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Abstract: The antiferromagnetic ordering that MnBi2Te4 shows makes it invariant with respect to
the combination of the time-reversal and primitive-lattice translation symmetries, giving rise to its
topologically nontrivial nature and a number of fundamental phenomena. At the same time, the
possibility to control the electronic and magnetic properties of this system can provide new effective
ways for its application in devices. One of the approaches to manipulate MnBi2Te4 properties is
the partial substitution of magnetic atoms in the compound with atoms of non-magnetic elements,
which inevitably affect the interplay of magnetism and band topology in the system. In this work, we
have carried out theoretical modelling of changes in the electronic structure that occur as a result
of increasing the concentration of Sn atoms at Mn positions in the (Mn1−xSnx)Bi2Te4 compound
both using Korringa–Kohn–Rostoker (KKR) Green’s function method as well as the widespread
approach of using supercells with impurity in DFT methods. The calculated band structures were
also compared with those experimentally measured by angle-resolved photoelectron spectroscopy
(ARPES) for samples with x values of 0, 0.19, 0.36, 0.52 and 0.86. We assume that the complex
hybridization of Te-pz and Bi-pz orbitals with Sn and Mn ones leads to a non-linear dependence of
band gap on Sn content in Mn positions, which is characterized by a plateau with a zero energy gap
at some concentration values, suggesting possible topological phase transitions in the system.

Keywords: antiferromagnetic topological insulator; topological phase transitions; ab initio
calculations; electronic structure; doping

1. Introduction

A three-dimensional topological insulator (TI) is characterized by surface states that
are protected by time-reversal (TR) symmetry [1]. Introducing magnetism into topological
insulators breaks time-reversal symmetry, and the magnetic exchange interaction can
open a gap in the otherwise gapless topological surface states [2]. This can give rise to a
number of quantum effects, such as quantum anomalous Hall effect (QAHE), topological
magnetoelectric effect [1–5], and in the case of contact with a superconductor, to the
realization of Majorana fermions [2,6]. The above-mentioned effects make magnetic TIs
perspective for the development of new quantum memory and data processing devices
based on them [7]. Currently, the most promising platform for studying the interaction
of magnetism and topology is the intrinsic antiferromagnetic TI MnBi2Te4 [8–12]. The
antiferromagnetic ordering that MnBi2Te4 shows makes it invariant with respect to the
combination of the time-reversal and primitive-lattice translation symmetries, giving rise
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to its topologically nontrivial nature. In this compound, the magnetic atoms are embedded
directly into the crystal structure. This simultaneously solves two problems: it enables a
significant increase in concentration of magnetic material in the TI without violating the
crystal structure, and provides a better interaction between the magnetic atoms (Mn) and
the atoms on which the topological surface state (TSS) is localized (Bi, Te). As a result, it
is possible to open the band gap at the Dirac point of the TSS in MnBi2Te4 significantly
larger than in any other known magnetic TI. Indeed, the calculations reveal the value of the
band gap to be in the range of 70–90 meV [8–11]. Experimentally measured values of the
band gap, however, vary widely and range from almost zero to the theoretically predicted
one [13–21]. It has been shown that this variation of the gap value is related to defects in
the crystal structure of MnBi2Te4 such as point mutual substitutions between TI atoms [21]
as well as changes in the interlayer and interblock (van der Waals) distances [14–17] and
thus cannot be controlled. Despite the ambiguity with the experimental estimates of the
band gap at the Dirac point, the realization of QAHE for MnBi2Te4 thin films has been
confirmed, and indeed, the transition to the QAHE state has been observed at significantly
higher temperatures than in magnetically doped TI [22,23].

In order to effectively apply magnetic TIs in devices, it is necessary to be able to control
their electronic and magnetic properties. For example, MnBi2Te4 is strongly n-doped and
for the realization of QAHE it is necessary to shift the Dirac point to Fermi level. This can be
achieved by partial substitution of Bi atoms with Sb atoms [24–26]. The electronic structure
of the TSS and the magnetic properties of the TI are preserved during such substitution.
Furthermore, the magnetic properties should be controlled. In the ground state, MnBi2Te4
is in the antiferromagnetic state, and the remagnetization field is very high: about 3.5 T [8].
The reduction of this remagnetization field, from a practical point of view, would make it
possible to create systems in which the transition from the axion insulator state to the Chern
insulator state as well as changing the direction of the edge current in the QAHE state is
possible by applying significantly lower external magnetic fields [27,28]. This field can be
reduced by decreasing the magnetic interaction in the TI. This can be achieved by partial
substitution of Mn atoms with non-magnetic elements (Sn, Pb, Ge) which are components
of ternary TIs SnBi2Te4 [29], PbBi2Te4 [30], GeBi2Te4 [31,32] with crystal structures similar
to MnBi2Te4. In addition, recent studies of the Mn1−xPbxBi2Te4 system [27] have shown
that at certain values of x, topological phase transitions (TPTs) can occur in it.

In [28,33], the magnetic and transport properties of (Mn1−xSnx)Bi2Te4 TI for concentra-
tions of Sn from x = 0 to x = 1 were studied. It was shown that the critical field decreases
almost linearly and the Néel temperature decreases as well when Sn concentration increases.
The AFM ordering is preserved up to x = 0.68 but turns into a paramagnetic state for larger
values of x [33]. It is important to note that substitution of Mn with Sn does not change
the crystal structure of TI [28] so it is possible to obtain TI crystals with any Sn/Mn ratio,
allowing for a smooth variation of magnetic properties. Transport measurements have
shown that Sn concentration also affects the system conductivity: the density of charge
carriers increases almost two-fold at x = 0.68 [29]. The Sn substitution thus affects both the
magnetic and electronic properties of MnBi2Te4.

In this work, we have carried out theoretical modeling of changes in the electronic
structure resulting from an increase in the concentration of Sn atoms at Mn positions in the
compound (Mn1−xSnx)Bi2Te4 both using Korringa–Kohn–Rostoker (KKR) Green’s function
method [34] with the coherent potential approximation (CPA) [35] as well as the widespread
approach of using supercells with impurity in density functional theory (DFT) methods.
The calculated band structures were also compared with those experimentally measured
via angle-resolved photoelectron spectroscopy (ARPES) for samples with x values of 0, 0.19,
0.36, 0.52 and 0.86. The obtained results indicate the possibility of TPTs in this system at
several x values.
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2. Materials and Methods

The crystals were grown using the Bridgman method under state assignment contract
of IGM and ISP SB RAS. ARPES and XPS measurements were made using a SPECS GmbH
ProvenX-ARPES system equipped with ASTRAIOS 190 electron energy analyzer and 2D-
CMOS electron detector. The photoemission was excited by monochromated Al Kα emission
with hν = 1486.7 eV for XPS and non-monochromated He Iα light with hν = 21.22 eV for
ARPES. The energy scale of the spectrometer was calibrated by setting the measured Ag
3d5/2 line binding energy of 368.22 ± 0.05 eV with respect to the Fermi energy. For XPS and
ARPES measurements the crystals were cleaved under UHV conditions in the preparation
chamber. Samples were measured at the temperature of 77 K.

The electronic structure supercell calculations with impurities were performed using
the OpenMX code which provides a fully relativistic DFT implementation with localized
pseudoatomic orbitals [36–38] and norm-conserving pseudopotentials [39]. The exchange-
correlation energy in the PBE version of generalized gradient approximation was em-
ployed [40]. The surface calculations were performed using 6 septuple layers slabs of
MnBi2Te4 with the vacuum layer of 12 Å. For impurity calculations 2 × 2 slab supercells,
which provide 4 non-equivalent positions of Mn atoms in each layer, were used. The
Sn concentrations of 25, 50 and 75% were obtained by replacing one, two and three Mn
atoms with Sn atoms, respectively. The accuracy of the real-space numerical integration
was specified by the cutoff energy of 450 Ry, the total energy convergence criterion was
10−6 eV. The k-mesh for Brillouin zones were specified as follows: 5 × 5 × 5 mesh for bulk
calculations, 5 × 5 × 1 mesh for pristine MnBi2Te4 slab and 3 × 3 × 1 mesh for 2 × 2 super-
cells. The basis functions were taken as Bi8.0—s3p2d2f1, Te7.0—s3p2d2f1, Mn6.0—s3p2d1,
Sn7.0—s3p2d2 (the pseudopotential cutoff radius is followed by a basis set specification).
The Mn 3d states were treated within the DFT + U approach [41] within the Dudarev
scheme [42] where U parameter equals 5.4 eV [8].

The band structure of (Mn1−xSnx)Bi2Te4 with fully disordered impurities from first-
principles calculations was obtained utilizing the spin polarized relativistic Korringa–Kohn–
Rostoker (SPR-KKR) code, version 7.7 [43]. The generalized gradient approximation (GGA)
in the Perdew, Burke, and Ernzerhof parametrization was used [40] with U correction and
the atomic-sphere approximation (ASA) in the fully-relativistic approach. The coherent
potential approximation (CPA) [35] was used to simulate chemical disorder. We used the
basis functions up to l = 3, a regular k-point grid with 250 points, and 30 energy points.

3. Results and Discussion

The main purpose of this work is the investigation of the (Mn1−xSnx)Bi2Te4 electronic
structure under x variation. Several alternative theoretical approaches were used to solve
this problem, such as conventional DFT calculations (with bulk supercells and slabs) and
the KKR method with CPA which provides a unique opportunity to calculate band structure
of a crystal with fully disordered impurities. The results of theoretical calculations using
both methods were compared with each other as well as with ARPES data.

3.1. Infinite Crystal Calculations

Figure 1 demonstrates the KKR-calculated bulk electronic structure of
(Mn1−xSnx)Bi2Te4 along KΓM path in the first Brillouin zone and its variation under
gradual substitution of magnetic Mn atoms with non-magnetic Sn atoms. CPA provides the
possibility to account for a disordered distribution of these substitutions throughout the
crystal as well as the possibility to change x smoothly without the need of large supercells
typical for conventional DFT. Figure 1a–f show the data for x values of 0, 0.2, 0.3, 0.35, 0.4,
0.45, 0.5 and 0.6, respectively. According to these calculations, the bulk gap decreases down
to zero when x increases from 0 to 0.35, remains closed for x between 0.35 and 0.4 and
reopens with further increase of x. A general view of the bulk gap value as a function of
Sn content is shown in Figure 1g. It can be seen that this function is non-linear and shows
some plateau with a zero energy gap at Sn concentration values of 35–40%.
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Figure 1. The KKR–calculated bulk band structure of (Mn1−xSnx)Bi2Te4 along KΓM path in the first
Brillouin zone for x = 0 (a), x = 0.2 (b), x = 0.3 (c), x = 0.4 (d), x = 0.5 (e), x = 0.6 (f). The general
dependence of bulk gap as a function of Sn content is plotted on (g).

The collapse of the bulk gap at x = 0.35 might be a sign of a TPT from a topological
to a trivial phase or a Weyl semimetal state with a zero bulk gap. At the same time, it
may be supposed that a further increase in the Sn concentration above 50% returns the
system into a TI. Thus, the observed dependence of the bulk gap value on the parameter
x can be explained by the presence of the TPTs realized in this system with changing the
concentration of Sn atoms in the positions of Mn atoms.

A similar behaviour of the bulk gap value was observed for Mn1−xPbxBi2Te4 in [27]
with a decreasing bulk gap for 0 < x < 0.44, zero gap plateau for 0.44 < x < 0.66 and an
increasing bulk gap for 0.66 < x < 1. The authors in [27] also suggested that such nonlinear
character of the bulk gap value dependence on the Pb concentration may be associated
with possible TPTs in the system.

In order to test the idea of correlation between Sn content and bulk gap value as
well as its connection with possible TPTs in (Mn1−xSnx)Bi2Te4, supercell DFT calculations
of the electronic structure along KΓZ path were performed. These results are shown on
Figure 2. Figure 2a–e presents the electronic structures for x values of 0, 0.25, 0.50, 0.75 and
1, respectively. The crystal structure used for these calculations is that of pristine MnBi2Te4
taken from [17] (cell parameters unaltered) with partial Sn substitution of Mn atoms.

The bulk gap dependence on Sn concentration calculated by the supercell method is
shown in Figure 2k where a behaviour similar to the KKR method results is evident (see
Figure 1). A gradual decrease of the value of the bulk gap at Γ in the range 0 < x < 0.5
is followed by a zero-gap plateau for 0.5 < x < 0.75. The bulk gap then increases again
during the transition to the SnBi2Te4 stoichiometry. When the concentration of Sn atoms
reaches 50%, the energy gap closes at the Γ point but remains finite at the Z point. However,
when the Sn concentration reaches 75%, the energy gap at the Z point closes but opens
at the Γ point instead. The full substitution of Mn with Sn is characterized by finite bulk
gaps at both Γ (normal gap) and Z (inverted gap) points. It is indeed typical for SnBi2Te4
or PbBi2Te4 compounds which are TI as well [27,29,30,33].
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Figure 2. DFT–calculated bulk band structure of 2 × 2 (Mn1−xSnx)Bi2Te4 supercell along KΓZ path
in the first Brillouin zone, corresponding concentrations are x = 0 (a,f), x = 0.25 (b,g), x = 0.5 (c,h),
x = 0.75 (d,i), x = 1 (e,j). General plot of the bulk band gap value as a function of Sn content x is on
the panel (k). The total spectral weight unfolded to 1 × 1 primitive cell is shown in black. Red and
blue colours indicate regions of Bi-p and Te-p orbital weight dominance, respectively.

A possibility of TPTs realization was assessed by performing a more detailed analysis
of the obtained bulk gap dependence. The lower panel in Figure 2f–j presents the Bi-p
and Te-p orbital contribution difference for the corresponding (Mn1−xSnx)Bi2Te4 band
structures. Red and blue colours reflect the predominance of Bi-p or Te-p contribution
into each electron state. The inversion of these contributions at both Γ and Z high sym-
metry points can be interpreted as evidence that MnBi2Te4 and SnBi2Te4, respectively, are
both TI (Figure 2f,j). Hence, this indicator may be of particular interest in intermediate
(Mn1−xSnx)Bi2Te4 systems with x = 0.25, x = 0.5 and x = 0.75 substitution ratios. The case
of x = 0.25 in Figure 2g is very similar to the pure MnBi2Te4 crystal where Bi-p and Te-p
contributions are inverted at the Γ point, the only difference being the reduced value of the
energy gap. However, the x = 0.5 and x = 0.75 cases show drastic changes of the electronic
structure compared to pristine MnBi2Te4. In these systems, the inversion of the Bi-p and
Te-p no longer exists and the energy gap is also completely closed (at the Γ point for x = 0.5
and at the Z point for x = 0.75, see Figure 2h,i). At last, the case of x = 1 corresponds to
SnBi2Te4 stoichiometry with nonzero bulk gap. Thus, the x-dependence of the bulk gap
has a plateau-like character, which is similar to the KKR calculation results. We suppose
that bulk gap closing at the Γ and Z points together with a Bi-p and Te-p contribution ratio
change at the gap edges can serve as a definite mark of occurring TPTs.

The main difference between KKR and DFT calculation results in Figures 1 and 2 lies
in the Sn concentration range which delivers the bulk gap plateau: 50–75% for 2 × 2 DFT
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supercell calculations and 35–45% for KKR calculations. The most probable reason for
this discrepancy may be the presence of a regular intralayer ordering of the Sn substitutes
(common drawback of the supercell impurity calculations) which is not the case for the KKR
method. Another difference stems from the usage of a cell with experimental parameters
for the KKR calculations while the DFT calculations were performed using the structurally-
optimized cell from [16] (with regular partial replacement of Mn atoms with Sn atoms in
a 2 × 2 supercell and unaltered cell parameters). Nevertheless, these distinctions do not
influence the general conclusion regarding the bulk band gap dependence on x which was
obtained by both methods simultaneously.

Based on the discussion above, the Sn concentration variation should lead to the
realization of TPTs in the (Mn1−xSnx)Bi2Te4 system: the first transition (presumably from
the TI phase into another phase: trivial or a Weyl semimetal state) occurs at lower Sn
concentrations of about 50% defined by closing the bulk gap at the Γ point and the second
transition (back into the TI state) occurs at higher Sn concentrations accompanied by the
bulk gap reopening at the Z point. These TPTs are accompanied by the disappearance of
the Te-p and Bi-p contributions inversion when bulk gap is closed, with its subsequent
occurrence at the Z point when bulk gap is reopened.

3.2. Experimental Results

Experimentally measured band dispersions at different concentrations of Sn atoms are
presented in Figure 3 to support the theoretical results shown in Figures 1 and 2.
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Figure 3. Band structure of valence and conduction states in ARPES spectra taken from
(Mn1−xSnx)Bi2Te4 crystal for x = 0 (a), 0.19 (b), 0.36 (c), 0.52 (d) and 0.86 (e). White dotted hor-
izontal lines indicate the approximate positions of the edges of bulk band gap. Sn–derived states in
panels (e) are marked by red dotted parabolas.

This figure illustrates the results of an ARPES experiment. The ARPES spectra were
taken at hν = 21.2 eV (He-I α). It is worth noting that at this excitation energy, TSS in the
ARPES data are poorly distinguishable. The maximum intensity is found for bulk states in
case of pure MBT [44] or compounds with low Sn content. The Sn concentration values
in the measured samples (the ARPES data for which are presented on the different panels
of Figure 3) were estimated from the XPS data (Figure S1 in Supplementary Materials)
based on the ratio of intensities of the core levels of Mn2p and Sn3d. The size of the
bulk gap for pure MnBi2Te4 is about 195 meV, which matches well with the presented
calculations of the bulk electronic structure and corresponds to the experimental results of
other work [44]. Increasing the Sn concentration from 0% (Figure 3a) to 19% (Figure 3b)
leads to a noticeable decrease of the bulk band gap. At a concentration of Sn atoms of about
36% (Figure 3c), the value of the bulk gap decreases to its minimum, which close to zero
within the experimental error. When the concentration increases up to 52% (Figure 3d),
the bulk band gap does not change. At concentrations of about 86% (Figure 3e), the
obtatined electronic strucure resambles one for SnBi2Te4 [29]. Comparig our results with
theoretical [29,45] and experimental [33,45] studies of SnBi2Te4 system, we can suppose
that ARPES data for the sample with high Sn concentration in Figure 3e present the picture
of TSS that are localized within the bulk band gap. The edges of bulk band gap for all Sn
concentrations are shown by white dotted lines in Figure 3.
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This behavior of the bulk gap as a function of the Sn atomic concentration, namely a
decrease in the bulk gap down to zero with increasing concentrations (at 36% Sn) followed
by a plateau near zero up to concentrations of about 52%, is (at least qualitatively) similar
to the corresponding theoretical dependencies (Figures 1 and 2). It confirms the accuracy of
the bulk calculations performed and the conclusions drawn from them.

3.3. Surface Calculations

Slab DFT calculations of (Mn1−xSnx)Bi2Te4 system along the KΓM path were carried
out to obtain surface electronic structures in Figure 4a–d corresponding to different Sn
concentrations (x = 0, x = 0.25, x = 0.5 and x = 0.75, respectively). The positions of the
bulk band gap edges are marked with black horizontal dashed lines and the edges of the
TSS gap are marked with green solid lines (if applicable). When Sn content increases from
0% (Figure 4a) to 25% (Figure 4b), the bulk band gap and the TSS gap both decrease almost
by one half; further increase up to 50% closes the bulk gap at the Γ point (Figure 4c) and
this gapless dispersion persists up to 75% of Sn content (Figure 4d). The bulk band gap
dependence on the x parameter in the slab calculations thus matches well with that of the
bulk crystal calculations presented in Figure 2. Moreover, they also agree qualitatively with
the ARPES data in Figure 3 where a similar bulk gap decreases almost to zero value can
be seen. Further, the bulk band gap on ARPES spectra reopens at large Sn concentrations.
The overall electronic structure of (Mn1−xSnx)Bi2Te4 with large x strongly resembles that
of SnBi2Te4 [29], PbBi2Te4 [30] and GeBi2Te4 [29,31].
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Figure 4. Calculated electronic structure of the TSSs and the nearest valence and conduction band
states for different Sn concentrations: 0% (a), 25% (b), 50% (c), 75% (d). The positions of the edges of
the bulk band gap are marked with horizontal dotted lines, and the energy gap in the TSS (where
they are present) is marked with green solid lines indicating its magnitude. Sn–derived states in
panels (c,d) are marked by red dotted lines.

In the case of slab DFT calculations, one can observe additional Sn-derived states
that are absent in the bulk crystal calculations in Figure 2. They appear as additional
dispersion branches in both bulk valence and conduction band regions entering the bulk
gap when Sn concentration is 50% (they are more pronounced for greater concentrations).
A further increase in Sn concentration leads to a deformation of the energy dispersion of
these additional Sn-derived states. In the case of x = 0.75, one may observe a structure
that resembles two k-shifted parabolic branches (these states are marked by dashed red
lines in Figure 4d) with an avoided crossing feature at the Γ point. The formation of similar
additional states is also visible in the experimental ARPES data in Figure 3.

These theoretical calculations generally follow the tendencies revealed by the exper-
imental spectra and emphasize the fact that the Sn orbitals introduced in the system by
impurity doping substantially modify the electronic structure of (Mn1−xSnx)Bi2Te4. We
assume that both in the case of the bulk calculations in Figure 2 and in the case of the slab
calculations in Figure 3, the reason for the decrease in the band gap value with an increase
in Sn concentration may be a change in the mutual hybridization of Te-pz and Bi-pz states
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with each other and the orbitals of Sn and Mn atoms. Moreover, in both of these cases one
can observe the collapse of the band gap when Sn content reaches 50%, indicating the TPT
to trivial or a Weyl semimetal state.

4. Conclusions

To summarize, we have analyzed in detail possible changes in the electronic structure
of the TSSs and the nearest valence and conduction band states for (Mn1−xSnx)Bi2Te4
system produced by partial substitution of Mn atoms by Sn atoms under x variation in
the compound.

Theoretical calculations for both (Mn1−xSnx)Bi2Te4 bulk and slab crystal models for
different x values were performed by KKR (bulk) and DFT (both) methods. It was shown
that partial substitution of Mn atoms with Sn atoms leads to a gradual bulk gap decrease at
the Γ point down to zero at x = 0.35 . . . 0.5 (depending on the calculation method). When
x is in the range 0.35 . . . 0.5 < x < 0.4 . . . 0.75, the bulk gap remains zero (i.e., forms the
so-called zero-gap plateau in its dependence on the value of the parameter x). Finally,
the bulk gap reopens again at the highest Sn concentrations (x > 0.4 . . . 0.75). Despite the
KKR and DFT methods being conceptually different, they both qualitatively predict the
existence of the zero-gap plateau, differing only quantitatively on the corresponding x
range estimates.

The bulk gap closure and its subsequent reopening should be associated with two
TPTs occurring in this system at different Sn concentrations: from the TI with inverted bulk
gap at the Γ point to a Weyl semimetal state at lower x and then the reverse transition to the
TI phase with inverted bulk gap at the Z point at higher x. This is confirmed by electronic
structure calculations along the KΓZ path in the first Brillouin zone, where the inversion of
Bi-p and Te-p orbital contributions can be clearly seen at the edges of the bulk gap at the Γ
point for x below the plateau range and at the Z point for x above the plateau range.

The experimentally measured band structure also agrees qualitatively with the cal-
culations regarding the x-dependence of the bulk gap: when x increases, the bulk gap
magnitude gradually decreases down to zero, and then the zero-gap plateau ensues and
finally the bulk gap reopens at high x, when the band structure typical for SnBi2Te4 TI
is observed. These experimental observations form a sound basis for the computational
investigation of topological phase transitions in (Mn1−xSnx)Bi2Te4 presented in this work.

Strong changes in the electronic structure of (Mn1−xSnx)Bi2Te4 with an increase in
the parameter x are also demonstrated by the slab calculations, in which additional Sn-
derived states that are absent in the calculations of the bulk crystal, can be easily identified
for high concentrations of Sn atoms. These additional states are located in valence band,
conduction band and the bulk gap regions; they correlate well to similar features in the
experimental spectra.

Finally, Sn concentration dependence of the bulk gap in (Mn1−xSnx)Bi2Te4 should be
primarily determined by a complex mixing of Te-pz and Bi-pz orbitals with Mn and Sn
ones. The character of this hybridization leads to the collapse of the bulk gap at the Sn
concentrations of approximately 40–50%, which indicates a TPT from a topological to a
trivial or a Weyl semimetal state. When the stoichiometry of (Mn1−xSnx)Bi2Te4 approaches
its SnBi2Te4 limit at x = 1, the system reaches the TI phase characteristic of this compound.
Although the details of these TPTs mechanism are yet to be revealed, it provides a path of a
gradual modification of the (Mn1−xSnx)Bi2Te4 electronic properties by controlling the Sn
substitution ratio.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sym15020469/s1, Figure S1: XPS data for Mn2p and Sn3d core
levels for samples with different Sn concentrations.
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