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Abstract 

Recently, as a new representative of Heisenberg's two-dimensional (2D) 

ferromagnetic materials, 2D Cr2Ge2Te6 (CGT) has attracted much attention due to its 

intrinsic ferromagnetism. Unfortunately, the Curie temperature (TC) of CGT monolayer 

is only 22K, which greatly hampers the development of the applications based on the 

CGT materials. Herein, the electronic and magnetic properties of Cr2Ge2Te6 monolayer 

under the applied strain was explored by density functional theory calculation. It is 

demonstrated that the band gap of CGT monolayer can be remarkably modulated by 

applying the tensile strain, which first increases and then decreases with the increase of 

tensile strain. In addition, it is found that the strain can increase the Curie temperature 

and magnetic moment, so that largely enhance the ferromagnetism of CGT monolayer. 

Notably, the obvious enhancement of TC by 191% is achieved at 10% strain. The results 

demonstrate that strain engineering can not only tune the electronic properties, but also 

provide a promising avenue to improve the ferromagnetism of CGT monolayer. The 

remarkable electronic and magnetic response to biaxial strain can also facilitate the 

development of CGT-based spin devices. 

Keywords: Density functional theory, Cr2Ge2Te6, Electronic properties, Magnetic 

properties, Curie temperature, Strain engineering 

 

Introduction 

The research on two-dimensional (2D) materials has rapidly been progressing due to 

their rich physico-chemical properties [1-9]. However, many 2D materials such as 

graphene, black phosphorus, and h-BN, etc., have no magnetism, which limits their 



applications in spintronics. To add this functionality to nonmagnetic 2D materials, 

many approaches such as introduction of defects [10-11], doping [12-14] and adsorption 

of atoms and molecules [15-16]. Unfortunately, the coupling of magnetic moments 

induced by these methods in otherwise nonmagnetic 2D materials was local or strongly 

dependent on the environment. Therefore, attention has been focused on the search for 

new intrinsically magnetic 2D materials. Encouragingly, some 2D ferromagnetic 

materials such as Cr2Ge2Te6, CrI3 and Fe3GeTe2 have been successfully synthesized 

[17-20]. The existence of the long-range ferromagnetic order in them can overcome the 

limitations mentioned above.  

Recently, experiments have confirmed the intrinsic magnetism in 2D CrI3, Cr2Ge2Te6 

and Fe3GeTe2. It is a promising research goal to identify 2D semiconductors with room 

temperature ferromagnetic order. The Fe3GeTe2 monolayer has a Curie temperature of 

130K, but exhibits metallic character [21], while magnetic semiconducting materials 

are required for spintronics. The CrI3 monolayer has been reported as a new type of 

Ising ferromagnet with out-of-plane spin orientation [17]. Almost at the same time, 

another intrinsic ferromagnetic semiconductor Cr2Ge2Te6 bilayer has been successfully 

prepared in experiments [18]. As a promising Heisenberg's 2D ferromagnetic with 

strong magnetic anisotropy energy and magneto-optical effects, Cr2Ge2Te6 has potential 

application in spintronic nanodevices [22-24]. Xu et al. predicted that magnetic 

anisotropy of Cr2Ge2Te6 monolayer was mainly single ion anisotropy [26]. However, 

the Curie temperature in Cr2Ge2Te6 is only 22K [18], which greatly hampers the 

development of Cr2Ge2Te6 materials for spintronic devices. Accordingly, it is very 



important to enhance ferromagnetic stability Cr2Ge2Te6 and modulate the magnetic 

moment [27-28]. For example, it was predicted that the electromagnetic properties of 

CGT monolayer significant change upon adsorption of gas molecules. In particular, NO 

adsorption increased the Curie temperature by 38% [27]. The magnetic anisotropy 

energy and Curie temperature can be increased, correspondingly, by a factor of four and 

33%, as compared to the pristine Cr2Ge2Te6 by H and alkali-metal adsorption [28]. In 

addition, Ge vacancies remarkably enhance the magnetic anisotropy energy of 

Cr2Ge2Te6 monolayer [29]. 

Strain engineering is proposed as one of the most commonly used routes to tailor the 

electronic and magnetic properties of 2D materials [30-40]. In our previous study, we 

demonstrated that the band gap of zigzag BCN hybrid materials with zigzag 

arrangement of graphene and h-BN stripes decreases under biaxial tensile strain, while 

the band gap of armchair BCNs material varies more complicated with strain and 

related to C concentration [30]. The band structure of TMDs can be continuously tuned 

by applying the uniaxial and biaxial tensile strains [31]. The transition from the direct 

to the indirect band gap can be achieved under the uniaxial compression and tensile 

strains in black phosphorus [32]. The transition from ferromagnetic to 

antiferromagnetic state under compressive strain was predicted for CrX3 (X = Cl, Br, I) 

[33]. External strain can considerably enhance the stability and tune the magnetic 

moments of the CoB6 monomolecular layer [34]. It is proposed that because the VX2 

(X = S, Se) monolayer has strong ionic covalent bonds, the tensile strain can remarkably 

increase its magnetic moment [36]. Therefore, it is very necessary to investigate the 



strain dependence on the electronic and magnetic properties of Cr2Ge2Te6.  

In this work, we study the electronic and magnetic properties of CGT monolayer 

under a biaxial tensile strain by means of systematic density functional theory 

calculations. The results show that the tensile strain can not only effectively tune the 

band gap of CGT monolayer, but also significantly enhance the ferromagnetism. The 

Curie temperature increases by 191% under 10% tensile strain. As the strain applied 

increases, the magnetic moment of Cr atom increases monotonically. Our results 

suggest that strain engineering can effectively tune the band gap and enhance the 

ferromagnetic properties of CGT monolayers, which provides a new way to design spin 

devices based on CGT. 

Computational methods 

Our calculations are carried out within the framework of the DFT using the Vienna 

ab initio Simulation Package (VASP) [41, 42] and the projector-augmented-wave (PAW) 

method [43, 44]. In the generalized gradient approximation (GGA), the Perdew-Burke-

Ernzerhof (PBE) [45] functional is used to describe the exchange and correlations. In 

Brillouin zone, 9 × 9 × 1 k-point grid mesh sampling was used, and a vacuum thickness 

was introduced along the z-axis at least 15Å to avoid any artificial interactions between 

periodic images of slabs. The plane-wave cutoff energy was set to 500 eV. The lattice 

constants and atom coordinates are optimized with the energy convergence value is set 

as 1 × 10-6 eV and the force is set as 0.005 eV/Å. PBE + U functional is used to examine 

the lattice constants and magnetic moment of CGT monolayer. The Hubbard U value 

of Cr atom is set to 2.0 eV [!"]. In addition, the electronic structure of CGT monolayer 



is studied by the hybrid function HSE06 [46]. 

Results and discussion 

Recently, few- and double-layer CGT ferromagnetic materials have been 

successfully synthesized by Zhang and co-workers in 2017 [18]. Experimental results 

revealed that ultrathin layered CGT is ferromagnetic at low temperatures. The Cr atoms 

in CGT monolayer form a 2D honeycomb spin arrangement, while the hexagonal region 

between them is occupied by Ge dimer and Te octahedron with shared edges, as shown 

in figure 1(a). The optimized lattice constants of CGT monolayer are a = b = 6.91 Å, 

which is consistent with the previous theoretical research results [22, 28]. The nearest-

neighbor bond length dCr-Te is 2.78 Å, which also agrees well with the previous reports 

[27]. In order to obtain the ground state of CGT monolayer, ferromagnetic (FM), Néel 

antiferromagnetic (Néel-AFM), stripy-AFM and zigzag-AFM magnetic configurations 

are considered (igure S1, Supporting Information). It is found that FM configuration is 

more stable than the AFM ones. Among the three AFM configurations, the Néel-AFM 

configuration is the energetically more favorable than stripy-AFM and zigzag-AFM 

ones. The spin density distribution reveals that the magnetic moment of CGT 

monolayer is mainly localized on Cr atom (see figure 1(b)), and the magnetic moment 

per Cr atom is 3.17μB. As can be seen from the band structure (Figure 1(c)), CGT 

monolayer is an indirect semiconductor with the band gap of 0.37eV, well consistent 

with previously reported results [47]. The conduction band minimum (CBM) and 

valence band maximum (VBM) are located at K and Γ points, respectively. Moreover, 

the projected density of states (PDOS) indicates that the CBM and VBM are mainly 



localized at the d orbitals of Cr atoms and the p orbitals of Te atoms respectively, as 

evident from figure 1(d). The lattice constant and magnetic moment of CGT monolayer 

were also examined by the PBE+U method, shown in Table S1 of Supporting 

Information. It is found that the lattice constant and magnetic moment remain 

unchanged. We also calculated the band structure of CGT monolayer based on the 

hybrid HSE06 functional. As shown in figure S2 of Supporting Information, the band 

gap of CGT monolayer can be obviously increased. 

 

Figure 1. (a) Top and side views of the optimized geometries of the Cr2Ge2Te6 

monolayer. (b) Spin density distribution and (c) band structure of the CGT monolayer, 

the red and blue lines represent spin-down and spin-up channels, respectively. (d) The 

PDOS of the pristine CGT monolayer. The Fermi level is set at zero.  

 



The strain dependence of the electronic and magnetic properties of the CGT 

monolayer was investigated by varying the biaxial tensile strain without changing 

honeycomb-like structures and crystal symmetries. The biaxial tensile strain is defined 

as 	ε = ∆c/𝑐0 , where 𝑐"  and 𝑐" ± ∆𝑐  are the lattice constants of the unstrained and 

strained CGT monolayer, respectively. ∆𝑐  is the displacement along the lattice 

coordinates [30]. In order to assess the stability of CGT monolayer under strain, CGT 

monolayer under 10% strain was selected for further stability evaluation. We performed 

molecular dynamics (MD) simulations based on the DFT in a canonical ensemble of 

temperatures and times of 300K and 5ps respectively [13, 30]. As seen from figure 2(a), 

the CGT structure was not disrupted at room temperature during the simulation time. 

Although the simulation time is not macroscopic, this result can be considered as 

evidence for the stability of the system. Taking this into account, we studied the 

electronic and magnetic properties of CGT monolayer at the strain varies from 0% to 

10%. 

We show the variation of band gap of CGT monolayer with applied strain in figure 

2(b). As a result, different from the band gap decrease in CrI3, graphene and h-BN with 

the increasing tensile strain [33, 48], it is obvious that the band gap of CGT monolayer 

first increases and then decreases as tensile strain increases. Specifically, the band gap 

of CGT monolayer increases from 0.37 eV to 0.71 eV with tensile strain from 0% to 

4%, and then decreases to 0.38 eV at 10% strain.  



 

Figure 2. (a) Top and side views of the snapshots of CGT monolayer taken after 5 ps 

of DFT-MD simulations at 300 K, (b) strain effect on the band gap of CGT monolayer. 

The inset schematically shows strain directions.  

The band structures of CGT monolayer under 0 to 10% biaxial strains are presented 

in figure 3(a-c) and figure S3. The CGT monolayer exhibits an indirect band gap with 

0.37 eV, 0.71 eV and 0.54 eV under 0%, 4% and 8% strains, respectively. One can 

clearly see that the lowest conduction band (LCB) and the highest valence band (HVB) 

simultaneously move away the Fermi level as strain values from 0% to 4%, which 

increases the band gap of CGT monolayer to 0.71 eV. In contrast, as the strain increases 

from 4% to 8%, the band gap of CGT monolayer decreases due to HVB and LCB move 

closer to the Fermi level. To understand the origin of such strain dependence of the 

electronic structure of CGT monolayer, we analyze the PDOS under various biaxial 



tensile strains, as illustrated in figure 3(d-f). For the pristine CGT monolayer, the CBM 

and VBM mainly originate from the Cr d orbitals and the Te p orbitals, respectively 

(see figure 3(d)). As tensile strain increases to 8%, the CBM mainly comes from the Cr 

d orbitals and the Te p orbitals, while the VBM is always mostly localized at the p 

orbitals of Te atoms (see Figure 3(f)). Note that with strain increases from 0% to 8%, 

the Cr d orbitals and the Te p orbitals first moves away from the Fermi level and then 

gets closer to it, which lead to the band gap of CGT monolayer first increases and then 

decreases. The change trend is consistent with the change of the band structure in CGT 

monolayer in figure 3(a-c). Furthermore, it can be seen from figure 3(g-i) that the above 

PDOS analysis is further substantiated by partial charge densities of VBM and CBM in 

CGT monolayer.  



 

Figure 3. The spin-polarized band structures, PDOS and partial charge densities (the 

isovalue = 1.5×10-3 e/Å3) of the CGT monolayer under (a, d, g) 0%, (b, e, h) 4%, and 

(c, f, i) 8% biaxial tensile strain. Blue (red) represent spin-up (spin-down) channels, 

respectively. The Fermi level is represented by the black dashed line. 

In addition to modulation the electronic properties, the biaxial tensile strains also 

show an interesting response to the magnetic moment of CGT monolayer. The evolution 



of atomic magnetic moments in CGT monolayer under different strains are shown in 

figure 4. Here magnetic moments of Cr, Ge and Te atoms in the CGT were denoted MCr, 

MGe and MTe, respectively. Our calculations demonstrate that magnetic moments 

increase as strain increases from 0 to 10% in CGT monolayer, as depicted in figure 4. 

Specifically, the MCr increases from 3.17 μB to 3.40 μB with strain increasing from 0% 

to 10%. On the other hand, the MTe and MGe increase slightly with increasing biaxial 

strain in CGT monolayers. This indicates that the spin polarizations in CGT monolayer 

are mainly contributed by Cr atoms with a small contribution from Ge and Te atoms, 

which can also be seen in the spin-density distributions. Our results suggest that the 

magnetic properties in CGT monolayer can be significantly controlled by tensile strain. 

Assuming that the CGT monolayer can remain stable at strain range up to 10%, the 

tensile strain can provide a promising route for modulating spin state and magnetic 

properties.  



 

Figure 4. Strain effects on magnetic moment (a) Cr atoms, (b) Ge and Te atoms in the 

CGT monolayer. The inset schematically shows the spin density distribution of the CGT 

monolayer under 0% and 10% biaxial strains. The isovalue is set to be 2×10-2 e/Å3. 

To better understand in more detail the magnetic moments with strain in CGT 

monolayer, the bond lengths, charge transfer and PDOS are investigated under a tensile 

strain. Figure 5(a) shows the bond lengths as a function of a tensile strain. For 

simplification, the bond lengths of Cr-Te, Ge-Te Ge-Ge and were named dCr-Te, dGe-Te 

and dGe-Ge. It is found that the dCr-Te and dGe-Te increase with strain, while the dGe-Ge are 

almost unchanged. In particular, the dGe-Te and dCr-Te increase by 4.90% and 3.99% for 

the CGT monolayer at ε = 10% as compared to those for the unstrained case. The change 

in bond length in the CGT monolayer results in the significant charge transfer shown in 

figure 5(b). It is noted that as biaxial strain increases, the amount of charge transferred 



from the Cr and Te atoms increases. At the same time, the charge transfer is not obvious 

for Ge atoms. Specifically, Cr atoms lose about 0.25 electron charge, whereas Te (Ge) 

atoms gain about 0.24 (0.01) electron charge at ε= 10%. Their trend of charge transfer 

is completely opposite, indicating that charge transfer mainly occurs between Cr and 

Te atoms. In addition, the shifts of the a and b states of PDOS in figure 5(c) clearly 

demonstrates that the spin polarization of d orbital of the Cr atom near the Fermi level 

increases with the increase of strain from 2% to 8%, leading to an increase in MCr from 

3.21 μB to 3.35 μB. Our results suggest that the charge transfer between Cr and Te atoms 

is very important for the change of magnetic moment with strain in CGT monolayer. 

 

Figure 5. Strain effects on (a) the bonding length, the distance and (b) electron transfer 

of Cr and Te atoms in the CGT monolayer. (c) The PDOS of Cr atom in CGT monolayer 

under 2%, 4% and 8% biaxial strain, respectively. 



To further understand the impact of biaxial tensile strains on the FM stability of 

CGT monolayer, the energy difference ΔE (ΔE = EAFM - EFM) at various tensile strains 

is exhibited in figure 6(a). Our numerical results show that the energy difference 

presents a monotonous increase as the biaxial tensile increases. Specifically, the energy 

difference increases by nearly a factor of three with the tensile strain increasing to 10%, 

as compared to that of the unstretched CGT (from 350 meV to 1025 meV). It can be 

seen from the increase of energy difference that the stability of the FM state is 

considerably enhanced, which may be useful for applications of CGT monolayer in 

spintronic nanodevices. 

Moreover, the Curie temperature is one of the critical properties for ferromagnetic 

materials in nanoelectronics applications. The Curie temperature of CGT monolayer 

performed by using performing Monte Carlo (MC) simulation based on the 2D 

Heisenberg Hamiltonian model [49, 50]. H = −∑ 𝑗!,# 𝑆! · 𝑆#  is the Heisenberg spin 

Hamiltonian, where i and j stand for the nearest Cr atoms, S is the spin operator of Cr 

site and J is the spin exchange parameter. The exchange energy between FM state and 

AFM state is calculated by using the following formulas, EFM = E0 + Eex and EAFM = E0 

- Eex [27], where E0 represents the non-spin polarized energy of the CGT monolayer 

per unit cell, EFM and EAFM are the energies of CGT per unit cell in the FM and AFM 

states. The exchange energy Eex is mapped to the Ising mode to obtain the values of the 

J parameter (Table S2, Supporting Information), as follows, 𝐽 = −𝐸$%/6𝑆&. Here, S is 

the spin of each Cr atom, which is 3/2. The results show that the Curie temperature of 

the pristine CGT monolayer is estimated to be 58K (figure S4, Supporting Information), 



which is consistent with the previous Monte Carlo simulation (57.2K) [49]. However, 

the TC of CGT monolayer in the experiment is 22K, which is lower than the value 

obtained from the Monte Carlo simulation. In order to compare with the experimental 

data, we corrected it with the following formula, 𝑇'
()*+,!-) = /!

/!
"! · 	𝑇'

0'()*+,!-) =

0.379 · 𝑇'
0'()*+,!-) , where TC and 𝑇'

()*+,!-)  represent the experimental Curie 

temperature of CGT and the experimental Curie temperature applied to the strain, 

respectively. 𝑇'0'  and 𝑇'
0'()*+,!-)  represent the calculated Curie temperature 

without considering strain and upon applying the strain based on Monte Carlo 

simulation (Table S2, Supporting Information). The theoretical results in Figure 6a that 

the tensile strain can effectively modulate the TC. The change trend of TC is the same as 

that of energy difference, which increases as the strain increases. Notably, the Curie 

temperature can be enhanced by 166% and 191% at 8% and 10% strains, respectively.  



 

Figure 6. (a) Energy difference between FM and AFM coupling and enhanced Curie 

temperature of CGT monolayer. (b) Cr atomic distance (d) and bond angle Cr-Te-Cr (θ) 

as a function of strain.  

The increase in TC caused by strain can be explained by Goodenough-Kanamori-

Anderson (GKA) rule [51-53]. There is a competition between direct exchange 

interactions and superexchange interactions in the magnetic ground state of CGT 

monolayer. We can see that from the bonding structure of figure 6(b), the direct 

exchange interaction is the direct overlap of the d orbitals on the nearest-neighbor Cr 

atom, which results in the AFM coupling. The superexchange interaction where the d 

orbitals of Cr and the p orbitals of Te atoms overlap, produces FM coupling. The former 

is mainly determined by the distance between neighboring Cr atoms, while the latter is 



mainly influenced by the bond angle Cr-Te-Cr (θ). It can be seen from figure 6(b) that 

the bond angle (θ) of pristine CGT monolayer is close to 90° (92°), which prefers FM 

coupling according to the GKA rules. Figure 6(b) shows the distance (d) between Cr 

atoms and bond angle Cr-Te-Cr (θ) as a function of strain. It can be found that the bond 

angle θ increases from 92° to 99° as the tensile strain increases, which will lead to the 

weakness of the superexchange interaction (FM coupling). However, the distance d 

monotonically increases as the tensile strain. Specifically, the distance d can be 

increased by more than 10% compared to pristine CGT monolayer at the strain of 10%, 

which could significantly weaken the direct exchange interaction, i.e., AFM coupling. 

So, as the tensile strain increases, both the superexchange interaction and the direct 

exchange interaction become weak. It can be concluded that the enhancement of the 

ferromagnetism in CGT monolayer under the tensile strain can be attributed to the 

competition and delicate balance between superexchange interaction and direct 

exchange interaction. 

Conclusions 

In summary, the effects of strain on the electronic and magnetic properties of CGT 

monolayers were systematically studied by means of DFT calculations. Our 

calculations demonstrated that the band gap of CGT monolayer initially increases 

finally decreases almost linearly with the increasing tensile strain, which is due to the 

shift of CBM and VBM. More surprisingly, the Curie temperature of CGT monolayer 

increased by 191% upon applying 10% strain. The magnetic moment of CGT originates 

mainly from Cr atoms, and the magnetic moment of Cr atom increases with the increase 



of tensile strain. It is shown that the change of magnetic moment is because of the 

charge transfer caused by the change in bond length. Our results may facilitate 

experimental work in the field of strain-tunable electromagnetism.  
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