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Abstract—MnBi,Te,, Mn(Bi,Sb),Te,, and MnBi,Te,(Bi,Tes),, (m = 1) are assigned to magnetic topological
insulators. Successful application of these materials in nanoelectronic devices calls for comprehensive inves-
tigation of their electronic structure and magnetic properties in dependence of the Bi/Sb atomic ratio and the
number m of Bi,Te; blocks. The magnetic properties of the surface of MnBi,Te,, MnBi,Te;, and
Mn(Bi,_, Sb,),Te, compounds (x = 0.43 and 0.32) have been studied using the magneto-optical Kerr effect.
It is shown that the temperatures of magnetic transitions on the surface and in the bulk of MnBi,Te; and

Mn(Bi, Sb),Te, differ significantly.
DOI: 10.1134/S1063774523601296

INTRODUCTION

The relationship between the electronic and magnetic
properties in magnetic topological insulators (MTIs), in
combination with their nontrivial topology, provides
the possibility of implementing unique quantum
effects, such as anomalous quantum Hall effect, axion
insulator state, and Majorana fermions [1—13]. The
most promising materials for observing these effects
are MnBi,Te, and the families of related materials:
Mn(Bi,Sb),Te, and MnBi,Te,(Bi,Tes),, [14—16]. The
electronic structure of topological surface states of
MnBi,Te, may have an anomalously wide (in compar-
ison with the other known MTIs) energy gap. The
magnetic ordering temperature in MnBi,Te, is T\ =
24.5 K [14] (a record-high value among the known
MTIs). In view of these specific features, the
MnBi,Te, compound and related materials have been
of great interest for the past few years [17—19]. How-
ever, the experimental data characterizing the elec-
tronic and magnetic structures of these materials differ
significantly. For example, when studying the gap at
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the Dirac point, values from several to tens of meV
were obtained [20]. According to the data of some
works, this behavior may be due to either structural
defects affecting the distribution of topological surface
states and their interaction with Mn atoms [21] or
changes in the magnetic order (including those occur-
ring near the surface) [22].

For MnBi,Te,, A-type antiferromagnetic (AFM)
ordering with magnetic moments oriented perpen-
dicular to the (0001) surface is energetically favor-
able [23]. This magnetic structure is confirmed by dif-
ferent experimental methods: neutron diffraction
study [24, 25], SQUID magnetometry [26], X-ray
magnetic circular dichroism spectroscopy [14], and
angle-resolved photoelectron spectroscopy (ARPES)
[27]. The values of the Néel temperature measured by
the surface- and bulk-sensitive methods differed very
little.

However, magnetic properties near the surface may
undergo changes, as compared to bulk magnetic prop-
erties. Metamagnets (including the MnBi,Te, com-
pound) are characterized by layer-by-layer magnetiza-
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tion reversal in an external magnetic field [28, 29].
This behavior is caused by a decrease in the coercive
force of a surface block. Thus, a particular attention
should be paid to the investigation of magnetic prop-
erties near the surface.

In this paper, we report the results of studying the
magnetic properties of the MnBi,Te,, MnBi, Te,(Bi,Te;)
(i.e., MnBi,Te;), and Mn(Bi,Sb),Te, materials using
the magneto-optical Kerr effect (MOKE). The tem-
perature dependence of the MOKE signal was investi-
gated. The reference sample for analyzing the results
obtained was MnBi,Te,, whose magnetic properties
have been thoroughly studied.

EXPERIMENTAL

Single crystals of MnBi,Te,, Mn(Bi,_,Sb,),Te,,
and MnBi,Te,; were synthesized by the vertical Bridg-
man method at the Sobolev Institute of Geology and
Mineralogy of the Siberian Branch of the Russian
Academy of Sciences.

Magnetic properties were measured at the
Resource Center “Centre for Diagnostics of Func-
tional Materials for Medicine, Pharmacology and
Nanoelectronics” of the Research Park of St. Peters-
burg State University using a SQUID magnetometer
with a Quantum Design helium cryostat.

Measurements by the ARPES and X-ray photo-
electron spectroscopy (XPS) methods were carried
out at the Rzhanov Institute of Semiconductor Phys-
ics of the Siberian Branch of the Russian Academy of
Sciences on an SPECS ProvenX-ARPES setup at Av =
21.22 eV for ARPES and Av = 1486.7 eV for XPS.
Clean surfaces of the samples were obtained by cleav-
ing in an ultra-high vacuum. The basic pressure in the
experiment was at the level of ~(3—5) x 10~!! mbar.
Additional XPS measurements were performed at the
Resource Center “Centre for Physical Methods of
Surface Investigation” of St. Petersburg State Univer-
sity on an ESCALAB 250Xi setup at #Av = 1486.7 eV.

The MOKE measurements were carried out using
a NanoMOKE 2 setup (Durham Magneto Optics,
UK) equipped with a helium cryostat (Oxford Instru-
ments, UK), an electromagnet (magnetic field up to
3.5 kOe), and an automated micromanipulator ensur-
ing motion of the cryostat with a sample with respect
to the laser beam with a step of 1 wm. The sensitivity of
the setup is about 10~* emu.

RESULTS AND DISCUSSION

The ARPES (Fig. 1a) and XPS (Fig. 1b) spectra
were obtained to characterize the electronic structure
and elemental composition of the MnBi,Te, sample
under study. Figure 1a shows clearly the states of the
bulk valence band and the bulk conduction band and
the wide bulk band gap between (~200 meV). Topo-
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logical surface states are located in the vicinity of the
bulk band gap. This type of the electronic structure
near the Fermi level with the center of the bulk band
gap at the binding energy of ~0.25 eV is characteristic
of these materials [14]. Figure 1b shows the XPS spec-
trum with core level peaks. The atomic concentrations
of elements on the surface of the sample were esti-
mated based on the peak intensities using the
Trzhaskovskaya database of photoionization cross sec-
tions [30]. The deviation between the calculated stoi-
chiometry and the stoichiometry specified for the
growth was 1—2%, which is close to the measurement
error. Thus, the composition and electronic structure
of the surface of the sample under study correspond to
those of a MnBi,Te, crystal. The temperature depen-
dence of the magnetic susceptibility y(7) measured
using SQUID magnetometry (Fig. 1c) also demon-
strates a pattern typical of the MnBi,Te, compound [31].
The measurements were carried out in a field of 1 kOe,
applied parallel to the crystallographic axis ¢. The kink
in the dependence x(7) at 24.5 K (Fig. Ic) indicates
AFM ordering below this temperature, while the sharp
increase in the magnetic susceptibility (magnetiza-
tion) at 15 K is characteristic of the ferromagnetic
(FM) transition.

Afterwards, the dependences of the MOKE signal
on the applied magnetic field lyoxp(H) were mea-
sured for this sample at different temperatures in the
range from 4.5 to 40 K. The field with H ranging from
—2to 2 kOe was applied along the sample surface. The
experimental dependence Ilyoxe(H) had an 8-like
shape rather than a hysteresis loop typical of this
method. The unusual shape of the signal is related to
the application of the magnetic field insufficient for
spin rotation (spin-flop transition) perpendicular to
the easy magnetization axis in the sample (c axis of the
crystal). As a result, the paramagnetic signal was actu-
ally measured, except for the temperature regions with
FM ordering of a part of the samples. Nevertheless,
it was shown in [32—34] that the magneto-optical sig-
nal can be used to determine the Néel temperature.
In particular, the largest optical signal is due to the
changes in the refractive index along the axis oriented
perpendicular to the Néel vector [34], which corre-
sponds to the chosen geometry of the experiment.
To analyze changes in the obtained temperature
dependences Iyoke(H), each dependence was put into
correspondence with a numerical parameter related to
the area inside the loop and the amplitude of signal
variation. The resulting parameter (signal loop area
normalized to the signal amplitude) depends on tem-
perature: Syoxe(7T) (Fig. 1d). Note that the copper
plate, on which the sample was mounted, did not
exhibit any changes in the parameter Sy;oxe(H) with
temperature.

The Syoxe(T) value (Fig. 1d) changes significantly
in the vicinity of 7'= 25 K, which corresponds to the
AFM ordering temperature in MnBi,Te,. For clarity,
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Fig. 1. MnBi,Te,: (a) ARPES dispersion relation measured near the I point, (b) XPS spectrum of the core levels of the elements
entering the sample (positions of the levels are marked by vertical lines), (c¢) temperature dependence of the magnetic suscepti-
bility (AFM ordering temperature is indicated by the vertical line), and (d) dependence Sy;ogg(7) (symbols) and approximation

of the signal by Gaussian peaks (solid curve).

the dependence Syoxe(7) is approximated by Gauss-
ian peaks. The approximation yields the peak position
at T=24.8 K, which coincides (with allowance for the
error) with the bulk Néel temperature. One can also
see a change in the dependence Syoxe(7) below 10 K.
The approximation of the dependence in this region
by a Gaussian peak gives the temperature of 7= 7 K,
which is consistent with the FM transition tempera-
ture estimated from the dependence x(7) (Fig. 1c).
However, the temperature of the surface FM transi-
tion is lower than that of the bulk FM transition. Thus,
the temperature ranges of peaks in the dependence
Smoke(7) are related to the temperatures of magnetic
ordering of the system. An analysis of the dependence
Smoke(T) makes it possible to determine the magnetic

ordering temperatures for the Mn(Bi,_, Sb,),Te, and
MnBi,Te; systems.

Figure 2a shows the ARPES dispersion relation for
the MnBi,Te; sample, which is typical of samples with
this stoichiometry [18]. The surface of MnBi,Te; sam-
ples may have two possible terminations: a quintuple-
layer Bi,Te, block or a septuple-layer MnBi,Te, block.
A mixed dispersion relation can be seen in Fig. 2a.
This pattern is obtained when photoelectrons are
detected from terminations of two types. The disper-
sion relation in Fig. 2a demonstrates the states of the
bulk valence band, the bulk conduction band, and the
bulk band gap between. The topological surface states
are located in the bulk band gap. Figure 2b shows a
full-range XPS spectrum of the MnBi,Te; sample and
the concentrations estimated from it. The region
of the 2p level of Mn is also given on an enlarged scale
in the inset. The sample stoichiometry corresponds to
the composition of charge.

The dependence Syoke(7) for the MnBi, Te; sam-
ple (Fig. 2¢) has two peaks at 7= 11.3 and 21.3 K,
CRYSTALLOGRAPHY REPORTS
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while the bulk Néel temperature for MnBi,Te, is T =
13 K [35]. The peak at 7= 11.3 K can be explained by
the fact that the surface Néel temperature for
MnBi,Te, is somewhat lower than the bulk tempera-
ture. The peak at 7= 21.3 K is characterized by a width
close to that of the peak in Sy;oxg(7) for the MnBi,Te,
(see Fig. 1d). For the MnBi,Te, and MnBi,Te, sam-
ples, the peak position temperatures are also close.
Thus, we can conclude that, while retaining the shapes
of the electronic bands and the stoichiometry on the
surface, the MnBi,Te, sample may exhibit the mag-
netic properties of MnBi,Te,. In addition, the mag-
netic transition temperature on the surface of the
material is below the bulk Néel temperature for
MnBi,Te,.

The temperatures of magnetic transitions on the
surface for the Mn(Bi,_,Sb,),Te, systems were ana-
lyzed for charge stoichiometries x = 0.2 and 0.3. These
Sb atomic concentrations can provide the states of the
electronic structure on the crystal surfaces that are
close to the compensated semiconductor state [19].
Figures 3a and 3e show the ARPES spectra of the
samples; one can see that the Fermi level for the sam-
ple with the specified Sb atomic concentration of x =
0.2 (Fig. 3a) is located in the bulk band gap (i.e., the
compensated semiconductor state is achieved). The
sample with the specified Sb atomic concentration of
x=0.3isin the hole doped state, and only a part of the
valence band states can be seen in the dispersion rela-
tion in Fig. 3e.

The XPS spectra of the samples are presented in
Figs. 3b and 3f. The Sb atomic concentrations were
calculated from the peak intensities to be x = 0.32 and
0.43 (instead of the growth-specified values of x = 0.2
and 0.3, respectively). Samples of Mn(Bi,Sb),Te, [19,
36] are often characterized by an elevated Sb concen-
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Fig. 2. MnBi4Te;: (a) ARPES dispersion relation measured near the I" point, (b) XPS spectrum of the core levels of the elements
entering the sample (positions of the levels are marked by vertical lines) with the region of the 2p level of Mn given in the inset,
and (c) dependence Sy oxg(7) (symbols) and approximation of the signal by Gaussian peaks (solid curve).
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Fig. 3. Mn(Bi,_, Sb,),Te4 at x = (a—d) 0.32 and (e—h) 0.43: (a, e) ARPES dispersion relation measured near the I' point,
(b, f) XPS spectra of the core levels of the elements entering the samples (positions of the levels are marked by vertical lines),
(c, g) temperature dependence of the magnetic susceptibility (AFM ordering temperature is indicated by the vertical line), and

(d, h) dependence Sy;okg(7) (symbols) and approximation of the signal by Gaussian peaks (solid curve).

CRYSTALLOGRAPHY REPORTS  Vol. 69 No.1 2024



INVESTIGATION OF SURFACE MAGNETISM IN SYSTEMS BASED 83

tration in a crystal in comparison with the charge
composition. In other respects, the samples corre-
spond to the specified stoichiometric ratio.

The bulk magnetic properties of these materials
have been widely investigated: Mn(Bi,_, Sb,),Te, sam-
ples at x < 0.5 may either exhibit purely AFM proper-
ties [37] or be in a mixed phase with simultaneous
manifestation of FM and AFM properties [38]. The
Neéel temperature in both cases is close to 7= 24.5 K;;
the Curie temperature for the second sample is ~17 K.
Figures 3¢ and 3g show the temperature dependences
of the magnetic susceptibility of the Mn(Bi,_,Sb,),Te,
samples (x = 0.32 and 0.43) x(7) measured using the
SQUID magnetometer. The measurements were car-
ried out in a magnetic field of 50 Oe applied along the
crystallographic axis c¢. The magnetic susceptibility
curves are characterized by the presence of the kink
(typical of the AFM transition) at temperatures 7 =
25.5 K (x = 0.32, Fig. 3c) and T'= 25 K (x = 0.43,
Fig. 3g) and by the increase in y(7) (typical of the FM
transition) at a temperature of 7'= 17 K for both sam-
ples.

However, the magnetic transition temperature on
the surface estimated by the MOKE method differs
significantly from the bulk one. The dependence
Swvoke(7) for the Mn(Bi,_,Sb,),Te, (x = 0.32) sample
(Fig. 3d) contains a single peak at 7= 33.4 K, which
differs from the bulk magnetic transition temperature
by approximately 8 K. Such a significant increase in
the transition temperature can be caused by a change
in the sample magnetic order from AFM to FM,
which is due to the elevated number of Mng; and Biy,
anti-site defects and characterized by the Curie tem-
perature 7 = 34 K [39]. The fact that this temperature
of the magnetic transition was not revealed in the mea-
surements of bulk magnetic properties may be indica-
tive of the formation of the surface by cleaving a bulk
crystal with a large number of defects.

The experiment was reproduced for a sample with
an increased Sb atomic concentration. The depen-
dence Syoxe(7) for the Mn(Bi,_, Sb,),Te, (x = 0.43)
sample (Fig. 3h) exhibits a peak of the same width,
located at the same temperature (with allowance for
the error). The peak at 7= 13.7 K corresponds to the
FM transition. However, the temperature of the FM
transition near the surface is lower, in comparison
with the SQUID data.

CONCLUSIONS

The magnetic properties of the surface of the
MnBi,Te,, MnBi,Te;, and Mn(Bi,_, Sb,),Te, materi-
als were studied by the MOKE technique. It was
shown that the magnetic transition temperature can be
estimated using MOKE when the external field is
directed perpendicular to the magnetic moment in the
sample.
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It was demonstrated for the MnBi,Te, samples that
the temperature of the AFM transition on the surface
is consistent with the bulk one, whereas the tempera-
ture of the FM transition is lower than the bulk tem-
perature.

It was shown that there are two magnetic transi-
tions on the MnBi,Te, surface: one at the temperature
corresponding to the bulk magnetic transition in
MnBi,Te; and the other at the temperature corre-
sponding to the bulk magnetic transition in MnBi,Te,.
The temperatures of the magnetic transitions on the
MnBi,Te, surface are lower than those for the bulk
transitions.

The analysis showed that the magnetic ordering
temperatures are ~33 K for the Mn(Bi,_, Sb,),Te, (x =
0.32 and 0.43) materials. A possible reason is the
change in the type of magnetic ordering from AFM to
FM due to an increase in the number of anti-site
defects in the Bi and Mn layers.
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