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Abstract

Occupancy of different structural positions in a crystal lattice often seems to play a key role in material
properties. Several experimental techniques have been developed to uncover this issue, all of them being
mostly bulk sensitive. However, many materials including topological insulators (Tls), which are among
the most intriguing modern materials, are intended to be used in devices as thin films, for which the
sublattice occupancy may differ from the bulk. One of the possible approaches to occupancy analysis is X-
ray Photoelectron Diffraction (XPD), a structural method in surface science with chemical sensitivity. We
applied this method in a case study of Sby(Te1.xSex)s mixed crystals, which belong to prototypical Tls. We
used high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) as a
reference method to verify our analysis. We revealed that the XPD data for vacuum cleaved bulk crystals
are in excellent agreement with the reference ones. Also, we demonstrate that the anion occupancy near
a naturally formed surface can be rather different from that of the bulk. The present results are relevant
for a wide range of compositions where the system remains a topological phase, as we ultimately show
by probing the transiently occupied topological surface state above the Fermi level by ultrafast
photoemission.
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1. Introduction

Recently, various structural and physical aspects of topological insulators (Tls) have undergone thorough
investigation due to their potential applications in novel electronic devices, for example, in spintronics
and quantum computers [1—4]; such materials have a highly conductive surface combined with an
insulating bulk. The electrons at the surface of TIs move in the opposite directions when having opposite
spins, which opens the pathway for electronic and spin transport. Tetradymite-type compounds are
among the most studied classes of Tls; in addition to the well-known binary compounds such as bismuth
and antimony telluride, as well as bismuth selenide, solid solutions with a similar structure also display
the properties of topological insulators. They are, in fact, even more attractive and promising for potential
practical applications compared to the binary compounds, since all relevant parameters (e.g., the Fermi
level energy, the bandgap, and the Dirac point position) can be varied in a relatively wide range depending
on the composition. The bandgap increase can be more efficiently reached by anion substitution as
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opposed to the cation substitution [5,6]. For Tl solid solutions with anion substitution, a number of
materials have been reported, namely, Bi,Te,;Se, Sb,Te;Se, Bi;TesS, Bi;TesS, Bi1sSbosTer7Se1s, BizTe1 6514,
and Biy.1SbogTe,S [5—17]. Among them, the M,Te,Se phases (M=Bi, Sb) attract special attention as they
possess certain intriguing and unique properties; for example, Sb,Te,Se displays large linear
magnetoresistance combined with extremely low mobility [12,18,19], while its nanoflakes can be used
to manufacture a high-performance visible light photodetector [14].

Occupancy of different structural positions by atoms of the same element in a crystal lattice of mixed
crystals has been shown to influence certain material properties, for example, magnetic ordering
(ferromagnetic or antiferromagnetic ) [20,21] and quantum phase transitions [20,22] in Tls. Several
experimental techniques have been developed and are currently used to characterize the occupancy and
disordering, such as X-ray diffraction (XRD) with Rietveld refinement [8,23], single-crystal diffraction
methods [24], [25], extended X-ray absorption fine structure (EXAFS) spectroscopy [25], and Mossbauer
spectroscopy [26]; all of them are bulk-sensitive. However, many novel materials, including Tls, are
intended to be used as thin films, in which the sublattice occupancy may differ from the bulk due to
thermodynamically or kinetically induced surface segregation. Another issue with the most popular
methods for occupancy analysis, for example, XRD with Rietveld refinement, is that it is impossible to
simultaneously determine the site occupancy and the atomic displacement parameters (ADPs) correctly,
which vyields inaccurate occupancy values (in many cases the occupancy is fixed during Rietveld
refinement based on the data obtained by other methods with higher locality, i.e., high-angle annular
dark field (HAADF) scanning transmission electron microscopy (STEM) with electron energy loss
spectroscopy (EELS) [27] or HAADF-STEM/energy dispersive X-ray (EDX) spectroscopy [28,29]).

Another possible approach to investigate the site occupancy for crystals or thin films is X-ray
photoelectron diffraction (XPD), a structural method in surface science with chemical sensitivity [30],
which makes it an ideal candidate for refined structural studies of thin films and surfaces. The XPD analysis
with chemical state resolution is a well-established procedure, but not applicable here; in solid solutions,
where atoms of the same elements occupy different lattice positions while having the same chemical
shift, the structural analysis potentially can be done by applying the commonly known R-factor analysis
while varying the corresponding occupancies; however, this idea so far has not been tested
experimentally. Here, we perform a case study of solid solutions of tetradymite-type topological
insulators with anion substitution by XPD and compare the results with well-established bulk sensitive
methods to verify whether XPD can be applied to characterize the occupancy of various structural
positions within a crystal lattice in a near-surface region.

Based on the arguments provided above, we decided to focus on testing the capability of XPD to help
determine the occupancy in the Sby(Te1.xSex)s tetradymite-type solid solutions. Anion substitution in such
systems can lead either to statistically filled or ordered atomic positions; in tetradymite type crystals and
thin films, usually, there is no cation ordering (as confirmed, for example, for Bi,Tes-Sb,Tes [31]), while
certain anion ordering has been often observed [11,32]. Within the quintuple layer of tetradymite-like
structures, two different anion positions exist (as illustrated by Ch (1) and Ch (2) in Fig. 1a for Shy(Tes.
x5€x)3); the intralayer position is usually more energetically favorable for more electronegative anions
[32,33]. The Sb,Ses-Sb,Te; phase diagram [34] indicates that mixed crystals exist in the range of 0-64
mol.% Sb,Ses, where the solid solutions show nearly ideal behavior [35]. In Sby(TeixSex)s, based on the
available data we can potentially expect Se atoms to occupy the intralayer positions up to x = 0.33 (which
corresponds to Sb,Te,Se with Te-Sb-Se-Sb-Te quintuples). For Sb,Te,Se, early XPD and XRD/Rietveld
studies are available, which in general indicate no disordering within the selenium intralayer [23,36];
however, the site occupancy was not quantitatively characterized in either of these works. Due to the
developments within the past decades, new experimental capabilities should enable further clarification
of this issue. It has been shown earlier that for similar bismuth solid solutions, specifically for the Bi,Te.Se
crystals, which are of interest for thermoelectric applications, there is certain disordering in the selenium
and tellurium layers (8.5% of Te in the intralayer and 4.3% of Se in the outer layers, respectively [8]), which
agrees well with the available STM data (disordering corresponding to about 5% of Se in the outer Te
layers [37]). These results indicate that modern experimental investigations of Sb,(Te1..Sex)s, preferably in
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a wider range of compositions not limited only to Sb,Te;Se, are required to characterize the anion
disordering.
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Fig. 1. (a) Sb2(Te1xSex)3 crystal structure with different possible chalcogen anion positions, Ch (1) and Ch (2); (b)
ShaSes fraction distribution along the Sbz(Te1xSex)s crystal length according to the XRF data, line thickness
corresponds to error bar ; (c) photo of a typical Sba2(Te1-xSex)s crystal, scale is in cm.

In this paper, we describe the occupancy determination from the XPD data for the Shy(Te:,Sex)s solid
solutions of three different compositions and compare the results with those obtained using other
methods (HAADF-STEM/EDX, XRD with Rietveld refinement) as a new approach to determine the
occupancy of various structural positions within the crystal lattice of thin films and 2D materials.

2. Methods

=10 g Sh,(Te1«Sex)s crystals were grown from the melt by the Bridgman method using a procedure similar
to that described in Ref. [38]. The compounds were synthesized directly in the growth ampoule. 1% Sb
extra was added to all compositions as the homogeneity range of Sb,Tes is shifted towards antimony [34].
The crystal growth took up to 7-9 days and was performed at a pulling rate of 0.75 cm/day. The
temperature gradient during growth was set to be 10 K/cm. A typical view of the obtained crystal is shown
in Fig. 1c. The obtained crystals were characterized by XRF and additionally by powder XRD. The XRF
measurements were performed using a Bruker Mistral-M1 micro-focused system equipped with an XFlash
30mm? detector, the concentrations were determined using XSpect software by determining the area of
individual peaks using the external standard model. 4-7 measurements were taken for each crystal. The
average composition distribution along the crystal length as determined by XRF is illustrated in Fig. 1b.
For XRD the samples were powdered and additionally annealed in evacuated sealed ampoules at 300°C
to eliminate mechanical stress. XRD was performed using a PANalytical Empyrean diffractometer
equipped with a PSD Pixel3D detector in the 26 range of 10-82° with a step of 0.02° at room temperature.
The obtained data were treated within Jana 2006 software package using the PDF-2 database.

For HAADF-STEM imagingand EDX mapping, cross-sectional samples were prepared on a Cu
support by focused ion beam (FIB) milling. The HAADF-STEM and EDX data were acquired on an
aberration-corrected Thermo Fisher Scientific Titan transmission electron microscope operating at 200 kV



and equipped with a Super-X EDX detector. The HAADF-STEM simulations were performed using the
MULTEM software package [39] and the QSTEM package [40].

The XPD data were acquired at room temperature at the PEARL (X03DA) beamline [42] of the Swiss Light
Source using linearly polarized light. The (111) surfaces of the crystals were prepared by cleaving in
vacuum along the van-der-Waals gap. The direction perpendicular to the sample surface, the light
polarization, and the axis of the analyzer lens were oriented in the horizontal plane of the laboratory
reference frame, while the entrance slit of the Scienta EW4000 electron analyzer was oriented vertically.
For the acquisition of XPD maps Sb 4d, Te 4d and Se 3d photoemission peaks were measured at the same
electron kinetic energy of 600 eV in order to provide the same probing depth for all the elements. XPD
maps were acquired by rotating the sample with polar angle steps of 1°. The acceptance azimuthal angle
of the analyzer was restricted to +18°. The 2D electron detector allowed mapping of the angular
distribution with azimuthal angle steps of less than 0.5°. The polar angle range was 80°, while the
azimuthal angle range was 138°. For plotting XPD patterns we have used the equiareal Lambert azimuthal
projection representation. Angular distribution of photocurrent was obtained by peak fitting of
photoemission spectra /(E) at each polar/azimuthal angle, then the data was symmetrized according to 3-
fold crystal symmetry (/(phi)=/(phi+120°)=/(phi+240°)). Finally, XPD patterns are presented in this paper
after removal of the background intensity, which is a smooth function of the polar angle. The calculation
of XPD patterns was done with the electron diffraction in atomic clusters (EDAC) code [41]. The XPD
patterns are presented in this paper after removal of the background intensity, which is a smooth function
of the polar angle, in accordance with Ref. [42]. The R-factor calculation, its minimization procedure, and
error estimation are described in [44]. This definition of the R-factor is slightly different from those
proposed in Refs. [43,44] (it is not normalized to the background intensity). We used two parabolic
clusters, Sb,Tes and Sb,Ses, with the corresponding cell parameters, a radius of 40 A, and two quintuple
layers thickness. One cluster included about 3500 atoms. The emitting atom was located in the center of
each layer in each cluster, and the occupancy was modeled as a fraction of Te and Se atoms in the same
positions within the layer. Multiple photoelectron scattering was calculated by the iterative method to
reach convergence. The maximal multiple scattering order (n) was set to 10. The calculations were
performed at 300 K, temperature lattice vibrations were taken into account using a Debye-Waller factor
for Sb, Se, and Te. The following parameters were optimized: Inner potential (Vo), Debye temperature &y,
inelastic mean free path (IMFP), cell parameters for the cluster, occupancy of Ch (1) and Ch (2) positions
(see Fig. 1a), etc. parabolic cluster radius Rmax Was chosen to be twice the IMFP. Full R-factor analysis was
performed to evaluate the agreement between the experimental and theoretical data.

The pump-probe angle resolved photoemission spectroscopy (ARPES) experiments were carried out at
the RGBL-2 station in Helmholtz-Zentrum Berlin using Ti: Sapphire fs oscillator coupled to an ultrafast
amplifier laser system (RegA, Coherent) operated at 150 kHz. Photoelectrons were detected with a Scienta
R4000 analyzer and the base pressure of the setup was ~1 x 1071° mbar. The single crystals were cleaved
in situ at room temperature. The 1.5 eV pump and 6 eV probe fs-laser pulses were incident on the sample
under an angle of 45 degrees, and the time resolution was ~160 fs. The pump fluence was ~100 p/cm?
and the angular and energy resolutions of the pump-probe ARPES measurements were 0.1° and 20 meV,
respectively.

3. Results and Discussion

In the tetradymite structure shown in Fig. 1a, there are two different anion positions (1/3 of inner
positions Ch (2) inside of the quintuple layer (QL) and 2/3 of outer positions Ch (1)), with the intralayer
position being more energetically favorable for anions formed by more electronegative atoms [8]. For the
purposes of this work, we consider a system to be fully ordered if all Se atoms are in the Ch(2) position
(for x<1/3), and if all Ch(2) positions are occupied only by Se atoms (for x>1/3); a system is considered to
be fully disordered if the probabilities of Se atoms to be in the Ch(1) and Ch(2) positions are equal.

To quantify this issues, we introduce here the ordering factor (a), where a=1 corresponds to a situation
when upon an increase of Se content up to x=1/3 it occupies only the Ch(2) positions, then at x>1/3 it
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starts to also fill in the Ch(1) positions (model A); &=0 corresponds to a structure where all Se atoms are
in the Ch(1) positions up to x=2/3, then at x>2/3 Se atoms also fill in the Ch(2) positions (model B); @=0.5
corresponds to a fully disordered system. Since Se and Te atoms have similar electron scattering factors
(see Supplementary materials, Section 1), and XPD is most sensitive to the local environment of the
emitter, the resulting intensity of XPD pattern /(¢p,®) can be calculated for each element as a linear

combination of patterns corresponding to two limiting scenarios of ordering (A and B):
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where x is the mole fraction of Se in Sby(Te1.xSey)s, I(C(;léc)hl) and I(C(;léc)hz) are the XPD intensities obtained

by uniting the patterns of the corresponding chalcogen emitters from the Ch (1) or Ch (2) layers, and
is the ordering factor introduced above. The ordering factor & was optimized in our calculations
described below in order to achieve the minimum R values at the same time.

The occupancy and the corresponding ordering factor can vary with the solid solution composition. For
this reason, we studied 3 different crystals of Sb;(Te1«Sex)s: one with a low Se content corresponding to
x=0.1, the second one is of tetradymite stoichiometry, Sb,Te,Se, with x=0.3, and the third crystal had a Se
concentration close to the maximum, x=0.5. The composition distribution along the crystal length (i.e.,
along the growth direction) as determined by XRF is illustrated in Fig. 1b; it indicates a slight variation
across the ingot length. The composition of the samples used for XPD is given in Table 1.

The XPD patterns for the surfaces of these three crystals obtained by cleaving in UHV are presented in
Fig. 2a-c. One can immediately notice the striking difference in the XPD patterns of Se and Te, especially
in the central part, due to essentially different local structures. The calculated patterns for individual
lattice positions are presented in Fig. 3; their initial comparison with the experimental observations
indeed reveals preferential Se occupation of the Ch (1) site while Te is dominantly in the Ch (2) positions.
For further quantification, we performed the XPD modeling. The EDAC simulation shows the preferential
occupation of the Ch (2) position by Se, although the ideal tetradymite structure does not yield the best
description of the experimental data. In our model, we admitted a mixed occupancy of the Ch (1) and Ch
(2) positions and optimized the respective ordering factor within the formalism described above while
also imposing constraints on the total composition (as obtained from the XRF data). The results are
presented in Fig. 1d for one of the compositions. The R-factor dependence on the ordering factor has a
distinct minimum in all cases. For all compositions, certain disordering is observed (see Table 1); this does
not contradict the available early XPD and XRD/Rietveld data described in the Introduction section [23,36].
Fig. 2(e-f) clearly shows that the ordering increases with the Se content increase. At a low Se content
(sample with x=0.1), the Sb-Ch(2)-Sb distance is mostly defined by the atomic size of Te, since it
dominates. This may lead to a smaller energy benefit for Se atoms to occupy the intralayer Ch(2) position.



Te 4d Se 3d

<
g0
= o
gL
x
LLi
Max_
El
o
I
2
Min
<
£
= o
2L
>
1L
c
7}
@
Q|
>
LLi
oS
T
R=0.217
-90-60-30 0 30 60 96 -90-60-30 0 30 60 9'0 -90-60-30 0 30 60 9'0
Polar angle Polar angle Polar angle
e) f) 1.0 4
109 —i— Ordering factor a
Occupancy by Se atoms in:
—A— Ch(1) Edge
084 ¥ Ch(2) Center
08 — x=0.1
— x=0.3
— x=0.5 0.6
S
5 o
£ 0.6
o 0.4 —
Omin= 0.83
min= 0.71
0.4 — 0.2
0.0
[ I I I I T T T T T 1
0 20 40 60 80 00 01 02 03 04 05
Ordering factor, a X, mole fraction

Fig. 2. (a-c) Azimuthal projections of experimental XPD patterns obtained for the Sb,(Te;..Sex)s crystals at an electron kinetic
energy of 600 eV for Sb 4d (left), Se 3d (middle), and Te 4d (right), for different compositions marked on the left, (d) the optimal
simulated XPD pattern for composition x=0.1 with the corresponding R-factor values. (The same for x=0.3 and x=0.5 can be found
in the Supplementary materials (Section 2), (e) the dependence of the R-factor on the ordering factor &, (f) the dependence of
the ordering factor and occupancies of Ch positions by Se atoms on selenium mole fraction (x).
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2).

For comparison with well-established experimental methods of atomic occupancy analysis, we also
studied these samples by HAADF STEM/EDX. The total concentrations were determined by SEM-EDX as
presented in Table 1. From the HAADF-STEM image of the sample with x=0.5 in Fig. 4c, it is already clear
that the Se atoms preferentially substitute the middle Te layer in the quintuple layer due to the Z contrast
in the HAADF-STEM images. Se has a Z number of 34, while for Te Z=52, therefore, the columns that
contain more Se atoms will appear darker than the columns with more Te atoms. No interstitial defects
were observed in this experiment.

Table 1. Summary of the position occupancy analysis for Sby(Te1.xSex)s. The STEM/EDX occupancy of the
Sb sites in all cases are equal to 100%.

SAMPLE x=0.1 x=0.3 x=0.5
TOTAL
COMPOSITION Sb2.07(3)(S€0.09(2) T€0.89(1))3 Sb2.01(4)(S€0.:333) Te0.67(2))3 Sb2.05(4)(S€0.52(3) T€0.47(2))3
(EDX)
TOTAL
COMPOSITION Sba(Seo.089(6) T€0.912(6))3 Sba(Seo.290(6) T€0.710(6))3 Sba(Seo.450(6) T€0.550(6))3
(XRF)
COIV.IrI?(.)rS:'ION Vegard’s law: Vegard’s law: Vegard’s law:
(XRD) Sba(Seo.0694(2) T€0.9306(2))3 Sba(Seo.2778(2) T€0.7222(2))3 Sha(Seo.4252(1)T€0.5748(1))3
?)TC?:TJ,IFI’(;;EYE STEM/EDX XPD/XRF XRD/Rietveld STEM/EDX XPD/XRF XRD/Rietveld XPD/XRF XRD/Rietveld
Te S@ Te Se Te Se Te Se Te Se Te Se Te Se Te Se
Ch(1) 94.0(6)| 6.0(6) | 95.2 | 4.8 |92.6(2)| 7.42) | 86(2) | 14(2) | 883 | 11.7 |94.7(2)| 5.3(2) | 77.0 | 23.0|79.5(2)|20.7(2)
Ch(2) 81.0(2)[19.0(2)| 82.9| 17.1|87.7(6) | 12.3(6)| 30(3) | 70(3) | 36.5 | 635 |30.0(2)|70.0(2)| 11.0 | 89.0] 6.0(4) |93.7(4)
a 0.61 0.67 0.45 0.71 0.71 0.87 0.83 0.94

We performed a more detailed EDX investigation with an atomic layer resolution to obtain a rough
estimate for the occupancy of the structurally different Te/Se positions. We followed a similar procedure
as described by Lu et al. [45,46], using the Sb-L (6.603 keV), Te-L (3.767 keV), and Se-K (11.210 keV) lines.
In Fig. 4 the atomically resolved EDX maps of two samples are presented, where the averaged Se maps
for x=0.1 and x=0.3 indicate that the outer layers of the QL layer contain Se. Therefore, upon gradual Te
substitution with Se in the mixed crystals of Sb,(Te1..Seyx)s, the Se atoms are already present in the outer
layers (i.e. in the Ch (1) positions) before the middle layer is completely filled by Se, which agrees well
with our XPD data on the statistical distribution of chalcogen atoms for x=0.1 but contradicts the data
obtained from Ref. [23].



Fig. 4. (a-c) HAADF-STEM images of zone [010] for the Sb,(Se Te1«)s samples with x=0.1(a), x=0.3(b), and x=0.5(c). (d-e) Atomically
resolved EDX maps of the Sb,(Te1.xSex)s samples with x=0.1(d) and x=0.3(e) (See Supplementary materials, Section 4 for more
details). The small EDX maps at the bottom of (d-e) were obtained from the top EDX map by averaging over different quintuple
layers.

Quantitative analysis was performed by comparing the HAADF-STEM simulations with the experimental
observations using the total concentrations obtained by EDX with the averaged experimental HAADF-
STEM image presented in Fig. 5. The corresponding position occupancies are given in Table 1. They are in
reasonable agreement with our XPD data. One can notice from Table 1, though, that both sets of the
ordering factor values (XPD and HAADF-STEM/EDX) poorly agree with the respective Rietveld refined
powder XRD results. A detailed description of the Rietveld refinement procedure that we followed and
the results obtained are given in the Supplementary Materials (Section 3). Earlier, it has been
demonstrated for different materials that the occupancies derived from HAADF-STEM/EDX (HAADF-
STEM/EELS) and powder XRD after Rietveld refinement often differ, which is explained by most
researchers by the locality of STEM compared to XRD [45-47]. The volume of matter probed by STEM is
indeed by 7-8 orders of magnitude less than that for XPD; for XRD, it is 7-8 orders of magnitude more than
for XPD and therefore up to 16 orders of magnitude higher than for STEM. However, the fact that XPD
and HAADF-STEM/EDX data agree well, while the Rietveld-refined XRD results deviate remarkably,
suggests that methods that are more chemically sensitive evidently yield more reliable data on the
occupancies and ordering factors, thus the approach mentioned in the Introduction section, when the
HAADF-STEM/EDX or HAADF-STEM/EELS data are used as a starting point for the occupancy
determination by Rietveld refined XRD [27,28], seems to be more correct (as compared to the direct
occupancy determination from the XRD data). We believe that the reason for this is that in mixed crystals
with relatively high statistical disordering the ADP parameters during Rietveld refinement reflect the static
displacement of the atoms rather than their dynamic motion; therefore, when the site occupancies and
ADPs are refined simultaneously, there is often divergence in the resulting solution. This may also explain
why the occupancies defined from XRD/Rietveld for x=0.5 (a more ordered system) are closer to those
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obtained with other methods compared to the data for x=0.1 or x=0.3 (i.e., the higher the ordering, the
better the agreement between the methods).

It should be noted that the quality of the experimental X-ray photoelectron diffraction patterns observed
for Te 4d for both x=0.3 and x=0.5 is worse than that for x=0.1. This is not only due to lower Te
concentration but might also be due to an XPD surface sensitivity issue. The main contributing factor is
that in the third atomic layer from the surface the Te content becomes negligible due to its preferential
substitution by Se. The first layer gives predominantly forward scattering, which is not so well modeled
within the EDAC formalism, whereas the fifth layer yields weak intensity in the XPD patterns due to a low
inelastic mean free path of electrons at a kinetic energy of 600 eV. In this case, more precise results can
be potentially obtained using a significantly higher electron kinetic energy, however, such conditions have
not been available for our experiments.

All in all, XPD yields the correct determination of the site occupancies and reproduces the HAADF
STEM/EDX data. At the same time, the XPD data come generally from the very surface layers with variable
surface sensitivity. For the surfaces obtained by cleavage, the surface composition, and the occupancies
are generally not at equilibrium but are “frozen” as in the bulk. However, for natural surfaces like those
of epitaxial films, there may be a substantial difference. In this case, XPD provides a unique opportunity
to investigate the material structure.

In our case, we did not study thin films but, remarkably, the samples themselves contain flat voids, i.e. 3D
defects of different volumes. The corresponding examples are presented in Fig. 6. These 3D defects still
show the quintuple layer in projection, but with a darker contrast, while the EDX data in Fig. 6 show a
decrease in Sh, Te, and Se content while no other chemical element is present. Therefore, the decrease
in intensity is observed due to missing atomic clusters (probably discs). This suggests that the contrast
difference is caused by a decrease in thickness and not by a change in chemical composition. Another
explanation could be that the 3D defects are caused by the FIB sample preparation, however, no reports
have been found in the literature regarding any similar defects caused by FIB for any other materials.
Furthermore, such defects were also not present in any of the other samples that we investigated, which
were all prepared with similar sample preparation settings. Another suggestion is that oxygen is captured
in these areas. For example, oxygen might be present in the sample when the raw bulk Sb, Se, or Te
material used for sample preparation was oxidized. However, in this case, the question remains why the
void only consists of a single quintuple layer. Wu et al. [48] observed vacancy clusters in
(GeTe)os7s(BiaTes)o.o2s, however, their specific size was not mentioned. Another proposition is that these
materials contained another phase consisting for example only of Se, which is the lightest of the three
elements. Due to the different structural properties between the two phases, the respective milling effect
can be different, thus causing the removal of the extra phase by FIB. However, such a big difference in
milling at such a local scale appears to be highly unlikely. Another possible explanation can be annealing,
which was reported to be capable of removing secondary phases [49], however, no annealing after the
sample preparation was performed on the investigated samples. So, the origin of these 3D defects, which
appear as partial removal of one quintuple layer in the depth of the material, remains unclear. But,
remarkably, the lattice position occupancy near the voids presenting the “internal surfaces” is rather
different from that in the bulk. One can expect a similar effect for the surfaces formed naturally (e.g.
during thin film growth), or for surfaces that have reached equilibrium upon cleavage, therefore XPD will
evidently be a useful tool to probe such systems.

Having shown the different distributions between the anion positions within the quintuple layers as
compared to the bulk, the question remains how the change in stoichiometry affects the topology of the
system. In this material class, the topological phase transition is accessed by increasing the spin-orbit
coupling strength, eventually leading to a band inversion and the emergence of topological surface states.
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Fig. 5. Comparison between the averaged experimental HAADF-STEM images and the simulated HAADF-STEM images calculated
using QSTEM [41] using the layer composition obtained by EDX and displayed in Table 1, and the corresponding line profiles for
the Shy(Te1..Sex)s samples with x=0.1(a) and x=0.3(b).
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Fig. 6. HAADF-STEM images of the 3D defects in the Sby(Te1.xSex)s sample with x=0.1: (a),(b) An overview of two 3D defects of
different size; (c), (d) Close-ups of the edges of the 3D defect from (b). e) EDX maps of zone [010] from the Sb,(Te;«Sex)s sample
with x=0.3 and a vertical line profile: Se occupies predominantly the central layer of the QL, but is also present in the outer layers.
The EDX signals of Sb, Se, and Te drop at the location of the 3D defect.

Therefore, starting from the topologically non-trivial Sb,Tes, increasing Se incorporation will smoothly
drive the system through the critical point back to the topologically trivial regime of Sb,Ses. To assess
whether this transition has been surpassed for the case of the maximal investigated Se fraction (which
also corresponds to the highest ordering, x=0.5), we investigated the electronic structure of Sb,(TeosSeos)s
along with the topologically non-trivial parent compound Sb,Tes. Figure 7(a-b) shows the respective
energy-momentum dispersions as probed by angle-resolved photoemission spectroscopy (ARPES), using
6 eV photons from a femtosecond (fs) laser source. Due to p-type doping in our samples, the topological
surface state is out of reach in conventional ARPES experiments, which only probe the occupied states
below the Fermi level (E).
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Fig. 7. (a-b) Electronic structure of Sb,Tes (a)and Sha(TeosSeos)s (b) as seen with conventional angle-resolved photoemission
(ARPES) using 6 eV photons. The bulk valence bands (BVBs) are labeled. (c-d) Equivalent ARPES spectra following a transient
population of the unoccupied states with a fs-laser 1.5 eV pump pulse. The topological surface state (TSS), surface resonance
states (SR), and the bulk conduction band (BCB) are indicated for each compound. (e-f) The spectra from (c-d) are reproduced
along with Lorentzian peak positions of the TSS dispersion (open circles). Dashed lines are fits to the overall TSS band dispersion
for each compound. Red and blue colors indicate opposite spin states of the surface localized bands.

To overcome this issue, we transiently populated the unoccupied part of the band structure using a fs
infrared laser pulse (hv=1.5 eV) in addition to the 6 eV fs probe, as shown in Fig. 7(c,d). Indeed, as shown
in Fig. 7c, the band inversion and the topological surface state (TSS) are clearly seen for Sb,Tes following
optical excitation, as expected. Fig. 7d shows an equivalent energy-momentum region for Sby(TegsSeos)s,
demonstrating that the topological surface state persists, unambiguously confirming that the system
remains topologically non-trivial despite the reduction of the chalcogen derived spin-orbit coupling
strength.

There are more subtle changes to the surface band dispersion, however. Whereas the TSS in Sb,Tesadopts
a shape that is well approximated by a strictly linear band dispersion over an extended region away from
the crossing point (dashed lines in Fig. 7e), the TSS in Sh2(TeqsSeos); deviates substantially from linearity,
requiring higher-order terms to well approximate the extracted band dispersion (dashed lines in Fig. 7f).
This deviation is coupled to an increased effective mass corresponding to a reduction in the group velocity
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of the TSS bands by a factor of 0.82. This observation is consistent with a narrowing of the inverted
bandgap as Se is incorporated, despite the small shift of the Dirac point energy (Ep) by ~30 meV.

Therefore, the present results on anion substituted Sb,(Se,Te)s chalcogenides are of fundamental
importance to the topological insulator material class.

4. Conclusions

We found that the XPD data on the occupancies of lattice positions for the surfaces obtained from bulk
crystals by cleaving under UHV are in good agreement with the HAADF-STEM/EDX observations used as a
reference to probe the bulk positions. Using both approaches, we revealed that in the range of Sby(Te;.
xS€x)3 compositions between x=0.1 and x=0.5 the ordering increases with the Se fraction increase, and
demonstrated that both methods are better suited to describe the occupancies in mixed crystals than the
currently more widespread powder XRD with Rietveld refinement, which has uncertainty related to hardly
separable contributions of occupancy and atomic displacement parameters.

We also revealed that the anionic occupancy near rarely observed crystal defects — voids - is quite
different from that in the bulk. This suggests that naturally formed surfaces (for example, those of thin
films) can show significantly different anion distribution between the anion positions within the quintuple
layers as compared to the bulk or to surfaces formed in the UHV from single crystals by cleavage. In the
case of naturally formed surfaces, XPD is currently the only method to probe this issue. Finally, by directly
probing the transiently occupied energy-momentum dispersion of topological surface states above the
Fermi level following ultrafast optical excitation, we have shown that the present results on anion
substituted Shy(Tei.Sex)s chalcogenides are of fundamental importance to the topological insulator
material class.
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Section 1. The effect of different scattering factors of chalcogen atoms
on the scattering amplitudes in the XPD patterns

In our two-surface model (see the Methods section of the main text), we assume that the difference in the
scattering factors for Se and Te atoms is negligible. This allows us to represent the diffraction pattern of a
mixed crystal as a linear combination of its binary constituents.

Generally, a photoelectron diffraction pattern can be influenced by the scattering factor of atoms around the
emitter . To estimate the influence of different scattering factors of chalcogen atoms on the intensity of
theoretical XPD patterns, we simulated images for two clusters, Sb,Ses(111) and Sh,Tes(111) (Fig. S1). All
structural parameters (i.e., the crystal structure, the lattice parameters, and the atomic coordinates) as well
as non-structural parameters were chosen to be equal. l.e., the only difference was the type of chalcogen
atom in this simulation. The calculated R-factor of the simulated patterns was estimated as 0.036, thus
confirming the correctness of our approximation.

Sb,Se, Sb 4d Sb,Te,
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Fig. S1. Azimuthal projections of theoretical XPD patterns of Sb 4d photoemission peak for two clusters, Sb,Tes(111) (left) and
Sbh,Ses(111) (right). Both simulations were performed for an electron kinetic energy KE=600 eV in equal conditions (structural and
non-structural parameters). Note the low R-factor value.



Section 2. The XPD patterns for Sha(TeixSex)s, x=0.5 and x=0.3
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Fig. S2. Azimuthal projections of experimental (a,c) and the optimal simulated (b,d) XPD patterns obtained for the Sby(TeixSex)s

crystals at an electron kinetic energy of 600 eV for Sb 4d (left), Se 3d (middle), and Te 4d (right) with the corresponding R-factor
values.

Section 3. Rietveld refinement of the powder XRD data

Both Sh,Tes and Shy(Tei.Sex)s (x=0.1, 0.3 and 0.5) have a rhombohedral structure with the space
group R3m (No. 166) [2]. To find the lattice constants, the zero shift was determined by adding powdered
elemental germanium as an internal standard. With the increase of x the a and ¢ parameters decrease,



which in turn leads to preferable occupation of the Ch (2) chalcogen sites by selenium as its ionic and
covalent radii are shorter than those of tellurium (rion(Se)=0.198 nm, re(Se)=0.120(4) nm; while
ron(T€)=0.221, reov(Te)=0.138(4)). Powders made from layered crystals are strongly textured, and to reduce
the texturing effect, the XRD samples were prepared by putting the corresponding powders on top of a
glass sample holder coated with a thin layer of petroleum jelly. The resulting samples were free of any
preferential texturing, according to the obtained powder XRD data.

The structural refinements were performed by the Rietveld method. The X-ray powder patterns were fitted
using a Jana 2006 analysis program to minimize the profile discrepancy factor. The structure was refined in
the R3m trigonal space group, in which Te atoms were located at sites 6¢, which correspond to Ch (1), Sb
atoms were at sites 6¢, which correspond to the cation positions in this structure, and Se atoms (as well as
partially Te atoms in case of x=0.1) were at sites 3a, which correspond to Ch (2). To determine the position
occupancies, we used anisotropic displacement factors (ADFs) solved for Sb,Tes by Serrano-Sanchez F. et
al [2] with subsequent refinement of the ADF values after initial determination of the occupancies. The
refined ADF values coincide with those in [2] within the error limits. The occupancies of the chalcogen
positions, Ch (1) and Ch (2), were refined since it was already mentioned above that substitution takes
place at both chalcogen sites in the same time. For all Shy(Te1xSex)s compositions considered in our paper
(x=0.1, 0.3 and 0.5), the occupancy parameters were refined with the following constrains:

occ(Te (1)) = 1-x - occ(Te (2)),
occ(Se (1)) = x - occ(Se (2)),

occ(Ch (1)) = occ(Te (1)) + occ(Se (1)) = 1,

occ(Ch (2)) = occ(Te (2)) + occ(Se (2)) = 1.
The resulting compositions obtained from the Rietveld refinement are presented in Table 1 of the main
text. Table S1 below lists the refinement conditions, the cell parameters, and the respective reliability
factors; Table S2 shows the resulting data for the atomic coordinates and Table S3 lists the resulting ADF
values. Figure S3 shows the calculated and the observed diffraction profiles.

Table S1. The conditions of Rietveld refinement (from the X-ray powder data) for Sby(Te1«Sex)s.

x=0.1 x=0.3 x=0.5
Wavelength (A) Aka:=1.540593, Ak, =1.544427; |(kats)/)(ka)=0.497
Temperature 298 K
26 range (°) 10-82
Step scan increment (°26) 0.02
Zero point (°20) 0.0924(5) 0.0979(5) 0.0600(3)
Lattice parameters: Space group: R3m, a=b, a =B =90° y=120°
a (A) 4.24600(5) 4.19494(5) 4.15885(3)
C (A) 30.3459(6) 29.9856(5) 29.7861(4)
V(A 473.80(1) 456.98(1) 446.160(6)
X 2.36 2.44 2.82



Rp 2.23 2.28 2.67
wRp 3.77 3.88 421
Table S2. The refined structural parameters for Sby(Te1.Sex)s
WyFkoff Site y y . Occupancy
site symmetry
x=0.1
Sb1 6¢ 3m 0 0 0.39769(3) 1.000
Ch (1): Tel 6C 3m 0 0 0.21297(2) 0.926(2)
Sel 6c 3m 0 0 0.21297(2) 0.074(2)
Ch (2): Te2 3a 3m 0 0 0 0.877(7)
Se2 3a 3m 0 0 0 0.123(7)
x=0.3
Sb1 6¢ 3m 0 0 0.39439(3) 1.009(8)
Ch (1): Tel 6C 3m 0 0 0.21428(3) 0.947(2)
Sel 6¢ 3m 0 0 0.21428(3) 0.053(2)
Ch (2): Te2 3a 3m 0 0 0 0.300(7)
Se2 33 3m 0 0 0 0.700(7)
x=0.5
Sb1 6¢ 3m 0 0 0.39439(2) 1.001(2)
Ch (1): Tel 6C 3m 0 0 0.21486(2) 0.795(2)
Sel 6c 3m 0 0 0.21486(2) 0.207(2)
Ch (1): Te2 3a 3m 0 0 0 0.060(4)
Se2 3a 3m 0 0 0 0.937(4)
Table S3. The refined ADF values for Sby(Te1xSey)s.
Uiz Uz Uss Uz Uss Uz
x=0.1
Sb1 0.021(3) 0.021(3) 0.033(4) 0.014(3) 0 0
Ch (1): Tel 0.020(4) 0.020(4) 0.022(3) 0.010(4) 0 0
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Fig. S3. The resulting Rietveld plots for the crystals of solid solutions Sh,(Te1xSey)s: (a) x=0.1, (b) x=0.3, (c) x=0.5. The vertical
markers show the positions calculated for the Bragg reflections (the second phase corresponds to monocrystalline Ge).

Section 4. The sensitivity of R-factor to lattice occupancy.

We have calculated the R-factor between all experimental patterns. They are presented in table S4. At the
same time the Te 4d pattern varies for x<0.3, whereas the Se 3d pattern exhibits some changes for x=>0.3.
This can be explained by the fact that the amount of Te atoms in the third atomic layer from the surface
becomes negligible due to its preferential substitution by Se for x=>0.3. Electrons emitted from Te atoms
in the first layer undergo predominantly forward scattering (i.e. in-plane scattering) and give minor
contribution to the diffraction pattern, whereas the fifth layer yields weak intensity in the XPD patterns due
to a short inelastic mean free path of electrons at a kinetic energy of 600 eV. For this reason, the Te 4d
patterns is sensitive to Te atoms in the third atomic layer (Ch2 position). As they are missing for x=0.3 and
0.5 the diffraction patterns are similar (R=0.19). Contrary, for Se 3d patterns the difference increases upon



appearance of selenium atoms in the fifth and first atomic layers (Ch1 position). Therefore, such correlation
in the behavior of Te and Se R-factors demonstrates that the R-factor is sensitive to the occupancy of lattice
sites.

Table S4. The calculated R-factor between experimental patterns.

Pattern X1—X2

10-30 10-50 30-50
Sb 4d 0.1758 0.1773 0.2236
Te 4d 0.3029 0.3297 0.1960
Se 3d 0.0823 0.1446 0.1659
mean 0.1868 0.2283 0.2119

Section 5. Details of position occupancy calculations from the HAADF-STEM/EDX data

In addition to the study described in the main text, we also performed a more detailed EDX investigation
to obtain a rough estimate of the chemical layer composition of the chemically different Te/Se layers. We
followed a procedure similar to that described by Lu et al. %3, using the Sbh-L (6.603 keV), Te-L (3.767 keV)
and Se-K (11.210 keV) lines. First, we averaged the atomic resolution map (Fig. S4) to increase the signal-
to-noise ratio. Next, we fitted the line profile of the elemental maps of the mixed positions with a
combination of Gaussian functions using the Fityk software * (Fig. S4). The FWHM of the Gaussian peaks for
each element was constrained to have the same value for different layers. Small differences can occur,
because the FWHM depends on the beam spreading and channeling, which on its own depends on the
chemical distribution within the column 3. However, thin film conditions weaken the dependence. The
fitted FWHM is 0.27 nm for Te-L and of 0.25 nm for Se-K.
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Fig. S4. The elemental Se and Te line profiles of the averaged HR-EDX maps in Fig. 4 (d) and (e): the

experimental data (green) where Gaussian peaks are fitted at the different peak positions (blue) with the
overall sum (red).

Then, we determine our own k-factors of the Cliff-Lorimer method ® (assuming thin film conditions), which
represent the scaling factor between the concentration ratio of two elements, Cre/Cse, and their
corresponding characteristic X-ray intensity ratio lre/lse: Cre/Cse = kteseXlte/lse. The counts ratio lre/lse is
determined from the ratio of the sum of the areas under the Te and Se Gaussian peaks. The concentration
ratio in atomic percent, Cre/Cse, was obtained from our STEM-EDX data. We can use the k-factors in the
formulae Cre/Cse = ke seXlte/lse combined with Cre + Cse = 1 to determine the layer composition of the
chemically different Te/Se layers. The error is calculated through error propagation with the k-factor
variation Ak/k~0.1 assuming that the error on the Sb,(Te1.Sex)s counts is equal to VI. The count variation

(Al/1) is thus negligible compared to the k-factor variation, when a reasonable amount of counts per
element is available.
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