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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 Mn2Ge2Te6 monolayer (ML) with intrinsic ferromagnetism was fabricated by using the density functional theory (DFT). The Mn2Ge2Te6
25 Ml is a half metal (HM) with a spin-β bandgap of 1.462 eV. Biaxial strain could be applied to tune the electronic and magnetic properties of
26 Mn2Ge2Te6. The magnetic moment (MM), magnetic exchange parameter (J), band structures, and magnetic anisotropy energy (MAE)
27 could be effectively controlled by the biaxial strains (ε). ItQ2

¶
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 (ΔE) and J also change with the strains. The antiferromagnetic-stripy order always has the lowest energy under the strains.
30 As the strains change, ΔE and J 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% , ε , 8%), the gap of spin-β electrons monotonously decreases. The
32 Mn2Ge2Te6 Ml changes from a HM to a normal spin-unpolarized metal under larger compressive strains (ε . �2:1%). When the tensile
33 strains are applied, the MAE monotonously increases to the largest value of −22.3 meV (ε ¼ 12%). As the compressive strains increase,
34 the MAE monotonously decreases. Last, the Mn2Ge2Te6 Ml changes from an in-plane magnetic anisotropy into a perpendicular magnetic
35 anisotropy under a larger compressive strain (�11%). ItQ3

¶
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 Mn2Ge2Te6 Ml,
37 paving the way for future advancements in this field.

38 © 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

39
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0239431
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40 I. INTRODUCTION

41 In recent years, two-dimensional (2D) materials with strong
42 magnetic anisotropy and high Curie temperature (Tc) have received
43 much attention.1–3 These materials, possessing ultrathin thickness
44 and the absence of dangling surface bonds, exhibit heightened sen-
45 sitivity to external modulation, facilitating the fine-tuning of their
46 magnetic properties.4 However, the Mermin–Wagner theory says
47 that 2D magnetic materials cannot exist in the isotropic Heisenberg
48 model at finite temperature.5 Hence, 2D ferromagnetic (FM) mate-
49 rials are rare to find.2,6–8 Researchers have used many methods
50 to find more FM materials, increase Tc9, and enhance magnetic
51 stability by the processes of modulating10–12 and synthesizing.12–15

52 In recent years, CrI3,
12,16–20 Fe3GeTe2,

2,13,21–25 VS2,
14,26–29 and

53 CrGeTe3 (CGT) with intrinsic ferromagnetism have been success-
54 fully synthesized in the experiments.15,30–34 Using the density func-
55 tional theory (DFT), Zhang et al. demonstrated that chromium
56 trihalide (SLCT) (CrX3, X = F, Cl, Br, and I) monolayers (MLs)
57 constitute a series of stable 2D semiconductors with an intrinsic
58 FM order.17 Further exploration into magnetic anisotropy energy
59 (MAE) was conducted by Webster et al. They investigated the
60 strain dependence of the MAE in 2D chromium trihalides CrX3

61 (X = Cl, Br, and I) MLs.19 In a pioneering study, Zhuang et al. pre-
62 dicted that a mechanically exfoliated Fe3GeTe2 Ml had strong perpen-
63 dicular magnetic anisotropy (PMA) with a MAE of 0.92meV/f.u.22

64 Furthermore, Kim et al. found antiferromagnetic (AFM) coupling
65 induced by oxide formation in the Fe3GeTe2 layer,

25 further enriching
66 interfacial effects in these systems. Ma et al. found that isotropic
67 strain enhances the magnetic properties of a pristine 2D VX2 (X = S,
68 Se) ML, with both magnetic moment (MM) and coupling strength
69 increasing accordingly.28 Chittari et al. investigated the electronic and
70 magnetic properties of 2D transition-metal chromium-based phos-
71 phates MPX3 (M =V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and X = S, Se,
72 Te).14 However, transition metal dichalcogenides (TMDCs) are pre-
73 dominantly nonmagnetic. Researchers have identified CGT as a ferro-
74 magnet and demonstrated that strain is an effective method of tuning
75 magnetic properties.31 Previous studies of CGT were based on defect
76 and compositional engineering or proximity effects, which introduced
77 magnetic response only locally or externally. Therefore, Gong et al.
78 investigated the intrinsic long-range FM order in pristine Cr2Ge2Te6
79 atomic layers and achieved unprecedented control over the transition
80 temperature.15 On the basis of successfully synthesized 2D CrI3 and
81 CGT, Huang et al. made a significant enhancement of ferromagne-
82 tism by lowering the virtual exchange gap through heterovalent
83 alloying.32

84 There are relatively few 2D FM materials that have been syn-
85 thesized, and therefore, in this study, we perform calculations to
86 explore novel materials and uncover their properties. Ideal 2D mag-
87 netic materials are expected to have a high Tc,35 a large MAE,35,36

88 controllable electromagnetic properties,36 and so on. For a half
89 metal (HM),37 one spin channel is insulating or semiconducting in
90 nature, while the other channel is conducting.38 As a result, HMs
91 could get 100% spin polarized current.30 Moreover, HMs are
92 expected to have a higher Tc, and the gap should be large enough
93 to prevent the thermally agitated spin-flip transition and preserve
94 half-metallicity at room temperature.39 In addition, a large MAE is
95 essential to generate a potential well, to stabilize the process of

96magnetization in a certain direction (easy magnetization direction)
97against thermal fluctuations.40 Therefore, magnetization will not be
98affected by thermal fluctuation.1,41 Consequently, a larger MAE is
99needed.15,41 In the synthesis of 2D materials, substrates are neces-

100sary, but a lattice mismatch between substrates and 2D materials
101often poses a challenge. Accordingly, strain should be consid-
102ered.3,35 Additionally, biaxial strain could effectively control both
103magnetic and electronic properties, as the states near the Fermi
104level are predominantly supplied by in-plane atomic orbitals.42–44

105Therefore, we use strain to regulate the magnetic properties in this
106work.
107In this article, we performed a study on the properties of
108Mn2Ge2Te6 (MGT), using the DFT. Mn2Ge2Te6 shows an intrinsic
109FM order, which originates from the super-exchange interaction of
110the Mn and Ge atoms. Mn2Ge2Te6 is a HM, whose spin-β electron
111is a semiconductor with an indirect gap of 1.462 eV. The magnetic
112easy axis (EA) prefers to be an in-plane magnetic anisotropy
113(IMA), originating from indirect spin–orbital coupling (SOC).
114Mn2Ge2Te6 shows good dynamical and thermal stability. Q4

¶
Biaxial

115strain could effectively control the magnetic and electronic proper-
116ties, as the states near the Fermi level are mainly contributed by
117in-plane atomic orbitals. Our results indicate that Mn atoms ferro-
118magnetically couple with each other under tensile and compressive
119strains (ε , 10%). The energy difference between FM and AFM
120orders (ΔE) initially decreases, which is attributed to the change in
121exchange interaction between Mn and Te atoms when the tensile
122strain increases. The magnetic exchange parameter (J) also changes
123as the strains change the direct and super-exchange interactions.
124Additionally, Mn2Ge2Te6 could be transferred from a HM to a
125spin-polarized metal as the compressive strain (ε , 2:1%) is
126increased. However, Mn2Ge2Te6 is still a HM with a FM order
127under tensile strains. The MM changes under strains for the
128different charge transfers. The MM initially increases as the tensile
129strain increases. Mn2Ge2Te6 tends to be an IMA, with a MAE
130of −13.2 meV/f.u. When the larger compressive strain (ε . 11%) is
131applied, the EA could be switched from the [100] to the [001]
132direction. The EA remains in the plane under tensile strains and
133compressive strains (ε , 11%). The MAE monotonously increases
134as the tensile strain increases. However, the MAE monotonously
135decreases as the compressive strains increase. It Q5

¶
origins that the con-

136tribution of hybridization between Te’s py and pz orbitals to the
137MAE is changed when the strain changes. Moreover, Mn2Ge2Te6
138shows good dynamic stability under strains. Our results provide con-
139trollable magnetoelectric properties of Mn2Ge2Te6, which are useful
140for new magnetoelectric devices.

141II. COMPUTATIONAL DETAILS

142In this study, we performed first-principles calculations within
143the framework of a spin-polarized DFT using the Vienna Ab initio
144Simulation Package (VASP).45 Electron exchange interactions were
145described by the generalized gradient approximation (GGA)46

146parameterized Perdew–Burke–Ernzerhof (PBE) method.47,48 The
147Mn’s 3d electron was studied with hybrid-functional HSE0648,49

148and the LDA +U method. The energies with different orders, band
149structures, and density of states (DOS) were calculated by using the
150HSE06 functional, while the MAE, phonon spectra, and molecular
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151 dynamics were examined by the LDA +U method. Chittari et al.
152 investigated carrier- and strain-tunable intrinsic magnetism in two-
153 dimensional MAX3 transition metal chalcogenides and found that
154 it was appropriate to take the value of Ueff as 4 meV.50 The on-site
155 effective Coulomb interaction parameter (U) was set to 4.60 eV,
156 and the exchange interaction parameter (J0) was set to 0.60 eV.
157 Accordingly, the effective Ueff (Ueff ¼ U� J0) was 4.00 eV,30,38

158 and the corresponding magnetic and electronic properties were
159 consistent with the HSE06 functional. A vacuum space of 16 Å 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 10−6 eV and 1 meV/Å, respectively.
164 Also, 9� 9� 1, 16� 16� 1 Monkhorst−Pack grids were used for
165 geometry optimization and energy calculation,51 respectively.
166 For the calculation of the MAE, we employ a nonlinear mode
167 with the SOC effect. In the MAE calculation, the total energy con-
168 verges to 1� 10�8 eV. The MAE is usually small, due to the
169 impact of SOC. Because the calculation of the MAE is sensitive to
170 the parameters, the k-mesh test is performed. A 19� 19� 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� 10�8 eV. The phonon spectra and DOS are calculated using
175 the finite displacement method as implemented in Phonon
176 Package.52 A 4� 4� 1 cell is adopted in the calculation. The total
177 energy and the Hellmann–Feynman force converges to 10�8 eV
178 and 1meV/Å in the phonon spectra calculation, respectively. Six
179 thousand uniform k-points along high-symmetry lines are utilized
180 to obtain phonon spectra.

181 III. RESULTS AND DISCUSSION

182 A. Geometry of the Mn2Ge2Te6 Ml

183 We performed GGA calculations to investigate the influence
184 of strain effects on the electromagnetic properties of the
185 Mn2Ge2Te6 Ml.51 Before studying the Mn2Ge2Te6 Ml system, we
186 optimized the lattice parameter of Mn2Ge2Te6. The optimized
187 geometries of the Mn2Ge2Te6 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 (d1) is a = b = 6.968 Å, which is larger than
191 5.989 Å of CGT,15,53 and 6.881 Å of Co2Ge2Te6.

34 ItQ6
¶

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 Å, while the bond length between Ge and Te
195 atoms is 2.617 Å. The bond length between Ge and Ge atoms is
196 2.477 Å. The distance between the Mn layer and the Ge layer (d2)
197 is 1.239 Å, while the distance between the Te layer and the Ge layer
198 (d3) is 3.769 Å. From the optimized geometry, we can find that the
199 Mn2Ge2Te6 Ml presents the D3d point group, which is the same
200 with CGT15 and Co2Ge2Te6.

54 Also, we can see that the Mn atom
201 is at the center of the octahedron.
202 We used a 2� 2� 1 supercell, each containing two Mn
203 atoms. Thus, there are two magnetic orders: FM and AFM orders.
204 The total MM of the FM order is 8:00 μB, while the AFM order is
205 0:00 μB. The spin charge densities of the FM and AFM orders are

FIG. 1. (a) Top, (b) side 1 (along the x axis), and (c) side 2 (along the y axis)
views of optimized geometries of the Mn2Ge2Te6 Ml. The purple, blue, and
green balls represent Ge, Te, and Mn atoms, respectively. (d) Direct and
(e) super-exchange interactions. (f )–(i) The atom projected band structures.
(f ) Te-py, (g) Te-px, (h) Mn-dxz, and (i) Mn-dyz projected band structures of the
Mn2Ge2Te6 Ml. The red and blue lines represent spin-α and spin-β electrons,
respectively. The Fermi level is set to 0 eV.
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206 shown in Figs. S2(a)–S2(d) in the supplementary material, respec-
207 tively. From the spin charge density, we can see that 4:365 μB MM
208 is mainly localized in the Mn atom with a high-spin octahedral d6

209 configuration, while the MM of the Ge and Te atoms are −0.020
210 (0:01� 2) and −0.876 (0:146� 6) μB, respectively. To describe
211 magnetic stability, the ΔE is defined as ΔE ¼ EAFM� EFM. The
212 ΔE is 0.123 eV, indicating that the Mn2Ge2Te6 Ml shows the FM
213 order. The ground state is determined by the competition between
214 the direct exchange and the super-exchange interactions, as shown
215 in Figs. 1(d) and 1(e), respectively. In Mn2Ge2Te6, the super-
216 exchange interaction is stronger than the direct exchange interac-
217 tion, and the Mn-d and Te-p orbitals’ super-exchange interaction is
218 dominant in determining the order of Mn2Ge2Te6, which is similar
219 to CrI3 and CGT.15 The super-exchange interaction arising from
220 the hybridization of the Mn-d and Te-p orbitals dominates, result-
221 ing in a FM order of the Mn2Ge2Te6 Ml. The states near the Fermi
222 level are mainly contributed by the Te’p orbitals and partially pro-
223 vided by Mn’s dxy and dyz orbitals, shown in Figs. 1(f )–1(i). The
224 energy of the FM and AFM orders changes at different strains,
225 which are shown in Fig. S3 in the supplementary material.
226 Here, we calculate the Te-py, Te-px, Mn-dxz, and Mn-dyz pro-
227 jected band structures of the Mn2Ge2Te6 Ml, as shown in
228 Figs. 1(f )–1(i), respectively. The partial density of states (PDOS) of
229 Mn atoms’ d orbitals is also calculated with the HSE06 functional,
230 as shown in Fig. S4 in the supplementary material. The charge den-
231 sities of the VBM contributed by the spin-β electrons at the Γ
232 point are also calculated with the HSE06 functional, as shown in
233 Fig. S5 in the supplementary material. It can be concluded that the
234 spin-α electrons partially occupy the Fermi level, which implies
235 that its channel is conductive. In contrast, the spin-β electron
236 channel is insulating in nature. Therefore, Mn2Ge2Te6 is a HM.
237 There are eight Mn atoms in a 2� 2� 1 cell, and the total MM for
238 the FM order amounts to 32:0 μB. Moreover, three different AFM
239 orders are considered, including AFM-zigzag (AFM-Z),
240 AFM-stripy (AFM-S), and AFM-Néel (AFM-N) orders. For the
241 AFM order, four Mn atoms have 16:0 μB, while the other four Mn
242 atoms have �16:0 μB. Consequently, the total MM of the AFM
243 order equals 0:0 μB. The spin charge density difference is shown in
244 Fig. S2 in the supplementary material. The highest energy of the
245 AFM-Z order is 0.637 eV higher than the FM order, and the
246 second highest energy of the AFM-N order is 0.614 eV, as shown
247 in Figs. S2(b) and S2(d) in the supplementary material,
248 respectively.
249 The AFM-stripy (AFM-S) order exhibits an energy of
250 0.457 eV, which is higher than that of the FM order, as illustrated
251 in Fig. S2(c) in the supplementary material. The corresponding J1,
252 J2, and J3 are 13.6, 7.5, and 12.0 meV for the Mn2Ge2Te6 Ml, as
253 shown in Fig. S2(e) in the supplementary material. Both the
254 nearest- and the next-nearest-neighbor Mn atoms exhibit a FM
255 order. It can be concluded that J3 can be compared with J1. Similar
256 phenomena occur in other materials such as NiCl2, NiBr2, and
257 NiI2.

16 Notably, both the nearest-neighbor and the next nearest-
258 neighbor Mn atoms show FM coupling.
259 Ma et al. reported two intrinsically ferromagnetic vdW mate-
260 rials with Tc higher than room temperature, including the Tc of
261 MnGeTe3 up to 349 K. We also calculated that the Tc is about
262 376 K, as shown in Fig. S6 in the supplementary material, which is

263in general agreement with this result.55 The mechanical properties
264of Mn2Ge2Te6 are also investigated. Mn2Ge2Te6 is applied with a
265strain ranging from −10% to 10%. When installing low-
266dimensional materials on a brittle substrate, bending and stretching
267strains can be applied experimentally.56,57 The corresponding
268strains can be as high up to 10%. In addition, strains can be
269applied by nanoindentation under atomic force microscopy.56

270Supersaturation strains can be applied using a diamond anvil cell.58

271B. Magnetization modulation

272In-plane strains are often used to modulate magnetism,59

273including the MMs of atoms, the energies of different magnetic
274orders, and the exchange interaction between magnetic atoms.
275In Mn2Ge2Te6, the strain can change the atomic MM and
276enhance or attenuate the FM order. The MMs of various elements
277constantly change with the direction and magnitude of the applied
278strains. As shown in Fig. 2(a), the MMs of the Mn and Ge atoms
279monotonously increase with the strains (�2% , ε , 10%). In con-
280trast, the MM of the Te atom monotonously decreases as the

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 J1, J2, and J3 change with the biaxial
strains.
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281 compressive strain decreases, and it also decreases as the tensile
282 strain increases. The MMs of the Mn, Ge, and Te atoms are (4.389,
283 0.016, −0.15), (4.418, 0.022, −0.155), and (4.45, 0.028, −0.162) μB,
284 respectively, applying compressive strains of −3%, −6%, and −9%
285 to the Mn2Ge2Te6 Ml. When the tensile strains of 3%, 6%, and 9%
286 are applied to the Mn2Ge2Te6 Ml, the MMs of the Mn, Ge, and Te
287 atoms are (4.356, 0.007, −0.14), (4.373, 0.008, −0.103), and (4.361,
288 −0.005, −0.093) μB, respectively. This suggests that the occupation of
289 each atom near the Fermi level varies with strains, as shown in the
290 DOS plot in Fig. S7 in the supplementary material. Simultaneously,
291 the ΔE varies with in-plane strains, as shown in Fig. 2(b). J1, J2, and
292 J3 also vary with the strains, as shown in Fig. 2(c). Mn2Ge2Te6
293 maintains the FM order upon strains, while AFM-stripy still
294 has the second lowest energy. The minimum energy difference
295 between the AFM-stripy and the FM orders ΔEAFM-Stripy
296 (ΔEAFM-Stripy ¼ EAFM-Stripy � EFM) also varies with the strain.
297 The ΔEAFM-Stripy of the Mn2Ge2Te6 Ml are 0.372, 0.071, and
298 0.231 eV, respectively, applying compressive strains of −3%, −6%, and
299 −9%. The ΔEAFM-N0̂e el (ΔEAFM-N0̂e el ¼ EAFM-N0̂e el� EFM)
300 are 0.420, 0.266, and 0.388 eV, respectively, and the ΔEAFM-Zigzag
301 (ΔEAFM-Zigzag ¼ EAFM-Zigzag� EFM) are 0.393, 0.123, and
302 0.257 eV, respectively. The corresponding J1, J2, and J3 are (12.5, 5.4,
303 5.0), (6.7, −1.1, 4.4), and (11.3, 1.6, 4.8) meV. When the tensile
304 strains of 3%, 6%, and 9% are applied to the Mn2Ge2Te6 Ml, the
305 ΔEAFM-Stripy of the Mn2Ge2Te6 Ml are 0.359, 0.334, and 0.225 eV,
306 respectively. The ΔEAFM-N0̂e el are 0.645, 0.664, and 0.463 eV. Also,
307 the ΔEAFM-Zigzag are 0.642, 0.652, and 0.536 eV. The corresponding
308 J1, J2, and J3 are (11.3, 5.6, 15.6), (10.8, 5.0, 16.8), and (4.7, 4.7, 14.6)
309 meV. These findings suggest that in-plane strains can effectively mod-
310 ulate direct exchange and super-exchange interactions.
311 This is most likely caused by a change in electron occupation
312 in the d orbitals. As shown in Fig. S4 in the supplementary
313 material, we plotted the PDOS of the Mn atom and found that the
314 electron occupancy of the Mn atom’s d orbitals changed. We spec-
315 ulate that the strain modulates the MM, direct exchange interac-
316 tion, and super-exchange interaction.

317 C. Biaxial strains modulate electronic properties

318 Biaxial strains are also used to control the electronic properties
319 of 2D materials.55 ΔE monotonously increases as the tensile strain
320 increases, and Mn2Ge2Te6 is a HM under tensile strains. When the
321 tensile stains of 2%, 4%, 6%, 8%, and 10% are applied, the corre-
322 sponding dMn-Mn is 4.130, 4.184, 4.264, 4.345, and 4.425 Å. Under
323 12% enlarged strain, the corresponding lattice parameter a and
324 dMn-Mn are 7.804 and 4.506 Å. As the lattice parameter increases,
325 the corresponding dMn-Mn also increases. It means that the direct
326 exchange and super-exchange interactions weaken, causing a
327 decrease of ΔE.
328 Mn2Ge2Te6 maintains the FM order, as ΔE is always negative
329 under strains. This underscores the superior stability of the FM
330 order. ΔE monotonously increases with the application of tensile
331 strains, as shown in Fig. 3(a). ΔE is −133.55 meV without strain,
332 and ΔE is −149.58 meV under 2% tensile strain. When the tensile
333 strain increases to 6%, ΔE is −195.18 meV. ΔE further increases to
334 −214.08 meV under 8% tensile strain. This indicates that the FM
335 order becomes more stable with the application of tensile strains.

336However, the effects of compressive strains are complex. ΔE is
337−86.17 meV under −2% compressive strain, while ΔE is
338−85.25 meV under −4% strain. ΔE is −101.4 meV under −8%
339compressive strain. ΔE monotonously increases under the strains
340(�2:7% , ε , 12%). In contrast, ΔE monotonously decreases
341under the strains (�7% , ε , �2:7%). When applying larger
342compressive strains (�10% , ε , �7%), ΔE monotonously
343increases again.
344Moreover, strain affects the electronic structure of the
345Mn2Ge2Te6 Ml. The Mn2Ge2Te6 Ml is a HM with Eg � β of 1.462 eV
346without strain. The band structures change with the biaxial strains, as

FIG. 3. (a) ΔE between FM and AFM orders and Eg � β 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%, (e) 2%, (f ) 6%, and (g) 8%, respectively. The red and blue lines rep-
resent spin-α and spin-β electrons, respectively.
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347 shown in Figs. 3(b)–3(g). Eg � β changes with tensile strain, while
348 Mn2Ge2Te6 is always a HM. Eg � β is 1.244 eV under 2% tensile
349 strain, as shown in Fig. 3(e). Eg � β increases to 1.342 eV when 6%
350 tensile strain is applied, as shown in Fig. 3(f). Eg � β follows the rela-
351 tionship Eg� β ¼ 1:417þ 10:413varepsilon(� 0:02 � ε � 0:06).
352 Eg � β is 1.359 eV, under 8% tensile strain, as shown in Fig. 3(g).
353 When −2% compressive strain is applied, Eg � β is 1.185 eV, and
354 Mn2Ge2Te6 remains a HM, as shown in Fig. 3(d). When −2.7% com-
355 pressive strain is applied, Eg � β becomes 0 eV and the Mn2Ge2Te6
356 Ml transforms into metal. Eg � β remains 0 eV, when compressive
357 strains (�10% , ε , �2:7%) are applied, as shown in Figs. 3(b)
358 and 3(c), respectively. This suggests that the occupation of each atom
359 near the Fermi level varies with strains, as shown in Fig. S7 in the
360 supplementary material.

361 D. Magnetic anisotropy properties and MAE
362 modulation

363 The shift of the MM from a soft axis (EA) to a hard axis
364 necessitates energy expenditure to overcome the “energy barrier.”36

365 This required energy is referred to as MAE.41 Materials with high
366 MAE demonstrate enhanced magnetic stability.60

367 The lattice parameters of the material can be changed by
368 applying strain, thereby changing the magnetic anisotropy.61

369 Consequently, in-plane strain is widely used to modulate the MAE
370 of 2D materials.60 The MAE changes with different strains, as
371 shown in Figs. 4(a)–4(e). When strains are applied to Mn2Ge2Te6,
372 ΔE0 (ΔE0 ¼ E � E[001]) is used to describe the MAE. The ΔE0
373 changes with θ, following this equation:

ΔE0 ¼ K1 cos
2 θ þ K2 cos

4 θ þ K3cos
6θ: (1)

374375 K1 and K2 denote the contribution of the quadratic and
376 quartic parts to the MAE, respectively.K3 approximately equals 0,
377 which could be negligible. Hence, Eq. (1) is simplified into the fol-
378 lowing equation:

ΔE0 ¼ K1 cos
2 θ þ K2 cos

4 θ: (2)

379380 When −10% and −6% strains are applied, the ΔE0 could be
381 calculated by using the following equations: ΔE0 (meV)
382 ¼ �0:603 cos2 θ þ 0:027 cos4 θ and ΔE0 (meV) ¼ �7:17 cos2 θ
383 þ1:50 cos4 θ. The corresponding MAEs are −0.546 and
384 −5.63 meV/f.u. When the tensile strains of 6% and 10% are
385 applied, the ΔE0 could be obtained from the following equations:
386 ΔE0 (meV)¼�14:4cos2θ�1:14cos4θ and ΔE0 (meV)¼�3:3cos2θ
387 �0:359cos4θ. The corresponding MAEs are −15.71 and
388 −18.49 meV/f.u. Also, we calculate that the EA direction of
389 MnGeTe3 is along the [100] direction, and the MAE of MnGeTe3
390 is about 13 204 μV, which is the same as the calculations of
391 Chittari et al.50

392 MAE is important for the storage of magnetic information,
393 while PMA is of great significance.62,63 To clarify the switch of the
394 EA, it is necessary to determine the contribution of each atomic
395 orbital to the MAE of Mn2Ge2Te6. Furthermore, explaining the
396 relationship between MAEs and strains is paramount. Tight
397 binding and second-order perturbation theory are used to calculate

398MAE. According to the canonical formula, each atom’s contribu-
399tion to MAE can be calculated by using the following formula:34,36

MAEi ¼
ð
Ef (E � EF)[n

[100]
i (E)� n[001]i (E)]

� �
, (3)

400where MAEi presents the MAE contributed by atom i. n[100]i and
401n[001]i mean the DOS with the EA along the [100] and [001] direc-
402tions, respectively. The following formula is used to calculate the
403total MAE:

MAEtot ¼
X

i
MAEi, (4)

404where MAEtot is the sum of MAEi. Given the second-order pertur-
405bation theory, the MAE can be calculated by using the following

FIG. 4. (a) MAEs change with the biaxial strains. The energy varies as a func-
tion of the polar angle θ of magnetization for the Mn2Ge2Te6 Ml. The energy
varies with different in-plane strains of (b) −10%, (c) −6%, (d) 6%, and
(e) 10%, respectively.
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406 equations:

ΔE�� ¼ E��
x � E��

z

¼ ξ2
X
oþ ,u�

(j , o�jLzju�j2 � j , o�jLxju� . j2)/(E�
u �E�

o ),

(5)

407

ΔE�þ ¼ Eþ�
x � Eþ�

z

¼ ξ2
X
oþ ,u�

(j , oþjLzju�j2 � j , oþjLxju� . j2)/(E�
u �E�

o ),

(6)

408 where + and – mean spin-α and spin-β states, and ξ, Lx , and Lz
409 represent the SOC constant and angular momentum operators in
410 the [100] and [001] directions, respectively. u and o represent
411 unoccupied and occupied states, respectively. Eu and Eo represent
412 the energies of unoccupied and occupied states, respectively. The
413 MAE is primarily composed of spin orbital matrix elements and
414 energy differences. The MAE is related to the DOS near the Fermi
415 level. The matrix element differences j , o�jLzju�j2 � j
416 , o�jLxju� . j2 and j , oþjLzju�j2 � j , oþjLxju� . j2 of the d
417 and p orbitals are calculated, as shown in Tables I and II, respec-
418 tively. In order to clarify Mn’s contribution to the MAE, the matrix
419 differences for the d orbitals, including the dxy , dyz , dz2 , dxz , and
420 dx2�y2 orbitals between the EA along the [100] and [001] directions
421 are calculated, as shown in Table I.
422 To further explain the variation of the MAE with strains, we
423 also calculated the atomic orbital decomposition MAE, as shown in
424 Figs. 5(a)–5(i). It can be concluded that the MAE partly comes
425 from Mn [Figs. 5(a)–5(c)] and Ge atom contributions [Figs. 5(d)–
426 5(f )] but mainly from Te atom contributions [Figs. 5(g)–5(i)].

427Wang. et al. investigated the ferroelectric control of magnetic
428anisotropy in a multiferroic heterostructure EuSn2As2/In2Se3 and
429found that the f(p) orbitals of Eu (Sn and As) atoms were the
430primary contributors to the SOC-MAE.64 They found that the con-
431tributions from the As and the Sn atoms stemmed from the inter-
432orbital couplings between py and pz orbitals, as well as between px
433and py orbitals, which are similar with our results. The orbital-
434resolved MAE of intrinsic Mn2Ge2Te6 without strain is shown in
435Figs. 5(a), 5(d) and 5(g). The total MAE is −13.40 meV/f.u. Te
436atoms provide −11.95 meV/f.u. In addition, the Te atoms of
437Mn2Ge2Te6 contribute −11.76 (2.94 × 4) meV/f.u. to the total
438MAE, while Mn and Ge atoms’ contribution could be negligible.
439However, Cr atoms provide 0.06 (0.03 × 2) meV/f.u. The Te atoms
440supply 0.12 (0.03 × 4) and Ge atoms provide −0.050 (−0.025 × 2)
441meV/f.u. to the total MAE of the CGT ML.65 Thus, the MAE of
442Mn2Ge2Te6 is larger than CGT. When 6% strain is applied, the
443hybridizations between Mn’s d orbital and Ge’s p orbital are
444similar, with neutral Mn2Ge2Te6, as shown in Figs. 5(b) and 5(e).
445However, the hybridization between Te’s p orbitals changes, totally
446providing −15. 01 meV/f.u. The contribution of hybridization
447between Te’s py and pz decreases to −18.36 meV/f.u., as shown in
448Fig. 5(h). Correspondingly, the MAE increases to −15.71 meV/f.u.,
449as shown in Fig. 4(a). When −6% strain is applied to Mn2Ge2Te6,
450the orbital-resolved MAE of Mn2Ge2Te6 is shown in Figs. 5(c), 5(f)
451and 5(i). Specifically, the hybridizations between Te’s px and pz
452orbitals and py and pz orbitals get weakened, as shown in Fig. 5(i).
453Consequently, their contribution to the total MAE reduces to
454−5.28 meV/f.u. Eventually, the MAE decreases to −5.63 meV/f.u.,
455as shown in Fig. 4(a).
456Meanwhile, matrix differences for the p orbitals are calculated
457to clarify the Ge and Te atoms’ contribution to the MAE. The
458matrix differences for the p orbitals, including the py, pz, and px
459orbitals between the EA along the [100] and [001] directions are
460calculated, as shown in Table II.
461As a result, we can see that the hybridization of the Mn dyz and
462dz2 orbitals makes positive contributions to the MAE, resulting in a
463matrix difference of 3 for the d orbitals, as shown in Table I. The
464hybridization of the dxy and dx2�y2 orbitals makes a negative contri-
465bution to the MAE, corresponding to a matrix difference of −4 for
466the d orbital. Compared with the Co2Ge2Te6 Ml, the hybridization
467between Co’s dxy and dx2�y2 orbitals makes a negative contribution
468to the MAE (−0.22 and −0.15meV), which corresponds to the
469matrix differences of −3 and −4 for the d orbitals, respectively.34 The
470Ge atoms’ contribution to the MAE is negligible compared with that
471of the Te atoms. The hybridization between the spin-β-occupying py
472and the spin-β-occupying pzorbital of Te is beneficial for the IMA
473(negative value), corresponding to the matrix difference of −1 for the
474p orbital. However, the hybridization between the spin-β-occupying
475pz and the spin-β px orbital is beneficial for the PMA (positive
476value), corresponding to the matrix 1 for the p orbital, as shown in
477Table II. In general, the total MAE is almost dominated by the
478hybridization between Te’s py and pz orbitals.

479E. Dynamic stability

480The phonon band structure and DOS of the Mn2Ge2Ge6 Ml
481is also calculated with the LDA + U method, as shown in Fig. S8

TABLE I. The matrix differences for d orbitals between magnetization along the
[001] and [100] directions in Eqs. (5) and (6).

o+ o−

u− dxy dyz dz2 dxz dx2�y2 dxy dyz dz2 dxz dx2�y2

dxy 0 0 0 1 −4 0 0 0 −1 4
dyz 0 0 3 −1 1 0 0 −3 1 −1
dz2 0 3 0 0 0 0 −3 0 0 0
dxz 1 −1 0 0 0 −1 1 0 0 0
dx2�y2 −4 1 0 0 0 4 −1 0 0 0

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

o+ o−

u− py pz px py pz px

py 0 1 −1 0 −1 1
pz 1 0 0 −1 0 0
px −1 0 0 1 0 0
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482 in the supplementary material. The dynamic stability of
483 Mn2Ge2Te6 after applied strain is confirmed by the phonon dis-
484 persion curves and phonon DOS,39 with no obvious virtual
485 phonon modes, as shown in Figs. 6(a)–6(h). For instance, consid-
486 ering the application of 6% tensile strain and −6% compressive
487 strain, the highest vibrational frequencies are 7.389 and
488 8.135 THz, respectively, as shown in Figs. 6(a) and 6(e). From
489 Figs. 6(b), 6(d), 6(f ), and 6(h), we can see that at low frequencies
490 (0ltε , 3 THz), the contribution mainly comes from Te atoms,
491 while Ge atoms make a higher contribution to the high frequency
492 (6ltε , 8 THz). The main contribution of the Mn atoms is to the
493 intermediate frequency (4ltε , 5 THz). This result corresponds to
494 that of the phonon band. WeQ7

¶
find that the Mn2Ge2Te6 under

495different strains are thermodynamically stable, resulting from
496their lowest frequencies are above 0. The highest frequency of
497intrinsic Mn2Ge2Te6 is 7.39 THz, while these values are 7.36 (9%)
498and 7.39 THz (6%) under tensile strains, respectively. In contrast,
499the highest frequencies of Mn2Ge2Te6 are 8.60 (−9%) and
5008.14 THz (−6%) under compressive strains, respectively. The
501highest phonon frequency corresponds to the frequency of the
502telescopic vibration, which is related to the bonding level.
503Thus, the highest phonon frequency is related to its thermal
504conductivity. A higher telescopic vibration frequency indicates a
505stronger bond level and enhanced thermal conductivity. Therefore,
506we find that compressive strain improves the thermal conductivity
507of the Mn2Ge2Te6 Ml.

FIG. 5. Orbital-resolved MAE of Mn2Ge2Te6 with biaxial strains of 0, 6%, and −6%, respectively. The orbital-resolved MAE of Mn2Ge2Te6 changes with strains of (a), (d),
and (g) 0, (b), (e), and (h) 6%, and (c), ( f ), and (i) −6%, respectively.
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508 IV. CONCLUSION

509 In summary, our investigation delved into the strain modula-
510 tion of the electromagnetic state and its impact on the magnetic
511 anisotropy of the Mn2Ge2Te6 Ml under in-plane compressive and
512 tensile strains, employing the DFT. We found the intrinsic ferro-
513 magnetism of the Mn2Ge2Te6 Ml, which arises from super-
514 exchange interactions between Mn and Te atoms. We explored the
515 electronic and magnetic properties of Mn2Ge2Te6 across in-plane
516 strain rates ranging from 10% to −10%. The Mn2Ge2Te6 Ml shows
517 a HM under tensile strains, while it can be transferred into a spin-
518 polarized metal under compressive strains. Notably, while
519 Mn2Ge2Te6 maintains the FM order, strain induces a notable

520alteration in its MM, J, and MAE. This phenomenon shows the
521sensitivity of MAE to variations of strain, as the contribution of
522hybridization between Te’s py and pz orbitals to the MAE changes.
523Meanwhile, Mn2Ge2Te6 always shows good dynamic stability,
524under both compressive and tensile strains. This effective manipu-
525lation of Mn2Ge2Te6 Ml magnetism through strain application
526holds promise for broadening its applications in spintronics.

527SUPPLEMENTARY MATERIAL

528See the supplementary material for the convergence of MAE
529is tested with different k-meshes, spin charge density differences
530and exchange interactions, energy with FM and AFM orders

FIG. 6. (a), (c), (e), and (g). The phonon band structures and (b), (d), (f ), and (h) DOS of the Mn2Ge2Te6 Ml. 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.
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531 calculated with the HSE06 functional, the Mn d orbitals’ PDOS of
532 the Mn2Ge2Te6 Ml, the charge densities of the VBM of spin-β elec-
533 trons at the Γ point calculated with the HSE06 functional, the Mn
534 orbitals’ PDOS under strains of −8%, −4%, −2% 3%, 6%, and 9%,
535 the phonon band structure and DOS of the Mn2Ge2Te6 Ml calcu-
536 lated with the LDA +U method, and the phonon band structure
537 and DOS of the CGT ML calculated with the LDA + U method.
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