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Recently, the magnetic topological insulator MnBi, Te, was discovered as a great platform to investigate the in-
terplay between magnetism and topology, such as the anomalous Hall effect and the topological magnetoelectric
effect. Here, we employ a first-principles approach to investigate the electronic structure of monolayer MnBi, Te,.
Our calculations reveal a large spin Hall conductivity [~844.8 (i/e)S/cm] accompanying the anomalous Hall
effect due to the anticrossing bands near the Fermi level. We also surprisingly find an emergent sixfold rotational
symmetry for the spin Berry curvature in the large k region of the Brillouin zone. Based on the symmetry
analysis, we conclude that the spin polarization in the band structure is crucial to the emergent symmetry. Our
results may provide valuable insights into understanding the large spin Hall conductivity in magnetic topological

insulators.
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I. INTRODUCTION

The spin Hall effect (SHE) is a kind of important electronic
transport phenomenon in which a longitudinal charge current
gives rise to a transversely polarized spin current [1-14]. This
unique property provides an approach to manipulating spin
without an applied magnetic field, thereby attracting great
interest in the field of spintronics. Early theoretical investi-
gations considered that the SHE emerges from the asymmetry
in the spin-dependent scattering, known as the extrinsic SHE.
Nonetheless, subsequent studies found the intrinsic SHE can
arise solely from the electronic structure of materials, in which
the spin-orbit coupling (SOC) and magnetization play an
important role [15—18]. Over the past few decades, ferromag-
netic (FM) materials without SOC and nonmagnetic materials
with SOC have attracted much attention for generating spin
currents [19-24]. Recently, researchers have shifted the focus
to materials possessing both SOC and FM order, as the in-
terplay between them leads to a wide range of spin transport
behavior [25-28].

In recent years, the intrinsic magnetic topological insulator
(TD) MnBi,Te4 and its related compounds were discovered
as a promising platform for studying the interplay between
topology and magnetism [29-46]. Experimental observations
have revealed the presence of intriguing magnetic topological
electronic states, such as the quantum anomalous Hall (QAH)
state and the axion insulator state in MnBi,Te4 films [47-50].
In this work, we focus on the monolayer MnBi, Te,. Due to the
FM order and the giant SOC, spin Hall conductivity (SHC)
and net charge Hall current, known as the anomalous Hall
conductivity (AHC), coexist within this system. Besides, the
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competition between FM order and SOC results in interesting
electronic states within the system. We utilize first-principles
calculations to investigate the electronic structure of mono-
layer MnBi,Te, and reveal a large SHC accompanying the
AHC contributed by the anticrossing bands near the Fermi
level. We also find an emergent sixfold rotational symmetry
in the spin Berry curvature (SBC), which can be understood
by the spin polarization in the band structure.

This paper is organized as follows. The methodology for
our calculations is outlined in Sec. II. In Sec. III A, we present
the main results of the large SHC. In Sec. IIIB, we give
the symmetry analysis for the band structures of monolayer
MnBi;Te, under different magnetizations. In Sec. IIIC, we
demonstrate the emergent sixfold rotational symmetry in the
SBC. Finally, we present a summary in Sec. [V.

II. METHOD

We consider a freestanding monolayer MnBi,Te, defined
as the xy plane with a vacuum layer (29 A) in the z di-
rection, schematically shown in Fig. 1. The first-principles
calculations are carried out in the framework of the general-
ized gradient approximation (GGA) functional of the density
functional theory through employing the Vienna ab initio
simulation package (VASP) with projector augmented wave
pseudopotentials [51-57]. The kinetic-energy cutoff of the
plane wave is set to be 450 eV, and a 10 x 10 x 1 k-grid mesh
of the Brillouin zone (BZ) is adopted in self-consistent calcu-
lations. By considering the transition metal Mn in MnBi, Tey,
the GGA+U method is adopted with U = 3 eV for Mn-d
orbitals for all the calculations. In order to investigate the spin
transportation, the tight-binding Hamiltonian was constructed
with the maximally localized Wannier functions (MLWF) for
the Mn-d, Bi-p, and Te-p orbitals through employing the
Wannier90 package [58-60]. The SHC (oY) is evaluated via
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FIG. 1. (a) Lateral view of a monolayer MnBi,Tes. It has an
inversion symmetry with the inversion center at the Mn site. (b) Top
view of a monolayer MnBi,Te, with three binary axes. The y axis is
a binary axis for this coordinate. (c) The schematic of the transverse
spin current generated by the longitudinal charge current in the
monolayer MnBi, Te, with out-of-plane ferromagnetic order.

the Kubo formula in the linear response scheme, with the form
of the summation of SBC [Q? . (k)], as follows [61]:
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where f, is the Fermi-Dirac distribution function, n is the
band index, &y is the energy eigenvalue, V is the primitive
cell volume, Ny is the number of k points in sampling the

BZ. jf = %{fvz, ;} is the spin current operator with the spin
operator given by §, = goz, and ¥; = ,li‘”:lfk) is the velocity

operator. The SHC o represents that the spin current along
the x direction is induced by the electric field along the y
direction, where the spin current is polarized along the z
direction.

III. RESULTS
A. Large spin Hall conductivity

As an MA,Z, tetradymite material, MnBi,Te, crystallizes
in the rhombohedral crystal structure with the space group
Dg , (No. 166) and consists of seven-atom layers (e.g., Tel-
Bil-Te2-Mn-Te3-Bi2-Te4), known as septuple layers (SLs),
stacking along the z direction, seen in Fig. 1(a). It has a lay-
ered structure with a triangle lattice in the plane. The trigonal
axis (threefold rotation symmetry Cs,) is defined as the z axis,
and a bisectrix axis is defined as the y axis for the coordinate,
seen in Fig. 1(b). It has the inversion symmetry with the Mn
site as the inversion center.

In the ultrathin limit, monolayer MnBi,Te, belongs to the
P3m1 (No. 164) space group and exhibits an FM magnetic
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FIG. 2. (a) Fat band structure of monolayer MnBi, Te, with pro-
jected Bi-p orbitals and Te-p orbitals. The red arrows indicate the
anticrossing bands. (b) The calculated SHC and AHC versus the
energy. Both SHC and AHC exhibit a prominent peak when the
energy is close to the anticrossing bands. (c), (d) The k-resolved SHC
when the energy level is at £ (c) and &,(d).

ground state. The calculated band structure of monolayer
MnBi, Te, indicates that it has a narrow energy gap (~0.1 eV),
shown in Fig. 2(a). We can see that the conduction bands are
dominated by the Bi-p orbitals, while the valence bands are
dominated by the Te-p orbitals. Due to the strong finite size
effect of monolayer MnBi,Te4, there is no band inversion,
hence it is a topologically trivial FM insulator, unlike the bulk
MnBi,Te4 [45,62,63]. However, the considerable SOC due to
Bi and Te atoms is expected to facilitate a sizable SHC.

We calculate the SHC o7, of monolayer MnBi, Te, versus
the energy by using the Kubo formula, Egs. (1) and (2), shown
by red lines in Fig. 2(b). The valence bands exhibit an evident
SHC bump with a peak value of 844.8 (fi/e)S/cm at the
energy level & near anticrossing bands which is indicated
by the red arrows in Fig. 2(a). It is worth noticing that the
observed SHC magnitude in monolayer MnBi,Te4 is compa-
rable to that of typical spintronic materials, such as Bi and Sb.
Additionally, we calculate the k-resolved SHC at the energy
level & which is the summation of SBC of the occupied
bands weighted by Fermi distribution of each k point, shown
in Fig. 2(d). We can see that the predominant contribution
to the large SHC really comes from the anticrossing bands.
The AHC against the energy is also calculated and plotted in
Fig. 2(b). Conspicuously, both the AHC and SHC display a
noticeable bump at the energy level &, thus providing ad-
ditional evidence for the same origin from the anticrossing
bands. In contrast, we also notice that both the SHC and AHC
at the bottom of the conduction bands are tiny. Further, we
have calculated the k-resolved SHC at the energy level &,
as shown in Fig. 2(c), where we can see that the SHC is
negligibly small. This can be attributed to the significant band
splitting and the absence of anticrossing bands in the bottom
of conduction bands.
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FIG. 3. (Top row) Schematics of nonmagnetic case (al) and ferromagnetic cases with the FM moments along (bl) the z direction, (c1)
the x direction, and (d1) a general low-symmetry inplane direction. The top-viewed topmost valence bands (TVBs) in the BZ under the
magnetization directions corresponding to the top row in the absence (middle row) and presence (bottom row) of external electric field. The

red lines denote the mirror symmetry axes.

B. Symmetry analysis of the band structure

Before the detailed analysis of the SHC, we first
present the symmetry analysis of the band structure of
monolayer MnBi,Te, under different magnetizations in the
presence/absence of external electric field. In the absence
of magnetism, monolayer MnBi,Te4 has the mirror symme-
try M,, the twofold rotation symmetry C,,, the three-fold
rotation symmetry Cs;, and an inversion symmetry Z with
the inversion center at the Mn site, seen in Fig. 1(b). The
coexistence of Cz,, My, and T symmetries leads to six mirror
axes in the nonmagnetic band structure, as can be seen in
Fig. 3(a2), where we take monolayer CaBi,Tes as an exam-
ple by replacing Mn atoms with nonmagnetic Ca atoms in
MnBi,;Tes. Moreover, when an external electric field in the z
direction is introduced, the six mirror axes are well preserved
due to the preservation of the above symmetries under the
electric field [see Fig. 3(a3)].

Then we turn to monolayer MnBi,Te, with the FM order
along the z direction, seen in Fig. 3(b1). The FM order breaks
both the mirror symmetry M, and the twofold rotation sym-
metry Cy, of the lattice, but the combined M, 7 symmetry is
preserved in this case. As a result, the preserved symmetries of
Cs;, Z, and M, T still give rise to six mirror axes in the band
structure of MnBi,Te4, seen in Fig. 3(b2). However, when
an electric field is applied, the inversion symmetry is broken,
and only three mirror axes are left, as shown in Fig. 3(b3).
Besides, we can see the band structure satisfies &,(k, k,) =
En(ky, —ky), which is a direct result of M, T

Furthermore, we investigate cases where the FM order is
in other directions. When it points in the x direction [see
Fig. 3(c1)], the C5, symmetry is obviously broken, while the
M, symmetry is preserved since the magnetic moment is
vertical to the mirror axis. Therefore, the coexistence of the
symmetries Z and M, results in two mirror axes in the band
structure, shown in Fig. 3(c2). However, an external electric
field will break Z, and then only one mirror axis is left along
the y direction, as shown in Fig. 3(c3). At last, when the FM
order is along a general in-plane direction [see Fig. 3(d1)],

none of the mirror symmetries are preserved, and there is no
mirror axis left both with and without an external electric field,
seen in Figs. 3(d2) and 3(d3).

C. Emergent sixfold rotational symmetry

We then carry out the symmetry analysis of the SBC in
this section. First, we study the nonmagnetic case by taking
CaBi,Te, as an example to plot the SBC without and with the
electric field, as shown in Figs. 4(al) and 4(a2), respectively.
Under the time-reversal operation 7, we have T, F)T ' =
—dy,(=k), Tjik)T " = ji(—k), and &,(k) = E,(—k). With
further considering the antiunitary of the 7~ operator, based on
the Kubo formula Eq. (2), the SBC should have Q% (k) =
thy’no(—k) which can be clearly seen in Fig. 4(al). Even
when an applied field is introduced, this relationship remains
valid owing to the 7 symmetry, seen in Fig. 4(a2). Second,
for monolayer MnBi,Te4 with out-of-plane FM ordering, the
time-reversal symmetry is broken while inversion symme-
try is preserved, yielding &,(k) = &,(—k). Moreover, since
under the inversion operation, If;(k)I’1 = —f;(—k) and
Id,(k)T -1 = —by(—k), respectively, the SBC retains the rela-
tion Q,Zry,nO (k) = Q)ch,no(_k)’ as shown in Fig. 4(b1). However,
when an electric field is applied, the Z symmetry is further
broken and the above relation no longer holds, as shown in
Fig. 4(b2). Interestingly, there is still a mirror axis left in the
SBC, manifesting as chy,no (ky, ky) = chy’no(kx, —ky), which
originates from the M, 7T symmetry demonstrated in the pre-
ceding section. We can see the spin current operator velocity
operator and energy dispersion transforms differently under
these symmetries (see Table I), and the combination of them
leads to the symmetry of SBC. It is worth noting that the SHC
and AHC exhibit opposite signs [seen in Fig. 2(b)], which is
determined by the orientation of the magnetic moment. Upon
reversing the magnetic moment direction, the AHC changes
sign while the SHC remains unchanged.

Notably, an unexpected sixfold rotational symmetry is
found to emerge in the SBC of monolayer MnBi,Tes within
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the extensive k ranges away from the I' point, as illustrated
in Figs. 4(b1l) and 4(b2). This interesting property can be
understood as follows. The band structure colored by the
projection of the spin-z component indicates that the top-
most valence band (TVB) is nearly fully spin polarized in
the large k region, seen in Fig. 4(d). Therefore, it follows
that (nk| fj |mk) (mk| ¥, |nk) is approximately proportional to
(nrk| Oy |myk) (myk| Oyy |nyk). For this reason Qiy,no(k) is
proportional to the €, ,,(k) near the spin-polarized TVB
[seen in Figs. 4(e) and 4(f)], and they should preserve the
same symmetry property. Due to the Cs, and the 7 symmetries
of monolayer MnBi,Te4, Berry curvature €, ,,(k) displays
a sixfold rotational symmetry in the whole BZ. Correspond-
ingly, in the large k region, the SBC €2}, , (k) approximately
exhibits the same feature with Berry curvature owing to the
spin-polarized TVB [as shown in Figs. 4(bl) and 4(cl)].
Conversely, in the small k region, the TVB remains in a spin-
mixed state due to the strong SOC, resulting in the absence

TABLE I. The transformation property of velocity operator spin
current operator and energy dispersion under three symmetries (7,

Z, MT).

T T M, T
Ji (k) Ji(=k) —Ji(—k) Ji (e, —ky)
vy (k) —v,(=k) —v,(=k) —vy(ky, —ky)
gn(k) gn(_k) gn(_k) gn(kx’ _ky)

of the rotational symmetry in the 5, (k), which coincide
with the results in previous work [64]. The contrasting na-
ture of the two regions stems from the competition between
the SOC and the FM order. When the FM order dominates
the band structure, the rotational symmetry becomes evident.
With further consideration of an applied electric field, due
to the broken inversion symmetry, €f,, (k) in the large k
region and thus, Q. ,,(k) only have the threefold rotational
symmetry, as shown in Figs. 4(b2) and 4(c2).

IV. SUMMARY

In summary, we focus on FM monolayer MnBi,Tes and
study its electronic structure and SHC using first-principles
calculations. We find that the anticrossing bands in the TVB
contribute a large SHC [~844.8 (7i/e)S/cm ] accompanying a
bump in AHC, comparable to that of typical SHE materials,
such as Bi and Sb. We then present the symmetry analysis
for the band structure of monolayer MnBi, Te4 under different
directions of the FM order, and our calculations show that the
magnetism could significantly change the symmetry of the
band structure. At last, we reveal an emergent sixfold rota-
tional symmetry in the SBC, which comes from the interplay
between the SOC and the FM order.
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