Downloaded via SHANDONG UNIV on April 3, 2023 at 02:37:33 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Van der Waals Stacked 2D-Layered Co,Ge,Teg, with High Curie
Temperature and Large Magnetic Crystal Anisotropy

Zhaoyong Guan,® Linhui Lv, Ziyuan An, Ya Su, Yanyan Jiang, Xuming Wu, and Shuang Ni*

Cite This: J. Phys. Chem. C 2023, 127, 5991-6001

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Co,Ge,Tes shows an intrinsic ferromagnetic order, which originates from the
superexchange interaction between Co and Te atoms, with a Curie temperature of 161 K. The
Co,Ge,Tes monolayer is half-metal, and the spin-f electron is a semiconductor with a gap of 1.311
eV. The Co,Ge,Tes monolayer shows in-plane anisotropy, with a magnetic anisotropy energy (MAE)
of —10.2 meV/fu., and Te atoms contribute —9.94 meV/f.u. Moreover, the bilayer with AA- and AB-
stackings has MAEs of —24.659 and —24.492 meV/.fu., respectively. Most interestingly, bilayers
present ferromagnetic half-metallicity independent of stacking orders. The multilayers (N > 6)
present ferromagnetic half metal, while magnetoelectronic properties are related with stacking
patterns in thinner multilayers. Moreover, the magnetoelectronic properties of bulk are related with
stacking patterns. The multilayers’ magnetic orders are determined by the super—super exchange and
weak van der Waals (vdW) interaction. Moreover, the Co,Ge,Te; monolayer and multilayers show
good dynamical and thermal stability. These findings could pave the way of application of intrinsic

ferromagnetic Co,Ge,Te, in the spintronics.

1. INTRODUCTION

Two-dimensional (2D) intrinsic ferromagnetic materials,
especially half-metal (HM), are urgent for the spintronics."”
All kinds of 2D materials, such as graphene,3 h-BN,* MoS,,*°
and stanene,” have been successfully synthesized in the recent
years. However, 2D magnetic materials, especially ferromag-
netic materials, are rare.*” It is limited by the Mermin—
Wagner theory,'® which implies 2D magnetic materials cannot
exist in the isotropic Heisenberg model at finite temperature.
However, Crl,,'" VSe,'” FeGeTe,'”'* CrGeTe, (CGT)
monolayer (ML),"*™"” and self-intercalation of 2D layered
materials'®"” with intrinsic ferromagnetism have been
successfully synthesized in the experiments. 2D magnetic
materials have a wide application in the condensed physics and
spintronics.20 Therefore, 2D magnetic materials are becoming
a hot topic in research."”" Ideal 2D ma§netic materials are
expected to have attractive properties,””” >* such as high
Curie temperature (T.), MAE with an easy magnetization axis
(EA) along out of the plain,” and high spin polarization. For
magnetic materials, half-metallic materials are amazing, whose
one spin channel is insulative or semiconductive, while another
channel is conductive.”® As a result, HM could get 100% spin-
polarized current, which are highly desired in the spintronics.
The perfect HM used in the spintronics is expected a higher
T, and the semiconductive gap should be large enough.’
Furthermore, a large MAE is urgently needed to retain half-
metallicity at high temperature in the electronics.””**

2D ferromagnetic HMs are rare. Graphene nanoribbon
(GNR) could be transformed into HM with an external
electric field.”” The chemically functioned GNR could be also
transformed into HM.*>° Furthermore, carrier” and defect’’
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could effectively convert semiconductors into HM, but these
strategies are hard to achieve in the experiments.””** Amon
2D magnetic materials, only Crl;,'"** VSe, (T phase),"” and
CGT" are ferromagnetic semiconductors, while Fe;GeTe, >
and CrSe,” are spin-polarized metal with a ferromagnetic
(FM) order. Moreover, electronic properties of VSe, are
dependent on the substrate.'” In a word, the intrinsic HM is
rare in 2D materials.”> However, 2D HM is highly expected in
the spintronics.”””> Moreover, the magnetoelectric properties
of 2D materials are related with d electrons’ configuration. The
CGT is a semiconductor. What are the properties of
M,Ge,Teq, as the Cr atom in CGT is replaced with other
metals? In this work, we have constructed and found half-
metallic Co,Ge,Tes ML and multilayers with intrinsic
ferromagnetism by a global minimum search and density
functional theory (DFT).

In this paper, the electronic and magnetic properties of
Co,Ge,Te, are systematically investigated by DFT. Co,Ge,Teg
ML is an intrinsic ferromagnetic material, which originates
from the superexchange interaction between Co and Te atoms.
Co,Ge,Teys, ML has a T, of 161 K. The intrinsic
ferromagnetism could be concluded by the Goodenough—
Kanamori—Anderson (GKA) theory.”” —>* Co,Ge,Tes ML is a
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HM with a band gap of 1.311 eV for spin-f electron, while the
spin-a electron is conducting. Co,Ge,Tes ML and bilayer
intend in-plane anisotropy (IPA), with MAEs of —10.2,
—24.659 (AA), and —24.492 (AB) meV/fu., respectively.
Besides that, Co,Ge,Tey bilayers retain HM with the FM
order, independent of stacking orders. For multilayers (N > 6),
the layers prefer to ferromagnetically couple with each other,
and they are all HM. However, the magnetoelectric properties
of bulk are related with stacking patterns. Bulk of AA-stacking
shows an AFM order, while AB-stacking shows the FM order,
and both of them are normal spin-polarized metal. Our
research implies robust ferromagnetic half-metallic Co,Ge,Teg
with high T, large MAE, making it wide potential application
in the magnetics and spintronics.

2. COMPUTATIONAL DETAILS

The calculation of Co,Ge,Te is using plane-wave basis Vienna
Ab initio Simulation Package (VASP) code*” based on DFT.
The Perdew—Burke—Ernzerhof (PBE)*' is adopted to deal
with 3d electrons’ interaction. Moreover, Co’s 3d electron is
dealt with the art of hybrid-functional HSE06**** and LDA +
U method,™ respectively. The energies of different orders,
band structures, density of states (DOS), and magnetic
exchange parameters are calculated by the art of HSE06
functional. Moreover, MAE, phonon spectra, and molecular
dynamics are calculated by the LDA + U method."* The
effective onsite Coulomb interaction parameter (U) and
exchange interaction parameter (J) are set to be 7.70 and
0.70 eV, respectively. The effective U4 (U= U — J) is 7.00
eV,** and the corresponding energies of magnetic order and
electronic properties are consistent with the HSE06 functional.
The vacuum space in the z-direction is set 16 A. The kinetic
energy cutoff is set as 300 eV, and geometries are fully relaxed
until energy and force are converged to 107 eV and 1 meV/A,
respectively. 6 X 6 X 1 and 9 X 9 X 1 Monkhorst—Pack grids*’
are used for the geometry optimization and energy calculation,
respectively. The magnetocrystalline anisotropy (MCA) energy
is calculated with an energy cutoff of 400 eV, and the energy is
less than 1 X 107® eV. The spin—orbital coupling (SOC) effect
is also taken into account for determining magnetic anisotropy.
The corresponding adopted k-grid is 19 X 19 X 1, after a
systematical test, as shown in Figure S1. The phonon spectra
and DOS are calculated using the finite displacement method
as implemented in the phonopy package.”® A 4 X 4 X 1 cell is
adopted, and total energy and Hellmann—Feynman force are
converged to 107 eV and 1 meV/A in the phonon spectra
calculation, respectively. 1000 uniform k-points along high-
symmetry lines are used to obtain phonon spectra. In order to
confirm dynamical stability, ab initio molecular dynamics
(AIMD) simulation is also performed. The constant moles—
volume—temperature (NVT) ensemble with Nosé—Hoover
thermostat™ is adopted at temperatures of 300 and 500 K,
respectively. The time step and total time are 1 fs and 10 ps,
respectively. A larger supercell (2 X 2 X 1 cell) is adopted in
the AIMD simulation to eliminate effect of the periodic
boundary condition with a smaller system size. In order to
describe the vdW interaction, the DFT-D2 method®® is used.
The calculated distance between graphene layers is 3.25 A,
which is consistent with the experiment.
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3. RESULTS AND DISCUSSION

3.1. Geometry of Co,Ge,Tes ML. The geometry of
Co,Ge,Teq ML is fabricated and confirmed by particle swarm
optimization (PSO)>* and AISP based on the crystal structure
analysis, shown in Figure la—c. The corresponding optimized
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Figure 1. (a) Top, (b) side-1 (along x axis), and (c) side-2 (along y
axis) views of optimized geometries of Co,Ge,Tes ML. The green,
yellow, and blue balls represent Ge, Te, and Co atoms. (d,e) Spin
charge density difference of (c) FM and (d) AFM orders. The
isovalue is 0.02 e/A’. (f) Direct exchange and (g) superexchange
interaction. (h) Atom projected band structures. (i) PDOS with FM
order. The red, blue, yellow, pink, cyan, and green lines represent
projected band structure and PDOS of Te-a, Te-f, Ge-a, Ge-f, and
Co-a and Co-f atoms, respectively. The Fermi-level is set to 0 eV.

lattice parameter is @ = b = 6.881 A, by fitting energy with
lattice parameters, which is larger than 6.810 A of CGT.>® 1t
shows that Co atom’s ionic radius (65) is larger than the Cr
atom (62). The bond length between Co and Te atoms is
2.836 A, while the bond length between Ge and Te atoms is
2.618 A. The bond length between Ge and Ge atoms is 2.485
A. Co,Ge,Tes ML shows a D,y point group, which is the same
with CGT. The vertical distance between Te and Te atoms is
3.639 A, shown in Figure 1b.

The Co atom is in the center of the octahedron, similar to
the Cr atom in CGT. There is 1.011 e electron transfer from
Co atoms to Ge (0.396 ¢), and Te (0.691 ¢) atoms by Bader
analysis.”* The Co atom shows a 3d®4s' configuration,
resulting in Co'" ions, as one d electron is taken away. The
Co atom has a high-spin octahedral d® configuration, leading to
a magnetic moment (MM) of 2.04 yy, while Ge atoms have
—0.01 (0.01 X 2) py. There are six Te atoms, which have
—0.06 (x2), —0.05 (x2), and —0.02 (X2) uy MM,
respectively. Each supercell has two Co atoms. Therefore,
there are two kinds of orders, including FM and
antiferromagnetic (AFM) orders, and the corresponding spin
charge density difference is shown in Figure 1d,e, respectively.
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MM mainly localizes in Co atoms, shown in Figure 1d,e, which
is consistent with above analysis. The total MM is 4.00 yp for
FM order, while the total MM is 0.00 py for the AFM order. In
order to describe magnetic stability, we define energy
difference (AE) between FM and AFM orders: AE = Eupy
— Epy. Moreover, the corresponding AE is 0.11 eV, which
implies that Co,Ge,Tes ML shows the FM ground state.

In this section, the reason for Co,Ge,Tes ML showing a FM
order is investigated. Each Co atom is coordinated by six
ligands-Te in Co,Ge,Tes ML, and the corresponding Te—Co—
Te bond angles are 91.07, 83.27, and 103.20°, respectively.
According to Goodenough—Kanamori—Anderson rules’” >’ of
superexchange theorem, it results in FM coupling (shown in
Figure 1f,g). However, there is a direct exchange interaction
between Co and nearby Co atoms, which intends AFM
coupling, as shown in Figure 1f. As a result, the ground state is
determined by the competition between the superexchange
and direct exchange interaction, similar with Crl;"” and
CGT." In Co,Ge,Teg ML, the superexchange interaction is
stronger than the direct exchange interaction. In other words,
the superexchange interaction, which originates from the
hybridization between Co-d and Te-p orbitals, dominates the
exchange interaction, as shown in Figure S3ab. Finally,
Co,Ge,Tes; ML intends the FM order.

The geometrical and magnetic properties of Co,Ge,Te4 are
investigated in the above section, and electronic properties are
usually related with the geometry. The band structure and
partial density of the states (PDOS) of Co,Ge,Tes are
calculated, as shown in Figure 1h,i. The spin-a electron
channel is conductive, while the spin-§ electron channel is
insulative. Therefore, the Co,Ge,Tes is HM, while CGT is a
semiconductor with a gap of 0.37 eV, which origins from
different d electrons’ configuration. The Fermi-level is partially
occupied by the spin-a electrons. However, the valance band
maximum locates at the I" point, while the conductance band
minimum locates at the K point, for the spin-f electrons.
Therefore, Co,Ge,Te, is a semiconductor with an indirect gap
of 1.311 eV for spin-f electrons, as shown in Figure 1h. As a
result, 100% spin-polarization implies Co,Ge,Tes could be
used as spin injection and spin transport devices.’
Furthermore, the states near the Fermi-level are mainly
contributed by Te’s p orbitals, while these states are partially
contributed by Co’s d,,, d,, d,>_,2, and d,. orbitals, as shown
in Figures 1b, S2a, and S3a, respectively. The PDOS and
integrated density of the states (IDOS) of Co atoms are shown
in Figure S2a,b, respectively.

3.2. Magnetic and Electronic Properties. Magnetic and
electronic properties of Co,Ge,Teg are still unknown, which
are worth further research. The different magnetic config-
urations are investigated to ascertain the magnetic order,
shown in Figure 2a—d. Each Co atom contributes 4.0 yg MM,
and there are eight Co atoms in the 2 X 2 X 1 cell. As a result,
there is 32.0 gy MM for the FM order. Moreover, three
different AFM orders are considered, including AFM-zigzag
(AFM-Z), AFM-stripy (AFM-S), and AFM-Néel (AFM-N)
orders. For AFM orders, four Co atoms contribute 8.0 iy MM,
while the other four Co atoms contribute —8.0 uz MM.
However, MM shows different distributions for different AFM
orders. As a result, the total MM equals to 0.0 yg, and the
corresponding spin charge density difference is shown in
Figure 2a—d, respectively. The energy difference is defined as
difference between AFM and FM orders. The highest energy of
AFM-Z order is 0.69 eV higher than FM order, while the
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Figure 2. Spin charge density difference of Co,Ge,Te, with (a) FM,
and (b) AFM-Z, (c) AFM-S, and (d) AFM-N orders. The red and
blue represent spin- and spin-f electrons. (e) Crystal structure
consists of magnetic ion Co only. Illustration of neighbor exchange
interactions. ]}, J,, and J; represent the first, second, and third in-plane
nearest-neighbor spin—spin exchange interactions, respectively. (f)
MM per unit cell (red) and specific heat (C,) (blue) vary respect to
the temperature from Heisenberg model MC simulation, respectively.

AFM:-S order has the second highest energy of 0.50 eV, shown
in Figure 2b,c, respectively. Moreover, AFM-N order is 0.31 eV
higher than the FM order, which has the lowest energy in AFM
orders, shown in Figure 2d.

T. is a significant parameter for ferromagnetic material, and
T. is calculated using the classic Heisenberg model Monte
Carlo (MC) with the following formulas

H=-]) S

< (1)
Epy = Ey — (3], + 6], + 3],)ISP )
Expnonie = Eo — (=3], + 6], — 3],)ISP (3)
Expni-sigug = Eo — U, — 2, — 3J)ISP @
Exeni—aripy = Eo — (=], = 2, + 3J)ISP )

where Epyy, Eapvineed Earmigag 304 Eapwiaripy represent
energies with FM, AFM-N, AFM-Z, and AFM-S orders,
respectively. J and H are the exchange parameter and
Hamilton, respectively. Moreover, S; represents the spin
operator, as shown in Figure 2e. The corresponding J;, J,,
and J; represent the nearest-, the next nearest-, and the next—
next nearest-exchange parameters. The corresponding ], J,,
and J; are 3.7, 13.8, and 9.0 meV, " respectively. J, is large than
L K 36
Ji, and a similar phenomenon also appears in CrB4-1,°° and
Sr,FeOsOg.”” It could be concluded that long-range magnetic

https://doi.org/10.1021/acs.jpcc.2c08648
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Figure 3. MAE map (FM state as a reference with EA along [001]) of Co,Ge,Tes ML. (a) AE, varies from the out-of-plane to the in-plane
direction. (b) Energy indicated by the dashed lines changes with azimuthal angle ¢. (c) AE, changes with polar angle 6. (d) Blue arrow represents

the direction of EA (along [100] direction) of Co,Ge,Tes ML.

interaction also plays a vital role in Co,Ge,Tes ML. Both
nearest- and next nearest-neighbor Co atoms show FM
couplings. However, J;, ], and J; of CGT are 2.71, —0.058,
and 0.115 meV, respectively. The corresponding MC code is
developed by Prof. Hongjun Xiang’s group.58 As a benchmark,
T. of Crly is calculated to be 51 K,* which agrees well with the
experiments. A larger 80 X 80 cell with 1.0 X 10° loops is used
to evaluate T.. The 2.0 uy MM per Co atom drops quickly.
The corresponding T is predicted to be 161 K, which is higher
than that of CGT (bulk, 66 K).'

The electronic properties of materials are usually related
with magnetic orders. The FM order is HM, while AFM orders
are spin-unpolarized metal or semiconductor, as shown in
Figure S4a—d. Co,Ge,Tes ML under different AFM orders are
spin-unpolarized semiconductor (AFM-Z order) or metal
(AFM-S and AFM-N orders). Therefore, they are different
from each other. More discussion could be found in Figure S4
in the Supporting Information.

Co is a heavier element, so the effect of SOC on the
electronic properties should be considered. Therefore, the
band structures with SOC are also calculated with the HSE06
functional, shown in Figure SS. The band structures with EA
along [100] and [001] directions are calculated. There is a
Dirac cone above Fermi-level at the K point, when EA is along
[100]. However, the Dirac cone appears at the " point, as EA
is along the [001] direction. Moreover, SOC could cause band
splitting in the band structures. Moreover, more detail could be
found in Figure SS. Therefore, the band structures with EA
along different directions are different from each other.

3.3. Magnetic Anisotropy Properties. MAE means
electrons need energy to switch from EA (soft axis) to other
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direction (hard axis). Therefore, MAE is often used to describe
magnetic stability of materials, and an ideal magnetic material
is expected to have a larger MAE. In this part, the MAE and
MCA energy are calculated using the LDA + U method. The
expected magnetic materials in the spintronics are expected to
have higher MCA, which means the electron needs more
energy to overcome a higher “barrier” from EA to the hard axis.
MCA is important for preserving the original direction of
magnetic moment from heat fluctuation for the ferromagnetic
materials. As Co,Ge,Tes has a Dj; point group, the
corresponding energy (E) along certain direction (6, ¢)
follows equations’

AE, = K, cos® @ + K,cos" 0 + +K; cos® 0 + K,cos’ ¢
(6)

(7)

where Ejoy] represents the energy along [001] direction. K,
K, and Kj stand for the quadratic, quartic, and sextic (six
degree) contribution to the MAE, respectively. The energy
difference AE, is independent of the in-plane azimuthal angle
¢. Therefore, K; equals to 0, as shown in Figure 3a,b. The eq 6
S e 1 . .60

is simplified into the following equation

AE, = E — Ejgy

AE, = Kjcos® @ + K,cos* 0 + K3cos6 0 (8)

AE, changes as a function of polar angle 6, as shown in
Figure 3c. Moreover, AE, follows the equation

AEy(meV) = —11.74 cos’ 0 + 4.569 cos* 6 —
3.038 cos® 0

https://doi.org/10.1021/acs.jpcc.2c08648
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for Co,Ge,Tes ML. The MAE and MCA energy could be
calculated using following equations

MAE = E“OO]

= Ejoo1 9)

(10)

Ejj90] represents the energy with a magnetic axis along the
[100] direction. S is the area of the supercell, and S could be
evaluated with this equation: S = a® sin 60°, and a is the lattice
parameter of the unit cell. The corresponding MAE and MCA
energy of Co,Ge,Tes ML is —10.24 meV and —4.001 erg/cm?,
respectively. The negative MAE implies EA points to the in-
plane direction, as shown in Figure 3a,d. Compared with CGT
(MAE 0.5 meV),"" MCA of Co,Ge,Tes is obviously
enhanced, and it shows that the Co atom (58.93) is heavier
than the Cr atom (51.996). The corresponding SOC in
Co,Ge,Teq is stronger than that in CGT. Moreover, MAE
mainly comes from the contribution of SOC, similar with
VSeTe.”

3.4. Dynamical and Thermal Stability. The dynamical
stability of Co,Ge,Tes is confirmed via phonon dispersion
curves and phonon DOS, which show no obvious imaginary
phonon modes. The highest vibration frequency is 6.968 THz,
which is lower than CGT (8.364 THz), shown in Figures 4a

MCA = Ejjo9) — Ejgo;) = MAE/S

8 (b)
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Figure 4. (a) Phonon band structure and (b) density of the states of
Co,Ge,Teg. The black, red, and blue lines represent partial phonon
density of states of Co, Ge, and Te atoms, respectively. (c,d) Total
energies change (blue color) with the times at simulated 300 and 600
K, respectively.

and S7. From Figure 4b, we can find that the contribution to
the low-frequency part (0 < ¢ < 4 THz) mainly comes from Te
atoms. On the contrary, Ge atoms make much contribution to
the high-frequency part (6 < & < 7 THz), while Co atoms
contribute to the middle-frequency part (4 < € < 7 THz).
The thermal stability of Co,Ge,Teg is evaluated with AIMD.
To examine the geometrical stability, we also perform AIMD
simulation at 300 and 600 K, respectively. The fluctuation in
the total energies is evaluated, and the total energies vibrate
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round —167.26 eV at 300 K and —165.49 eV at 600 K, as
shown in Figure 4c,d, respectively. Moreover, the snapshots of
geometries also confirm essential intact structures. No obvious
structure distortion is found, so Co,Ge,Te should be stable at
300 and 600 K.

3.5. Bilayer of Co,Ge,Teg. For synthesized 2D materials,
one layer intends to antiferromagnetically couple w1th the
other layer, such as CrI3,6263 NPS3,64‘65 and VSez, which
inhibits wide application. However, the Co,Ge,Te4 bilayer
shows the FM order, independent of stacking orders. AA, AA-
S-1, AA-S-2, AA-S-3, and AB stackings are fabricated, and the
corresponding optimized geometries are shown in Figure Sa—

i

"~ DOS

2F T KFT DOS ZF T KF T
Figure S. (a—e) Top views of optimized of Co,Ge,Te, with different
stacking orders. The top views with stackings of (a) AA, (b) AA-S-1,
(c) AA-S-2, (d) AA-S-3, and (e) AB. (f—j) Spin charge density
difference of bilayers with different stacking orders. The red and blue
represent spin-& and spin-f3 electrons, respectively. The isovalue is set
0.03 e/A% (k1) Spin-polarized band structure and PDOS of bilayer
with AA and AB stackings, respectively. The red, blue, yellow, pink,
cyan, and green represent Te-at, Te-f, Ge-a, Ge-§, Co-a, and Co-f}
electrons projected band structure, respectively. The red, green, and
blue represent Co, Ge, and Te atoms projected PDOS, respectively.

e, respectively. The vertical distance between two layers (d,) is
calculated, as shown in Table 1. The AB stacking has the
smallest dy of 2.999 A, which has the lowest binding energy
(E,) —69.23 meV (—120.73 meV with HSE06). Moreover, AA
stacking has the second smallest d, of 3.605 A, with Ey of
—48.20 meV (—76.79 meV with HSE06). For other stacking
orders, such as AA-S-1, AA-S-2, and AA-S-3, d, values are
3.742, 4.018, and 4.100 A, and the corresponding E,, values are
—61.57 (HSE06, —96.52), —54.78 (HSE06, —91.52), and
—52.18 (HSE06, —84.82) meV, respectively. Therefore, AB
stacking is the most stable configuration. Moreover, the AE is
also related with stacking orders. AA-stacking has the lowest
AE of —50.0 meV (—63.0 meV with HSE06), while AB-
stacking has the second lowest AE of —38 meV (—56 meV by
HSE06). Other geometries with AA-stackings-(1, 2, 3) also
have different AE. However, Co,Ge,Tes with different stacking
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Table 1. Distance (d,) between Two Layers, Binding Energy (E,), Energy Difference between Different Orders (AE), and
Electronic Properties with Different Stackings are Calculated by DFT + U and HSE06 Functional, Respectively

DFT + U HSE06 propties
system dy (A) E, (meV) AE (meV) AE (meV) E, (meV) HM
AA 3.605 —48.20 —-50 —63 —76.79 HM
AB 2.999 —69.23 -38 -56 —120.73 HM
AA-0.993 A 3.742 —61.57 -11 —27 —96.52 HM
AA-1.324 A 4.018 —54.78 =31 =51 —-91.91 HM
AA-6.083 A 4.100 —52.18 —-19 —-34 —84.82 HM

patterns still shows the FM order, which is different from
Crl;.*” The EM coupling between the interlayers comes from
the super—super exchange and vdW interaction between Co
atoms in different layers. Moreover, a similar phenomenon also
appears in Crl, stacking.®’

The spin charge difference of AA, AA-S-1, AA-S-2, AA-S-3,
and AB stackings with FM and AFM orders are shown in
Figure Sf,g, respectively. FM order for the bilayers and
multilayers is defined as follows: the intralayer Co atoms
ferromagnetically couple with each other, and interlayer Co
atoms ferromagnetically couple with each other. The AFM
order is defined as follows: the intralayer Co atoms still
ferromagnetically couple with Co atoms, while the interlayer
Co atoms antiferromagnetically couple with each other, as
shown in Figure 5f,g. It could be found that MMs mainly
localize at Co atoms, while Te and Ge atoms contribute a small
part, which is similar with Co,Ge,Tes ML. The most stable
configuration is AB-stacking, and each Co atom has 2.43 yuj;
MM in the FM order, shown in Figure 5j. However, Co atoms
in one layer have 4.86 (2.43 X 2) py MM, while Co atoms in
another layer contribute —4.86 (—2.43 X 2) uy MM for AFM
order, shown in the middle inset of Figure Sj. Co atoms in the
AA-stacking contribute 4.87 pz MM, while Co atoms in
another layer contribute —4.87 yz MM for the AFM order,
shown in Figure Sf. AA-S-1 (2, 3) stackings show similar
phenomena, and the corresponding spin charge differences are
shown in Figure 5g—i. The charge difference for AA and AB
stackings is also calculated, as shown in Figure S6. It could be
found that the charge of accumulation mainly localizes in the
interfaces between two layers, as Te atoms get charges, as
shown in Figure S6a,b. The depletion area mainly localizes at
the vacuum area between two layers.

The electronic properties are usually dependent on the
magnetic orders. All the considering stacking orders show FM
order, and they are all HMs, as shown in Table 1. The layer
projected band structures of AA and AB stackings are
calculated with the HSEO6 functional, shown in Figures Sk,
and SSa—c, respectively. The Co,Ge,Te4 bilayers with AA and
AB stackings show HM, and corresponding gaps of spin-
electron are 1.528 and 1.436 eV, respectively, which are larger
than ML (1.311 eV). The first and second layers’ atoms
projected band structures are different from the MoSSe bilayer,
which is caused by the quantum confinement. For MoSSe, the
conduction and valance bands come from the upper and
bottom layers, respectively.”’ However, the upper and bottom
layers of Co,Ge,Tes show the same projected band structures,
presented in Figure Skl. The states near the Fermi-level are
mainly contributed by Te atoms, shown in the right columns of
the Figure 5k, which is the same with ML, as shown in Figure
1i.

3.6. Multilayers of Co,Ge,Teg. As the number of layers
(N) goes on increasing, the geometry and magnetoelectric
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properties also change. For N = 3, the AE is 0.35 eV (0.058
eV/Co), which implies that 3L Co,Ge,Tes has the
Ferrimpyg pyapm State. Ferrimpyrpaviapy means intralayer Co
atoms ferromagnetically couple with other Co atoms, while
two interlayer Co atoms antiferromagnetically couple with
each other Co atoms. Also, the corresponding spin density is
shown in the left inset of Figure 6a. The corresponding PDOS

MM (ug)

R
o oo

N}
S o

DOS (arb. unit)

o
—
by

0
E-Ef (eV)

Figure 6. Energy difference and MM change with the layers” numbers.
The inset shows the spin densities of 3L, SL, 6L, and 8L Co,Ge,Te,
with ground states. The PDOS of (b) 3L, (c) 4L, (d) SL, (e) 6L, and
(f) 9L with the ground state. The red, green, and blue represent Co,
Ge, and Te atoms’ PDOS, respectively.

of 3L Co,Ge,Teq is shown in Figure 6b, which implies that 3L
is a common spin-polarized metal. Moreover, the states at
Fermi-level mainly come from Te atoms’ contribution. For N =
4, the AE equals to —0.38 eV (—0.048 eV/Co), which means
4L Co,Ge,Te; FM state (inset of Figure 6a), and the
corresponding PDOS is shown in Figure 6¢, which is similar
with 2L Co,Ge,Tes with AB stacking. 4L Co,Ge,Tes with AB
stacking is HM. The gap of spin-f electron is 1.216 eV, while
spin-a electron is conductive. When the layer of Co,Ge,Te is
increased to five, the spin density is shown in the inset of
Figure 6a, and the corresponding PDOS is shown in Figure 6d.
It could be concluded that SL Co,Ge,Tes is a normal spin-
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polarized metal. As the film becomes thicker, the correspond-
ing AE values are —0.06 (N = 6), —0.06 (N = 7), and —0.06
(N = 8) eV, respectively. When N is increased to 9, 10, the
corresponding AE are increased to —0.07 and —0.08 eV/Co,
respectively, which implies multilayers (N > 6) to be in the
FM ground state. It can be concluded that AE is close to the
bulk (—0.083 eV/Co, shown in Figure 6a), as the Co,Ge,Teq
film becomes much thicker. The corresponding PDOS is
shown in Figure 6e,f, respectively. They are all HMs, and the
similar trend also appears in CrSe, multilayers.”® As the
thickness increases, the corresponding spin-# electrons’ gaps
are also decreased to 1.32, 0.97, 0.66, 0.32, and 0.11 eV for N =
6—10, respectively.

It could be concluded that the states near the Fermi-level are
also enhanced, as Co,Ge,Tes multilayers become thicker, as
shown in Figure 6b—f.

3.7. Bulk of Co,Ge,Tes. When the thickness is further
increased, the Co,Ge,Teg intends to form bulk. According to
the stacking orders of the bilayer, there should be two different
stacking orders: bulk-AA and bulk-AB. The corresponding
geometry, magnetic, and electronic properties are shown in
Figures 7a—h and 8a—g, respectively. Both bulk-AA and AB
stackings have a D4 point group, and the corresponding lattice

() (d)

E

@

AFM-ST

E-Eg(eV)

2l i
% T

D fommmommmomaee

K F T  DOS (arb. unit)

Figure 7. (a) Top and (b) side (along y axis) views of optimized
geometries of bulk-AA of Co,Ge,Tes (de) Spin charge densities
difference of (c) AFM-N, (d) FM, (e) AFM-ST, and (f) AFM-Z
orders of ML, respectively. The isovalue is 0.026 e/A’. (g) Atom
projected band structures. (h) PDOS with FM order. The red, green,
and blue lines represent PDOS of Co, Ge, and Te electrons,
respectively. The Fermi-level is set to 0 eV.
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parameters are 7.191 (Figure 7a) and 6.991 (Figure 8a) A,
respectively. The vertical distance between Te atoms is 2.76 A,

LIRASHK
SeLIXIbelIX]
294A [6.368 A

I DOS (arb. unit)

Figure 8. Optimized geometry of Co,Ge,Tes bulk-AB stacking with
(a) top and (b) side views. The spin densities of (c) FMpy_py, (d)
AFM s pp_apny and (e) AFMgy gy orders, and the isovalue is set to
0.026 e/A%. (f) Spin-polarized band and (g) PDOS of the bulk-AB
with the FMgy,_gy; order. The red and blue represent spin-a and spin-
P electrons, respectively.

shown in Figure 8b, which is smaller than ML. The bulk-AA
shows AFM-Z order, while bulk-AB has FM order, shown in
Figures 7 and 8, respectively. For AA stacking, the intralayer
Co atoms intend to antiferromagnetically couple Co atoms in
the same layer, shown in the right inset of Figures 7a and S8.
Moreover, MMs mainly localize in the Co atoms, as shown in
Figures 7c—f and S8a,b, similar to ML (Figure 1d,e). The AFM
order has a lower energy of —0.33 eV than the FM order for
the 1 X 1 X 1 cell. In order to establish magnetic ground state,
the AFM-N, FM, AFM-ST, and AFM-Z orders are considered,
as shown in Figure 7c—f, respectively. Moreover, the FM order
has the highest energy, with the largest MM of 16 pp, while the
AFM-N order has an energy of —0.37 eV (FM order is taken as
reference), as shown in Figure 7c. The AFM-Z order has the
lowest energy of —1.61 eV, as shown in Figure 7f. Moreover,
the corresponding spin-polarized band structure and PDOS are
shown in Figure 7g/h, respectively. The bulk-AA with AFM-Z
order is spin-polarized metal, shown in Figure 7g. However,
the Co,Ge,Tes ML with the AFM-Z order is a spin-
unpolarized semiconductor, shown in Figure S4b. It should
be caused by the enhanced interaction between two layers in
bulk, as the vertical distance between Co atoms is obviously
decreased, as shown in Figure 8b. The states at the Fermi-level
are mainly contributed by Te atoms, as shown in Figure 8g,
which is similar to ML. Compared with bulk-AA, bulk-AB has
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Table 2. Matrix Differences for d Orbitals between Magnetization Along [001] and [100] Directions in eqs 12 and 13

[0}

u” d,, d,. d2 d. dz dy d,. d2 d, da_p
d, 0 0 0 1 —4 0 0 0 -1 4
dﬂ 0 0 3 -1 1 0 -3 1 -1
dz 0 3 0 0 0 0 -3 0 0
d,. 1 -1 0 0 -1 1 0
L PR —4 1 0 0 0 4 -1 0 0 0
lower energy. Therefore, bulk-AB (Figure 8a) is more stable. AE " =E " —E "= & Z (I<o7IL, P
Moreover, the vertical distance of Te atoms of bulk-AB ot
stacking is 2.940 A, as shown in Figure 8b. The FM order has _ _ _ _
lower energy than AFM orders in the 1 X 1 X 1 cell. All — <ol ™ > /(B ~ E)) (12)
magnetic orders including these magnetic configurations: AE Y= E* _Et = 52 Z (I < otIL. lu P
FMpycpvy AFMaevi—apy @and AFMgy gy orders, are shown ¥ ‘ e ‘
in Figure 8a—c, respectively. The subscript FM—FM represents . ., B B
intralayer Co atoms ferromagnetically couple with each other, — I <o'lL,™ > 1)/(E,~ - E,°) (13)

as shown in Figure 8c. The interlayer Co atoms ferromagneti-
cally couple with each other, which is defined as the FMgy;_py
order. The AFM,py_apy (Figure 8d) and AFMgy_py (Figure
8e) orders have higher energies of 0.18 and 0.33 eV than the
FMpy_py order (Figure 8c), respectively. For the FMpy_py
order, Co atoms have 2.37 (1st L), 2.37 (2nd L), 2.42 (2nd L),
and 2.42 (1st L) pg, respectively, as shown in Figure 8c. For
the AFMgy;_py order, Co atoms have 2.35 (1st L), 2.45 (1st
L), —2.35 (2nd L), and —2.45 (2nd L) pg, respectively, as
shown in Figure 8d. However, Co atoms have 2.36 (1st L),
—242 (Ist L), —2.36 (2nd L), and 242 (2nd L) py
respectively, as shown in Figure 8e. Compared with the HM
of ML, the original states fully occupied by the spin-f electrons
are shifted upward as the interlayer interaction enhances. As a
result, the fully occupied states are transformed into partially
occupied states, which originates from Te’s contribution, as
shown in Figure 8g. Therefore, bulk-AB is spin-polarized metal,
as shown in Figure 8f,g, which should be caused by the
enhanced interaction between the interlayer Co atoms. In
conclusion, the magnetoelectronic properties are related with
stacking orders, and bulk-AA shows a metal with the AFM
state, while bulk-AB shows HM with the FM state, respectively.

3.8. Magnetocrystalline Anisotropy. In order to clarify
atomic orbital contribution to the MAE, the tight-binding and
second-order perturbation theory are adopted in calculating
MAE. According to the canonical formulation,”® MAE of each
atom could be evaluated using this equation

_ [100] [oo1]
MAE, = [/Ef(E - EF)[”i 100 (E) — n; oot (B)] (11)

where MAE, represents the MAE of ith atom. ni[loo](E) and

n"(E) are the DOS of the ith atom with EA along [100] and
[001] directions, respectively. Co,Ge,Tes ML has a D54 group.
Therefore, the energies with EA along [100] and [010]
directions are the same.””®” Thus, only the [100] direction is
considered here. Moreover, total MAE could be rewritten as
the sum of MAE;: MAE,,, = ), MAE,. According to the second-
order perturbation theory,”” MAE could be gotten by the sum
of the following terms
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where + and — represent spin-a and spin-f states, and &, L,,
and L, are the SOC constant and angular momentum
operators along [100] and [001] directions, respectively. u
and o represent unoccupied and occupied states, respectively.
Moreover, E, and E, represent energies of occupied and
unoccupied states, respectively.”' MAE is mainly contributed
by spin—orbital matrix elements and energy difference.
According to eq 11, MAE is related with the intensity of
DOS near the Fermi-level. The matrix element differences

l<olLlu P —1<olLu”>P and
| <ol lu P — 1< o'IL lu= > for d and p orbitals are
calculated, as shown in Tables 2 and 3, respectively. To further

Table 3. Matrix Differences for p Orbitals between EA
Along [001] and [100] Directions in eqs 12 and 13

+ —

o o
u P P: j Py P: P
P, 0 1 -1 0 -1 1
P 1 0 0 -1 0 0
Ps -1 0 0 1 0 0

interpret MAE changes with number of layers, the atom-
orbital-resolved MAE is also analyzed, as shown in Figure 9a—i.
It can be found that MAE partially comes from Co (Figure
9a—c) and Ge atoms’ contribution (Figure 9d—f), while it
mainly comes from Te atoms’ contribution (Figure 9g—i). The
orbital-resolved MAE of ML is shown in Figure 9a,d,g,
respectively. The total MAE is —10.24 meV/f.u.,, and Te atoms
contribute —9.94 meV, shown in Figure 9a,d,g. Moreover, the
hybridization between Te’s p, and p, orbitals contributes
—13.33 meV, as shown in Figures 8l and 9g, which
corresponds to the matrix differences —1 for p orbital, as
shown in Table 3. However, the hybridization between Te
atoms’ p, and p, orbitals, p, and p, orbitals contribute 1.76 and
1.63 meV to IMA, which corresponds to the matrix differences
1 for the p orbital, as shown in Figure 9g and Table 3.
Compared with Te atoms, Ge’s contribution to MAE could be
negligible. The hybridization between Co’s d,, and d 2, d,, and
d,>_,> orbitals makes negative contribution to MAE (—0.22
and —0.15 meV), which corresponds to the matrix differences
—3 and —4 for d orbitals, respectively, as shown in Table 2.
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Figure 9. Orbital-resolved MAE of Co,Ge,Te; ML and bilayer with
AA and AB stackings, respectively. The orbital-resolved MAE of
Co,Ge,Tes (adg) ML, (beh) bilayer with AA, and (cfi) AB
stackings, respectively.

The hybridization between Co atoms’ d,, and d,, orbitals
makes positive contribution (0.39 meV) to MAE, which
corresponds to the matrix differences +1 for d orbitals.

When two layers are stacked with AA and AB patterns, the
orbital-projected MAE is also calculated, as shown in Figures
9b,e,h (AA) and 9¢f,i (AB), respectively. The total MAEs for
AA and AB stackings are —24.659 and —24.492 meV,
respectively, which are about 2 times of Co,Ge,Tes; ML. Te
atom contributes —24.83 (AA) and —23.05 meV (AB) to the
total MAE, while Co and Ge atoms contribute about 0.54
(AA), —0.38 (AA), 047 (AB), and —0.32 meV (AB),
respectively. Therefore, the atomic hybridization between Te
atomic spin-f occupied p, and p, orbitals dominates in-plane
magnetic anisotropy (IMA) (—13.33 meV), which corresponds
to the matrix differences —1 for p orbitals. However, the
hybridization between occupied spin-f p, orbitals and
unoccupied spin-f p, orbitals makes contribution to
perpendicular magnetic anisotropy (PMA) (1.63 meV),
which corresponds to the matrix 1 for p orbitals, as shown
in Table 3. The atomic hybridization between Te atomic
orbitals dominates MAE for AA and AB stackings, which is
similar with ML. Moreover, the interactions between p, and p,
orbitals contribute —25.90 and —23.19 meV for AA and AB
stackings, as shown in Figure 9h)i, respectively. In a word, AA
and AB have nearly the same MAE, as the two layers show
weak vdW interaction. Also, more detail could be found in
Figure 9a—h.

4. CONCLUSIONS

In summary, we have predicted and investigated magnetic and
electronic properties of Co,Ge,Tes ML with structure search
and DFT method. We have found that Co,Ge,Tes ML shows
intrinsic ferromagnetism, which comes from the superexchange
interaction between Co and Te atoms, and the corresponding
bond angle is close to 90°. Co,Ge,Te4 is HM with a gap of
1.311 eV for spin-f electrons. The corresponding ]}, J,, and J;
of Co,Ge,Teg ML are 3.7, 13.8, and 9.0 meV, respectively.
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Moreover, Co,Ge,Te, ML has a higher T, of 161 K.
Co,Ge,Teg ML shows IMA, and the corresponding MAE is
—10.24 meV/fu. Co,Ge,Tes shows good dynamical and
thermal stability. Co,Ge,Te4 bilayer shows robust ferromag-
netism and half-metallicity, independent of stacking patterns.
All the layers ferromagnetically couple with other layers (N >
6), while the layer tends to antiferromagnetically couple with
other nearby layers for thinner odd layers (N = 3, S). All even
and thick odd multilayers are HM, while other multilayers are
spin-polarized metal. The magnetoelectronic properties are
dependent on the stacking orders for bulk. Bulk-AA shows the
AFM order, while bulk-AB shows the FM order. However, they
are all normal spin-polarized metal. The super—super exchange
interaction and vdW interaction play a key role in the
multilayers. Our work represents robust ferromagnetic half-
metallic Co,Ge,Tes with high T, large MAE, making it a
candidate for the new magnetoelectronics.
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