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Intrinsic magnetic topological insulators (MTIs), such as an MnBi2Te4 family, have proved to be an essential
platform for the study of various quantum effects and can be used for a range of applications from information
storage and dissipationless spin and charge transfer to quantum computers. The latter requires the creation of
Majorana fermions, which are expected to emerge when a superconductor is contacted with an MTI surface.
Therefore the study of the features arising at the interface between the MTI and the superconductor is of great
interest. For this purpose in this paper, the gradual growth of the elemental superconductor (Pb) film on the
surface of Mn(Bi0.7Sb0.3)2Te4, which has a Dirac point near the Fermi level, was experimentally investigated
by ARPES and XPS methods. We observed that the shape of the Dirac cone state remains almost unchanged
up to coverage of ∼1.5 Pb monolayers, thus remaining topological properties of the material. It was shown
that Pb atoms deposition results in surface modification. They detached upper Te atoms and form TePb alloy
on the surface. Moreover, Pb deposition leads to disorder of Te, Bi(Sb) layers closest to the surface. As a
result, the localization of the Dirac cone state shifts towards the bulk. All these features should be taken into
account in the implementation of a topological superconducting state based on the Pb/Mn(Bi,Sb)2Te4 systems.

DOI: 10.1103/PhysRevB.106.155305

I. INTRODUCTION

Topological superconductors are a peculiar class of super-
conductors which is of a great interest in condensed matter
physics [1]. Such materials can host Majorana bound states
within the bulk superconducting gap which potentially appli-
cable to the fault-tolerant quantum computation [2–8]. The
main approach for Majorana fermions realization is to cre-
ate the 2D chiral p-wave superconductor phase by means
of conventional s-wave superconductor pairing to the helical
Dirac surface state of topological insulator (TI) [2]. It can be
achieved by the topological proximity effect [9]. This effect
enables the topological surface state (TSS) to propagate into
the superconductor and form a combined structure of the
Dirac cone with superconducting states. Realization of this
effect was shown for a thick Pb film deposited on top of topo-
logical insulator TlBiSe2 [10]. To obtain Majorana fermions
time reversal symmetry (TRS) in TI has to be broken and
the band gap in the TSS at the Fermi level has to be opened
[2–4,11].

These properties can be achieved in a magnetic TI even
without external magnetic field i.e., when TI is in quantum
anomalous Hall state [12,13]. At the moment, the most ad-
vanced platform for this is the intrinsic magnetic TI MnBi2Te4

(MBT) [14–22]. MBT has higher magnetic ordering
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temperature (∼25 K), larger theoretically predicted band gap
at the Dirac point and significantly better ordering of mag-
netic atoms within volume in comparison to magnetic TIs
doped with magnetic metals [12,13,23–27]. Indeed, it has
been shown that MBT films reveal a relatively high transition
temperature to the quantum anomalous Hall state [28–30].

Further, for bulk MBT crystals, the Dirac point should be
shifted to the Fermi level since they are highly n-doped. This
can be done by partial substitution of Bi atoms by Sb obtaining
Mn(Bi1−xSbx )2Te4 compound [31–35]. For bulk crystals, it
was shown that the charge neutral point is at x = 0.3 [32].
It is worth noting that this level of substitution of Bi for Sb
does not lead to a significant change in the magnetic properties
[32].

The next step to obtain a system in which topological
superconductivity can be realized is to form a contact be-
tween MBT with a Dirac point at the Fermi level with a
superconducting material. However, the creation of contact
between the two structures can result in a number of features
arising at their interface. In order to analyze them, in this
paper, we investigated the electronic structure of magnetic
TI Mn(Bi0.7Sb0.3)2Te4 (MBST) in contact with Pb films of
different thicknesses. By means of angle-resolved photoemis-
sion spectroscopy (ARPES), it was shown that the Dirac cone
(DC) state and its shape are conserved for any thickness of Pb
up to ∼1.5 Pb monolayers (ML), i.e., ∼4.3 Å. However, the
DC state intensity is significantly reduced. This may relate to
surface modification due to its active interaction with Pb. In

2469-9950/2022/106(15)/155305(9) 155305-1 ©2022 American Physical Society

https://orcid.org/0000-0003-3947-5049
https://orcid.org/0000-0001-8744-6969
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.155305&domain=pdf&date_stamp=2022-10-21
https://doi.org/10.1103/PhysRevB.106.155305


D. A. ESTYUNIN et al. PHYSICAL REVIEW B 106, 155305 (2022)

order to analyze the effect of Pb atoms on the surface atoms
of MBST depending on the Pb film thickness and arrangement
was studied using density functional theory (DFT). It was
found that Pb atoms tend to form the alloy with the upper
Te atoms and detach them from the TI. In addition, the pres-
ence of Pb atoms on the surface leads to disorder of several
upper MBT layers and to the shift of the TSS deeper into the
sample volume. The revealed features of the interaction of Pb
with MBT should be considered in the implementation of the
topological proximity effect in this system.

II. RESULTS AND DISCUSSION

In the work, we deposited Pb on the MBST surface in
several steps. ARPES and XPS spectra were measured at
each step to control occurred changes. One deposition lasted
for 4 × N minutes, which should approximately correspond
to 0.5 × N ML of Pb according quartz microbalance control
(see “Methods” section). During deposition the sample tem-
perature was kept at ∼100 K. Figures 1(a) and 2(a) show
resulting XPS and ARPES spectra with different Pb coatings
(labeled as deposition times in minutes: Pb4 is 4 minutes,
etc.). The correspondence between time and film thickness
will be presented further [Fig. 1(e)] as it is ambiguous and
requires discussion.

XPS measurements. Figure 1(a) shows the XPS spectra
measured at each step of Pb deposition. One can see that the
intensity of the Pb 5d component consistently increases, while
the intensity of the other components (Bi 5d , Sb 4d , and Te
4d) decreases. Moreover, additional components (labeled as 1
and 3) with low binding energy appear for Bi 5d and Sb 4d
doublets even at the first deposition of Pb (Pb4). These com-
ponents, which are satellites of the main components 2 and 4,
occur as the reaction of topmost Bi and Sb atoms on the depo-
sition of Pb. One can see that components 2 and 3 for Sb 4d
coincide. To separate them, we assumed the same energy shift
between components 1,3 and 2,4 during the spectra fitting.
One can also see that Pb 5d has a double peak structure both
for j = 5/2 (1, 2) and j = 3/2 (3, 4). Components 2 and 4
appear at the very beginning of deposition (i.e., Pb4). Further
deposition leads to the appearance and constant increase in
the intensity of components 1 and 3 shifted to lower binding
energies. Therefore they can originated from Pb atoms from
the formed thick layer, while components 2 and 4 from Pb
atoms which are in contact with the surface of the MBST.
The presence in the XPS spectra of Pb components, specific to
both interfacelike interactions and volumelike Pb-Pb interac-
tions, may indicate rather the islandlike type of Pb film growth
on the MBST surface (Volmer-Weber type). However, locally
it may be the layer-plus-island (Stranski-Krastanov) type of
growth. Surprisingly, there is no pronounce changes in the Te
4d level. This peculiar behavior was also observed for other
Mn(Bi1−xSbx )2Te4 samples during Pb deposition. It may be
thought that Pb atoms somehow interact with the underlying
Bi/Sb layer without interaction with the upper Te layer. In
order to solve this puzzle, structural optimizations by means
of DFT calculations for different arrangements of Pb on top
of MBT(MBST) will be presented below.

We also estimated the intensity of all components and
plotted it as a function of Pb deposition time [Fig. 1(b)]. The
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FIG. 1. (a) XPS spectra (hν = 120 eV, T = 79 K) for series of
Pb depositions. Deposition time is shown in minutes on the right
side. The numbers (1, 2, 3, 4) indicate the spectral components of
each element. The inset shows a zoomed area with Mn 3p levels.
(b) Absolute change in the intensity of elements as a function of Pb
deposition time. [(c,d)] The relative change in the intensity of the
components and their average value. All curves are normalized to
their maximum value. The component Pb13 is referred to the right
axis. (e) Correlation between the deposition time and Pb thickness
determined by the intensity reduction of the different components of
the spectrum. The red curve is the average of the presented curves.
Horizontal lines mark the thicknesses of Pb layers.

intensity of the doublets (e.g., Bi2 and Bi4, etc.) was summed
up. One can see that the behavior of Te12 and Mn coincides
with the behavior of the main Bi24 and Sb24 components:
their intensity decreases as the Pb film thickness increases.
The behavior of the Pb13 component is opposite. For better
comparison, these curves are presented together in Fig. 1(c)
in a relative form. The red dashed curve shows the behavior
of the averaged relative intensity of all components (Bi24,
Sb24, Te12, and Mn). However, it can be seen that behavior
of Bi13 and Sb13 components, arising and growing during

155305-2



CONTACT OF THE INTRINSIC MAGNETIC TOPOLOGICAL … PHYSICAL REVIEW B 106, 155305 (2022)

0.6

0.5

0.4

0.3

0.2

0.1

0.0

-1.0 -0.5 0.0 0.5 1.0

0.6

0.5

0.4

0.3

0.2

0.1

0.0

-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0

Bi
nd

in
g 

en
er

gy
 (e

V)
Bi

nd
in

g 
en

er
gy

 (e
V)

kx (Å-1) kx (Å-1) kx (Å-1) kx (Å-1)

 Pb4  Pb16

 Pb40  Pb72

 Pb0   Pb8  

 Pb24  Pb56 

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.51.00.50.0-0.5-1.0

BZ

DP

Pb

kx (Å-1)

k y
 (Å

-1
)

In
te

n
si

ty
 (

a
rb

. u
n

it
s)

(a)

(b) (e)

P
b

 t
h

ic
k

n
e

ss
 (

n
m

)

0.300.200.100.00

 Pb0   Pb4
 Pb8   Pb16
 Pb24  Pb40 
 Pb56  Pb72

Binding energy (eV)(d)

Deposition time (min)

Bi
nd

in
g 

en
er

gy
 (e

V)

Deposition time (min)

0.14

0.12

0.10

0.08

0.06

0.04

6040200

Shift of the DC
(c)

~45 meV

1.2

1.0

0.8

0.6

0.4

0.2

0.0

706050403020100

 TSS
 Mn
 Average

1 ML

2 ML

3 ML

4 ML

FIG. 2. (a) Dispersion relations of MBST with different amounts of deposited Pb (deposition time in minutes). Spectra were measured
at hν = 28 eV and T = 79 K, along �̄K̄ direction. (b) EDCs at the �̄ point, normalized to the intensity in the vicinity of the Dirac cone.
(c) Dependence of the DC state shift on Pb deposition time (i.e., Pb film thickness) obtained by decomposing EDCs into spectral components.
(d) Pb film thickness estimated by the DC state intensity attenuation (blue diamonds) and for comparison by Mn 3d (cyan squares) and by
average for all peaks (red line) intensities attenuation. (e) Fermi surface of the Pb72/MBST sample measured at hν = 120 eV. Several Brillouin
zones separated by green dashed lines can be seen. Pb bands (blue circles) and Dirac cone states (black circles) are marked in each zone.

Pb deposition, coincides with the behavior of the components
Pb24. Thus it indicates some simultaneous process occurred
for these elements. For clarity, the curves for these compo-
nents are also presented together in Fig. 1(d) in a relative
form.

Based on the decreasing intensity of the core levels of
elements during Pb deposition, one can calculate the average

thickness of the grown film. Indeed, the core level intensity
(I) changes exponentially: I = I0e−x/λ, where λ is the mean
free path of an ejected electron, I0 is the intensity of the level
for the pure sample and x is the Pb film thickness. For the
measurements of the XPS spectra in Fig. 1(a), photon energy
of 120 eV was used. The mean free path was defined as
λ (nm) = 143/E2

k + 0.054
√

Ek , where Ek (eV) is the kinetic
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FIG. 3. A set of DFT optimized structures (initial and final) with different initial distribution/amount of Pb on the MBT(MBST) surface
and Bi2Te3 surface in (d).

energy of the electron. For the considered levels λ slightly
changes from ∼0.55 nm for Pb 5d to ∼0.48 nm for Mn 3p.
Using this intensity formula, we estimated the thickness of
the deposited films and established a correspondence with the
deposition time [Fig. 1(e)]. However, the intensity reduction
for the elements [see Fig. 1(c)] turned out to be different,
resulting in various Pb thicknesses.

It is worth noting that hν = 120 eV is a rather surface-
sensitive energy, so the main contribution to the intensity will
be from the surface atoms and will drop significantly with in-
creasing depth. Indeed, considering the exponential reduction
of the intensity from the deep atoms, the intensity from the
top Te layer will be ∼54% of the total intensity, the intensity
from the subsequent Te layers in the first SL (layers 3, 5, and
7) will be ∼33%, and the intensity from the remaining bulk is
only ∼13%. Thus the changes in the XPS spectra are strongly
related to changes in the surroundings of the surface atoms
and surface modification.

For Mn, almost 90% of the total intensity at this energy
is attributed to the Mn atoms in the first SL. Moreover, Mn
is located sufficiently deep from the surface to be strongly
influenced by surface modification (will be shown in the
section with DFT calculations, Fig. 3). Thus one would ex-
pect that the thickness of the Pb film would be well defined
by the change in intensity of Mn 3p. The estimated thickness
is shown in Fig. 1(e) (blue curve). One can see that in this
case the thickness (about 2.5 ML) is larger than in the case of
use of Te 4d , Sb 4d , or Bi 5d peaks, for which the thickness
was in the range of 0.8 to 1.5 ML. This can be related both
to the error in determining the intensity of the quite weak Mn
3p peak [see inset in Fig. 1(a)] and to the possible disordering
of atoms in the near surface layers. Disorder can lead to a
reduction in the diffraction component of the XPS signal,
which has a stronger effect on the Mn levels, since almost all
the signal comes from Mn in the first SL. Indeed, as will be
shown in the DFT calculations section, Pb leads to a disorder
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in the top Te and Bi(Sb) layers and stretching of the upper part
of SL by about 0.6 Å.

Thus the thickness of the Pb film should be rather closer
to that determined from the intensity attenuation of the Te 4d
peak - about 1.5 ML. Also the average of all components (red
solid curve) gives a final thickness of about 1.2 ML. It is worth
noting that the Pb evaporator, was preliminary calibrated with
a quartz microbalance, according to which the final thickness
should have been about 7 ML (see Methods). Thus on the
average sticking coefficient can be estimated to be about 0.2
of the quartz one, however, it can be gradually change under
Pb deposition.

ARPES measurements. Figure 2(a) shows ARPES spectra
measured after each step of Pb deposition. It can be seen
that the DC state is conserved and visible for all Pb coatings.
However, starting from Pb56 coating, it becomes weakly re-
solvable, while the background intensity becomes dominant.
Also, intensity from additional bands appears at about k =
±0.75 Å−1. We refer it to the bands from the grown Pb film.
These bands are better visible at the Fermi surface plot in
Fig. 2(e) and have a circular shape similar to Ref. [10]. They
appear in each Brillouin zones. In addition, in Fig. 2(a), one
can see the increasing intensity of the background below the
Fermi level. This indicates that the system becomes metallic
under Pb deposition.

From the energy distribution curves (EDCs) in Fig. 2(b)
for Pb0 (red curve), one can see that there is one peak, which
refers to the bottom part of the DC state. The upper part of
the cone is above the Fermi level. Even this peak is slightly
cut by the Fermi level, i.e., the Dirac point is above the Fermi
level. The first deposition of Pb leads to a noticeable shift of
the bands toward higher binding energies by about 45 meV
[see the red - Pb0 and blue - Pb4 EDCs in Fig. 2(b)]. This
can also be seen by comparing the ARPES spectra for these
depositions: in the case of Pb4, the top of the cone becomes
sharper. Figure 2(c) shows the positions of the bottom part of
the Dirac cone as a function of the deposition time (thickness)
of Pb. One can see that further deposition additionally shifts
the Dirac cone for ∼55 meV (∼100 meV in total), reaching
saturation at BE=145 meV (Pb56 and Pb72).

Pb deposition also leads to the attenuation of the DC state
intensity, similar to the attenuation of core levels intensity
[Fig. 1(b)]. Thus one can estimate the thickness of the de-
posited Pb (x) from the DC state intensity attenuation. Here
it is also assumed that the intensity (I) varies according to
the exponential law: I = I0e−x/λ, where λ ≈ 0.47 nm and I0 is
the DC state intensity for pure MBST. In order to estimate I ,
the EDCs at the �̄ point were decomposed into spectral com-
ponents, carefully excluding the metallic background. The
evaluated dependence of Pb film thickness on the deposition
time is shown in Fig. 2(d) (blue diamonds). Thickness esti-
mations using the Mn 3p peak (cyan squares) and the average
of all peaks (red curve) are also presented for comparison.
One can see that the blue curve (DC state) gives a greater
thickness than even the cyan curve obtained for the Mn 3p
level. This suggests that DC state change its localization under
Pb deposition and shifts deeper into the bulk compared to pure
MBST (at least its localization does not shift closer to the
surface). Thus, in the case of MBST (MBT), we observe the
opposite situation with respect to TlBiSe2 [10]: DC state tends

to shift away from the grown Pb film. This can be caused by
surface degradation due to the active interaction of Pb with the
Te surface layer.

DFT calculations. To study the influence of Pb atoms on
the crystal structure of MBT (MBST), we performed struc-
tural optimization of several Pb/MBT(MBST) structures by
means of DFT. The aim was to understand the possible trends
in the interaction of thin submonolayer Pb films with the
MBT (MBST) surface and to explain the appearance of ad-
ditional components of Bi 5d (Sb 4d) peaks and the absence
of changes in Te 4d peaks.

A slab (2 × 2 × 1) consisting of one SL thick with twice
the lateral lattice period (a, b = 8.3 Å) was used for structural
optimization, see Fig. 3. The parameters were taken from the
optimization of the MBT bulk structure. During slab opti-
mization the bottom Te layer (closest to the van der Waals
spacing) was fixed, the remaining atoms could move freely
(see Methods).

Firstly, we studied initially ordered Pb films with 1 × 1
structure (top row of Fig. 3). Pb atoms were originally placed
in FCC (above the Te atom in layer 3), HCP (above the
Bi atom in layer 2) and bridge (position between FCC and
HCP) positions at a distance of ∼3.5 Å from the surface. The
results of the optimizations are shown in Figs. 3(a)–3(c). In all
studied cases, Pb atoms and atoms of MBT remain ordered,
there is no significant interlayer mixing. Also in all cases,
the Pb atoms detach the surface Te atoms. This leads to the
formation of the TePb alloy. Indeed, the formation energy of
this compound is lower than for Bi2Te3. This compound has
a cubic lattice (Fm3m) similar to NaCl (RockSalt type). On
the surface of MBT TePb is cut along the plane (111), which
has hexagonal ordering of the atoms within the layer. TePb is
an insulator and belongs to the trivial phase of crystalline TI
Pb1−xSnxTe [36].

The strongest detachment of Te layer was observed for the
bridge position. The total energy for the optimized structure is
lower (i.e., the state is more favorable in terms of energy) than
the energies for the optimized FCC and HCP structures (also
Efcc < Ehcp). In the resulting structure, the angle between Pb
and Te atoms is close to 90◦ and the distance between them is
about 3 Å (3.28 Å in bulk TePb).

Thus one can see that Pb atoms tend to detach the surface
Te atom in MBT. This also affects the underlying Bi layer
and can lead to its displacement. In the TePb compound, Te
preserves the valence (Te2−) as it has in MBT (MBST). As Te
atoms are bonded to Pb atoms, the underlying Bi atoms have
unpaired electrons (dangling bonds), which should lowers
their binding energy.

Exactly such a situation we observe in XPS spectra of
Fig. 1: the formed satellites of Bi 5d and Sb 4d peaks are
related to atoms in the second layer, which appeared to have
unpaired electrons. During further deposition Pb atoms cover
more surface area and detach more surface Te atoms, which
leads to an increase of Bi13 and Sb13 component intensities
together with Pb24 component intensity [Figs. 1(b) and 1(c)].
Eventually, most of the TI surface is covered and the intensity
of these components slowly reaches saturation (Pb56 and
Pb72). Pb has island type of growth, so Pb13 component,
which are related to bulk Pb atoms and not bonded to Te
atoms, grows in parallel with Pb24 component. Indeed, during

155305-5



D. A. ESTYUNIN et al. PHYSICAL REVIEW B 106, 155305 (2022)

further deposition Pb13 component accelerates its growth and
becomes dominant.

We also studied how the different coatings and the initial
arrangement of the Pb atoms affect the optimized structure
(initially disordered structures: middle and bottom lines in
Fig. 3). In general, the presence of uncompensated lateral
forces leads to a disordered structure in the Pb layer and
top Te and Bi layers. The underlying layers are practically
unaffected and remain close to their original position. It is
worth noting that the highly symmetrical position of the Pb
atoms (FCC and HCP) turns out to be unstable. For exam-
ple, this can be seen for structures in which Pb atoms were
initially in a 2 × 2 structure in the symmetrical position (e)
and shifted from it by ∼10% (i). Symmetric position of Pb is
conserved after optimization of the structure, however, some
of the atoms in the underlying layers leave their planes. In
the case of asymmetric position there is significant atoms
displacement from their initial positions. The presence of one
Sb atom substituting Bi in the lattice (f) also leads to a disorder
of Te, Bi(Sb), Mn atoms for the initially ordered Pb 1 × 1
layer in the symmetrical positions opposite to the case in
Fig. 3(a). We also considered two cases in which Pb atoms
were disordered in height but put in symmetrical positions
(g) or Pb atoms were of the same height but in arbitrary
lateral positions (h). It can be seen that in both cases Pb atoms
effectively detach the surface Te layer and partially the under-
lying Bi layer. However, in the case of the Pb arrangement in
symmetrical positions, the atomic layers appeared to be more
ordered.

During deposition, Pb atoms are likely to be deposited
on the surface in arbitrary positions both in height and lat-
erally. Therefore we also carried out structural optimization
in which the Pb atoms were added one by one in arbitrary
positions (i)–(l). In the final optimized structure (l), the atoms
formed corresponding layers, with some intermixing. Thus
the general trend of Pb behavior on the MBT(MBST) surface
is maintained. It is worth noting that the atoms from third layer
(Te) do not have significant displacement. Consequently, the
interface between Pb and MBT should be disordered. Indeed,
a similar, partially disordered upper layer of Pb with islands of
Pb on top of it can be attributed to the “wetting layer” found by
scanning tunneling microscopy measurements for Pb/Bi2Te3

system [8].
It is worth noting that the optimization of Pb/Bi2Te3 struc-

tures shows similar results compared to the optimization of
Pb/MBT structures, although with some slight differences. In
the case of Bi2Te3 substrate [e.g., Fig. 3(d)], it can be seen
that the TePb alloy is also formed, however, it appears less
detached from the TI surface than in the case of MBT. It
seems that the strong detachment of the TePb surface layer in
MBT is a consequence of the weakened interaction between
the second (Bi) and the third (Te) layers in MBT due to the
embedded MnTe block. In Bi2Te3, the layers appear to be
more strongly bonded, so the detachment of the upper layer is
less beneficial than the formation of a six-layer surface block.
The presence of Pb in asymmetric positions on the Bi2Te3

surface also leads to the layer disorder as in MBT. In general
one can conclude that Pb atoms strongly interact with the
surface of bismuth (antimony) telluride based TI, leading to
an amorphous layer at their interface.
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optimized Pb/Bi2Te3 structure. Blue dots show projection on Pb
bands. (b) Spatial distribution of TSS for Bi2Te3 and Pb/Bi2Te3. The
grey rectangles indicate the quintuple layer blocks.

In the cases in (c), (g), and (h), the upper Te layer is
effectively detached by Pb atoms and as a result the distance
between the Te layer and the underlying Bi layer becomes
about 2.8–3 Å, which is comparable to the van der Waals
spacing between SLs. The TePb is also a trivial insulator.
Thus one can expect that the boundary of TI shifts deeper
from surface together with the density of TSS. The surface
degradation that can be observed when optimising disordered
structures (e)–(l) can further enhance this effect.

To test the shift of TSS localization, we used a Pb/Bi2Te3

structure in which the TePb layer was assumed to form on the
surface at a distance of 2.8 Å from the underlying Bi layer
similar to the optimized Pb/MBT structures in Fig. 3. The
system Pb/Bi2Te3 was taken to simplify the analysis since
in the case of MBT it is known that even the choice of cell
parameters can affect the TSS localization and band structure
[37]. Since Pb affects mainly 2 to 3 upper layers (Te-Bi-Te),
we can expect that for both systems the results will be similar.
The positions of the layers are shown in Fig. 4(b). Figure 4(a)
shows the DFT calculations of the electronic structure of
Bi2Te3 and Pb/Bi2Te3. It can be seen that for Pb/Bi2Te3 the
Dirac cone is conserved, but its shape is slightly changed. The
calculated dispersion relations are in good agreement with
those previously obtainment in the experiment [38]. Addi-
tional Pb bands appear in the conduction band (projection is
shown by blue circles). They do not contribute to the Dirac
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cone. Figure 4(b) shows calculated TSS localization for both
cases. Indeed, it can be seen that for the Pb/Bi2Te3 structure
the TSS is significantly shifted from the surface and located
at the boundary between the first and second quintuple layer
blocks. It is worth noting that for the optimized Pb/Bi2Te3

structure in Fig. 3(d), the TSS localization also shifted away
from the surface. However, Pb states are present in both the
conduction and valence band and more affect the TSS cone
structure.

In the case of MBT(MBST), TSS is initially quite deeply
localized: the maximum is at the bottom of the first SL
[39,40]. The deposition of Pb on the surface can shift TSS lo-
calization even further into volume. It was shown in Ref. [39]
that the change of TSS localization can lead to a change in
the band gap at the Dirac point. Thus the deposition of Pb
potentially can manipulate the size of the band gap in MBT
(MBST).

III. CONCLUSION

Summing up the results it can be noted that the Dirac
cone is conserved under growth of Pb thin film on top of
Mn(Bi0.7Sb0.3)2Te4 surface for any deposited thickness up to
∼1.5 Pb ML as shown experimentally by means of ARPES.
The shape of the cone remains almost unchanged, only its shift
towards higher binding energies is observed. It was also found
that the localization of the DC state tends to shift away from
the surface. Based on structural optimizations by DFT as well
as by XPS, a tendency for the deposited Pb atoms to detach the
upper Te layer with the formation of TePb alloy was shown.
However, the formation of an ordered Pb (TePb) layer with
a 1 × 1 structure is highly unstable and arbitrary deposition
of Pb atoms can lead to disorder of several underlying layers
in the first SL (Bi, Te and slightly Mn). The presence of any
deviation of Pb atoms from the highly symmetrical position
contributes to such disordering. Formation of TePb and/or
surface disorder cause the shift of the TSS localization into
the sample volume. All these features should be taken into ac-
count in the implementation of a topological superconducting
state based on the Pb/Mn(Bi,Sb)2Te4 systems.

IV. METHODS

ARPES measurements. The ARPES dispersion relations
were measured at the UARPES end-station of SOLARIS syn-
chrotron radiation center (Krakow, Poland) using the Scienta
DA30 deflector analyzer. Photon energies ranging from 8 to
140 eV are applied in the experiments. Clean surfaces of the

samples were obtained by a cleavage in ultrahigh vacuum be-
fore measurements. The base pressure during the experiment
was better than 5 × 10−11 mbar. Samples were measured at
temperatures in the range between 10 and 79 K.

Crystal growth. High-quality single crystals of
Mn(Bi0.7, Sb0.3)2Te4 were synthesized by using a modified
vertical Bridgman method in Novosibirsk State University.

Pb deposition. Pb was deposited using a lead evaporator
which flux was calibrated using a quartz microbalance. The
calibrated deposition rate was about 0.28 Å/min (emission
current 1.5 mA, high voltage 1 kV), i.e., it takes about 10
minutes to deposit 1 ML Pb (2.86 Å) [8].

DFT calculations. Structural optimization calculations
were carried out within the density functional theory using the
projector augmented-wave (PAW) method [41,42] as imple-
mented in the open-source QUANTUM ESPRESSO code [43–45].
The exchange-correlation energy in PBE version of gener-
alized gradient approximation was exploited [46]. Structural
optimization were performed in scalar relativistic mode with-
out the spin-orbit interaction. The accuracy of the real-space
numerical integration was specified by the cutoff energy of
100 Ry, the total-energy convergence criterion was 10−7 Ry,
whereas the surface Brillouin zone of the supercell was sam-
pled with a 5 × 5 mesh of k points. Convergence threshold on
total energy and forces for ionic minimization were 10−4 Ry
and 10−3 Ry/bohr correspondingly.
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