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MnBi2Te4 is a promising representative of intrinsic antiferromagnetic topological insulators, which could
enable rare quantum mechanical effects like the quantum anomalous Hall effect. Especially at low temperatures,
numerous studies have been reported, demonstrating the great potential of this compound in the magnetically
ordered state below TN. Among recent findings, the alloy compound Mn(Bi1−xSbx )2Te4 has been suggested to
be an interesting candidate for the realization of an ideal Weyl semimetal state. By exchanging Bi by Sb, the
electronic structure is influenced in terms of a shift of the Fermi energy, and a decrease in the energy gap has
been predicted. In this work, we investigate and compare the optical conductivity of Mn(Bi1−xSbx )2Te4 single
crystals with various Sb doping levels x by infrared reflectivity measurements. We observe a big impact of
the Sb content on the low-energy excitations characterizing the metallic state of our samples. Different x = 0.26
crystals show significant differences in their optical response and also a strong position dependence. The findings
are compared to the recently reported optical conductivity spectrum of the pure compound MnBi2Te4.
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I. INTRODUCTION

The material MnBi2Te4 (MBT) has been established as
a highly interesting material comprising several topological
quantum states, such as antiferromagnetic topological insu-
lator, ferromagnetic type-II Weyl semimetal, as well as axion
insulator and quantum anomalous Hall insulator phases in thin
films, depending on the number of layers [1]. In particular,
first-principles calculations showed that the electronic band
structure of the ferromagnetic phase of MBT includes only a
single pair of tilted Weyl cones, hence hosting a minimal ideal
type-II Weyl semimetal state [2]. MBT belongs to the group
of ternary chalcogenides and is characterized by a van der
Waals–type layered structure with R3̄m space group, consist-
ing of Te-Bi-Te-Mn-Te-Bi-Te septuple layers [3,4]. The exotic
quantum effects in MBT can be ascribed to the combination of
topological surface states originating from the Bi2Te3 compo-
nents and the magnetic contribution of Mn2+ ions. MBT is in a
paramagnetic state above the Néel temperature TN = 24 K [5].
Below TN it shows A-type antiferromagnetic ordering, where
the magnetic moments of the Mn2+ ions are aligned parallel
within the ab plane and antiparallel along the c direction [3].

The gradual exchange of Bi by Sb to obtain a
Mn(Bi1−xSbx )2Te4 (MBST) alloy compound recently
emerged as a more interesting possibility to achieve an ideal
Weyl semimetal state [6]: For samples with Sb doping level
x ≈ 0.26 it was shown that the chemical potential is close
to the conduction/valence band edge, and that even samples
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from the same batch could show lightly electron doped or
lightly hole doped transport characteristics. According to
the magnetic field dependence of the Hall resistivity, the
x ≈ 0.26 samples have a distinctly lower carrier density and
a higher carrier transport mobility in the paramagnetic phase
as compared to other compositions. In high magnetic fields
along the c axis and at low temperature the field-induced
antiferromagnetic-to-ferromagnetic transition in MBST with
x ≈ 0.26 drives a type-II Weyl semimetal state with the
coexistence of electron and hole pockets [6]. As the Sb
doping appears to be a promising route for obtaining new
topological phases in MBT, further studies on the properties
of Mn(Bi1−xSbx )2Te4 materials as a function of Sb content
are of high relevance.

By increasing the Sb doping level, the crystal structure
of Mn(Bi1−xSbx )2Te4 is only slightly changing, as the cell
parameters amount to a = 4.33 Å and c = 40.93 Å for pure
MBT, as compared to a = 4.25 Å and c = 40.87 Å for
MnSb2Te4 [7]. On the other hand, rather pronounced changes
in the electronic structure of MBST have been reported for
different Sb doping levels. Starting as an n-type doped metal
for the pure compound MBT, the material undergoes an elec-
tronic transition to p type at a doping level x ≈ 0.26 [6–8].
Thus, the chemical potential of the x ≈ 0.26 compound is
expected to be close to the valence or conduction band edges,
as both cases have been reported for several samples by Lee
et al. [6]. With increasing Sb doping level, the metallic p-type
character is steadily rising [8]. In addition, the energy gap is
changing its value from −188 meV for MBT to 34 meV for
MnSb2Te4. Due to the sign change, a topological transition
point with energy gap closing has been predicted at x = 0.55
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by first-principle calculations by Chen et al. [8]. Therefore, it
was suggested that MBST is losing its topological properties,
as the band gap is re-inverted at x = 0.55, which results in a
topologically trivial insulator for doping ratios x > 0.55 [8,9].
Yet some studies also have found topological characteristics
for MnSb2Te4 (x = 1) with an energy gap of the Dirac surface
state of size ∼16 meV induced by the magnetic ordering
[10,11]. The magnetic properties change with the Sb content
as well: With increasing x, the magnetic phase transition
temperature is decreasing, i.e., from TN = 24 K for x = 0
to TN = 19 K (x = 1), and the coercive magnetic field, the
saturation moment and the Weiss constant are all decreasing
in their absolute values [7]. Furthermore, for high Sb doping
level, the antisite mixing between Mn and Sb ions can lead to
a ferrimagnetic or ferromagnetic ground state depending on
the crystal growth conditions [10,12–17].

Infrared spectroscopy is a powerful technique to charac-
terize the electronic excitations in a material with a high
energy resolution. Recently, the effect of the magnetic or-
dering on the electronic band structure of MBT and the
doped Mn(Bi1−xSbx )2Te4 compound with x = 0.93 could be
observed in the temperature-dependent optical conductivity
spectra [18–20]: Close to the magnetic ordering temperature
the low-energy excitations of the free charge carriers show an
anomaly, namely a maximum in the screened and unscreened
plasma frequency. These results could be explained by the
hybridization of the p bands of Bi and Te close to the Fermi
level, forming the Dirac cone at the surface, and the d bands
related to the Mn atoms further away from the Fermi level,
and this hybridization is strong enough to create an exchange
gap at the topological surface states when the antiferromag-
netic ordering sets in [21]. Although infrared spectroscopy
is mainly bulk sensitive, also surface-related excitations can
influence the optical conductivity spectra, similar to the re-
cent findings for the magnetic topological insulator candidate
EuIn2As2 [22].

In this paper, we investigate the effect of Sb doping on
the optical conductivity of the alloy compound MBST as
obtained by infrared reflectivity measurements over a broad
frequency range. The results are related to recent findings on
the electronic properties of MBST for various doping levels
[6–8].

II. METHODS

Single crystals of MBST with doping ratios x =
0, 0.26, 0.39, 0.52, 0.70, 0.93 were grown by the self-flux
method as reported in Ref. [23]. The MBST crystals have
been characterized in detail by temperature-dependent resis-
tivity and Hall resistivity measurements reported in Ref. [6].
The platelike samples had surface areas of 0.5 mm × 1 mm
and the thicknesses varied from 20 µm up to 200 µm. We
performed room-temperature reflectance measurements with
the use of a Bruker Hyperion infrared microscope, which is
coupled to a Bruker Vertex80v FTIR spectrometer. The data
were collected from the far-infrared up to the visible range
(100 to 20 000 cm−1). As reference we used an unprotected
aluminum mirror, and both the sample and the reference
mirror were carefully aligned perpendicular to the incoming
infrared beam. In addition, we also measured the transmit-

tance of our samples on the same position as the reflectance
measurement, where the empty beam path was used as refer-
ence. The reflectance spectra were combined and extrapolated
in the low- and high-frequency ranges with the help of lit-
erature values and volumetric data. After this procedure, we
applied the Kramers-Kronig relations in order to calculate
optical functions such as the real part of the optical con-
ductivity σ1, the real part of the dielectric function ε1, and
the loss function − Im(1/ε), using programs by Tanner [24].
The optical spectra were fitted with the Drude-Lorentz model
using the software REFFIT [25].

III. RESULTS AND DISCUSSION

The reflectance spectra for MBST samples with various
Sb doping levels x are shown in Fig. 1(a). Clearly, these
samples show different profile characteristics in the spectra
below ∼2000 cm−1, whereas above 2000 cm−1 the changes
with x are much less pronounced. Accordingly, the Sb doping
has a much stronger influence on the low-energy excitations.
As expected, the metallic character is strongly affected by
the Sb doping level. Starting with the pure compound MBT,
which has been measured and published earlier [18,19], we
observe the largest free charge carrier contribution with a
high reflectance above 90% at 100 cm−1 and a plasma edge,
both signaling the metallic character. For 26% doping, three
different samples SL3B1, SL6C, and SL3E were measured.
These exhibit a strongly reduced metallicity as compared to
MBT, with a shift of the plasma edge to low frequencies.
This reduced metallic character is in agreement with magne-
totransport measurements [6]. Despite the identical nominal
composition of the three samples, there are significant differ-
ences in the profile of their reflectance spectra: While samples
SL6C and SL3E show a plasma edge close to 500 cm−1,
sample SL3B1 has a much weaker metallic contribution with
a plasma edge near 200 cm−1. Surprisingly, the reflectance
spectrum of the 39% doped sample looks very similar to that
of the SL3B1 sample with x = 0.26. For Sb doping levels
above 39%, the metallic character is growing with increas-
ing Sb content, as revealed by the shift of the plasma edge
and plasma minimum to higher energies. Thus, considering
the reflectance of the measured samples, we find a good
agreement of our data and the results of Chen et al. [8]. It
is important to note that solely based on the optical data,
we cannot discriminate between electron- or hole-type free
charge carriers present in the materials. The corresponding
transmittance spectra are depicted in Fig. 1(a) as well. Only
the weakly metallic samples, such as the 26% and 39% Sb
doped samples, which are also thin at the same time, are
slightly transparent and only over a small frequency range
between approximately 600 and 2000 cm−1. The partial trans-
parency of the samples causes small Fabry-Pérot interference
fringes in the reflectance spectra.

In order to check, whether the surprising results for the
39% doped sample could be related to inhomogeneities of
Sb doping in the studied crystal, we carried out position-
dependent reflectivity measurements in the low-energy range,
where the largest spectroscopic differences among the sam-
ples were observed. We measured several samples, including
the x = 0.39 one, with a probing spot size 200 µm. The
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FIG. 1. (a) Reflectance and transmittance, (b) loss function and (c) optical conductivity σ1 of eight MBST samples with various Sb doping
levels x, namely 0 (from Ref. [18]), 0.26 (labeled SL3B1, SL3E, SL6C), 0.39, 0.52, 0.70, and 0.93. The inset of (c) highlights the frequency
range around the strong onset of interband transitions. (d) Values of the screened plasma frequency ωscr

pl for each sample, as obtained from the
loss function by Lorentz fitting (see text). The inset shows a Lorentz fit of the loss function for the pure compound, as an example. Please note
that the color coding of the symbols refers to the legend given in (b).

results for two samples as representative examples are plotted
in Fig. 2. The 26% doped SL6C sample [Fig. 2(a)] shows
a relatively strong layer/position dependence, as the excita-
tions on layer B differ a lot from those of layer A and C.
Therefore, it seems that even though the position dependence
of the doping level is negligible (below 1%), as shown by
energy dispersive x-ray spectroscopy (EDX) measurements,
there is a significant effect on the optical response for this
composition. In contrast, the 39% doped sample, which is
also weakly metallic, shows a much smaller layer dependence
[see Fig. 2(b)]. Thus, our results are in good agreement with
those in Ref. [6], as several samples, partially from the same
batch and with the same “critical” doping x = 0.26, turned out
to possess slightly different charge carrier densities and also
different types of free charge carriers.

The loss function and the optical conductivity of the sam-
ples, as obtained from the Kramers-Kronig analysis of the
reflectance data, are depicted in Figs. 1(b) and 1(c), re-
spectively. They become slightly negative (−0.006 and −60
�−1cm−1, respectively) at around 1000 cm−1 for doping
levels around x = 0.26, which is by and large within our
error bars and means that the loss function and σ1 have a
minimum close to zero. The metallic character of the doped
samples is weak, as indicated by the small value of the opti-

cal conductivity (σ1 <1000 �−1cm−1) below ∼2000 cm−1.
This region is followed by a strong increase of σ1 above
4000–5000 cm−1 and a broad maximum in the frequency
range 10 000–20 000 cm−1, which is due to electronic tran-
sitions from the valence to the conduction bands. The inset
of Fig. 1(c) highlights the frequency range, where these inter-
band transitions set in, and this onset defines the size of the
optical gap.

The shape of the loss function at high energies is very
similar for all the studied samples, as the values are strongly
increasing above ∼5000 cm−1 [Fig. 1(b)]. As expected, the
loss function for the various compounds differs the most
in the low-frequency range, where we find a plasmon peak
located at different frequency positions. From the position
of the plasmon peak, we can determine the value of the
screened plasma frequency ωscr

pl by fitting the plasmon peak
with a Lorentz function, as illustrated in the inset of Fig. 1(d).
The so-obtained values of ωscr

pl are plotted in Fig. 1(d) as a
function of Sb content x. The pure compound MBT shows
the highest value ωscr

pl ≈ 1150 cm−1. For the x = 0.26 com-
pounds, the values are much smaller and there is also a certain
difference between the three samples with this composition,
as the values are varying between 239 cm−1(SL3B1) and
459 cm−1(SL3E). The 39% doped sample has the second
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FIG. 2. Position/layer dependence of the reflectance in the low-
energy region of the (a) SL6C x = 0.26 sample and the (b) SL10C
x = 0.39 sample. The insets of (a) and (b) display the measured
crystals with the lateral dimensions 2.5 mm × 1.5 mm and 1 mm ×
0.8 mm, respectively. The diameter of the probing spot size amounted
to 200 µm.

lowest value ωscr
pl ≈285 cm−1, which indicates that the x =

0.39 and the SL3B1 sample have the weakest metallic char-
acter. For Sb doping levels above x = 0.39, the values are
increasing steadily with increasing Sb doping ratio up to
768 cm−1 for the x = 0.93 sample. These values are in good
agreement with predictions from Chen et al. [8], and are in
agreement with the reflectance data, since the weakest metal-
lic properties are found for the 26% and, interestingly, also
for the 39% Sb doped samples, while the free charge car-
rier contributions are higher for lower (x < 0.26) and higher
(x > 0.39) Sb doping levels.

It is important to note that even though an insulating
state is predicted for the doping level x = 0.26 by theoretical
calculations [8], our results are in good agreement with the
experimental findings by Lee et al. [6], where transport and
Hall resistivity measurements of several 26% doped samples

have confirmed the presence of either negative or positive free
charge carriers. Hints for a metallic behavior are found in
the optical data for all of our samples, including the three
26% and the 39% Sb doped samples. Since the SL6C and
the SL3E sample show a similar optical spectrum and, on the
other hand, the SL3B1 and the 39% doped sample resemble
each other, we assume that the chemical potential is in first
case closer to the conduction bands and in the latter closer to
the valence bands, as described by Lee et al. [6]. Reportedly,
samples with 26% Sb doping can be either slightly electron or
hole doped, even if they are from the same batch, and ARPES
measurements on various samples show that small doping
differences at the surface of weak metallic bulks could cause
large changes in the Fermi level at the surface [6]. Although
IR spectroscopy is mainly bulk and not surface sensitive, a
certain contribution from surface states to the free charge
carrier response has been reported by Xu et al. [22] on the
magnetic topological insulator candidate EuIn2As2 and Wang
et al. [26] on the topological insulator Pb1−xSnxSe.

For further analysis, we carried out a simultaneous fit of the
reflectivity and optical conductivity spectra with the Drude-
Lorentz model. For the compositions x = 0 and x = 0.93,
we have implemented two Drude terms, as for these MBST
compounds free charge carrier excitations from two bands are
expected and two Drude terms (a broad and a narrow one) are
also needed to achieve a reasonable fit, as previously shown
by us [18,20]. The scattering rates γ = 1/τ of the two Drude
terms amount to 753 and 69 cm−1 for x = 0, and 794 and
96 cm−1 for x = 0.93. In the case of the compounds with Sb
doping x = 0.26, 0.39, 0.52, and 0.70, the inclusion of only
one Drude term was sufficient to obtain a good fit quality and
the fit quality did not improve by implementing two Drude
contributions. Hence, for these doping levels, only one elec-
tronic band is expected to cross the Fermi level, which was
taken into account in the electronic band structure schemes
discussed later. Also for the “critical” doping x = 0.26, where
the transition from n-type to p-type charge carriers takes
place, a Drude term was implemented, as Hall resistivity mea-
surements confirmed the presence of free charge carriers for
several 26% samples in the studies by Lee et al. [6]. Regarding
the interband excitations, we used six or seven Lorentz terms
in the measured range, depending on their Sb doping level.
For the samples labeled SL3E and SL6C with x = 0.26, the
L1 oscillator is absent, which will be explained later by the
electronic band structure scheme. For sample SL3B1 with
x = 0.26 and for dopings x � 0.39, L1* replaces the L1 os-
cillator to indicate a different physical meaning (see below).
The high-frequency contribution labeled “High Energy” rep-
resents the sum of all higher-energy Lorentz oscillators which
lie out of the measured range. In Figs. 3(a), 3(b), and 3(c)
the optical conductivity, the corresponding fit, and all the
contributions are shown exemplarily for the samples x = 0,
x = 0.26 (SL3E), and x = 0.93, respectively. One notices that
the Drude contributions are affected strongly by the doping
level x, as expected from the reflectance data. This also holds
for the frequency positions of the low-frequency Lorentz os-
cillators L1, L1*, and L2, as we assume that the substitution
of Bi by Sb mostly affects the electronic bands close to the
Fermi level.
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FIG. 3. Drude-Lorentz fits of the optical conductivity, including all Drude and Lorentz contributions, for the (a) x = 0, (b) x = 0.26
(SL3E), and (c) x = 0.93 sample. The corresponding parameters resulting from these fits, namely the plasma frequency ωpl (see text), the DC
conductivity σDC, and the position of the Lorentz functions L1, L1*, and L2, are plotted in (d), (e), and (f), respectively.

In Figs. 3(d) and 3(e), the plasma frequency ωpl and the
zero-frequency conductivity σDC are compared for all studied
samples. In the case of samples x = 0 and x = 0.93 with two
Drude terms, the effective values of ωpl and σDC have been
calculated according to the equations [27]

ωpl =
√

ω2
pl,1 + ω2

pl,2 , (1)

σDC = ω2
pl,1

4πγ1
+ ω2

pl,2

4πγ2
, (2)

where γ1,2 represent the scattering rates of the Drude terms
obtained by the Drude-Lorentz fits. Furthermore, we depict
the positions of the Lorentz oscillators L1, L1*, and L2 in
Fig. 3(f) as a function of doping level x. These three oscillators
can be ascribed to the low-energy excitations close to the
Fermi energy, as described in more detail below.

The (unscreened) plasma frequency ωpl, which reflects
the charge carrier density, shows an Sb doping dependence
similar to that of the screened plasma frequency ωscr

pl [see
Fig. 1(d)]. The pure compound has the largest ωpl value ac-
cording to its strongest metallic character, while the 26% and
39% doped samples show the smallest values. In contrast to
ωscr

pl , the values for ωpl are not increasing monotonically with

increasing x, since the 70% Sb doped sample has a smaller
plasma frequency than the 52% Sb doped sample, as also
revealed by the lower reflectance value at low frequencies [see
Fig. 1(a)]. Thus, we find a deviation here in accordance with
the predictions of Chen et al. [8]. The σDC values, which also
reflect the metallic character, show a similar doping depen-
dence, since one observes a decrease to x = 0.26, followed
by a rather constant behavior up to x = 0.70 and an increase
to x = 0.93. Yet, all doped samples show a weaker metal-
lic character compared to the pure compound according to
the values of ωpl and σDC. Regarding the frequency position
of the Lorentz oscillators L1/L1* and L2 as a function of
doping, we find a similar dependence on the doping level x:
The undoped sample shows the highest frequencies for both
oscillators, followed by a minimum for the “critical” doping
and a monotonic increase with increasing x. The L1 oscillator
is attributed to electronic transitions in the pure compound,
whereas the L1* oscillator describes transitions in the doped
samples, as discussed in detail in the following.

For an interpretation of the low-energy excitations in
the Mn(Bi1−xSbx )2Te4 compounds, in particular the low-
energy oscillators L1/L1* and L2, we sketch in Fig. 4 the
electronic band structure close to the energy gap and the
Fermi energy EF for the (a) pure, (b) x = 0.26 (SL3E,SL6C)
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FIG. 4. Electronic band structure scheme of MBST for the dopings (a) x = 0, (b) x = 0.26 (SL3E,SL6C), (c) x = 0.26 (SL3B1), x = 0.39,
(d) x = 0.52, (e) x = 0.70, and (f) x = 0.93. Electronic transitions are indicated by violet (L1), orange (L1*), and green (L2) arrows. The
topological surface states are displayed with blue dashed and dotted lines. These sketches have been created in accordance with Refs. [5,8].

(c) x = 0.26(SL3B1)/0.39, (d) x = 0.52, (e) x = 0.70, and
(f) x = 0.93 compounds, based on Refs. [5,8]. According to
the different low-energy reflectance spectra, we distinguish
between the SL3E/SL6C (x = 0.26) and the SL3B1(x =
0.26)/x = 0.39 samples [see Fig. 1(a)]. In particular, we as-
sume that the first ones are slightly n doped, whereas the
latter ones are slightly p doped, in agreement with the findings
by Lee et al. [6]. According to the band structure scheme,
two Drude terms related to the two bands crossing EF are
expected for the samples x = 0 and x = 0.93, whereas one
Drude contribution should be present for the other studied
samples (i.e., one band crossing EF ), in agreement with our
optical data analysis. For all the six highlighted cases in Fig. 4,
the low-energy electronic transitions are indicated by vertical
arrows, which lead to the Lorentz contributions L1/L1* and

L2 in the optical conductivity spectra (see Fig. 3). Both the
L1 and L1* oscillators describe transitions between two con-
duction bands [violet (L1) and orange (L1*) arrows], whereas
the L2 term (green arrows) is related to transitions across the
optical gap, causing a strong onset of spectral weight in the
optical conductivity spectrum. In the case of the SL3E and
SL6C samples [see Fig. 4(b)], we have not implemented the
L1/L1* oscillator, as there is no expected transition between
two subbands in contrast to the other dopings, and this is in
agreement with the Drude-Lorentz fit [see Fig. 3(b)].

According to Ref. [8], with increasing Sb doping not only
EF is changing its position, but also the energy gap is de-
creasing, with a reported minimum for x = 0.55. Therefore,
also the optical gap, which is larger than the energy band gap
for all studied compounds, is affected by this evolution. As
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for x = 0 the Fermi level is energetically quite distant from
the energy band gap and at the same time at its maximum
for the whole doping series, the optical gap is maximum for
this composition. With the decrease of the energy gap and the
shift of EF to lower energies with increasing x, the optical
gap is also decreasing, as the energetic difference between the
occupied and unoccupied states of different bands is reducing.
For even higher doping levels x, the Fermi level is shifting
further into the former valence bands, whereby the energy
difference to the former conduction band is increasing, which
also affects the optical gap in the same way. This behavior
is demonstrated by the frequency shift of L2 with increas-
ing doping. As mentioned above, L1 and L1* describe the
transition between two conduction bands; however, since the
Fermi level has been shifted to the former valence bands for
x > 0.26, L1 changes its character, indicated by the changed
nomenclature (L1*). The energy difference of L1 and L1* of
approximately 80 meV is thus justified, since the energetic
difference of the involved electronic bands in the L1 transition
is larger compared to those of L1* (see Fig. 4). In comparison,
the frequency shift of the L1* oscillator with doping is quite
weak, still a steady increase to higher values with increasing
x can be detected.

IV. CONCLUSION

In conclusion, we studied the optical response of
Mn(Bi1−xSbx )2Te4 samples with various Sb doping levels x

by reflectance measurements over a broad frequency range,
in order to observe the effect of the gradual exchange of
Bi by Sb on the low-energy electronic excitations. In good
agreement with recent studies [6–8], the metallic character is
affected by the Sb doping: it is weakened from x = 0 to x =
0.26, where an insulating composition has been predicted. For
doping levels above x = 0.39 the metallic character increases
for increasing Sb content up to the highest measured doping
level x = 0.93. As indicated by the presence of at least one
Drude term, all studied samples show a metallic character.
The high-energy part of the optical response is only weakly
affected by the doping level, which signals that mainly the
electronic band structure in close vicinity to the Fermi energy
is sensitive to Sb doping. Different x = 0.26 crystals show
significant differences in the profile of their reflectance spec-
tra. Furthermore, a strong position dependence of the optical
response is found for x = 0.26 in contrast to other doping
levels. We propose a scheme of the electronic band structure
close to EF as a function of the doping level, which explains
our optical results.

ACKNOWLEDGMENTS

C.A.K. acknowledges financial support from the Deutsche
Forschungsgemeinschaft (DFG), Germany, through Grant No.
KU 1432/15-1. Z.Q.M. and S.H.L. acknowledges the sup-
port of the U.S. NSF through the Penn State 2D Crystal
Consortium-Materials Innovation Platform (2DCC-MIP) un-
der NSF Cooperative Agreement No. DMR-2039351.

[1] Y. Deng, Y. Yu, M. Z. Shi, Z. Guo, Z. Xu, J. Wang, X. H. Chen,
and Y. Zhang, Quantum anomalous Hall effect in intrinsic mag-
netic topological insulator MnBi2Te4, Science 367, 895 (2020).

[2] P. Swatek, Y. Wu, L.-L. Wang, K. Lee, B. Schrunk, J. Yan,
and A. Kaminski, Gapless Dirac surface states in the antifer-
romagnetic topological insulator MnBi2Te4, Phys. Rev. B 101,
161109(R) (2020).

[3] H. Li, S. Liu, C. Liu, J. Zhang, Y. Xu, R. Yu, Y. Wu, Y. Zhang,
and S. Fan, Antiferromagnetic topological insulator MnBi2Te4:
synthesis and magnetic properties, Phys. Chem. Chem. Phys.
22, 556 (2020).

[4] C. Lei and A. H. MacDonald, Gate-tunable quantum anoma-
lous Hall effects in MnBi2Te4 thin films, Phys. Rev. Mater. 5,
L051201 (2021).

[5] Y. J. Chen, L. X. Xu, J. H. Li, Y. W. Li, H. Y. Wang, C. F. Zhang,
H. Li, Y. Wu, A. J. Liang, C. Chen, S. W. Jung, C. Cacho, Y. H.
Mao, S. Liu, M. X. Wang, Y. F. Guo, Y. Xu, Z. K. Liu, L. X.
Yang, and Y. L. Chen, Topological Electronic Structure and
Its Temperature Evolution in Antiferromagnetic Topological
Insulator MnBi2Te4, Phys. Rev. X 9, 041040 (2019).

[6] S. H. Lee, D. Graf, L. Min, Y. Zhu, H. Yi, S. Ciocys, Y. Wang,
E. S. Choi, R. Basnet, A. Fereidouni, A. Wegner, Y.-F. Zhao, K.
Verlinde, J. He, R. Redwing, V. Gopalan, H. O. H. Churchill,
A. Lanzara, N. Samarth, C.-Z. Chang et al., Evidence for a
Magnetic-Field-Induced Ideal Type-II Weyl State in Antiferro-
magnetic Topological Insulator Mn(Bi1−xSbx )2Te4, Phys. Rev.
X 11, 031032 (2021).

[7] J.-Q. Yan, S. Okamoto, M. A. McGuire, A. F. May, R. J.
McQueeney, and B. C. Sales, Evolution of structural, magnetic,

and transport properties in MnBi2−xSbxTe4, Phys. Rev. B 100,
104409 (2019).

[8] B. Chen, F. Fei, D. Zhang, B. Zhang, W. Liu, S. Zhang, P.
Wang, B. Wei, Y. Zhang, Z. Zuo, J. Guo, Q. Liu, Z. Wang,
X. Wu, J. Zong, X. Xie, W. Chen, Z. Sun, S. Wang, Y. Zhang
et al., Intrinsic magnetic topological insulator phases in the Sb
doped MnBi2Te4 bulks and thin flakes, Nat. Commun. 10, 4469
(2019).

[9] W. Ko, M. Kolmer, J. Yan, A. D. Pham, M. Fu, F. Lüpke,
S. Okamoto, Z. Gai, P. Ganesh, and A.-P. Li, Realizing
gapped surface states in the magnetic topological insulator
MnBi2−xSbxTe4, Phys. Rev. B 102, 115402 (2020).

[10] S. Wimmer et al., Mn-rich MnSb2Te4: A topological insulator
with magnetic gap closing at high Curie temperatures of 45–50
K, Adv. Mater. 33, 2102935 (2021).

[11] S. V. Eremeev, I. P. Rusinov, Yu. M. Koroteev, A. Yu.
Vyazovskaya, M. Hoffmann, P. M. Echenique, A. Ernst, M. M.
Otrokov, and E. V. Chulkov, Topological magnetic materials of
the (MnSb2Te4) · (Sb2Te3)n van der Waals compounds family,
J. Phys. Chem. Lett. 12, 4268 (2021).

[12] Y. Liu, L.-L. Wang, Q. Zheng, Z. Huang, X. Wang, M. Chi, Y.
Wu, B. C. Chakoumakos, M. A. McGuire, B. C. Sales, W. Wu,
and J. Yan, Site Mixing for Engineering Magnetic Topological
Insulators, Phys. Rev. X 11, 021033 (2021).

[13] Y. Lai, L. Ke, J. Yan, R. D. McDonald, and R. J. McQueeney,
Defect-driven ferrimagnetism and hidden magnetization in
MnNi2Te4, Phys. Rev. B 103, 184429 (2021).

[14] S. X. M. Riberolles, Q. Zhang, E. Gordon, N. P. Butch, L.
Ke, J.-Q. Yan, and R. J. McQueeney, Evolution of magnetic

195118-7

https://doi.org/10.1126/science.aax8156
https://doi.org/10.1103/PhysRevB.101.161109
https://doi.org/10.1039/C9CP05634C
https://doi.org/10.1103/PhysRevMaterials.5.L051201
https://doi.org/10.1103/PhysRevX.9.041040
https://doi.org/10.1103/PhysRevX.11.031032
https://doi.org/10.1103/PhysRevB.100.104409
https://doi.org/10.1038/s41467-019-12485-y
https://doi.org/10.1103/PhysRevB.102.115402
https://doi.org/10.1002/adma.202102935
https://doi.org/10.1021/acs.jpclett.1c00875
https://doi.org/10.1103/PhysRevX.11.021033
https://doi.org/10.1103/PhysRevB.103.184429


KÖPF, LEE, MAO, AND KUNTSCHER PHYSICAL REVIEW B 106, 195118 (2022)

interactions in Sb-substituted MnBi2Te4, Phys. Rev. B 104,
064401 (2021).

[15] Y. Chen, Y.-W. Chuang, S. H. Lee, Y. Zhu, K. Honz, Y. Guan,
Y. Wang, K. Wang, Z. Mao, J. Zhu, C. Heikes, P. Quarterman,
P. Zajdel, J. A. Borchers, and W. Ratcliff, Ferromagnetism in
van der Waals compound MnSb1.8Bi0.2Te4, Phys. Rev. Mater. 4,
064411 (2020).

[16] T. Murakami, Y. Nambu, T. Koretsune, G. Xiangyu, T.
Yamamoto, C. M. Brown, and H. Kageyama, Realization of
interlayer ferromagnetic interaction in MnSb2Te4 toward the
magnetic Weyl semimetal state, Phys. Rev. B 100, 195103
(2019).

[17] W. Ge, P. M. Sass, J. Yan, S. H. Lee, Z. Mao, and W. Wu, Direct
evidence of ferromagnetism in MnSb2Te4, Phys. Rev. B 103,
134403 (2021).

[18] M. Köpf, J. Ebad-Allah, S. H. Lee, Z. Q. Mao, and
C. A. Kuntscher, Influence of magnetic ordering on the op-
tical response of the antiferromagnetic topological insulator
MnBi2Te4, Phys. Rev. B 102, 165139 (2020).

[19] B. Xu, Y. Zhang, E. H. Alizade, Z. A. Jahangirli, F. Lyzwa,
E. Sheveleva, P. Marsik, Y. K. Li, Y. G. Yao, Z. W. Wang, B.
Shen, Y. M. Dai, V. Kataev, M. M. Otrokov, E. V. Chulkov,
N. T. Mamedov, and C. Bernhard, Infrared study of the multi-
band low-energy excitations of the topological antiferromagnet
MnBi2Te4, Phys. Rev. B 103, L121103 (2021).

[20] M. Köpf, S. H. Lee, K. H., Z. Q. Mao, and C. A.
Kuntscher, Infrared study of the layered magnetic insulator
Mn(Bi0.07Sb0.93)2Te4 at low temperatures, Phys. Rev. B 105,
195125 (2022).

[21] K. He, MnBi2Te4-family intrinsic magnetic topological materi-
als, npj Quantum Mater. 5, 90 (2020).

[22] B. Xu, P. Marsik, S. Sarkar, F. Lyzwa, Y. Zhang, B. Shen, and
C. Bernhard, Infrared study of the interplay of charge, spin,
and lattice excitations in the magnetic topological insulator
EuIn2As2, Phys. Rev. B 103, 245101 (2021).

[23] J.-Q. Yan, Q. Zhang, T. Heitmann, Z. Huang, K. Y. Chen, J.-G.
Cheng, W. Wu, D. Vaknin, B. C. Sales, and R. J. McQueeney,
Crystal growth and magnetic structure of MnBi2Te4, Phys. Rev.
Mater. 3, 064202 (2019).

[24] D. B. Tanner, Use of x-ray scattering functions in Kramers-
Kronig analysis of reflectance, Phys. Rev. B 91, 035123
(2015).

[25] A. B. Kuzmenko, Kramers-Kronig constrained variational anal-
ysis of optical spectra, Rev. Sci. Instrum. 76, 083108 (2005).

[26] Y. Wang, G. Luo, J. Liu, R. Sankar, N.-L. Wang, F. Chou, L.
Fu, and Z. Li, Observation of ultrahigh mobility surface states
in a topological crystalline insulator by infrared spectroscopy,
Nature Commun. 8, 366 (2017)

[27] M. Fox, Optical Properties of Solids (Oxford University Press,
New York, 2001).

195118-8

https://doi.org/10.1103/PhysRevB.104.064401
https://doi.org/10.1103/PhysRevMaterials.4.064411
https://doi.org/10.1103/PhysRevB.100.195103
https://doi.org/10.1103/PhysRevB.103.134403
https://doi.org/10.1103/PhysRevB.102.165139
https://doi.org/10.1103/PhysRevB.103.L121103
https://doi.org/10.1103/PhysRevB.105.195125
https://doi.org/10.1038/s41535-020-00291-5
https://doi.org/10.1103/PhysRevB.103.245101
https://doi.org/10.1103/PhysRevMaterials.3.064202
https://doi.org/10.1103/PhysRevB.91.035123
https://doi.org/10.1063/1.1979470
https://doi.org/10.1038/s41467-017-00446-2

