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Recently, significant experimental advancements in achieving topological phases have been reported in van der
Waals (vdW) heterostructures involving graphene. Here, using first-principles calculations, we investigate graphene/CoBr,
(Gr/CoBry) heterostructures and find that an enhancement of in-plane magnetic anisotropy (IMA) energy in monolayer
CoBr, can be accomplished by reducing the interlayer distance of the vdW heterostructures. In addition, we clarify that the
enhancement of IMA energy primarily results from two factors: one is the weakness of the Co-dxy and Co-d,2_,. orbital
hybridization and the other is the augmentation of the Co-d,,; and Co-d,. orbital hybridization. Meanwhile, calculation
results suggest that the Kosterlitz—Thouless phase transition temperature (7xt) of a 2D XY magnet Gr/CoBr; (23.8 K) is
higher than that of a 2D XY monolayer CoBr, (1.35 K). By decreasing the interlayer distances, the proximity effect is
more pronounced and band splitting appears. Moreover, by taking into account spin—orbit coupling, a band gap of approx-
imately 14.3 meV and the quantum anomalous Hall effect (QAHE) are attained by decreasing the interlayer distance by
1.0 A. Inspired by the above conclusions, we design a topological field transistor device model. Our results support that
the vdW interlayer distance can be used to modulate the IMA energy and QAHE of materials, providing a pathway for the
development of new low-power spintronic devices.

Keywords: van der Waals heterostructure, in-plane magnetic anisotropy energy, quantum anomalous Hall

effect
PACS: 79.60.Jv, 75.30.Gw, 64.70.Tg

1. Introduction

Graphene, a pioneering two-dimensional (2D) hexago-
nal honeycomb lattice material, attracts a great deal of at-
tention for its excellent electronic, mechanical and optical
properties.!! In particular, among graphene’s many prop-
erties, its topological properties are of interest due to its po-
tential application in spintronics.*-*! Up to now, the theoreti-
cal exploration of self-supported graphene has been extensive,
prompting a shift in focus to graphene applications and the
hope of making breakthroughs in graphene-based devices.

The weak intrinsic spin—orbit coupling (SOC) and lack
of an orbital band gap in graphene hinder its further

[7-10]

application. However, the emergence of 2D van der

Waals (vdW) opens up possibilities for utilizing graphene
in various applications. Due to its sensitivity to the inter-
layer distance, the proximity effect in 2D vdW heterostruc-
tures offers a controllable way to adjust the electronic band

[11-19]

structure of materials. Significantly, vdW monolay-

ers, unconstrained by the limitations of lattice matching,
can be readily assembled into vdW heterostructures with ar-

20-25] Moreover, the accumulation and hy-

bitrary designs.!
bridization properties of heterostructures constructed of 2D
vdW materials are higher than those of the corresponding

26311 For instance, according to a recent experi-

monolayer.!
ment, the intrinsic SOC of graphene on SiO, is determined

to be 20 peV, which is higher than the value for pristine

fCorresponding author. E-mail: ss_zhangchw @ujn.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad0f8a

graphene (12 peV).3%331 Furthermore, it has been reported
that vdW heterostructures have been used to obtain significant
progress in achieving topological phases in graphene such as

[34-36] 1y vdW heterostructures, time-reversal

graphene/Crls.
symmetry is broken by the presence of magnetic exchange
and, combined with SOC, results in and the quantum anoma-
lous Hall effect (QAHE),P7% je., time-reversal symmetry
protects topological edge states, leading to topological pro-

S. [34,35,37,41,42] Notice-

tection as determined by Chern number
ably, some low-power-consumption spintronic devices can be
designed based on the tunable dissipationless chiral edge state.

As for devices, the uniaxial magnetic anisotropy also
plays a significant role. Recently, research has demon-
strated that manipulation of the interlayer spacing in vdW
heterostructures can effectively regulate perpendicular mag-
netic anisotropy (PMA), as exemplified by the graphene/Nil,
(Gr/Nily) system.*3] The PMA of Nil, is significantly en-
hanced by decreasing interlayer distance, which is conducive

s.[43-471 1 addition,

to realizing low-power spintronic device
2D materials with in-plane magnetic anisotropy (IMA), such
as 2D XY magnets CoBr, and CrCl;, have many excel-

[44.48-501 However,

lent properties and application prospects.
in comparison to PMA, IMA has received significantly less
research attention. To explore the variation of IMA and
QAHE by decreasing the interlayer distance of vdW, in this

work, we provide a systematic theoretical analysis of the elec-
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tronic and magnetic structures in a Gr/CoBr, heterostruc-
ture from first-principles calculations. Studies show that the
CoBr; monolayer is an intrinsically ferromagnetic (FM) semi-
conductor with IMA, belonging to the 2D XY magnet fam-
ily with a Kosterlitz—Thouless phase transition temperature
(Txt) = 23.8 K.[*91 By analyzing the magnetic anisotropy en-
ergy (MAE) and density of states (DOS), we find that the MAE
increases as the interlayer distance of Gr/CoBr; decreases and
IMA, enhanced due to the interaction of Co-d orbitals, is mod-
ified by its proximity to graphene. Remarkably, decreasing the
interlayer distance can lead to exchange splitting and a gap in
the electronic band structure of graphene. Naturally, we also
evaluate the topological characteristics of Gr/CoBr, when tak-
ing the SOC into account and the findings reveal the existence
of the QAHE. Moreover, we design a device that suggests a
pathway for novel low-power spintronic devices.

2. Computational details

We performed first-principles calculations using density-
functional theory as implemented in the Vienna ab initio
simulation package.’®!=>3 The generalized gradient approx-
imation (GGA) with the Perdew—Burke—Ernzerhof realiza-
tion was adopted for the exchange—correlation functional. >
Considering the solid Co 3d electronic correlation effect in
CoBr,, the GGA +U method is adopted (U =5 eV, J =
0.0 eV).[4349:35-571 The cutoff energy for the plane-wave base
expansion is set to 500 eV. It is good enough to sample with
aI'-center 11 x 11 x 1 k-point grid for the Brillouin zone and
a center 25 x 25 x 1 grid for the magnetic anisotropy calcu-
lation. Naturally, the MAE is calculated based on the energy
variations between the in-plane and out-of-plane spin direc-
tion after considering SOC. The convergence criterion of the
parameter for energy is 10~® eV, and the criterion also requires
the Hellmann—Feynman force acting on each atom to be less
than 1073 eV/A. The vacuum space is set to 25 A in the z-axis
direction, which is sufficient to avoid false interactions. The
topological properties are calculated by the Wannier function
method in the WANNIEROO package. %3]

3. Results and discussion
3.1. Pristine CoBr; and Gr/CoBr; heterostructure

The monolayer CoBr; is exfoliated from bulk CoBr,
crystals, having a Cdl,-type layered structure, as shown in
Figs. 1(a) and 1(b), in which a cobalt metal atom forms
an octahedron with six bromine atoms.®*! The adjacent lay-
ers of monolayer CoBr; are stacked together by weak vdW
force, like in graphene, but it is reported to be stable in
mechanics and thermodynamics.*3%1 The structure shows

P3m1 (No. 164) symmetry with broken inversion symmetry.

The lattice parameters of monolayer CoBr, are calculated to
be a = b = 3.80 A, and the band structure of the material
[Fig. 1(c)] indicates that CoBry is a semiconductor with a
global large band gap of 2.80 eV, which agrees well with pre-
vious research. 4]

© Co ©Br

M r K M

Fig. 1. (a) Top and (b) side views of the CoBr, monolayer. The primitive
cell is marked by the dashed lines in (a). The blue and red balls rep-
resent Co and Br atoms, respectively. (c) Band structures of the CoBr;
monolayer, E, represents the band gap.

Considering that both CoBr; and graphene are vdW crys-
Here, the
3 x 3 x 1 supercell of CoBr, is chosen as the substrate for

tals, they can easily combine with each other.

the 5 x 5 x 1 graphene for constructing a vdW heterostructure
where graphene is stacked over the CoBr,.[%1-%61 In Gr/CoBrs,
the interfacial Br atoms and the one on the other side are la-
beled by Br2 and Brl, respectively [Fig. 2(e)]. Since the in-
terlayer interaction can be dependent on different stackings,
we consider four high-symmetry configurations of Gr/CoBr;
in Figs. 2(a)-2(d). In Al, the Co atom is on the hollow
site of the C atom. In A2, the C atom is simply on top of
the Co atom. In A3, the C atom is on top of the Br2 atom
and, in A4, the C atom is on top of the Brl atom. Our
calculations find that Al has the lowest energy and we fo-
cused on Al in this study. The top and side views of Al
are shown in Fig. 2(a). The optimized lattice constant of
Gr/CoBr; is 12.29 A and interlayer binding energy is given
by E, = [E(Gr/CoBr,) — E(CoBr,) — E (graphene)]/a*. The
distance between the two layers is 3.51 A, with an interlayer
binding energy of E, = —69.49 meV/A?, where the inter-
layer distance suggests that the primary mode of interaction
between the monolayers of graphene and CoBr; is a weak
vdW force similar to other vdW heterostructures. Considering
that the heterostructure is formed by stretching CoBr; in ex-
periments, we simulate the impact on monolayer CoBr; of an
external force during heterostructure formation and compute
the phonon spectrum of the monolayer CoBr; under the 7.6%
strain. In Fig. S1, the phonon spectrum of the 5 x 5 x 1 super-
cell CoBr; has no imaginary frequency, which demonstrates

that the CoBr; in the heterostructure is stable.
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Next, in order to test the impact of the U value, we calcu-
late the lattice constants and magnetic moments of each atom
under different U values, as shown in Table 1. The results
show that the lattice constants change slightly when the U
value is varied from 2 eV to 5 eV. Moreover, in Fig. S2(a),
we calculate the ground state based on a 2 x 1 x 1 supercell of
Gr/CoBr, according to the literature.®”! The FM and antifer-
romagnetic (AFM) energies (Figs. S2(b) and S2(c)) are calcu-
lated to identify the ground state of the Gr/CoBr; heterostruc-
tures. It is shown that the energy of the FM configuration is
lower than that of the AFM configuration when U =5 eV,
AE = Eapm — Epv = 29.2 meV, which shows that Gr/CoBr;
presents an FM ground state in the same way as CoBr;.

Brl ° Br

Fig. 2. (a)—(d) The top view of Gr/CoBr;, heterostructures with A1, A2,
A3 and A4 stackings. The brown spheres represent C atoms. (e) The
side view of Gr/CoBr, heterostructure with A1 stackings.

Table 1. The lattice constants a, magnetic moments of Co mc,, Brl
mpy1, Br2 mp; and C m¢ under different U values.

U@V) a@) meo(us) mer (UB)  mpo (Ug)  me (Up)
2 12.30 2.560 0.140 0.135 0.00
3 12.30 2.615 0.123 0.120 0.00
4 12.30 2.667 0.106 0.105 0.00
5 12.29 2.727 0.084 0.083 0.00

3.2. Magnetic anisotropy tuned by interlayer spacing

CoBr; is a member of the 2D XY magnet family, i.e.,
it has an easy magnetic axis in the in-plane direction. Our
calculation shows that the energy of the CoBr, monolayer
is lowest when the electron spins along the in-plane direc-
tion, AEmag = Ex — E; = —0.85 meV, which accords with
the above conclusion. The MAE of Gr/CoBr, when the easy
magnetization axis is along the in-plane direction is shown in

Fig. S3. Similarly, we investigate the MAE of 2D Gr/CoBr;
when the SOC is included. In Gr/CoBr,, we can calculate that
AEMAE = —8.17 meV. The calculated result shows a preferred
in-plane magnetization that is much larger than that of the
monolayer CoBr;. It is clear that the construction of Gr/CoBr;
achieves the increase of MAE, providing a promising avenue
for the development of spintronic devices.

Here, we choose U =5 eV as an example to show the
effect of the interlayer distance on MAE. In Fig. 3, we find
that the IMA of Co atoms increases significantly with the de-
crease of interlayer distance, which ultimately causes an IMA
increase of Gr/CoBr,. In order to further explore the cause
of MAE variation, we compare the orbit-resolved MAE be-
tween the Co atom in monolayer CoBr; and in a Gr/CoBr;
heterostructure, as shown in Figs. 4(a)-4(c). From Fig. 4(a),
one can clearly see that the contribution of in-plane magneti-
zation is more evident than the out-of-plane magnetization of
Co-d orbits in the pristine CoBry monolayer. For the Co atom
in pristine CoBr», the positive value of MAE is contributed
by the hybridization between Co-d,>_,» and Co-dyy (matrix
element Co-(d,2_2| Ly |dsy)), Co-dy. and Co-dy; (matrix ele-
ment Co-(dy.| Ly|dy)): however, the negative value of MAE
makes a significant hybridization contribution between Co-d
and Co-d,; (matrix element Co-(d_» | L |dy.)). Therefore, the
CoBr; monolayer presents characteristics of IMA.

C BriCoBry; C Br;CoBry; C Br;CoBry C Br;CoBry C Br;CoBry C BriCoBry

—9
P
S

()
E 4
|
<
S s

<< << o< << <<

< o N a <t o © o 00 & Q

= S| A< g o Qo g
_7L oo o | o | o | o | o |
QH QII QH QH QII QH

I - [N - [N [N [Saas

_8 O U 4 O [ORS U 4 [ORS
Fig. 3. The layer-resolved MAE of Gr/CoBr, with Ad = 0.0 A, —0.2 A,

—0.4A,-0.6A,-0.8A and —1.0 A, respectively.

After constructing Gr/CoBr; heterostructures, the atten-
uation of Co-(d2_,2[Lx|dyy) and the enhancement of Co-
(dy;|Ly|d;) increase the IMA in Fig. 4(b).

Gr/CoBr;, we find that the IMA of Co atoms increases signif-

Similarly, in

icantly with the decrease of interlayer distance, which causes
the IMA increase of Gr/CoBr,. Moreover, when the interlayer
distance between graphene and CoBr, decreases by 1 A, the
weakening of the orbital hybridization between Co-d,, and

027901-3


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0f8a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0f8a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad0f8a

Chin. Phys. B 33, 027901 (2024)

Co-d,»_,» causes the IMA of Gr/CoBr; to increase remark-
ably, as shown in Fig. 4(c). In 2D materials, MAE can sta-
bilize long-range FM order, withstanding the impact of ther-
mal fluctuations. Naturally, MAE includes magnetocrystalline
anisotropy (MCA) energy and magnetic shape anisotropy
(MSA) energy, i.e., EMagE = Emca —|—EMSA.[68] MSA is not
considered in spin-density-based first-principles calculations.
The MCA energy is related to the energy difference between
the magnetization between the in-plane and out-of-plane di-
rection relative to the CoBr, layer, AEyca = Esocy — Esoc:-

R 1dv(r)
Esoc = - L. 1
socC <2 3T dr > S, ey

where L represents the orbital angular momentum, S repre-
sents spin angular momentum and V (r) is the spherical part
related to the effective potential in projector augmented wave
methodology.[*! MAE can be further expressed in the second-
order perturbation theory as!’-72]

AETT = ET()-E ()
_ ézo_u_|<o—|Lz|u—g;—|;:—Lx|u->|2’ o
AETT = B (1)~ E* ()
_ g2y ML) =0T Ll o

E; —Ef

Here, & is the SOC constant, + represents majority-spin states,
— represents minority-spin states, and £, and E, are the en-
ergy levels of the unoccupied and occupied states, respectively.
The spin—orbital angular momentum matrix element differ-
ences, (0™ | Le|u™)[* = (o™ | Lulu)|” and |{o* | L |u)* —

[{(o"| Ly|u™) |2, in Egs. (2) and (3) are illustrated in Table 2 for
Co-d orbitals. Equations (2) and (3) show that the orbitals near
the Fermi level are important components affecting the change
of MAE. We can also see that the contributions of the same
spin and opposite spin to MAE have opposite signs between
the occupied and unoccupied states. In this case, the positive
value of MAE means that the easy magnetization axis is per-
pendicular to the interface of monolayer CoBr,. In contrast,
the negative value implies an in-plane direction easy magnetic
axis. To further investigate the mechanism of MAE change, in
Figs. 4(d)—4(f), we plot the projected density of states (pDOS)
of Co atoms in CoBr, and Gr/CoBr», respectively. It is found
that both the occupied and the unoccupied electronic states
of Co-d orbitals around Ep are mainly spin down in mono-
layer CoBr,. Table 2 shows an element of —3 between spin-
down occupied states dy, (d‘y’; ) and unoccupied d . states (dg{ )

and an element of 4 between spin-down occupied d » > states

2y
(d;';ﬁyz) and unoccupied d,, states (dy, ), which indlices the
negative and positive MAE, respectively. However, it is ob-
vious that the band around Ef is primarily contributed by d»
orbitals in Fig. 4(d); that is, the hybridization of d,; and d > in-
duces the negative MAE contributions [grey bar in Fig. 4(a)].
Similarly, it can be seen from Figs. 4(e) and 4(f) that the
dy. and the d% states make similar contributions to MAE,
but the d;‘; states are closer to the Er, which means the states
contribute more to MAE; meanwhile, the MAE contribution
from the hybridization of d;;_yz and dy, keeps reducing when
CoBr;, approaches graphene, resulting in the enhancement of
IMA in Gr/CoBr;. In summary, graphene regulates the elec-
tronic states of Co atoms in Gr/CoBr; and enhances the IMA.

—~
o

—2.00
—4.00
—6.00
—8.00
(d) g_UP ! —dy, ) SOTgp —dyy &
4F | — dyz 40 — d'l/z
/>'\ 3k i —d ~ 30r —d.» g
O 2r | dzz . ?v 20 dyz [5}
> 1F 1 a2—y? o 10 o2y )
+ ! + +
*‘E 0 i 1 1 E 0 g
! wn
0n (1] -Downi [9) 0 [ Down w0
Q —2 | a —20F A
o —3F | o a
_4F 1 =301
_5F i —40
,2 i : : —50 '
—1 0 1 2 3 —1 1 2

Energy (eV)

Energy (eV)

Energy (eV)

Fig. 4. MAE contributions from d-orbital hybridization of Co atoms in (a) pristine CoBrs, Gr/CoBr, heterostructure with (b) Ad = 0.0 A, (c) Ad =
—1.0 A. The pDOS of Co atom in (d) pristine CoBr,, Gr/CoBr, heterostructure with () Ad =0 A, (f) Ad = —1.0 A.
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Our results of the MAE also show that the Gr/CoBr; het-
erostructures belong to the 2D XY magnet family. For 2D XY
magnets, the finite size effect can be used to steady its mag-
netic order. In addition, the results show that the stability of
the FM order in 2D XY magnets is strongly correlated with
MAE. In order to demonstrate the effect of MAE on the mag-
netic transition temperature, we further determine the critical
temperature Tit.!”3] According to the classical XY model, we
estimate the critical temperature

TKT = JI'J/ZKB, (4)

where Kp is the Boltzmann constant and J is the exchange in-
tegral, which can be calculated from the exchange energy (AE)

J = AE/(—2z5%). 5)

Here, S and z represent the spin of the Co atom and the number
of nearest-neighboring Co atoms, respectively.

Considering only the first-nearest interactions, we obtain
the nearest exchange integral J; = 1.31 meV and the Tkt is
estimated to be 23.8 K. The Tkt of the CoBr, monolayer is
calculated as 1.35 K, which is close to the previously reported
value (1.7 K).[*1 We discover that the transition temperature
of the Gr/CoBr; is 17 times higher than that of the CoBr;
monolayer. Therefore, the construction of the Gr/CoBr; het-
erostructure not only enhances the IMA of CoBry, but also
effectively increases its critical temperature, which provides
a theoretical basis for its development and application in the

future.

Table 2. The matrix element differences of Co-d orbitals between two directions of the magnetization (z [001] and x [100]) in Egs. (2) and (3).

ot

o

dy dy: d2 de; de_y dy dy dp2 dxe de_y
dyy 0 0 0 -1 4 0 0 1 —4
d, 0 0 -3 1 -1 0 0 3 -1 1
dp 0 -3 0 0 0 1 -1 0 0 0
dy; -1 1 0 0 0 1 -1 0 0 0
do 2 4 -1 0 0 0 —4 1 0 0 0

3.3. Electronic properties and band structure of Gr/CoBr;

In Fig. 5, we present the electronic band structures in the
Gr/CoBr; heterostructure with an equilibrium interlayer dis-
tance of 3.51 A. Figure 5(a) shows the representative elec-
tronic band structures without SOC of Gr/CoBr, with U =
5 eV, which indicates that the system is metallic and the Dirac
cones of graphene are well preserved. When the SOC is con-
sidered, as shown in Figs. 5(b) and 5(c), we discover that
the energy band opens up to a very small band gap (E, =
6.25 meV).

U=5 eV, with SOC

(a) 2 (b) 2 (©)
1 1F

= =
E L E;=6.25 meV
> >
%l} 0 %o 0
& @

) i >

—2 -2

M T K M M I K M K

Fig. 5. (a) The energy band structures for the Gr/CoBr; heterostructure,
with U values of 5 eV without considering the SOC. The red and blue
lines represent spin-up and spin-down states, respectively. (b) Consid-
ering the SOC, the band structures with U values of 5 eV (c) Enlarged
view of the band gap near the Fermi surface in (b).

Furthermore, in vdW heterostructures, it is proved that
decreasing the interlayer distance can effectively tune the
Dirac cones of graphene; hence, here we plot the band struc-
ture when the interlayer distance decreases by 0.2 A to 1.0 A,
as shown in Figs. 6(a)-6(e). With decreasing interlayer dis-
tance, the opposite spin states are separated effectively by a

strong magnetic exchange interaction, which produces signifi-
cant exchange splitting when the interlayer distance is reduced
to 2.51 A, as shown in Figs. 6(e) and 6(f). Therefore, we
choose U =5 eV, d = 2.51 A for the subsequent calculation
of SOC in order to distinctly show the topological properties
of Gr/CoBry».

(a) 2

M I K M K

Fig. 6. (a)—(e) In the Gr/CoBr, heterostructure, the energy band struc-
tures with Ad = —0.2 A, —0.4 A, —0.6 A, —0.8 A and —1.0 A, respec-
tively. (f) Enlarged view of the black circle in (e).

3.4. Topological properties of the Gr/CoBr, heterostruc-
ture

A global band gap of ~ 14.3 meV opens after SOC is
switched on, where the Ef is right tuned to lie inside the
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global gap, as shown in Figs. 7(a) and 7(b), indicating that the
Gr1/CoBr; heterostructure may harbor topologically nontrivial
states.

Firstly, in order to analyse the cause of the QAHE, the
theoretical model proposed by Ren ef al. is employed in
Gr/CoBr,.!"# The tight-binding Hamiltonian with in-plane
magnetization can be written as

H = fthchjJrit[ Z vijc:-rszcj

(ij) (i)
— iR Z [.lijc‘i+ (8 X (i,'j)ij +A chrh -sci, (6)
(i) i

where c:.r = (C,TT’CZ)T is the creation operator for an electron
at the ith site and the 1 (]) represents the spin-up (spin-down)
state. The first term is the nearest-neighbor hopping and the
second term is the intrinsic SOC, where ¢ is the amplitude and
vij=dixdj/ ‘di x d;| with d; ; being the two nearest bonds
connecting the next-nearest-neighbor sites. The third term rep-
resents the intrinsic-Rashba SOC Hig where (1;; = +=1 for A/B
sublattices, s are spin-Pauli matrices and ci, ;1S a unit vector
from site j to i. The last term is the in-plane magnetization
and A and h = (cos ¢,sin¢@,0) are the strength and orienta-
tion, respectively.

2

Energy (eV)
o
Energy (eV)

K

Fig. 7. (a) The band structure of Gr/CoBr, with Ad = —1.0 A when
SOC is included. (b) Enlarged view of the red circle in (a).

For Gr/CoBr;, the broken symmetries of 7 ® 4, R ¥
(inversion .7, time reversal .7, out-of-plane mirror reflection
M) and T ® M, in 2D systems allow nonzero Chern num-
bers to occur, as expressed in references.!’476] The emergence
of magnetic substrates such as CoBr, and the construction of
a supercell provide a possible pathway for the realization of
the QAHE by decreasing the nearest-neighbor hopping energy.
Once A > ¢, the degeneracy is lifted, the band gap opens and
the QAHE is characterized by Chern numbers of C = 1, which
is consistent with the model.

To determine whether or not the resulting insulating state
exhibits nontrivial topological properties, we evaluate the in-
trinsic anomalous Hall conductivity o,

e 1

2
= kQ (K

where e and & are the elementary charge and the Planck con-
stant, respectively, the Berry curvature Q (k) summed over oc-
cupied valence bands can be expressed by

Qk)=—2mY £ Y <w"kvx2’l’;"'“>_<;’"3’§v>’l””’°>. ®)
n m#n m n

Here f, is the Fermi-Dirac distribution function, v, and v, are
the velocity operators, and E,, is the eigenvalue of the Bloch
function | Wk ).

Figure 8(a) shows the anomalous Hall conductivity Oyy.
We can see that o, is quantized (€% /h) as expected when
the band gap of Gr/CoBr, contains a Fermi level. The result
means the Chern number C = 1, which also can be obtained
by the formula

1 2
= — Q,.
c=5-Y, [ &k, ©

The oy, rapidly reaches 0 as the Fermi level moves away
from the band gap. Furthermore, the topological property of
Gr/CoBrj is also estimated by the hybrid Wannier charge cen-
ters (WCCs) in Fig. 8(b). The electronic polarization WCC
shifts with the winding number 1, which confirms the Chern
Thus, it can be concluded that the Gr/CoBr; het-
erostructure harbors topologically nontrivial properties.

number.

1.25 (a)

—_
o
o

Anomalous Hall
conductance o,y (e2/h)

[

—0.25
—0.050 —0.025 0
Energy (eV)

0.025 0.050

1.0
(b)

0.8}

0.6

WCC

0.4}

0.2r

00 0.1 0.2 0.3 0.4 0.5

Ky

Fig. 8. (a) The anomalous Hall conductivity oy, and (b) the hybrid
Wannier charge centers (WCCs).

Notably, the QAHE can be achieved by changing the in-

terlayer distance. Based on this, we propose a conceptual
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topological field-effect transistor that operates by switching
the topological behavior of the Gr/CoBr; heterostructure on
and off, as shown in Fig. 9. When the interlayer distance de-
creases by 1.0 A, the device is in an ‘on’ state and the current
will flow without dissipation in the edge states. In contrast, if
the interlayer distance is not compressed, the device could be
turned ‘off” because of the lack of conductive channels. This
study provides a new idea for the development of new spin-

tronic devices with low-power consumption.

// obq’ / l Compress
o
S

Q’)\@

/

Graphene
CoBrsy

Fig. 9. Schematic diagram of the topological field transistor model.

4. Conclusion

In summary, we construct a Gr/CoBr, vdW heterostruc-
ture and predict its magnetic anisotropy and topological prop-
erties by first-principles calculations. The conclusion reveals
that the Gr/CoBr; heterostructure is an FM semiconductor
with IMA, belonging to the 2D XY magnet family with Txt =
23.8 K. The MAE can be enhanced by decreasing the inter-
layer distance. However, the cause of MAE variation is the

attenuation of Co-(d,>_ 2| Ly|d,y) and the enhancement of Co-

(dyz| Ly|dyz). The secon)d-order perturbation theory shows that
graphene can tune the electronic states of Co atoms, thereby
enhancing the MAE arising by hybridization. Moreover, by
analyzing the band structure, we elucidate that the decrease
of interlayer distance produces a large exchange splitting in
Gr/CoBr;. After considering SOC, a global band gap of about
14.3 meV appears. Furthermore, anomalous Hall conductiv-
ity, a nonzero Chern number (C = —1) and WCC prove the
topologically nontrivial property of Gr/CoBr;. Our findings
demonstrate that adjusting the vdW layer distance can not only
control the MAE of 2D FM materials, but also provide a new
way to realize the QAHE. Finally, on this basis, we design a
topological field-effect transistor model, which provides a new
idea for the development of new low-power spintronic devices.
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