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We investigate the evolution of magnetic properties as well as the content and distribution of Mn for
Mn(Sb1−xBix)2Te4 single crystals grown by large-temperature-gradient chemical vapor transport method. It is found that
the ferromagnetic MnSb2Te4 changes to antiferromagnetism with Bi doping when x ≥ 0.25. Further analysis implies that
the occupations of Mn ions at Sb/Bi site MnSb/Bi and Mn site MnMn have a strong influence on the magnetic ground states
of these systems. With the decrease of MnMn and increase of MnSb/Bi, the system will favor the ferromagnetic ground
state. In addition, the rapid decrease of TC/N with increasing Bi content when x≤ 0.25 and the insensitivity of TN to x when
x > 0.25 suggest that the main magnetic interaction may change from the Ruderman–Kittel–Kasuya–Yosida type at low Bi
doping region to the van-Vleck type in high Bi doped samples.

Keywords: magnetic topological insulator, magnetic properties, antisite defects, chemical vapor transport

PACS: 75.50.Ee, 61.82.Ms, 75.50.Cc, 72.80.Ga DOI: 10.1088/1674-1056/ad3dd8

1. Introduction
Topological insulators (TIs) have potential applications in

low-energy spintronics because the existence of time-reversal-
symmetry-protected surface states and the features of spin
and momentum locking with prohibited backscattering of non-
magnetic impurities.[1–4] More important, when the mag-
netism is introduced into TIs, the interplay between mag-
netic interaction and band topology can lead to the even richer
low-dimensional quantum effects, such as quantum anomalous
Hall effect (QAHE) in Cr doped (Bi, Sb)2Te3.[5] But the nature
of inhomogeneity and the existence of strong disorders in mag-
netic elements doped TIs impede the exploration of related
emergent phenomena and their development as platforms for
topological devices. The discovery of intrinsic magnetic topo-
logical insulators (MTIs) MnBi2Te4·(Bi2Te3)n (n = 0–3) fam-
ily with broken time reversal symmetry and gapped surface
state paves a novel way to solve these problems.[6–8] For ex-
ample, the QAHE can be realized in MnBi2Te4 at∼ 1.4 K and
MnBi10Te16 at ∼ 1.9 K,[9,10] which are higher than that in Cr
doped (Bi, Sb)2Te3.[5] Moreover, these intrinsic MTIs also be-
come a new platform for discovering exotic low-dimensional
quantum effects, such as the anion insulator state observed in
even layer MnBi2Te4.[11]

When compared to the intensively studied intrinsic an-
tiferromagnetic TI MnBi2Te4, the isostructural MnSb2Te4

grown by different growth methods can exhibit either anti-
ferromagnetic (AFM) or ferromagnetic (FM) ground state,
which can be ascribed to the different antisite defects of

MnSb/Bi and Mn content at Mn site MnMn.[12] Further-
more, for Mn(Sb1−xBix)2Te4 single crystals grown by self-flux
method, they exhibit AFM ground state in the whole dop-
ing range,[13–18] but for Mn(Sb0.76Bi0.24)2Te4 single crystal
grown by chemical vapor transport (CVT) method, it shows
ferromagnetism at low temperature.[19] In order to understand
the influences of different growth methods on properties of
Mn(Sb1−xBix)2Te4, in the present work, we carried out a de-
tailed study on the evolution of magnetism in CVT-grown
Mn(Sb1−xBix)2Te4 single crystals and analyze the relation-
ships between disorder, magnetism and band topology in these
materials.

2. Experimental details
Mn(Sb1−xBix)2Te4 (x = 0–0.53) crystals were grown by

the CVT method. A stoichiometric mixture of the Mn piece
(99.99%), Sb grain (99.9999%), Bi grain (99.9999%), and Te
lump (99.9999%) was sealed in an evacuated quartz tube with
I2 as the transport agent (about 20 mg·cm−3). The quartz tube
was then placed in a two-temperature-zone horizontal furnace
and the temperatures of the two zones were raised slowly to
973 K–966 K and 823 K–816 K for 24 h and were then held
there for 6 days. Finally, the ampoule was cooled down to
room temperature naturally. Mn(Sb1−xBix)2Te4 single crys-
tals with silvery metallic luster can be obtained from the
growth. X-ray diffraction (XRD) patterns were measured us-
ing a Bruker D8 x-ray machine with Cu Kα (λ = 1.5418 Å) ra-
diation at room temperature. The elemental analysis was per-
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formed using an energy-dispersive x-ray spectroscopy (EDX)
analysis. Magnetization measurements were performed in a
Quantum Design MPMS-3.

3. Results and discussion
Figure 1(a) shows the crystal structure of

Mn(Sb1−xBix)2Te4 with Mn and Sb/Bi antisite defects.
Mn(Sb1−xBix)2Te4 is isostructural to MnSb2Te4.[13] The ba-
sic two-dimensional (2D) unit of Mn(Sb1−xBix)2Te4 is the
septuple-layer structure of Te–Sb/Bi–Te–Mn–Te–Sb/Bi–Te
blocking layer. This septuple-layer structure unit stacks along
the c axis with weak van der Waals interlayer interaction.
Figure 1(b) shows the XRD patterns of Mn(Sb1−xBix)2Te4

single crystals. All of the diffraction peaks can be indexed
well by the indices of the (00l) lattice planes of MnSb2Te4

crystal.[13] It indicates that the crystal surfaces are parallel to
the ab plane and perpendicular to the c axis. The chemical
formulas shown in Fig. 1(b) are the actual atomic ratio deter-
mined from EDX when setting the content of Te as 4. It can
be seen that Mn(Sb1−xBix)2Te4 single crystals with x ≤ 0.37
have the Mn content similar to that of MnSb2Te4 parent com-
pound, and higher than those in Mn(Sb1−xBix)2Te4 grown by
the self-flux method.[15] When x= 0.53, however, the Mn con-
tent decreases significantly to 0.88. These results indicate that
there are obvious defects in Mn(Sb1−xBix)2Te4 single crystals
and the content of Mn varies with the Bi doping.
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Fig. 1. (a) Crystal structure of Mn(Sb1−xBix)2Te4 with antisite defects between Mn and Sb/Bi. The purple, green and blue balls represent Mn,
Sb/Bi, and Te atoms. (b) XRD patterns of Mn(Sb1−xBix)2Te4 (x = 0–0.53) crystals.

The previous studies have indicated that the content and
distribution of Mn have important effects on the magnetic and
topological properties of MnSb2Te4.[12] Thus, we measured
the magnetic properties of Mn(Sb1−xBix)2Te4 crystals in de-
tail. Figures 2(a) and 2(b) exhibit the temperature dependence
of magnetic susceptibility χ(T ) for Mn0.92(Sb0.9Bi0.1)1.95Te4

single crystal when the field is along the c axis and ab plane,
respectively. For both field directions, the χ(T ) curves in-
crease sharply when T is below about 30 K, suggesting a tran-
sition from paramagnetism to ferromagnetism. The TCs are
determined from the temperature corresponding to the peak
of the dχ/dT curves (insets of Figs. 2(a) and 2(b)). The
values of TCs are 32 K for H‖c and H‖ab, which are con-
sistent with each other. It is noted that when T < TC the
value of χ(T ) for H‖c is much larger than that for H‖ab, im-
plying that Mn0.92(Sb0.9Bi0.1)1.95Te4 is an easy c-axis ferro-
magnet. In addition, the zero-field-cooling (ZFC) and field-
cooling (FC) χ(T ) curves at µ0H = 0.02 T for both field di-
rections show the features of bifurcation, which possibly orig-
inate from the multi-domain feature in the low-field region.

Figures 2(c) and 2(d) show the field dependence of magne-
tization M(µ0H) at various temperatures for H‖c and H‖ab,
respectively. The M(µ0H) curves for both field directions at
low temperatures exhibit sharp increases in the low-field re-
gion, consistent with the χ(T ) curves and further confirming
the FM ground state of Mn0.92(Sb0.9Bi0.1)1.95Te4. Moreover,
there are no obvious hystereses for these curves, implying the
soft magnetic characteristics of the Mn0.92(Sb0.9Bi0.1)1.95Te4

crystal. At T = 2 K the saturation field for H‖c is smaller than
that for H‖ab, indicating that the easy magnetization direc-
tion of Mn0.92(Sb0.9Bi0.1)1.95Te4 is along the c axis, consistent
with the χ(T ) results. It can be seen that the initial saturation
moments Miss of Mn0.92(Sb0.9Bi0.1)1.95Te4 single crystal are
about 2.24 µB/Mn at 5 T for both H‖c and H‖ab, which are not
only higher than the reported value in MnSb2Te4 synthesized
by CVT method (∼ 2.02 µB/Mn), but also higher than that of
the FM MnSb1.8Bi0.2Te4 (∼ 1.8 µB/Mn) with similar propor-
tion but lower TC (∼ 26 K) grown by self-flux method.[20] On
the other hand, with increasing temperature, the Mis at 5 T
decreases gradually and the sharp increase of M(µ0H) at low-
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field region changes into a S-shape at 35 K, suggesting that
Mn0.92(Sb0.9Bi0.1)1.95Te4 becomes a paramagnet at that tem-
perature.

In order to further reveal the doping effects of Bi, the tem-
perature dependences of χ(T ) for Mn(Sb1−xBix)2Te4 (x = 0,
0.1, 0.25, 0.37, and 0.53) single crystals when the field is along
the c axis are measured, as shown in Figs. 3(a)–3(e). It can be
seen that the ground state of Mn(Sb1−xBix)2Te4 single crys-
tals changes gradually from the FM to AFM with the increase
of Bi content, i.e., the samples with x = 0 and 0.1 exhibit FM
ground states, while the samples with high Bi doping level
(x = 0.25, 0.37, and 0.53) show AFM ground states. The TCs
determined from the peak of dχ/dT curve are 38 K and 32 K
for x = 0 and x = 0.1 crystals. The TNs obtained from the
temperature corresponding to the peak position of χ(T ) curve
are 23.5 K, 24.0 K and 24.3 K for x = 0.25, 0.37 and 0.53,
respectively. In addition, according to the previous theoret-
ical work about the determination of TN for the long-range
AFM order,[21] the TN can be determined from the peak of
d(χT )/dT (insets of Figs. 3(c)–3(e)). It is found that for AFM
Mn(Sb1−xBix)2Te4 (x = 0.25, 0.37, 0.53) samples, the AFM
transition temperatures determined from the peak positions of
d(χT )/dT (TN1 = 22.8 K, 23.3 K and 23.8 K for x = 0.25,
0.37 and 0.53) are close to the above values and the TNs de-
termined from both methods increase with increasing x con-
sistently. It is reasonable because the transition regions from
paramagnetism to antiferromagnetism in Mn(Sb1−xBix)2Te4

(x = 0.25, 0.37, 0.53) samples are narrow. Interestingly, the TC

decreases dramatically with the increase of x when x < 0.25,
but with increasing x further, the TN is almost unchanged, i.e.,
insensitive to the Bi content. As shown in the inset of Fig. 3(f),
the field dependences of M(µ0H) of FM Mn(Sb1−xBix)2Te4

(x = 0, 0.1) samples at T = 2 K for H‖c in the field range be-
tween −1 T and 1 T do not show the obvious hysteresis, indi-
cating the soft magnetic properties of these samples. For AFM
Mn(Sb1−xBix)2Te4 (x = 0.25, 0.37 and 0.53) crystals, they ex-
hibit a spin-flop behavior at high field and the initial spin-flop
field µ0Hsp increases from ∼ 0.45 T for x = 0.25 sample to
∼ 1.75 T for x = 0.53 sample (Fig. 3(f)). These µ0Hsp are
smaller than that (µ0Hsp ∼ 3.5 T) of MnBi2Te4 grown by CVT
and self-flux methods.[15,22]

Figure 4(a) exhibits the initial saturation magnetization
Mis of Mn(Sb1−xBix)2Te4 as a function of x. It shows a
nearly linear dependence on x between 0 ≤ x ≤ 0.53. It is
noted that the Mis (∼ 3.8 µB/Mn) of CVT-grown MnBi2Te4

crystal[22] is also perfectly consistent with this linear trend,
suggesting that the linear x dependence of Mis in CVT-grown
Mn(Sb1−xBix)2Te4 crystals should be satisfied in the full solid
solution range (0 ≤ x ≤ 1). In addition, this linear depen-
dence between Mis and x also exists in Mn(Sb1−xBix)2Te4 se-
ries grown by self-flux method,[15,16] but all Miss of the sam-
ples grown by self-flux method are lower than those of CVT-
grown samples with similar compositions.[15,22]
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Mn(Sb1−xBix)2Te4 single crystals obtained by different synthesis methods. (c) and (d) Content of Mn ions at the Mn site (MnMn) and Mn
ions at the Sb/Bi site (MnSb/Bi) as a function of TC/N of CVT-grown Mn(Sb1−xBix)2Te4 single crystals, respectively.

In the Mn–Sb/Bi–Te and magnetic element doped TI sys-
tems, there are two main magnetic exchange mechanisms.
One is van-Vleck type and the other is Ruderman–Kittel–
Kasuya–Yosida (RKKY) type. For the former, it is insensitive

to the carrier concentration and type, but strongly related to the
strength of spin–orbit coupling (SOC) and band inversion.[23]

For the latter, the RKKY-type magnetic exchange interaction
depends on the carrier concentration.[20] Figure 4(b) shows

067503-4



Chin. Phys. B 33, 067503 (2024)

the dependence of TC/N of Mn(Sb1−xBix)2Te4 obtained by
different synthesis methods on x and carrier type. For self-
flux grown Mn(Sb1−xBix)2Te4 samples with x ≥ 0.6, their
TNs change slightly with increasing x.[15,16] It suggests that
the van-Vleck-type magnetic exchange interaction should be
dominant in this region and the RKKY-type interaction only
leads to the weak increase of TN when doping more Bi (large
x). Furthermore, the angle-resolved photoemission spec-
troscopy (ARPES) measurements indicate that the samples
in this region have the nontrivial band topology, consistent
with the dominant van-Vleck type magnetic interaction, be-
cause both of them originate from the large SOC-induced band
inversion.[20,23] The TNs of CVT-grown Mn(Sb1−xBix)2Te4

samples with x > 0.25 also show a similar trend on x, implying
that the main magnetic exchange interaction in these samples
should be van-Vleck-type and they may have topological non-
trivial electronic structures as well. In contrast, the carrier con-
centration of self-flux grown Mn(Sb1−xBix)2Te4 samples with
x ≤ 0.37 increases rapidly with the decrease of x,[24] which
should lead to the enhanced RKKY-type magnetic interaction.
But the TNs in this region tend to decrease with lowering Bi
content.[15] It strongly suggests that the strength of van-Vleck
type magnetic interaction should decrease dramatically, which
can be explained by the decrease of SOC and disappearance of
band inversion. It is in agreement with the topologically trivial
band structure of MnSb2Te4 observed by the ARPES.[12] On
the other hand, for the CVT-grown Mn(Sb1−xBix)2Te4 sam-
ples with x ≤ 0.25, the TC/N increases significantly with de-
creasing x. It suggests that the dominant magnetic interaction
in these samples should be the RKKY-type because of large
carrier concentration when compared to the flux-grown sam-
ple in this region.[12,24] Moreover, the ARPES results show
that the electronic structure of CVT-grown MnSb2Te4 is topo-
logical trivial and the absence of band inversion should result
in the weakening of van-Vleck magnetic interaction.

Via the Mis at 5 T for H‖c, the effective moment of Mn
ions µeff (∼ 4.7 µB/Mn),[25] and the experiment composition,
the contents of MnMn and MnSb/Bi can be estimated.[25] The
relationships between TC/N and MnMn as well as MnSb/Bi are
plotted in Figs. 4(c) and 4(d). It can be seen that the MnMn

contents of FM Mn0.92Sb1.76Bi0.19Te4 and Mn1.02Sb1.92Te4

(highlighted by pink area) are lower than those in AFM sam-
ples with higher Bi contents (x > 0.1) in principle (highlighted
by green area) when their MnSb/Bi contents are higher than
the latter. Previous study shows that the occupations of MnMn

and MnSb/Bi have a strong influence on the magnetic ground
states of these systems.[15,26] First, the interblock interaction
between MnMn is AFM intrinsically. Second, the intrablock
interaction between MnMn and MnSb/Bi is also AFM when the
interblock MnSb/Bi is coupled ferromagnetically.[26] Thus, the
higher MnSb/Bi in samples with x≤ 0.1 could drive the system

to the FM ground state. In contrast, the samples with higher
Bi content, in which the MnSb/Bi are lower, will have an AFM
ground state. On the other hand, the relatively low content of
MnMn for x≤ 0.1 samples will reduce the interblock AFM in-
teraction when compared to the x≥ 0.25 samples further, i.e.,
favoring the formation of FM ground state.

4. Conclusion
We develop a large-temperature-gradient CVT method

to grow Mn(Sb1−xBix)2Te4 single crystals. It is found that
with Bi doping, the magnetic properties of Mn(Sb1−xBix)2Te4

change from ferromagnetism to antiferromagnetism when x≥
0.25. It is distinctly different from the flux-grown samples that
show the AFM ground state in the whole doping range. Such
difference could be ascribed to the different contents of MnMn

and antisite defects MnSb/Bi. The lower MnMn and higher
MnSb/Bi contents will tend to form the FM ground state. On
the other hand, the rapid decrease of TC/N when x ≤ 0.25 and
the nearly unchanged TN when x > 0.25 imply that the main
magnetic interaction is the RKKY type at low Bi doping re-
gion, in contrast to the dominant van-Vleck type in high Bi
doped samples. It is consistent with the evolution of band
topology of Mn(Sb1−xBix)2Te4 from trivial to nontrival with
Bi doping.
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