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MnSb,Te, has been proposed to have magnetic topological states as a potential Weyl semimetal. We syn-
thesized single crystals of MnSb,Te, and systematically investigated their structural and physical properties.
MnSb,Tes has an isostructural septuple-layered structure that is similar to the magnetic topological insulator
MnBi, Te, but possesses transpositional Mn and Sb atoms between the sublayers. Magnetic and specific-heat
measurements revealed a ferrimagnetic phase transition with a Curie temperature 7c of ~31 K in MnSb,Tey,
which originates from the interaction of the interexchanged Mn>* ions. As the temperature decreases below
T, negative longitudinal magnetoresistance and anomalous Hall effect are observed, implying a non-negligible
connection between the magnetism and expected transport carriers that may be driven by topological bands.
Our results indicate that ferrimagnetic MnSb,Te, provides insights for further studies on magnetic topological

materials.
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I. INTRODUCTION

Time-reversal invariant topological insulators (TIs) have
gapless topological boundary states with Dirac conelike dis-
persions, which are protected by time-reversal symmetry
(TRS) [1-4]. TRS plays an important role in the topological
quantum states of matter. Introducing magnetism into TIs
will gap the topological surface states and produce various
exotic topological phenomena such as the topological mag-
netoelectric effect, axion insulator, and quantum anomalous
Hall effect (AHE) [5-14]. Cr-doped (Bi, Sb),Te; thin films
have been experimentally confirmed to exhibit the QAH effect
[12,15,16]. However, the effect usually appears at extremely
low temperatures (<100 mK) because most magnetic im-
purities induce strong inhomogeneity in magnetically doped
TIs, which hinders further exploration of topological quantum
effects.

Intrinsic magnetic topological insulators (MTIs) are ideal
materials for studying emergent quantum phenomena at el-
evated temperatures [17,18] owing to their topologically
nontrivial properties and spontaneous magnetic order. Some
magnetic topological states have been theoretically pro-
posed [19], such as antiferromagnetic topological insulators
(AFMTIs) [17], dynamical axion fields [7], magnetic Dirac
semimetals [20-23], and Weyl semimetals [24-26]. Recently,
septuple-layered MnBi,Tes and MnSb,Te4 were found to be
intrinsic MTIs. MnBi,Te4 was proposed and experimentally
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confirmed to be an intrinsic AFMTI [27-31], and the QHA
effect was also observed in MnBi,Te, thin flakes [32,33].
The evolution of the physical properties of MnBi,_,Sb,Te4
was reported by Yan er al. [34]. The magnetic structure
of polycrystalline MnSb,Te4, measured by neutron scatter-
ing, confirmed the presence of interexchange of Mn and
Sb atoms, leading to a ferrimagnetic ground state [35].
MnSb,Tes is proposed to be an ideal system for testing
the theory of electron-electron interaction correction to the
AHE [36]. Theoretical calculations also propose that ferro-
magnetic and site-mixing ferrimagnetic MnSb,Tes can be
tuned to be the simplest type-I and type-II Weyl semimetals,
respectively [37]. The growth of single crystals is urgently
required for further analyses of the topological state in
MnszTe4.

In this work, we successfully grew single crystals of
MnSb,Te4 with Mn-Sb site mixing and reported their struc-
tural, magnetic, electronic transport, and thermodynamic
properties. Single-crystal x-ray diffraction (XRD) confirmed
the presence of Mn-Sb intermixing in the obtained samples,
which is consistent with the results reported in Ref. [35]. The
magnetic measurements reveal the magnetic anisotropy and
ferrimagnetic state of MnSb,Te4, in which the Curie tem-
perature is estimated to be 31 K. Given that our results are
distinct from those reported in Ref. [34], the site mixing of
Mn and Sb may have a significant influence on the magnetic
structure of the MnSb,Te4 samples studied in this work. The
largest negative magnetoresistance (MR) of approximately
—12% is also found near 30 K. In addition, the Hall resistivity
measurement shows an obvious AHE, which may be related
to the possible Weyl points driven by the magnetization in this
compound.

©2021 American Physical Society
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II. EXPERIMENT DETAILS

Single crystals of MnSb,Tes were synthesized using the
flux method. The starting materials Mn (piece, 99.99%), Sb
(grain, 99.9999%), and Te (lump, 99.9999%) were mixed in
an Ar-filled glove box at a molar ratio of Mn: Sb: Te =
1:10: 16. The mixture was placed in an alumina crucible
and sealed in an evacuated quartz tube. The tube was heated
to 700 °C for 10 h and dwelt for 20 h. Then, the tube was
slowly cooled to 630°C at a rate of 0.5°C/h, followed by
separation of the crystals from the flux by centrifugation.
Large shiny crystals were obtained at the bottom of the
crucible.

To investigate the crystalline structure, single-crystal XRD
was conducted on a Bruker D8 Venture diffractometer at 273
K using Mo Ko radiation (A = 0.71073 A). The crystalline
structure was refined by the full-matrix least-squares method
on F? using the SHELXL-2018/3 program. A selected crystal
was used for magnetic susceptibility (), specific heat (C,),
longitudinal resistivity (o), and Hall resistivity (p,,) measure-
ments. The magnetic properties were measured in a magnetic
properties measurement system (MPMS-III, Quantum Design
Inc.) under different applied magnetic fields in field-cooling
(FC) and zero-field-cooling (ZFC) modes. Isothermal mag-
netization (M-H) was measured at several fixed temperatures
by sweeping the applied field. The transport measurements
and the specific heat capacity were measured using a physical
property measurement system (Quantum Design Inc.) using
a standard DC four-probe technique and a thermal relaxation
method, respectively.

III. RESULT AND DISCUSSION

The single-crystal XRD study revealed that MnSb,Te,4
has a structure similar to that of MnBi,Te; (space group
R-3m). The lattice parameters of MnSb,Tes, a = 42613 A
and ¢ = 41.062 A, were also close to those of MnBi,Tey. The
presence of Mn-Sb intermixing in MnSb,Te4 has also been
confirmed, which is different from the fully occupied Mn
atoms in MnBi,Te, but in good accordance with a previous
report on polycrystalline samples [35]. As a result, Sb atoms
replace approximately 32% of Mn atoms that occupy 3a (0.0,
0.0, 0.0)-Mnl, and Mn atoms replace approximately 17.2%
of Sb atoms that occupy 6¢ (0.0, 0.0, 0.425 09)-Sb2, respec-
tively. The site mixing causes the ferrimagnetic ground state in
MnSb, Te4, which will be discussed below. The detailed crys-
tallographic data and crystalline parameters obtained from the
single-crystal XRD measurements are summarized in Tables I
and II. Figure 1(a) shows the XRD patterns of a flat sur-
face of the MnSb,Te, single crystal, where only 00l peaks
were detected. A photograph of a typical MnSb,Te4 crystal
is shown in the inset of Fig. 1(a), and a black square of 1
mm X | mm indicates the size of the crystal. A schematic
drawing of the crystal structure is presented in Fig. 1(b),
which shows the mixing of Mn and Sb sites and the alignment
of the magnetic moment of the Mn atoms. By drawing the
results of the magnetic structure determined in Ref. [35], the
large and small arrows roughly represent the magnitude of
the magnetic moments for the Mn-rich and Sb-rich layers,
respectively.

TABLE 1. Crystallographic and structure refinement data for
MnszTe4.

Empirical formula MnSb,Te,

Formula weight (g mol™!) 806.99

Temperature 273(2) K

Wavelength Mo Ka (0.71073 A)

Crystal system Trigonal

Space group R-3m (166)

Unit-cell dimensions (A) a=b=42613(8)
¢ = 41.062(8)

Cell volume (A%) 645.7(3)

z 3

Density, calculated (gcm™) 6.226

hkl range —4<h<5

—5<k<2

—54<1<54

26min (°) 5.954

20max (°) 56.308

Linear absorption coeff. (mm™) 20.814

Absorption correction Multiscan

No. of reflections 2589

Tnin/ Tinax 0.3070/0.7457

No. independent reflections 250

No. observed reflections 229[1 > 20 (1)]

F(000) 1003

R indexes 4.88%(R\[F, > 40 (F,))),

15.33%(wR,)
w = 1/[c2(F,%) + (0.0739P)?,
+29.2319P],
where P = [Max(F,%) + 2Fcz]/3
SHELXL-2018/3

Weighting scheme

Refinement software

Figure 2 presents the temperature dependences of the
magnetic susceptibility measured in applied magnetic fields
perpendicular [Figs. 2(a) and 2(b)] and parallel [Figs. 2(c) and
2(d)] to the crystallographic ab plane. As shown in Fig. 2(a),
an obvious divergence of ZFC and FC susceptibility is ob-
served below approximately 30 K when a 100-Oe magnetic
field is applied. The interexchange of Mn atoms at the 3a
and 6c sites causes divergence, suggesting a ferrimagnetic
state at low temperatures. The divergence is suppressed to a
lower temperature as the applied field increases to 700 Oe
and disappears above 1000 Oe. For the magnetic field applied
parallel to the ab plane [Fig. 2(c)], a similar divergence can
be seen in the 100-Oe field. As the applied field increases
from 500 to 5000 Oe, the ZFC and FC curves show a sharp

TABLE II. Atomic parameters of MnSb,Tey.

Atom Wyckoff Symmetry x y z Occup? Ueqb
Mnl 3a —3m 0 0 0 0.680 0.025
Sbl 3a —3m 0 0 0 0.320 0.025
Tel 6¢ 3m 0 0 0.29220 1.000 0.024
Mn2 6¢ 3m 0 0 042509 0.172 0.028
Sb2 6¢ 3m 0 0 042509 0.828 0.028
Te2 6¢ 3m 0 0 0.13136 1.000 0.025

4Occup: Occupancy.
®U,q: equivalent isotropic thermal parameter.
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FIG. 1. (a) X-ray diffraction pattern of a flat surface of MnSb,Te, single crystal. The inset shows a photograph of a typical MnSb,Te,4
single crystal. (b) The schematic crystalline structure of MnSb,Te,. The arrows indicate the local magnetic moment of Mn atoms at 3a sites

and 6c sites, respectively.

maximum, which shifts from 30 to 20 K. In addition, the
out-of-plane susceptibility is approximately six times larger
than the in-plane susceptibility, which indicates that the ¢
axis is the easy magnetization direction. The x~! vs T curves
were fitted by the Curie-Weiss formula of y = C/(T — Ty),
where C is the Curie constant and 7y is the Weiss tempera-
ture. The obtained fitting values for the two field orientations
are summarized in Table III for comparison. As shown in
Fig. 2(b), the formula of y = C/(T — Ty) fits the x ' — T
curve from 250 to 350 K for fields applied perpendicular to
the ab plane. The fitting result of 7y = —33 K is close to the
magnetic transition temperature of 31 K obtained from the
differential of susceptibility data, indicating a ferrimagnetic
phase along the ¢ direction. The effective moment can be
roughly defined by jtefr = +/8Ciup = 7.14 jup, which is larger
than the theoretical value of 5.92 3 of Mn*" ions in the high-
spin state. The effective moment deviates from the theoretical
value, which may result from the single-ion anisotropy in
MnSb,Te4. For H//ab in Fig. 2(d), the Curie-Weiss fitting
gives a small fitting value of 7y. The effective moment pig
was calculated to be approximately 5.56 up. The magnetic
anisotropy in MnSb,Te is responsible for the different 7, and
et Values for the two field orientations. Previous research
by Li et al. studied the magnetic anisotropy of the monolayer
MnBi, Te, based on theoretical calculations and proposed that
the magnetic anisotropy originates from single-ion anisotropy
induced by the spin-orbit coupling effect of Mn and Te atoms
[38]. Single-ion anisotropy enhances the tendency of mo-

TABLEIII. The fitting values of Curie-Weiss formula for the two
field orientations.

Curie-Weiss Field

formula orientations Ty (K) C (emu K/mol) e (ip)

x=C/(T —T1y) Hlab -33 6.36 7.14
H//ab -0.6 4.37 5.56

ments to align along the easy axis. In MnSb,Tey, the easy
magnetization direction lies along the ¢ axis, which causes
anisotropy in the paramagnetic state.

The field dependences of the isothermal magnetization for
H _lab [Fig. 3(a)] and H//ab [Fig. 3(b)] are different. For
H_lab, the M vs H curve at 5 K shows a small hysteresis
loop, indicating a ferrimagnetic order with small coercivity,
as shown in Fig. 3(c). The saturated magnetization approaches
approximately 2.5 up at 1 kOe. As the field was applied par-
allel to the ab plane, the magnetization saturated at a magnetic
field of 10 kOe and showed no obvious hysteresis loop. The
magnetic measurement results suggest a large anisotropy and
indicate that the easy magnetization direction of MnSb,Tey4
lies along the ¢ axis. Owing to the intermixing of Mn and
Sb atoms, MnSb,Te, exhibits a ferrimagnetic ground state,
manifesting a small hysteresis loop, which is different from
the antiferromagnetic state of MnBi,Tes [28] and MnSb,Te,4
recently reported in Ref. [34]. We have also noticed that the
neutron scattering carried by Murakami et al. reported the
moment of Mn atoms in two sites [35], obtaining the magnetic
moment of 4.3 ug for the 3a site and 3.1 up for the 6¢ site.
Meanwhile, saturated magnetic moments of our single-crystal
sample are in good accordance with the sublattice moment of
Mn 2.1 g per unit cell obtained from neutron scattering.

Figure 4(a) presents the measured specific heat Cp as a
function of temperature from 2 to 200 K at zero fields. The
blue line is the fitting of Cp using the Debye-Einstein model
[39,40]. The analytical formula is as follows:

T3 (/T her
Corapn(T) = yT + oz9nR<0—) f e i
0

b (ex —1)?
9 )2 05 /T
+(1 —a)3nR—(T) 5
(e%/T —1)

where 6p and 6 are the Debye and Einstein temperatures,
respectively, and « is the contribution ratio of the two com-
ponents. The fitting parameters were used to simulate the
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FIG. 2. (a), (c) Temperature dependence of the magnetic susceptibility measured in applied magnetic fields perpendicular and parallel to

the crystallographic ab plane. (b), (d) The x—7 (left) and x~' — T (right) curves in the 1000-Oe field; the inset shows the differential of
susceptibility below 50 K for defining the Curie temperature.

Cp vs T curve and extend to 2 K and the simulated line,
as the background of electron and phonon contributions, en- tribution part can be expressed as C,, ~ T3/?exp(—A/kgT),
abled us to roughly separate the magnetic contribution from where A is the magnon energy gap. This fitting gives the
the total Cp. The curve shows a distinct anomaly near 30 values of ¥ = 189 mJmol™' K2, 8 = 1.4 mJ mol™! K™, and
K, which is associated with the magnetic transition. The A =0.88meV. We also presented the temperature depen-
Debye-Einstein model yielded values of 6p = 444K, 6 = dence of the magnetic specific heat Cpye in Fig. 4(b), which
110K, and y = 323 mJ mol~! K. The large Sommerfeld co- is calculated by subtracting the fitting data C,;4p, from the
efficient may imply a heavy quasiparticle effective mass in experimental data Cp. The negative value of Cp,e below 4 K
MnSb,Tes. As shown in the inset of Fig. 4(a), we further was caused by the oversubtraction of the total specific heat.
fitted the specific heat below 20 K using the formula Cp = The magnetic specific heat blow 10 K is well described by
yT + BT? + C,,, in which the three terms represent electron, the expression of Crnae ~ T¥/™exp(—A/T), yielding d/m =
phonon, and magnon contributions to the total specific heat, 1.68 and A = 0.92meV. This is consistent with the fitting

respectively. For a 3D ferrimagnet system, the magnon con-
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FIG. 3. The field dependence of magnetization at different temperatures for (a) H _Lab and (b) H//ab. (c) The enlarged view of M-H curves
at 5 K.
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FIG. 4. (a) The measured special heat Cp as a function of tem-
perature and the fitting by Debye-Einstein model. The inset shows
Cp vs T curve below 20 K and its fitting. (b) Left: Temperature
dependence of the magnetic specific heat Cp,, and the fitting. Right:
The magnetic entropy Sm,g as a function of temperature below 40 K.

results of the Cp data. Figure 4(b) also shows magnetic en-
tropy Smag calculated by the integral of Cp,g, reaching about
13.1Jmol' K at 40 K, which is slightly smaller than the
theoretical value of 14.9Jmol™! K! for the high-spin state
of Mn?* [Spe = RIn(2J + 1) with J = 5/2], where R is
the gas constant. Additionally, the reduction in Sy, may
have been caused by the oversubtraction of the total specific
heat.

The temperature dependence of the in-plane electrical re-
sistivity p,, measured in the temperature range of 5-300 K
is presented in Fig. 5(a). Without a magnetic field, the re-
sistivity decreased continually to 70 K, showing a metallic
behavior. With further cooling, the resistivity increases, ex-
hibits a cusp around 30 K, and then drops quickly to 2 K.
Spin scattering by the intralayer short-range order formed
by Mn?* moments could explain the upturn between 30 and
70 K. As the applied field increased, the cusp was sup-
pressed and gradually shifted to higher temperatures. The cusp
(or peak) feature of zero-field resistivity near 7¢ has also
been reported in EuBg [41] EulnyAs, [42], and EuCd,As;
[43]. In these materials, the spontaneous spin fluctuation
above T¢c would lead to a large interaction between local
moments and charge carriers and form magnetic polarons,
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FIG. 5. (a) Temperature dependence of the in-plane electrical
resistivity in different applied fields. (b) Field dependence of MR
in the magnetic field up to 90 kOe at various temperatures.

which can localize the conduction carriers. Below T, accom-
panied by the disappearance of spin fluctuation and formation
of long-range magnetic order, the magnetic scattering dra-
matically decreased. When a magnetic field is applied, the
cusp is suppressed and shifts toward a high temperature.
Figure 5(b) presents the field dependence of the longitu-
dinal magnetoresistance (LMR) in a magnetic field up to
90 kOe at various temperatures. MR was defined as MR(%) =
100 x [/Oxx(H) - pxx(H = O)]/pXX(H = 0). The largeSt neg-
ative LMR reaches 12% at 30 K, which is close to the
temperature of the magnetic phase transition. Note that the
negative LMR sets at approximately 100 K in MnSb,Tey,
which is also a familiar characteristic of magnetic polaron-
induced colossal negative magnetoresistance (CMR) systems.
This behavior is observed in many magnetic materials such
as EUBG [41,44], Eu14MnSb“ [45,46], EuIn2A52 [42,47],
EusIn,;Sbeg [48], and EuBiTes [49], in which the CMR is
realized. A common explanation suggests that by apply-
ing a magnetic field or lowering the temperature the size
of the magnetic polaron can be increased [48,50,51], re-
ducing the hopping energy for conduction carriers, and
thus spawning the negative LMR [51]. In MnSb,Tey,
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although the negative LMR is not as large as the observed
CMR in EuBg or EusIn;Sbg, it still manifests some fea-
tures to introduce the interpretation of magnetic polarons.
Theoretical calculations have proposed the topological Weyl
fermion state in MnSb,Te4; our results may offer some guid-
ance for further investigation of transport properties that are
influenced by both topological nontrivial bands and spin
correlations.

Figure 6(a) shows the Hall resistivity p,, vs magnetic field
H of MnSb,Te, in the temperature range of 5-40 K. The p,, —
H curves exhibit significant temperature dependence, which
has a similar trend to that of the field-dependent magnetization
curves in Fig. 3(a). At 5 K, p,, increases with the application
of a magnetic field up to 1 kOe and gradually approaches
saturation, indicating that the anomalous Hall resistivity is
correlated deeply with magnetization. The Hall resistivity can
be described by p., = RoB + pf,, where Ry is the ordinary
Hall coefficient and pﬁ‘y is the anomalous Hall resistivity
[52]. We extracted the ordinary Hall contribution RyB from
the field-dependent p,, at 5 K. The obtained positive Ry =
0.067 cm® C~! corresponds to hole-type carriers, and the

estimated carrier density is approximately 9.3 x 10!° cm™3,

similar to a previous report in Ref. [34]. For convenience,
we plot the normalized py, as a function of the normalized
M at different temperatures, as shown in Fig. 6(b). The Hall
resistivity and magnetic susceptibility data at all temperatures
follow a single straight line, proving that the Hall signal is
dominated by the AHE. Notably, compared with the results
for bulk samples, the measured AHE on the thin film of
MnSb,Te, single crystals indicates more obvious hysteresis
loops below T¢ [36]. We also noticed that the Hall resistivity
measured in MnSb, Te, samples with antiferromagnetic order,
as reported in Ref. [34], is significantly influenced by the spin-
flop transition induced by an external magnetic field, which is
distinct from our results in this work and on thin films reported
in Ref. [36]. The processes of sample growth, including the
cooling ratio or annealing time after growth, are responsible
for the different atomic coordination of Mn** ions, yielding
different magnetic structures, such as antiferromagnetic [34]
or ferrimagnetic alignment. Ferrimagnetic magnetization in
MnSb,Tes accounts for the AHE because of the residual
ferromagnetic component, which is similar to some typical
ferromagnetic systems such as Fe/Ni [53,54]. As we did not
perform detailed Hall measurements of this compound, it is
deceptive to attribute the AHE to the intrinsic contribution
from the topological mechanism, for example, the Berry cur-
vature, although MnSb,Te, is theoretically predicted to be a
topological material.

IV. CONCLUSION

In summary, high-quality single crystals of MnSb,Te4
grown from Sb-Te flux were systematically studied, including
their structural, magnetic, electrical transport, and thermo-
dynamic measurements. A paramagnetic to ferrimagnetic
phase transition was observed at 7c ~ 31 K. The presence
of Mn-Sb intermixing in MnSb,Te, was confirmed using
single-crystal XRD, which is responsible for the ferrimag-
netic ground state instead of the antiferromagnetic state, as
reported for MnSb, Te4 without site mixing and in the analo-
gous MnBi,Te4. The evolution of the magnetic polaron driven
by the temperature and magnetic field dominates the negative
LMR at and above T¢. The magnetic structure constructed by
Mn?* moments influenced the observed AHE at and below Tc-.
As a candidate for magnetic Weyl semimetals, the anomalous
magnetic and transport phenomena revealed in this work may
promote deeper research on the proposed topological proper-
ties of this compound.
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