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The emergence of ferromagnetism in two-dimensional van der Waals materials has aroused broad
interest. However, the ferromagnetic instability has been a problem remained. In this work, by using
the first-principles calculations, we identified the critical ranges of strain and doping for the bilayer
Cr,Ge,Teg within which the ferromagnetic stability can be enhanced. Beyond the critical range, the
tensile strain can induce the phase transition from the ferromagnetic to the antiferromagnetic,

and the direction of magnetic easy axis can be converted from out-of-plane to in-plane due to

the increase of compressive strain, or electrostatic doping. We also predicted an electron doping
range, within which the ferromagnetism can be enhanced, while the ferromagnetic stability was
maintained. Moreover, we found that the compressive strain can reverse the spin polarization of
electrons at the conduction band minimum, so that two categories of half-metal can be induced by
controlling electrostatic doping in the bilayer Cr,Ge,Teg. These results should shed a light on achieving
ferromagnetic stability for low-dimensional materials.

Since 2004 when the graphene was exfoliated by Geim and Novoselov’, researchers have revealed many unique
physical properties from various two-dimensional (2D) materials, e.g. quantum spin Hall candidate mon-
olayer WTe,?, stanine® with topological band inversion, and high-mobility black phosphorus®®. Nevertheless,
the absence of intrinsic ferromagnetism limits their application in spintronic devices. Recently, the intriguing
intrinsic ferromagnetism has been proved both theoretically®® and experimentally'® in Cr,Ge,Teg, one of the
layered transition metal trichalcogenide’s family, which broke the long-established Mermin-Wagner theorem!!
and greatly enriched the versatility of 2D materials. Some applications have been proposed in new-generation
magnetic memory storage devices'? and nanoelectronic devices".

As the existence of ferromagnetism is one of the most charming features in 2D layered materials, it is impor-
tant to enhance the stability and realize the tunability of the long-range magnetic ground state. An effective
avenue is to increase the magnetic anisotropy energy (MAE), which is based on the energy difference between
the in-plane and out-of-plane magnetization direction. Large MAE in van der Waals (vdW) magnets would lift
Mermin-Wagner restriction!"!, for that the out-of-plane magnetic anisotropy would open a spin-wave gap
and counteract magnetic fluctuations, resulting in the stabilization of the long-range ferromagnetic order”!>'6.
The modulation of the magnetic properties based on the band engineering is highly desired in 2D layered fer-
romagnets, and the applications of external electric field'”-?!, pressure?*?, electrostatic doping**~?, and strain
engineering”?’~*! offer some valid approaches to tuning electronic structures, as well as the physical properties.
Although revealing the transformation of MAE under external factors is imperative, so far, few researches has
focused on the tunability of MAE with strain engineering or electrostatic doping for bilayer Cr,Ge, Te.

In this letter, the first-principles calculations were carried out to study the tunability of electronic structures
and the magnetism in bilayer Cr,Ge,Te, with biaxial strain or electrostatic doping. We determined a critical range
of strain or doping in which the MAE is increased, in other words, the ferromagnetic stability is enhanced. A
range of electron doping is also predicted, within which the ferromagnetism and the Curie temperature (T¢) can
be raised. We also showed that two types of half-metal were induced based on the external regulation. We further
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Figure 1. (a) Top and (b) side views for pristine bilayer Cr,Ge,Te, in AB stacking. Blue, purple, and yellow balls
represent Cr, Ge, and Te atoms, respectively. The gray shaded region denotes the unit cell. The red shaded areas
indicate the Cr-Te-Cr angle « and the bond between the nearest-neighbor Cr atoms are connected by red solid
lines.

Structure ‘ a(A) ‘ 1(A) ‘ E, (eV) ‘ MAE (meV/u.c.) | mS (m,%) (uz/at) ‘ mS¢ (m %) (ug/at) | m (m,™) (ug/at)
Bilayer

0 6.838 |3.437 |0.374 0.162 3.233(0.002) 0.034 (0.001) —-0.115 (-0.002)
—2% 6701 |3.454 |0.174 | 0.300 3.206 (0.006) 0.027 (0.001) ~0.109 (~0.002)
1% 6.907 |3.369 |0.446 0.222 3.248 (0.001) 0.037 (0.001) —-0.118 (-0.002)
-0.1 6.853 |3.443 | - 0.126 3.245 (0.002) 0.035 (0.001) —0.114 (-0.002)
~02 6.867 |3.447 | - 0.062 3.255 (0.002) 0.035 (0.001) —0.114 (- 0.002)
0.1 6.853 |3.425 | — 0.302 3.229 (0.002) 0.033 (0.001) —-0.115 (- 0.002)

Table 1. The lattice constant a and interlayer distance I (vdW gap) of pristine (0) bilayer Cr,Ge,Te, used in
the present calculations. E; and MAE stand for the band gap and magnetic anisotropy energy, respectively. Spin
(m.*, mSe, m,) and orbital (m,©, m,S¢, m,™) moments of the structures calculated by GGA + U with the
spin-orbit coupling included. The results under specific compressive strain (- 2%), tensile strain (1%), electron

doping (- 0.1 e/u.c.) and hole doping (0.1 e/u.c.) are also included.

explored the possible mechanism involved in the variations of MAE, which would provide deeper understanding
of 2D ferromagnetic materials.

Results and discussion

The crystal structures from top and side views of bilayer Cr,Ge,Te, are shown in Fig. 1a,b, respectively. The unit
cell of bilayer Cr,Ge,Te, is denoted by the gray shaded region, which contains four Cr atoms, and each of them
is bonded to six nearest-neighboring Te anions and locates at the center of an octahedron (denoted by light
green) formed by these Te atoms. Each layer consists of a honeycomb network of Cr atoms similar to graphene
and comprises a Ge-Ge metal bond*?, which is a dimer lying perpendicularly at the central position of the CrTeg
nets, forming ethane-like groups of Ge,Te,. The bilayer Cr,Ge,Te, contains two layers placed in AB stacking
sequence. According to the structure optimization, the vdW gap in the bilayer is 3.437 A, and the determined
lattice parameters is a=b=6.838(2) A, as listed in Table 1.

We firstly explore the lattice distortion with the biaxial strain and electrostatic doping. Here, the strain is
denoted by n = (a/ap — 1) x 100%, where a and ag correspond to the strained and pristine lattice constants
(without any strain or doping), respectively. So, the positive sign of i represents tensile strain, and the negative
sign of it represents compressive strain. The electrostatic doping concentration is tuned by altering the total
number of electrons in a unit cell. The positive and negative signs of concentration represent hole and electron
doping, respectively. Figure 2a,b exhibit how the Cr-Te-Cr angles a and Cr-Cr bond d change versus biaxial
strains. According to the previous theoretical predictions”**>**-3, since the Cr-Te-Cr angle is close to 90", the
super-exchange interaction favors ferromagnetic (FM). The direct exchange interaction favors antiferromagnetic
(AFM), which is inversely proportional to d***’. The competition between super-exchange interaction and direct
exchange interaction can be effectively tuned by controlling Cr-Te-Cr angle and the nearest-neighbor Cr-Cr
bond, which affects the magnetic ground state directly?>**. As shown in Fig. 2b, the & and d decrease (increase)
with the increase of compressive (tensile) strain, As shown in Fig. 2¢, we define the lengths of bonds in Cr-Te as I,
and I, of octahedra a and b, respectively. [, and [, are the average bonds of six Cr-Te bonds in a and b octahedra,
respectively. As shown in Fig. 2d, the [, and ], decrease (increase) with the increase of compressive (tensile)
strain. The increase (decrease) in average bonds [, and ], means the octahedra expanding (shrinking) with the
increase in the tensile (compressive) strain which is closely related to the magnetic and electronic structure, and
the relations will be discussed below.
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Figure 2. (a) Schematic illustration of Cr-Te-Cr angles « and Cr-Cr bond d. (b) Strain dependence of Cr-Te-
Cr angles (left axis) and Cr-Cr bond lengths (right axis) for bilayer Cr,Ge,Te,. The arrows point to the axises for
each curve in the corresponding color. (¢) The bond length of Cr octahedron a and b: [; and I, respectively. [,
and [, denote the average bonds. (d) The average bonds [, and [}, versus strain.

() b §
Cr o
Ge o
Te ©
a 0

Figure 3. Electron localization function (ELF). (a) The isosurface demonstration of pristine (0) bilayer
Cr,Ge,Te,. (b) The two-dimensional contour map in the direction of [001], the cut surface is shown in blue.

To explore the electronic structures of the bilayer Cr,Ge,Te,, the electron localization function (ELF) is
simulated. Figure 3a shows the isosurface demonstration of pristine bilayer Cr,Ge,Te;. In order to explain the
electron localization distribution more clearly, the two-dimensional contour map in the direction of [001] is
shown in Fig. 3b, from which we can see the electron distribution around Te and Ge atoms is highly localized.
The ELF value around Cr atom is 0, indicating the highly delocalization of electrons around Cr. The boundary
between the localized and delocalized electron distribution is green, which means that the ELF value is about
0.5 and the ionic bond exists between Cr and Te atoms. We also studied the effects on the electron localization
distribution around different kinds of atoms under biaxial strains or electrostatic doping concentrations, and
found no obvious difference in the electron localization distribution.

The MAE is defined as MAE = Ej100] — Efoo1) for each unit cell (four Cr atoms), where Ejjoo1and Ejgo1) denote
the total energy for the magnetic moments oriented along in-plane and out-of-plane, respectively. From this
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Figure 4. The spin-polarized electronic band structures of bilayer Cr,Ge,Teg: (a) pristine, (b) compressive
strain of 2%, (c) compressive strain of 5%, (d) tensile strain of 1%, (e) electron doping of 0.1 e/u.c, and (f)

hole doping of 0.1 e/u.c. To achieve the visualizations of band gaps, the CBM and VBM are denoted by olive
horizontal dashed lines, which are connected by double-headed olive arrows. The gray horizontal dashed lines
denote the Fermi level. The degenerate spin-down energy band is marked in the dashed blue circle.

definition, we can determine that increased MAE means the enhanced ferromagnetic stability'®. The detailed
results are listed in Table 1, from which we can see the positive MAE for pristine bilayer Cr,Ge,Teg, illustrating
that the out-of-plane ([001]) direction is the easy axis for the magnetization. Also, we can see that the spin mag-
netic moment of Cr increases as the electron doping concentration increases from 0 to 0.2 e/u.c. Furthermore,
from our results, the negative spin magnetic moment of Te relative to Cr is obtained, which is crucial for the
stability of ferromagnetic ordering of Cr ions™.

We then investigated the spin-polarized band structures of pristine bilayer Cr,Ge,Te, just for comparing,
as shown in Fig. 4. From Fig. 4a, we can see that both conduction band minimum (CBM) and valence band
maximum (VBM) are of purely spin-up character, possessing indirect band gap. The spin-polarized band struc-
tures of bilayer Cr,Ge,Tes with n = —2% are plotted in Fig. 4b. Compared that of the pristine one [Fig. 4a], the
band gap is significantly reduced due to the increased bandwidth. Attractively, the spin-polarized character at
the CBM has even changed from spin-up [Fig. 4a] to spin-down [Fig. 4b], indicating that the electrons at the
CBM and VBM are with opposite spin. As shown in Fig. 4c, the larger compressive strain (n = —5%) further
increases the bandwidth due to the stronger interatomic coupling in the few-layer Cr,Ge,Te,, inducing a semi-
conductor-metal phase transition. On the contrary, the tensile strain (1%) increases the band gap, and the spin
polarization at the CBM is enhanced compared with the pristine Cr,Ge,Teg, as shown in Fig. 4d. Interestingly,
in the vicinity of the Fermi level, the compressive strain induces a degeneracy of the spin-down energy band
along the K-M direction, which is marked in the dashed blue circle. The half-metallic state (conduction electrons
being spin-up) is induced with electron doping (- 0.1 e/u.c.) due to the obvious spin polarization, as shown in
Fig. 4e. While with the hole doping (0.1 e/u.c.), the Fermi level shift down into the valence band, which makes
the material metallic, as shown in Fig. 4f.

We further studied the band structure of bilayer Cr,Ge,Te, under dual regulations, demonstrating that the
half-metallic state (conduction electrons being spin-down) can also be induced in bilayer Cr,Ge,Tes by combin-
ing electron doping (- 0.1 e/u.c.) and compressive strain (7 = —2%), as shown in Fig. 5a. These results indicate
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Figure 5. (a) The band structure of bilayer Cr,Ge,Te, under dual regulations (compressive strain of 2% and
electron doping of 0.1 e/u.c.). Horizontal dashed lines denote the Fermi level. (b) The schematic of the electronic
structures restructuring models under the electron doping (- 0.1 e/u.c.) or dual regulations. Spin-up and spin-
down states are marked by red and blue, respectively. The white plane denotes the Fermi surface.

the potential usage of few-layer Cr,Ge,Te, in spintronic devices. In Fig. 5b, the schematic of the electronic
structures restructuring illustrates the regulation mechanism more visually.

Figure 6 shows the atomic projected density of states (PDOS) of the bilayer Cr,Ge,Te, under specific strains
or electrostatic doping concentrations, as well as the schematic electron configurations for pristine or doping of
— 0.1 e/u.c. Here, only the PDOS of Cr d orbitals are presented, which makes a major contribution to MAE based
on the perturbation theory analysis. As shown in Fig. 6b, the spin polarization at the CBM of bilayer Cr,Ge,Te,
is weakened under the strain of n = —2%. Moreover, the states at CBM is transformed into spin-down, which
originates mainly from Crd, /d,, orbitals. As the compressive strain further increases (n = —5%), the band gap
disappears and the orbital overlaps. With tensile strain of = 1%, the contribution of Cr dyy /d,2_, orbitals near
the Fermi level is reduced compared to the pristine one, as shown in Fig. 6d. As seen in Fig. 6e, the half-metallic
state is induced due to the obvious spin polarization at the doping concentration of — 0.1 e/u.c in the bilayer
Cr,Ge,Te, and the spin-up states near the Fermi level are mainly from Cr d, /dy, orbitals. To understand the
increased magnetic moment for Cr atoms with electron doping (listed in Table 1), the diagrammatic electronic
configurations are shown in Fig. 6g for the pristine or doped (- 0.1 e/u.c.) bilayer Cr,Ge,Tes. Compared with the
pristine one, the Cr-d,, state is occupied by doped electrons, so that the net magnetic moment increases at the
doping concentration of — 0.1 e/u.c., indicating the enhanced ferromagnetism of the system. It is worth mention-
ing that Cr dy; and dy, as well as dyy and d,2_ > orbitals are degenerate because of the crystal symmetry. The shift
of the Fermi level due to the strain or electrostatic doping changes the d projected orbitals near the Fermi level,
which further changes the MAE of bilayer Cr,Ge,Teg according to the following discussion.

The MAE plays a crucial role in the stability of the long-range magnetic ground states'"*. We therefore
investigated the variations of MAE and magnetic ground state with various strains or electrostatic doping con-
centrations in the bilayer Cr,Ge,Te. As shown in Fig. 7a, the ferromagnetic to antiferromagnetic transition can
be induced by applying tensile strain more than 1%. Although larger o than 90° and longer Cr-Cr bond caused
by the tensile strain indicating a weaker super-exchange interaction and a weaker direct interaction, combin-
ing the results in Fig. 3 and the ferromagnetic to antiferromagnetic transition shown in Fig. 7a, we can deduce
that the direct exchange interaction dominates for tensile strain more than 1%. The ground state of the bilayer
Cr,Ge,Te, is ferromagnetic when the applied strain is in the range of -4% to 1% while the magnetization direction
remains out-of-plane. More meaningfully, we determine the critical strain range of — 3% to 1%, within which
MAE can be effectively enhanced comparing to the pristine one, and the ferromagnetic ground state maintains
as well. From Fig. 7a, we can also see that large compressive strain (-5%) makes the direction of the easy axis
change from out-of-plane to in-plane, which reduces the magnetic stability of the material. In the same way, we
determined the critical doping range about 0 to 0.2 e/u.c, as shown in Fig. 7b. Beyond this range, the out-of-plane
magnetization transformed into in-plane magnetization as electrostatic doping concentrations increase. Similarly,
arange of electron doping from — 0.25 e/u.c. to 0 is also predicted, within which the ferromagnetic stability can
be maintained and the Tc should be increased as the electron doping concentration increases due to the enlarged
absolute value of AEp)— s according to the mean field theory*®. While the hole doping concentration has little
effect on the magnetic ground state.

In order to see the insight of physical mechanisms beneath the variations of MAE, the second-order per-
turbation theory is engaged, which indicates that only the occupied and unoccupied Cr d states near the Fermi
level make major contributions to MAE in 2D magnetic systems*'. Depending on the different spin channels,
the contributions to MAE can be divided into two parts*"*, including the same spin polarization and different
spin polarizations, namely, MAE = E4 + + E %, which are expressed by
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Figure 6. The spin-polarized projected density of states (PDOS) of Cr,Ge,Te,~Cr for bilayer Cr,Ge,Teg: (a)
pristine, (b) compressive strain of 2%, (¢) compressive strain of 5%, (d) tensile strain of 1%, (e) electron doping
of 0.1 e/u.c, and (f) hole doping of 0.1 e/u.c. (g) The electronic configuration for pristine (left) and doping of

— 0.1 e/u.c. (right). The red and blue arrows indicate spin-up and spin-down states, respectively. The occupied
states are presented by colorfully filled areas.
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where 0 and 1 denote the occupied and unoccupied states, respectively. The magnetization directions are denoted
by x and z. Positive sign represents spin-up states, and reversely, negative sign represents spin-down states. &, (&,)
stands for the energy of unoccupied (occupied) states, and the spin-orbit coupling constant is represented by &.
Herein, five angular momentum matrix elements between two Cr d orbitals are nonvanishing*': < dxy|Lx|dyz >,
< dpl|Ly |dyz >, < dxz 2|Lyldy, >, < dxz|L;|dy, >, and < dxz 2|L;|dyy >. It is seen from Eq. (1) that the out-
of- plane spin polarrzatron is favored for the occupied and unoccupred degenerate states due to the nonvamshm%
< L, >?and vanishing < L, >2, while the in-plane spin polarization is favored with the nonvanishing < L, >
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Figure 7. (a) Strains and (b) electrostatic doping concentration dependence of the magnetic anisotropy energy
(MAE) and magnetic ground state for bilayer Cr,Ge,Te,. The arrows point to the axis for each curve in the
corresponding color. The gray horizontal dashed lines denote the boundary of spin polarization or magnetic
ground state. The critical range is marked over the magenta dashed line in (a) and (b).

for nondegenerate states. In contrary to Eq. (1), for Eq. (2), the out-of-plane spin polarization is favored for the
occupied and unoccupied nondegenerate states due to the nonvanishing < L, >2and vanishing < L, >2, while
the in-plane spin polarization is favored with the vanishing < L, >2and nonvanishing < L, > for degenerate
states.

Based on above analyses, we can further understand the variations of MAE under different strains or elec-
trostatic doping concentrations. For pristine bilayer Cr,Ge,Teg, the spin-up Cr dyy/d,2_ 2 orbitals contribute
peaks in both VBM and CBM as shown in Fig. 6a, so the < d,2_ 2|L;|dxy > in Eq. (1) remained, leading to the
positive MAE, which means the out-of-plane anisotropy is favored. With strain engineering (n = —2%), we can
see from the states around the Fermi level in Fig. 6b that MAE is mainly contributed from d,;/dy./dxy/d,2 2
orbitals with different spin states, and the < dyy|Ly|dy, >and < d,2 _y2 |Lx|dy; >remained in Eq. (2), so that we
can obtain positive value of MAE, or in another words, the out-of-plane anisotropy is favored. Also, the reduced
energy bandgap in Fig. 6 offers the decreased energy difference between the unoccupied and occupied states in
Eq. (2), which results in the enhanced ferromagnetic stability, identical with our results in Fig. 7a. Withn = —5%
shown in Fig. 6¢, MAE are mainly derived from the inverse spin-polarized dy./dy., the < dy;|L.|d,, >in Eq. (2)
maintains, implying the in-plane anisotropy is favored, also identical with the results shown in Fig. 7a. From
the results in Fig. 6d, the complex competition between orbital interactions may be the reason for maintain-
ing out-of-plane anisotropy. At small electron doping concentrations (not larger than — 0.1 e/u.c.), the Fermi
level can only cross the spin-up states due to the obvious spin polarization in bilayer Cr,Ge,Te,, the spin-up
Crdy;/dy;/dyy/d,2_,2 orbitals contribute peaks near the Fermi level in Fig. 6e, the out-of-plane anisotropy is
favored because of the nonvanishing < dy,|L;|dy, > and < dxz_),z |L;|dxy > in Eq. (2) [see Fig. 7b]. In Fig. 6f,
the spin-up Cr dy,/d,:_, orbitals and spin-down Cr d,; /d,, orbitals contribute peaks near the Fermi level, the
[< dxz,),z lIf)Z]|dxy >and < dy.|L;|dy, > in Eq. (1) results in the positive MAE, i.e. the out-of-plane anisotropy

see Fig. 7b].

Conclusion

In summary, we have studied the variations of electronic structures and magnetic properties of bilayer Cr,Ge,Te,
with different strains or electrostatic doping concentrations. We proposed a critical strain ranges of — 3% ~ 1% for
bilayer Cr,Ge,Te,, within which the ferromagnetic stability can be enhanced, as well as the critical doping range
of 0-0.2 e/u.c. While beyond the critical range, the tensile strain induces a phase transition from the ferromag-
netic to the antiferromagnetic, which is attributed to the competition between exchange interactions. Moreover,
beyond the critical range, the compressive strain or electrostatic doping induced the magnetization direction
to change from out-of-plane to in-plane. We also identified a range of electron doping from — 0.25 e/u.c. to 0,
within which the magnetic moment and T¢ can be increased, while the ferromagnetic stability was maintained.
We have shown two ways for inducing half-metal in the bilayer Cr,Ge,Te,. The compressive strain induced the
reversed electron spin state at the conduction band minimum and the transition from semiconductor to metal-
lic state. The second-order perturbation theory was applied to explain these variations of MAE. These results
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illustrated the tunability of electronic structures and magnetic properties by strain and electrostatic doping in the
bilayer Cr,Ge,Teq and hopefully shed a light on achieving ferromagnetic stability for low-dimensional materials.

Methods

AD initio calculations were performed based on density functional theory. The exchange—correlation interaction
was treated with the scheme of generalized gradient approximation (GGA) parametrized by the Perdew-Burke-
Ernzerhof revised for solids (PBEsol)* as implemented in the Vienna ab initio Simulation Package (VASP)***.
The accurate projector augmented wave method (PAW)*® was employed for the following electronic configura-
tions: 2p®3d4s! (Cr), 4s*4p* (Ge), and 5s?5p* (Te). A 500 eV kinetic energy cutoff of the plane-wave basis set was
used for all calculations. The GGA + U was adopted for improving the description of on-site Coulomb interactions
to the Cr d orbital*”. Different effective on-site Coulomb energy value U,z=U-J were conducted for magnetism,
optimized lattice constants, and electronic structures with bilayer Cr,Ge,Te, (as shown in Supplementary Figs.
S1, S2, and S3), which indicated that the results of U.z=1.7 eV were consistent with previous experiments and
theoretical calculations®!”*%. The K-mesh of 7x 7 x 1 was used for structural optimization and others were evalu-
ated with a refined mesh of 20 x 20 x 1 subdivision in the full Brillouin zone. The maximum convergence force of
all atoms was optimized until less than 0.01 eV/A, and the convergence criterion for the energy differences was
setas 1 x 107 eV. To avoid the interaction between adjacent periodic layers, the vacuum space was included larger
than 15 A. To calculate the MAE, the spin—orbit coupling was taken into consideration. The crystal structures in
this paper were drawn by VESTA package®’.
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