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The van der Waals (vdW) MnSbyTe7 is a newly synthesized antiferromagnetic (AFM) topological insulator hosting a
robust axion insulator state irrelative to the specific spin structure. However, the intrinsic hole doped character of MnSby Te;
makes the Fermi level far away from the Dirac point of about 180 meV, which is unfavorable for the exploration of exotic
topological properties such as the quantum anomalous Hall effect (QAHE). To shift up the Fermi level close to the Dirac
point, the strategy of partially replacing Sb with Bi as Mn(Sb;_,Bi,)4Te; was tried and the magnetotransport properties,
in particular, the anomalous Hall effect, were measured and analyzed. Through the electron doping, the anomalous Hall
conductance oay changes from negative to positive between x = 0.3 and 0.5, indicative of a possible topological transition.
Besides, a charge neutrality point (CNP) also appears between x = 0.6 and 0.7. The results would be instructive for further
understanding the interplay between nontrivial topological states and the magnetism, as well as for the exploration of exotic

topological properties.

Keywords: anomalous Hall effect, doping, topological materials

PACS: 72.80.Ga, 75.50.Ee, 75.47.—m, 73.43.Nq

1. Introduction

The quantum anomalous Hall effect (QAHE) has at-
tracted considerable interest in recent years owing to its virtue
of dissipationless conduction and hence the potential applica-
tions in topological computation and other low-consumption
devices. The QAHE was observed for the first time in Cr-
doped (Bi, Sb),Tes thin film, but the realization temperature
is only at sub-Kelvin temperature range due to the small sur-
face gap and disorders cause by the extrinsic doping.!!l To
avoid these problems, intrinsic magnetic topological materi-
als are preferable. The intrinsic magnetic topological phases
MnBi,;Tes/(BizTes), (n = 1, 2, 3) have therefore attracted
vast attention in recent several years, which exhibit an ar-
ray of exotic unconventional topological quantum states such
as the QAH insulators, axion insulators and magnetic Weyl
semimetals (WSMs).[>-®! The prototype member MnBi, Tey is
an A-type antiferromagnetic (AFM) topological insulator (TT)
by naturally stacking the septuple-layer (Te—Bi—Te-Mn—-Te—
Bi-Te) via van der Waals (vdW) bonding along the crystal-
lographic c-axis,!”l which exhibits a QAH effect at ~ 1.4 K
and could be raised up to 6.5 K through turning the Fermi
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level Er exactly into the surface exchange gap via gating.[®!
However, the realization of QAHE in MnBi,Te4 requires ex-
ternal magnetic field to align the spins along the same direc-
tion, i.e., the system enters into the ferromagnetic (FM) state.
The insertion of nonmagnetic quintuple layers (Te-Bi—Te-Bi—
Te) into the adjacent MnTe magnetic double layer has been
demonstrated as an effective route favoring the FM interac-
tion, which led to the discovery of other members (n = 1,
2, 3) in the MnBi,Tes/(BiyTez), family.

MnBigTe;3 (n = 3) achieves an FM ground state and shows a
9-11

At present, only
clean hybridization gap in the surface state.~!'l However, the
QAHE can only be observed in the n = 0 and 1 members up
to now. To widely demonstrate the exotic topological proper-
ties in MnBi,Te4/(Biy Tes), and raise the working temperature
favoring the technical applications, it is of urgent necessity to
explore other analogue materials.

The MnSb;Te4/(SbrTes), system is an analogue to the
MnBi;Tes/(Bir Tesz), family. At present, only the n = 0, 1,
2 members are available and the n = 2 member displays
fragile FM ground state.!'>~'4] However, by tuning the Mn—
Sb antisite defects, the MnSb,Te4 can also achieve the FM
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[15-17] For the n = 1 member, it shows an intriguing ro-

state.
bust axion insulator state regardless of whether the specific
magnetic configuration stays at the A-type AFM state or is
an external magnetic field driven spin-polarized states, thus
providing an excellent platform for studying the axion insu-
lator physics.!'3! In the experiment, MnSb4Tes is intrinsically
hole doped and the EF is about 180 meV away from the Dirac
point (DP), which therefore behaves as a Weyl semimetal with
multiple Weyl nodes in the highest valence bands and lowest
conduction bands. Tuning the Ef to be close to DP is nec-
essary to explore QAHE and other exotic topological proper-
ties. The previous work showed that substitution Sb for Bi
in MnBisTe; can achieve the FM state and modify the carrier
densities,'829 which is instructive to replace the Sb by using
Bi in MnSb4Tes.

We report herein the single crystal growth of
Mn(Sby_,Biy)4Te; (x = 0.3-0.7) and systematic characteri-
zations of the structure, magnetizations, magnetotransport and
electronic band structure properties. It is found that the Sb
substitution is not only capable of realizing the FM state, but
also significantly tunes the location of the Er of MnSb4Te7.

2. Experiment

The Mn(Sb;_,Biy)4Te; (x = 0.3, 0.5, 0.6 and 0.7) single
crystals were grown by using the self-flux method. Starting
materials of Mn (99.95%), Bi (99.999%), Sb (99.999%) and
Te (99.999%) blocks were mixed with a specific molar ratio
in an alumina crucible, which was then sealed into a quartz
tube in vacuum. The assembly was heated in a furnace up to
700 °C within 10 h and kept at that temperature for 10 h, then
cooled down to 625 °C in 10 h and slowly cooled down to tar-
get temperatures which are shown in Table S1. The assemblies
were taken from the furnace and immediately put into a cen-
trifuge to separate the flux and then black crystals with shining
surfaces were left in the crucible.

The crystallographic phase and quality of the crystals
were examined on a Bruker D2 advance powder x-ray diffrac-
tometer (PXRD) with Cu Koy (A = 1.54184 A) at 298 K.
Both (001) surfaces of the crystals were exfoliated to obtain
a flat and shiny surface by using the scotch tape method be-
fore the following characterizations. Chemical compositions
were measured by using the energy dispersive spectroscopy
(EDS) on a Phenom-World BV. Three regions were randomly
selected on each crystal for the measurements. The measured
Sb contents are summarized in Table S2. It is apparent that the
Mn contents are less than the nominal ones possibly due to the
intrinsic Mn—Sb antisite defects.

The magnetization measurements were performed in a
commercial magnetic property measurement system. The
magnetic susceptibility x(7) was measured between 2 K and

300 K with the zero-field-cooling (ZFC) and field-cooling
(FC) modes. During measurements, a magnetic field goH =
100 Oe was applied with both H||c and H||ab. The isother-
mal magnetization (M (H)) was measured within the magnetic
field and temperature ranges of =5 T and 2 K-15 K, respec-
tively. The magnetotransport measurements on the freshly
cleaved ab plane of the crystals by using a standard six-probe
method were conducted in a physical properties measurement
system. During measurements of the longitude magnetoresis-
tivity (pxr) and Hall resistivity (py,), the current was applied
within the ab plane (I||ab) and the magnetic field was paral-
lel to the c-axis (H||c). Magnetic field dependences of py, and
Pxy Were symmetrized by using P = [Oxx(+H) + prc(—H)] /2
and pyy = [pxy(+H) — pxy(—H)]/2, respectively.

3. Results and discussion

Figure 1(a) shows the room temperature PXRD of
Mn(Sb;_,Bi,)4Te;. The clean diffraction peaks arising from
the (001) surface of the crystals demonstrate the high qual-
ity of the samples used herein. The positions of the peaks
slightly shift with different x values indicated by the dotted
line in Fig. S1, implying the change of lattice constants upon
Bi substitution. "] The temperature dependent py, for x = 0.3,
0.5, 0.6, 0.7 are presented in Fig. 1(b), which display clear
kinks caused by magnetic scattering at about 13 K signifying
the AFM transition. The enlarged views of ¥ (T) and py.(T)
between 2 K and 30 K are presented in Figs. 1(c)-1(f), show-
ing a coincident Neel temperature Ty determined by the cusps.
For x = 0.3, an AFM transition occurs at 12.8 K manifested
by the cusps in x(7T') for both H||c and H|lab. As shown in
Figs. S2(a) and 2(b), the spin-flop transition of M(H) curve
and the platform of p,.(H) at 12 K demonstrate the existence
of AFM order. With further cooling, ¥ (T) of ZFC and FC
data for H||c show a rise at 11.8 K and a separation at 6 K,
suggesting the establishment of FM order and the existence of
hysteresis at low temperatures. The hysteresis of M(H) and
butterfly-shaped loop of p,(H) data as shown in Figs. S2(a)
and 2(b) support further evidence for the FM state. The mag-
netic transition could be explained by involving the competi-
tion between the AFM and FM orders. [2!]

As seen in Fig. 1(d), for x = 0.5, an AFM transition oc-
curs at 13.1 K manifested by the cusps in x(T) for H|c.
However, x(T) of ZFC and FC data shows a separation at
about 11 K upon further cooling, which is larger than that
of x = 0.3. No plateaus are observed in M(H) and p,(H),
as shown in Figs. S3(a) and 3(b), manifesting the absence of
AFM order.

While for x = 0.6, x(T) of ZFC and FC data for H||c
presented in Fig. 1(e) shows a rise at 10 K and a separation
at 7 K. A similar situation occurs again for x = 0.7. As seen
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in Fig. 1(f), x(T') exhibits a clear rise and separation between
ZFC and FC data at ~ 5 K, suggesting the establishment of FM
order as also indicated by the M(H) presented in Fig. S5(a).
Seen in Figs. S5(a)-S5(c), the M(H) for x = 0.7 displays step-
like features above 6 K though clear hysteresis loops are vis-
ible, corresponding to the AFM or ferrimagnetic state. With
further cooling, the hysteresis area becomes larger and the
step-like feature gradually vanishes, suggesting that the FM
component gradually becomes dominated below 6 K, consis-
tent with the result as seen in ¥ (7). It is also manifested by

the py(H) shown in Fig. S5(b) by the clear butterfly-shaped
curve and a clear hysteresis loop without step-like feature by
the M(H) shown in Fig. S5(b) at 2 K, which is commonly
observed in other FM materials.[??! Tt should be noticed that
Pxx(T) for x = 0.7 display continuous decrease upon cooling
down to 17 K and then an upturn with further cooling with
a slope change at Ty. This behavior may be attributed to
that x of 0.7 which is approaching CNP and the carrier den-
sity is very small. Such phenomenon was also observed in
Mn(Bi.74Sbo 26)2 Teq. 12!
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Fig. 1. (a) The PXRD for Mn(Sb;_,Bi,)sTe7. (b) The temperature dependence of py,(7T) at 2 K-300 K with different x values. (c)—(f) The
temperature dependent Y (7) and p, measured at 2 K-300 K with x = 0.3, 0.5, 0.6 and 0.7, respectively. The x(7') was measured under
HoH = 10 mT between 2 K and 300 K. The blue and red dashed lines represent zero-field cooling (ZFC) and field-cooling (FC) data for H ||ab,
respectively. The black and red solid lines represent ZFC and FC data for H||c, respectively.

To obtain a clear comparison, the M(H) for x = 0.3, 0.4,
0.5, and 0.7 at 2 K are presented together in Fig. 2(a) and also
in Fig. 2(b) with enlarged views. It is apparent that all samples
show step-like features in the low field range of poH < 0.1 T,
but the x = 0.3 and 0.7 show much clearer hysteresis loops
than the other two compositions, likely suggesting larger FM
components in these two samples. This could also be demon-
strated by the clear butterfly-shaped p,.(H) curves for x = 0.3
and 0.7 at 2 K, seen in Fig. 2(d). As seen in Fig. 2(b) by

the isothermal magnetizations, under upH < 0.1 T, the mag-
netic field driven spin-polarized states can reach their satura-
tion. It is clear that the saturation moment for x = 0.5 is much
smaller (~ 1 pug/Mn) than those of other components, which
might be related to the more Mn vacancies and Mn—Sb anti-
site defects in the sample. As shown in Fig. 2(c), the nega-
tive MR (MR = [pxx(H) — pxx(0)]/pxx(0) x 100%) at the low
magnetic field results in the suppression of spin-disorder scat-
tering and the upturn at the high magnetic field for x = 0.5
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and x = 0.6 is caused by the contribution of nonmagnetic
(Sby_Bi,),Tes.[>2! In addition, the W shaped MR for x = 0.7
with positive values at the high magnetic field is due to the
large carrier mobility. We have calculated the carrier mobility
by using iy = Ry /px(0), where Ry is the slope of py,(H) and
Pxx(0) is the longitudinal resistivity at zero field. As shown in
Fig. 3(c), the results show that the carrier mobility for x = 0.7
is about 1527 cm?-V~1.s~! which is much larger than those
of other samples. Hence, a large positive MR is observed, re-

sembling the case in Mn(Bij_,Sb,),Tey.[**]
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Fig. 2. (a) and (b) Isothermal magnetizations and (c) and (d) magnetore-
sistance versus magnetic field at 2 K and different magnetic field ranges
forx=0.3,0.4,0.5 and 0.7.
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Fig. 3. Evolution of the Hall data for Mn(Sb;_,Bi,)4Te; with x = 0.3,
0.4, 0.5, and 0.7 at 2 K. The Hall resistivities are shown under the mag-
netic field from (a) =9 T to 9 T and (b) —0.1 T to 0.1 T. (c) The carrier
mobility and carrier density were extracted from the linear region under
the high magnetic field (1pH > 5 T). (d) The Hall resistivity. The left two
diagrams represent the positive cay and the right two diagrams show the
negative Oay.

The Hall resistivity py,(H) for all doped samples is de-
picted in Fig. 3(a), showing that the slopes of p,,(H) for
x = 0.3, 0.5 and 0.6 are negative while that for x = 0.7 is
positive, suggesting the change of carrier type from p- to n-
type and a charge neutrality point (CNP) between x = 0.6
and 0.7. The result is similar to that of Sb-doped MnBi,Tey

18191 The carrier densities are calculated by using

samples. !
n = 1/Ry - e, where the Hall coefficient Ry is the slope of

Pxy(H) and e is the electron charge. Figure 3(c) shows the

carrier densities extracted from p,,(H) at 2 K within the lin-
ear region at UpH > 5 T. The carrier density for x = 0.7 is
much smaller than that of other samples, indicating that its
chemical potential is close to the edge of the conduction or va-
lence band, which is also proved by our ARPES data presented
later. Furthermore, we measure another sample (sample 2) of
x = 0.7 to guarantee the reliability of the result and the same
behavior as shown in Fig. S6 is observed, suggesting the in-
trinsic property of the composition.

The p,,(H) for x = 0.3 and 0.5 at 2 K both show positive
slopes in the high magnetic field region, while displaying sig-
nificant deviations from the linear field evolution, likely sug-
gesting a multiple band effect. The Hall resistivity p,,(H) for
x = 0.3 shows a negative slope while that of x = 0.5 shows
a positive slope in the low magnetic field region. The results
unveil a reversal of the anomalous Hall conductance cay. Ac-
cording to oay = €? - (—C) /h, where C is the Chern number.
The C value of —1 leads to a positive AHC and C = +1 results
in a negative AHC,” as shown in Fig. 3(d). Considering
that the Chern numbers represent different topological states,
the reverse sign of oay strongly suggests a topological phase
transition between x = 0.3 and x = 0.5.

(a) (b) (c)

S

0.7 Bi](d)
A ! -~

-~

—-0.4

E—Ey (eV)

04 —04 0
K (A7)

04 —04 0
K (A7)

04 —04 0 04
K (A

Fig. 4. The ARPES intensity plot taken at 8 K along the 'K direction
for Mn(Sb;_,Bi,)4Te7 (x=0, 0.3, 0.7) and K-doped Mn(Sbg 3Bip.7)4Te7.
The red arrows present the topological surface states.

We use the synchrotron-based angle-resolved photoemis-
sion spectroscopy (ARPES) to probe the low-energy band
structures for x = 0, 0.3 and 0.7, with the results shown in
Figs. 4(a)-4(c). These ARPES spectra demonstrate the promi-
nent p-type carrier for all samples. For x = 0, as studied in
our previous work, the Ef is located at ~ 180 meV below
the DP.1'3] With the substitution of Bi for Sb, the Ep is ap-
parently gradually shifted up, as seen in Figs. 4(b) and 4(c).
When x = 0.7, the EF is close to the edge of conduction band,
while the DP is invisible yet. With potassium surface dop-
ing, the DP is eventually visible by the gapless surface state.
The results demonstrate that the x = 0.7 is actually close to
the CNP in this material. However, it should be noted that,
the ARPES data show that the x = 0.7 sample is still slightly
p-type, which is different from our Hall effect measurement
which shows n-type carriers. The discrepancy might be due
to that the Hall effect measurements probe the bulk while the
ARPES is a surface-sensitive technique and only probes few-
layer of the cleaved crystal. Small differences in compositions
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can bring large influence on the EF at the surface, and hence in-
consistence of the properties with the bulk. Such phenomenon
was also observed in a previous measurement on the analogue

system. (241

4. Conclusion

We grow a series of Bi-doped MnSbsTe; crystals and
measure the magnetizations, magnetotransport and electronic
band structure, which show that the Bi substitution favors the
FM exchange and shifts up the Fermi level towards the Dirac
point. With the Bi substitution, the Hall resistivity py,(H)
changes from positive to negative between x = 0.6 and 0.7, and
oan changes from negative to positive between x = 0.3 and
0.5. These behaviors are tightly related to the electronic band
structure and provide the opportunity to study the carrier dop-
ing induced topological phase transition in MnSbsTe7. The
doping strategy is also instructive for the exploration of exotic
topological properties in other magnetic topological phases.
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