystals in CNs would be substantial (>0.22 emu/g), which is two
orders of magnitude more than what has been observed in defective graphite. Additional
experiments and first-principles calculations showed that the zigzag edges’ separation
might effectively influence the magnetic coupling in CNs.

In another study, M.A.M. Keshtan and M. Esmaeilzadeh investigated the topological
and spin-dependent electron transport characteristics of a trans-polyacetylene molecule [68].
Even though their Hamiltonians do not adhere to chiral symmetry, it was discovered that
molecules with intracellular single carbon–carbon bonds and an even number of monomers
in their chains exhibit two edge states and contain topological features. The quantum
spin-dependent electron transport features are induced and manipulated using two per-
pendicular and transverse electric fields and a perpendicular exchange magnetic field. In
distinct electron energy zones that are extended by stronger exchange fields, the exchange
field causes spin polarization. As a result, the suggested gadget functions perfectly as
a spin filter. A perfect spin caloritronics device with a carbon-based organic chain was
proposed by Tan F. et al. It is possible to achieve a spin-semiconducting feature that results
from edge localized states [69]. A significant spin Seebeck coefficient emerges from the
spin-dependent transport gaps. Moreover, at room temperature, the dimensionless spin
thermoelectric figure of merit (FOM) can be increased to 35. As a result of a temperature
difference, it is also possible to produce a pure spin current or single-spin current at some
chemical potentials, and the chemical potential can also be used to control the transport
directions of these currents. Optically addressable spins, which combine a long-lived qubit
with a spin-optical interface for external qubit control and readout, are a promising frame-
work for quantum information science. A modular qubit architecture is made possible by
the ability to chemically synthesize such systems, which can produce optically addressable
molecular spins. This architecture can be transported between different environments
and atomistically customized for specific applications through a bottom-up design and
synthesis. D. D. Awschalom and colleagues show how manipulating the host environment
can affect the spin coherence in such optically addressable molecular qubits [70]. They
create noise-insensitive clock transitions utilizing chromium (IV)-based molecular qubits in
a nonisostructural host matrix through a transverse zero-field splitting that is not possible
with an isostructural host. In a nuclear and electron spin-rich environment, this host-matrix
engineering produces spin-coherence times of more than 1.0 µs for optically addressable
molecular spin qubits. Their findings show how a customizable molecular platform may be
used to evaluate qubit structure–function relationships and highlight potential applications
for employing molecular qubits for nanoscale quantum sensing in noisy environments.

3.6. Doped and Codoped

The properties of carbon materials can be enhanced or modified through the use of
adatoms, adsorption, doping, defects, the addition of an electric field, changes in tension,
and other techniques. Based on the density functional theory, Zhongyao Li and Min
Chen investigated the potential half-metallic behavior in three-dimensional, transition
metal (Fe, Co, and Ni)-decorated two-dimensional polyaniline (C3N). The Ni-decorated
polyaniline ((C3N)2Ni) is a nonmagnetic semiconductor with an increased band gap,
according to the estimated electronic structures, but the Fe and Co decorated polyanilines
((C3N)2Fe and (C3N)2Co) are magnetic half-metals. The spacing between 3d transition
metal atoms and C3N can change the energy windows and band gaps. 3d-transition-metal-
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adorned C3N can be used in nanoscale spintronic devices because of its wide half-metallic
energy window and suitable band gap. Xia B. et al. established a method for introducing
magnetism into carbon nanosheets using a single Cr cation that is only attached to two-
dimensional carbon nanosheets via Cr-N bonds [71]. The highest magnetization (Cr: 2.0%,
0.86 emu g−1) under 3 T was achieved at 50 K, where the magnetization changes with
the Cr concentration. In the samples, it was shown that the anchoring of Cr can cause
paramagnetism and ferromagnetism, and that the magnetization is strongly correlated
with the Cr level. A method to create a magnetic carbon matrix was presented in this
study, which lays the groundwork for several potential spintronics device applications to
carbon-based, low-dimensional materials. A third-generation semiconductor material with
a wide band, silicon carbide (SiC), is important in the power and electronics industries.
SiC has more than 200 distinct polytypes or crystal lattice alteration patterns. One of
the significant polytypes [72] that has received a lot of attention is 4H-SiC. Long Lin’s
group has thoroughly studied the electronic structure, magnetic, and optical properties of
4H-SiC doped with a single V atom, single Fe atom, and (V, Fe) co-doped 4H-SiC [73]. The
3d orbitals of V or Fe can contribute significantly to the single V or Fe dopant’s ability to
introduce magnetism in pure 4H-SiC. The coupling relationship between the V-3d, C-2p,
and Fe-3d states is believed to be the cause of ferromagnetism, and the (V, Fe) co-doped
system prefers FM states. Red-shift phenomena emerge in the absorption spectrum as
a result of the addition of V and Fe atoms, greatly enhancing the absorption strength in
visible light. The outcomes demonstrate that the (V, Fe) co-doped 4H-SiC system will offer a
potential method for the advancement of spintronic devices and optical applications in the
future. Table 1 summarize some important carbon- based material spintronic applications.

Table 1. Summary of carbon-based spintronic application.

Carbon-Based Material Application References

Carbon nanosolenoid (CNS) Riemann surfaces [15]

Partially hydrogenated graphene (PHGr) Single atom catalysts [16]

Five-membered ring-decorated nanographene Overcurrent protection [29]

Zigzag-edged graphene nanoribbons (ZGNRs) Spin-filtering device [32]

Zigzag-edge graphene nanoribbon (ZGNR) electrodes Spin filtering and the negative differential
resistance (NDR) effect [35]

Boron atoms (B2) doped 7-atom-wide armchair
graphene nanoribbons (B2-7AGNRs) Pie magnetism and spin-dependent transport [28]

Graphene lattice with transition metal atom High magnetic anisotropy energy (MAE) [17]

Manganese porphyrin molecules connected to
graphene electrodes Multifunctional spin logic gates [42]

Metal-doped graphene Logic gate application [43]

Metal embedded twin T graphene Bipolar magnetic semiconductor for Fe and Co [30]

DNA-functionalized carbon nanotubes Spin filters [50]

Carbon nanotubes (CNTs) Spintronic injection [45]

Carbon nanotubes (CNTs) with embedded
ferromagnetic materials Indirect exchange coupling [52]

Spin cross over SWCNT Nanoscale magnetic switches [49]

Carbon nitride C6 N7 atomic doping Two-dimensional Dirac half-metal [61]

C3N Semiconductor-to-metallic spin filtering [63]

Carbon-doped boron nitride nanosheets Manipulation of ferromagnetism in light
element systems. [65]
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4. Spin Relaxation in Carbon-Based Materials

The conduction electron spin lattice relaxation time (CESR), T1, is the typical time for
a spin system that has been driven out of equilibrium by, for example, a microwave field at
electron-spin resonance ESR or a spin-polarized current to return to thermal equilibrium.
A sufficiently long spin lifetime is necessary to be used in “spintronics” devices, in which
electron spins are used to process information [74]. In the MgB2 superconductor, Simon F.
and colleagues measured the spin lattice relaxation time T1 of conduction electrons as a
function of temperature and magnetic field [75]. During electron-spin resonance conditions
with amplitude-modulated microwave stimulation, researchers employ a technique based
on the detection of the z component of the conduction electron magnetization. Despite the
considerable CESR line broadening caused by irreversible diamagnetism in the polycrys-
talline sample, a lengthening of T1 below Tc (critical temperature) is seen. They can measure
the individual contributions to T1 from the two different forms of the Fermi surface because
of the field independence of T1 for 0.32 and 1.27 T. A phase-pure crystal of potassium-doped
p-terphenyl, [K(222)]2[p-terphenyl3], is isolated by Gadjieva N.A. et al. [76]. Magnetometry
and electron spin resonance (ESR) are used to conduct in-depth research on the emerging
antiferromagnetism in the anisotropic structure. The antiferromagnetic coupling in this
system, which occurs in all three crystallographic directions, has been described by the au-
thors using these experimental findings in combination with calculations using the density
functional theory. The terphenyls’ ends, where an extra electron on nearby p-terphenyls
antiferromagnetically couples, showed the strongest coupling. These results suggest that
potassium-doped p-terphenyl exhibits magnetic fluctuation-induced superconductivity,
which is closely related to high Tc cuprate superconductors.

Using liquid ammonia, Markus B.G. et al. reported synthesizing few-layer graphene
(FLG) doped with Li and Na. Chemical exfoliation was used to prepare the FLG mate-
rial [77]. The appearance of powerful, metallic-like electron spin resonance (ESR) modes
and the modification of the Raman G line into a Fano line shape are evidence of the high
concentration of graphene doping in liquid ammonia for both types of alkali atoms. The
spin-relaxation duration in the materials was 6–8 ns, which is equivalent to the longest
values discovered in spin transport tests on ultrahigh-mobility graphene flakes. This time
was calculated from the ESR line width. This might make this substance a good contender
for spintronics devices. However, since sodium is a very common metal, a successful
sodium doping attempt might be a promising replacement for lithium batteries.

The study by Ren-Shu Wang et al. provides a complete set of parameters through a
thorough investigation on a K3C60 sample that has been well-characterized [78]. K3C60 is
a promising three-dimensional superconducting magnet material with the advantage of
the rich carbon abundance on the Earth due to the high upper critical field of 33.0 ± 0.5 T
obtained from the direct electrical transport measurements, along with the relatively high
critical temperature and large critical current density. The examination of all independently
acquired parameters points to the peculiar nature of K3C60’s superconductivity, including
contributions from electron correlations and electron–phonon coupling. By using the ESR
technique, paramagnetic centers in heterofullerides with the compositions A2MC60 and
AM2C60 (A = K, Rb, M = Mg, Be) were studied by Kytin V.G. and his collegues [79]. The ESR
signal was discovered to be composed of two lines with distinct temperature dependences
in terms of ESR absorption magnitude. This provides proof that there are at least two
different types of paramagnetic centers present. The first type’s centers exhibit localized
spin behavior, whereas conduction electrons can be used to describe the remaining centers.

The electron spin resonance (ESR) signal of undoped and potassium-doped SWCNTs
was investigated by Galambos M. et al. [80]. They identify the signals of the conduction
electron spin resonance (CESR), the low intensity impurity, and the superparamagnetic
background. Only the alkali atom doping causes the latter to be present. They critically
evaluate the possibility that the CESR signal could be residual graphitic carbon, which they
categorically rule out, in order to identify it. They provide precise values for the signal
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intensities, related spin concentration, and g factors. The density of states on the SWCNT
assembly can be calculated using the CESR signal intensity.

5. Organic Spintronics

Carbon-based, molecular, or polymeric semiconductors are used in organic electronics
because they are inexpensive to produce, mechanically adaptable, and, most critically,
have practically limitless and chemically tunable electrical and optical properties. The
organic light-emitting device (OLED), which is utilized in displays, is the most widely
used commercial organic electronic application (notably in smart phones). By combining
organic materials into spintronics and spin dependent effects in organic electronics, organic
spintronics strives to merge these two fields. According to Dediu et al. devices with
ferromagnetic La0.7Sr0.3MnO3 (LSMO) electrodes and a sexithienyl (6T) spacer exhibit
room-temperature magnetoresistance [81]. In order to create lateral devices, LSMO films
were shaped into electrodes separated by a small gap (100–500 nm). The gadget’s resistance
had a distinct magnetic field dependence. The initial investigations on organic spin valves
were motivated by this work and used ferromagnetic LSMO and Co electrodes in a vertical
layer stack (layers deposited on top of each other) separated via an Alq3 spacer (thickness
100–200 nm). Utilizing the unique material characteristics of organic semiconductors
for spintronic applications is gaining popularity. In a small molecule system based on
dinaphtho[2,3-b:2,3-f]thieno[3,2-b]thiophene (DNTT), Angela Wittmann et al. investigate
the application of a pure spin current from Permalloy at ferromagnetic resonance [82]. They
are able to systematically examine the influence of interfacial characteristics on the spin
injection efficiency via molecular design thanks to the unique tunability of organic materials.
We demonstrate that the interfacial molecular structure and side chain substitution of the
molecule allow delicate tuning of the spin injection efficiency at the interface as well as
the spin diffusion length. Organic photovoltaics (OPVs) based on non-fullerene acceptors
have received a lot of interest in the past 10 years because of their excellent potential to
achieve high-power conversion efficiencies. The primary difficulties in permitting effective
charge separation/transport and a low voltage loss simultaneously are what limit the
development of higher performance OPVs. To match the commercially available polymer
PM6, Yuan J. et al. have designed and created a new type of non-fullerene acceptor, Y6, that
uses an electron-deficient, core-based central fused ring with a benzothiadiazole core [83].
With both conventional and inverted architecture, the Y6-based solar cell achieves a high-
power conversion efficiency of 15.7% using this method. By doing this study, we offer fresh
perspectives on how to build new non-fullerene acceptors to achieve increased photovoltaic
performance in OPVs by utilizing the electron-deficient, core-based central fused ring.

6. Challenges in Carbon-Based Spintronics

Twisteronics is currently a popular issue in the study of 2D materials. Although
the superconductivity in twisted graphene systems appears to be of an uncommon type,
the underlying theoretical description is still elusive, which poses a significant issue for
carbon-based spintronics. Increasing production rate, scalability, homogeneity, and quality
control are problems for the industrial-scale synthesis of carbon-based spintronic mate-
rials. In general, varying quality across producers is a problem, and it is imperative to
improve a single standard or grading system. Improving the quality and reproducibility
of patterned nanostructures, effectively coupling light into and out of graphene, and ex-
panding plasmon tunability to the vis-NIR range are challenges in plasmonic and optical
qualities. Developing regulated fabrication processes that result in reliable and repeatable
devices is another problem in electrical and spintronic applications. Of course, there are
also significant challenges with scalability and wafer-scale integration. Nanotube-based
electronics have two main difficulties that must be overcome. Connectability is one of
the difficulties; while it is one thing to construct a single nanotube transistor, it is quite
another to connect millions of them. A single component at a time is often used in the
current techniques of nanotube electronics, which is not practical. The suggested theoretical
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research and experimental findings typically differ significantly, since the experiments are
so complex. These disagreements suggest that elaborate physical mechanisms and precise
theoretical models must be established to effectively direct research efforts and interpret
experimental findings. The limitation in material science with carbon-based spintronics is
that the majority of materials with thicknesses close to the atomic level are temperature-,
oxygenation-, and moisture-sensitive. They need to operate above room temperature and
be stable in the presence of air.

7. Outlook and Future Perspective

Due to their unique spin-dependent characteristics, such as lengthy spin relaxation
durations, long diffusion lengths, and high spin–orbit coupling, carbon-based materials
have received a lot of attention in the field of spintronics. Because of its high charge carrier
mobility, long spin lifetime, and long diffusion length, graphene has distinguished itself
as a superior platform for future spintronic devices. Effective spin logic and non-volatile
data storage are made possible by the tunable bandgap and robust spin–orbit coupling that
carbonitrides show. The integration of spintronics and photonics into a single platform
for both light-based and spin-based quantum computing is the goal of ongoing research
and development. Researchers hope to be able to control the electron spin dynamics in
nanostructured 2D magnetic materials activated using brief laser pulses by employing
specially created photonic circuits. The rapidly developing field of spintronics, which has
contributions from a wide range of nations and disciplines, including biology, chemistry,
physics, electrical engineering, computer science, and mathematical information theory,
promises to make fundamental discoveries in both pure and applied science as well as
have a significant impact on future technology. In contrast to traditional charge-based
information processing technologies, using spin as a state variable in logic devices has
various benefits, including non-volatility, faster and more energy-efficient data processing,
and higher integration densities. Spintronic computing has the potential to meet the
constantly rising performance requirements of upcoming abundant-data applications.
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74. Žutić, I.; Fabian, J.; Das Sarma, S. Spintronics: Fundamentals and applications. Rev. Mod. Phys. 2004, 76, 323–410. [CrossRef]
75. Simon, F.; Murányi, F.; Fehér, T.; Jánossy, A.; Forró, L.; Petrovic, C.; Bud’ko, S.L.; Canfield, P.C. Spin-lattice relaxation time of

conduction electrons in Mg B2. Phys. Rev. B—Condens. Matter Mater. Phys. 2007, 76, 024519. [CrossRef]
76. Gadjieva, N.A.; Szirmai, P.; Sági, O.; Alemany, P.; Bartholomew, A.K.; Stone, I.; Conejeros, S.; Paley, D.W.; Hernández Sánchez,

R.; Fowler, B.; et al. Intermolecular Resonance Correlates Electron Pairs down a Supermolecular Chain: Antiferromagnetism in
K-Doped p-Terphenyl. J. Am. Chem. Soc. 2020, 142, 20624–20630. [CrossRef]

77. Márkus, B.G.; Szirmai, P.; Edelthalhammer, K.F.; Eckerlein, P.; Hirsch, A.; Hauke, F.; Nemes, N.M.; Chacón-Torres, J.C.; Náfrádi,
B.; Forró, L.; et al. Ultralong Spin Lifetime in Light Alkali Atom Doped Graphene. ACS Nano 2020, 14, 7492–7501. [CrossRef]

78. Wang, R.-S.; Peng, D.; Zong, L.-N.; Zhu, Z.-W.; Chen, X.-J. Full set of superconducting parameters of K 3 C60. Carbon N. Y. 2023,
202, 325–335. [CrossRef]

79. Kytin, V.G.; Bulychev, B.M.; Krechetov, A.V.; Konstantinova, E.A.; Kulbachinskii, V.A.; Lunin, R.A. Investigation of paramagnetic
centers in fullerides A 2MC 60 and AM 2C 60 (A = K, Rb, M = Mg, Be). Appl. Magn. Reson. 2008, 33, 177–184. [CrossRef]
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Abstract: GeSe monolayer (ML) has recently attracted much interest due to its unique structure and
excellent physical properties that can be effectively tuned through single doping of various elements.
However, the co-doping effects on GeSe ML are rarely studied. In this study, the structures and
physical properties of Mn-X (X = F, Cl, Br, I) co-doped GeSe MLs are investigated by using first-
principle calculations. The formation energy and phonon disspersion analyses reveal the stability of
Mn-Cl and Mn-Br co-doped GeSe MLs and instability of Mn-F and Mn-I co-doped GeSe MLs. The
stable Mn-X (X = Cl, Br) co-doped GeSe MLs exhibit complex bonding structures with respect to
Mn-doped GeSe ML. More importantly, Mn-Cl and Mn-Br co-doping can not only tune magnetic
properties, but also change the electronic properties of GeSe MLs, which makes Mn-X co-doped
GeSe MLs indirect band semiconductors with anisotropic large carrier mobility and asymmetric
spin-dependent band structures. Furthermore, Mn-X (X = Cl, Br) co-doped GeSe MLs show weakened
in-plane optical absorption and reflection in the visible band. Our results may be useful for electronic,
spintronic and optical applications based on Mn-X co-doped GeSe MLs.

Keywords: GeSe; co-doping; carrier mobility; magnetization; optical property

1. Introduction

Since the experimental realization of graphene [1], two-dimensional (2D) materials
have attracted much interest and have been heavily investigated, such as black phosphorene
(BP) [2], hexagonal boron nitride (h-BN) [3], group IV monolayers (MLs) [4], transition-
metal dichalcogenide (TMD) MLs [4], metal dichalcogenide (MD) MLs [5,6], group IV-V
MLs [7], group IV monochalcogenide MLs [8], group III-V MLs [9] and ternary Bi oxyhalide
MLs [10]. Among them, with a similar structure to that of BP, group VI monochalcogenide
(MX, M = Ge, Sn; X = S, Se) MLs have attracted increasing attention for their excellent
optical and electrical properties [8,11–14]. In contrast to most MX MLs with indirect band
gaps, GeSe ML is a p-type semiconductor with a direct band gap of 1.16 eV [12,15] and
exhibits a carrier mobility as high as 6.22 × 103 cm2v−1s−1 [11], which is desirable for
electrical and optical devices. Furthermore, the physical properties of GeSe ML can be
modulated effectively through single doping of diverse elements. For instance, GeSe ML
can be turned from nonmagnetic to magnetic through single doping of transition-metal
(TM) elements [16], among which Mn doping introduces the largest magnetic moment of
5.0 µB per dopant [17]. Meanwhile, single doping of halogen element X (X = F, Cl, Br, I) can
significantly modify the electrical properties of GeSe ML by introducing additional carri-
ers [18]. It is noted that Li et al. studied the co-doping effect of Zn-Ga on the thermoelectric
properties of 2D group VI monochalcogenide SnSe nanosheets [19]. However, there are no
reports on Mn-X co-doping effects on the electronic, magnetic and optical properties of 2D
GeSe MLs, which may be useful for the design and application of GeSe-based materials
and devices.
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In this work, we have investigated the stabilities and structures and electronic, mag-
netic and optical properties of Mn-X (X = F, Cl, Br, I) co-doped GeSe MLs by using first-
principle calculations. The phonon dispersion curves revealed the stability of Mn-Cl and
Mn-Br co-doped GeSe MLs and the instability of Mn-F and Mn-I co-doped GeSe MLs.
Further calculations showed that the magnetic, electronic and optical properties of GeSe
MLs were tuned by the Mn-X co-doping simultaneously. Our results provide insight into
the Mn-X co-doping effects on the GeSe MLs and may be useful for the design, fabrication
and application of Mn-X co-doping group IV monochalcogenide MLs.

2. Computational Methods

The calculations were performed using the Vienna ab initio Simulation Package (VASP)
based on density functional theory (DFT) [20]. Both the properties of undoped and doped
GeSe MLs were optimized with the projected augmented wave (PAW) method [21]. The
Perdew-Burke-Ernzerhof (PBE) function of the generalized gradient approximation (GGA)
was used as the exchange correlation function [22]. The simulations were done in a 2 × 2
supercell GeSe ML with 8 Ge and 8 Se atoms, in which 1 Mn and 1 X atoms are doped,
corresponding to a doping concentration of 6.25% for each element. We chose a 3 × 3
supercell in addition to a 2 × 2 supercell to perform the calculations to evaluate the
influence of material size and doping concentration. We used the projector augmented-
wave pseudopotential method with a plane-wave basis set with a kinetic-energy cutoff of
500 eV. The Monkhorst-Pack scheme was used in the Brillouin zone with k-point meshes
of 11 × 11 × 1 throughout the calculations. The thickness of the vacuum region was kept
greater than 15 Å. Structural relaxation was carried out until the total energy converged
to 10−6 eV and the force on each atom was less than 0.01 eV/Å. Gaussian smearing was
used with a small width of 0.01 eV. For describing the strong correlation interaction of d
electrons, the GGA + U method was used with a U value of 3.0 eV for the Mn atom [16].

3. Results and Discussions

Figure 1a shows the structure of a 2 × 2 GeSe ML supercell. The lattice constants
were calculated to be a = 3.99 Å and b = 4.26 Å in GeSe primitive cell, as shown in
Table 1, consistent with previous theoretical results [12,23], although slightly different from
experimental results [24], in which b (10.840 Å) is the lattice parameter along the layers,
while a (4.394 Å) corresponds to our b (4.26 Å) and c (3.833 Å) corresponds to our a (3.99 Å).
The Mn-X co-doping process was performed as follows. The Mn doping position was first
optimized, and then the X doping position was considered and optimized, as shown in
Figure 1b,c. The formation energy Eform of the co-doped GeSe ML was calculated using the
following formula: [25] Eform = Edoped − Eundoped + Esites − Edopants, where Edoped and Eundoped
are the total energies of the GeSe ML with and without dopant atoms, respectively, Esites is
the sum of the energy of substituted Ge and Se atoms, and Edopants is the sum of the energy
of the Mn and X dopants. It was found that the Eform value (0.85 eV) of Mn-doped GeSe
ML obtained from Mn substituting Ge is smaller than that (3.33 eV) from Mn substituting
Se, meaning that Mn tends to occupy the Ge site, consistent with previous theoretical
studies [16]. Figure 1d shows that, given that Mn is substituting Ge, the formation energies
of X atoms doped at the Se sites are generally lower than those at the Ge sites in the Mn-X
co-doping, indicating that X atoms tend to occupy the Se sites. Specifically, F, Cl and Br
tend to occupy the 1(Se) site (Figure 1c) adjacent to the Mn sites, while I tends to occupy
the top (Se) site (Figure 1c) opposite to the Mn site, probably due to its larger atomic mass.
Based on the results above, for convenience, Mn-doped GeSe ML is named (Ge, Mn) Se
ML, while Mn-X co-doped GeSe ML is named (Ge, Mn) (Se, X) ML.
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Figure 1. (a) The atomic structure of GeSe ML. (b) The doping site of Mn in Mn-doped GeSe ML. (c) 
The possible doping sites of X in Mn-X co-doped GeSe MLs. (d) The formation energies of Mn-X co-
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Table 1. The lattice constants (a and b), bond angles (θ1, θ2 and θ3) and bond lengths (d1, d2, d3 and
d4) of undoped and doped GeSe MLs.

Dopant a (Å) b (Å) θ1◦ θ2◦ θ3◦ d1 (Å) d2 (Å) d3 (Å) d4 (Å)

None 7.97 8.52 96.38 97.53 97.53 2.55 2.68 2.68
Mn 7.96 8.27 92.96 101.55 101.55 2.57 2.68 2.68 2.86

Mn-Cl 7.84 9.19 89.60 108.49 97.18 2.59 2.62 2.79 2.61
Mn-Br 7.87 9.17 90.42 107.85 97.70 2.59 2.61 2.78 2.79

To further explore the thermodynamic stability of undoped, Mn-doped and Mn-X
co-doped GeSe MLs, the phonon dispersion curves were calculated by using VASP and
PHONOPY packages based on the density functional perturbation theory (DFPT), ref. [26]
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as shown in Figure 2a–f, where the absence of imaginary frequencies indicates the stability
of the materials. The phonon dispersion curves of GeSe ML show three acoustic branches
and nine optical branches, which is consistent with previous theoretical calculations [27,28].
As shown in Figure 2, all undoped and doped GeSe MLs are stable, except for Mn-F
and Mn-I co-doped GeSe MLs. Their instability may be attributed to the overly active
outer electrons of the F atom and the large effective mass of the I atom. From the phonon
spectra, it was observed that Mn-F and Mn-I co-doping rendered GeSe monolayers unstable.
This observation may save experimenters time in related attempts and also remind them
to choose doping elements more carefully in similar co-doping systems. Therefore, the
relevant properties of Mn-F and Mn-I co-doped GeSe MLs will not be discussed.
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Figure 2. (a–f) The phonon dispersion curves of undoped, Mn-doped and Mn-X co-doped GeSe MLs.

Subsequently, the doping effects on the structure of GeSe MLs were investigated. The
calculated structural parameters of undoped and doped GeSe MLs are listed in Table 1. The
changes in lattice constants a and b indicated that Mn-X co-doping generally had a larger
impact on the structure than single doping of Mn, which is also shown in Figure 2b–f. In
addition, (Ge, Mn) Se ML’s d2 and d3 were equal to GeSe ML’s d2 and d3, while Mn-X co-
doped GeSe MLs showed obvious variations in d2 and d3, again suggesting that co-doping
has a stronger effect on the structure of GeSe ML. d4, the bond length between Mn atom
and X atom in (Ge, Mn) (Se, X) (X = Cl, Br) ML, was 2.61 Å and 2.79 Å for Mn-Cl and Mn-Br
co-doping, respectively, revealing the influence of electronegativity of halogen elements on
the structure of GeSe MLs.

The bonding structures of undoped and doped GeSe MLs were revealed by charge
density differences (∆ρ = ρdoped − ρvacancy − ρdopant), as shown in Figure 3a–d. In single
Mn doping, the Mn atom formed five bonds with the surrounding Ge atoms. In Mn-X
co-doping, the Mn atom formed five bonds with an X atom and four Se atoms, while the X
atom formed two bonds with the Mn and Ge atoms. When the X atom replaced a Se atom,
the Ge-Se bonds were broken, and the Mn-X bond was formed, which further rearranged
the charge density and affected the structure. The structure of the Mn-X co-doped GeSe
monolayer was more variable than that of Mn single doping. The position of the X atom
changed to a certain extent, and a hole formed around it due to the lack of bonds, which
resulted in more peculiar properties due to structural changes. In addition, some new
bonds were formed far away from the Mn and X (Cl, Br) atoms, which may explain (Ge,
Mn) (Se, X) ML’s strange electrical and magnetic properties.

49



Nanomaterials 2023, 13, 1862
Nanomaterials 2023, 13, x FOR PEER REVIEW 5 of 13 
 

 
Figure 3. (a–d) The fully optimized structures and charge density differences of undoped, Mn-
doped, Mn-Cl co-doped and Mn-Br co-doped GeSe MLs, respectively. The supercells are outlined 
using a black-dotted box. The new bands are outlined using red-dotted circles. Navy balls, green 
balls and purple balls denote Ge atoms, Se atoms and Mn atoms, respectively, while the other colors 
represent different X atoms. For charge density differences, the isosurface value is selected at 0.004 
eV/Å. The yellow color and blue color denote electron the accumulation region and depletion re-
gion, respectively. 

The electronic band structures of the undoped, Mn-doped and Mn-X (Cl, Br) co-
doped GeSe MLs were then studied. Figure 4a shows that GeSe ML possesses a direct 
band gap of 1.13 eV, where the valence-band maximum (VBM) and the conduction-band 
minimum (CBM) lie along the Г-Y direction, consistent with previous theoretical results 
(1.16 eV) [12,15]. The spin dependent band structures in Figure 4b–d show that (Ge, Mn) 
Se, (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs are indirect semiconductors. As shown in 
Figure 4 and Table 2, the up-spin bands of (Ge, Mn) Se, (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, 
Br) MLs exhibit band gap values of 0.95 eV, 0.58 eV and 0.57 eV, respectively, smaller than 
the band gap value of GeSe ML, while both (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs 
are tuned to be n-type semiconductors. The down-spin bands of (Ge, Mn) Se, (Ge, Mn) 
(Se, Cl) and (Ge, Mn) (Se, Br) MLs exhibit band gaps of 1.08 eV, 1.07 eV and 1.08 eV, re-
spectively. The asymmetry between the up-spin and down-spin band structures of (Ge, 
Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs demonstrates their potential in semiconductor 
spintronic applications.  

Table 2. The band gaps of undoped and doped GeSe MLs, where D and I demonstrate direct and 
indirect band gaps, respectively. 

Dopant Spin Bandgap (eV) 
None up 1.13(D) 

 down 1.13(D) 
Mn up 0.95(I) 

 down 1.08(I) 
Mn-Cl up 0.58(I) 

 down 1.07(I) 
Mn-Br up 0.57(I) 

 down 1.08(I) 

Figure 3. (a–d) The fully optimized structures and charge density differences of undoped, Mn-doped,
Mn-Cl co-doped and Mn-Br co-doped GeSe MLs, respectively. The supercells are outlined using a
black-dotted box. The new bands are outlined using red-dotted circles. Navy balls, green balls and
purple balls denote Ge atoms, Se atoms and Mn atoms, respectively, while the other colors represent
different X atoms. For charge density differences, the isosurface value is selected at 0.004 eV/Å.
The yellow color and blue color denote electron the accumulation region and depletion region,
respectively.

The electronic band structures of the undoped, Mn-doped and Mn-X (Cl, Br) co-
doped GeSe MLs were then studied. Figure 4a shows that GeSe ML possesses a direct
band gap of 1.13 eV, where the valence-band maximum (VBM) and the conduction-band
minimum (CBM) lie along the Γ-Y direction, consistent with previous theoretical results
(1.16 eV) [12,15]. The spin dependent band structures in Figure 4b–d show that (Ge, Mn)
Se, (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs are indirect semiconductors. As shown
in Figure 4 and Table 2, the up-spin bands of (Ge, Mn) Se, (Ge, Mn) (Se, Cl) and (Ge, Mn)
(Se, Br) MLs exhibit band gap values of 0.95 eV, 0.58 eV and 0.57 eV, respectively, smaller
than the band gap value of GeSe ML, while both (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br)
MLs are tuned to be n-type semiconductors. The down-spin bands of (Ge, Mn) Se, (Ge,
Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs exhibit band gaps of 1.08 eV, 1.07 eV and 1.08 eV,
respectively. The asymmetry between the up-spin and down-spin band structures of (Ge,
Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs demonstrates their potential in semiconductor
spintronic applications.

To investigate the effect of different U values on the electronic structure of our systems,
the bands of Mn-doped, Mn-Cl and Mn-Br co-doped GeSe MLs with the previously used
U values of 4.0 eV, 5.0 eV and 6.0 eV [29–31], in addition to the U value of 3.0 eV, were
calculated and shown in Figure S1. The band structures were nearly consistent, indicating
that our systems were insensitive to the U values above 3.0 eV. For a clearer comparison, the
bandgap values and their relative change ratios are listed in Table S1, where the maximum
change ratio is as low as 2.88%, indicating that a U value of 3.0 eV is sufficient for the Mn
atom in our systems.
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Figure 4. The band structures of (a) undoped, (b) Mn-doped, (c) Mn-Cl co-doped and (d) Mn-Br
co-doped GeSe MLs.

Table 2. The band gaps of undoped and doped GeSe MLs, where D and I demonstrate direct and
indirect band gaps, respectively.

Dopant Spin Bandgap (eV)

None up 1.13(D)
down 1.13(D)

Mn up 0.95(I)
down 1.08(I)

Mn-Cl up 0.58(I)
down 1.07(I)

Mn-Br up 0.57(I)
down 1.08(I)

In order to clarify contributions from different orbitals to band structures around the
Fermi level, the partial density of states (PDOSs) of undoped and doped GeSe MLs are
shown in Figure 5. In GeSe ML, CBM and VBM were contributed by Ge p and Se p orbital,
respectively. In (Ge, Mn) Se ML, CBM and VBM of the up-spin bands were contributed
by Mn s and d orbitals, respectively, while CBM and VBM of the down-spin bands were
contributed by Mn d orbital. Ge and Se p orbitals hybridized with the Mn d orbital and
contributed significantly to the CBM and VBM. In (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br)
MLs, impurity levels were contributed by Cl p and Br p orbitals, and were close to the
CBMs in the up-spin bands and close to the VBMs in the down-spin bands, respectively.
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Ge and Se p orbitals also played an important role in impurity levels due to hybridization
with Ge, Se, X (Cl, Br) p orbitals and Mn d orbital.
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Figure 5. PDOSs of (a) undoped, (b) Mn-doped, (c) Mn-Cl co-doped and (d) Mn-Br co-doped
GeSe MLs.

Since undoped, Mn-doped, Mn-Cl co-doped and Mn-Br co-doped GeSe MLs are
semiconductors and carrier mobility is one of the key parameters of semiconductors [32],
the electron and hole carrier mobility values of them were calculated using the deformation
potential theory two dimensional (2D) semiconductors [33,34], as follows:

µ2D =
2e}3C2D

3kBTm∗
e mdE2

l

where C2D is elastic modulus of the strain, derived from C2D =

( ∂2E
∂2( ∆l

l0
)
)

S , in which E is total
energy of systems; ∆l is a small change in the lattice constant l0; S is the area of lattice
for a 2D system; T is temperature (300 K); m∗

e is the effective mass of the carrier along the

transport direction; and md is the average effective mass, derived from md =
√(

m∗
a m∗

b
)
;

and El is the deformation potential, derived from El =
∆E
( ∆l

l0
)
, in which ∆E is energy change

of CBM or VBM under strain. As shown in Table 3, the carrier mobility of GeSe ML in
the b direction reaches 7494 cm2v−1s−1, similar to previous theoretical results [11,12]. The
maximum carrier mobility values of (Ge, Mn) Se, (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br)
MLs were 5603 cm2v−1s−1, 9060 cm2v−1s−1, and 3652 cm2v−1s−1, respectively, indicating
that the MLs can keep high carrier mobility even after Mn-Cl and Mn-Br co-doping. The
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main carriers (holes) mobility values of (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs in a
spin-down state were 107 cm2v−1s−1, 14 cm2v−1s−1 in the a direction and 16 cm2v−1s−1,
2 cm2v−1s−1 in the b direction, respectively, The main carrier (electrons) mobility values
of (Ge, Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs in a spin-up state were 673 cm2v−1s−1,
2987 cm2v−1s−1 in the a direction and and 8 cm2v−1s−1, 20 cm2v−1s−1 in the b direction,
respectively, indicating the anisotropic nature of carrier mobility following Mn-Cl and
Mn-Br co-doping. Interestingly, following Mn-Br co-doping, GeSe ML’s main carriers in a
spin-up state changed from holes (450 cm2v−1s−1) to electrons (2987 cm2v−1s−1).

Table 3. Effective mass m (with m0 being the static electron mass), deformation potential constant E,
elastic modulus C, and carrier mobility µ along the a and b directions. The electron and hole carrier
mobility µ values are calculated at T = 300 K.

Dopant Spin Carrier ma
(m0)

mb
(m0)

Ca
(N/m)

Cb
(N/m)

Ea
(eV)

Eb
(eV)

µa
(cm2v−1s−1)

µb
(cm2v−1s−1)

None electron 0.37 0.13 45.56 22.65 6.77 1.22 172 7494
hole 0.31 0.14 45.56 22.65 10.18 4.92 96 450

Mn up electron 0.14 0.18 49.84 35.13 4.26 2.02 1735 4230
hole 0.32 0.18 49.84 35.13 7.06 5.80 183 339

down electron 0.16 0.19 49.84 35.13 2.59 1.63 3739 5603
hole 0.30 0.24 49.84 35.13 7.66 4.76 148 338

Mn-Cl up electron 1.79 6.94 29.05 33.79 0.31 1.52 673 8
hole 0.42 0.63 29.05 33.79 4.12 3.35 111 130

down electron 0.24 0.4 29.05 33.79 3.23 0.65 526 9060
hole 1.39 2.27 29.05 33.79 1.24 2.69 107 16

Mn-Br up electron 1.57 1.88 30.36 17.58 0.23 1.96 2987 20
hole 0.42 0.62 30.36 17.58 4.51 3.44 98 66

down electron 0.26 0.35 30.36 17.58 2.4 0.8 944 3652
hole 2.58 6.39 30.36 17.58 1.68 2.42 14 2

The magnetic properties of the Mn-doped and Mn-X co-doped GeSe MLs were then
investigated. The calculated magnetic moments and spin charge density (∆ρ = ρup − ρdown)
distributions in Figure 6 show that all the doped GeSe MLs are magnetic. Our results
indicate that single doping of Mn results in a magnetic moment of 5.0 µB in (Ge, Mn) Se ML,
which mainly comes from the spin-up electrons around Mn, consistent with previous theo-
retical results [16,17] and slightly larger than the 4.25 µB observed in GeMnSe nanocombs
in previous experimental studies [35]. Mn-Cl and Mn-Br co-doping further weakened the
magnetic moment to 4.0 µB in both cases by introducing more spin-down electrons in (Ge,
Mn) (Se, Cl) and (Ge, Mn) (Se, Br) MLs. The spin-down electrons that produce changes at
sites far away from the Mn and X (Cl, Br) atoms significantly correlated with new bonds, as
shown in Figure 3.

The optical properties of undoped and doped GeSe MLs were then investigated. The
optical absorption and reflectivity of undoped and doped GeSe MLs were almost the
same in the a and b directions (the in-plane directions), as shown in Figure 7. The optical
properties of Mn-doped GeSe ML were similar to those of GeSe ML. With respect to those
of undoped GeSe ML, the in-plane optical absorption and reflection of Mn-Cl and Mn-Br
co-doped GeSe MLs in the visible band were weakened but remained at the same order
of magnitude. The optical absorption and reflection of Mn-Br co-doped GeSe ML were
slightly stronger than those of Mn-Cl co-doped GeSe ML. Weaker optical absorption and
reflection in the visible band suggest that Mn-X co-doped GeSe MLs could be useful as
transparent materials. In the ultraviolet band, the in-plane optical absorption of Mn-Cl
and Mn-Br co-doped GeSe MLs was strengthened, while the in-plane optical reflection
remained weak. Stronger optical absorption and weaker reflection in the ultraviolet band
suggested that Mn-X co-doped GeSe MLs could be useful for ultraviolet light absorption.
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Figure 7. Light absorption of undoped, Mn-doped and Mn-X co-doped GeSe MLs along (a) the a
direction, (b) the b direction and (c) the c direction. Light reflectivity of undoped, Mn-doped and
Mn-X co-doped GeSe MLs along (d) the a direction, (e) the b direction and (f) the c direction.
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Finally, to evaluate the influence of material size and doping concentration, we chose
a 3 × 3 supercell in addition to a 2 × 2 supercell to perform the calculations. We calculated
undoped, Mn-doped, and Mn-X co-doped GeSe monolayers in 3 × 3 supercells, which
corresponded to a doping concentration of 2.78% for each element. We did not change
the parameters of the calculation, except for using the Monkhorst-Pack scheme in the
Brillouin zone with k-point meshes of 7 × 7 × 1 throughout all the calculations in 3 × 3
supercells, to ensure consistent accuracy. Then the band structures of the undoped and
doped GeSe monolayers under the 2 × 2 and 3 × 3 supercells were compared, as shown
in Figure S2. For GeSe ML in 3 × 3 supercells, compared to that in 2 × 2 supercells, the
bandgap type remained direct and the bandgap changed slightly from 1.13 eV to 1.14 eV.
For doped GeSe monolayers, the bandgap type remained indirect. However, for Mn-doped,
Mn-Cl co-doped and Mn-Br co-doped GeSe Monolayers, the bandgap changed by 0.15 eV,
0.08 eV and 0.09 eV in the spin-up states, and by 0.12 eV, 0.09 eV and 0.12 eV in spin-down
states, respectively. After enlarging the supercells, the variations of the band gaps ranged
from 8.4% to 15.8%, indicating that the doping concentration had a small effect on the
bandgap, as shown in Table S2. To examine the contributions of different orbitals to the
band structures, the PDOS of undoped and doped GeSe Monolayers were studied using
supercells of two sizes, as shown in Figure S3. We found that since the numbers of Ge
and Se atoms were almost doubled, the contributions of their orbitals to the bands were
also nearly doubled. From the PDOS, our conclusions about which elements and which
orbitals contributed to the VBM and CBM remain unchanged. It is worth noting that
the contributions of the Ge p and Se p orbitals to the impurity levels were not doubled,
indicating that the asymmetric spin-dependent band structures were mainly derived from
the Mn and X atoms and their nearby Ge and Se atoms. The change in doping concentration
did not change this characteristic feature. The spin charge densities of undoped and doped
GeSe Monolayers are shown in Figure S4. In 3 × 3 supercells, the magnetic moment of
Mn-doped GeSe ML mainly came from the spin-up electrons around Mn. Mn-Cl and
Mn-Br co-doping introduced more spin-down electrons at sites far away from the Mn
and X (Cl, Br) atoms. In different supercells, our conclusions regarding the origin of the
magnetic properties in doped GeSe monolayers remain unchanged. As shown in Table S3,
the magnetic moments remain consistent in different sized supercells, which are 5 µB,
4 µB and 4 µB for Mn doped, Mn-Cl co-doped and Mn-Br co-doped GeSe monolayers,
respectively. Finally, we investigated the light absorption and reflection of undoped and
doped GeSe monolayers in different-sized supercells, as shown in Figure S5. In 3 × 3
supercells, the reduced light absorption and reflection capacity in the visible band of Mn-X
co-doped GeSe monolayers were restored, meaning that the optical properties of Mn-X co-
doped GeSe monolayers were sensitive to doping concentrations. Moreover, the differences
in the optical properties of Mn-Cl and Mn-Br co-doped GeSe monolayers became more
pronounced, indicating that optical properties with different doping elements had different
sensitivity to doping concentrations. By tuning different doping concentrations, different
optical properties can be achieved, showing potential in optoelectronic device applications.

4. Conclusions

In summary, we have systematically investigated the stabilities, structures and electri-
cal, transport, magnetic and optical properties of transition metal Mn and halogen elements
(X = F, Cl, Br, I) co-doped GeSe MLs by using first-principle calculations. Our results reveal
the instability of Mn-X (X = F, I) co-doped GeSe MLs and the stability of Mn-X (X = Cl,
Br) co-doped GeSe MLs. Further calculations show that Mn-X (X = Cl, Br) co-doped GeSe
monolayers are indirect band semiconductors with anisotropic large carrier mobility and
asymmetric spin-dependent band structures. Compared to Mn doping, co-doping with
Mn-Cl and Mn-Br can not only adjust the magnetic moments (from 5 µB to 4 µB) but
also alter the electronic properties of GeSe monolayers. Furthermore, Mn-X (X = Cl, Br)
co-doped GeSe monolayers exhibit weakened in-plane optical absorption and reflection in
the visible band, which may be useful for optical applications. Our results give insights
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into the Mn-X co-doping effects on the structures and physical properties of GeSe MLs and
may be useful for related electronic, spintronic and optical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13121862/s1. Figure S1: The band structures of (a) Mn
doped, (b) Mn-Cl co-doped, and (c) Mn-Br co-doped GeSe Monolayers with different U values;
Figure S2: In 2 × 2 and 3 × 3 supercell, the band structures of (a) undoped, (b) Mn-doped, (c) Mn-Cl
co-doped and (d) Mn-Br co-doped GeSe Monolayers; Figure S3: In 2 × 2 and 3 × 3 supercell, PDOS of
(a) undoped, (b) Mn-doped, (c) Mn-Cl co-doped and (d) Mn-Br co-doped GeSe Monolayers; Figure S4:
Spin charge density of (a) Mn-doped, (b) Mn-Cl co-doped, (c) Mn-Br co-doped GeSe Monolayers in
2 × 2 supercell. Spin charge density of (d) Mn-doped, (e) Mn-Cl co-doped and (f) Mn-Br co-doped
GeSe Monolayers in 3 × 3 supercell. The yellow and blue represent the spin-up and spin-down
electrons distribution, and the isosurface value is set at 0.001 eV/Å; Figure S5: In 2 × 2 and 3 × 3
supercell, light absorption of undoped, Mn-doped and Mn-X co-doped GeSe Monolayers along (a) the
a direction, (b) the b direction and (c) the c direction. Light reflectivity of undoped, Mn-doped and
Mn-X co-doped GeSe Monolayers along (d) the a direction, (e) the b direction and (f) the c direction;
Table S1: The band gaps of Mn doped, Mn-Cl, and Mn-Br co-doped GeSe Monolayers with different
U values. I represents indirect band gap; Table S2: In 2 × 2 and 3 × 3 supercell, the band gaps of
undoped and doped GeSe Monolayers, where D and I show direct and indirect band gaps; Table S3:
The magnetic moments of doped GeSe Monolayers.
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Abstract: 1T-TaS2 has attracted much attention recently due to its abundant charge density wave
phases. In this work, high-quality two-dimensional 1T-TaS2 crystals were successfully synthesized by
a chemical vapor deposition method with controllable layer numbers, confirmed by the structural
characterization. Based on the as-grown samples, their thickness-dependency nearly commensurate
charge density wave/commensurate charge density wave phase transitions was revealed by the
combination of the temperature-dependent resistance measurements and Raman spectra. The phase
transition temperature increased with increasing thickness, but no apparent phase transition was
found on the 2~3 nm thick crystals from temperature-dependent Raman spectra. The transition
hysteresis loops due to temperature-dependent resistance changes of 1T-TaS2 can be used for memory
devices and oscillators, making 1T-TaS2 a promising material for various electronic applications.

Keywords: 1T-TaS2; CVD; resistance measurements; Raman spectra; NC/CCDW phase transition

1. Introduction

Two-dimensional (2D) layered materials have exhibited novel physical properties
different from bulk materials due to their atomically low thickness and high carrier mobil-
ity. Among them, low-dimensional strongly correlated electron systems, such as 1T-TaS2,
2H-TaSe2, 2H-NbSe2, and 1T-TiSe2, have unique electronic structures and rich extraordinary
physical properties, including superconductivity [1], charge density wave order [2,3], ferro-
magnetism [4], and catalytic activity [5]. As a charge density wave (CDW) material, 1T-TaS2
has attracted much attention during the past years owing to its abundant phases, such as
1T, 2H, and 3R, with various stacking [6–10]. It has extensive prospects for applications
as electronic, magnetic, and energy conversion devices, such as high-performance oscilla-
tors [6], fast memories [7], solar cells [8], humidity sensors [9,11–13], and high-efficiency
electrocatalysts [10,14,15]. Recently, the ferroic character of 2D 1T-TaS2 was established
by revealing the hysteretic electrical switching of the ferro-rotational order through the
observation of its domains and domain wall propagation [16].

Unlike the Peierls instability mechanism, electron–phonon interaction plays a crucial
role in driving CDW instabilities [17,18]. The instability of CDW featured by periodic
lattice distortion (PLD) was found to be dependent on the temperature, which affected
spatial modulation of carrier density at low temperatures and produced a metastable
phase [19–21]. Below 180 K, a commensurate CDW (CCDW) phase was revealed [22], in
which a

√
13 ×

√
13 superlattice was formed when 12 Ta atoms on the outside shrunk to

the central 13th Ta atom to form a “Star of David” (SOD) structure [23]. After the CCDW
phase transformation, the bandgap opening made 1T-TaS2 a Mott insulator [24]. At 180 K,
a nearly commensurate CDW (NCCDW) phase was formed with partial structures being
commensurate to the original lattice, resulting in the metallic CCDW phase by reducing
insulating domain walls. When further increasing to near 350 K, 1T-TaS2 distorted into an
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incommensurate CDW (ICCDW) phase, in which atoms were shifted from their original
lattice positions. In addition to thermal excitation, CDW phase transition can be induced
in other ways, including photoinduced phase transition [25] and electron-induced phase
transition [26,27]. Electrical measurement shows the sudden change in resistance and the
hysteresis window [28].

In recent years, chemical vapor deposition (CVD) has been used as a mature strategy
for controllable synthesis of high-quality 1T-TaS2. The preparation of 2D TaS2 crystals with
different substrates has been reported, such as Au [29–31], SiO2/Si [32], hexagonal boron
nitride [33], sapphire [34], etc. However, the interaction between substrate and sample due
to the charge transfer [35] inevitably affects CDW performance. Among these substrates,
mica has excellent epitaxial growth characteristics and lattice adaptation degree. Here, we
report the thickness-controllable growth of 1T-TaS2 on mica substrates by ambient pressure
CVD (APCVD) and studies on CDW phase transitions. The structure of 1T-TaS2 was con-
firmed by Raman, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
high-resolution transmission electron microscope (HRTEM) measurements. After structural
characterization, temperature-dependent resistance and temperature-varying Raman mea-
surements were used to characterize the CDW phase transition under thermal excitation.

2. Materials and Methods
2.1. Characterizations of As-Grown 2D 1T-TaS2 Crystals

Morphologies and thicknesses of 2D 1T-TaS2 crystals were checked with an atomic
force microscope (AFM, Bruker Corp., Billerica, MA, USA, Dimension Icon). The micro-
Raman tests were performed with a confocal microscope-based Raman spectrometer
(ALPHA 300, WITec Corp., Ulm, Germany) under an excitation laser at 532 nm. The
temperature-dependent Raman spectra were collected in a custom-made vacuum thermo-
stat ranging from 80 K to 260 K. The binding energies of elements were obtained by XPS
measurements on as-grown samples (ESCALAB 250 Xi, Thermo Scientific Corp., Waltham,
MA, USA). Before the TEM (Talos F200 X, FEI Corp., Hillsborough, OR, USA) measure-
ments, the as-grown 1T-TaS2 crystals were transferred onto micro-grid-supported Cu grids
via a typical polymethyl methacrylate (PMMA)-assisted transfer method [36]. The as-
grown samples were spin-coated with PMMA (950 K, A4, Allresist Corp., Straussberg,
Berlin, Germany) at 6000 rpm for 60 s, followed by drying at 180 ◦C for 10 min. Then, the
samples supported by PMMA film were lifted up with tweezers under deionized water,
and then they were collected by micro-grid-supported Cu grids. Finally, the PMMA film
was removed via dissolution with acetone for about 10 min and dried by flowing Ar gas.
HRTEM images and selected area electron diffraction (SAED) patterns were collected by a
Talos F200X transmission electron microscope operated at 200 kV.

2.2. Device Fabrication of 1T-TaS2 Electrical Devices

For individual TaS2 flakes, the electrodes were patterned by electron beam lithography
(EBL). Five nanometers Ti and 50 nm Au were electron-beam evaporated for contacts. The
devices were put in a vacuum (Janis ST500 probe station, <10−5 Torr) and measured by an
Agilent B1500A semiconductor device analyzer. Low-temperature resistance measurements
were performed in a physical property measurement system (PPMS, Quantum Design, Inc.,
San Diego, CA, USA) under liquid He-purged conditions.

3. Results and Discussion

The top-view and side-view atomic models of 1T-TaS2 are shown in Figure 1a,b. Ta
atoms with the central octahedral arrangement are sandwiched between two S atom layers,
demonstrating an ABC-type stacking [37]. The electron–phonon coupling-induced SOD
structure at a low temperature is presented in Figure 1a, with red arrows indicating the
shrinking direction of Ta atoms. At a temperature below 180 K, the 1T-TaS2 crystal is filled
with SOD cluster, while at room temperature, the 1T-TaS2 crystal can transform from the
CCDW to the NCCDW phase, which is only partially filled by satellite domains [38].
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Two-dimensional 1T-TaS2 crystals were grown by the APCVD method, as schemati-
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area. Tantalum pentachloride and sulfur powders were employed as the sources placed 
upstream outside the furnace, which were independently heated by two different heaters. 
Then, under the H2/Ar (5%H2) mixed carrier gas, the furnace was heated to 1100 K for 
growth. During the growth, the Ta flux was controlled while the S flux was kept continu-
ous. By controlling the supply time for Ta and heating time, high-quality 1T-TaS2 crystals 
with various layer thicknesses were grown. The Raman spectrum of 1T-TaS2 monolayers 
collected at room temperature is shown in Figure 1d, in which peak wavenumbers less 
than 150 cm−1 were related to the tantalum atoms while phonon modes within 220−320 
cm−1 were more associated with sulfur atoms [38]. The inset presents an AFM image of an 
as-grown 1T-TaS2 crystal with a lateral size of about 10 µm on which the Raman spectrum 
was collected. The main Raman phonon modes of 1T-TaS2 include A1g modes of 71, 78, and 
117 cm−1 and Eg modes of 60 and 90 cm−1. Figure 1e,f shows Raman maps of 1T-TaS2 crys-
tals with unicolor trigonal and hexagonal shapes, indicating excellent crystallinity of the 
as-grown crystals. 

Figure 1. Synthesis of 1T-TaS2 crystal via APCVD method. Top−view (a) and side view (b) of
the atomic structures of a 1T-TaS2 crystal. (c) Schematics for the APCVD growth of 1T-TaS2 on a
mica substrate. (d) A Raman spectrum collected at room temperature. An AFM image in the inset
demonstrates the height of 0.7 nm for the monolayer, with a scale bar of 1 µm. (e,f) Raman maps of
1T-TaS2 with different shapes.

Two-dimensional 1T-TaS2 crystals were grown by the APCVD method, as schemati-
cally shown in Figure 1c. The mica was employed as a substrate placed in the deposition
area. Tantalum pentachloride and sulfur powders were employed as the sources placed
upstream outside the furnace, which were independently heated by two different heaters.
Then, under the H2/Ar (5%H2) mixed carrier gas, the furnace was heated to 1100 K for
growth. During the growth, the Ta flux was controlled while the S flux was kept continu-
ous. By controlling the supply time for Ta and heating time, high-quality 1T-TaS2 crystals
with various layer thicknesses were grown. The Raman spectrum of 1T-TaS2 monolayers
collected at room temperature is shown in Figure 1d, in which peak wavenumbers less than
150 cm−1 were related to the tantalum atoms while phonon modes within 220−320 cm−1

were more associated with sulfur atoms [38]. The inset presents an AFM image of an
as-grown 1T-TaS2 crystal with a lateral size of about 10 µm on which the Raman spectrum
was collected. The main Raman phonon modes of 1T-TaS2 include A1g modes of 71, 78,
and 117 cm−1 and Eg modes of 60 and 90 cm−1. Figure 1e,f shows Raman maps of 1T-TaS2
crystals with unicolor trigonal and hexagonal shapes, indicating excellent crystallinity of
the as-grown crystals.

The controllable synthesis of 1T-TaS2 was further studied through AFM measurements,
as shown in Figure 2a–d. The line profiles in the inset clearly show the thickness: from
the monolayer of 0.7 nm to the tetralayer of 2.9 nm. It should be noted that the sizes of all
grown 2D crystals were around 10 µm, which may be limited by the metallic precursor for
this APCVD growth. With decreasing thickness, the stability of 1T-TaS2 becomes worse.
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The instability was further confirmed by the XPS measurements in Figure 3a. Besides
the Ta-4f7/2 peak at 24.2 eV for TaS2, peaks of Ta-4f5/2 at 26.8 eV, and peaks of Ta-4f7/2
at 28.71 eV, a loss feature at about 38 eV for Ta2O5 also appears in the XPS spectrum,
indicating the oxidization of 1T-TaS2. The S-2p1/2 and S-2p3/2 are shown in Figure 3b,
giving the evidence for TaS2 [39]. For the monolayer, it is even difficult to perform Raman
measurements on it due to the low laser-induced damage threshold. Thus, most of the
measurements were performed on the thick 1T-TaS2 crystals.
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Figure 2. Layer−controlled synthesis of 1T-TaS2 crystal via APCVD method. AFM images for the
monolayer (a), bilayer (b), trilayer (c), and tetralayer (d) are presented, and the line profiles are shown
in the corresponding inset, respectively. The scale bar is 1 µm in each image.

HRTEM measurements were performed to explore the internal structure and crys-
tallinity of the sample. The as-grown 1T-TaS2 was transferred to a micro-grid-supported
carbon film via a PMMA-assisted transfer method [36]. As shown in Figure 3c, the low-
magnification HRTEM image depicts the hexagonal shape of the sample with a uniform
surface. HRTEM measurements were performed on the area marked in Figure 3c, and the
corresponding atomic-resolution image is shown in Figure 3d. The SAED pattern shows
the (100) and (001) with the spacing of 0.291 and 0.597 nm in the inset of Figure 3d, agreeing
with the lattice spacing of 1T-TaS2 [40]. In addition, the single clear dots indicate the high
crystalline quality of the grown sample.
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To study the CDW phase transitions, electrical devices were fabricated. In our exper-
iments, it is very difficult to grow large-sized thin 1T-TaS2 crystals. Usually, the size of
a 1T-TaS2 crystal with a thickness lower than 3 nm is below 10 µm. Meanwhile, the thin
1T-TaS2 is not so stable in the atmosphere. Hence, it is challenging to fabricate four contacts
on a thin sample with a size smaller than 10 µm. To better compare the test results from sam-
ples with different thicknesses, two-contact devices were fabricated for all samples, which
were proven to be valid for the resistance measurements on exfoliated samples [16]. During
the electrical measurements, the positive and negative electrodes were fixed at different
temperatures to prevent inconsistent modifications to hysteresis loops from Schottky effects.
When the CDW phase transition occurs, the 1T-TaS2 phase can change from an insulator to
a metal, which can be identified by temperature-dependent resistance measurements. The
schematics for the electrical devices are presented in Figure 4a, in which gold electrodes
were fabricated on the sample by lithography termina, and more details for the procedure
refer to the method. The hysteresis loops of the resistance in the heating and cooling cycles
of 1T-TaS2 with different thicknesses were measured, as shown in Figure 4b–d. In Figure 4b,
the resistance of the sample with a thickness of about 50 nm decreases sharply when the
temperature exceeds 160 K during heating. The resistance changing with the temperature
indicates the phase transition from the CCDW phase to the NCDW phase.

On the other hand, when the temperature decreases from 300 K to 225 K, the resistance
suddenly increases, indicating the occurrence of the NC–CC CDW phase transition. Similar
results have been obtained from other samples with different thicknesses. In the sample
with a thickness of about 20 nm in Figure 4c, the CC–NC phase transition happens at 153 K,
while the NC–CC phase transition occurs at 237 K. Moreover, in the sample with a 2–3 nm
thickness shown in Figure 4d, the resistance begins to decrease at 150 K during the heating
process for the CC–NC phase transition, while the NC–CC phase transition temperature
happens at 250 K.
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The above measurements were repeated more than 10 times, and the same conclusions
were obtained. It is found that during the heating process, with the increase in thickness,
the temperature for the CCDW-NCDW phase transition increased and ranged from 150 K
to 160 K. During the cooling process, the NC-CC phase transition temperature decreased
with increasing thickness, ranging from 250 K to 220 K. As the thickness decreases, the
window for the hysteresis loop becomes larger, which may be attributed to the larger
NC–CC phase transition barrier in thinner 1T-TaS2 flakes due to the enhanced pinning of
nucleated domain walls [10,41]. Such hysteresis loops were suggested to be caused by the
domain wall propagation, leading to the ferroic performance of 2D 1T-TaS2 crystals [16].
These ferro-rotational orders can be switched by controlling the applied voltages at a fixed
temperature or the temperature at a fixed applied voltage. Therefore, thermal-driven
resistance switching and the temperature of the thickness-dependent phase transition could
extend the electrical and magnetic application of 1T-TaS2.

The phase transitions were further confirmed by the temperature-dependent Raman
measurements. The samples grown on mica were quickly transferred to a vacuum ther-
mostat with a temperature range from 80 K to 260 K to collect the temperature-dependent
Raman spectra. Figure 5a shows the Raman spectra of the 50 nm thick sample, indicating
an obvious phase transition with emerging new peaks at 70 cm−1 and near 100 cm−1 as
it warmed up. At 160 K, the peak at 70 cm−1 was split into two peaks at 70 cm−1 and
73 cm−1, while the peak intensities were significantly increased near 100 cm−1. Those
changes are provoked by the folding of phonon modes in the Brillouin zone between the
CC/NC translation [42]. Figure 5b shows the Raman spectra of the 20 nm thick sample as
it warmed up. It is obvious that the peak intensities were strongly enhanced near 100 cm−1

at below 140 K, including the peaks at 81 cm−1, 103 cm−1, and 122 cm−1, but no split peak
was seen in the Raman spectra. Furthermore, the same measurements were performed on
2–3 nm thick samples, but no apparent phase transition was found, which may be inter-
preted as the instability of ultrathin TaS2 under the irradiation of lasers. Such vanishment
was also reported by previous work in TaS2 sheets thinner than 13 nm [43,44]. The above
temperature-dependent Raman measurements also confirm that the CC/NC transition
temperature in thick layer samples is 140–160 K. The consistency between the resistance
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measurements and Raman spectra further confirms that the two-contact measurements are
reasonable in our experiments.
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4. Conclusions

High-quality 2D 1T-TaS2 crystals were successfully synthesized by CVD with control-
lable layer numbers. The structural tests show the high quality of the grown samples. The
AFM measurements demonstrated the precise control of the thickness. Based on the as-
grown samples, their thickness-dependent CC/NCDW phase transitions were revealed by
the combination of the temperature-dependent resistance measurements and Raman spec-
tra. The phase transition temperature increases with increasing thickness. The transition
hysteresis loops due to temperature-dependent resistance changes of 1T-TaS2 can be used
for memory devices and oscillators, which is promising for various electrical applications.
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Abstract: Diluted magnetic semiconductors (DMSs) with tunable ferromagnetism are among the most
promising materials for fabricating spintronic devices. Some DMS systems have sizeable magnetoresis-
tances that can further extend their applications. Here, we report a new DMS Rb(Zn1−x−yLiyMnx)4As3

with a quasi-two-dimensional structure showing sizeable anisotropies in its ferromagnetism and
transverse magnetoresistance (MR). With proper charge and spin doping, single crystals of the DMS
display Curie temperatures up to 24 K. Analysis of the critical behavior via Arrott plots confirms
the long-range ferromagnetic ordering in the Rb(Zn1−x−yLiyMnx)4As3 single crystals. We observed
remarkable intrinsic MR effects in the single crystals (i.e., a positive MR of 85% at 0.4 T and a colossal
negative MR of −93% at 7 T).

Keywords: diluted magnetic semiconductor; colossal magnetoresistance; quasi-two-dimensional
structure; single crystal

1. Introduction

Diluted magnetic semiconductors (DMSs) have received extensive attention due to
their significant potential for spintronic applications [1–3]. The intriguing properties of
DMSs include their ability to mediate ferromagnetic interactions by tuning the conduction
carriers and the strong coupling between the carriers and local spins [4,5]. The former can
provide novel opportunities to control ferromagnetism, and the latter can lead to galvano-
magnetic properties (e.g., magnetoresistance (MR) and anisotropic magnetoresistance ef-
fects) [6–9]. The most well-known examples of substantial magnetoresistance are magnetic
multilayers and manganites, in which the coupling between the spin and charge is essen-
tial [10,11]. Similar coupling has generated anomalous negative MR in many ferromagnetic
DMS materials (e.g., III-V based (Ga,Mn)As and II-II-V based (Ba,K)(ZnMn)2As2) [12,13].
However, most of the reported MR in DMS single crystals or single-phase thin films are
relatively weak, with magnitudes of 10–30%.

The aforementioned (Ba,K)(ZnMn)2As2 has a layered structure to allow for the spatial
and electronic separation of charge and spin doping [14]. It belongs to a new generation
of DMSs in which the charges (or carriers) and spins are doped independently. The initial
motivation to design and synthesize these new DMSs was to overcome the nonequilibrium
Mn doping in the classical III-V based DMSs (e.g., (Ga,Mn)As, (In,Mn)Sb, etc.) [15]. This
difficulty leads to limited solid solutions of Mn2+ in III-V-based DMSs. Consequently, the
specimens of these DMSs are chemically metastable [16]. Ferromagnetic films are available
only as thin films, and their material quality exhibits high sensitivity in preparation methods
and annealing treatments. Eventually, the improvement in their Curie temperatures (TC)
was prohibitive. Moreover, Mn substitution provided hole carriers together with local spins.
Thus, one could not conduct electron doping to obtain n-type materials or p-n junctions for
spintronic devices [17].
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Taking advantage of the separated charge and spin doping, the (Ba,K)(ZnMn)2As2
achieved a reliable TC of 230 K, which is close to room temperature [18]. Further studies
stated that external compression on (Ba,K)(ZnMn)2As2 reduced the distance between the
ZnAs layers and then decreased its TC [19]. In other words, extending the distance of
the ZnAs layers could result in a higher TC. RbZn4As3 has a well-defined quasi-two-
dimensional layered structure with a larger ZnAs-layer distance (4.3 Å) than that of
(Ba,K)(ZnMn)2As2 (3.7 Å). Although we did not obtain a high TC after magnetic and
charge doping, interesting galvanomagnetic properties were discovered. In this work, we
report Rb(Zn1−x−yLiyMnx)4As3 as a new type of DMS. We found remarkable MR effects
on the single crystals, thus ruling out the possible influence of the grain boundaries in
polycrystalline samples [20,21]. This DMS has a layered structure as the parent phase,
which consists of infinitely stacked Rb layers and ZnAs layers. A detailed and compre-
hensive analysis of the critical behavior yielded the critical exponents β, γ, and δ. These
exponents suggest that the mean-field model is the applicable theoretical model, indi-
cating the long-range ferromagnetism in this material. Owing to the distinct anisotropic
structure, sizeable anisotropies were observed in the ferromagnetism and transverse MR.
Moreover, large positive MRs at low fields and colossal negative MRs at high fields exist in
single crystals. It is worth noting that although large MRs were found in polycrystalline
(Sr,K)(Zn,Mn)2As2 and (Ba,K)(Cd,Mn)2As2, one cannot rule out the contribution from the
grain boundaries, which diffusely exist in the polycrystalline samples. These intriguing
features of Rb(Zn1−x−yLiyMnx)4As3 should benefit applications such as memory devices
and magnetic sensors [3,22,23].

2. Materials and Methods

Polycrystalline specimens of Rb(Zn1−x−yLiyMnx)4As3 were prepared via the solid-
state reaction method with high-purity pristine reagents [17,24]. Firstly, Rb3As and Li3As
were synthesized as precursors from Rb grains (99.9%), Li grains (99.9%), and As powder
(99.99%). To avoid the oxidization and corrosion of the alkali metals (Rb and Li), raw
materials were put directly into titanium tubes and sealed under an argon atmosphere at
1 bar. After that, the mixtures were heated slowly to 350 ◦C and then held for 5 h due to
the low melting point and activity of the alkali metals. Afterwards, Zn powder (99.99%),
Mn powder (99.99%), As powder, and the two precursors were mixed well and ground
at the intended stoichiometric ratios. The mixtures were sealed in titanium tubes under
an argon atmosphere after pelletization. The tubes were sealed in quartz ampoules before
being sintered at 700 ◦C for 20 h. The collected materials were ground and pelletized before
being sintered at 600 ◦C for another 20 h. This annealing process was necessary to complete
the reaction and produce high-purity samples.

The growth of the single crystals was performed utilizing the self-flux method. High-
purity elements, Rb grains, Zn powder, Li grains, Mn powder, and As powder were
mixed at a ratio of 1:3.8−y:y:0.2:3. The mixture was then loaded in alumina crucibles,
which were sealed in tantalum tubes and quartz ampoules. The ampoules were heated
up to 1000 ◦C for 2 h and then quenched in ice water or liquid nitrogen after cooling the
furnace temperature down to 930 ◦C. Note that all the processes were performed under
the protection of high-purity argon. The entirety of a single crystal, after quenching, could
be easily cleaved along its c-axis due to the quasi-two-dimensional layered structure of
the titled material. Generally, the width of a perfect single crystal was only limited to the
dimensions of the alumina crucible, and thus, the size of an available single crystal could
be up to 10 mm × 7 mm × 1 mm.

Powder X-ray diffraction (XRD) was conducted with a Philips X’pert diffractometer
(Malvern Panalytical Ltd, Malvern, UK) at room temperature to analyze the phase purity
and structural parameters. Cu-Kα radiation and 2θ scanning with a range from 10◦ to 120◦

were used during the XRD measurement. Energy dispersive X-ray analysis (EDX) with
a commercial scanning electron microscope (SEM, Hitachi High-Tech Science Co., Ltd.,
Tokyo, Japan) was used to analyze chemical compositions of single crystals. Thus, the
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real atom ratios of single crystal samples are used in the following sections. In addition,
considering the possible inhomogeneity of polycrystalline samples, we established the
doping contents as the nominal ratio.

The characterization of dc magnetic susceptibility for all the samples was accomplished
using a superconducting quantum interference device (SQUID, Quantum design, San Diego,
CA, USA). The measuring temperatures were from 2 K to 300 K, and the measuring fields
were up to 7 T. Quartz holders and brass holders with two quartz cylinders were used for
the in- and out-of-ab plane (i.e., external field H parallel to the ab-plane and c-axis separately)
magnetic measurement of single crystals, respectively. To ensure that the samples measured
in the Arrott plot were initially magnetized, the isothermal magnetizations were measured
after the samples were warmed up well above TC.

Electricity transport measurements were conducted with a physical property measure-
ment system (PPMS, Quantum Design, San Diego, CA, USA). Similarly, the measuring
temperatures were from 2 K to 300 K, and the measuring fields were up to 14 T. The
single crystal samples were cleaved to obtain a clean, fresh surface for good ohmic con-
tact. A standard four-wire method was employed to eliminate contact resistance with
silver paint as an electrical contact and Pt wires as electrical leads. A current of 0.1 mA
was used during all transport measurements. For Hall effect measurements, the layered
Rb(Zn1−x−yLiyMnx)4As3 single crystals were cut into thin flakes with a typical size of
5 mm × 1 mm × 0.05 mm. Below 10 K, Hall resistance was difficult to measure due to the
oversized magnetoresistance from slightly asymmetric Hall contacts.

3. Results
3.1. Crystal Structure

The parent phase RbZn4As3 crystallizes into the quasi-two-dimensional tetragonal
structure with the space group P4/mmm (No. 123, Z = 1), as shown in Figure 1a [25]. The
structure is closely related to the β-BaZn2As2 or BaFe2As2 superconductor with a typical
ThCr2Si2-type structure [26]. Similar to β-BaZn2As2, the lattice of RbZn4As3 consists of
infinitely stacked Rb layers and ZnAs layers, which are based on edge-shared ZnAs4
tetrahedra. The double-stacked ZnAs4 tetrahedra along the c-axis distinguish RbZn4As3
from β-BaZn2As2.

Isovalent Zn2+/Mn2+ substitution was used to provide local spins, while Li+ was
doped at the Zn2+ site for itinerate carriers. The nominal concentrations of Mn and Li
can reach 20% in polycrystalline samples. Within this doping level, all of the peaks in
the XRD patterns of polycrystalline samples with distinct Li and Mn doping levels can be
indexed with a RbZn4As3 structure, suggesting that they share the same structure as the
parent phase. To obtain the lattice constants a and c, Rietveld refinements were performed
with GSAS software [27]. The refinement of the Rb(Zn0.85Li0.1Mn0.05)4As3 polycrystalline
sample is plotted in Figure 1b as an example. According to a series of XRD patterns
from varying Li- and Mn-doping polycrystalline samples, we successively obtained the
cell volumes (V) of Rb(Zn0.9−xLi0.1Mnx)4As3, which are 180.85 (x = 0.05), 181.04 (x = 0.1),
181.05 (x = 0.15), and 181.51 (x = 0.2) Å3, while the V values of Rb(Zn0.9−yLiyMn0.1)4As3

are 181.27 (y = 0.05), 181.04 (y = 0.1), 180.96 (y = 0.15), and 180.78 (y = 0.2) Å3. The results
are plotted in Figure 1c, which demonstrates that the value of V monotonically increases
with nominal Mn concentrations but decreases with nominal Li-doping levels, indicating
successful chemical substitution. The XRD pattern of Rb(Zn0.83Li0.1Mn0.07)4As3 single
crystals is shown in Figure 1d. Owing to the layered structure, all of the crystals are sheet-
like and grow along the crystallographic c-axis. Thus, only the (0 0 l) peaks appear with 2θ
scanning. As shown in the inset, the size of a typical sheet is around 2 × 1 × 0.02 mm3.
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Figure 1. (a) Crystal structure of RbZn4As3 with stacking Rb layers and ZnAs layers. The black
frame shows the unit cell. (b) The XRD pattern and the corresponding Rietveld refinement of
Rb(Zn0.85Li0.1Mn0.05)4As3. (c) Lattice constants versus doping levels for Rb(Zn0.9−xLi0.1Mnx)4As3

and Rb(Zn0.9−yLiyMn0.1)4As3, respectively. (d) The XRD pattern Rb(Zn0.83Li0.1Mn0.07)4As3

single crystal.

3.2. Magnetic Properties

For polycrystalline samples, the series of Rb(Zn0.95−yLiyMn0.05)4As3 samples have the
most significant magnetizations. Thus, we focus our discussion on these samples in the
following sections. Figure 2a shows the temperature-dependent magnetization M(T) under
zero-field-cooling (ZFC) and field-cooling (FC) processes of Rb(Zn0.95−yLiyMn0.05)4As3
at an external field of 500 Oe. Rb(Zn0.90Li0.05Mn0.05)4As3 is nearly paramagnetic with
a temperature down to 5 K. Correspondingly, the field-dependent magnetization M(H)
of Rb(Zn0.90Li0.05Mn0.05)4As3 is a closed loop at 5 K. The slight S-shape of the loop indi-
cates the presence of a short-range ferromagnetic correlation. More Li-doping induces
stronger ferromagnetic-like behaviors. M(T) curves show TC values of about 18 and 25 K
for Rb(Zn0.85Li0.10Mn0.05)4As3 and Rb(Zn0.80Li0.15Mn0.05)4As3, respectively. With further
increasing Li doping level to 0.2, the TC slightly decreases to about 19 K. However, it is
worth noting that the magnitude of magnetization of Rb(Zn0.80Li0.2Mn0.05)4As3 is much
smaller than that of Rb(Zn0.80Li0.15Mn0.05)4As3. Furthermore, at 5 K, the hysteresis loop
of Rb(Zn0.80Li0.2Mn0.05)4As3 becomes thinner than that of Rb(Zn0.80Li0.15Mn0.05)4As3, as
shown in Figure 2b, indicating that an excessive doping level of Li damages the ferro-
magnetic ordering in the titled DMS materials. Notwithstanding its weak ferromagnetic
interaction, it is significant for the contrast of the M(T) curve with a Li-free sample, which
evidently displays paramagnetic behavior, as shown in Figure 2c. In short, the evolution of
ferromagnetism with the Li doping level suggests that the itinerant carriers offered by the
heterovalent substitution Zn2+/Li+ induce ferromagnetism.
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Figure 2. (a) Temperature-dependent magnetization of polycrystalline Rb(Zn0.95−yLiyMn0.05)4As3

with y = 0.05, 0.10, 0.15, and 0.20 after ZFC and FC processes under an external field of 500 Oe.
The inset is the temperature-dependent reciprocal of magnetic susceptibility and corresponding
linear fitting. (b) Field-dependent magnetization of Rb(Zn0.95−yLiyMn0.05)4As3 at 5 K. The in-
set is the enlarged magnetic loops at low fields. (c) M(T) curves of Rb(Zn0.95Mn0.05)4As3 and
Rb(Zn0.75Li0.10Mn0.05)4As3 in the ZFC process. (d) M(T) curves of Rb(Zn0.83Li0.10Mn0.07)4As3 and
Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals with an external field parallel to the c-axis and ab-plane.
(e) M(H) curves of Rb(Zn0.83Li0.10Mn0.07)4As3 and Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals with an
external field parallel to the c-axis and ab-plane at 5 K.

The temperature-dependent inverse susceptibility (1/χ(T)) and corresponding Curie-
Weiss fitting of Rb(Zn0.85Li0.10Mn0.05)4As3 are plotted in the inset of Figure 2a as a typical
example. On the basis of high-temperature fitting, the effective magnetic moments (Meff)
obtained via Curie-Weiss fitting (1/χ = (T − θ)/C) of the paramagnetic region are around
5 µB/Mn [28]. The M(H) curves of the above three samples display open loops of ferromag-
netism, as shown in Figure 2b. The coercive fields are about 0.2, 0.4, and 0.2 T, respectively.

Similar Li-doping-dependent behaviors can be found in single-crystal samples. Thus,
the M(T) and M(H) curves of Rb(Zn0.83Li0.10Mn0.07)4As3 and Rb(Zn0.78Li0.15Mn0.07)4As3,
which show robust ferromagnetism, are plotted in Figure 2d,e as typical examples. Dis-
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tinct magnetic anisotropy can be found in both the M(T) and M(H) curves. It is clear
that the easy axis of magnetization is along the c-axis. In Figure 2e, the saturation mag-
netizations (Msat) along the c-axis are 1.3 and 1.1 µB/Mn for Rb(Zn0.83Li0.10Mn0.07)4As3
and Rb(Zn0.78Li0.15Mn0.07)4As3, respectively. On the other hand, the Msat in the ab-plane
is about 0.2 µB/Mn. Both the Msat and Meff are comparable to those of (Ga,Mn)As and
(Ba,K)(ZnMn)2As2 [29,30].

3.3. Magnetic Critical Behaviors

Thanks to homogeneous single crystals, we could obtain more accurate magnetization
data in the vicinity of the TC to analyze the critical behavior and calculate corresponding
critical exponents. By analyzing the values of critical exponents, ferromagnetic interaction
in Rb(Zn1−x−yLiyMnx)4As3 can be determined. Firstly, the determination of TC is indis-
pensable and crucial. To obtain the precise TC, we analyzed the critical behaviors of two
samples with the mean-field-behavior Arrott plot method as follows:

H/M = at + bM2. (1)

where a and b are constants and t = (TC − T)/TC is the reduced temperature with an
absolute value of |t|� 1. In the Arrott plot, all the curves form a series of parallel lines in
the high-field region. TC can be determined when the intercept of the parallel line becomes
zero [31–33]. The obtained TC values are 20 and 24 K for Rb(Zn0.83Li0.10Mn0.07)4As3 and
Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals, respectively. Figure 3a–c are the Arrott plots of
Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals in the vicinity of the TC. It is worth noting that a
short-range magnetic transition, like a spin-glass transition, cannot have a positive intercept
in the Arrott plot. On the other hand, when we considered those modified Arrott plots
in the situation of short-range exchange interaction, e.g., a three-dimensional Heisenberg
model or a three-dimensional Ising model, the results markedly indicate a much lower TC
(about 7 K) according to the generalized equation of state:

(H/M)1/γ = at + bM1/β, (2)

where β and γ are critical exponents (β = 0.365 and γ = 1.386 for the 3D Heisenberg model;
β = 0.325 and γ = 1.24 for the 3D Ising model; β = 0.5 and γ = 1 for the long-range mean-field
model), as shown in Figure 3b,c, respectively, whereas the preceding mean-field model is
much more consistent with the minimum of the derivative of magnetization dM(T)/dT in
Figure 3d. For these three models, the high-field parts of the ideal Arrott plots are supposed
to be parallel. In other words, they should show the temperature-independent slopes K in
the high-field region. Thus, we defined the relative variation in slope ∆K = (K(T)/K(TC) −
1). Here, the slope K(T) is apparently temperature-dependent. Hence, the distribution of ∆K
can effectively indicate which model is the most practical for samples to decide the critical
exponents and determine the ferromagnetic interaction. Figure 3e shows the temperature
dependence of the ∆K distribution. Obviously, the mean-field model possesses the most
concentrated distribution at a value of 0, and the other two models have more dispersed
distributions. This suggests that the mean-field model is the most suitable one.
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Figure 3. (a) Arrott plot of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals between 14 and 22 K with a
step of 1 K for the mean-field model. (b) Arrott plot of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals
between 6 and 12 K with a step of 1 K for the 3D Heisenberg model. (c) The 3D Ising model. (d) M(T)
and dM(T)/dT curves of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals with an external field parallel
to the c-axis. (e) The temperature-related distribution of the relative variation in slope from linear
fitting equations of high-field Arrott plots. (f) Kouvel–Fisher plot of Rb(Zn0.83Li0.10Mn0.07)4As3 single
crystals and corresponding linear fitting for t > 0. (g) Kouvel–Fisher plot of Rb(Zn0.83Li0.10Mn0.07)4As3

single crystals and corresponding linear fitting for t < 0. (h) Log-log plot at 20 K and corresponding
linear fitting obtained from the M(H) plot at 20 K.
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Additionally, Kouvel–Fisher plots, another feasible and convenient analysis method to
obtain relevant parameters in the vicinity of the critical temperature, were used to provide
further evidence for our results [34,35]. On the basis of the critical equation of state, there
are the following power law relations among magnetization M, susceptibility χ, reduced
temperature t (or Curie temperature TC), and critical exponents:

M ∝ tβ, when H = 0 and t > 0; (3)

χ ∝ (−t)−γ, when H→0 and t < 0; (4)

M ∝H1/δ, when H→0 and t = 0, (5)

where δ = 1 + γ/β according to the critical scaling analysis. After applying a logarithm
and differential to Equations (3) and (4), one can draw and fit the linear relations of
−(dlnM/dT)−1 versus T and −(dlnχ/dT)−1 versus T in the critical region, i.e., Kouvel–
Fisher plots, as

(dlnM/dT)−1 = −(TC − T)/β (6)

and
(dlnM/dT)−1 = (TC − T)/γ, (7)

in which the magnitude of the reciprocal of slope represents β and γ, respectively, and
the horizontal intercept is TC. For the same sample, the Rb(Zn0.73Li0.1Mn0.07)4As3 single
crystal, its Kouvel–Fisher plots are shown in Figure 3e,f. As shown in the two figures, in the
narrow enough range of |t|, the fitting β and γ are 0.638 and 1.103, and the corresponding
TC’s are 21.2 and 14.6 K, respectively. In order to guarantee that the fitting is carried out
in the vicinity of the transition region, the selected data points for linear fitting must meet
the requirement of |t| < 0.3. Despite the deviation of TC, the fitting results are closer to
the former analysis based on the classic Arrott plot method. Meanwhile, it is feasible to
determine another critical exponent, δ, by acquiring the M(H) data at TC and plotting the
corresponding log-log plot according to Equation (5). As shown in Figure 3h, the linear
fitting gives δ = 2.705, in agreement with the value δ = 1 + γ/β = 2.729 from the obtained
β and γ. Thus, our discussions about critical behavior are self-consistent, and the results
confirm the long-range ferromagnetism of the single crystals.

3.4. Magnetoresistance and Hall Effect

The temperature dependence of resistivity (ρ(T)) of the aforementioned samples was
measured. All of the samples exhibit semiconducting behavior, namely an increase in ρ with
decreasing temperature. The conductivity is enhanced with increasing Li concentrations,
which act as charge doping. As typical examples, Figure 2a shows the ρ(T) curves of
ferromagnetic Rb(Zn0.83Li0.10Mn0.07)4As3 and Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals.
The decrease in resistivity is pronounced at low temperatures. Similar behaviors have been
reported in other DMS materials, e.g., (Ga,Mn)As and Li(Zn,Mn)As [17,36]. lnρ versus
1/T of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals is shown in Figure 4a. The band gap
Eg ~19 meV is calculated from active model fitting:

ρ = ρ0exp(Eg/2kBT). (8)

This is only one-tenth of the parent compound (0.2 eV), which also indicates successful
charge doping by Li substitutions.

Sizeable transverse magnetoresistance (fields perpendicular to current) can be found
in ferromagnetic samples at low temperatures, ruling out the possible influence of grain
boundaries in polycrystalline samples. The MR ratio is defined as MR≡ (ρ(H)− ρ(0T))/ρ(0T)
= ∆ρ/ρ(0T) [37]. Figure 4b shows this giant MR in the samples Rb(Zn0.93−yLiyMn0.07)4As3,
where y = 0.05, 0.1, 0.15, 0.2, among which the doping level of 10% Li contributes to
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the highest negative MR up to −93% at 7 T and the highest positive MR up to 85% at
0.4 T simultaneously. Given that MR changes slightly when the external field exceeds
7 T, the following measurements were only conducted within ±7 T. Figure 4c shows the
temperature-dependent MR of Rb(Zn0.83Li0.1Mn0.07)4As3 single crystals along the c-axis
and ab-plane. With the deceasing temperature, colossal MR appears in the vicinity of the
Curie temperature TC and enlarges monotonically. Meanwhile, the noticeable anisotropy of
transverse MR is consistent with the magnetic anisotropy in Figure 2d,e. This indicates that
the MR effect of ferromagnetic Rb(Zn0.83Li0.10Mn0.07)4As3 originates from a reduction in
the carrier-spin scattering when local spins tend to be arranged completely parallel under
external fields.

Figure 4. (a) Temperature-dependent resistivity of Rb(Zn0.83 Li0.10 Mn0.07 )4 As3 and
Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals. The inset is the active model fitting of
Rb(Zn0.83Li0.10Mn0.07)4As3. (b) Transverse magnetoresistance of Rb(Zn0.93−yLiyMn0.07)4As3 sin-
gle crystals with H of 14 T parallel to the c-axis. (c) ρ(T) of Rb(Zn0.83Li0.10Mn0.07)4As3 single
crystals with H of 7 T parallel to the c-axis and ab-plane at low temperatures. The inset is the
configuration of the external fields and measured current. (d) Transverse magnetoresistance of
the Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals with H parallel to the c-axis and ab-plane at 2 K.
(e) Hall effect measurement of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals. The inset is the enlarged
high-field region.
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Figure 4d shows the field-dependent MR of Rb(Zn0.83Li0.1Mn0.07)4As3 single crystals
at 2 K. With an external field along the c-axis, it displays a positive MR of 85% at 0.4 T
and a negative MR of −93% at 7 T. It is worth noting that a positive MR with such a large
magnitude has rarely been reported in previous DMS materials. In contrast, when using
the H//ab-plane, the maximum values of the positive and negative MR become 7% and
−35%, respectively. The saturation status of MR is consistent with the hysteresis loops.
Magnetization and MR saturate at about 3 T along the easiest axis, namely the c-axis, while
neither of them saturates even at 7 T. The positive MR can be attributed to the delayed
rotation of spins under external fields, which corresponds to coercive fields (Figure 2e) [13].
Such a remarkable contrast of MR of low and high fields can stand for an off-and-on status
and act as a magnetic switch in a circuit. Meanwhile, the large anisotropy of transverse MR
makes the titled DMS a good candidate for magnetic field sensors [38].

To determine the carrier type and concentration, the Hall effect was measured. Figure 4e
is the field-dependent Hall resistance (ρHall(H)) of Rb(Zn0.83Li0.1Mn0.07)4As3 single crystals
below and above TC. Above TC, ρHall(H) curves are linear, and the carrier type can be
easily determined as the p-type. Below TC, the ρHall(H) of a ferromagnetic conductor is
expressed as

RHall(H) = R0H + RsM, (9)

where R0 is the ordinary Hall coefficient, Rs denotes the anomalous Hall coefficient, and M
denotes the magnetization of the samples [39,40]. At 10 K, the anomalous Hall component
dominates the low-field region, so the carrier concentration is calculated with high-field
data where ρHall(H) curves are linear. However, when the temperature falls below 10 K, the
dramatically increasing MR will severely interfere with the Hall signals, and the anomalous
Hall effect becomes unobservable. To avoid the influence of MR, Hall resistivity curves and
the related calculations of carrier concentration are all based on the measurements of the
Hall effect above 10 K. Similar to the DMS Li(Zn,Mn)As, p-type conduction is expected,
as Li+ is doped to replaced Zn2+ to act as an acceptor. At 10 K, the carrier concentration is
3.5 × 1019 cm−3. It becomes 5.09 × 1020, 7.47 × 1020, and 7.48 × 1020 cm−3 at 50 K, 70 K,
and 100 K, respectively. The temperature-dependent carrier concentration shows common
features with semiconductors, i.e., a monotonic increase in the carrier concentration at
low temperatures and saturation at a relatively high temperature, which is consistent
with the typical thermal excitation model. The carrier concentration is comparable to that
of (Ga,Mn)As or BaZn2As2 (~1020 cm−3). The exponential increase in hole density with
increasing temperature is also consistent with the activation energy model behaviors of
ρ(T) curves.

4. Conclusions

In summary, we synthesized a new diluted magnetic semiconductor Rb(Zn0.83Li0.10Mn0.07)4
As3 with a quasi-two-dimensional structure. With optimal charge and spin doping, it shows
ferromagnetic transition with the highest Cuire temperature of 24 K. The analysis of crit-
ical behavior via Arrott plots and reliable self-consistent results confirm the long-range
ferromagnetic ordering in Rb(Zn1−x−yLiyMnx)4As3 single crystals. Owing to the low-
dimensional structure, substantial magnetic anisotropy can be found when the field is par-
allel and perpendicular to the c-axis. Correspondingly, transverse magnetoresistance also ex-
hibits large anisotropy. The most remarkable feature is that the Rb(Zn0.83Li0.10Mn0.07)4As3
single crystals show a positive MR of 85% at 0.4 T and a negative MR of −93% at 7 T.
It is worth noting that these intriguing features are found at low temperatures or high
fields. These rigorous conditions could be barriers to practical applications. Nevertheless,
Rb(Zn1−x−yLiyMnx)4As3 could stimulate future developments of analog DMS materials,
but with a near-room-temperature Curie temperature, to benefit applications.
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Abstract: This study investigates the effects of annealing on the tunnel magnetoresistance (TMR) ratio
in CoFeB/MgO/CoFeB-based magnetic tunnel junctions (MTJs) with different capping layers and
correlates them with microstructural changes. It is found that the capping layer plays an important
role in determining the maximum TMR ratio and the corresponding annealing temperature (Tann). For
a Pt capping layer, the TMR reaches ~95% at a Tann of 350 ◦C, then decreases upon a further increase in
Tann. A microstructural analysis reveals that the low TMR is due to severe intermixing in the Pt/CoFeB
layers. On the other hand, when introducing a Ta capping layer with suppressed diffusion into the
CoFeB layer, the TMR continues to increase with Tann up to 400 ◦C, reaching ~250%. Our findings
indicate that the proper selection of a capping layer can increase the annealing temperature of MTJs
so that it becomes compatible with the complementary metal-oxide-semiconductor backend process.

Keywords: capping layer; magnetic tunnel junction; tunneling magnetoresistance; diffusion

1. Introduction

Magnetic tunnel junctions (MTJs) consisting of ferromagnet (FM)/tunnel barrier/FM
structures have been studied extensively because they serve as a key element in various
spintronic devices, including the read heads of hard disk drives and magnetic random-
access memory devices (MRAMs) [1–5]. In MTJs, tunneling electrons are spin-polarized
along the magnetization direction so that the tunneling probability increases (decreases)
when the magnetizations of the two FMs are aligned in a parallel (antiparallel) configuration.
This spin-dependent tunneling can be enhanced by introducing a (001)-oriented crystalline
MgO barrier, where the ∆1 Bloch state allows coherent tunneling [6–8]. A large tunneling
magnetoresistance (TMR) ratio exceeding hundreds of percent as theoretically predicted in
crystalline MgO-based MTJs has been experimentally demonstrated [9–12].

CoFeB is a widely employed FM electrode in sputter-grown MTJs [11–20] because, first,
amorphous CoFeB favors the growth of the MgO close-packed (001) plane on top [12,15],
and second, post-annealing causes boron to diffuse out of CoFeB and subsequently crys-
tallize the amorphous CoFeB into CoFe on the MgO (001) texture [19,20]. It is also known
that post-annealing at moderate temperatures improves the material and device properties
of the MTJs by reducing defects in the MgO tunnel barrier or ferromagnet/MgO inter-
faces and/or by enhancing the crystallinity of the MgO layer. This leads to an increase
in the TMR ratio or the perpendicular magnetic anisotropy (PMA). Therefore, in order to
obtain a large TMR ratio in CoFeB/MgO/CoFeB-structured MTJs, it is essential to per-
form post-annealing at an elevated temperature. However, the annealing temperature
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(Tann) must not be excessive such that it causes atomic intermixing between the layers,
which diminishes the TMR. Furthermore, for MTJs to be used in practical MRAM appli-
cations, they must maintain their characteristics at Tann values above 400 ◦C, the range
in which complementary metal-oxide-semiconductor (CMOS) backend integration takes
place [21–23].

Many studies have examined annealing effects in antiferromagnet/CoFeB/MgO/CoFeB
structures and the interfaces therein [9,12,16,19,24–41]. For example, the effect of the Ta
capping layer has been extensively investigated. Upon annealing, the Ta capping layer ef-
fectively absorbs boron atoms from adjacent CoFeB layers, promoting the crystallization of
the amorphous CoFeB layer. Consequently, MTJs with a Ta capping layer exhibit enhanced
TMR ratios after annealing within a Tann range of 300~500 ◦C [12,19,28–35]. The W or Hf
capping layer demonstrates similar annealing effects in terms of the increased TMR because
of the effective B absorption [36–38]. On the other hand, there have been few studies of the
effects of annealing on Pt/CoFeB layers [39,40] or a Pt/CoFeB/MgO/CoFeB tunnel junc-
tion [41], where PMA deteriorates when samples are annealed with Tann exceeding 300 ◦C.
This was attributed to intermixing between the Pt and CoFeB layers. However, previous
studies did not investigate the annealing effect on the TMR ratio in MTJs with a Pt capping
layer, especially at the Tann representative of the CMOS-compatible backend process.

Furthermore, heavy-metal (e.g., Pt, Ta, W)/ferromagnet bilayers have been extensively
investigated because the spin currents generated in the heavy metal exert spin-orbit torque
(SOT) on the ferromagnet and control its magnetization direction. SOT is being developed
as a novel writing technology for energy-efficient MRAM [42–45]. Among such heavy
elements, Pt is considered an excellent SOT material owing to its low resistivity and
relatively large spin Hall angle, offering a distinct advantage in terms of power consumption
for SOT-based spintronic devices over other spin-current source materials. Therefore, it is
crucial to investigate the annealing effect on the TMR of CoFeB/MgO/CoFeB MTJs with a
Pt capping layer compared to the effects on those with other capping layers.

In this study, we investigated the annealing-temperature dependence of TMR in
IrMn/CoFeB/MgO/CoFeB MTJs with different heavy-metal capping layers of Pt, Ta, and
W and correlated them with microstructural changes. For a Pt capping layer, the TMR
reaches its maximum value of ~95% at Tann of 350 ◦C and is then reduced as Tann is in-
creased further. Microstructural analyses reveal that annealing causes severe interdiffusion
between the Pt and CoFeB layers, which is believed to be responsible for the reduced TMR
value. Interestingly, when Ta is used as a capping layer, the TMR increases to ~250% and
does not deteriorate even at a Tann of 400 ◦C, meeting the thermal budget requirements of
the CMOS backend process. MTJs with a W capping layer also exhibit similar behavior. Mi-
crostructural analyses confirm that intermixing is significantly suppressed in the CoFeB/Ta
layer. Our study indicates that an appropriate capping layer can enhance the temperature
dependence of the TMR in CoFeB/MgO/CoFeB MTJs.

2. Experimental Section

We fabricated MTJs consisting of a Ni81Fe19 (1 nm)/Ir25Mn75 (15 nm)/Co32Fe48B20
(5 nm)/MgO (2 nm)/Co32Fe48B20 (4 nm) structure with different capping layers of Pt,
Ta, and W, as illustrated in Figure 1a. The films were deposited on Si/SiOx (200 nm)
substrates by magnetron sputtering at room temperature with a base pressure lower than
3.0 × 10−8 Torr. During the deposition, a magnetic field of 15 mT was applied to induce
uniaxial anisotropy of the CoFeB layers. We deposited metal layers with a DC power
of 30 W and a working pressure of 3 mTorr and a MgO layer with a RF power of 75 W
and a working pressure of 10 mTorr. The aforementioned thickness of each layer is a
nominal value calculated from the deposition rate of the layer, which was measured
using a surface profiler (α-step) and an atomic force microscope. A thin NiFe layer was
introduced underneath the IrMn layer to promote the exchange bias of the IrMn/CoFeB
bilayer. After the film deposition process, we defined a dumbbell-shaped bottom electrode
using photolithography and Ar ion milling techniques. The width of the bottom electrode
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is 10 µm. Then, pillar-shaped MTJs with a diameter of 5 µm were patterned by etching
the top electrode and MgO tunnel barrier and in situ passivating a RF-deposited 70 nm
thick SiOx layer to electrically disconnect the bottom and top electrodes. Finally, the top
electrode was formed by the deposition of a Cr (5 nm)/Au (100 nm) layer and subsequent
lift-off process. Figure 1b presents a scanning electron microscope image of the MTJ device.
After the fabrication of the device, MTJs were annealed at different temperatures (Tann)
ranging from 250 ◦C to 450 ◦C for 40 min in a vacuum condition. Here, the maximum Tann
of 450 ◦C was chosen by considering the thermal budget of the CMOS backend process. To
establish exchange coupling at the IrMn/CoFeB interface, the annealing was conducted
under a magnetic field of 100 mT, which is sufficient to saturate the magnetization of the
CoFeB layer. The tunneling resistance was measured using a four-point geometry method
with a constant reading current to apply a bias voltage of 10 mV at room temperature
while sweeping the in-plane magnetic fields (Bin). The microstructures of the samples were
analyzed through high-resolution scanning transmission electron microscopy (HR-STEM),
energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD).
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Figure 1. Annealing-temperature (Tann)-dependent TMR and magnetic properties in MTJs with a Pt
capping layer. (a) Schematic of an MTJ with an IrMn/CoFeB/MgO/CoFeB structure. (b) Scanning
electron microscope image of the MTJ device. (c) TMR curves of MTJs with different Tann. (d) TMR
as a function of Tann. The error bars are obtained by averaging the measurement results from three
MTJ devices. (e) Hysteresis loops of the MTJ films with different Tann. (f) Exchange-bias field of the
bottom CoFeB layer (BEB) and coercivity of the top CoFeB layer (Btop

C ) as a function of Tann. The error
bars represent the uncertainties caused by the resolution of the measurement systems.

3. Results and Discussion

First, we investigated the annealing effect on the TMR of an MTJ with a Pt (5 nm)
capping layer. Figure 1c presents the TMR ratio versus the Bin curves measured for as-
deposited and annealed samples at different Tann. Here, the TMR ratio is defined as
TMR (%) = [RT (Bin) − RT (Bin = 100 mT)]/[RT (Bin = 100 mT)], where RT is the tunnel re-
sistance of the sample. Note that the magnetization directions of the two CoFeB layers are
aligned in a parallel manner when Bin = 100 mT. The TMR curves show a clear distinction
between low and high resistance states for the samples for which Tann is below 350 ◦C,
corresponding to the parallel and antiparallel alignment of the top and bottom magnetiza-
tions. However, it is severely modified for the sample with Tann equal to 450 ◦C. Figure 1d
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shows the TMR as a function of Tann when it ranges from 200 ◦C to 450 ◦C. This finding
demonstrates two notable points. First, the TMR ratio of the MTJ with the Pt capping
layer can only reach ~95% at Tann = 350 ◦C, much lower than that of typical MgO-based
MTJs [12]. Second, the TMR decreases drastically when Tann exceeds 350 ◦C, which may be
related to the modified TMR curve.

We also measured the magnetization curves of MTJs annealed at different Tann by
means of vibrating sample magnetometry. Figure 1e shows two hysteresis curves, one
centered at Bin = 0 and the other centered at Bin < 0. The former (latter) corresponds to the
magnetization of the top magnetically free (bottom exchange-biased) CoFeB layer. Notably,
the hysteresis curve of the MTJ with Tann = 450 ◦C is quite different from those of the
other samples, a finding consistent with the TMR curve. Figure 1f shows the extracted
exchange-bias field (BEB) of the bottom CoFeB layer and coercivity (Btop

C ) of the top CoFeB
layer as a function of Tann. Here, BEB initially increases upon annealing at a Tann of 200 ◦C,
after which it gradually decreases upon a further increase in Tann. We can understand the
decrease in BEB at a higher Tann in terms of the diffusion of Mn from the antiferromagnet
IrMn layer [25–27]. The behavior of BEB with Tann is not similar to that of the TMR, and
the magnitude of BEB still shows a finite value even after annealing at a Tann of 450 ◦C,
suggesting that the decrease in BEB is not the main cause of the reduction in the TMR ratio
at a high Tann. On the other hand, the Btop

C shows different behavior; the values remain
unchanged for both the as-deposited and the annealed samples with Tann values up to
350 ◦C. However, it increases drastically upon annealing when Tann exceeds 400 ◦C, with
the magnitude becoming ~24 mT, which is more than 10 times greater than those of the
samples with lower Tanns. It was also found that the magnetization of the top CoFeB layer
decreases slightly after annealing at a Tann of 450 ◦C. This, together with the large increase
in Btop

C , which causes the antiparallel magnetic alignment to be less pronounced, may be
responsible for the reduced TMR ratio.

To understand the Tann dependence of the magnetic properties of the top CoFeB layer
and the associated TMR ratio, we conducted microstructural analyses using cross-sectional
STEM and EDS. Figure 2a,b correspondingly show bright-field STEM images of the as-
deposited sample and its annealed counterpart when Tann = 450 ◦C. Both images show clear
interfaces of the IrMn/bottom CoFeB/MgO/top CoFeB layers. However, we cannot clearly
distinguish the interface between the top CoFeB and Pt layers in either film. To clarify the
interface quality, we also investigated high-angle annular dark-field (HAADF) images, in
which the contrast is correlated with the atomic number. Figure 2c,d present HAADF-STEM
images of the as-deposited and annealed films, respectively. The as-deposited film exhibits
a contrast difference, albeit weak, between the top CoFeB and Pt layers. However, the
annealed film at a Tann of 450 ◦C shows no contrast difference between the layers. This
indicates significant atomic intermixing between the CoFeB/Pt layers.

To assess this intermixing, we construct element mapping images by EDS. Figure 2e,f
show images of the as-deposited and annealed films, respectively. Here, yellow, green,
and blue represent Pt, Co, and Fe atoms, respectively. It is observed that yellow appears
within the top CoFeB layer, even in the as-deposited sample (Figure 2e), indicating that
a nonnegligible amount of Pt diffused into the top CoFeB layer during the deposition of
the films. The yellow contrast in the top CoFeB layer becomes significantly stronger in
Figure 2f, showing that more Pt atoms diffused into the top CoFeB layer by annealing.
Note that the contrast of the Co and Fe atoms is not noticeably changed by annealing. We
consider Pt diffusion to be the main cause of the reduced TMR. The alloy formation of
the diffused Pt with CoFeB can explain the annealing-induced changes in the magnetic
properties: an increase in Btop

C and a decrease in the magnetization of the top CoFeB layer.
In addition to increasing Btop

C , which makes it difficult to distinguish between parallel and
antiparallel magnetization states, Pt diffusion may cause other mechanisms that, in turn,
decrease the TMR. One may modify the band structure of CoFeB by adding nonmagnetic
Pt, reducing the spin polarization value of the CoFeB layer [46]. Another is that Pt with
a face-centered cubic (fcc) structure may prevent CoFeB from being epitaxially matched
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with the body-centered cubic (bcc) MgO (001) structure, reducing the degree of coherent
tunneling [39]. Note that the diffusion of Pt into CoFeB must be suppressed in order to
utilize Pt as a spin current source in SOT-based spintronic devices. The interdiffusion
within the Pt/CoFeB layers can be mitigated by employing rapid thermal annealing (RTA),
which reduces the annealing time [47], and by introducing an insertion layer between the Pt
and CoFeB layers. The insertion layer must serve as a diffusion barrier while also enabling
the transfer of the spin current generated in the Pt layer to the CoFeB layer without a
significant loss [28,31,48].
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Figure 2. Microstructural analysis using cross-sectional STEM and EDS. (a,b) Bright-field STEM
images of a MTJ with a Pt capping layer; as-deposited (a) and annealed films (b). (c,d) HAADF-STEM
images of as-deposited (c) and annealed (d) films. (e,f) EDS element mapping images of Pt, Co, and
Fe atoms; as-deposited (e) and annealed films (f). Tann = 450 ◦C.

Next, we examine other capping layers of Ta or W that were introduced between
the CoFeB and Pt layers while keeping the remaining layers the same. The layer struc-
ture is Ni81Fe19 (1 nm)/Ir25Mn75 (15 nm)/Co32Fe48B20 (5 nm)/MgO (2 nm)/Co32Fe48B20
(4 nm)/W or Ta (5 nm)/Pt (5 nm). Hereafter, we refer to the MTJs with a Ta (W) capping
layer as Ta-(W-)-capped MTJs. Figure 3a,b show the TMR curves measured at Tann of 400 ◦C
and 450 ◦C for the Ta- and W-capped MTJs, respectively. Note that Ta and W are extensively
utilized as spin-current sources, akin to Pt in SOT-based devices [42,43,49,50]. Unlike the
MTJ with a Pt capping layer, the TMR curves of these samples retain their shape with
well-defined parallel and antiparallel magnetization states, even after annealing at 450 ◦C.
Figure 3c presents the TMR value as a function of Tann when it ranges from 200 ◦C to
450 ◦C, demonstrating a significant improvement in the TMR ratio and the corresponding
Tann dependence compared to the Pt-capped MTJs. The maximum TMR ratios become
250% and 190% for the Ta- and W-capped MTJs, respectively. Moreover, Tann leading to
the maximum TMR increases to 400 ◦C for both samples. The slight decrease in the TMR
ratio at Tann = 450 ◦C may be due to Mn diffusion from the bottom IrMn layer at a high
Tann [25–27]. Figure 3d,e show the magnetization curves of the Ta- and W-capped MTJs
films, respectively, with different Tanns of 400 ◦C and 450 ◦C. Unlike the sample with a
Pt capping layer (Figure 1d), these samples exhibit two clearly distinguished hysteresis
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loops for all Tanns. Figure 3f shows the extracted BEB of the bottom CoFeB and Btop
C as

a function of Tann. The BEB behavior with regard to the Tann of the samples with the Ta
and W capping layers is very similar to that of the Pt sample; BEB initially increases upon
annealing at a Tann of 200 ◦C, followed by a gradual decrease with a further increase in
Tann. This result confirms that the change in BEB with Tann is not the main cause of the
Tann-dependent TMR. On the other hand, the Btop

C values do not significantly change for
the two samples over the entire Tann range up to 450 ◦C. This is in stark contrast to the Pt
sample (Figure 1e). In addition, the magnetizations of the top CoFeB layer of the W- and
Ta-capped samples remain unchanged after annealing at a Tann of 450 ◦C. These results
demonstrate that the magnetic properties of the top CoFeB with the Ta or W capping layer
are robust to the annealing at a Tann of up to 450 ◦C, possibly because of the suppressed
atomic diffusion. This is in line with the enhancement of the Tann dependence of the TMR.
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Figure 3. Annealing-temperature (Tann)-dependent TMR and magnetic properties in MTJs with
Ta and W capping layers. The layer structure is Ni81Fe19 (1 nm)/Ir25Mn75 (15 nm)/Co32Fe48B20

(5 nm)/MgO (2 nm)/Co32Fe48B20 (4 nm)/W or Ta (4 nm)/Pt (5 nm). (a,b) TMR curves of MTJs with
a Ta capping (a) and a W capping (b) layer annealed at a Tann of 400 ◦C and 450 ◦C, respectively.
(c) TMR as a function of Tann in Ta- and W-capped MTJs. The error bars are obtained by averaging
the measurement results from three MTJ devices. (d,e) Hysteresis loops of the Ta-capped (d) and
W-capped (e) MTJ films with different Tann. (f) Exchange-bias field of the bottom CoFeB layer (BEB)
and coercivity of the top CoFeB layer (Btop

C ) as a function of Tann for the Ta- and W-capped MTJ films.
The error bars represent the uncertainties caused by the resolution of the measurement systems.

Additionally, we investigated the microstructures of Ta-capped MTJ films upon an-
nealing using cross-sectional STEM and EDS. Figure 4a,b show bright-field STEM images
of as-deposited and annealed (Tann = 450 ◦C) films, respectively. Both images reveal well-
defined layers and sharp interfaces, including the top CoFeB/Ta layers. The HAADF-STEM
images as shown in Figure 4c,d exhibit a clear contrast difference for all layers, confirm-
ing that the top CoFeB/Ta layer structure is maintained after annealing at Tann = 450 ◦C.
Figure 4e,f show EDS element mapping images of the as-deposited and annealed films,
respectively. Here, red, green, and blue represent Ta, Co, and Fe atoms, respectively. No red
color is observed on the top CoFeB layer, indicating that the diffusion of Ta atoms into the
top CoFeB layer after annealing at 450 ◦C was suppressed. This result is in stark contrast
to that of the Pt-capped MTJ shown in Figure 2. On the other hand, the green and blue
contrasts corresponding to Co and Fe atoms did not change significantly after annealing,
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similar to the Pt-capped MTJs. The W capping layer shows diffusion behavior similar to
that of the Ta layer (Supplementary Information S1). Here, the Pt capping layer more easily
intermixes with CoFeB than the Ta or W capping layer, possibly because of the greater
solubility of Pt in Co or Fe compared to W or Ta in Co or Fe [51–56]. Furthermore, X-ray
photoemission spectroscopy measurements reveal that the Ta layer acts as an effective
boron absorber during the annealing process, thereby facilitating the crystallization of the
CoFeB layer (Supplementary Information S2). These results indicate that the Ta capping
layer effectively serves as an appropriate capping layer that suppresses atomic diffusion
during the annealing process, consequently enhancing the Tann dependence of the TMR
and satisfying the thermal budget requirement of the CMOS backend process.
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Figure 4. Bright-field STEM images of the Ta-capped MTJ structure of as-deposited (a) and an-
nealed (b) films. The layer structure is Ni81Fe19 (1 nm)/Ir25Mn75 (15 nm)/Co32Fe48B20 (5 nm)/MgO
(2 nm)/Co32Fe48B20 (4 nm)/Ta (4 nm)/Pt (5 nm). (c,d) HAADF-STEM images of the Ta-capped
MTJ structure of as-deposited (c) and annealed (d) films. (e,f) EDS element mapping images of
as-deposited (e) and annealed (f) films when Tann = 450 ◦C.

We also examined microstructural changes upon annealing using the high-resolution
θ–2θ XRD measurements. Note that we used thicker MgO (10 nm) and top CoFeB (10 nm)
layers than those in the MTJ devices to enhance the XRD signal. Figure 5a shows the XRD
spectra of the Pt samples with different Tanns of 350 and 450 ◦C. It was found that the
MgO (200) peak appears after annealing with Tann = 350 ◦C and that the corresponding
intensity decreases at Tann = 450 ◦C, while the FePt (111) peak appears with 2θ = 44.21◦ [57].
This result provides the microstructural origins of the significant reduction in the TMR
ratio at a high Tann: the degradation of the MgO (001) crystal structure and the formation of
a second phase of FePt caused by the diffusion of Pt atoms. On the other hand, Figure 5b,c
show the XRD measurement results of the Ta and W samples, where the MgO (200) peaks
remain unchanged and no additional peak emerges after annealing at Tann = 450 ◦C. This
again confirms that interdiffusion in the Ta and W samples is significantly suppressed even
at a Tann of 450 ◦C. These results are consistent with the enhanced temperature dependence
of the TMR ratio of the Ta- and W-capped MTJs.
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Figure 5. (a–c) The X-ray diffraction spectra of the samples with different capping layers. The film
consists of a Ta (2 nm)/CoFeB (3 nm)/MgO (10 nm)/CoFeB (10 nm) structure with Pt (5 nm) (a), Ta
(4 nm)/Pt (3 nm) (b), and W(4 nm)/Pt (3 nm) (c). Tann is 350 ◦C and 450 ◦C.

4. Conclusions

In this study, we investigated the annealing effect on TMR in IrMn/CoFeB/MgO/CoFeB
MTJs with different heavy-metal capping layers. For an MTJ with a Pt capping layer, the
TMR reaches a maximum value of ~95% with Tann = 350 ◦C, decreasing drastically when
Tann is increased further. With microstructural analyses using STEM and EDS, we attributed
this low TMR to significant intermixing between the Pt and top CoFeB layers. This suggests
that in order for Pt to be used as a SOT material, the property degradation after annealing
at elevated temperatures must be overcome. Unlike the Pt capping layer, when introducing
Ta and W capping layers with suppressed diffusion into the top CoFeB, the TMR ratio and
corresponding temperature dependence significantly improved, showing a maximum TMR
of ~250% at Tann = 400 ◦C. Our study highlights the importance of the capping layer, which
can significantly affect the MTJ device performance capabilities, suggesting that a proper
capping layer will enhance the temperature dependence of the TMR so that applicability to
the CMOS backend process can be realized.
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Abstract: The resonance property of a magnetic vortex contained within a micron-sized square Py
dot was detected using an amplitude-modulated magnetic field excitation technique. We found a
significant modulation of the resonant spectra as the external magnetic field changes. The Lorentzian-
like spectrum changes from a peak to a dip via a transition of anti-Lorentzian-like spectra. By
conducting the micromagnetic simulations, we confirmed that the transition behavior results from
the unusual resistance change depending on the vortex core center position. Additionally, the power
dependence of the anti-Lorentzian-like spectra revealed a fairly persistent coexistence of peak and dip.
Thus, the tunable spectra suggest one way to develop an integratable radiofrequency microcircuits.

Keywords: magnetic vortex; vortex core resonance; spin dynamics; patterned ferromagnetic structure

1. Introduction

The dynamic properties of magnetic materials or devices are interesting research
areas because of their vast frequency tuning range from several megahertz to gigahertz
and even terahertz [1–4]. The total energy of a ferromagnetic unit is determined by the
competition among the exchange field, demagnetization field, external field and anisotropic
field etc. [5]. Studies of ferromagnetic resonance or spin waves often focus on ferromagnetic
materials with an external field that exceeds the anisotropic field and demagnetization
field [2]. However, at low magnetic fields, the magnetic momentum distribution becomes
nonuniform due to the competition between the anisotropic field and demagnetization
field, which depend on the symmetry of the crystal structure and geometry, respectively.
The complex magnetization distribution complicates magnetic dynamics analysis. The
magnetic vortex, a topological structure defined by in-plane curling magnetization and
out of core magnetization, has piqued the interest of researchers owing to its exceptional
thermal stability [6–8]. The vortex core could be triggered to gyroscopic motion around
its equilibrium point with a sub-gigahertz resonant frequency [9–12]. The study of vortex
core dynamics would contribute to a better understanding of vortex resonant modes
and the underlying physics, hence enabling the creation of vortex-based oscillators or
filters. Much research has been conducted to investigate magnetic vortex dynamics in
circular ferromagnetic disks [1,13–23], thanks to the simplified analysis in their perfect
symmetric structures.

As is well-known, one effective way to manipulate the magnetic vortex property is to
alter the geometry of the confined structure. A prior study demonstrated that asymmetric
nucleation energy can be used to alter the chirality of an odd-sided polygon [24]. Addition-
ally, the triangular dot with a magnetic vortex has been confirmed to have wide tunability
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with the external field [25,26]. Moreover, well-defined magnetic vortex excitation in square
elements has been obtained by measuring the induction voltage while applying an external
field along the edge [11,27]. To broaden our understanding, we applied a sensitive electrical
measurement approach with the separation between the excitation and detection circuits
that enables the neglect of complex analysis and the access to dynamics under high power
excitation [28]. Therefore, in this study, we investigated the dynamics of a magnetic vortex
confined in a chain of square ferromagnetic dots using an amplitude-modulated magnetic
field excitation technique under a variety of external magnetic fields. The dynamic response
spectrum transitioned from a Lorentzian-like shape to an anti-Lorentzian-like shape as
the external field was changed. The transition process was thoroughly investigated and
verified by conducting a micromagnetic simulation. Moreover, the power dependence of
the anti-Lorentziant-like spectra has also been investigated.

2. Result and Discussion

A chain of square-shaped ferromagnetic dots was fabricated on Si substrate using con-
ventional lift-off and electron beam lithography techniques. Here, a 40-nm-thick permalloy
(Py) film was evaporated by electron-beam evaporation under the pressure of 2 × 10−7 Pa.
The square device with a diagonal distance of 4 µm was fabricated. The diagonal dis-
tance corresponds to the diameter of the circumscribed circle of the square dot. Besides,
the center-center distance was designed as 1.1 times of the diagonal distance. The Py dots
were connected by Cu pads, and the microwave signal was injected into the Py dots by
periodical Cu electrodes on top of the Py dots. Cu pads and electrodes with a thickness
of 200 nm were deposited by a Joule heat evaporator after surface cleaning of the Py dots
under low-energy Ar ion milling. In addition, SiO2 was prepared to cut the connection
between Py dots and Cu electrodes. As shown in the SEM image of part of the device in
Figure 1b, one of the diagonal lines of the square is parallel to the chain of the Py dots.

Figure 1. (a) Schematic measurement setup for the detection of magnetic vortex dynamics. An in-
plane static magnetic field (µ0H) is applied parallel with the chain of the Py dots. The amplitude-
modulated RF field is injected from the periodically patterned Cu electrodes into the Py dots. The volt-
age is detected by flowing DC current in another separated circuit using a lock-in measurement
system. (b) SEM image for the device with the diagonal distance of 4 µm and center-center dis-
tance of 4.4 µm of the square disk. (c) A representative spectrum as a function of the input RF
frequency under a magnetic field of 10.0 mT. ∆RRes is the resistance change between the oscillation
and non-oscillation states.

To explore the dynamic properties of the magnetic vortices confined in square Py
dots, a sensitive detection technique was employed and the schematic circuit is shown
in Figure 1a. In the measurement, an amplitude-modulated RF signal was applied to
the Cu electrode to oscillate the vortex core confined in the square dot. Simultaneously,
the voltage response of the magnetic vortices was detected by another separated circuit
combining the lock-in measurement system with a DC current flowing in the chain of Py
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dots. This separation between the excitation and detection line enables the simplification of
the complex analysis. The dynamical properties of the magnetic vortices were observed
by sweeping the RF frequency, while a static magnetic field was applied along the chain.
As seen in Figure 1c, a typical spectrum with a resonant dip at 161.0 MHz was obtained at
the static field of 10.0 mT. ∆RRes, the difference between the baseline and the resonant dip,
represents the magnetoresistance change between the oscillation and non-oscillation states
of the magnetic vortices.

The resonant behavior was carefully investigated by changing the magnetic field.
Figure 2a shows the image plot of frequency dependent spectra with sweeping the external
magnetic field at RF power 3 dBm. First, we could see the resonant frequency varies
from 98.0 MHz to 238.0 MHz, which indicates the achievement of a large modulation
of the resonant frequency. At the low field region, the almost level white line indicates
spectra have resonant peaks. However, the monotonically increased black line indicates
the spectra have resonant dips in such field region. To clarity how does the transition of
spectra, we also plot some spectra at specific fields in Figure 2b. Interestingly, we observed
an significant anti-Lorentzian-like spectrum at 6.0 mT, where a resonant dip appears at
118.0 MHz besides the resonant peak of 98.0 MHz. The amplitude of the resonant peak
is almost same as the resonant dip in this field. The resonant dip became stronger and
dominant with the increase of field. Finally, it becomes a single resonant dip again when
the magnetic field is larger than 7.0 mT. The experimental observation of the coexistence
of both the oscillation peak and dip is unique. Usually, two oscillation responses (peak or
dip) correspond to two oscillation states according to a previous study [29]. To clarify, we
conducted a micromagnetic simulation to check whether these two states represent two
oscillation modes or not.

Figure 2. (a) The image plot of frequency dependent spectra with sweeping the external magnetic field.
The vortex core displacement is also shown with counterclockwise chirality. (b) Magnetoresistance
spectra with specific external magnetic fields. (c) ∆RRes as a function of the magnetic fields. The blue
and light blue dots stand for the resonant dip and peak, respectively.

Here, we performed the micromagnetic simulation using MuMax3 [30]. The com-
putational structure was designed with the same size and thickness as the fabricated
Py dot. The domain was discretized into mesh sizes of 4 nm × 4 nm × 40 nm. We
used the typical microstructural parameters of Permalloy, with an exchange stiffness con-
stant Aex = 1.3 × 10−11 J/m, damping parameter α = 0.006, saturation magnetization
Ms = 8 × 105 A/m, and zero magnetocristalline anisotropy constant. During the simula-
tion, we assumed that the chirality is counterclockwise and the polarity points vertically up
of the plane. First, we obtained the in-plane components of the magnetization distribution
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M confined in the square dot under various external fields parallel to the diagonal direction,
as shown in Figure 3a. It is natural to see the vortex core shifts up under a positive field in
the x-direction.

To obtain the resonant spectra, a sinc based exciting field, h(t) = h0sinc(2π fc(t −
t0))êz, with µ0h0 = 10 mT, fc = 50 GHz, t0 = 5 ns, is applied locally in the wave guide. Based
on the present magnetization profile, we calculated the field dependence of the FFT spectra
of magnetic momentum for vortex-core gyrations as shown in Figure 3b. The resonant
frequencies are within the same range as the experimental results. For further comparison,
we also give the image plot of the frequency spectra for the external field in Figure 3c.
The continued white line indicates that each spectrum only has one resonant peak in all
field regions. This implies that there should be just one oscillation mode, which would not
explain the experimental spectrum transition.

Figure 3. (a) Simulated domain structures of the magnetic vortex under various external magnetic
fields. (b) Field dependence of the FFT spectra under the partial positive magnetic fields. (c) Image
plot of the FFT spectra under the external magnetic from −10.0 mT to 10.0 mT.

To gain insight into the observed unique spectra, the dynamic processes were further
studied by calculating the corresponding magnetoresistance in the Py dot. With assuming
the current along the x direction, we can use the magnetization direction of each unit cell to
calculate its resistivity using the anisotropic magnetoresistance (AMR) effect. The AMR of
Py is given by the following equation:

ρ = ρ0(1 + χcos2θ) (1)

where, ρ0, the resistivity of Py, is approximately 3.6×108 Ω · m. Based on our experimental
results, the AMR ratio χ is about 1.4%. θ is the angle between the magnetization and the
current direction. Finally, the total resistance was calculated by connecting all cell resistance
in parallel and series for each magnetic states.

Figure 4a provides a contour plot of the magnetoresistance as a function of the vortex
core position in the square dot. It’s clearly to see the homogeneously distributed magne-
toresistance with two-fold symmetry. The magnetoresistance is largest at the maximum y
value, whereas it is smallest at the maximum x value. Besides, the vortex core trajectory is
circular shape at zero field during oscillation state. However, the core trajectory deviates
from circular and the radius of the core motion decreases under 10.0 mT. It appears that
the shape distorts significantly when the vortex core moves to the top. This should result
from a larger restriction of the potential when the vortex core approaches the upper vertex.
Correspondingly, the resonant frequency increases from zero field to 10.0 mT.

93



Nanomaterials 2022, 12, 2295

Figure 4. (a) Contour map of magnetoresistance in the square Py dot as a function of the vortex core
center position. The magnetoresistance was calculated for current parallel to x direction. Besides,
the core trajectories of resonant state are plotted as the red dotted line and black dotted line under
0 mT and 10.0 mT, respectively. (b) The numerically calculated time dependence of anisotropic
magnetoresistance under the resonant state with the various external fields. (c) The calculated
magnetoresistance change ∆R for 50 square dots with respect to the magnetic field.

In addition, we plotted the time dependent resistance at resonant frequency under
some of the magnetic fields in Figure 4b. We also calculated the average resistance after
the stable oscillation in ten periods and marked it as red dashed lines. By calculating the
difference between the resistance in the non-oscillation and oscillation states, we obtained
δR which can response the oscillation states. For comparing with the experimental results,
we also plotted ∆R of 50 square dots as a function of the external field as shown in
Figure 4c. The calculated value agrees with the experimental result within the same order
of magnitude. Moreover, ∆R first increases with the external field and then decreases to
the negative value. This tendency is also in good agreement with the experimental results
shown in Figure 2c. To understand this behavior, we checked the time dependence of
the resistance curve in Figure 4b. We can notice that the two-fold symmetry resistance
response is broken when the field is away zero. Finally, only one-fold symmetry resistance
response appears. During the transition, the significant deviation from the sine function of
the curve indicates an unusual magnetoresistance change under this field during oscillation.
So, the highest δR value was observed around 1.0 mT based on the numerical results in
Figure 4c. This feature was also clearly observed in experimental results shown in Figure 2c.

As for the experimentally observed anti-Lorentzian-like spectra, we think that it
should match a special magnetic field with both δR > 0 and δR < 0. According to Figure 4c,
the ∆R value for 7.0 mT is positive, whereas that for 8.0 mT is negative. Correspondingly,
we predicted this special situation located in the field range between 7.0 mT and 8.0 mT.
Therefore, we further studied the time-dependent resistance for the field between 7.0 mT
and 8.0 mT and calculated the δR with respect to the RF frequency. As shown in Figure 5a,
we successfully obtained the special spectra with both the peak and dip at the magnetic
field of 7.3 mT. Besides, we plotted the core trajectories of different frequencies under
7.3 mT. As seen in Figure 5b, the trajectory radius of 127.0 MHz is the largest compared
with that of 125.0 MHz and 131.0 MHz. Those results indicate that the resonant frequency
should be 127.0 MHz at 7.3 mT, even the corresponding ∆R is almost zero. Therefore, the ex-
perimentally obtained resistance response of the peak and dip in the spectrum should be
attributed to the unusual magnetoresistance change of the core position during oscillation,
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rather than the two oscillation modes. Namely, the anti-Lorentzian resistance curve with
the peak and dip is an extrinsic behavior of one vortex oscillation mode. By examining the
simulated spectra obtained under 9 dBm and 12 dBm, we find the peak and dip are still
very stable. In addition, ∆R increases with an increase in RF power.

Figure 5. (a) The numerical resistance change as a function of the excitation frequency with the
magnetic field of 7.3 mT at 9 and 12 dBm, respectively. (b) Simulated core trajectories at excitation
frequency of 125 MHz, 127 MHz, and 131 MHz with the same magnetic field of 7.3 mT and RF power
of 9 dBm. (c) The experimental spectra obtained with the magnetic field of 5.0 mT at various RF
power. (d) ∆RRes as a function of the RF power; The red dot and red half-filled dot represent the
value of the resonant peak and resonant dip, respectively.

To validate this simulation result, we evaluated the dynamical behavior with a mag-
netic field of 5.0 mT under different RF power as shown in Figure 5c. Clearly, the double
resonance responses of the device exist consistently from 1 dBm to 10 dBm, demonstrating
that the anti-Lorentz-like spectra are very stable with increasing RF power. We also summa-
rized the ∆RRes for both the resonant peak and dip with respect to the RF power, as shown
in Figure 5d. Both ∆RRes monotonically increase, which is in good agreement with the
simulation. Moreover, it seems that the upside resonant peak becomes weaker while the
resonant dip becomes stronger and dominant with the power increase at 5.0 mT. It may be
related to the slight resonant frequency modulation under higher excitation power.

3. Conclusions

We experimentally explored the resonant properties of a chain of square-shaped Py
dots. A large modulation has been achieved not only for the resonant frequency but also
for the shape of the resonance spectra. The spectra changes from a peak to a dip via an anti-
Lorentzian transition with the external magnetic field. We confirmed that the oscillation
peak and dip should be attributed to the unusual resistance change depending on the
core-center position rather than two oscillation modes using the micromagnetic simulation.
They may find an use in signal processing based on microwave logic circuits.
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Abstract: Mn5Ge3 is a ferromagnetic phase of the Mn-Ge system that is a potential contact material
for efficient spin injection and detection. Here, we investigate the creation of Mn5Ge3-based contacts
on a Ge/SiGe quantum well heterostructure via solid-state synthesis. X-ray diffraction spectra fitting
indicates the formation of Mn5Ge3-based contacts on bulk Ge and Ge/SiGe. High-resolution scanning
transmission electron microscopy imaging and energy dispersive X-ray spectroscopy verify the correct
Mn5Ge3-based phase formation. Schottky diode measurements, transmission line measurements, and
Hall measurements reveal that Mn5Ge3-based contacts serve as good p-type contacts for Ge/SiGe
quantum well heterostructures due to having a low Schottky barrier height of 0.10 eV (extracted from
a Mn5Ge3/n-Ge analogue) and a contact resistance in the order of 1 kΩ. Furthermore, we show that
these electrical characteristics have a gate-voltage dependence, thereby providing tunability.

Keywords: Mn5Ge3; Ge/SiGe; thin film; germanide; phase formation; solid-state synthesis

1. Introduction

Holes in germanium (Ge) have been shown to be an excellent candidate for spin-based
alternative computing technologies, such as spin field-effect transistors (SpinFETs) for
classical computing [1–3] and hole spin qubits for quantum computing [4–10]. In either
technology, it is paramount to start with the best possible material. Recently, there have
been demonstrations of Ge/SiGe quantum wells with mobilities in the 1 × 106 cm2 V−1 s−1

range [11,12]. Large-scale wafer growth of high-quality Ge/SiGe quantum materials has
now opened access for further research [12,13].

Germanium has an advantage whereby Rashba spin-orbit coupling (SOC) is dominant
over Dresselhaus SOC, thereby allowing for gate-tunable SOC. A gate-tunable SOC is
crucial for SpinFET operation because it allows for direct control over the spin precession
rate. However, control over spin precession is challenging if the transport is diffusive
within the spin-orbit length. Fortunately, shallow and undoped germanium quantum wells
have been shown to meet these requirements [14]. For SpinFETs, it is also important to have
good spin injection and detection efficiencies. Optical spin injection in Ge/SiGe quantum
wells has been theoretically shown to have 96% spin polarization [15] and experimentally
shown to have 85% spin polarization [16]. While optical spin injection has high degrees
of spin polarization, it is simply not trivial to extend to integrated systems for spintronic
applications as compared with electrical spin injection.

Electrical spin injection is usually performed with a ferromagnetic contact that has
either a conductivity mismatch with the substrate [17,18] or a tunnel junction [19–23].
Mn5Ge3 has been theoretically [24] and experimentally shown to be a good ferromagnetic
contact for spin injection and detection in both p-type [1,2] and n-type [25] Ge. The easiest
method to form Mn5Ge3 contacts is through solid-state synthesis whereby Mn thin films
are deposited on Ge and annealed to form Mn5Ge3. However, to the best of our knowledge,
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Mn5Ge3 solid-state synthesis has not been directly applied to strained Ge/SiGe quantum
well heterostructures. Here, we study the formation of Mn5Ge3-based contacts on Ge/SiGe
through structural characterization and evaluate their electrical performance. Our study
reveals the complexity of a solid-state reaction that can occur with forming Mn5Ge3 directly
on a Ge/SiGe heterostructure. Our unique results thus provide a foundation for future
studies regarding the solid-state synthesis of Mn5Ge3 contacts for spin injection/detection
on high-quality Ge/SiGe material.

2. Materials and Methods

Mn thin films were deposited onto 1 cm2 die of bulk (100) Ge and Ge/SiGe het-
erostructures via thermal evaporation of Mn powder immediately after surface cleaning.
The surface cleaning procedure consists of standard solvent clean, oxygen plasma clean,
and three cycles of buffered oxide etchant (BOE) and deionized water (DI H2O) rinse [26].
The Ge/SiGe heterostructures used consist of a 15 nm Ge quantum well at a depth of 30 nm
with Si0.15Ge0.85 barriers and a Si capping layer with an approximate thickness of 1 nm.
Details about the growth and transport properties of the Ge/SiGe heterostructure have
been previously reported [13]. The deposition of approximately 100 nm of Mn occurred
at a pressure of 1 × 10−6 torr and a rate of 0.5 Å s−1. The die was then annealed at various
temperatures for 30 min in a flash lamp annealer with Ar atmosphere. A Mn thickness
of 100 nm was selected to ensure that there was enough Mn for the solid-state reaction to
reach past the quantum well.

3. Results and Discussion
3.1. X-ray Diffraction Analysis

Mn thin films on bulk Ge were investigated first to verify that our process could result
in Mn5Ge3 phase forming before proceeding to the Ge/SiGe heterostructures. Studies have
shown that Mn5Ge3 formed via solid-state synthesis on (100) Ge and can occur from 250 °C
up to 450 °C [27,28]. Therefore, we chose to proceed with 50 °C increments from 200 °C to
400 °C to deduce the appropriate annealing temperature for our annealing setup. X-ray
diffraction (XRD) analysis of θ − 2θ scans was performed to investigate the various phases
of the Mn-Ge system formed at each of the annealing temperatures. The resulting θ − 2θ
scans and their analyses are shown in Figure 1. A detailed summary of the XRD analysis is
represented in Table 1. Table 1 highlights the various phases found with corresponding 2θ,
planes, lattice parameters (d-values), unit cell volume, and crystallite sizes extracted from
the prominent peak of each phase at each annealing temperature. Crystallite sizes were
determined using the Scherrer equation:

τ = 0.94
λ

βcos(θ)
. (1)

Here, τ is the crystallite size in Å, λ is the X-ray wavelength in Å, β is the full width at
half max in radians, and θ is the diffraction angle. The XRD system we use has a wavelength
of 1.540 59 Å.

The XRD results for Mn on bulk Ge are summarized in Figure 1a, and fitting was
performed with the International Centre for Diffraction Data (ICDD) database, PDF-2 [29].
When annealed at 200 °C (black curve), the film was determined to be a Mn-α phase. The
Mn-α phase’s characteristic feature is the peak at 43° corresponding to the (411) plane.
Annealing at 200 °C resulted in a Mn-α crystallite size of 171.08 Å. Similar to annealing at
200 °C, annealing at 250 °C (red curve) and 300 °C (blue curve) also resulted in the Mn-α
phase with crystallite sizes of 186.24 Å and 221.95 Å, respectively. However, at 300 °C,
the peak around 43° started to diminish, and smaller signatures started to appear at both
higher and lower diffraction angles. These observed deviations indicate that Mn started to
react with Ge to form Mn5Ge3 as this is the first phase known to form [27,28]. Next, the
sample annealed at 350 °C (green curve) showed the same signatures that started to appear
in the 300 °C–anneal sample with higher intensities. Furthermore, the characteristic peak
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of the Mn-α phase at 43° disappeared and was replaced by two peaks at around 42.35°
and 43.73° corresponding to the Mn5Ge3 (211) and (112) planes, respectively. Additionally,
there were peaks at 35.46°, 38.24°, 38.38°, and 46.22° that were only prominent at 350 °C,
which arose from the (002), (210), (102), and (202) Mn5Ge3 planes, respectively. The peaks
of the 350 °C sample fit to Mn5Ge3, confirming that Mn5Ge3 indeed started to form at
300 °C. The prominent peak for Mn5Ge3 was at 42.35°, by which crystallite sizes of 376.85 Å,
370.46 Å, and 512.94 Å were extracted, respectively, at 300 °C, 350 °C, and 400 °C. By 400 °C
(magenta curve), most Mn5Ge3 peaks disappeared, and the new peaks fit to Mn11Ge8.
A crystallite size of 333.90 Å was obtained from the Mn11Ge8 prominent peak at 42.73°.
Based on the XRD results above, these annealing conditions can be transferred to Ge/SiGe
heterostructures to form Mn5Ge3 and likely within the narrower range of 300–400 °C with
the most promising temperature being 350 °C.
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Figure 1. Summary of XRD θ − 2θ scans. (a) XRD θ − 2θ scans for thermal evaporated Mn thin
films on (100) Ge substrates and annealed at 200 °C (black), 250 °C (red), 300 °C (blue), 350 °C (green),
and 400 °C (magenta). The black vertical lines correspond to ICDD peak locations for Mn5Ge3 and
Mn11Ge8. (b) XRD θ − 2θ scans for thermal evaporated Mn thin films on Ge/Si0.15Ge0.85 quantum
well heterostructures and annealed at 300 °C (red) and 400 °C (blue). The Ge/Si0.15Ge0.85 reference
scan is shown in black. The vertical lines correspond to ICDD peak locations for Mn5 (Si0.3Ge0.7)3

and various oxides: Mn2GeO4 and MnO.
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Table 1. Table summary of X-ray diffraction analysis.

Phase 2θ
Plane
(h k l)

d-Value
(Å)

Unit
Cell

Volume

Crystallite
Size

Crystallite
Size

Crystallite
Size

Crystallite
Size

Crystallite
Size

(Å3) (200 ◦C) (250 ◦C) (300 ◦C) (350 ◦C) (400 ◦C)

Mn-α 43.02° 4 1 1 2.201 707.85 171.08 Å 186.24 Å 221.95 Å - -
MnO 40.55° 2 0 0 2.223 87.88 - - 271.51 Å - 264.48 Å
Mn2GeO4 34.74° 1 2 1 2.580 337.59 - - 314.93 Å - 359.30 Å
Mn5Ge3 35.46° 0 0 2 2.530 226.114 - - - - -
Mn5Ge3 38.24° 2 1 0 2.352 226.114 - - - - -
Mn5Ge3 38.38° 1 0 2 2.343 226.114 - - - - -
Mn5Ge3 42.35° 2 1 1 2.132 226.114 - - 376.85 Å 370.46 Å 512.94 Å
Mn5Ge3 43.61° 3 0 0 2.074 226.114 - - - - -
Mn5Ge3 43.73° 1 1 2 2.066 226.114 - - - - -
Mn5Ge3 46.22° 2 0 2 1.963 226.114 - - - - -
Mn5(Si0.3Ge0.7)3 35.80° 0 0 2 2.487 218.45 - - - - -
Mn5(Si0.3Ge0.7)3 38.37° 2 1 0 2.331 218.45 - - - - -
Mn5(Si0.3Ge0.7)3 42.53° 2 1 1 2.111 218.45 - - 317.68 Å - 357.84 Å
Mn5(Si0.3Ge0.7)3 44.03° 1 1 2 2.039 218.45 - - - - -
Mn11Ge8 39.32° 3 5 1 2.290 1055.77 - - - - -
Mn11Ge8 41.49° 6 1 0 2.175 1055.77 - - - - -
Mn11Ge8 42.26° 2 7 0 2.137 1055.77 - - - - -
Mn11Ge8 42.73° 6 2 0 2.115 1055.77 - - - - 333.90 Å
Mn11Ge8 44.69° 3 3 2 2.026 1055.77 - - - - -
Mn11Ge8 45.50° 4 1 2 1.992 1055.77 - - - - -

Figure 1b shows the XRD results for the annealed Mn films on the Ge/SiGe heterostruc-
ture and a reference scan (black curve) of Ge/SiGe. The Ge/SiGe heterostructures were
annealed at 300 °C (red curve) and 400 °C (blue curve). Both the 300 °C and 400 °C data
are similar with only the relative heights of peaks changing between the two. The XRD
peaks best fit to Mn5 (Si0.3Ge0.7)3, Mn2GeO4, and MnO. However, the Mn5 (Si0.3Ge0.7)3
peaks do not perfectly align with the data. We expect phases to have the form Mny
(Si0.15Ge0.85)x as our material has Si0.15Ge0.85 barriers, and this could explain the deviation
from the fit. Nevertheless, XRD has detected the formation of the correct crystal structure
type Mn5 (SixGe1−x)3, but microscopic verification is needed to confirm specifics about
relative concentrations.

3.2. Scanning Transmission Electron Microscopy Analysis

We chose 350 °C as the optimal annealing temperature for making Mny (Si0.15Ge0.85)x
contacts since it was confirmed to be the best temperature for Mn5Ge3 on bulk Ge and gave
a ±50 °C tolerance to the Ge/SiGe XRD results. We proceeded to make transmission line
measurement (TLM) and Hall bar devices with Mny (Si0.15Ge0.85)x contacts. An optical
microscopy image in Figure 2a shows an example of the TLM (left) and Hall bar (right)
devices after fabrication. The sample was used in electrical characterizations and micro-
analysis. Here, we discus the microanalysis results. High-resolution scanning transmission
electron microscopy (HR-STEM) imaging, in combination with energy dispersive X-ray
spectroscopy (EDS), was used to investigate the Mny (Si0.15Ge0.85)x contacts in further
detail. EDS provides a means to map elements in a structure by their respective Kα, Lα, and
other X-ray signatures. The elements’ signatures are then represented by a false coloring in
the STEM images. The STEM high-angle annular dark-field (HAADF) image in Figure 2b
reveals a complex structure stack with not-well-defined boundaries. The regions labeled
I, II, and III correspond to the contact structure that is of interest. The material below
the region of interest is the Si0.15Ge0.85 virtual substrate. The material atop the regions
of interest correspond to the Au/Ti metal contact pads and the Al2O3 gate oxide. The
EDS data in Figure 2c verify the clear distinction between the metal/oxide region and
the complex contact regions. Here, Au is represented with green, blue corresponds to Ti,
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and red corresponds to Al (from Al2O3). Black represents the absence of any detected
signatures. Figure 2d shows an overlay of Mn, O, and Ge maps, revealing the complexity
of the structure. Here, green corresponds to Mn, blue is Ge, and red is O.

i)

e) f) g) h)

a) b) c) d)
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Figure 2. Cross-sectional STEM and EDS analysis of Mn5Ge3-based contacts for Ge/SiGe H-FET
devices. (a) Optical microscope image TLM (left) and Hall bar (right) devices. (b) HAADF STEM
image of the Mn5Ge3-based contact material stack. (c) Combined EDS map of the Au (red)/Ti (blue)
gate metal and Al2O3 (Al-red) gate dielectric above the Mn5Ge3-based contact. (d) Combined EDS
mapping of O (red), Mn (green), and Ge (blue). (e) EDS map of Mn, (f) EDS map of O, (g) EDS map
of Ge, (h) EDS mapping of Si, and (i) integrated EDS line profile with signatures of O (light green),
Mn (dark green), Ge (red), Si (blue), and Al (black).

Focusing on region I, the Mn (Figure 2e) and O (Figure 2f) elemental maps show that
region I is entirely composed of Mn and O and is approximately 70 nm thick. This claim is
supported by the absence of Ge and Si in region I, as shown in their respective elemental
maps in Figure 2g,h. The Mn and O maps provide supporting evidence that the broad peak
in the XRD data indeed corresponds to oxidized Mn. Furthermore, region I was determined
to be polycrystalline MnO through HR-STEM HAADF imaging. Region II, like region I,
contains Mn and O. However, region II also contains Ge and is approximately 116 nm thick.
Unlike any of the other regions, region II does not have a uniform distribution of elements.
Together, the Ge (Figure 2g) and Si (Figure 2h) data highlight the complexity of region II.
The Si map shows only trace amounts where there are large concentrations of Ge. The
Ge map shows that there are islands of Ge mostly near the region I/region II interface.
Interestingly, the Mn and O distributions are nearly uniform in region II except at the areas
of highest Ge concentrations and where the EDS data do not correspond to any of the
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elements tested (black region). This black region, most easily visualized in Figure 2d, could
indicate the presence of a void since there are none of the expected elemental signatures
and a lack of resolvable features in the HAADF STEM image. The Mn and Ge maps indicate
a low concentration likely coming from behind the void. While voids could still occur due
to the diffusion of Ge as discussed, the formation here is likely due to the complexity of the
reaction that occurred. A better-quality film will form when annealed in a high-vacuum
environment, and voids will be less likely to form [30–33]. Besides the islands of Ge, region
II is likely a mixture of MnO and Mn5Ge3Ox due to its location between region I and region
III, which is consistent with previous reports of solid-state syntheses of Mn5Ge3 [33–36].

Region III, the largest of the three regions with a thickness of approximately 186 nm,
appears to have the best film quality (as determined by HR-STEM) and a promising
elemental map for Mny (Si0.15Ge0.85)x contacts. The film has relatively uniform distributions
of Mn, Ge, and dilute Si, as emphasized by the integrated EDS line profile in Figure 2i.
Furthermore, the Si line is magnified such that when Si and Ge counts are equal, it represents
the relative concentration of the barrier Si0.15Ge0.85. The region II/III interface is where
the Ge/SiGe heterostructure starts. While it is clear that Mn is being driven into the
heterostructure, the presence of Ge in region II indicates that Ge has left the heterostructure,
thus making the heterostructure more Si rich.

To further investigate the film, HR-STEM HAADF imaging along with its fast Fourier
transform (FFT) pattern was used to determine the exact phase of Mny (Si0.15Ge0.85)x. The
STEM HAADF image of Mny (Si0.15Ge0.85)x in Figure 3a, along with its FFT pattern in
Figure 3b, is in excellent agreement with the projected structure (Figure 3c) and simulated
selected area electron diffraction (SAED) pattern (Figure 3d) corresponding to the hexag-
onal crystal structure of Mn5Ge3. The SAED pattern is calculated using reciprocal lattice
and associated electron structure factors under the kinematical approximation [37]. The
geometry of the pattern (or relative positions of the reciprocal lattice) is important in this
context, and fits exactly the FFT pattern in [1, −2, 0], confirming the phase. Since the
starting material consisted of mostly Si0.15Ge0.85 layers, except for the Ge quantum well and
Si cap, it is likely that the relative concentrations of Si and Ge remained near their original
concentrations such that the film is Mn5 (Si0.15Ge0.85)3. The EDS line scan, calibrated to
the Si0.15Ge0.85 virtual substrate beyond region III, is consistent with this claim. The XRD
data showed a fit with Mn5Si0.9Ge2.1 or Mn5 (Si0.3Ge0.7)3, and this could be due to the
larger concentration of Si at the interface of region II and region III. Nevertheless, our data
revealed the correct phase of Mn5 (SixGe1−x)3 to make a p-type ferromagnetic contact for
Ge/SiGe heterostructure field-effect transistors (HFETs).
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Figure 3. STEM HAADF analysis of Mn5Ge3-based contact. (a) HR-STEM HAADF of region III.
(b) FFT of the STEM HAADF image. (c) Crystal structure of Mn5Ge3. (d) Simulated SAED pattern of
Mn5Ge3 in the [1, −2, 0] projection.
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3.3. Electrical Characterization

With the confirmation of solid-state-reaction-formed Mn5Ge3-based contacts on un-
doped Ge/SiGe heterostructures, we present the electrical properties of the Mn5Ge3 contacts
from Schottky diodes, TLM, and Hall bar measurements. Since it can be difficult to analyze
Schottky contacts on quantum well heterostructures, our Schottky diodes were fabricated
on n-type (100) Ge, with a resistivity range of 1–10 Ωcm, to estimate the Schottky barrier
height of Mn5Ge3/Ge. Mn5Ge3/n-Ge Schottky diodes serve as a good analogue for estimat-
ing the barrier height for Mn5Ge3/Ge in our Ge/SiGe heterostructure devices. Ideally, there
would be an increase in barrier height due to the compressive strain of the Ge quantum
well moving both the conduction and valence band edges farther apart [38,39]. However,
Ge is widely known to pin the Fermi levels of most metals very close to the valence band
edge, thus nullifying any effects due to strain in the case of hole transport. The lack of strain
affecting barrier heights due to Fermi level pinning has been shown in the case of n-type
SiGe [40]. While Mn5Ge3/n-Ge is not a direct replacement for the Mn5Ge3/stained-Ge
quantum well, it does provide the best estimate available. A direct measurement for our
system would require contact only of the quantum well with Mn5Ge3 in an isolated fashion,
which is extremely difficult, especially given its relatively small thickness. To fabricate the
Mn5Ge3/Ge Schottky diodes, Mn films on Ge were etched back into circular contacts and
then annealed to form Mn5Ge3. The Schottky diodes were made with a radius of 200 µm.
The Mn5Ge3/Ge Schottky diodes were characterized using current density–voltage analysis
at room temperature. The current density–voltage data are represented in Figure 4a. The
Schottky barrier height is extracted from the following relation:

kBT
e

ln
(

J
A∗T2

)
≈ V

n
− φ

e
. (2)

Here, kBT
e is the voltage corresponding to the thermal energy in eV, A∗ is the Richard-

son constant, T is the temperature, J is the current density, V is the voltage, n is a nonideality
factor, and φ

e is the Schottky barrier height. The red line in Figure 4d is the fit line where a
Schottky barrier height, with respect to the Ge conduction band, of 0.57(1) eV is obtained.
The fit assumes A∗ = 44.5(105)A cm−2 K−2 and T = 300 K. Therefore, Mn5Ge3 has a Schot-
tky barrier height of 0.10(1) eV with respect to the Ge valence band. The assumptions made
and the obtained Schottky barrier height are consistent with other studies [1,2,25,32,41].

a) b) c)

Figure 4. Electrical characterization of Mn5Ge3 contacts. (a) Mn5Ge3/n-type (100) Ge Schottky diode.
(b) Contact resistance for TLM H-FET device. (c) Sheet resistance for TLM H-FET device.

While the Schottky diode on bulk n-type Ge gives an estimate of the Mn5Ge3/Ge bar-
rier height for the heterostructure, it does not provide a full scope of the contact’s electrical
characteristics. Devices made with Ge/SiGe will be enhancement-mode heterostructure
field-effect transistors (HFETs), whose characteristics will be dependent on applied gate
voltages. Furthermore, the material was grown such that there was high-quality transport at
cryogenic temperatures. Therefore, we fabricated TLM and Hall bar devices (as previously
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described [13], except with surface preparation, as described in this manuscript) to measure
the Mn5Ge3 contacts’ properties under these conditions. TLM and Hall measurements were
performed using four-terminal, low-frequency lock-in techniques at a temperature of 4 K
using a liquid helium cryostat. A 100 µV sinusoidal excitation was sourced from a lock-in
for both the TLM and Hall measurements. For Hall measurements, the magnetic field was
swept from −0.5 to 0.5 T.

TLM devices provide a means to extract the contact and gate-induced 2D hole gas
(2DHG) sheet resistances of materials. Our TLM devices (left device in Figure 2a) were
made with 25 µm × 50 µm Mn5Ge3–based contacts with separations (channel lengths) of
50 µm, 100 µm, 325 µm, 400 µm, and 675 µm. A 50 µm–wide gate that overlaps with all the
contacts provides a means to capacitively induce 2DHG. A more negative gate voltage
increases the 2DHG density and decreases the 2DHG sheet resistance. Contact resistance
was obtained from the TLM device using two different methods, each using the TLM
equation, assuming that the contact resistance is much larger than the resistance of the
metal pads:

RT = RS
L
w

+ 2RC. (3)

Here, RT is the total measured resistance, RS is the 2DHG sheet resistance, L
w is the

ratio of the channel length to the channel width, and RC is the contact resistance. The first
method used is the standard approach, where the total resistance is measured as a function
channel length, a linear fit is performed, and the contact resistance is half the y-intercept
of the linear fit. The 2DHG sheet resistance is then extracted by multiplying the fit’s slope
by the channel width. The extracted contact resistance and 2DHG sheet resistance, as a
function of gate voltage, are shown in Figure 4b,c, respectively. A contact resistance in the
order of 1 kΩ across the measured voltage range was obtained. Interestingly, the 2DHG
sheet resistance saturates at gate voltages more negative than −15 V, while the contact
resistance has a linear dependence on gate voltage after the saturation of the device. The
gate voltage dependence past saturation can be explained by the gate’s overlap with the
Mn5Ge3-based contact. Although the saturation of holes has been achieved in the channel
of the device, the electric field from the gate lowers the injection barrier. Thus, as the gate
voltage is further increased past saturation, there is still a measured reduction in the contact
resistance [42–44], while the 2DHG sheet resistance is no longer sensitive to the gate voltage.
If there was no Schottky barrier at the Mn5Ge3/Ge interface in the Ge/SiGe HFET device,
then both the 2DHG sheet resistance and the contact resistance would saturate, indicating
an ohmic contact. An ohmic contact has little to no barrier such that charge transport is
unaffected by any additional band bending at the metal/semiconductor interface. However,
a Schottky barrier would be affected by further band bending. Either image-force lowering
of the barrier height occurs or the barrier thickness is reduced. In either case, the result is
an increase in the supply of carriers from an effectively reduced contact resistance [45].

To verify the behavior of the contact resistance past saturation, contact resistance was
determined using a second method. The second method used involves subtracting off the
sheet resistance component from the total resistance for each resistance measurement and
dividing by 2 (for the two current contacts). This was made possible because the sheet
resistance was obtained through a four-terminal measurement. The contact resistance
obtained by the second method was then averaged across three different devices. The
second method data (black) are shown in Figure 5a, where the error bars correspond to
the standard deviation. The contact resistance obtained by the first method is overlaid in
red. As expected, the two methods for extracting contact resistance were consistent with
one another. The Hall density versus gate voltage data in Figure 5b show that a saturation
density of 8 × 1011 cm−2 is obtained at a gate voltage of −15 V. The mobility versus density
data in Figure 5c show that a peak mobility of 2.1 × 105 cm2 V−1 s−1is achieved at a density
of 8 × 1011 cm−2. The transport data using Mn5Ge3-based contact are consistent with
what was previously observed in the same Ge/SiGe heterostructures with PtSiGe-based
contacts [13]. The saturation of Hall density with a higher gate voltage is characteristic of
Ge/SiGe quantum well systems and is consistent with the saturation of the 2DHG sheet
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resistance. This further supports that the reduction in contact resistance is due to the
capacitive coupling of the gate to the Schottky barrier.

a) b) c)

Figure 5. Transport characterization with Mn5Ge3 contacts. (a) Comparison of contact resistance
obtained via Hall data (black) and TLM (red). (b) Hall density vs. gate voltage. (c) Mobility
vs. density.

4. Conclusions

We investigated Mn5Ge3-based contacts created via solid-state synthesis on a shallow
Ge/SiGe quantum well heterostructure. XRD was used to determine the proper annealing
temperature for the phase formation, while STEM HAADF and its FFT image were used
to verify the formation of the target Mn-Ge phase. Although our solid-state synthesis
could be improved to eliminate the unwanted oxides (Mn2GeO4 and MnO) observed, the
Mn5Ge3-based contacts were observed to work well as p-type contacts for Ge/SiGe HFETs
even at cryogenic temperatures. Our electrical characterization results were consistent with
what is expected for Mn5Ge3 contacts and other p-type contacts on Ge/SiGe.

Our demonstration of the solid-state synthesis of Mn5Ge3-based contacts for a shal-
low Ge/SiGe quantum well heterostructure provides a clear path towards demonstrating
spin transport in Ge 2DHG systems similar to what was done in Si 2DEG systems [46]
and Ge nanowires [1,2]. The evidence of Schottky barrier lowering, shown from a de-
creasing contact resistance past saturation, is promising for efficient spin injection and its
gate tunability[47]. Future studies should include studying the magnetic properties of
Mn5(Si0.15Ge0.85)3 (formed after the removal of the top barrier and quantum well) and spin
transport in the Ge/SiGe heterostructure.
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Abstract: Magnetic element doped Cd3As2 Dirac semimetal has attracted great attention for revealing
the novel quantum phenomena and infrared opto-electronic applications. In this work, the circular
photogalvanic effect (CPGE) was investigated at various temperatures for the Ni-doped Cd3As2

films which were grown on GaAs(111)B substrate by molecular beam epitaxy. The CPGE current
generation was found to originate from the structural symmetry breaking induced by the lattice
strain and magnetic doping in the Ni-doped Cd3As2 films, similar to that in the undoped ones.
However, the CPGE current generated in the Ni-doped Cd3As2 films was approximately two orders
of magnitude smaller than that in the undoped one under the same experimental conditions and
exhibited a complex temperature variation. While the CPGE current in the undoped film showed a
general increase with rising temperature. The greatly reduced CPGE current generation efficiency
and its complex variation with temperature in the Ni-doped Cd3As2 films was discussed to result
from the efficient capture of photo-generated carriers by the deep-level magnetic impurity bands and
enhanced momentum relaxation caused by additional strong impurity scattering when magnetic
dopants were introduced.

Keywords: Ni-doped Dirac semimetal Cd3As2; the circular photogalvanic effect; the deep-level
magnetic impurity bands

1. Introduction

As a representative material of the three-dimensional Dirac semimetals (3D DSMs),
Cd3As2 has been extensively studied owing to its outstanding features of good stability
in air, high carrier mobility and Fermi velocity [1–3]. Its topological nature has been
verified by the angle-resolved photoemission spectroscopy (ARPES) and quantum transport
experiments [2–6]. The giant linear magnetoresistance [1,7,8], Landau levels [5,9], quantum
Hall effect [10,11], superconductivity [12,13] and magneto-optical phenomena [14], etc.,
have been studied to reveal its novel physical properties. Cd3As2 is also proposed to be
suitable for high-speed, broadband photodetectors, or mid-infrared optical switches and
modulators due to its advantages of having high carrier mobility and linear dispersion of
band energy [15–20].

Circular photogalvanic effect (CPGE) can generate a spin-polarized charge current by
creating an asymmetric carrier population in momentum space [21,22], under circularly-
polarized light excitation with the angular momentum selection rule. CPGE has served as an
excellent experimental method to study the spin-associated properties in low-dimensional
semiconductors [23–26], topological insulators (TIs) [27–31], Weyl semimetals [32–39], and
2D Dirac material graphene [40–44]. In theory, the CPGE was predicted to be zero in an
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ideal Dirac system because of the symmetric photoexcitation with respect to the Dirac
point [39,45,46], as a consequence of both the time-reversal and spatial inversion symmetry
in DSMs. However, under symmetry breaking caused by the epitaxial strain or Schot-
tky electric field, CPGE has been observed experimentally in Cd3As2 films and Cd3As2
Nanobelts [47,48]. It is revealed that symmetry breaking in DSMs can be induced by intro-
ducing strain, dimensional control, or doping magnetic elements [5,49–51]. The electronic
and magnetic properties of 3d transition metal element (3d-TM) doped Cd3As2 have been
theoretically investigated by using first principle calculation with density functional the-
ory. Cr-doped Cd3As2 was proposed to be a promising room-temperature ferromagnetic
semiconductor via Monte Carlo simulations [52]. It is reported that 3d-TM doping reduces
the symmetry of Cd3As2 in the Cr- and Mn-doped Cd3As2, leading to a band gap open-
ing [15,16,52–55]. Meanwhile, magnetic doping was found to make a great difference in
the relaxation time of photoexcited carriers by ultrafast spectral experiments in the Cr- and
Mn-doped Cd3As2 [15,56]. In addition, Mn doping was reported to influence the transport
properties of Cd3As2 thin films grown on GaAs(111)B substrate [57]. Given that magnetic
doping could cause symmetry breaking and possible phase transition from DSM to Weyl
semimetal for Cd3As2, it is highly desirable to explore CPGE photocurrent in magnetic
element doped Cd3As2, to further explore its spin-related physical properties and potential
opto-electronic applications. However, there is no CPGE study available yet in magnetically
doped Cd3As2 so far.

In this work, we systematically measured the CPGE current generation for the Ni-
doped Cd3As2 films with different doping concentrations and compared it with that in the
undoped one at various temperatures. The CPGE current can be observed in all Cd3As2
films and shows a general increase with a larger optical incident angle and pumping
power. The CPGE current measured in the Ni-doped Cd3As2 films was greatly reduced
compared with that from an undoped one under the same experimental conditions. The
CPGE current generated in the Ni-doped Cd3As2 films was suggested to originate from the
reduced structural symmetry by the large epitaxial strain and magnetic doping, rather than
a possible phase transition to Weyl semimetal by magnetic doping. Moreover, a complex
temperature variation of CPGE current was observed in the Ni-doped Cd3As2 films, which
was attributed to the efficient capture of photo-generated carriers upon optical excitation
by the deep-level magnetic impurity bands and the enhanced momentum relaxation with
magnetic element doping.

2. Materials and Methods

The experiment was carried out on the 20 nm-thick Ni-doped Cd3As2 films with
different doping concentrations and the undoped control sample. All films were grown
on GaAs(111)B substrate by molecular beam epitaxy at a low temperature of 180 ◦C.
During the growth process, the molecular beams of Cd, Ni and As were controlled by
using three isolated effusion cells. For the Ni-doped Cd3As2 films with different doping
concentrations, the beam equivalent pressure ratio of Ni to Cd was set to be 2%, 4% and 8%,
and the corresponding Ni source growth temperature was 1130 ◦C, 1170 ◦C and 1210 ◦C,
respectively. The nominal Ni concentration was 2%, 4% and 8% and denoted as sample-A
(Ni-2%), sample-B (Ni-4%) and sample-C (Ni-8%), respectively. Since the epitaxial Cd3As2
thin films would be easily oxidized if exposed to the air, and this can cause an adverse effect
of electrical and optical properties, a 3-nm-thick GaAs capping layer was grown at the
same low temperature of 180 ◦C to prevent the film from oxidation. The Curie temperature
of the Ni-doped Cd3As2 films is about 45 K. More detailed sample growth procedures and
characterization results can be found in our previous studies [47,58]. The experimental
setup is shown schematically in Figure 1: the x-y coordinates plane is defined as being
parallel to the sample’s surface and the z-axis is perpendicular to the sample’s surface.
We made a pair of ohmic electrodes by indium deposition along the x-axis with a 3 mm
distance far apart. A Ti: sapphire laser (Chameleon Ultra II, Coherent Inc., Santa Clara,
CA, USA) with a repetition rate of 80 MHz, was utilized as an exciting light source in
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our experiment. The oblique incidence plane of the laser is perpendicular to the x-axis.
The irradiated laser spot is tuned to locate in between the two electrodes with a radius of
about 1 mm (the cleaved sample is about 5 × 5 mm in size). We used a polarizer and a
λ/4 wave-plate to alter the light helicity Pc = sin 2ϕ from the left-handed (σ−, Pc = −1)
to right-handed (σ+, Pc = 1), here ϕ is the angle between the polarization direction of the
polarizer and the optical axis of the λ/4 plate. Then the photocurrent is measured by
a preamplifier and a lock-in amplifier that is in phase with an optical chopper working
at a fixed frequency. All samples were placed in a Janis closed-cycle optical cryostat for
low-temperature measurements.
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Figure 1. The experimental sketch showing the photo excitation and current measurement. The
optical incident angle is θ. The x-y coordinates plane is defined to be parallel to the sample’s surface.
The red circle in the center is the laser spot, and the yellow circles along the x-axis are the ohmic
electrodes. A λ/4 wave plate is utilized to tune the light helicity (by tuning the angle ϕ between the
linear polarization direction of the excitation laser and the fast axis of the λ/4 plate). The photocurrent
is collected along the x direction.

3. Results and Discussion

Figure 2a,b shows the representative photogalvanic current response by varying angle
ϕ measured at 10 K and an incident angle of 45◦, under excitation of 750 nm and 900 nm
with pumping power of 14 mW for the Ni-4% doped sample-B. Though Cd3As2 thin films
were epitaxied on GaAs substrate and capped with a 3-nm-thick GaAs which was also
grown at a low temperature of 180 ◦C (LT-GaAs) layer, as depicted in the sample preparation
part, the possible photogalvanic current contribution from either GaAs buffer/substrate
or GaAs capping layers can be ruled out, by considering the facts of nearly amorphous
LT-GaAs capping layer and the control study results of a bare GaAs buffer sample, as
already discussed in our previous work [47]. In addition, our photogalvanic current study
on Ni-4% samples with different excitation wavelengths further confirms this and will
be discussed later. The photogalvanic current includes two components with different
periodicities and is usually written as [33]

jλ = jC sin(2ϕ + ψC) + jL sin(4ϕ + ψL) + j0, (1)
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Figure 2. The photocurrent response measured at 10 K by varying phase angle ϕ for the Ni-4%
sample. The incident angle is 45◦ and the excitation power is 14 mW. The excitation wavelength in
(a,b) is 900 nm and 750 nm, respectively. The open squares represent the raw experimental data,
and the black lines represent the fitting curve based on Equation (1). The extracted CPGE and LPGE
currents are represented by the blue and red dashed lines, respectively.

Here, jC and jL are the amplitude of CPGE and linear photogalvanic effect (LPGE) cur-
rent, respectively. ψC (ψL) represents the initial phase of CPGE (LPGE). j0 is the background
current resulting from the photovoltaic effect at electrodes or the Dember effect and does
not rely on the helicity of the excitation laser [21]. By fitting the measured photogalvanic
current with Equation (1), the CPGE (LPGE) current response can be separately determined
and was shown by the blue (red) dashed lines in Figure 2. It was observed that the extracted
CPGE current in the Ni-4% sample at the radiation wavelength of 900 nm and 750 nm is
1.4 nA and 1.5 nA, respectively. This finding further suggests that the measured CPGE
photocurrent should be generated mainly in the Ni-doped Cd3As2 film itself, rather than
the upper GaAs capping layer or the GaAs buffer/substrate. Since the photon energy of
radiation wavelength at 900 nm is lower than that of GaAs bandgap, thus we can exclude
the possible CPGE generation from GaAs capping/buffer layer induced by interband exci-
tation. In addition, the generated CPGE with radiation wavelengths of 900 nm and 750 nm
is almost consistent within the experimental error, which further rules out the possible
intraband transition associated with CPGE generation in GaAs capping/buffer layer.

Figure 3a shows the extracted CPGE amplitude by fitting with Equation (1) at various
incident angles θ in the Ni-4% sample, measured with the excitation power of 21 mW at
900 nm. One can see that, the CPGE current increases with the incident angle within the
measured angle range from 0 to 60 degrees, this is consistent with the phenomenological
theory of CPGE described by the following formula [21]:

jλ = γλµi(E× E∗)µ, (2)

Here, jλ represents the generated CPGE photocurrent density, γλµ represents the
second-rank pseudo-tensor associated with the symmetry of the material, λ goes through
all the three Cartesian coordinates x, y, z, µ = x, y, z, E represents the complex amplitude of
the electric field of the incident excitation light, its unit vector ê points to the direction of
light propagation. γλµi(E× E∗)µ can be transformed into γPcircE2ê||, where Pcirc denotes
the circular polarization degree. That is, the CPGE current is proportional to the field
projection of the incident light onto the sample surface (∝ E2ê||), as well as the radiation
intensity. Figure 3b shows the measured CPGE current at 10 K in sample B with various
photoexcitation power excited at 900 nm and an incident angle of 45◦. It is seen that the
CPGE increases nearly linearly with photoexcitation power from 3 to 27 mW, which agrees
with the theoretical expectation.
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Figure 3. (a) The extracted CPGE amplitude at various incident angles θ measured with the excitation
power of 21 mW. (b) The CPGE photocurrent at various excitation power from 3 to 27 mW measured
at the incident angle of 45◦. The measurements are done at 10 K with an excitation of 900 nm for the
Ni-4% sample-B.

To study the effect of magnetic doping on CPGE current generation, we further
measured the helicity-dependent photocurrent responses for the Ni-doped Cd3As2 films
with different doping concentrations and compared the results with an undoped control
sample. The extracted CPGE current by fitting the original data taken at room temperature
with Equation (1), normalized with the corresponding photoexcitation power, is shown
in Figure 4. The inset shows the zoom-in CPGE results for Cd3As2 films with different
Ni dopant concentrations. We can see that the measured CPGE current in the undoped
20 nm Cd3As2 is two orders of magnitude larger than that in the Ni-doped Cd3As2 films.
For the Ni-doped Cd3As2 thin films, the magnetic element doping can introduce time
inversion symmetry breaking as theoretically expected, leading to possible phase transition
from Dirac to Weyl semimetals, so that stronger CPGE current than the undoped ones
might be expected. However, our experiment shows that the magnetic element doping did
not enhance the CPGE current generation, on the contrary, the generated CPGE current
in the Ni-doped Cd3As2 films is much smaller than that in the undoped one, as shown
in Figure 4. Therefore, we believe that the CPGE current generation in the Ni-doped
Cd3As2 films also originates from the structural symmetry breaking induced by lattice
strain and Ni doping, similar to that in the undoped Cd3As2 thin films discussed in our
earlier study [47]. It would be hard to give a quantitative estimation of the additional
strain introduced by 2%, 4%, and 8% Ni doping, though, the dominant strain in the Ni-
doped Cd3As2 films is believed to result from the large lattice mismatch of 10% between
Cd3As2 and GaAs(111)B substrate, the same as the undoped ones. To analyze the observed
difference in the CPGE current generation efficiency in the doped and undoped films, we
first compared the parameters (Electron density and Hall mobility) closely related to the
CPGE current response, thanks to the characterization results of our samples in previous
work [58]. Table 1 lists the electron density and Hall mobility at 3 K for the Ni-doped
Cd3As2 films with different doping concentrations and the undoped ones. It is seen that
the electron density and Hall mobility of the Ni-doped Cd3As2 films with different doping
concentration and the undoped one is almost on the same order of magnitude, which
cannot account for the huge difference in CPGE current generation as shown in Figure 4.
We thus further compare the photo-excited carrier generation and its relaxation dynamics
for the doped and undoped films, since CPGE current is also closely associated with the
momentum relaxation process and carrier lifetime.

113



Nanomaterials 2023, 13, 1979

Nanomaterials 2023, 13, x FOR PEER REVIEW  6  of  12 
 

 

films with different doping concentrations and the undoped ones. It is seen that the elec-

tron density and Hall mobility of the Ni-doped Cd3As2 films with different doping con-

centration and the undoped one is almost on the same order of magnitude, which cannot 

account for the huge difference in CPGE current generation as shown in Figure 4. We thus 

further compare the photo-excited carrier generation and its relaxation dynamics for the 

doped and undoped films, since CPGE current is also closely associated with the momen-

tum relaxation process and carrier lifetime. 

 

Figure 4. The measured CPGE current normalized with the corresponding photoexcitation power 

in the Ni-doped Cd3As2 films with different Ni doping concentrations. The measurements are done 

at room temperature with excitation of 900 nm at an incident angle of 45°. The inset shows the zoom-

in results for the doped films of Ni-2%, Ni-4% and Ni-8%, respectively. 

Table 1. The electron density and Hall mobility at 3 K for different samples [58]. 

Sample  Undoped  Sample-A  Sample-B  Sample-C 

Eectron density (cm−2)  7.8 × 1011  8.0 × 1011  1.4 × 1012  1.1 × 1012 

Hall mobility (cm2 V−1 s−1)  710  1000  560  260 

Figure 5 shows typical transient reflection spectra (ΔR/R) of different samples, meas-

ured with pump and probe wavelengths of 800 nm and 3500 nm at 4.5 K, and more tran-

sient dynamics results can be found  in our previous work [59]. Apparently, the photo-

excited carrier decay time of the Ni-doped films, take the result of sample-B as an example, 

is only ~0.75 ps, much shorter than the undoped film (~3.98 ps). This shorter photo-excited 

carrier lifetime in the Ni-doped films results from the greatly enhanced electron-phonon 

and electron-impurity scattering introduced by Ni doping [56,59]. Meanwhile, the abso-

lute peak value of ∆R/R for the undoped sample was found to be about three times of the 

doped ones. The peak value of ∆R/R is closely relevant to the optically excited carrier con-

centration  according  to previous work  [60]. As  a  result,  compared with  the undoped 

Cd3As2 film, the Ni-doped samples have a shorter carrier lifetime and lower photo-excited 

carrier density under the same excitation condition. In addition, our previous study also 

showed that there appeared a long decay time of tens of picoseconds at the elevated tem-

perature or higher optical pumping power, for all Ni-doped films [59]. This long carrier 

decay process has also been reported in Mn-doped Cd3As2 and was associated with the 

deep-level magnetic impurity level near the Cd3As2 Fermi surface [56]. The rather weak 

temperature variation of this long decay process is a characteristic of the trapped carriers 

by the magnetic impurity states in Mn- or Ni-doped Cd3As2 films [56,59]. Our transient 

optical reflection studies for the measured films, together with their electrical characteri-

zation,  suggest  that  the  efficient  capture of photo-generated  carriers by  the deep-level 

Figure 4. The measured CPGE current normalized with the corresponding photoexcitation power in
the Ni-doped Cd3As2 films with different Ni doping concentrations. The measurements are done at
room temperature with excitation of 900 nm at an incident angle of 45◦. The inset shows the zoom-in
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Table 1. The electron density and Hall mobility at 3 K for different samples [58].

Sample Undoped Sample-A Sample-B Sample-C

Eectron density (cm−2) 7.8 × 1011 8.0 × 1011 1.4 × 1012 1.1 × 1012

Hall mobility (cm2 V−1 s−1) 710 1000 560 260

Figure 5 shows typical transient reflection spectra (∆R/R) of different samples, mea-
sured with pump and probe wavelengths of 800 nm and 3500 nm at 4.5 K, and more
transient dynamics results can be found in our previous work [59]. Apparently, the photo-
excited carrier decay time of the Ni-doped films, take the result of sample-B as an example,
is only ~0.75 ps, much shorter than the undoped film (~3.98 ps). This shorter photo-excited
carrier lifetime in the Ni-doped films results from the greatly enhanced electron-phonon
and electron-impurity scattering introduced by Ni doping [56,59]. Meanwhile, the absolute
peak value of ∆R/R for the undoped sample was found to be about three times of the
doped ones. The peak value of ∆R/R is closely relevant to the optically excited carrier
concentration according to previous work [60]. As a result, compared with the undoped
Cd3As2 film, the Ni-doped samples have a shorter carrier lifetime and lower photo-excited
carrier density under the same excitation condition. In addition, our previous study also
showed that there appeared a long decay time of tens of picoseconds at the elevated temper-
ature or higher optical pumping power, for all Ni-doped films [59]. This long carrier decay
process has also been reported in Mn-doped Cd3As2 and was associated with the deep-level
magnetic impurity level near the Cd3As2 Fermi surface [56]. The rather weak temperature
variation of this long decay process is a characteristic of the trapped carriers by the magnetic
impurity states in Mn- or Ni-doped Cd3As2 films [56,59]. Our transient optical reflection
studies for the measured films, together with their electrical characterization, suggest that
the efficient capture of photo-generated carriers by the deep-level magnetic impurity bands,
and the greatly enhanced momentum relaxation caused by stronger electron-phonon and
electron-impurity scattering introduced by Ni doping, effectively reduce the CPGE current
generation in the Ni-doped Cd3As2 films compared with the undoped one.
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Figure 5. The ∆R/R responses of Cd3As2 films with different Ni doping concentrations at 4.5 K,
measured with the pump and probe wavelength of 800 nm and 3500 nm, respectively. All the ∆R/R
responses were normalized relative to the minimum value of the undoped sample. The inset shows
the fitting results for the undoped and doped (sample B, Ni-4%) samples, here the ∆R/R responses
were normalized relative to their own minimum values of each sample.

Furthermore, we made a comparison investigation on the helicity-dependent pho-
tocurrent for the undoped Cd3As2 film and sample-B (Ni-4%) at various temperatures
from 10 to 300 K. Figure 6a shows the extracted CPGE current as a function of temperature
in sample-B excited at 900 nm and the undoped Cd3As2 film excited at 750 nm, here the
generated CPGE current is normalized by the optical excitation power. It is seen that the
CPGE current generation efficiency in the undoped Cd3As2 film shows a general increase
with rising temperature. However, for the Ni-4% doped sample, the CPGE current genera-
tion efficiency shows a complex temperature variation: it first gradually increases when
increasing temperature from 10 to 75 K, but then decreases in the temperature range of
75–200 K, and eventually increases again with rising temperature from 200 to 300 K. Since
the photon energy at both excitation wavelength of 750 nm and 900 nm is much higher than
the linear Dirac band energy range of Cd3As2, in addition, the CPGE current generated
with excitation wavelength of 750 nm and 900 nm is almost the same under the same
experimental conditions as shown in Figure 2, so the different temperature variation of the
CPGE current generation efficiency excited at 750 nm and 900 nm for the undoped and
Ni-doped Cd3As2 films, should be mainly caused by Ni doping, rather than the electron
band structure. Therefore, we further discuss the effect of Ni doping on CPGE current in
Cd3As2 films. According to previous works [61,62], the CPGE current can be described by

JCPGE = eαeGτpPcSµ, (3)
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for the doped film of Ni-4% (the blue dots) and the undoped one (the black diamond), respec-
tively. The measurements are done at an incident angle of 45◦ under excitation of 900 nm and
750 nm, respectively. The inset shows the temperature-dependent resistance measured for the doped
film of Ni-4%. (b) Temperature dependence of CPGE current normalized relative to the photo-
conductive current I0 for the doped film of Ni-4% (the blue dots) and the undoped one (the black
diamond), respectively.

Here, αe represents the effective electric field caused by the spin-orbit coupling (SOC),
e is the elementary charge, G is the generation rate of the spin-polarized electrons, τp
and µ are the momentum relaxation time and mobility of the electrons, Pc is the circular
polarization degree, S is the cross-section area of the current. Under an applied DC bias,
the photoconductivity current I0 can be written as [61,62]

I0 = eEGτ0Sµ, (4)

Here, E is the applied electric field and τ0 is the recombination lifetime of the photo-
excited carriers. To eliminate the influence of the optical absorptivity and the electron
mobility at various temperatures, one can normalize the CPGE current with respect to I0 as

JCPGE
I0

=
αeτp

Eτ0
, (5)

In our experiment, we measured the temperature-dependent resistance of the Ni-4%
sample as shown in the inset of Figure 6a. One can see that the resistance first increases
with temperature (10–150 K) and then decreases within a temperature range of 150–300 K,
indicating that the Ni-doped Cd3As2 film undergoes a phase transition from semimetal
to semiconductor (a trivial insulator phase). However, the measured resistance of the
undoped Cd3As2 film decreases gradually with temperature [58]. By assuming a DC bias
of 1 V applied to the device, the photoconductivity current I0 can be roughly estimated
by the measured resistance. Figure 6 shows the extracted CPGE current normalized
by the excitation power and photoconductivity current I0, respectively, as a function of
temperature for the doped film of Ni-4% and the undoped one.

As can be seen from Figure 6b, after eliminating the influence of the optical absorptivity
and the electron mobility, the temperature variation trend of the normalized CPGE current
relative to the photoconductivity current I0 for both the doped and undoped films is
almost the same as that in Figure 6a, implying that the optical absorptivity and electron
mobility are not the main factors affecting CPGE current variation with temperature. A
previous study has shown that αe increases slowly with temperature [63]. The temperature
variable τp is generally more significant than that of τ0. In addition, our previous work
has shown that the photoexcited carrier relaxation time (a few picoseconds) in Cd3As2
films gradually increases with temperature [59,64]. And the carrier density is known to
increase with temperature as well [58,65]. Therefore, under the same excitation pump
power, the higher-density carriers will be excited at the elevated temperature, though the
electron mobility decreases with increasing temperature. Moreover, it is expected that
the enhanced Coulomb screening at higher carrier density would efficiently weaken the
electron-electron and electron-phonon scattering [64], thus can slow down the momentum
relaxation process with increasing temperature. This factor may be the main reason for
the general CPGE current increase with rising temperature in the undoped Cd3As2 film
observed in our experiment, though we cannot quantitatively describe the exact influence
of different factors on the temperature variation of CPGE current.

For Ni-doped Cd3As2 thin films, though its Curie temperature Tc was determined to
be around 45 K [57,58], there is no obvious abnormal change of CPGE near Tc observed
as seen in Figure 6, indicating that magnetism has little influence on CPGE current in the
Ni-doped Cd3As2 films. In the temperature range of 10–75 K, CPGE current gradually
increases with temperature, this tendency is consistent with that in the undoped Cd3As2
film shown in Figure 6. We believe that it has the same reason, that is, the increased
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carrier density and suppressed momentum relaxation with rising temperature lead to the
increase of CPGE current. As temperature rises beyond 75 K, the increased Fermi level
could be closer or even higher than the deep-level magnetic impurity state introduced
by Ni doping, in addition, the occupation probability of states nearer the Fermi energy is
strongly affected by the smeared Fermi surface upon optical excitation [66]. These facts
can promote the efficient capture of photo-generated carriers by the deep-level magnetic
impurity bands. The trapped electrons are unable to contribute effective photocurrent,
resulting in an obvious decrease of CPGE current. As a matter of fact, our previous transient
reflection studies could reveal the long decay time of tens of picoseconds associated with
the trapped carriers for the Ni-doped films only at temperatures above 100 K [59]. This is,
to some extent, in line with the drastic decrease of CPGE above 75 K observed here for the
Ni-doped film. When temperature increases up to 200 K, it is seen that the CPGE current
increases again when temperature increases. The possible reason for this phenomenon may
be that the impurity states near the Fermi level gradually ionize at higher temperatures,
and more free carriers can contribute to CPGE current generation. So that the overall
CPGE current increases gradually again with temperature, similar to that in the undoped
Cd3As2 film.

4. Conclusions

We systematically investigated the CPGE current generation in the epitaxial Ni-doped
Cd3As2 films with different doping concentrations at various temperatures. Our experi-
mental results show that, though the Ni-doped Cd3As2 films become ferromagnetic below
45 K owing to the magnetic doping, the observed CPGE current in the Ni-doped Cd3As2
film does not get enhanced by the possible transition from DSM to Weyl semimetal owing
to the broken time-reversal symmetry. Instead, we observed two orders of magnitude
smaller CPGE current in the Ni-doped Cd3As2 films than that in the undoped one under
the same experimental conditions. The CPGE generation in the Ni-doped Cd3As2 films was
attributed to the reduced structural symmetry by the large epitaxial strain and magnetic
doping, the same as the undoped film. Moreover, the CPGE current in the Ni-doped
Cd3As2 films exhibits a complex change when varying temperature, unlike the undoped
film which shows a generally increased CPGE current with rising temperature. The greatly
reduced CPGE current generation efficiency in the Ni-doped Cd3As2 films, together with
its complex temperature variation, was closely connected with the efficient capture of
photo-generated carriers by the deep-level magnetic impurity bands and the enhanced
momentum relaxation caused by strong impurity scattering when doped with magnetic
elements. An improved magnetic doping technique with reduced or absent magnetic
impurity levels is expected to greatly enhance the CPGE current generation efficiency in
magnetically doped Cd3As2 films.
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Abstract: Arrays of superconducting nanowires may be useful as elements of novel nanoelectronic
devices. The superconducting properties of nanowires differ significantly from the properties of
bulk structures. For instance, different vortex configurations of the magnetic field have previously
been predicted for nanowires with different diameters. In the present study, arrays of parallel
superconducting In nanowires with the diameters of 45 nm, 200 nm, and 550 nm—the same order
of magnitude as coherence length ξ—were fabricated by templated electrodeposition. Values of
magnetic moment M of the samples were measured as a function of magnetic field H and temperature
T in axial and transverse fields. M(H) curves for the arrays of nanowires with 45 nm and 200 nm
diameters are reversible, whereas magnetization curves for the array of nanowires with 550 nm
diameter have several feature points and show a significant difference between increasing and
decreasing field branches. Critical fields increase with a decrease in diameter, and the thinnest
nanowires exceed bulk critical fields by 20 times. The qualitative change indicates that magnetic
field configurations are different in the nanowires with different diameters. Variation of M(H) slope
in small fields, heat capacity, and the magnetic field penetration depth with the temperature were
measured. Superconductivity in In nanowires is proven to exist above the bulk critical temperature.

Keywords: superconducting nanowires; anodic aluminum oxide; indium; electrodeposition;
magnetization curve

1. Introduction

The development of superconducting nanoelectronic devices has remained an impor-
tant task of studies in recent years. Key elements of the devices are Josephson junctions
with tailored properties [1] and elements based on superconducting weak links, such as
SQUID [2,3] and quantum interference effect transistors [4]. There is a constant endeavor to
improve the properties of superconducting devices: the increase in breakdown current [5]
and stability in the air [6], the rise in working temperature [7], and the increase in magnetic
field sensibility [8]. Improvement potential is limited for nanostructures fabricated by
sputtering, as this technology has significant limitations in controlling the crystallinity of
the samples. For instance, magnetron sputtering commonly produces fine crystalline films
with a grain size of less than several nanometers. Morphology of the sputtered films may
change significantly later, for example, in the case of thermal treatment, but additional
difficulties with the stability of chemical composition and morphology of all elements
in the device at high temperatures arise. Therefore, the use of coarse-crystalline super-
conducting nanowires obtained by templated electrodeposition [7–12] as the weak link
is a possible step to improve superconducting devices. The templated electrodeposition
has been successfully used for many metals and is being actively developed [13–18]. If
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deposition parameters are adjusted properly, the fabrication of single-crystalline nanowires
is possible. Thereby Josephson junctions based on electrodeposited nanowires have supe-
rior characteristics compared to junctions fabricated by sputtering [7]. Other advantages
of electrodeposition are a wide range of deposition solutions and the ability to obtain
multi-segmented nanowires [19].

Studies of superconductivity In nanowires are essential for assembling nanoelectronic
devices. Nanowires have shown several unique features of electron transport; one of the
questions is the interplay of superconductivity and ferromagnetism In nanowires. The
works [12,20] showed a decrease in resistance in 1-µm-long Co nanowires used as a weak
link. That is a great length compared to a scale of 1 nm magnitude order at which proximity
effect is observed in bulk ferromagnets. In [21], it was shown that Pb nanowire with the
admixture of Co exhibits both superconducting and ferromagnetic properties. Another
peculiar feature is the superconductivity of single-crystalline Bi nanowires at temperatures
up to 1.3 K [16], whereas the critical temperature of the bulk Bi is as low as 0.53 mK [22].

Magnetic field distribution in superconducting nanowires is another open question.
Three states of superconductor are distinguished: Meissner state, where the magnetic
field is completely expelled, vortex state with a lattice of single quantum vortices, and
intermediate mixed state in which more sophisticated field configurations are possible [23].
The picture is complicated in the case of nanowires because of geometrical limitations.
In [24], a numerical simulation was conducted for nanowires of a type I superconductor
in the transverse magnetic field. Diameters of the nanowires from 5 ξ0b to 50 ξ0b were
studied, where ξ0b is bulk coherence length. The simulation showed that nanowires could
demonstrate type-II magnetic response. Different distributions of the penetrated field In
nanowires depending on the diameter are predicted; the configurations differ significantly
from ones observed in bulk superconductors and thin films [25]. Modeled dependence of
magnetization M as a function of magnetic field strength H is nonmonotonic with several
features related to shifts between different configurations. Two vortex configurations of the
penetrated magnetic field were observed in simulation for the thinnest nanowires analyzed
(Figure 1): 1D lattice of single-quantum vortices (a) and a row of single-quantum vortices
divided into pairs (b). It is worth noting that the theoretical results [24] have not been
proved experimentally yet.

Figure 1. Scheme of the simplest possible vortex configurations In nanowire according to the
simulation [24]: 1D lattice of single-quantum vortices (a) and a row of single-quantum vortices
divided into pairs (b). Circles are superconducting vortices.

Magnetization behavior of β-Ga nanowire array with a diameter of 140 nm (2.3 ξ0b ) in
the transverse field was studied experimentally [26]. M(H) curves demonstrated hysteresis
and type-II-like behavior. The authors interpreted the observed M(H) dependences as
the sign of vortex configuration illustrated in Figure 1a. Magnetization of a single Pb
nanowire with 390 nm (4.5ξ0b ) diameter was measured locally by the Hall probe [27]. M(H)
curve had hysteresis at low temperatures, which disappeared at temperatures closer to the
TC. The simulation was made for low temperatures, which showed the configuration of
the penetrated field as a lattice of single-quantum vortices similar to the configuration in
Figure 1a. Simulated data agreed with the experimental results. Magnetization M(H) for
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Pb nanowires with 200 nm (2.3 ξ0b ) diameter were measured in [28]. The studies [27,28]
showed the enhancement of critical magnetic fields In nanowires.

In the present work, arrays of In nanowires were analyzed. Specific properties of
In are large coherence length and the presence of a thin (about 4 nm) surface oxide layer
preventing the metal core from further oxidation in the air [29]. These properties make
In promising for applications in superconducting electronics. Bulk In is a type I super-
conductor with a critical temperature TC = 3.408 K and a zero-temperature critical field
HC(0) = 281.5 Oe [30]. The mean value of coherence length measured in bulk indium is
ξ0b = 264 nm, and the mean penetration depth is λ0b = 53 nm [31–37]; all values of λ0b and
ξ0b , which were averaged, are listed in Appendix A. Experimentally observed temperature
dependence of critical field HC is in good agreement with the general law [30]:

HC(T) = HC(0)

(
1−

(
T
TC

)2
)

(1)

Different methods to fabricate In nanowires were proposed in studies [38–49], includ-
ing vacuum sputtering in V-shaped silica grooves [40,41], oblique angle deposition [42],
and injection of molten metal into a porous template under pressure [48]. Templated
electrodeposition of In nanowires [38,39,49] is the most promising method as it allows one
to set geometrical parameters of the nanowires precisely and, at the same time, to fabricate
single-crystalline nanowires after adjustment of deposition conditions. To the best of our
knowledge, superconductivity in In nanowires has not been studied yet. However, several
studies on In nanoparticles have been conducted [50,51], where molten indium was injected
into the porous glass under pressure. The characteristic size of the particles was determined
as a function of the pressure used, but the shape of the particles and size distribution were
not defined. The measurements of magnetization curves showed a significant increase
in critical fields with a decrease in indium particle size. Additionally, the rise of critical
temperature was observed compared to the bulk In for the particles with a characteristic
size of 3.1 nm: the critical temperature was 0.75 K higher than the bulk critical temperature.
For particles with a size of 25 nm, the increase in critical temperature within experimental
error was measured.

2. Materials and Methods

Arrays of superconducting In nanowires were fabricated by electrodeposition tech-
nique using polycarbonate track-etched membranes (Whatman, Little Chalfont, UK; pore
diameter of 550 nm, thickness of 20 microns) and anodic aluminium oxide (AAO) as tem-
plates. Porous AAO films were prepared by anodization of a high-purity aluminium foil
(99.99%) with a thickness of 100 µm. Prior to anodization, the foil was electrochemically
polished to a mirror finish in a solution containing 13 M H3PO4 and 1.85 M CrO3 at 80 ◦C
as described elsewhere [52]. The aluminium electrode was polarized 40 times for 3 s at
an anodic current density of 0.5 A cm−2 with an interpulse interval of 40 s. Two series
of AAO templates with pore diameters of 45 nm and 200 nm were fabricated in different
anodizing regimes. The film with a pore diameter of 45 nm was formed using two-step
anodization procedure in 0.3 M oxalic acid (Chimmed, Moscow, Russia) at a voltage of
40 V and an electrolyte temperature of 0 ◦C. During the first anodization step, a 10 µm
thick sacrificial alumina layer was formed. This layer was then selectively dissolved in
an aqueous solution containing 0.5 M H3PO4 and 0.2 M CrO3 at 70 ◦C for 30 min. The
second anodization under the same conditions as the first one was stopped when AAO
thickness reached 40 µm. The AAO films with a pore diameter of 200 nm and a thickness of
46 µm were formed in 0.1 M phosphoric acid (Chimmed, Moscow, Russia) at a voltage of
195 V and an electrolyte temperature of 0 ◦C. After anodizing, the porous oxide films were
washed repeatedly in deionized water and dried in air. The residual Al was dissolved in a
solution of Br2 in CH3OH (1:10 volume). The barrier oxide layer was removed by chemical
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etching in 3 M H3PO4 solution at room temperature with the electrochemical detection of
the pore opening moment [53].

Electrodeposition of In was performed in a three-electrode cell in potentiostatic mode
using a PGSTAT100N (Metrohm Autolab, Utrecht, The Netherlands) instrument. AAO and
track-etched membranes were coated with a 300-nm-thick Au layer using a magnetron
sputtering system. This continuous gold layer served as a current collector. Before In
electrodeposition 2 µm long Au nanorods were deposited to prevent the formation of
superconducting material under a porous template. For this purpose, a commercial elec-
trolyte (Ecomet, Moscow, Russia) containing 0.04 M Au[CN]2

− in citrate buffer (pH = 6)
was used. A Pt wire ring with a diameter of ca. 2 cm was used as a counter electrode. The
saturated (KCl) Ag/(AgCl) electrode connected with the cell via Luggin capillary served
as the reference electrode; deposition potential was −1.0 V. Indium was deposited from a
solution containing 0.1 M In(SO3NH2)3 and 1.25 M Na(SO3NH2) (pH = 2.1). An indium
rod served as the reference electrode. An indium ring was used as a counter electrode. A
deposition potential of −0.4 V was used. To increase the filling factor during the electrode-
position of In in AAO films the template surface was cleaned repeatedly by electrolyte flow.
Indium in track-etched membranes was deposited to half of the membrane thickness. After
the electrodeposition, the top side of the AAO films and the current collector side of the
track-etched membrane were mechanically polished to remove indium from the surface
(Figure 2). This procedure allows one to obtain samples with metal solely in the pores.

Figure 2. A flowchart of In nanowire array preparation process. (a) The original porous template.
(b) Sputtering of Au layer on the porous template. (c) Templated electrodeposition of short Au
nanorods. (d) Templated electrodeposition of In until complete filling of the pores by the metal.
(e) Mechanical polishing of the top part of the nanocomposite to remove In from sample surface.
(f) Resulting nanocomposite.

Magnetization measurements were carried out using an MPMS XL (Quantum Design,
Darmstadt, Germany) SQUID magnetometer. The phase composition of the samples was
characterized with a Aeris (Malvern Panalytical, Malvern, UK) tabletop X-ray diffractome-
ter (CuKα radiation, PIXcel3D detector). The morphology of the porous oxide films and
track-etched membranes was characterized using a NVision 40 (Carl Zeiss, Oberkochen,
Germany) scanning electron microscope. Before SEM analysis, the samples were coated
with a 5-nm-thick conductive layer of chromium using a Q150T ES (Quorum Technologies,
Lewes, UK) sputter coater. The mean porosity of AAO films with a pore diameter of 45 nm
was measured using the birefringence method [54].

3. Results and Discussion

Three kinds of superconducting In nanowire arrays with various diameters of the
nanostructures were prepared. For this purpose, two types of the AAO films and a poly-
mer track-etched membrane with cylindrical pores aligned perpendicular to the surface

124



Nanomaterials 2022, 12, 4095

were used as templates. The morphology of the templates was characterized using SEM
(Figure 3). The parameters of the templates calculated from the statistical analysis of the
SEM images are listed in Table 1. AAO films possess 2D hexagonal ordered pore arrange-
ment in the plane of the film and narrow interpore distance distribution. Conversely, pores
in the polymer track-etched membrane had no positional order; the positions of the pores
are random with few pore overlaps; moreover, deviation of pores from the normal to the
surface of the track-etched membrane is possible. The porosity of the sample s45 was
measured with the optical birefringence method, which is more precise than SEM [54].
Diameters of In nanowires equal to the pore diameter Dp and had the same order of
magnitude as ξ0b and λ0b , therefore geometrically limited superconducting states could
be studied. Values of pore volume V in samples were calculated from the geometrical
parameters (Table 1), taking into account a diameter of the porous electrode of 1.2 cm,
identical for s45, s200, and s550. X-ray diffraction showed (Figure 4) that nanowire arrays
are featuring preferential orientation along the <100> axis.

Figure 3. Scheme of pore arrangement (a) and SEM images of the surface of AAO film s45 (b) and
polymer track-etched membrane s550 (c).

Table 1. Parameters of AAO films and polymer track-etched membranes, used as templates.

Sample
Name

Type of the
Template

Interpore
Distance
Dint, nm

Pore
Diameter
Dp, nm

Pore Density,
µm−2

Porosity p,
%

Template
Thickness,

µm

Volume of
Pores,

10−4 cm3

s45 AAO 101 ± 6 45 113 18 40 8.1
s200 AAO 534 200 4.05 12.7 46 6.6

s550 track-etched
membrane — 550 0.34 8 20 1.8

Figure 4. XRD pattern for AAO/In nanocomposite containing array of nanowires with 200 nm
diameter.
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Figure 5 displays magnetic moment M of In nanowire arrays s45 and s200 as a function
of magnetic field H at temperatures from 2 K to 3.3 K. M(H) curves measured for the
field perpendicular to the long axis of the nanowires are shown in Figure 5a,b. It is worth
noting that all curves measured for the nanowires with diameters of 45 nm and 200 nm are
reversible, values of magnetic moment M measured in increasing and decreasing magnetic
fields are the same at each field value. The diameter of 200 nm is almost equal to ξ0b and
45 nm diameter is several times smaller than the coherence length of bulk In. The absence
of vortex states in thin nanowires is the probable explanation of reversibility.

Figure 5. The magnetic moment M as a function of transverse magnetic field H for In nanowire arrays
with nanowire diameters 45 nm (a) and 200 nm (b). The comparison of M(H) curves measured at 2 K
temperature for the same sample in transvers and axial fields: s45 (c) and s200 (d).

Figure 5c,d compares curves measured in transverse and axial fields at 2 K. Curves
measured in transverse fields have larger maximum values of M and less sharp decline after
the maximum. A different demagnetization factor is one of the reasons for such a difference
in the shape of magnetization curves. The demagnetization factor of the cylinder in the
axial field is 0, and the demagnetization factor in the transverse field is 1

2 . The macroscopic
shape of the sample is another factor that influences the shape of the magnetization curve.

M(H) curves measured for nanowires parallel to the field H at temperatures from 2.0 K
to 3.6 K are shown in Figures S1 and S2. Weak diamagnetic response is visible on the M(H)
curve for s200 at T = 3.5 K with no response at T = 3.6 K. Therefore, superconductivity in In
nanowires is possible at temperatures above a bulk critical temperature of In (TC = 3.408 K).
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The magnetization curves for arrays of nanowires with 550 nm diameter recorded in
transverse and axial fields are shown in Figure 6a and 6b, respectively. For a clear view,
only the decreasing field branch is presented in Figure 6b. In contrast to s45 and s200
samples, M(H) curves for s550 show hysteresis. Higher magnetic moments are reached in
the increasing field branch, and M remains zero in a larger field interval on the decreasing
field branch. However, no hysteresis is observed in small fields. The exit of a magnetic field
from the nanowire is suppressed. The probable explanation of the observed behavior is
the formation of a vortex state In nanowires with a surface barrier causing the hysteresis.
Another explanation may be the pinning of vortices on grain boundaries. It should be
noted that M(H) curves for s550 in the transverse field are qualitatively similar to measured
ones for the array of β-Ga in [26].

Figure 6. The magnetic moment M of 550-nm-diameter In nanowire array as a function of transverse
(a) and axial (b) magnetic field H. Arrows show how the field was changing. Two joining points
of minor loops are marked with red squares. The feature of the M(H) curve in the transverse field,
which is absent in case of axial field, is marked with the red circle in panel (a).

Figure 6a shows a set of minor loops, directions of field H changing are shown with
arrows. All the minor loops for increasing fields join with the main loop at the same point,
in which M = 0. All the minor loops for decreasing fields join the main loop in another
point, corresponding to the maximum magnetization on decreasing field branch. Two
joining points of minor loops are marked with squares (Figure 6a).

It is worth noting that the feature present in both positive and negative magnetic fields
on the M(H) curve for s550 in the transverse field, where the derivative changes twice
(see red circle in Figure 6a). It was observed on curves recorded at temperatures 2.0 K
and 2.5 K (Figure S3). The feature corresponds to approximately 1

2 of the maximum M
value. No such features are present on the M(H) curves in the axial field (Figure 6b). A
possible explanation of the observed feature is a transition between the two simplest vortex
configurations (Figure 1), predicted in the simulations in [24].

There are three critical fields Hm, Ha, and Hd on the M(H) curves that were measured as
shown in Figure 7a. Hm is the field of the maximum of magnetization, Ha is the extrapolation
of the linear region of M decline, and Hd is the field at which M becomes zero. Figure 7b–d
presents characteristic fields for s45, s200, and s550 samples. Values of the critical fields
for the array of In nanowires with a diameter of 550 nm were calculated separately for
increasing (+) and decreasing (−) branches.
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Figure 7. (a) Schematic illustration of the critical fields Hm, Ha, and Hd on M(H) curve. Values of fields
measured for the arrays of In nanowires with a diameter of 45 nm (b), 200 nm (c), and 550 nm (d).
Values measured for increasing in modulus field H have index +, whereas values measured for
decreasing in modulus field H have index −.

The analysis of the critical fields shows that superconductivity in In nanowires is
possible in much higher fields than in bulk indium. Hm in 550 nm nanowire array are
close to the bulk critical field of In, HCb (2 K) = 180 Oe (see Appendix A), Hd exceeds bulk
critical field. The critical fields increase with the decrease In nanowire diameter. In the
transverse field, Hm is 200 Oe in 200 nm nanowires and 1500 Oe in 45 nm nanowires. The
superconducting response is detected in the field of more than 3500 Oe, exceeding the bulk
critical field by 20 times. The shape of the M(H) curve with a slow decay in high fields
indicates residual surface superconductivity.

M(H) curves measured for s550 at temperatures 2 K, 2.5 K, and 3.0 K (Figure 5) coincide
on the linear region in small fields. The nanowires with a 550 nm diameter are thick enough
to perform the Meissner effect with full expulsion of the magnetic field, and the slope is
adjusted by the volume of the superconductor. In contrast to the s550 sample, the slope of
the linear M(H) region in the s45 and s200 samples depends on the temperature. Figure 8
shows the slopes calculated for s45 and s200. The metal fraction in the nanocomposites s45
and s200 is close (Table 1); however, the slope differs by two orders of magnitude (Figure 8).
The reason is that λ is of the same order of magnitude as the nanowire diameter, and full
expulsion of the magnetic field does not take place. Therefore, in s45, the sample magnetic
field penetrates almost the full nanowire diameter. The small field region is linear, as the
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configuration of the magnetic field does not change with rise of the field. λ increases with
the rise of temperature, accordingly the slope decreases with temperature.

Figure 8. The slope of the linear part of M(H) curve observed at small fields for s45 (a) and s200 (b).

For nanowires with a diameter smaller than λ in the case of an axial field, the magnetic
moment is derived with the equation:

M
V

=
R2H

32πλ2 (2)

Magnetic slopes at different temperatures are connected with the equation:

(
∆M
∆H

)

1
/
(

∆M
∆H

)

2
=

(
λ2

λ1

)2
, (3)

where λ1 and λ2 are magnetic field penetration depths at temperatures T1 and T2, respectively.
Figure 9a shows λ as a function of T calculated according to (3). Experimental data

were fitted with the function:

λ(T) = λ0

(
1−

(
T
TC

)4
)−0.5

(4)

The shape of function (4) is in good agreement with the experimental data. Values of
TC are 3.53 K for 200 nm nanowires and 3.46 K for 45 nm nanowires.

Comparing M(H) curves for s45 and s200, the maximum M value for s45 is by one
order of magnitude less than the maximum M value for s200. However, the magnetic field
related to the maximum for the sample s45 is by one order of magnitude more than the
magnetic field for s200.

Therefore, the areas under curves s45 and s200 are of the same order of magnitude.
Integral of the moment M over the field is related to the free energy [55]:

(Fn − Fs)|H=0 = −
∫ Hd

0
M(H)dH, (5)

where Fn is the free energy of the sample in normal state, Fs is the free energy in supercon-
ducting state.

Using the thermodynamic relations:

S = − ∂F
∂T

(6)
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C = T
∂S
∂T

(7)

Figure 9. Magnetic field penetration depth as a function of temperature (a). The difference in heat
capacities ∆C of the normal and the superconducting states as a function of temperature (b).

The equation for the heat capacity difference in the normal and superconducting states
is as follows:

∆C = (Cn − Cs)|H=0 = T
∂2

∂T2

∫ Hd

0
M(H)dH = T

∂2

∂T2 AM, (8)

where AM is the designation for the integral of M over H:

AM
i = −

∫ Hd

0
M(H, Ti)dH (9)

If AM is measured at three temperatures, T1, T2, and T3, the second order derivative
may be calculated according to the equations (see scheme of derivation in Figure S4):

T =
T1 + 2T2 + T3

4
(10)

∂2 A
∂T2 (T) = 2

AM
3 −AM

2
T3−T2

− AM
2 −AM

1
T2−T1

T3 − T1
(11)

Values of AM were calculated numerically from the M(H) curves. The resulting values
of ∆C for the sample s200 are shown in Figure 9b. The extrapolation of data to ∆C = 0 gives
T = 2.3 K.

4. Conclusions

Superconducting properties of the arrays of parallel In nanowires with the diameters
of 45 nm, 200 nm, and 550 nm were measured using SQUID magnetometry. The diameter of
45 nm is several times smaller than the coherence length ξ0b , 200 nm is roughly equal to ξ0b ,
and 550 nm is several times greater than ξ0b . The method of arrays fabrication eliminates the
possibility of bulk indium existence in the samples; XRD data showed that used deposition
conditions result in the formation of crystallographically textured nanowires with preferred
orientation along <100> axis.

The qualitative difference was observed in M(H) curves for the nanowires with dif-
ferent diameters. For the arrays of In nanowires with 45 nm and 200 nm diameters, the
magnetization curves are completely reversible, increasing field branch is the same as
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decreasing field branch. For s550 sample, M(H) curves are irreversible. However, no
hysteresis is present in a small field. Presumably, the hysteresis is related to vortex states in
the nanowires thick enough. Moreover, characteristic points are observed which may be
related to shifts between vortex configurations. The emergence of different configurations
is possible if more complicated interaction than repulsion exists between vortices.

Therefore, In, which is a type-I superconductor in bulk state, shows type-II-like
behavior if formed in 550 nm nanowires. Nanowires with a diameter less than ξ0b show
quasi-type-I behavior: no vortex states are possible because of geometrical limitations.
However, the properties of nanowires differ from bulk properties significantly. Critical
fields rise with a decrease In nanowire diameter, rise of critical fields up to 20 times
compared to the bulk critical field was observed. The increase in critical temperature
compared to the bulk values is observed experimentally. The results show wide possibilities
for tuning superconducting properties of nanowires by varying diameters and may be
useful for applications in nanoelectronics.

Further research in this area could be related to studying the properties of supercon-
ducting nanowires in a wider range of diameters to compare the experiment with the
theoretical model quantitatively. Another research direction can be aimed to measuring
the transport properties of superconducting In nanowires. A change in critical fields by
dozens of times should lead to a change in transport properties. Measuring of the transport
properties of the structures composed of several In nanowires (e.g., SQUIDs) is also of great
interest.
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The magnetic moment M as a function of axial magnetic field H for the arrays of In nanowires with
diameter of 45 nm; Figure S3: The magnetic moment M of the arrays of In nanowires with diameter of
550 nm as a function of magnetic field H applied perpendicular to the nanowires; Figure S4: Scheme
of Equation (11) derivation.
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Appendix A

Figure A1. Experimental measurement of the critical field in bulk In as a function of temperature [30].

Table A1. Values of the coherence length and the penetration depth measured in bulk In.

Coherence Length, nm Penetration Depth, nm Reference

260 [31]

324 [32]

270 [33]

70 [34]

43 ± 2 [35]

200 [36]

25 [37]
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