
PHYSICAL REVIEW B 106, 045148 (2022)

Unoccupied topological surface state in MnBi2Te4

Yadong Jiang ,1 Zhaochen Liu,1 and Jing Wang 1,2,3,*

1State Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai 200433, China
2Institute for Nanoelectronic Devices and Quantum Computing, Fudan University, Shanghai 200433, China

3Zhangjiang Fudan International Innovation Center, Fudan University, Shanghai 201210, China

(Received 16 November 2021; revised 8 June 2022; accepted 20 July 2022; published 29 July 2022)

The unoccupied part of the band structure in the magnetic topological insulator MnBi2Te4 is studied by
first-principles calculations. We propose a possible second, unoccupied topological surface state with a similar
electronic structure to the celebrated occupied topological surface state. The conventional density functional
theory method employed here may not describe excited state properties precisely, and therefore the calculations
for the current study can be considered as model simulations. This unoccupied topological surface state is
energetically located approximate 1.5 eV above the occupied massive Dirac surface state around the � point,
which permits it to be directly observed by two-photon angle-resolved photoemission spectroscopy. We propose
a unified effective model for the occupied and unoccupied surface states. Due to the direct optical coupling
between these two surface states, we further propose two optical effects to detect the unoccupied surface state
if it exists. One is the polar Kerr effect in odd layers from nonvanishing ac Hall conductance σxy(ω), and the
other is higher-order terahertz-sideband generation in even layers, where the nonvanishing Berry curvature of
the unoccupied surface state is directly observed from the giant Faraday rotation of optical emission.
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I. INTRODUCTION

Topology has become one of the central topics in con-
densed matter physics [1–9]. A prime example is the
topological insulators (TI), which are characterized by an
insulating bulk, and the hallmark Dirac surface states (SS)
protected by time-reversal symmetry [10–13]. The linearly
dispersing SS has a chiral spin texture with a nontrivial Berry
phase, which is promising for spintronics applications [14,15].
A number of interesting phenomena are associated with the
symmetry breaking of SS in TI, such as quantum anomalous
Hall effect [16–18], quantized Kerr rotation [19–24], and
image magnetic monopole [25] in magnetic TI, as well as
Majorana fermion in the presence of superconductors [26].

Most of these phenomena are focused on low-energy elec-
tronic excitations. There are also quite a few works studying
the excited electronic states and their dynamics in TI [27–31].
An interesting example is the discovery of unoccupied SS in
Bi2Se3, which has a similar electronic structure and physical
origin to the occupied topological SS [29,30]. Recently an
intrinsic magnetic TI MnBi2Te4 has been discovered [32–40].
The material consists of van der Waals coupled Te-Bi-Te-Mn-
Te-Bi-Te septuple layers (SL) arranged along a trigonal z axis,
so it can be viewed as layered TI Bi2Te3 with each of its
Te-Bi-Te-Bi-Te quintuple layers intercalated by an additional
Mn-Te bilayer. The resultant MnBi2Te4 remains a TI but now
becomes intrinsically magnetic, where the hallmark first topo-
logical SS has been observed [34–39]. The intimate relation
between the MnBi2Te4 and Bi2Te3 family motivates us to
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study the topological properties of higher-excited electronic
states in MnBi2Te4.

In this paper, we propose a possible second, unoccupied
topological SS in MnBi2Te4 suggested by first-principles
calculations. It has a similar physical origin but is energet-
ically located 1.5 eV above the well-known occupied SS.
The density functional theory method employed here may not
describe excited state properties precisely, and therefore the
calculations of the current study can be considered as model
simulations. We assume that the second SS exist, and further
propose that the direct optical coupling between the occupied
and unoccupied SS permits it to be directly observed by
two-photon photoemission (2PPE) and higher-order terahertz-
sideband generation (HSG).

The organization of this paper is as follows. Section II
describes the band structure calculations, parity analysis, and
second SS. Section III describes the unified effective model
for both the first and second SS. Section IV presents several
experimental proposals to detect the second SS, if it exists.
Section V concludes this paper. Some auxiliary materials are
relegated to the Supplemental Material [41].

II. BAND STRUCTURE

MnBi2Te4 has a rhombohedral crystal structure with space
group D5

3d (No. 166). The magnetism originates from the
Mn2+ ions in the crystal. Below a Néel temperature of TN =
25 K, the system develops A-type antiferromagnetic (AFM)
order with an out-of-plane easy axis, which is ferromagnetic
(FM) within each SL but AFM between adjacent SL along the
z axis [32–35]. The existence of inversion symmetry P , with
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FIG. 1. (a) Electronic structure of AFM-z ground state in
MnBi2Te4. The topologically nontrivial unoccupied bands are col-
ored. All energy bands have twofold degeneracy due to S and P
symmetry. (b) The parity product of the unoccupied bands at the
TRIM with Ḡ · τ1/2 = nπ . (c) Brillouin zone. The four inequivalent
TRIM are �(000), L(π00), F (ππ0), and Z (πππ ).

the Mn site as the inversion center, enables us to construct
eigenstates with definite parity.

A. Parity analysis

First-principles calculations are employed to investigate
the electronic structure of MnBi2Te4, where the detailed meth-
ods can be found in the Supplemental Material [41–57].
The calculations were based on the experimentally deter-
mined crystal structure [35], with the in-plane lattice constant
from the experiment fixed throughout the calculations [41].

The AFM-z ground state breaks the time-reversal symmetry
�; however, a combined symmetry S = �τ1/2 is preserved,
where τ1/2 is the half translation operator connecting adjacent
spin-up and -down Mn atomic layers. Here the operator S is
antiunitary with S2 = −e−ik·τ1/2 , and S2 = −1 on the Bril-
louin zone (BZ) plane k · τ1/2 = 0. Therefore, similar to � in
time-reversal invariant TI, S could also lead to a Z2 classifica-
tion [58], where the topological invariant is only well defined
on the BZ plane with k · τ1/2 = 0. Since P is preserved, the
Z2 invariant is simply the parity of the wave functions of all
occupied bands at time-reversal-invariant momenta (TRIM) in
the BZ proposed by Fu and Kane [59]. Here we only need to
consider four TRIM (� and three F ) with Ḡ · τ1/2 = nπ .

Previous studies have revealed the nontrivial Z2 invariant
for all occupied bands [32,33], which signifies the first topo-
logical SS shown in Figs. 2(a) and 2(b). Here we focus on
the topologically nontrivial unoccupied state above the Fermi
energy. As shown in Fig. 1(a), the different parity product
between � and F leads to Z2 = 1, if we put the artificial
Fermi energy at the blue region (namely, between the 96th and
98th bands) or at the purple region (namely, between the 98th
and 100th bands). Such nontrivial Z2 suggests the existence
of unoccupied topological bands. The band inversion for the
unoccupied topological states (96th and 100th bands) happens
between p±

x,y orbitals of Bi [41], which is slightly different
from the occupied topological states where the band inversion
is between the p+

z orbital of Bi and the p−
z orbital of Te.

Therefore, the second unoccupied topologically nontrivial SS,
if it exists, is expected to appear between the 96th and 100th
band, as shown by shade in Fig. 1(a). Moreover, we find

FIG. 2. Band structure calculations of SS in MnBi2Te4. (a), (e), and (g) Energy and momentum dependence of the LDOS for AFM-z state
on the (111) surface based on maximally localized Wannier functions. (b) and (f) The constant energy contour for first and second SS at energy
level 0.05 eV and 1.47 eV, respectively. (c) and (d) Slab band structure calculation of eight SL MnBi2Te4. The top of the valence band is set as
the Fermi energy. The color of the bands represents the degree of surface localization. The SS in (c) shows a one-to-one correspondence with
that in (g) as highlighted in the dashed box. (h) A magnified view of (d) with energy between 1.4 and 2.0 eV.
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that both the band structure and Z2 invariant are insensitive
to the lattice constant (±0.5% strain) as well as the choice
of different van der Waals interaction functional [41]. In the
following, we assume that a second SS exists in MnBi2Te4 and
study its physical consequences and experimental detections.

B. Second SS

The existence of topological SS is the hallmark of TI. To
explore the first and second SS, we now turn to the local
density of states (LDOS) and slab calculations. It is worth
mentioning that the TI state in AFM MnBi2Te4 protected by
S is topological in a weaker sense than the strong TI protected
by �, which manifests in that the existence of gapless SS
depends on the surface plane. The first SS on the (111) surface
is clearly shown in Figs. 2(a) and 2(b), which is gapped and
accompanied by a triangular Fermi surface, for S is broken.
The second SS on the (111) surface is highlighted by an arrow
in Figs. 2(e) and 2(f). The second SS is buried among the bulk
state along �-Z due to projection to the surface �̄ point in
Fig. 2(e). To better resolve the second SS from the complex
electronic structure, we further display the explicit slab cal-
culation of eight SL in Fig. 2(c) for comparison. One can
identify an unambiguous one-to-one correspondence of the
second SS across the entire BZ between Figs. 2(c) and 2(g).
This state is energetically located approximately 1.5 − 1.9 eV
above the occupied first topological SS around the � point,
though the energy position shifts a little in Figs. 2(c) and 2(g).
As expected, the second SS is also magnetically gapped at �

from the magnified view in Fig. 2(h). The magnetic gap of
the second SS is smaller than that of the first SS, because the
exchange field is from Mn2+ d orbitals which lie far below
the Fermi level. Moreover, just like the first SS, the second SS
exists only in the presence of crystal spin-orbit coupling, as
suggested by calculations in Fig. 2 and Supplemental Mate-
rial [41]. This suggests that both SS share the same physical
origin, as they both arise due to band inversion of bulk states
in the presence of strong spin-orbit coupling.

III. EFFECTIVE MODEL

We study the surface band structure near � using k · p
theory. To lowest order in k, the 2 × 2 effective Hamilto-
nian reads H0 = v(kxσy − kyσx ) + mσz, which describes an
isotropic gapped two-dimensional (2D) Dirac fermion. The
Fermi surface of H0 is a circle at any Fermi energy. Thus
the anisotropic Fermi surface for the first and second SS in
Fig. 2 can only be explained by higher-order terms in the k · p
Hamiltonian H(k) that breaks the emerging U (1) rotational
symmetry of H0. From the constraint of crystal symmetry,
C3 around the trigonal z-axis transforms the momentum and
spin as C3 : k± → e±i2π/3k±, σ± → e±i2π/3σ±, and σz → σz,
where k± = kx ± iky, σ± = σx ± iσy, and kx is in the �K di-
rection. We then find that H(k) takes the following form up to
the third order in k:

Hi(k) = Ei
0(k) + vi

k (kyσx − kxσy) + λi

2
(k3

+ + k3
−)σz + 	iσz,

(1)
where i = 1, 2 denotes the first and second SS, respectively;
Ei

0(k) = εi
0 + k2/2m∗

i generates particle-hole asymmetry; the

Dirac velocity vi
k = vi(1 + αik2) has a second-order correc-

tion; and λi is the threefold warping term similar to Bi2Te3

[60]. 	i is the exchange field along the z axis on the (111)
surface introduced by magnetic ordering, which is odd under
any mirror symmetry in two dimensions. The surface band
dispersion of Hi(k) is

Ei
±(k) = Ei

0(k) ±
√

v2
i k2 + [mi + λi(k3

x − 3kxk2
y )]2. (2)

Here E± denotes the upper and lower band. The shape of
the constant energy contour is energy-dependent and always
forms a closed loop around �. Although the Hamiltonian H
is threefold invariant, the band structure in Eq. (2) is approx-
imately sixfold symmetric when the energy is far away from
the Dirac point. In the following we propose several optical
experiments to reveal the properties of the second SS.

IV. EXPERIMENTAL PROPOSALS

A. 2PPE measurement

To experimentally identify the second unoccupied SS, a
direct way is to employ angle-resolved 2PPE spectroscopy.
Distinct from conventional one-photon photoemission for oc-
cupied states measurement, 2PPE could access unoccupied
states [29,30]. In the 2PPE process, a photon first excites an
electron from below Fermi energy to an unoccupied interme-
diate state, and a second photon further excites the electron
above the vaccum.

B. HSG in even SL

In even SL MnBi2Te4, P� is conserved due to fully
compensated magnetic layers. Therefore, the ac Hall con-
ductance σxy(ω) vanishes, which further leads to vanishing
linear optical Kerr or Faraday effect. In the limit of ω → 0,
σxy(0) = 0 is one transport signature for an axion insulator
[32,61–65], where the interesting topological magnetoelectric
effect associated with the first SS is proposed [16,62,66–69].
Here we employ the extreme nonlinear optical phenomena,
namely, HSG, to detect the nontrivial Berry curvature of the
second SS around the � point. HSG could have interesting
effects due to nontrivial vacuum states of materials [70–75].
Previous studies of the multivalley system such as monolayer
MoS2 have shown that the finite valley Berry curvature is
revealed through HSG [72–74]. In MoS2, two degenerate val-
leys related by � have opposite Berry curvatures and optical
selection rules [76]. The quantum trajectories of optically
excited electron-hole pairs in two valleys driven under an
intense THz field accumulate opposite Berry phases, and the
interference of optical transitions between two valleys leads
to Faraday rotation of emission.

Here we show that the optical transitions of the gapped first
SS to second SS on the top and bottom surfaces in even SL
are the same as those of two valleys in MoS2. The effective
Hamiltonian for even SL is Hi = Ei

0 + vi(kyσx − kxσy)τz +
	iσzτz, with the basis of |t ↑〉, |t ↓〉, |b ↑〉, and |b ↓〉, where
t and b denote the top and bottom surfaces and ↑ and ↓
represent spin-up and -down states, respectively. σx,y,z and τz

are Pauli matrices for spin and layers. t and b layers are de-
coupled. The Bloch state is denoted as ψ±

i (k) = eik·r|i±, k〉,
where i = 1, 2 refers to the first and second SS, respectively,
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FIG. 3. (a) Schematics of HSG between the lower band of first
SS and the upper band of second SS on t and b surfaces, where
the optical selection rules are opposite. (b) The linear polarized
light from two opposite circular polarizations |σ−〉 + |σ+〉 will excite
optical transitions in two layers, resulting in the coherent superposi-
tion of the electron-hole pair state |t〉 + |b〉. The cyclic evolutions
under terahertz (THz) field accumulate opposite the Berry phase
eiφn |t〉 + e−iφn |b〉, which further leads to Faraday rotation of emis-
sion eiφn |σ−〉 + e−iφn |σ+〉. (c) The Faraday rotation angle φ

(n)
F as a

function of the polarization angle θ of elliptical driving laser at
n = 1, 2, 3. Here n is the number of completed THz period expe-
rience by the electron-hole pairs.

+ and − denote the upper and lower band, respectively.
The optical transition from the lower band of the first SS to
the upper band of the second SS is in the visible range as
shown in Fig. 3(a). The interband dipole moment is dt/b(k) =
−ie〈ψ+

2 (k)|∇k|ψ−
1 (k)〉t/b ≈ d12(ex ∓ iey), i.e., the SS on t

and b can be optically pumped by opposite circular polarized
light. The optical selection rules remain the same even with
finite hybridization between these two surfaces [41]. Also, the
Berry curvatures for the second SS on t and b are opposite.
The surface index in even SL magnetic TI is an exact analogy
to the valley index in MoS2.

After weak optical laser pumping EI e−i�t , the excited
pairs of electron-holes reside at SS |2+, k〉 and |1−, k〉 states,
respectively. The Berry phase is accumulated by varying
the parameter k in a closed path. Now in the presence of
a strong THz driving field F(t ), minimal coupling leads
to the time-dependent Hamiltonian H[k̃(t )] via k̃(t ) → k +
eA(t ), with F = −∂A/∂t . The instantaneous eigenstate is
H[k̃(t )]|μ, k̃(t )〉 = Eμ

k̃(t )
|μ, k̃(t )〉, where μ = 2+, 1− is the

band index. Here the lifetime of a nonequilibrium population
of the second SS is unknown and is beyond the scope of the
current study. Since the second SS and first SS are similar, and
if we take the experimental value of the long-lived first SS in
Bi2Se3 persisting >10 ps [77] for the second SS in MnBi2Te4,
then the electron-hole pairs accelerated by the THz field could
complete several cyclic evolutions in k space before they
scatter into bulk states. Thus we assume that the states that
evolve in k space would follow k̃(t ) adiabatically. The linear
optical response now is

P(t ) = i
∫ t

−∞
dt ′

∫
dkd∗

k̃(t )
dk̃(t ′ ) · EI

e−i
∫ t

t ′ δEk̃(τ )dτ+i
∫ t

t ′ Ak̃(τ )·dk̃(τ )−i�t ′
, (3)

where Ak̃ = A+
k̃

− A−
k̃

is the combined Berry connection

between electron-hole pairs, Aμ

k̃
= i〈μ, k̃|∇k|μ, k̃〉 is the

Abelian Berry connection, dk̃ = −ie〈ψ+
2 (k̃)|∇k|ψ−

1 (k̃)〉
is the instantaneous dipole moment, and δEk̃ =
E2+

k̃
− E1−

k̃
is the energy of an electron-hole pair

[72]. Then for an elliptically polarized THz field
F(t ) = F [cos θ cos(ωt ), sin θ sin(ωt ), 0], the optical
response at tn = nT = 2nπ/ω explicitly contains the
Berry phase φ

(n)
F = ∫ tn

0 Ak̃(τ ) · dk̃(τ ), where the elliptical
path k̃(t ) = [kx − k0 cos θ sin(ωt ), ky + k0 sin θ cos(ωt ), kz],
k0 = eF/ω, and n is the number of completed cycles in k
space (order of sidebands).

Now if the linearly polarized laser EI = Eδ(t )e‖ is applied
in the x-y plane, then the dipole moment tensor (d∗

kdk )t/b =
|d12|2[exex + eyey ∓ i(exey − eyex )], which leads to opposite
Berry phases on t and b as illustrated in Fig. 3(b). Thus the
Faraday rotation of emission is

φ
(n)
F (θ ) = n

∫
Bdk2, (4)

where B = ∑2
i=1 v2

i 	i/(	2
i + v2

i k2)3/2 is the Berry curva-
ture. For an estimation, taking v1 ≈ v2 ≈ 0.25 eV nm, 	1 ≈
0.03 eV, 	2 ≈ 0.01 eV, ω = 4 meV, F = 8 kV cm−1, and
k0 = 0.2 nm−1. Then the estimated Faraday rotation angle is
φ1 ≈ 3.5 rad as in shown Fig. 3(c), which is surprisingly big
due to giant Berry curvature from the small Dirac gap (two
orders of magnitude larger than that in MoS2 [72]).

The Faraday rotation from the Berry phase is robust as
protected by P�. Moreover, without the elliptical THz field,
the Faraday rotation in this material has to vanish due to
P�. The resonant optical transitions from EI will inevitably
involve other trivial bulk states; however, without nontrivial
Berry curvature in topological bands, these optical processes
will not contribute to Faraday rotation. Even with possible
large Berry curvature in bulk states, the much shorter lifetime
of the bulk state [77] will hinder the phase accumulation of
the electron-hole pairs, and thus contribute vanishingly small
Faraday rotation. All of these provide a sharp experimental
signature for the second SS. The Berry phase will only be
slightly changed by taking into account the trigonal warping
term. The Faraday rotation is also robust against the deco-
herence of electron-hole pairs due to scattering. However,
to observe this effect, the layer coherence time needs to be
longer than the period of the THz field. The SS on the two
layers are physically decoupled, thus the layer coherence
timescale is expected to be longer than that of electron-hole
recombination.

C. Kerr effect in odd SL

In odd SL MnBi2Te4, P� is broken due to an uncom-
pensated magnetic layer. Therefore, the ac Hall conductance
σxy(ω) is nonvanishing. In the limit of ω → 0, σxy(0) =
±e2/h is the quantized anomalous Hall effect in transport
[18]. Now the finite frequency σxy(ω) leads to the polar
Kerr effect. For a thin film that is much thinner than the
optical wavelength, the Kerr rotation angle θK = [8π/c(n2 −
1)]Re(σxy) [41], where c is velocity of light and n is the
refractive index of the substrate. The unoccupied topological
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band associated with the second SS is a higher-energy replica
of the band inversion that takes place near the Fermi energy.
Transitions resonant with spin-orbit avoided band crossings
are shown to make a large contribution to Re(σxy) [78]. There-
fore, similar to the resonant Kerr effect in magnetically doped
TI [31], a resonant Kerr angle θK should occur at ω ≈ 1.5 eV
in odd SL.

V. CONCLUSION

In summary, we present a model study of the unoccupied
part of the band structure in MnBi2Te4. A possible second
unoccupied topological SS is proposed which, if it exists, can
be directly observed by 2PPE spectroscopy. We assume that
such a second SS exists in MnBi2Te4 and further propose
several optical experiments to reveal the second SS. Interest-
ingly, due to direct optical coupling between these two SS,
a giant Faraday rotation induced by the Berry curvature in
second SS under strong THz fields can be observed in even
SL through HSG. This proposal also applies to magnetic TI

heterostructure [63,64]. These predictions, if experimentally
realized, will show more efficient Faraday rotation by momen-
tum space Berry curvature than traditional real space magnetic
field, which may offer a unique opportunity for ultrafast op-
tical device application without magnetic field. We hope the
theoretical work here can motivate the study of higher-excited
states in vast topological materials.
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