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22 ABSTRACT

23 The investigation of two-dimensional (2D) intrinsic ferromagnetic material is important in the field of spintronics. In this study, the
24 Mn,Ge,Tes monolayer (ML) with intrinsic ferromagnetism was fabricated by using the density functional theory (DFT). The Mn,Ge,Te4
25 Ml is a half metal (HM) with a spin-p bandgap of 1.462 eV. Biaxial strain could be applied to tune the electronic and magnetic properties of
26 Mn,Ge,Tes. The magnetic moment (MM), magnetic exchange parameter (J), band structures, and magnetic anisotropy energy (MAE)

Q2 27 could be effectively controlled by the biaxial strains (¢). It originates that the states near the Fermi level mainly come from the contribution
28 of in-plane atomic orbitals. The MM of Mn monotonously increases as the tensile strains increase. The energy difference between different
29 magnetic orders (AE) and J also change with the strains. The antiferromagnetic-stripy order always has the lowest energy under the strains.
30 As the strains change, AE and ] monotonously change as the direct exchange and super-exchange interactions between Mn atoms vary. As
31 the tensile strain decreases and compressive strain increases (—2.1% < £ < 8%), the gap of spin-P electrons monotonously decreases. The
32 Mn,Ge,Teg Ml changes from a HM to a normal spin-unpolarized metal under larger compressive strains (¢ > —2.1%). When the tensile
33 strains are applied, the MAE monotonously increases to the largest value of —22.3 meV (g = 12%). As the compressive strains increase,
34 the MAE monotonously decreases. Last, the Mn,Ge,Tes Ml changes from an in-plane magnetic anisotropy into a perpendicular magnetic

Q3 35 anisotropy under a larger compressive strain (—11%). It origins that the contribution of hybridization between Te’s py and pz orbitals to the
36 MAE is changed when the strain changes. Our results offer crucial insights into the potential of strain modulation in a 2D Mn,Ge,Tes M,
37 paving the way for future advancements in this field.
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I. INTRODUCTION

In recent years, two-dimensional (2D) materials with strong
magnetic anisotropy and high Curie temperature (T'c) have received
much attention.'™ These materials, possessing ultrathin thickness
and the absence of dangling surface bonds, exhibit heightened sen-
sitivity to external modulation, facilitating the fine-tuning of their
magnetic properties.” However, the Mermin-Wagner theory says
that 2D magnetic materials cannot exist in the isotropic Heisenberg
model at finite temperature.” Hence, 2D ferromagnetic (FM) mate-
rials are rare to find.”"™® Researchers have used many methods
to find more FM materials, increase Tc” and enhance magnetic
stability by the processes of modulating'’™'* and synthesizing.'*™"
In recent years, CrI3,'2’“”2“ Fe3GeTe2,3’”’3"2; VSZ,H’Z(”” and
CrGeTe; (CGT) with intrinsic ferromagnetism have been success-
fully synthesized in the experiments.'>*~** Using the density func-
tional theory (DFT), Zhang et al. demonstrated that chromium
trihalide (SLCT) (CrXs;, X=F, Cl, Br, and I) monolayers (MLs)
constitute a series of stable 2D semiconductors with an intrinsic
FM order."” Further exploration into magnetic anisotropy energy
(MAE) was conducted by Webster et al. They investigated the
strain dependence of the MAE in 2D chromium trihalides CrX;
(X=Cl, Br, and I) MLs."” In a pioneering study, Zhuang et al. pre-
dicted that a mechanically exfoliated Fe;GeTe, Ml had strong perpen-
dicular magnetic anisotropy (PMA) with a MAE of 0.92 meV/fu.””
Furthermore, Kim et al. found antiferromagnetic (AFM) coupling
induced by oxide formation in the Fe;GeTe, layer,” further enriching
interfacial effects in these systems. Ma et al. found that isotropic
strain enhances the magnetic properties of a pristine 2D VX, (X=S§,
Se) ML, with both magnetic moment (MM) and coupling strength
increasing accordingly.”® Chittari et al. investigated the electronic and
magnetic properties of 2D transition-metal chromium-based phos-
phates MPX; (M =V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and X =S, Se,
Te)."* However, transition metal dichalcogenides (TMDCs) are pre-
dominantly nonmagnetic. Researchers have identified CGT as a ferro-
magnet and demonstrated that strain is an effective method of tuning
magnetic properties.”’ Previous studies of CGT were based on defect
and compositional engineering or proximity effects, which introduced
magnetic response only locally or externally. Therefore, Gong et al.
investigated the intrinsic long-range FM order in pristine Cr,Ge,Tes
atomic layers and achieved unprecedented control over the transition
temperature.” On the basis of successfully synthesized 2D Crl; and
CGT, Huang et al. made a significant enhancement of ferromagne-
tism by lowering the virtual exchange gap through heterovalent
alloying, ™

There are relatively few 2D FM materials that have been syn-
thesized, and therefore, in this study, we perform calculations to
explore novel materials and uncover their properties. Ideal 2D mag-
netic materials are expected to have a high Tc,”” a large MAE,”™°
controllable electromagnetic properties,” and so on. For a half
metal (HM),”” one spin channel is insulating or semiconducting in
nature, while the other channel is conducting.”® As a result, HMs
could get 100% spin polarized current.”” Moreover, HMs are
expected to have a higher Tc, and the gap should be large enough
to prevent the thermally agitated spin-flip transition and preserve
half-metallicity at room temperature.”” In addition, a large MAE is
essential to generate a potential well, to stabilize the process of
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magnetization in a certain direction (easy magnetization direction)
against thermal fluctuations.”’ Therefore, magnetization will not be
affected by thermal fluctuation.""' Consequently, a larger MAE is
needed.'”*! In the synthesis of 2D materials, substrates are neces-
sary, but a lattice mismatch between substrates and 2D materials
often poses a challenge. Accordingly, strain should be consid-
ered.””” Additionally, biaxial strain could effectively control both
magnetic and electronic properties, as the states near the Fermi
level are predominantly supplied by in-plane atomic orbitals.**~**
Therefore, we use strain to regulate the magnetic properties in this
work.

In this article, we performed a study on the properties of
Mn,Ge,Tes (MGT), using the DFT. Mn,Ge,Tes shows an intrinsic
FM order, which originates from the super-exchange interaction of
the Mn and Ge atoms. Mn,Ge,Teg is a HM, whose spin-f electron
is a semiconductor with an indirect gap of 1.462 eV. The magnetic
easy axis (EA) prefers to be an in-plane magnetic anisotropy
(IMA), originating from indirect spin-orbital coupling (SOC).
Mn,Ge,Tes shows good dynamical and thermal stability. Biaxial
strain could effectively control the magnetic and electronic proper-
ties, as the states near the Fermi level are mainly contributed by
in-plane atomic orbitals. Our results indicate that Mn atoms ferro-
magnetically couple with each other under tensile and compressive
strains (€ < 10%). The energy difference between FM and AFM
orders (AE) initially decreases, which is attributed to the change in
exchange interaction between Mn and Te atoms when the tensile
strain increases. The magnetic exchange parameter (J) also changes
as the strains change the direct and super-exchange interactions.
Additionally, Mn,Ge,Tes could be transferred from a HM to a
spin-polarized metal as the compressive strain (e < 2.1%) is
increased. However, Mn,Ge,Te; is still a HM with a FM order
under tensile strains. The MM changes under strains for the
different charge transfers. The MM initially increases as the tensile
strain increases. Mn,Ge,Tes tends to be an IMA, with a MAE
of —13.2 meV/f.u. When the larger compressive strain (€ > 11%) is
applied, the EA could be switched from the [100] to the [001]
direction. The EA remains in the plane under tensile strains and
compressive strains (€ < 11%). The MAE monotonously increases
as the tensile strain increases. However, the MAE monotonously
decreases as the compressive strains increase. It origins that the con-
tribution of hybridization between Te’s py and pz orbitals to the
MAE is changed when the strain changes. Moreover, Mn,Ge,Tes
shows good dynamic stability under strains. Our results provide con-
trollable magnetoelectric properties of Mn,Ge,Tes, which are useful
for new magnetoelectric devices.

Il. COMPUTATIONAL DETAILS

In this study, we performed first-principles calculations within
the framework of a spin-polarized DFT using the Vienna Ab initio
Simulation Package (VASP).*® Electron exchange interactions were
described by the generalized gradient approximation (GGA)'
parameterized Perdew-Burke-Ernzerhof (PBE) method.”””** The
Mn’s 3d electron was studied with hybrid-functional HSE06"**’
and the LDA + U method. The energies with different orders, band
structures, and density of states (DOS) were calculated by using the
HSE06 functional, while the MAE, phonon spectra, and molecular

J. Appl. Phys. 136, 000000 (2024); doi: 10.1063/5.0239431
© Author(s) 2024

136, 000000-2


https://pubs.aip.org/aip/jap

PROOF COPY [JAP24-AR-05591]

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

151 dynamics were examined by the LDA + U method. Chittari et al.
152 investigated carrier- and strain-tunable intrinsic magnetism in two-
153 dimensional MAX; transition metal chalcogenides and found that
154 it was appropriate to take the value of Uy as 4 meV.”’ The on-site
155 effective Coulomb interaction parameter (U) was set to 4.60 eV,
156 and the exchange interaction parameter (J,) was set to 0.60 eV.
157 Accordingly, the effective Ueff (Ueff = U —J0) was 4.00 eV, 8
158 and the corresponding magnetic and electronic properties were
159 consistent with the HSE06 functional. A vacuum space of 16 A in
160 the z direction was implemented to prevent virtual interaction. The

161 kinetic energy cutoff was set as 300 eV for optimizing the geometry
162 and calculating the energy. The geometries were fully relaxed until @
163 energy and force converged to 107° eV and 1 meV/A, respectively. Mn Mn

164 Also, 9 X 9 x 1, 16 x 16 x 1 Monkhorst—Pack grids were used for Mn-3d Te-5p
s . . 51 -

165 geometry optlmlzatl(?n and energy calculation, respectlyely. Direct exchange Super exchange

166 For the calculation of the MAE, we employ a nonlinear mode f

167 with the SOC effect. In the MAE calculation, the total energy con- (f) Te- (9) Te-

168 verges to 1 x 1078 eV. The MAE is usually small, due to the 3 » ?" _ 3 — pV;

169 impact of SOC. Because the calculation of the MAE is sensitive to
170 the parameters, the k-mesh test is performed. A 19 x 19 x 1
171 k-mesh is adopted without any symmetric constriction, as shown
172 in Fig. S1 in the supplementary material. The MAE is calculated
173 with an energy cutoff of 400 eV and a total energy convergence of
174 1 x 1078 eV. The phonon spectra and DOS are calculated using
175 the finite displacement method as implemented in Phonon
176 Package.”” A 4 x 4 x 1 cell is adopted in the calculation. The total
177 energy and the Hellmann-Feynman force converges to 1075 eV
178 and 1 meV/A in the phonon spectra calculation, respectively. Six
179 thousand uniform k-points along high-symmetry lines are utilized
180 to obtain phonon spectra.

181 1ll. RESULTS AND DISCUSSION
182 A. Geometry of the Mn,Ge,Teg Ml

183 We performed GGA calculations to investigate the influence
184 of strain effects on the electromagnetic properties of the
185 Mn,Ge,Tes ML Before studying the Mn,Ge,Tes Ml system, we
186 optimized the lattice parameter of Mn,Ge,Tes. The optimized
187 geometries of the Mn,Ge,Tes Ml are depicted in top, side 1
188 (along the x axis) and side 2 (along the y axis) views, as shown in
189 Figs. 1(a), 1(b), and 1(c), respectively. The corresponding optimized
190 lattice parameter (d;) is a=b=6.968 A, which is larger than
Q6 191 5.989 A of CGT,'” and 6.881 A of Co,Ge,Te,.”* It origins that the
192 radius of the Mn atom (137 pm) is larger than that of the Cr
193 (125 pm) and Co atoms (125 pm). The bond length between Mn
194 and Te atoms is 2.915 A, while the bond length between Ge and Te
195 atoms is 2.617 A. The bond length between Ge and Ge atoms is
196 2.477 A. The distance between the Mn layer and the Ge layer (d,)

197 is 1.239 A, while the distance between the Te layer and the Ge layer -3F r KF |"-3F r KF T

198 (ds) is 3.769 A. From the optimized geometry, we can find that the

199 MnZGezTelG% Ml presents theg4D3d point group, which is the same FIG. 1. (a) Top, (b) side 1 (along the x axis), and (c) side 2 (along the y axis)
200 with CGT ~ and Co,Ge,Tes.”” Also, we can see that the Mn atom views of optimized geometries of the Mn,Ge,Tes MI. The purple, blue, and
201 is at the center of the octahedron. green balls represent Ge, Te, and Mn atoms, respectively. (d) Direct and
202 We used a 2 x 2 x 1 supercell, each containing two Mn (e) super-exchange interactions. (f)—(i) The atom projected band structures.

(f) Te-py, (9) Te-py, (h) Mn-d,,, and (i) Mn-d,, projected band structures of the
Mn,Ge,Teg MI. The red and blue lines represent spin-o. and spin-B electrons,
respectively. The Fermi level is set to 0 eV.

203 atoms. Thus, there are two magnetic orders: FM and AFM orders.
204 The total MM of the FM order is 8.00 ug, while the AFM order is
205 0.00 up. The spin charge densities of the FM and AFM orders are
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shown in Figs. S2(a)-S2(d) in the supplementary material, respec-
tively. From the spin charge density, we can see that 4.365 g MM
is mainly localized in the Mn atom with a high-spin octahedral d°
configuration, while the MM of the Ge and Te atoms are —0.020
(0.01 x 2) and —0.876 (0.146 x 6) up, respectively. To describe
magnetic stability, the AE is defined as AE = EAFM — EFM. The
AE is 0.123 eV, indicating that the Mn,Ge,Tes Ml shows the FM
order. The ground state is determined by the competition between
the direct exchange and the super-exchange interactions, as shown
in Figs. 1(d) and 1(e), respectively. In Mn,Ge,Tes, the super-
exchange interaction is stronger than the direct exchange interac-
tion, and the Mn-d and Te-p orbitals’ super-exchange interaction is
dominant in determining the order of Mn,Ge,Tes, which is similar
to Crl; and CGT."” The super-exchange interaction arising from
the hybridization of the Mn-d and Te-p orbitals dominates, result-
ing in a FM order of the Mn,Ge,Tes M. The states near the Fermi
level are mainly contributed by the Te’p orbitals and partially pro-
vided by Mn’s dxy and dyz orbitals, shown in Figs. 1(f)-1(i). The
energy of the FM and AFM orders changes at different strains,
which are shown in Fig. S3 in the supplementary material.

Here, we calculate the Te-p,, Te-p,, Mn-d,., and Mn-d,, pro-
jected band structures of the Mn,Ge,Tes M, as shown in
Figs. 1(f)-1(i), respectively. The partial density of states (PDOS) of
Mn atoms’ d orbitals is also calculated with the HSE06 functional,
as shown in Fig. $4 in the supplementary material. The charge den-
sities of the VBM contributed by the spin-p electrons at the I'
point are also calculated with the HSE06 functional, as shown in
Fig. S5 in the supplementary material. It can be concluded that the
spin-o. electrons partially occupy the Fermi level, which implies
that its channel is conductive. In contrast, the spin-B electron
channel is insulating in nature. Therefore, Mn,Ge,Tes is a HM.
There are eight Mn atoms in a 2 x 2 x 1 cell, and the total MM for
the FM order amounts to 32.0 u5. Moreover, three different AFM
orders are considered, including AFM-zigzag (AFM-Z),
AFM-stripy (AFM-S), and AFM-Néel (AFM-N) orders. For the
AFM order, four Mn atoms have 16.0 up, while the other four Mn
atoms have —16.0 uz. Consequently, the total MM of the AFM
order equals 0.0 u. The spin charge density difference is shown in
Fig. S2 in the supplementary material. The highest energy of the
AFM-Z order is 0.637 eV higher than the FM order, and the
second highest energy of the AFM-N order is 0.614 eV, as shown
in Figs. S2(b) and S2(d) in the supplementary material,
respectively.

The AFM-stripy (AFM-S) order exhibits an energy of
0.457 eV, which is higher than that of the FM order, as illustrated
in Fig. $2(c) in the supplementary material. The corresponding J;,
J2, and J3 are 13.6, 7.5, and 12.0 meV for the Mn,Ge,Tes MI, as
shown in Fig. S2(e) in the supplementary material. Both the
nearest- and the next-nearest-neighbor Mn atoms exhibit a FM
order. It can be concluded that J; can be compared with J;. Similar
phenomena occur in other materials such as NiCl,, NiBr,, and
Nil,.'® Notably, both the nearest-neighbor and the next nearest-
neighbor Mn atoms show FM coupling.

Ma et al. reported two intrinsically ferromagnetic vdW mate-
rials with T, higher than room temperature, including the T, of
MnGeTe; up to 349 K. We also calculated that the T, is about
376 K, as shown in Fig. S6 in the supplementary material, which is
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in general agreement with this result.”” The mechanical properties
of Mn,Ge,Tes are also investigated. Mn,Ge,Tes is applied with a
strain ranging from -10% to 10%. When installing low-
dimensional materials on a brittle substrate, bending and stretching
strains can be applied experimentally.””” The corresponding
strains can be as high up to 10%. In addition, strains can be
applied by nanoindentation under atomic force microscopy.”
Supersaturation strains can be applied using a diamond anvil cell.”®

B. Magnetization modulation

In-plane strains are often used to modulate magnetism,”’
including the MMs of atoms, the energies of different magnetic
orders, and the exchange interaction between magnetic atoms.

In Mn,Ge,Tes, the strain can change the atomic MM and
enhance or attenuate the FM order. The MMs of various elements
constantly change with the direction and magnitude of the applied
strains. As shown in Fig. 2(a), the MMs of the Mn and Ge atoms
monotonously increase with the strains (—2% < & < 10%). In con-
trast, the MM of the Te atom monotonously decreases as the

9 6 3 0 3 6 9
L (b) _O_A Ezigzag
- _O-AEs(ripy

g

FIG. 2. (a) The MM of the Mn, Ge, and Te atoms change with the biaxial
strains. (b) The energy difference between AFM-Z, AFM-S, AFM-N, and FM
orders changes with strains. (c) The Jq, Jp, and J3 change with the biaxial
strains.
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compressive strain decreases, and it also decreases as the tensile
strain increases. The MMs of the Mn, Ge, and Te atoms are (4.389,
0.016, —0.15), (4.418, 0.022, —0.155), and (4.45, 0.028, —0.162) 115,
respectively, applying compressive strains of —3%, —6%, and —9%
to the Mn,Ge,Tes Ml. When the tensile strains of 3%, 6%, and 9%
are applied to the Mn,Ge,Tes M1, the MMs of the Mn, Ge, and Te
atoms are (4.356, 0.007, —0.14), (4.373, 0.008, —0.103), and (4.361,
—0.005, —0.093) up, respectively. This suggests that the occupation of
each atom near the Fermi level varies with strains, as shown in the
DOS plot in Fig. S7 in the supplementary material. Simultaneously,
the AE varies with in-plane strains, as shown in Fig. 2(b). J;, J,, and
Js also vary with the strains, as shown in Fig. 2(c). Mn,Ge,Tes
maintains the FM order upon strains, while AFM-stripy still
has the second lowest energy. The minimum energy difference
between the AFM-stripy and the FM orders AEAFM-Stripy
(AEAFM-Stripy = EAFM-Stripy — EFM) also varies with the strain.
The AEAFM-Stripy of the Mn,Ge,Tes Ml are 0.372, 0.071, and
0.231 eV, respectively, applying compressive strains of —3%, —6%, and
—9%. The AEAFM-N/e el (AEAFM-N/t el = EAFM-N/t el — EFM)
are 0.420, 0.266, and 0.388 eV, respectively, and the AEAFM-Zigzag
(AEAFM-Zigzag = EAFM-Zigzag — EFM) are 0.393, 0.123, and
0.257 eV, respectively. The corresponding J1, J2, and J3 are (12.5, 5.4,
5.0), (6.7, —1.1, 4.4), and (11.3, 1.6, 4.8) meV. When the tensile
strains of 3%, 6%, and 9% are applied to the Mn,Ge,Tes M, the
AEAFM-Stripy of the Mn,Ge,Tes Ml are 0.359, 0.334, and 0.225 ¢V,
respectively. The AEAFM-N/e el are 0.645, 0.664, and 0.463 eV. Also,
the AEAFM-Zigzag are 0.642, 0.652, and 0.536 eV. The corresponding
71,72, and J3 are (11.3, 5.6, 15.6), (10.8, 5.0, 16.8), and (4.7, 4.7, 14.6)
meV. These findings suggest that in-plane strains can effectively mod-
ulate direct exchange and super-exchange interactions.

This is most likely caused by a change in electron occupation
in the d orbitals. As shown in Fig. S4 in the supplementary
material, we plotted the PDOS of the Mn atom and found that the
electron occupancy of the Mn atom’s d orbitals changed. We spec-
ulate that the strain modulates the MM, direct exchange interac-
tion, and super-exchange interaction.

C. Biaxial strains modulate electronic properties

Biaxial strains are also used to control the electronic properties
of 2D materials.”” AE monotonously increases as the tensile strain
increases, and Mn,Ge,Teg is a HM under tensile strains. When the
tensile stains of 2%, 4%, 6%, 8%, and 10% are applied, the corre-
sponding dyin-mn is 4.130, 4.184, 4.264, 4.345, and 4.425 A. Under
12% enlarged strain, the corresponding lattice parameter a and
drin-Mn are 7.804 and 4.506 A. As the lattice parameter increases,
the corresponding dyin-mn also increases. It means that the direct
exchange and super-exchange interactions weaken, causing a
decrease of AE.

Mn,Ge,Tes maintains the FM order, as AE is always negative
under strains. This underscores the superior stability of the FM
order. AE monotonously increases with the application of tensile
strains, as shown in Fig. 3(a). AE is —133.55 meV without strain,
and AE is —149.58 meV under 2% tensile strain. When the tensile
strain increases to 6%, AE is —195.18 meV. AE further increases to
—214.08 meV under 8% tensile strain. This indicates that the FM
order becomes more stable with the application of tensile strains.
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FIG. 3. (a) AE between FM and AFM orders and E; — 8 change with the
biaxial strains. (b)-(g) The band structures change with the biaxial strains. The
spin-polarized band structures modulated by the strains of (b) —8%, (c) —4%,
(d) —2%, () 2%, (f) 6%, and (g) 8%, respectively. The red and blue lines rep-
resent spin-o. and spin-f electrons, respectively.

However, the effects of compressive strains are complex. AE is
—86.17meV under —2% compressive strain, while AE is
—85.25meV under —4% strain. AE is —101.4 meV under —8%
compressive strain. AE monotonously increases under the strains
(—2.7% < & < 12%). In contrast, AE monotonously decreases

under the strains (—7% < & < —2.7%). When applying larger
compressive strains (—10% <& < —7%), AE monotonously
increases again.

Moreover, strain affects the electronic structure of the

Mn,Ge,Teg Ml The Mn,Ge,Tes Ml is a HM with E; — B of 1.462 eV
without strain. The band structures change with the biaxial strains, as
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shown in Figs. 3(b)-3(g). Eg — B changes with tensile strain, while
Mn,Ge,Tes is always a HM. E; — B is 1.244eV under 2% tensile
strain, as shown in Fig. 3(e). E; — B increases to 1.342 eV when 6%
tensile strain is applied, as shown in Fig. 3(f). E; — B follows the rela-
tionship Eg — B = 1.417 + 10.413varepsilon( — 0.02 < £ < 0.06).
E; — B is 1.359 eV, under 8% tensile strain, as shown in Fig. 3(g).

3 When —2% compressive strain is applied, E; — B is 1.185¢eV, and

Mn,Ge,Tes remains a HM, as shown in Fig. 3(d). When —2.7% com-
pressive strain is applied, E; — B becomes 0eV and the Mn,Ge,Teq
Ml transforms into metal. E; — B remains 0eV, when compressive
strains (—10% < & < —2.7%) are applied, as shown in Figs. 3(b)
and 3(c), respectively. This suggests that the occupation of each atom
near the Fermi level varies with strains, as shown in Fig. S7 in the
supplementary material.

D. Magnetic anisotropy properties and MAE
modulation

The shift of the MM from a soft axis (EA) to a hard axis
necessitates energy expenditure to overcome the “energy barrier.”*
This required energy is referred to as MAE."' Materials with high
MAE demonstrate enhanced magnetic stability.”’

The lattice parameters of the material can be changed by
applying strain, thereby changing the magnetic anisotropy.’’
Consequently, in-plane strain is widely used to modulate the MAE
of 2D materials.”” The MAE changes with different strains, as
shown in Figs. 4(a)-4(e). When strains are applied to Mn,Ge,Te,
AEO (AEO = E — E[001]) is used to describe the MAE. The AEQ
changes with 6, following this equation:

AEy = K cos? 8 + K; cos* 0 + K;cos°0. (1)

K; and K, denote the contribution of the quadratic and
quartic parts to the MAE, respectively.K3 approximately equals 0,
which could be negligible. Hence, Eq. (1) is simplified into the fol-
lowing equation:

AE, = K; cos® 0 + K, cos* 6. 2)

When —10% and —6% strains are applied, the AEO could be

calculated by wusing the following equations: AE, (meV)
= —0.603 cos® @+ 0.027cos*® and AE, (meV) = —7.17 cos? 0
+1.50cos* 6. The corresponding MAEs are —0.546 and

—5.63 meV/fu. When the tensile strains of 6% and 10% are
applied, the AE; could be obtained from the following equations:
AEy (meV) = —14.4cos* 6 — 1.14cos* 0 and AE, (meV) = —3.3cos* 6
—0.359cos*6. The corresponding MAEs are —1571 and
—18.49meV/fu. Also, we calculate that the EA direction of
MnGeTe; is along the [100] direction, and the MAE of MnGeTe;
is about 132044V, which is the same as the calculations of
Chittari et al.”’

MAE is important for the storage of magnetic information,
while PMA is of great significance.”>*” To clarify the switch of the
EA, it is necessary to determine the contribution of each atomic
orbital to the MAE of Mn,Ge,Tes. Furthermore, explaining the
relationship between MAEs and strains is paramount. Tight
binding and second-order perturbation theory are used to calculate
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FIG. 4. (a) MAEs change with the biaxial strains. The energy varies as a func-
tion of the polar angle 8 of magnetization for the Mn,Ge,Teg MI. The energy
varies with different in-plane strains of (b) —10%, (c) —6%, (d) 6%, and
(e) 10%, respectively.

MAE. According to the canonical formula, each atom’s contribu-
tion to MAE can be calculated by using the following formula:***°

MAE; = U Er(E — Ep) [ /() — n®Y(B)]|, 3)

where MAE; presents the MAE contributed by atom i. n!'®! and

n,[om] mean the DOS with the EA along the [100] and [001] direc-
tions, respectively. The following formula is used to calculate the

total MAE:
MAEq = ) MAE, )

where MAE, is the sum of MAE,;. Given the second-order pertur-
bation theory, the MAE can be calculated by using the following
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TABLE |. The matrix differences for d orbitals between magnetization along the
[001] and [100] directions in Egs. (5) and (6).

+ —

0 0
u- dxy dyz dzz dxz dxz —y? dxy dyz dzz dxz dxz -2
dyy 0 0 0 1 —4 0 0 0 -1 4

> 0 0 3 -1 1 0 0 -3 1 -1
d, 0 3.0 0 0 0 -3 0 0 0
d,. 1 -1 0 0 0 -1 1 0 0 0
de_yp —4 0 0 0 4 -1 0 0 0
equations:

AE~ =E,~ —E,~
=23 (<o lLlu P —| <o |Lu” > PUE, ~E,),

otu~

)

AE"" =El" —E/~
=&Y (<ot |Llu P — | < oF [Lefu” > PI(E, —E,),

ot,u~

(6)

where + and - mean spin-o. and spin-p states, and &, Ly, and L,
represent the SOC constant and angular momentum operators in
the [100] and [001] directions, respectively. u and o represent
unoccupied and occupied states, respectively. E, and E, represent
the energies of unoccupied and occupied states, respectively. The
MAE is primarily composed of spin orbital matrix elements and
energy differences. The MAE is related to the DOS near the Fermi
level. The matrix element differences | <o |L |u |* — |
<o |Lyu >|*and | < o"|L |u > = | < oF|Lyju~ > |* of the d
and p orbitals are calculated, as shown in Tables I and II, respec-
tively. In order to clarify Mn’s contribution to the MAE, the matrix
differences for the d orbitals, including the d,, d,., d2, ds, and
d,2_,2 orbitals between the EA along the [100] and [001] directions
are calculated, as shown in Table 1.

To further explain the variation of the MAE with strains, we
also calculated the atomic orbital decomposition MAE, as shown in
Figs. 5(a)-5(i). It can be concluded that the MAE partly comes
from Mn [Figs. 5(a)-5(c)] and Ge atom contributions [Figs. 5(d)-
5(f)] but mainly from Te atom contributions [Figs. 5(g)-5(i)].

TABLE Il. The matrix differences for p orbitals between the EA along the [001] and
[100] directions in Egs. (5) and (6).

() o
u Py P Px Py P Px
b, 1 -1 0 -1 1
P, 1 0 0 -1 0 0
P -1 0 0 1 0 0
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Wang. et al. investigated the ferroelectric control of magnetic
anisotropy in a multiferroic heterostructure EuSn,As,/In,Se; and
found that the f(p) orbitals of Eu (Sn and As) atoms were the
primary contributors to the SOC-MAE.** They found that the con-
tributions from the As and the Sn atoms stemmed from the inter-
orbital couplings between py and pz orbitals, as well as between px
and py orbitals, which are similar with our results. The orbital-
resolved MAE of intrinsic Mn,Ge,Tes without strain is shown in
Figs. 5(a), 5(d) and 5(g). The total MAE is —13.40 meV/fu. Te

427
428
429
430
431
432
433
434
435

atoms provide —11.95meV/fu. In addition, the Te atoms of 436

Mn,Ge,Teg contribute —11.76 (2.94 x4) meV/f.u. to the total
MAE, while Mn and Ge atoms’ contribution could be negligible.
However, Cr atoms provide 0.06 (0.03 x 2) meV/f.u. The Te atoms
supply 0.12 (0.03 x 4) and Ge atoms provide —0.050 (—0.025 x 2)

437
438
439
440

meV/fu. to the total MAE of the CGT ML.®” Thus, the MAE of 441

Mn,Ge,Tes is larger than CGT. When 6% strain is applied, the
hybridizations between Mn’s d orbital and Ge’s p orbital are
similar, with neutral Mn,Ge,Tes, as shown in Figs. 5(b) and 5(e).
However, the hybridization between Te’s p orbitals changes, totally
providing —15. 01 meV/fu. The contribution of hybridization
between Te’s py and pz decreases to —18.36 meV/f.u., as shown in
Fig. 5(h). Correspondingly, the MAE increases to —15.71 meV/fu,,
as shown in Fig. 4(a). When —6% strain is applied to Mn,Ge,Te,
the orbital-resolved MAE of Mn,Ge,Tes is shown in Figs. 5(c), 5(f)
and 5(i). Specifically, the hybridizations between Te’s px and pz
orbitals and py and pz orbitals get weakened, as shown in Fig. 5(i).
Consequently, their contribution to the total MAE reduces to
—5.28 meV/f.u. Eventually, the MAE decreases to —5.63 meV/fu,
as shown in Fig. 4(a).

Meanwhile, matrix differences for the p orbitals are calculated
to clarify the Ge and Te atoms’ contribution to the MAE. The
matrix differences for the p orbitals, including the py, pz, and px
orbitals between the EA along the [100] and [001] directions are
calculated, as shown in Table IL

As a result, we can see that the hybridization of the Mn dyz and
dz? orbitals makes positive contributions to the MAE, resulting in a
matrix difference of 3 for the d orbitals, as shown in Table I. The
hybridization of the dxy and d,>_,> orbitals makes a negative contri-
bution to the MAE, corresponding to a matrix difference of —4 for
the d orbital. Compared with the Co,Ge,Tes MI, the hybridization
between Co’s dxy and d,>_,> orbitals makes a negative contribution
to the MAE (-0.22 and —0.15meV), which corresponds to the
matrix differences of —3 and —4 for the d orbitals, respectively.”* The
Ge atoms’ contribution to the MAE is negligible compared with that
of the Te atoms. The hybridization between the spin-p-occupying p,,
and the spin-B-occupying pzorbital of Te is beneficial for the IMA
(negative value), corresponding to the matrix difference of —1 for the
p orbital. However, the hybridization between the spin-B-occupying
pz and the spin-B px orbital is beneficial for the PMA (positive
value), corresponding to the matrix 1 for the p orbital, as shown in
Table II. In general, the total MAE is almost dominated by the
hybridization between Te’s py and pz orbitals.

E. Dynamic stability

The phonon band structure and DOS of the Mn,Ge,Gegs Ml
is also calculated with the LDA + U method, as shown in Fig. S8
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FIG. 5. Orbital-resolved MAE of Mn,Ge,Teg with biaxial strains of 0, 6%, and —6%, respectively. The orbital-resolved MAE of Mn,Ge,Teg changes with strains of (a), (d),

and (g) 0, (b), (e), and (h) 6%, and (c), (f), and (i) —6%, respectively.

in the supplementary material. The dynamic stability of
Mn,Ge,Tes after applied strain is confirmed by the phonon dis-
persion curves and phonon DOS,” with no obvious virtual
phonon modes, as shown in Figs. 6(a)-6(h). For instance, consid-
ering the application of 6% tensile strain and —6% compressive
strain, the highest vibrational frequencies are 7.389 and
8.135 THz, respectively, as shown in Figs. 6(a) and 6(e). From
Figs. 6(b), 6(d), 6(f), and 6(h), we can see that at low frequencies
(Olte < 3 THz), the contribution mainly comes from Te atoms,
while Ge atoms make a higher contribution to the high frequency
(6lte < 8 THz). The main contribution of the Mn atoms is to the
intermediate frequency (4lte < 5 THz). This result corresponds to
that of the phonon band. We find that the Mn,Ge,Tes under

different strains are thermodynamically stable, resulting from

495

their lowest frequencies are above 0. The highest frequency of 496

intrinsic Mn,Ge,Teg is 7.39 THz, while these values are 7.36 (9%)
and 7.39 THz (6%) under tensile strains, respectively. In contrast,
the highest frequencies of Mn,Ge,Tes are 8.60 (—9%) and
8.14THz (—6%) under compressive strains, respectively. The
highest phonon frequency corresponds to the frequency of the
telescopic vibration, which is related to the bonding level.

Thus, the highest phonon frequency is related to its thermal
conductivity. A higher telescopic vibration frequency indicates a
stronger bond level and enhanced thermal conductivity. Therefore,
we find that compressive strain improves the thermal conductivity
of the Mn,Ge,Tegz Ml.
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FIG. 6. (a), (c), (€), and (g). The phonon band structures and (b), (d), (f), and (h) DOS of the Mn,Ge,Teg MI. The phonon band structure under the biaxial strains of
(a) 6%, (c) +9%, (e) —6%, and (g) —9%, and the corresponding phonon DOS are calculated with the LDA + U method.

IV. CONCLUSION

In summary, our investigation delved into the strain modula-
tion of the electromagnetic state and its impact on the magnetic
anisotropy of the Mn,Ge,Tes Ml under in-plane compressive and
tensile strains, employing the DFT. We found the intrinsic ferro-
magnetism of the Mn,Ge,Tes M, which arises from super-
exchange interactions between Mn and Te atoms. We explored the
electronic and magnetic properties of Mn,Ge,Tes across in-plane
strain rates ranging from 10% to —10%. The Mn,Ge,Tes MI shows
a HM under tensile strains, while it can be transferred into a spin-
polarized metal under compressive strains. Notably, while
Mn,Ge,Tes maintains the FM order, strain induces a notable

alteration in its MM, J, and MAE. This phenomenon shows the
sensitivity of MAE to variations of strain, as the contribution of
hybridization between Te’s py and pz orbitals to the MAE changes.
Meanwhile, Mn,Ge,Tes always shows good dynamic stability,
under both compressive and tensile strains. This effective manipu-
lation of Mn,Ge,Tes Ml magnetism through strain application
holds promise for broadening its applications in spintronics.

SUPPLEMENTARY MATERIAL

See the supplementary material for the convergence of MAE
is tested with different k-meshes, spin charge density differences
and exchange interactions, energy with FM and AFM orders
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calculated with the HSE06 functional, the Mn d orbitals’ PDOS of
the Mn,Ge,Tes ML, the charge densities of the VBM of spin-f elec-
trons at the " point calculated with the HSE06 functional, the Mn
orbitals’ PDOS under strains of —8%, —4%, —2% 3%, 6%, and 9%,
the phonon band structure and DOS of the Mn,Ge,Tes MI calcu-
lated with the LDA + U method, and the phonon band structure
and DOS of the CGT ML calculated with the LDA + U method.
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