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Layered magnetic materials, such as MnBi; Te4, have drawn much attention owing to their potential for realizing two-
dimensional (2D) magnetism and possible topological states. Recently, FeBi; Te4, which is isostructural to MnBi, Tey, has
been synthesized in experiments, but its detailed magnetic ordering and band topology have not been clearly understood yet.
Here, based on first-principles calculations, we investigate the magnetic and electronic properties of FeBiyTey in bulk and
2D forms. We show that different from MnBi,Tey4, the magnetic ground states of bulk, single-layer, and bilayer FeBi, Tey
all favor a 120° noncollinear antiferromagnetic ordering, and they are topologically trivial narrow-gap semiconductors. For
the bilayer case, we find that a quantum anomalous Hall effect with a unit Chern number is realized in the ferromagnetic
state, which may be achieved in experiment by an external magnetic field or by magnetic proximity coupling. Our work
clarifies the physical properties of the new material system of FeBi,Te4 and reveals it as a potential platform for studying
magnetic frustration down to 2D limit as well as quantum anomalous Hall effect.

Keywords: FeBi;Tes, two-dimensional (2D) magnetism, noncollinear antiferromagnet, quantum anomalous

Hall effect, first-principles calculation
PACS: 75.50.Ee, 73.43.—f, 31.15.A—, 74.20.Pq

1. Introduction

Magnetism and magnetic materials have always been a
major subject in condensed matter physics research. There
are recently two emerging directions in this field. One is to
push magnetism into two-dimensional (2D) systems. Several
2D magnetic materials have been realized experimentally!!=3]
and more have been predicted.!*! Here, a commonly used
approach is to start from an existing bulk magnetic material
which has a layered structure bonded by the weak van der
Waals (vdW) interaction, such that 2D layers can be fabri-
cated via mechanical exfoliation. The other direction is to
explore magnetic topological states.%7] Certain topological
states, such as the famous quantum anomalous Hall (QAH)
insulator,®-19 must require magnetism. The interplay be-
tween magnetic ordering and band topology is expected to en-
able novel spintronic devices. !~

Previous studies revealed MnBi,Tes as an interesting
magnetic material system, 4181 which is actually at the merg-
ing point of the two directions. On one hand, it is a vdW
layered magnetic material in the bulk, which can be readily
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thinned down to 2D layers. On the other hand, bulk MnBi, Tey
realizes an antiferromagnetic (AFM) topological insulator, and
in 2D form, it can exhibit QAH state, zero plateau QAH
state or axion insulator state, depending on the number of
layers.[!416] Other Mn-based ternary compounds in the same
family, such as MnBi>Se4 and MnSb, Tey4,[1%2 were also in-
vestigated and found nontrivial properties.

In a recent experiment, Saxena et al.[>!! reported the suc-
cessful synthesis of the bulk FeBi,Tes single crystals, which
adopts the same vdW layered structure as MnBi,Tes. Mag-
netic measurement showed that the material has an AFM
ground state, and there seemed to be a transition to ferromag-
netic (FM) or ferrimagnetic state at ~ 250 K.[>!l Due to the
similarity between structures of FeBi,Tes and MnBi,Teq, it
was strongly suggested that FeBi,Te4 may also realize topo-
logically nontrivial states in the bulk or 2D forms. Neverthe-
less, so far, the detailed magnetic ordering, which is a prereq-
uisite for determining the band topology, has not been clarified
yet.

In this work, we systematically investigate the magnetic
and electronic properties of FeBiyTe4 by using first-principles

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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We find that in the bulk form, different from
MnBi,Te4, the ground state of FeBi,Tes favors an AFM state
with a 120° non-collinear ordering within each Fe plane. Its

calculations.

band structure is a semiconductor with a direct band gap about
0.25 eV. We further study 2D FeBi,Te4 structures, including
one septuple layer (1-SL) and 2-SL FeBi,Tes. We show that
they both prefer the intralayer 120° AFM ordering and are
narrow-gap semiconductors. Although their ground states are
topologically trivial, the FM state of 2-SL FeBi,Te4, which
may be achieved by the applied field or proximity effect, is
found to be a QAH insulator with a unit Chern number and a
band gap of 0.06 eV. Our result suggests an interesting frus-
trated magnetic ordering in bulk and 2D FeBi,Te4, and pro-
vides useful guidance for the study of electronic properties of
this new magnetic system.

2. Computation method

Our first-principles calculations were carried out by us-
ing the Vienna ab initio simulation package (VASP),1?2:23]
which is based on the density functional theory. The pro-
jector augmented wave method!>*! was used to treat the
ionic potentials, with a kinetic energy cutoff of 450 eV. The
exchange—correlation energy was treated using the Perdew—
Burke—Ernzerhof (PBE) approach.!>! Correlation effects for
Fe 3d orbitals were treated by the PBE plus Hubbard U
(PBE + U) method, 671 with U = 4 eV for both structural re-

28.291 We have also tested

laxation and electronic calculation. !
U values from 3 eV to 5 eV and found no qualitative change in
the major results. The spin—orbit coupling (SOC) is fully con-
sidered in our calculation. The vdW interaction was included
by the DFT-D3 approach.*”! The convergence criteria for the
energy and for the atomic force were set to be 107® eV and
1072 eV/A, respectively. The different magnetic orderings af-
fect the size of unit cell, which in turn affects the Brillouin
zone (BZ) size. Accordingly, the size of k-mesh needed for
BZ sampling also changes. For bulk FeBiyTeq, a 5 x5 x5
Monkhorst—Pack k-mesh3!! was used for nonmagnetic and
FM states, a 3 X 3 x 3 k-mesh for AFM-I state and a5 x 5 x 1
k-mesh for the AFM-II state for the BZ integration. For 2D
FeBi,Te4 lattices, a 9 X 9 x 1 k-mesh was used for nonmag-
netic and FM states, a 5 X 9 x 1 k-mesh for the striped AFM
state and a 5 x 5 x 1 k-mesh for AFM-II state. For 2D calcula-
tions, a vacuum space of 18-A thickness is added to minimize
the interaction between periodic images. The wannier band
is calculated with a tight-binding (TB) model based on the
maximally localized Wannier functions (MLWFs), as imple-

[32

mented in the Wannier90 code.'3?! The topological properties

and edge spectrum were calculated by using the WannierTools

package. 3]

3. Results and discussion
3.1. Bulk property

Let us first study bulk FeBi,Tes. It is a vdW layered
material with the same type of lattice structure as MnBi, Te,.
As illustrated in Fig. 1, each FeBi,Tey layer consists of seven
atomic layers (each layer forms a triangular lattice), stacked in
the sequence of Te-Bi—Te—-Fe—Te-Bi—Te. And these FeBiTey
layers are stacked in the ABC-type manner. The space group
for the lattice is R3m. The experimentally determined lattice
constants are a = 4.3926 A and ¢ = 42.6944 A.[>!] We adopt
these values in our first-principles calculation.
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Fig. 2. (a) Illustration of FM, AFM-I, and AFM-II magnetic orderings of
bulk FeBiyTes. For AFM-II, the Fe sites in three neighboring layers (ABC)
are marked by three different colors. (b) Brillouin zones for FM/AFM-I state
(left) and for AFM-II state (right).

Like MnBi,;Tes, the magnetism is mainly from the sites
with 3d magnetic ions, which is Fe here. In Ref. [21], the
ground state was found to be AFM but the detailed configura-
tion was not determined. To figure out the magnetic configura-
tion, we investigate the energetics for several configurations as
shown in Fig. 2(a). Specifically, we compare energies for non-
magnetic (NM), FM, and AFM states. For AFM, we consider
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two types of states. One is the collinear AFM in Fig. 2(a), la-
beled as AFM-I where each Fe layer is FM ordered and two
neighboring Fe layers are AFM coupled. The other state is the
120° AFM order in Fig. 2(a), labeled as AFM-II, where within
each Fe layer, each local spin lies in the layer plane and makes
an 120° angle with its neighboring spins. This is a typical
frustrated magnetic configuration on hexagonal lattices. SOC
is included in our calculations. For the FM and AFM states,
we also consider several spin orientations to find the preferred
direction. Our calculation results are listed in Table 1.

We have the following observations from Table 1. First,
the energy for the nonmagnetic state is much higher than that
of the magnetic states, this indicates the magnetic ordering in
the ground state of FeBiyTes. Second, among the magnetic
states, the 120° AFM state is found to possess the lowest en-
ergy. This shows that the bulk FeBi,Tey is an interesting vdW
material with frustrated magnetic ordering. This is consistent
with the experimental report of an AFM state. Third, the result
shows that the local spins prefer to lie within the layer plane

(a) NM ()

(©

rather than out of plane. For FM, AFM-I, and AFM-II states,
we also tested different in-plane orientations for local spins
and found that the energy difference is negligible.

Next, we investigate the electronic band structures for
some representatives in Table 1, including NM, FM,, AFM-
I, and AFM-II states. The results are plotted in Fig. 3. One
can see that all these states are semiconductors. Their energy
gaps are 0.20 eV for NM, 0.25 eV for FM,, 0.29 eV for AFM-
I, and 0.25 eV for AFM-II state. It was reported that bulk
MnBi,Te4 is an AFM topological insulator. Here, we check
the band topologies for the states in Fig. 3 and find that they
are topologically trivial.

Table 1. Relatively energy AE (in units meV/f.u.) measured from the

ground state (AFM-II), magnetic space group (MSG), and band gap (in
unit eV) for NM, FM, AFM-I, and AFM-II orderings in bulk FeBi, Te4.

NM FM, AFM-1, AFM-II
AE 2125.59 19.26 16.77 0
MSG R3m1’ C2/m C:2/m Cm
Band gap 0.20 0.25 0.29 0.25
AFM-1 @

1

Energy (eV)
< —

Energy (eV)

3.2. Single layer property

Since bulk FeBi,Te4 is a vdW layered material, its 2D ul-
trathin layers can be obtained by using exfoliation method. In
this section, we study the properties of single-layer FeBi, Te,
see Fig. 4. After structural relaxation, we find that the isolated
1-SL does not change much from a layer in the bulk. The lat-
tice space group is P3ml. The optimized lattice constant is
a=4.32 A, and the thickness ¢ is 10.73 A.

To determine the magnetic ground state for 1-SL
FeBi,Tey4, we consider the magnetic configurations as shown
in Fig. 4(c). Here, FM and AFM-II are configurations similar
to the bulk case. We also consider an additional stripe AFM
(AFM-S) configuration in Fig. 4(c). Again, for each case, we
have tested different orientations of the spins. The calculated
energies are listed in Table 2.

The result shows that the frustrated 120° AFM remains
to be the ground state in the single layer limit. This is dis-
tinct from 1-SL MnBi,Tey 101834351 and other existing two-
dimensional magnets, such as Fe3GeTe, and Crl;. [36.37] Those
two-dimensional materials have either FM or collinear AFM
ordering.

(@

() FM AFM-II AFM-S .
S N
I~ = 4 %X @ @

FM/AFM-II AFM-S ,

(d) K
/—\ M
S
\ r / re X
\ /

Fig. 4. (a) Side view and (b) top view of 1-SL FeBiyTey. (c) Illustration of
FM, AFM-II, and AFM-S, magnetic orderings in 1-SL FeBi,Tes. (d) Bril-
louin zones for FM and AFM-II states (left) and for AFM-S; state (right).
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Table 2. Relatively energy AE (in units meV/f.u.) measured from the
ground state (AFM-II), magnetic space group (MSG), and band gap (in
unit eV) for NM, FM, AFM-I, and AFM-II orderings in 1-SL FeBi, Te4.

NM FM, AFM-S, AFM-II
AE 2168.80 45.03 4.75 0
MSG P3m11’ C2/m C:2/m Cm
Band gap 0.30 0.28 04 0.37

The calculated band structures for these states are plotted
in Fig. 5. One observes that all these states are semiconduc-
tors. The band gaps are 0.30 eV for NM, 0.28 eV for FM,

0.40 eV for AFM-S, and 0.37 eV for AFM-II state, respec-
tively. The band gaps about 0.3 eV to 0.4 eV make these
materials new candidates as 2D narrow-gap semiconductors,
which could be useful for infrared detection.

For 2D magnetic materials, an intriguing possibility is the
realization of QAH insulator state. A QAH insulator is charac-
terized by a nontrivial Chern number for its bulk band structure
and features chiral edge modes. We have computed the Chern
numbers for the band structures in Fig. 5 and found that they
are all trivial.

AFM-S
(a) 1 NM (b) | FM () | 2
\\[// WS\
\ \ | / \\ \\\\g/ / U
—~ / — \k\\ Vi —~
5 \/ ' E \V4 ?3
> > >
| R T SRt 20 20
2 SN 2 S
3 74 M\ m 53
/) \\
,// S AVA \\\\\
S T AR\ \ ,
-1 ,/ /A0 L C
K r M K

Fig. 5. Band structures of 1-SL FeBi, Teyq with different magnetic orderings: (a) NM, (b) FM, (c) AFM-S;, and (d) AFM-II.

3.3. Bilayer property

Next, we turn our attention to 2-SL FeBi;Tes. As shown
in Fig. 6(a), 2-SL FeBi,Te4 has a space group of P3m1. The
optimized lattice constant is given by a = 4.31 A, and the
thickness 7 is 24.01 A.

We compare the magnetic configurations as shown in
Fig. 6(b). These include NM, FM, AFM-I, and AFM-II. Here,
we use red and green colors to mark the Fe atoms in differ-
ent septuple layers. The calculated energies are presented in
Table 3. We find that the ground state is still the frustrated
AFM-II state.

(b) FM

© Bi

© Fe © Te

Fig. 6. (a) Side view of 2-SL FeBi;Tey. (b) Illustration of FM, AFM-I, and
AFM-II magnetic orderings in 2-SL FeBi,Te4. For AFM-II, the Fe sites in
different layers are marked by two different colors.

The band structures for 2-SL FeBi,Te4 with the differ-
ent magnetic configurations are shown in Fig. 7. One notes

that all these states are semiconductors, but their band gaps
are smaller compared to both 1-SL and the bulk. The AFM-II
ground state only has a band gap about 10 meV.

Table 3. Relatively energy AE (in units meV/f.u.) measured from the
ground state (AFM-II), magnetic space group (MSG), and band gap (in
unit eV) for NM, FM, AFM-1, and AFM-II orderings in 2-SL FeBi, Tey.

NM FM, AFM, AFM-II
AE 2051.42 7.96 5.50 0
MSG P3m11’ C2/m Cc2'/m P31m
Band gap 0.10 0.06 0.08 0.01

Relatively energy AE (in units meV/f.u.) To check possi-
ble nontrivial topology in these states, we calculate their Chern
numbers by the Wilson loop method.*®! The result shows that
the FM state with out-of-plane (z) magnetization, which holds
a slight higher relatively energy AE = 8.25 meV/f.u., has a
nontrivial Chern number ¥ = —1, whereas other states are
topologically trivial. In Fig. 8(a), we plot the variation of in-
trinsic anomalous Hall conductivity Oy, versus the chemical
potential. 3421 Tt is calculated by

é? d%k ;
Oy = E;/Bz Wf(](gnk)gz (k), (1

where fy is the Fermi distribution function, &, is the energy
for (cell-periodic part of) Bloch state |uyg), and

Q' (k) = —21m (0, tnk| Ok, nk) )

is the Berry curvature for a 2D system. Inside a spectral gap,
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Oy, must be quantized as

2

e
ﬁ%, 3)

with % being the Chern number. From Fig. 8(a), one observes
that in the band gap (~ 60 meV) of FM,, state, the Hall con-
ductivity indeed takes a constant quantized value of —e?/h,

Oy =

indicating that the system is a QAH insulator.

The unit Chern number indicates that on the edge of the
sample, there must be a single gapless chiral edge band. This
is explicitly confirmed by our calculated edge spectrum in
Fig. 8(b). One can clearly see the presence of one chiral edge
band that traverses the bulk band gap.

@ NM b) © AFM-1 @
1 I - 1 1 \ Ji 1E
NN T2 N DAV/ayN
X/ T /78
S \ J/ > = 7/ S
S 7 S o Vi %
V > g \
@ o[~~~ 7 S %D O %D 0 777777777;\ 777777777777 EB
g A \4\\ ks o ks / '\\ E
= N e TN
7N \ NN
4 AT -1 Al [
K r M K K K r M K

Fig. 7. Band structures of 2-SL FeBi, Tey4 with different magnetic orderings: (a) NM, (b) FM, (c) AFM-I, and (d) AFM-II.

(a) 0.2
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Energy (eV)
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|
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|
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Fig. 8. (a) Intrinsic anomalous Hall conductance oy, plotted against the
chemical potential for 2-SL FeBi,Tey in the FM, state. (b) Edge spectrum
for the (010) edge, which shows one gapless chiral edge band.

Although FM, state is not the ground state of 2-SL
FeBi,Tey4, in practice, it may be realized by applying an ex-
ternal B field along the z direction or by exchange coupling to
nearby magnetic materials, given that 2D materials are much
more tunable than 3D materials. Actually, the similar mecha-
nism to change magnetic configuration from AFM to FM was

[43

recently demonstrated in 2D Crl3.[*3! And magnetic proximity

coupling in vdW heterostructures were also demonstrate in a

number of systems. (244461

4. Discussion and conclusion

In this work, we find that both bulk and 2D FeBi,;Te4
favor a noncollinear AFM ground state. This is a quite in-
teresting result and contrasts with the behavior in MnBi; Tey.
To understand this, we note the following points. First, tri-
angular lattice is a well-known lattice with geometric frus-
tration, the 120° noncollinear AFM order is a natural order-
ing on this lattice. Second, there is no inversion center be-
tween two neighboring Fe sites, so it allows a Dzyaloshinskii—
Moriya (DM)-type interaction from SOC between two neigh-
boring moments. It is known that DM interaction tends to fa-
vor noncollinear configuration. Since Fe has stronger SOC
than Mn (due to its larger atomic number), one expects that
this DM interaction strength is also larger. (We have tested
that the noncollinear AFM order in FeBiTes is quite robust
against lattice strains and applied electric fields.) In addition,
we mention that the electronic correlation plays an important
role here. We find that with U = 0, the system is in fact metal-
lic. This implies that the insulating behavior here is likely of
Mott type. To have better understanding of correlation effects
in this system, more advanced treatments should be taken in
future studies.

Finally, it is known that DM interaction and non-
collinear magnetism can give rise to magnetic textures such as
skyrmions. A recent work by Cui et al.[*”) predicted interest-
ing skyrmion structures in vdW AFM materials MnBi,Se, Te;
bilayers and trilayers. Based on the above discussion, similar
physics may also appear in FeBi,Se,Te,, which is an interest-
ing topic to explore in future works.

In conclusion, we have systematically studied the mag-
netic and electronic properties of a newly synthesized mate-
rial FeBiyTes. Interestingly, we find that although FeBi,Tey
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has the same lattice structure as MnBi,Te4, they have differ-
ent magnetic ground states. In MnBi,Te4, the magnetic con-
figurations are collinear, but FeBiyTe4 in both bulk and 2D
forms, tends to adopt a noncollinear frustrated AFM configu-
rations. This offers a new platform to study frustrated mag-
netism, which is still rare among 2D materials studied so far.
Electronically, FeBi, Te4 are found to be narrow-gap semicon-
ductors. In ground states, the gap value is 0.25 eV for the
bulk and shows a strong variation from 1-SL to 2-SL. Again,
different from MnBi;Tes which possess a variety of magnetic
topological phases, most states of FeBi,Tes are found to be
trivial. Nevertheless, in 2-SL FeBi, Te4, we show that the FM,
state is QAH insulator with a unit Chern number, which may
be achieved in experiment by an applied magnetic field or by
magnetic proximity coupling. Our work clarifies important
physical properties of the new material FeBi;Tes and will be
useful for guiding subsequent experimental studies.
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Appendix A: Comparison of properties between
FeBi>Te4, and MnBisTey

FeBi,Tey, and MnBi;Tes are isostructural materials.
However, their ground state magnetic orderings are differ-
ent, which leads to different magnetic space group symme-
tries and different topological classifications. MnBi,Tes was
found to have a collinear AFM ordering with an important
§ = O©Ty/; symmetry, where © is time inversion and 7j/,
is a factional lattice translation connecting adjacent septuple
layers.['¥ This symmetry protects the AFM topological insu-
lator state in MnBi;Te4. In comparison, FeBi,Te4 takes non-
collinear AFM-II ordering, which does not have the S symme-
try. Thus, it cannot realize the AFM topological insulator state
as MnBi,Tey. In Table A1, we list the different properties for
FeBi,Teq and MnBi,Tey and also for their 2D layers.

Table A1. Comparison of properties for FeBi, Te4 and MnBi, Tey.

FeBi,Tey MnBi,Te4 ( Refs. [14,16])
Bulk 1-SL 2-SL Bulk 1-SL 2-SL
Magentic state AFM-II AFM-II AFM-II AFM, FM, AFM,
Magnetic moment (Ug) 3.566 3.571 3.548 4.6 4.6 4.6
Topology Trivial Trivial Trivial TI Trivial QAH ATI*

2Al: axion insulator.
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