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Intrinsic magnetic topological insulator MnBi,Te, provides a promising platform to implement the quantum
anomalous Hall effect at increased temperatures and other unique topological effects. However, to do this,
the energy gap opening at the Dirac point should be located at the Fermi level. One of the widely used meth-
ods to shift the Dirac point toward the Fermi level is the partial substitution of Bi atoms for Sb atoms. In this
work, the electronic structure of the core levels and valence band of Mn(Bi,; _ ,Sb,),Te, compounds with var-
ious concentration x of Sb atoms from 0 to 1 has been studied. It has been shown that the Dirac point with an
increase in the concentration of Sb atoms is shifted toward the Fermi level and becomes localized at it when
x = 0.3. In this case, the “rigid” shift of the valence band, including the Mn 3d level, has been observed with-
out changes in the structure of the valence and conduction bands. The concentration dependence of the shift
of the Dirac point is approximated by a square root function, which corresponds to a linear increase in the

charge carrier density.
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A great amount of attention has recently been paid
to studies of magnetic topological insulators (TIs)
because they have a unique combination of topologi-
cal and magnetic properties. This combination of
properties makes it possible to implement many theo-
retically predicted effects such as the quantum anom-
alous Hall effect, the axion insulator state, the topo-
logical superconducting state, and the Weyl semimetal
state [1—8]. However, to form such states, it is neces-
sary to introduce magnetism in TIs, which are initially
nonmagnetic materials, in order to open a energy gap
in the electronic structure of topological surface states
at the Dirac point.

The first methods of introducing magnetism in TIs
were based on doping of TIs with magnetic impurities
or on the proximity effect in magnetic heterostruc-
tures [9—15]. An increase in the concentration of mag-
netic impurities increases both the exchange interac-
tion and the energy gap at the Dirac point, but the
concentration of defects often simultaneously
increases, the quality of a sample is worsened, and the

mobility of electrons decreases [12]. As a result, many
quantum effects, including the quantum anomalous
Hall effect, which occur in magnetically doped TIs,
are observed only at extremely low temperatures 0.1—
1 K[11].

The discovery of intrinsic stoichiometric magnetic
TI MnBi,Te, allows one to avoid such an increase in
defectiveness because this material includes magnetic
atoms as an intrinsic layer [16]. This made it possible
to increase the energy gap opened at the Dirac point,
as well as to significantly increase the temperature of
the quantum anomalous Hall effect [17], which
approaches the magnetic transition temperature (the
temperature of the quantum anomalous Hall effect for
doped TIs is several orders of magnitude lower than
the magnetic transition temperature).

MnBi,Te, single crystals are characterized by
strong electron doping: the Dirac point is located at a
binding energy of 0.25—0.28 eV and the Fermi level is
located in the conduction band [16—20]. However, for
the quantum anomalous Hall effect to occur, the
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Dirac point and the corresponding energy gap should
be localized at the Fermi level. One of the well-known
and widely used methods for the energy shift of the
Dirac cone for Bi,Te;-based TIs [21] is the
replacement of some Bi atoms by Sb atoms, which
introduce the hole type of conduction in TIs. The
(Bi;_ ,Sb,),Te; compound retains its topological
properties in the entire range of dopant concentrations
x from 0 to 1. As the concentration of Sb atoms
increases, the type of charge carriers in the TI changes
to holes and the Dirac point is shifted toward the
Fermi level. At a certain x value, transition occurs
from the n doping type to the p doping type through
the charge neutral point. The charge carrier density
in magnetic TIs with fractional stoichiometry
Mn(Bi, _ ,Sb,),Te, varies similarly under the substitu-
tion of Bi atoms for Sb atoms [22—24].

It was revealed that fractional stoichiometry is also
responsible for other changes. The magnetic structure
[22] and transport properties of a material change, and
the Néel temperature decreases [23]. It was shown that
the energy gap in topological state can change [24].
There is no commonly accepted concentration of Sb at
which the Dirac point is at the Fermi level [22—27].
The authors of [23] found that the necessary concen-
tration of Sb atoms can depend on the method and
details of the synthesis of the samples under study.

In this work, we study in detail the dependence of
the electronic structure of core levels and the valence
and conduction bands of bulk crystals with fractional
stoichiometry Mn(Bi, _ ,Sb,),Te, on the concentra-
tion of Sb atoms in the entire x range from 0 to 1. The
structure of the valence band and the core levels were
measured by means of angle-resolved photoemission
spectroscopy (ARPES) and X-ray photoelectron
spectroscopy (XPS) with use of synchrotron radiation.
The measurements of core levels and the valence band
were performed at the same point and under the same
conditions. A certain correlation between the stoichi-
ometry of the sample and the energy shift of the Dirac
point under the variation of the concentration of Sb
atoms was obtained.

EXPERIMENTAL RESULTS AND DISCUSSION

In this work, we studied a series of samples with
stoichiometry Mn(Bi, _ ,Sb,),Te, under the variation
of the concentration of Sb atoms x = 0, 0.1, 0.2, 0.3,
0.4, 0.5, and 1 introduced at growth.

The samples were grown by the Bridgman method
for which some inhomogeneity of stoichiometry over
the volume is possible. Thus, for detailed characteri-
zation of the sample (concentrations of Sb, Bi, Te, and
Mn and the position of the Dirac point), photoemis-
sion measurements for each sample at different ener-
gies of photons were carried out at the same point (see
the section Methods).
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The structural quality of the samples was tested by
low-energy electron diffraction (LEED). Figure la
shows the LEED pattern recorded at an energy of
electrons of 75 eV for the Mn(Bi, (Sb, 4),Te, sample.
The LEED pattern is characterized by the hexagonal
arrangement of reflections. Blue lines in Fig. 1a mark
the unit cell in the reciprocal space. Such LEED pat-
terns are characteristic of materials with the crystal

structure R3m inherent in Mn(Bi, _ ,Sb,),Te, com-
pounds. Such LEED patterns were observed for all
studied samples, which indicates that the crystal
structure is the same, and the sharpness of observed
reflections confirms a high quality of the prepared
samples.

To study the dependence of the electronic structure
of Mn(Bi, _ ,Sb,),Te, samples on the doping level with
Sb atoms, we used XPS and ARPES simultaneously.

Figure 1b shows the XPS spectra of core levels for
samples with various concentrations of Sb atoms in the
binding energy range of 20—50 eV, which includes
doublet of peaks of Bi 5d, Sb 4d, Te 4d, and Mn 3p
core levels, i.e., all elements that are present in the
sample. The concentration of Sb atoms (and other ele-
ments) in the samples for studied regions was calcu-
lated from these spectra. The resulting concentrations
of Sb atoms are given above the corresponding spectra.
It is seen that an increase in the concentration of Sb
atoms results in a smooth decrease in the intensity of
the Bi peak and in an increase in the intensity of the Sb
peak.

The bottom left panel of Fig. 1b shows the spectra
of the Mn 3p line for various concentrations of Sb. It is
seen that both the intensity of the peak and its shape
vary insignificantly for all stoichiometries of the stud-
ied samples, which indicates that the concentration of
Mn atoms in the samples under study is approximately
constant and, indirectly, that the magnetic properties
of the material are stable.

Figure 1c shows the dependence of the relative XPS
intensities of the (top) Sb and (bottom) Bi peaks on the
concentration of Sb atoms introduced in grown sam-
ples. Different colors correspond to different samples.
The relative normalization of the peak intensities is
such that the sum of the intensities of the presented
Bi 5d, Sb 4d, Te 4d, and Mn 3p peaks is 1. As seen, the
relative intensity of the Sb peak increases linearly with
some spread for different samples, which confirms the
expected linear increase in the fraction of Sb in stoi-
chiometry. The bottom part of Fig. 1c demonstrates
that the relative intensity of the Bi peak decreases lin-
early.

To estimate the concentrations of atoms from the
intensities of the corresponding peaks in XPS spectra
(at certain points of the sample), we used the database
of photoionization cross sections for core levels from
[28]. The analysis with this database gave x ~ 0.16
instead of 0.1, x ~ 0.3 instead of 0.2, x ~ 0.38 instead of
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Fig. 1. (Color online) (a) LEED pattern with the hexagonal arrangement of reflections characteristic of all Mn(Bi; _ ,Sb,),Tey
samples. Blue dashed lines indicate a unit cell. (b) XPS spectra measured at zv = 120 eV for Mn(Bi; _,Sb,),Te, samples with var-

ious concentrations of Sb atoms. The structure of the Mn 3p levels is shown in the bottom left panel. (c) Relative XPS intensities
of the Sb (top panel) and Bi peaks (bottom panel) versus the concentration of Sb atoms in grown samples. Different colors cor-

respond to different samples.

0.3, x ~ 0.55 instead of 0.4, and x ~ 0.62 instead of 0.5.
As seen, the measured concentrations are larger than
values introduced at the growth of all samples under
study.

The excess of the calculated concentration of
Sb atoms over the value introduced at growth was men-
tioned in [29]. This excess can be due to the feature of
growth and the feature of the estimate. The crystal was
grown from a solvent based on (Bi, Sb),Te, rather from
the melt. Thus, the chemical analysis indicates that Sb
predominantly enters the crystal with respect to the
solvent. The analysis of samples from different parts of
the ingot shows that the Bi/Sb ratio holds in the pro-
cess of crystallization of Mn(Bi, _ ,Sb,),Te,. In turn,
the estimate of concentrations depends on the used
databases.

To determine changes in the doping level of
Mn(Bi, _ ,Sb,),Te, samples and the shift of the Dirac
point with respect to the Fermi level under the varia-
tion of the concentration of Sb atoms, ARPES spectra
of the valence and conduction bands were measured in
the range close to the Fermi level. These spectra for
various estimated concentrations of Sb atoms (at the
same points of the sample) are shown in Figs. 2a—2h.
The bulk valence band (BVB), the bulk conduction
band (BCB), the fundamental gap between them,
where a part of the Dirac cone is located (the remain-
ing part is mixed with the bulk valence and bulk con-
duction bands), and the energy gap opened at the
Dirac point are indicated in Fig. 2a. The valence band
is also marked in all figures by the blue line. As the

concentration of Sb atoms increases, the Dirac point is
shifted toward the Fermi level and crosses it at x = 0.3.
The blue dashed lines indicate the positions of the
Dirac point. Spectra for concentrations exceeding x =
0.3 demonstrate only the valence band; consequently,
the position of the Dirac point can be explicitly deter-
mined only for samples with x =0, 0.16, 0.24, and 0.3.

To determine the positions of the Dirac point for
x> 0.3, we assume that the details of the electronic
structure for various x values are identical and spectra
of the sample with x = 0.16 are overlayed in Figs. 2e—
2h above the Fermi level with the coresponding shift
(shown semitransparent, black-and-white). The spec-
trum for x = 0.24 was obtained at another setup and at
a different energy of photons exciting photoemission,
but it fits the same dependence.

The dependence of the estimated positions of the
Dirac point in various samples Mn(Bi, _ ,Sb,),Te, on
the concentration of Sb atoms x calculated from the
intensities of core levels is shown in Fig. 3a (left axis).
It is seen in Fig. 3a that the experimental points can be
well approximated by the function f(x) ~ Jx shown
by the dashed line. The wave vector at the Fermi level
is related to the density of states at the Fermi level for
states of the Dirac cone as [21]

Dk}
4

Here, D is the degeneracy of the Dirac fermion
(constant) and |n| is the charge carrier density on the

Il (D
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Fig. 2. (Color online) Structure of valence and conduction states and the position of the Dirac point at various concentrations of
Sb atoms. The position of the Dirac point at concentrations above x = 0.3 is estimated by overlaying the spectrum measured at
the concentration x = 0.16 (semitransparent black-and-white). The position of the Dirac point is marked by the horizontal blue

dashed straight line.

surface. In the case of the linear dispersion of Dirac
electrons, the wave vector at the Fermi level is propor-
tional to the position of the Dirac point. Good square
root approximation of the experimental points indi-
cates that topological states without contributions
from states of the valence and conduction bands are
located at the Fermi level when the concentration of
Sb atoms is near x = 0.3. Such a dependence of the
Dirac point on the concentration of Sb atoms was
observed for the Bi,Te; [30], MnBi,Te, [23], and
MnBigTe,, [31] samples.

It is noteworthy that the positions of points at the
ends of the dependence deviate from the square root
approximation, which can be due to the contribution
from states of the conduction or valence band to the
density of states at the Fermi level. In addition, it is
difficult to estimate the position of the Dirac point for
pure MnSb,Te, by the used method because of the
large energy spacing between the Dirac point and
Fermi level.

It was observed in our study that the Dirac point
crosses the Fermi level at the concentration of Sb x ~
0.3. This is in agreement with some other studies per-
formed by various methods [22, 23]. However, the
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authors of [23, 25—27] observed the transition through
the Fermi level at different concentrations of Sb
atoms. This difference can be due to features in the
used methods of growth of samples and the corre-
sponding concentrations of defects. This was partially
confirmed in [23], where it was found that the energy
spacing between the Fermi level and Dirac point for
thin films is smaller than that for bulk samples.

To analyze the shift of the valence band, which is
not directly related to the shift of the Dirac cone, we
studied the energy shift of the Mn 3d peak localized in
the region of the valence band. Figure 3b shows the
measured energy shift of the Mn 3d peak under the
variation of the concentration of Sb atoms. Spectra for
different concentrations of Sb atoms are given in dif-
ferent colors and are normalized to the height of the
Mn 3d peak.

To separate the Mn 3d peak in the valence band, we
used resonant photoelectron spectroscopy with an
energy of 50 eV corresponding to the Mn 3p—3d tran-
sition [32].

The binding energy positions of the Mn 3d peak are
given by blue circles in Fig. 3a (right axis). The left axis
step in Fig. 3a coincides with the right axis step. Thus,
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Fig. 3. (Color online) (a) (Left axis, red points) Dirac
point energy and (right axis, blue circles) Mn 3d peak posi-
tion for Mn(Bi; _ ,Sb,),Te, versus the concentration of Sb
atoms. (b) Measured electron density of states at the
I" point (in the range k” =+0.5 A_l) in resonant photo-
electron spectra (4v = 50 eV) with the Mn 3d peak contour
at various concentrations of Sb atoms.

it is clearly seen that the energy shift of the Mn 3d peak
coincides with the energy shift of the Dirac point. This
confirms that estimate of the Dirac point is valid under
the condition that the valence band is rigidly shifted.

An increase in the concentration of Sb atoms
results in a decrease in the intensity of the resonant
Mn 3d peak with respect to the valence band. On the
one hand, this can be attributed to a decrease in the
intensity of magnetic resonance (and the total mag-
netic properties) for Mn(Bi, _ ,Sb,),Te, compounds
with increasing x. On the other hand, the presented
data allow us to assume that, since the shift of the
valence band is approximately twice as large as the
shift of core levels, the energy spacing between the lev-
els involved in resonance changes and the energy posi-
tion of the resonance is shifted. The measurement at a
photon energy of 50 eV already gives the result on the
descending part of the resonance peak at the energy
spacing from the maximum increasing with the con-
centration of Sb.

GLAZKOVA et al.

CONCLUSIONS

To summarize, we have analyzed changes in the
structure of the valence and conduction bands, topolog-
ical state, and core levels for a series of magnetic topo-
logical insulators with stoichiometry Mn(Bi, _ .Sb,),Te,
under the variation of the concentration of Sb atoms
introduced in the process of growth in a wide range
x=0,0.1, 0.2, 0.3, 0.4, 0.5, and 1. It has been found
that the concentrations estimated from the XPS data
regularly exceed the values introduced in the process
of growth. It has been shown that the Dirac point is
gradually shifted toward the Fermi level with an
increase in the concentration of Sb atoms. The Dirac
point at x ~ 0.3 is localized at the Fermi level. With a
further increase in the concentration of Sb atoms, the
Dirac point is shifted above the Fermi level. An
increase in the concentration of Sb atoms leads to the
“rigid” shift of the valence band without changes in
the structure of states and the fundamental band gap
between the valence and conduction bands. The
dependence of the shift of the Dirac point (and the
entire structure of valence states) on the concentration
of Sb atoms can be approximated by a square root
function, which correlates with the corresponding lin-
ear increase in the charge carrier density. This behav-
ior is characteristic of pure states of the Dirac cone at
the Fermi level.

METHODS

The ARPES and XPS measurements of the struc-
ture of the valence band and core levels were per-
formed at one point at a temperature of 10—12 K at the
UARPES setup, National Center of Synchrotron
Radiation SOLARIS (Poland), at the radiation ener-
gies Av = 28 and 120 eV, respectively. To analyze the
structure of the Mn 3d level, we used the radiation
energy hv = 50 eV corresponding to the resonant
enhancement of the intensity of the Mn 3d level. The
perfectness of the crystal structure was determined by
the low-energy electron diffraction method.

Additional measurements were also performed at
the SPECS ProvenX-ARPES setup, Rzhanov Insti-
tute of Semiconductor Physics, Siberian Branch, Rus-
sian Academy of Sciences (Novosibirsk), at Av = 21.22
and 1486.7 eV for ARPES and for XPS, respectively.

Preliminary measurements were carried out at the
ESCALAB 250Xi setup, Resource Center Physical
Methods of Studying Surface, St. Petersburg State
University.

The Mn(Bi, _ ,Sb,),Te, single crystals were synthe-
sized by the vertical Bridgman method at the Novosi-
birsk State University.

Clean surfaces of the samples were obtained by
cleavage in ultrahigh vacuum. The base pressure in the
experiment was (3—5) x 107! mbar.
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