
PHYSICAL REVIEW B 103, 085126 (2021)

Possible bipolar effect inducing anomalous transport behavior in the magnetic
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MnBi2Te4 has attracted tremendous interest as the first discovered intrinsic magnetic topological insulator.
Due to its heavily n-doped nature, hole doping is required to isolate the effects of the topological states from
the bulk, which is necessary for further electronic applications. Here, we systematically measure the resistivity,
Seebeck coefficient, and thermal conductivity of Mn(Bi1−xSbx )2Te4 (0 � x � 0.51) single crystals. We find
that the carrier concentrations at room temperature can be continuously tuned from −9.47 × 1019 to 5.21 ×
1019 cm−3 while varying x from 0 to 0.51. In the crystals with the Fermi level located close to the charge neutral
point in the bulk band gap, drastic changes in the resistivity, Seebeck coefficient, and thermal conductivity are
observed around a certain temperature T ∗. Our results suggest that the bipolar effect possibly plays an important
role in determining the transport properties in narrow bulk band topological insulators when the Fermi level is
located near the charge neutral point inside the bulk gap.
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I. INTRODUCTION

The interplay of nontrivial band topology and magnetic
ordering represents a fertile playground to realize novel phys-
ical phenomena, such as the quantum anomalous Hall effect
(QAHE), axion insulator states, and magnetic Weyl semimetal
states [1–3]. However, the majority of QAHE experiments
so far have focused on either magnetic doped topological
insulators (TIs) or ferromagnet-TI heterostructures, where the
material synthesis and optimization are extremely challenging
[4–7]. Therefore, the QAHE was realized only at the very low
temperature, making it difficult for practical application. Re-
cently, MnBi2Te4 has attracted plenty of attention as the first
intrinsic antiferromagnetic topological insulator [8,9]. This
compound has a layered structure (space group R-3m) with
Te-Bi(Sb)-Te-Mn-Te-Bi(Sb)-Te septuple layers (SLs) stack-
ing along the c axis, as shown in Fig. 1(a). MnBi2Te4 has been
theoretically predicted to host a bulk gap of ∼200 meV and
Dirac electrons on the surface. Although the Mn atomic layers
create A-type antiferromagnetic order in the bulk [10–13],
whether a mass gap opens on the surface Dirac spectrum is
still under hot debate. On the other hand, the Fermi level of
MnBi2Te4 locates deeply in the bulk conduction band due
to its heavily electron-doped nature [9,14], as verified by
angle-resolved photoemission spectroscopy (ARPES) mea-
surements [15]. By tuning the chemical potential into the bulk
band gap via electric gating, the QAHE and axion insulating
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state have been realized in 5- and 6-SL samples, respec-
tively [16,17]. Another way to reduce the bulk carriers is to
substitute bismuth with antimony. By doping antimony into
MnBi2Te4, the Fermi level can be gradually shifted from the
conduction band to the valence band, and the nontrivial band
topology remains up to an antimony content of ∼55%, pro-
viding a possible path to realize an ideal magnetic topological
insulator [18,19].

With continuously doping antimony, many new physical
phenomena that differ from MnBi2Te4 have been predicted
and experimentally discovered. A large intrinsic anomalous
Hall effect with maximum Hall angle in the ferromagnetic
phase driven by external field and a large positive magnetore-
sistance were observed when the doping level of antimony
reached 26%, and an ideal time-reversal symmetry-broken
type-II Weyl semimetal was predicted [20]. A ferromagnetic
ground state with a Curie temperature of 26 K, in sharp con-
trast to the antiferromagnetic order in MnBi2Te4, was found
when the doping level of antimony reached 90% [21]. Re-
cently, a strange temperature dependence of resistivity was
reported in samples with the Fermi level close to the charge
neutral point of the bulk gap (with a Sb doping level about
30%), where a huge resistivity was observed at low tempera-
ture, followed by an anomalous drop with rising temperature
to ∼130 K [19]. This peculiar behavior in resistivity is not yet
fully understood. Considering that such an anomaly has been
observed only in the bulk-insulating crystals where the QAHE
and axion insulating states might be realized, it is critical to
verify the origin of this drastic change in the temperature-
dependent resistivity. In this work, we have measured the
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TABLE I. The c-axis lattice parameter c, Néel temperature TN, room-temperature Hall coefficient RH , carrier concentration nH , carrier
mobility μH , Seebeck coefficient S, thermal conductivity κ , and resistivity ρ at different Sb contents.

Nominal Sb Actual Sb c (Å) RH nH μH S(T = 300 K) κ (T = 300 K) ρ(T = 300 K)
content x content x (cm3 C−1) (×1019 cm−3) (cm2 V−1 s−1) (μV K−1) (W K−1 m−1) (m� cm)

0 0 40.73 −0.066 −9.47 28.87 −20.2 2.52 2.37
0.1 0.09 40.92 −0.093 −6.74 28.61 −31.1 2.21 3.24
0.2 0.26 40.80 −0.543 −1.15 77.84 −104.8 1.70 6.98
0.2 0.27 40.79 −0.626 −1.00 83.65 35.6 1.95 7.47
0.3 0.35 40.86 0.396 1.58 94.86 68.5 2.21 4.17
0.4 0.41 40.86 0.244 2.56 61.47 97.5 2.24 1.89
0.5 0.51 40.67 0.120 5.21 35.58 81.8 2.44 1.85

resistivity ρ, Seebeck coefficient S, and thermal conductivity
κ of single crystals of Mn(Bi1−xSbx )2Te4 (0 � x � 0.51).
Their systematical evolution versus temperature and doping
suggests that the bipolar effect could be a possible origin
of the anomalous resistivity and Seebeck coefficient in the
crystals near the charge neutral point.

II. EXPERIMENT

Mn(Bi1−xSbx )2Te4 (0 � x � 0.51) single crystals are
grown through a self-flux method [18,19]. The high-purity
elements manganese, bismuth/antimony, and tellurium are
mixed in a ratio of 1:11.7:18.55, where bismuth and an-
timony are mixed proportionally according to 1−x:x. The
mixed elements are placed in an alumina crucible, and then
the alumina crucible is sealed within a quartz ampule. The
ampule is slowly heated to 950 ◦C, kept at this temperature
for 1 day, cooled slowly to 595 ◦C over 2 days, and then held
at this temperature for 1 day. Finally, the Mn(Bi1−xSbx )2Te4

single crystals are obtained by centrifugation. Actual chemical
compositions are determined by using by an x-ray energy
dispersive spectrometer mounted on a field emission scanning
electronic microscope (Sirion200). The actual Sb contents of
the chosen crystals (with the nominal x = 0.1, 0.3, 0.4, and
0.5) for measurements in this work are determined to be 0.09,
0.35, 0.41, and 0.51, respectively. The crystals with the nom-
inal x = 0.2 are close to the charge neutral point (as shown
in the following text) and are determined to have an actual
Sb content of 0.26–0.27, which shows dramatically different
transport behavior with only a very slight difference in Sb
content. Therefore, two crystals with actual Sb contents of
0.26 and 0.27 are chosen for our investigations. The actual
composition will be adopted in the following text.

The single-crystalline x-ray diffraction (XRD) patterns
are obtained by using an x-ray diffractometer (SmartLab-
9, Rikagu Corp.) with Cu Kα radiation. Resistivity and
Hall resistivity are measured by using a PPMS-9-Tesla sys-
tem (Quantum Design). The Seebeck coefficient and thermal
conductivity are measured with a home-built setup in a 14T-
TeslaTron-PT System (Oxford Instruments) by applying a
steady heat current through the crystal [22].

III. RESULTS AND DISCUSSION

Figure 1(b) shows the XRD patterns of Mn(Bi1−xSbx )2Te4

single crystals. The same series of sharp (00l) peaks was
found in these patterns, indicating a pure crystalline phase

for Mn(Bi1−xSbx )2Te4 with different antimony contents. The
lattice parameter c (∼40.7–40.9 Å) remains almost unchanged
with varying x from 0 to 0.51 (as shown in Table I), consistent
with previous reports [18,19].

The Hall resistivity ρxy for the Mn(Bi1−xSbx )2Te4 crystals
with different doping levels at 300 K is shown in Fig. 2(a).
A linear magnetic field dependence of ρxy is observed for
all the measured crystals. The Hall coefficient RH and carrier
concentrations nH at room temperature estimated from ρxy(H )
are displayed in the inset of Fig. 2(a). With increasing Sb con-
tent, as shown in the inset in Fig. 2(a), nH gradually changes
from −9.47 × 1019 cm−3 at x = 0 to 5.21 × 1019 cm−3 at
x = 0.51, with a sign change around x = 0.3, indicating that
the dominating carriers change from electrons to holes. The
extremely low nH of the crystals with x = 0.26 and 0.27
suggests that the Fermi level approaches the charge neutral
point of the bulk band gap.

The temperature dependence of the resistivity of these
Mn(Bi1−xSbx )2Te4 crystals is shown in Fig. 2(b). Initially, the
resistivity of pristine MnBi2Te4 drops slowly with decreasing
temperature, showing a cusplike feature at Néel temperature
TN due to the increase in magnetic scattering caused by spin
fluctuations. Below TN, ρ gradually decreases with decreas-
ing temperature due to the weakening of magnetic scattering
after entering the magnetic ordering state. After substituting
Bi with Sb, most of the samples show a ρ(T ) behavior similar
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(a) (b)

FIG. 1. (a) Crystal structure of the Mn(Bi1−xSbx )2Te4. (b) X-ray
diffraction patterns with orientation along the (00l) direction for
Mn(Bi1−xSbx )2Te4 crystals.
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(a) (b)

FIG. 2. (a) Magnetic field dependence of the Hall resistivity ρxy

for Mn(Bi1−xSbx )2Te4 crystals measured at 300 K with magnetic
fields applied along the c axis. The inset shows the Hall coeffi-
cient RH and carrier concentration nH of Mn(Bi1−xSbx )2Te4 crystals.
(b) Temperature dependence of resistivity ρ for Mn(Bi1−xSbx )2Te4.

to that of MnBi2Te4 except for the crystals with x = 0.26
and 0.27. At these two doping levels, the resistivity is much
larger at low temperature, which can be attributed to the very
low carrier concentrations in these two crystals (consistent
with the above indication that the Fermi level of these two
crystals is close to the charge neutral point of the bulk band
gap, as pointed out above). Above a certain temperature (we
denote it as T ∗, which is ∼113 K for x = 0.26 and ∼117 K
for x = 0.27), a rapid drop appears in ρ(T ). With further
increasing temperature, the drop saturates, and essentially, a
metallic behavior emerges. Similar resistivity was observed
previously in the weak p-doped crystal [19], which has a Sb
content of x = 0.3, but the origin remains unknown.

Now we focus on the drastic change in the resistivity
around 110 K in the crystals with x = 0.26 and 0.27. Similar
behavior was reported in the sample with x = 0.30 (slightly
hole doped) and was argued to have a spin-related origin [19].
However, this cannot interpret why such a feature is absent
in other crystals with the Fermi level far away from the band
gap since there are still an antiferromagnetic transition and
spin fluctuations. In order to understand the origin of this
peculiar behavior of ρ(T ) in those samples, the tempera-
ture dependence of the Hall coefficient RH and Hall carrier
density nH (=1/eRH ) for crystals with x = 0.26 and 0.27 is
extracted from the Hall resistivity recorded at various tem-
peratures [Fig. 3(a)] and shown in Figs. 3(c) and 3(b). nH is
estimated to be around 0.5 × 1018 cm−3 at low temperature,
much lower than those in the crystals with x = 0–0.09 and
0.35–0.51, indicating that the crystals with x = 0.26 and 0.27
have the Fermi level located within the bulk band gap. How-
ever, considering the theoretically estimated bulk band gap
of ∼80 meV for x = 0.26–0.27 [19] and an effective mass
of ∼0.25me [23], the thermally excited carrier density could
be about ∼1016 cm−3 at 110 K, which is much smaller than
the values estimated from Hall data. Therefore, some other
origins should be taken into account for these abnormal carrier
concentrations. It has been reported that there are two native
defects of MnBi and BiTe antisites in pristine MnBi2Te4 in

(a) (b)

FIG. 3. (a) Hall resistivity taken at various temperatures
plotted against magnetic field for Mn(Bi0.74Sb0.26)2Te4 crystals.
(b) Temperature dependence of electron-carrier concentration in
Mn(Bi0.74Sb0.26)2Te4 and Mn(Bi0.73Sb0.27)2Te4 crystals. (c) Hall co-
efficient plotted against temperature for Mn(Bi0.74Sb0.26)2Te4 and
Mn(Bi0.73Sb0.27)2Te4 crystals.

terms of the topographic images from scanning tunneling mi-
croscopy (STM) [10,12,24,25]. These native antisite defects
can play an important role in affecting the electronic structure
and density of states around the Fermi level [25]. A significant
local density of states was observed at ∼100 meV above the
bottom of the conduction band in localized triangular regions,
resulting from BiMn antisites [25]. This suggests that there is a
mobility edge in the conduction band and localized states be-
low the mobility edge. As reported, the Fermi level of pristine
MnBi2Te4 is ∼200 meV above the bottom of the conduction
band [15], and the Fermi level of Mn(Bi1−xSbx )2Te4 with
x = 0.2 is located at ∼130 meV [19]. The totally metallic
resistivity below 300 K can be observed up to x = 0.25 [19].
These facts suggest that the mobility edge is a little higher
than 100 meV from the bottom of the conduction band and
the localized states induced by the antisite defects lie in the
conduction band and are very close to the mobility edge,
so that electrons can be easily produced at low temperature
by being excited from the localized states to the mobility
edge. The existence of a number of electrons on the mobility
edge can also interpret the metallic resistivity (positive slope
against temperature) in the crystals with x = 0.26 and 0.27 at
low temperature, even though their Fermi level is within the
bulk band gap.

As temperature rises up to T ∗, nH increases rapidly and
reaches 5 × 1018 cm−3 at 150 K for x = 0.26 and at 190 K
for x = 0.27, followed by a further increase with a much
smaller slope. Finally, nH reaches ∼1 × 1019 cm−3 at room
temperature. It suggests that some mechanisms lead to a dra-
matic enhancement of carrier concentration above T ∗, exactly
consistent with the rapid drop in ρ(T ). Considering that the
pronounced change in nH (T ) could lead to a corresponding
response in thermoelectric transport, Seebeck coefficients are
measured for all the crystals. The temperature dependence of
S in temperatures ranging from 10 to 300 K for all the crystals
of Mn(Bi1−xSbx )2Te4 is shown in Fig. 4(a). Most of these
curves exhibit approximately linear temperature dependence
over the whole temperature range except for the crystals with
x = 0.26 and 0.27. S of the crystals with x = 0.26 and 0.27
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(a) (b) (c)

FIG. 4. Temperature dependence of (a) the Seebeck coefficient,
(b) thermal conductivity κ , and (c) κ/κmin shown in the temperature
range from 10 to 310 K for Mn(Bi1−xSbx )2Te4 crystals. The dotted
lines sketch out the evolution of the corresponding temperature of the
minimum in κ (T ) with varying Sb content.

shows increasing negative values at low temperature with
increasing temperature and begins to decrease in absolute
value as temperature rises up to T ∗. This is consistent with a
rapid drop in ρ(T ) and enhancement in nH (T ). For the crystal
with x = 0.27, S even changes sign from negative to positive
as temperature rises across 131 K. At room temperature, as
shown in Fig. 4(a), S has a value of −20.2 μV K−1 for
x = 0. As the Sb content increases, S has a negative maximum
of −104.8 μV K−1 at x = 0.26, changes from negative to
positive for x = 0.27, and reaches a positive maximum of
97.5 μV K−1 for x = 0.41. The evolution of sign and absolute
values in S is also consistent with the Hall coefficient. The
absolute values of S reach the maxima as the Fermi level
locates close (x = 0.26) but not too close (like x = 0.27) to
the charge neutral point of the bulk band gap.

We also find anomalous behavior at almost the same
temperature in the temperature dependence of thermal con-
ductivity. In Fig. 4(b), κ of all the Mn(Bi1−xSbx )2Te4 crystals
is plotted against temperature below 310 K. κ shows weak
temperature dependence in the whole temperature range and
exhibits a shallow dip around TN. This kind of diplike feature
near the magnetic transition temperature was also observed
in La0.8Ca0.2MnO3 and CoF2 due to the scattering of the
phonons by critical spin fluctuations [26,27]. Spin fluctuations
impede the heat flow of phonons and fail to hinder the heat
flow of the carrier, resulting in the reduction of lattice ther-
mal conductivity [26,27]. Surprisingly, κ gradually increases
above a certain temperature (∼115–120 K, close to T ∗) for
all the crystals with increasing temperature, which cannot be
explained by either the general lattice thermal conductivity
(in the high-temperature range above the Debye temperature
(110 K for MnBi2Te4 [28]), the lattice thermal conductivity κL

is mainly dominated by the umklapp process and obeys κL ∝
1/T behavior) or electronic thermal conductivity (which can
be estimated from the Wiedemann-Franz law κe/σ = LT , with
L being the Lorenz number and σ = 1/ρ being the electrical
conductivity). In order to more clearly see the systematic
change of the temperature dependence of the thermal conduc-
tivity for various x, κ/κmin is plotted against temperature for
all the crystals, as shown in Fig. 4(c). As can be seen, κ/κmin

for crystals with x = 0, 0.09, 0.41, and 0.51 have almost
the same temperature dependence, while for the crystals with

x = 0.26, 0.27, and 0.35, there is a relatively enhanced part at
elevated temperature. In MnBi2Te4, a large number of native
MnBi and BiTe antisite defects have been found by STM and
x-ray diffraction [10,12,24,25], which can result in glasslike
enhanced thermal conductivity at elevated temperature (for
the crystals with x = 0, 0.09, 0.41, and 0.51) [10,29–31].
For the additional increased part in the thermal conductivity
at elevated temperatures for the crystals with x = 0.26, 0.27,
and 0.35, the bipolar effect can be taken into account as
a possible interpretation [32,33]. The bipolar effect usually
becomes important at high temperature in narrow-band-gap
semiconductors or zero-band-gap semiconductors (semimet-
als) [33,34]. The pairs of thermally excited electrons and holes
will diffuse from the hotter region to the colder region if
a temperature difference is established, with additional heat
conduction through the movements of carriers and the energy
release on the colder side due to annihilation of electron and
hole pairs [33,34]. The bipolar effect has been used to interpret
the increasing thermal conductivity at elevated temperature
in narrow-band semiconductors (e.g., BiTe2Se with a bulk
band gap ∼300 meV [35]) and semimetals (e.g., the Dirac
semimetal Cd3As2 [22]). In a semiconductor with a relatively
small bulk band gap (∼80 meV for x = 0.26–0.27), the bipo-
lar effect can be naturally taken into account for interpreting
the increasing thermal conductivity at elevated temperature,
as observed here. The increasing thermal conductivity can be
more pronounced when the Fermi level approaches the charge
neutral point of the bulk gap, where σp ≈ σn is achieved.
As shown in Fig. 4(b), the onset temperature of the bipolar
effect (as indicated by the dotted lines) becomes lower, and
the enhancement of the thermal conductivity (the ratio of κ at
300 K to the minimum) gets larger when the system shifts to
the charge neutral point.

Taking the bipolar effect into account, we now discuss
the anomalous behaviors of ρ(T ) and S(T ) in crystals with
x = 0.26 and 0.27. In narrow-band semiconductors, pairs of
holes and electrons can be excited at elevated temperature due
to the bipolar effect, which will add an extra contribution to
the total electrical conductivity and therefore give rise to a
drastic drop in ρ(T ). As one can see in Fig. 2(b), the drop in
ρ(T ) is quickly reduced as Fermi level shifts a little farther
away from the charge neutral point (just as x changes from
0.27 to 0.26). Therefore, although there is an enhancement of
thermal conductivity at elevated temperature for the crystal
with x = 0.35 due to the bipolar effect, no effect can be
observed in ρ(T ) because the Fermi surface of this specimen
has just moved out of the bulk band gap.

In the presence of the bipolar effect, there are two types
of carriers above T ∗, and the intrinsically excited holes and
electrons will contribute to the total S together with the extrin-
sically doped carriers. As a result, the total S can be expressed
as Stot = Seσe+Spσp

σe+σp
[34] (the subscript e refers to the electron

carriers, including the intrinsically excited and extrinsically
doped ones in the crystals with x = 0.26 and 0.27 here, and
the subscript p represents the intrinsically excited holes). In
the crystals with x = 0.26 and 0.27, since the crystals locate
on the electron-doped side, the reduction in |S| at x = 0.26
and the sign change in S with x = 0.27 at elevated tem-
perature can be ascribed to the contribution from the larger
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thermopower contribution from the intrinsically excited holes
compared to that from the intrinsically excited electrons.

As can be noted, the obvious changes in ρ(T ) and S(T ) can
be observed only in the crystals with the Fermi level located
close to the charge neutral point of the bulk band gap, in which
the concentrations of the excited holes and electrons can be
comparable to or even larger than the carrier concentration
from doping. As suggested by the evolution of nH (T ) shown
in Fig. 3(b), the number of intrinsically excited holes and
electrons seems to be much larger than that of the external
doped electrons for the crystals with x = 0.26 and 0.27. In
this case, it is reasonable that the bipolar effect can lead to the
remarkable changes in ρ(T ) and S(T ) for the crystals with
x = 0.26 and 0.27. Similar anomalous behaviors of transport
properties were observed in the ZrTe5 crystal grown by the
chemical vapor transport method [36], where a drop in resis-
tivity and sign change in the Seebeck coefficient take place
at about 130 K. Recently, such phenomena were interpreted
by considering the bipolar effects [36–39]. Next, we discuss
why one cannot find any similar anomaly in ρ(T ) and S(T ) in
other crystals since the change in nH due to the bipolar effect
is quite large and reaches ∼1 × 1018 cm−3, calculated by
the thermal activation formula with ∼0.25me effective mass
and ∼80 meV bulk band gap [19,23]. As intrinsically excited
electrons and holes emerge due to the bipolar effect, the Hall

coefficient should be written as RH = Reσ
2
e +Rpσ

2
p

(σe+σp)2 (the sub-
scripts e and p refer to the same carriers as described above).
Because the sign of Rp is opposite that of Re, the obtained RH

is smaller than that expected by considering purely electron
carriers. Consequently, the estimated nH at high temperature
(above T ∗) in Fig. 3(b) is larger than the actual number of the
carriers (the sum of hole and electron carriers). Therefore, the
concentrations of the intrinsically excited holes and electrons
could be much smaller than ∼1 × 1019 cm−3 at room tem-
perature (but comparable to or larger than the external doped
carrier concentration in the crystals with x = 0.26 and 0.27)
and certainly much smaller than the external doped electrons
or holes in the crystals with x = 0, 0.09, and 0.35–0.51. As
a consequence, the contribution from the intrinsically excited
carriers has a negligible effect on the electrical conductivity
and Seebeck coefficient in the crystals with x = 0, 0.09, and
0.35–0.51. Our work suggests that the combination of the
Seebeck coefficient and thermal conductivity is helpful for
understanding the peculiar behavior in electrical transport.
Finally, we also want to mention that the composition in-
homogeneity might possibly induce the anomalous behavior
observed in ρ(T ) and Hall coefficient since it is actually
inevitable for alloys like Mn(Bi,Sb)2Te4. But it also should be
noted that the dramatic change in thermopower in the crystals
with x = 0.26 and 0.27 is difficult to understand in terms of
only the composition inhomogeneity.

In addition, the Lifshitz transition might also be consid-
ered as one possibility for interpreting such peculiar behavior
in resistivity and thermopower. It has been reported that
as the temperature changes from low temperature to high

temperature in the ZrTe5 crystal, a Lifshitz transition takes
place, and its Fermi level moves from the conduction band to
the valence band, which results in an anomalous resistivity
peak and change in the sign of the thermopower [40,41].
The dramatic reduction in resistivity and thermopower in
Mn(Bi1−xSbx )2Te4 crystals with x = 0.26 and 0.27 here
might also be similarly attributed to a Lifshitz transition as-
sociated with the temperature-dependent chemical potential.
However, there has been no report of a Lifshitz transition in
the Mn(Bi1−xSbx )2Te4 system yet, and further experiments
(such as temperature-dependent ARPES measurements) are
required to clarify whether a Lifshitz transition exists in this
material system. Furthermore, in the picture of a Lifshitz
transition, it is hard to understand the additional enhancement
in the thermal conductivity for the crystals with x = 0.26 and
0.27 relative to those for the other compositions of crystals at
elevated temperature [as shown in Fig. 4(c)] since the elec-
tronic thermal conductivity arising from conduction carriers
can be estimated by the Wiedemann-Franz law to be only
∼0.1 W K−1 m−1 at 300 K for the crystals with x = 0.26
and 0.27, which is far less than the relatively enhanced part
of 0.5 W K−1 m−1. More experimental and theoretical works
are needed to achieve comprehensive understanding of the
anomalous transport behaviors in Mn(Bi1−xSbx )2Te4 crystals.

IV. CONCLUSION

We have systematically measured the electrical resis-
tivity, Seebeck coefficient, and thermal conductivity of
Mn(Bi1−xSbx )2Te4 single crystals in a large doping range.
Anomalous changes can be observed in the resistivity and
Seebeck coefficient for the crystals with the Fermi level ly-
ing close to the charge neutral point in the bulk band gap.
Combined with the abnormal behavior in thermal conduc-
tivity, such peculiar behavior in the resistivity and Seebeck
coefficient can be well understood by taking into account
the bipolar effect. Our work suggests that the bipolar effect
could be considered for a full understanding of the electrical,
thermoelectric, and thermal transport properties in topological
materials with the Fermi level approaching the charge neutral
point in the bulk band gap.
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