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Abstract
The electronic properties of Fe-based superconductors are drastically affected by deformations on
their crystal structure introduced by doping and pressure. Here we study single crystals of
FeSe1−xSx and reveal that local crystal deformations such as atomic-scale defects impact the
spectral shape of the electronic core level states of the material. By means of scanning tunneling
microscopy we image S-doping induced defects as well as diluted dumbbell defects associated with
Fe vacancies. We have access to the electronic structure of the samples by means of x-ray
photoemission spectroscopy (XPS) and show that the spectral shape of the Se core levels can only
be adequately described by considering a principal plus a minor component of the electronic states.
We find this result for both pure and S-doped samples, irrespective that in the latter case the
material presents extra crystal defects associated to doping with S atoms. We argue that the second
component in our XPS spectra is associated with the ubiquitous dumbbell defects in FeSe that are
known to entail a significant modification of the electronic clouds of surrounding atoms.

1. Introduction

The so called iron age of high-temperature superconductivity renewed the hope on discovering
superconducting compounds with technically relevant critical temperatures. This age was inaugurated by the
discovery of superconductivity with a critical temperature Tc = 26 K in the superconductor
LaO1−xFxFeAs [1] and was followed by numerous reports of superconductivity in the Fe-based
superconductors family [2–6]. Among all the members of this family, the FeSe compound [2] has attracted
much attention since it has a simple crystal structure of stacks of superconducting layers and its Tc can be
enhanced up to 37 K by applying hydrostatic pressure [7, 8], the largest value for a binary compound.

In addition, FeSe is special since puzzles the understanding of the nature of high-temperature
superconductivity in Fe-based superconductors: while most of them presents a magnetic order that seems to
be in close relationship with superconductivity [9, 10], in FeSe no static magnetic order is observed at
ambient pressure [10–12]. This compound also presents a tetragonal to orthorhombic transition on cooling
around 90 K [13] without undergoing any magnetic transition [14, 15]. Another relevant part of the puzzle is
that doping FeSe with chalcogen atoms or applying pressure produces significant changes in the phase
diagram of the compounds [16] and enhances magnetic instability [17]. Indeed, spectroscopic data obtained
by means of scanning tunneling microscopy (STM) give support to the idea that spin fluctuations have a
relevant role in the superconducting pairing mechanism of Fe-based superconductors [18–20]. All these
results indicate that in FeSe there is an intricate interplay between the crystal structure and electronic
properties such as superconductivity and magnetism.
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For instance, introducing chemical pressure in the material by isovalently substituting Se with another
chalcogen element is a suitable control parameter to tune crystal structure deformations [21] as well as the
critical temperature [16]. Other examples of the fine interplay between crystal structure and electronic
properties in FeSe is the radical enhancement of Tc when growing strained monolayer films on top of SrTiO3

substrates [22], or when coating the samples with K adatoms [23]. Atomic-scale local crystal structure
modifications such as defects do also play a role in the electronic and superconducting properties of the
material [1, 24]. A prominent example of this is reported in molecular beam epitaxy (MBE)-grown FeSe
films presenting dumbbell-type atomic defects: superconductivity is suppressed on tuning the defect
concentration above a relatively low critical value [25]. Thus, understanding the impact of atomic-scale
defects in the electronic structure of Fe-based superconductors is of key importance for assessing how critical
is the occurrence of these features for the establishment of superconductivity in these compounds.

With the aim of studying this impact, here we study single crystals of FeSe1−xSx, the Fe-based compound
with the simplest crystal structure, consisting of a stack of superconducting layers. We apply STM to reveal
that this compound presents S-doping induced defects as well as diluted dumbbell defects associated with an
Fe vacancy. We measure the electronic structure of the samples by means of x-ray photoemission
spectroscopy (XPS) and reveal that the spectral shape of the peaks of some of the Se and Fe core levels can
only be adequately described by considering a dominant plus a smaller second component of the electronic
states. We find this result for both, pure as well as S-doped samples, irrespective that they present extra
crystal defects associated with the substitution of Se by S atoms. Structural and resistivity characterization, as
well as the spectral shape and energy location of the peaks in XPS spectra, indicate our samples do not
present inter-growths of the hexagonal phase. Even though in our STM topographies only∼4% of the
imaged Se atoms are involved in dumbbell defects, according to DFT calculations these defects entail a
significant modification of the electronic clouds of the eight Se and Fe atoms surrounding the Fe vacancy.
Thus, we suggest the second component in our XPS spectra is associated with the ubiquitous dumbbell
defects in FeSe. This impact of the atomic defects in the binding energy and the spectral shape of the core
levels in FeSe1−xSx highlights the subtle interplay between the crystal structure and the bulk electronic states
in Fe-based superconductors.

2. Experimental details and characterization of samples

In this work we study platelet-like FeSe1−xSx single crystals obtained by means of the vapor transport
method. Crystals were grown during 45 days using a KCl: 2AlCl3 flux and a temperature-gradient with a
hot-point of 395 ◦C and a cold-point of 385 ◦C. Further details on the crystal growing method can be
obtained in [26]. X-ray diffraction experiments at room temperature indicate the single crystallinity and the
tetragonal structure of the samples and do not show any detectable trace of spurious phases [26]. We have
not detected a significant concentration of Al nor K neither with energy-dispersive x-ray spectroscopy nor
with time-of-flight secondary ion mass spectrometry techniques. The XPS spectra measured in our samples
show no peaks that could be associated with the K 2p doublet nor Al 2s and Al 2s levels. Thus, no significant
concentration of Al and K from the growing flux is detected in our samples.

Figure 1(a) presents the ab-plane normalized resistivity, ρN = ρ(T)/ρ(200 K), of the studied single
crystals. As shown in the insert, the single crystals present superconducting transitions with Tc = 9.6(0.2)K
for x= 0, and 10(0.2) K for the S-doped sample, both with transition width of 2 K. An increase of the
superconducting critical temperature is expected in the latter due to the positive chemical pressure
introduced by the S-dopant atoms [16].

Data in figure 1(a) show that the resistivity ρN of the crystals present a kink at an intermediate
temperature. This feature is associated with the structural transition from tetragonal to orthorhombic
symmetry on cooling, occurring at Ts ∼ 90 K for pure FeSe according to elastic neutron scattering
measurements [27]. This transition temperature Ts is manifested as a departure of the resistivity from its
high-temperature linear behavior [27]. This temperature coincides with the midpoint of the jump in
dρN(T)/dT as indicated in the insert to figure 1(b). Following this criteria we found Ts = 89(1)K for our
x= 0 and 85(1) K for our S-doped single crystals, see dashed lines. This last value is in agreement with a
doping range x= 0.02–0.03 according to the literature [16].

We would like to point out that the temperature location and shape of the kink in the derivative of
dρN(T)/dT associated with the tetragonal to orthorhombic transition seems to be a good criteria to ascertain
the purity and crystallographic quality of FeSe1−xSx samples [11, 27]. For comparison, in figure 1 we show
data for a crystal from another batch with formula Fe0.92Se [26] and for a sputtered FeSe/SrTiO3 film [28],
both presenting inter-growths of the magnetic hexagonal phase. This film has a tweed grain pattern with a
typical length scale∼1 µm. In the case of the Fe-deficient crystal the kink in resistivity and jump in its
derivative is fainted and a Ts ∼ 75 K can be estimated. This decrease in the structural transition temperature
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Figure 1. Transport properties of FeSe1−xSx single crystals. (a) Normalized resistivity ρN = ρ(T)/ρ(200K) in the intermediate
temperature range for the pure and S-doped single crystals studied in this work (red and green points). We also compare data in
single crystals with data in a FeSe crystal with inter-growths of spurious phases (violet points) and with data in a FeSe/STO film
with important mosaicity (blue points). Insert: detail of the superconducting transition of the single crystals at low temperatures
with the superconducting critical temperature Tc indicated with arrows. (b) Derivative of the normalized resistivity with respect
to temperature for the curves in panel (a). The tetragonal to orthorhombic transition temperature Ts is indicated with dashed
vertical lines. Insert: criteria used to estimate Ts from the resistivity and its derivative.

Figure 2. Rutherford backscattering spectrometry (RBS) data obtained at room temperature in a FeSe1−xSx single crystal (blue
points). The fit of the data with the SIMNRA code (orange line) and the individual Fe, Se and S contributions are indicated.
Insert: zoom in to the S contribution to the total fit.

is also found in Se-deficient crystals [13]. In the case of the FeSe film with strong mosaicity the minimum in
dρN(T)/dT is not even evident. Thus, we argue that the single crystalline samples we study in this work have
a good crystal quality as ascertained by transport measurements.

We measured the level of S-doping in our samples by means of bulk and surface sensitive techniques. In
the first case, x-ray energy-dispersive spectroscopy yields a bulk composition of x= 0.03(0.01). The level of S
was also estimated by means of Rutherford backscattering spectrometry (RBS) measurements performed
using a 1.7 MV Tandem particle accelerator and irradiating the sample with 2 MeV He ions. This technique is
sensitive to the S composition in a surface layer of roughly 1 µm. The RBS data presented in figure 2 are fitted
with the SIMNRA code developed for the simulation of RBS and other spectra [29]. The total fit of the
spectra is shown with an orange line and the contributions of the different elements are indicated with color
lines. This fitting yields a S doping level of x= 0.04(0.02). We also estimated the local concentration of S at
the top layer of in-situ cleaved samples by means of STM. We found in the exposed surfaces an average value
of x= 0.027(0.005).

In order to study the electronic states in our FeSe1−xSx single crystals, we applied STM and XPS
techniques. STM data were obtained with a variable-temperature scanning tunneling microscope from
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Omicron Nanotechnology allowing cooling the sample down to∼30 K by means of a cold-finger connected
to a continuous He-flux refrigeration system. Topographies were obtained in constant-current mode with
tunneling regulation conditions in the ranges of 0.2–0.8 V and 0.7–1.3 nA. Typically, we observed images
with atomic resolution when scanning at a speed between 30 and 40 nm s−1. XPS measurements were
performed in a system for surface analysis from SPECS. The main chamber, with a base pressure in the low
10−10 Torr range, is equipped with a high-resolution energy analyzer and a monochromatic AlKα

x-ray
source (1486.4 eV). The spot size of the XPS system is of few millimeters and the samples have 1 mm2 of area
at maximum. Thus we are inevitably collecting signal coming from the sample holder and epoxy used to glue
the sample.

3. Results

Figures 3(a) and (b) show examples of STM current-constant topography images of the UHV in-situ cleaved
FeSe1−xSx crystals studied in the tetragonal phase (normal state). The intensity of every pixel of this image
entails local information on the electronic properties of the material since corresponds to an integration of
the local electron density of states of the sample up to the regulation voltage of the junction. The images
present bright spots arranged in a two-dimensional square lattice. The crystal structure of the FeSe system is
composed of a stack of Fe planes with Se atoms located a distance zSe = 1.47 Å [14] above and below the
plane, see schematic of figure 3. The easy cleaving plane of the samples is located between two adjacent Se
planes. Thus, when cleaving the sample, the Se atoms located above the top Fe plane are exposed, see atoms
highlighted in green in the schematic crystal structure of figure 3(e). Therefore the bright spots in the
topographic image correspond to Se atoms spaced a distance a for the tetragonal phase, see arrows in
panel (a). Both in the case of pure or S-doped single crystals this separation is in average 3.8(0.1)Å, in
agreement with the value reported in the literature for the lattice spacing a= 3.77 Å [13].

The topographic images for both types of samples show a ubiquitous feature: pairs of brighter Se atoms
aligned in the a directions indicated with dashed-white frames in figures 3(a) and (b). These brighter atoms
are observed as higher atomic peaks in traces of profile height as the one shown in figure 3(c). Statistics in all
our topographic images indicate the height difference in brighter atomic peaks with respect to the
surrounding atoms is of 0.4(0.1)Å in pure FeSe and 0.4(0.3)Å in S-doped samples. The distribution of these
features is quite diluted, representing 4.2(0.6) and 3.8(0.6)% of the STM-imaged Se atoms in the pure and
S-doped samples respectively. Statistics were performed considering 1500 atoms in the case of pure FeSe and
5000 atoms in the case of S-doped samples. These features were also reported in STM topographic studies of
in-situMBE-grown FeSe films [30] and are also observed in studies of FeSe crystals by other authors [31].
According to a previous report in the literature, in-situ grown FeSe films are no longer superconducting if a
large density of Se atoms imaged at the sample surface are entailed in these features [30].

By means of density functional theory simulations, the authors of [30] showed that this brighter atoms
are dumbbell defects associated with an Fe vacancy in the site in between the two brighter Se atoms. The
schematic of figure 3(f) shows that this defect generates a modification of the electronic cloud of the 2 Se
atoms located above the plane and imaged as brighter by STM (orange), the 2 Se atoms located below
(magenta), and the 4 first-neighbor Fe atoms (turquoise). The schematic of the charge density isosurfaces in
the plane, shown in the right column of the figure, highlights the asymmetry in the shape of the electronic
cloud of these 8 atoms with respect to the symmetric ones expected for atoms located further away from the
defect (4 Fe atoms with red clouds). Furthermore, the same calculations show that the missing Fe atom
induces that the orbitals on the 2 Se atoms located above the plane (orange ones) protrude further out than
in the case of the other Se atoms (green). Thus, since a topographic image is proportional to the integral of
the local density of states up to the regulation voltage, this protrusion of the electronic cloud results in an
apparent larger height (brighter spots) of the Se atoms entailed in the dumbbell defect. Even though the
density of dumbbell defects imaged by STM is small, these are defects imaged only at the surface, and such
defects can certainly occur in every FeSe plane of the crystal. Thus, the concomitant modification of the
electronic cloud of the 8 atoms directly involved in dumbbell defects might have a small though noticeable
impact in the bulk electronic properties of the samples.

In the case of the S-doped samples, another prominent feature is also imaged in several locations: local
depletions of the sample height associated to darker chalcogen atoms. Height profiles along these features
indicate that in the darker areas there is a height depletion of roughly 25% with respect to neighbor Se atoms,
a magnitude of∼20% the c-axis unit cell of the material, see for example figure 3(d). These features are not
detected in measurements in pure FeSe crystals performed by us nor in works of other authors [21, 30, 31].
This type of defects were also observed in STM topographies of S-doped crystals with an occurrence that
grows with the S concentration [21]. Given that S has a smaller atomic radius than Se, it can be assumed
that S atoms are imaged by STM as these darker features entailing a local depletion of height.

4



J. Phys. Mater. 5 (2022) 044008 J Aragón Sánchez et al

Figure 3. STM topography images and crystal structure of FeSe1−xSx in the high-temperature tetragonal phase. (a) 6× 6 nm2

topography of an in-situ cleaved single crystal with x= 0. The exposed Se atoms are observed as bright spots. Dumbbell defects
(see white dashed frames) are observed as two bright Se atoms oriented along the a-axis directions. Image acquired in
constant-current mode at 0.7 nA and 0.7 V. (b) 10× 10 nm2 topography of an in-situ cleaved crystal with x= 0.027(0.005) at the
surface. Local depletions of the sample height (darker chalcogen atoms) are presumably generated by smaller S dopant atoms.
Dumbbell defects are also indicated with dashed-white frames. Image acquired in constant-current mode at 1.3 nA and 0.2 V. For
both samples the measured lattice spacing is a= 3.8(0.1)Å. (c) Height-profile in FeSe along the trace indicated (partially) with a
turquoise dashed line in panel (a). A dumbbell defect is observed as two local maxima of apparent height due to the protrusion of
the Se electronic cloud entailed in this defect [30]. (d) Height-profile in the S-doped crystal along the trace indicated with the
turquoise line in panel (b). Local minima in the surface height are detected in the darker height features. (e) Schematic
representation of the FeSe crystal structure in the tetragonal phase. The expected a= 3.77 Å and c= 5.52 Å unit cell vectors are
indicated. When cleaving the samples to perform STMmeasurements, the Se atoms located above the top Fe plane are imaged
(highlighted in green). (f) Schematic of a dumbbell defect associated with an Fe vacancy: atomic positions (left) and charge
density isosurfaces (right) of the atoms entailed in the defect. The atomic clouds of the neighboring Se and Fe atoms are
schematically reproduced from the DFT calculations of [30].

Indeed, modulations of the brightness of topographic images are also observed in the FeTe0.55Se0.45
compound. In this work the darker spots are associated with the smaller atoms and the brighter ones with
the larger atoms [32]. In view of this experimental evidence, our topographical data are consistent with the
presence of S dopant-atoms in the darker chalcogen atom locations. Our STM results indicate that crystal
disorder is more important in S-doped samples than in pure ones.

We pursue our study of the electronic properties of FeSe1−xSx by means of XPS measurements that
provide information on the energy spectrum of the core levels of the different elements composing the
material. XPS is a surface sensitive technique, but in contrast to STM, the electronic information comes not
only from the last atomic layer but also from the few atomic layers spanning a depth of∼1 nm. Figure 4
shows the survey spectra of FeSe in-situ cleaved and FeSe1−xSx ex and in-situ cleaved crystals. The ex-situ
cleaved sample was cleaved in air right before putting it inside the preparation chamber. The spectra were
obtained with an energy spacing of 0.5 eV. The collected spectra in the FeSe1−xSx samples were vertically
shifted for clarity. In the case of pure FeSe, our data are obtained in an in-situ cleaved surface of a high purity
single crystal and cover a wider energy range with better signal to noise ratio and/or better energy resolution
than previously reported XPS spectra [33–40]. In all spectra of figure 4, Fe and Se contributions are detected
at energies close to the ones corresponding to the tabulated peaks for the different core levels for the pure
elements (indicated with dotted lines) [41]. Nevertheless, the S peaks are not clearly observed since they are
superimposed to the Se 3p peaks (see discussion below). Spurious Cu, Ag, O and C peaks are also detected
due to the fact that the samples are smaller than the analyzed area, and we are detecting signals from the Cu
sample holder and the conductive epoxy used to glue the sample. Table 1 shows a comparison of the energy
location of the Fe and Se core levels tabulated for pure elements, measured in our in-situ cleaved FeSe1−xSx
single crystals and other data available in the literature for pure FeSe crystals and films.

The differences between the spectra collected in the in-situ and ex-situ cleaved samples are evident in
figure 5 showing the energy range of the XPS spectra for the Fe 2p core-levels. A clear shoulder at the left of
the Fe 2p3/2 peak and a faint one at the left of the Fe 2p1/2 peak are observed in the ex-situ cleaved FeSe1−xSx
surface. These shoulders appear at energies corresponding to the Fe 2p core levels tabulated for the oxidized
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Figure 4. XPS spectra in an extended binding energy range for FeSe1−xSx (blue in-situ and turquoise ex-situ cleaved) and FeSe
(pink in-situ cleaved) samples. The measurements were performed using 1486.6 eV x-rays from the K-α line of Al. Some spectra
are vertically shifted for clarity (see labels in the right). The tabulated energy-location of the Fe 2p and Fe 3p as well as the Se 3s,
Se 3p and Se 3d core levels in pure elements are indicated with dashed lines; the S 2p level is indicated with an arrow (see labels at
the top). The spurious peaks arising from the contribution of the sample holder (Cu 2p), conductive epoxy used to glue the
samples (Ag 3p and Ag 3d) and contamination of the surfaces (C 1s and O 1s) are indicated with dashed lines. The energy regions
where Auger structures for Fe, Se and O are expected are highlighted in red, green and violet, respectively. No peaks that could be
associated with a significant concentration of Al and K from the growing flux are detected in these XPS spectra.

Table 1. Binding energies for the Fe and Se core levels. The first column has values tabulated for pure elements [41] but in the case of
Fe3p1/2 where the value was calculated considering the binding energy of Fe3p3/2 and the spin–orbit coupling. The second and third
columns indicate the energy location of the peaks measured in our high purity in-situ cleaved FeSe1−xSx crystals. The uncertainty in the
data is of 0.05 eV. We also include our estimation (from data in the figures of the corresponding papers) of the energy location of the
peaks for the FeSe single crystals of [42] and MBE-grown FeSe films of [36]. Data on the energy location of the peaks in PLD-grown
FeSe films provided in [40].

Species

Binding energy (eV)

Pure
elements

FeSe this
work

FeSe0.97S0.03
this work

FeSe
crystal [42]

FeSe/MBE
film [36]

FeSe/PLD
film [40]

Fe2p3/2 707 706.5 706.5 706.9 706.8 707.2
Fe2p1/2 720.1 719.8 719.8 719.6 720.1 720.7
Fe3p3/2 53 52.6 52.61 52.4 54.9
Fe3p1/2 53.67 53.25 53.23 56.6
Se3p3/2 163 160.9 160.95
Se3p1/2 169 166.6 166.7
Se3d5/2 55.6 54.15 54.15 54 54 54.48
Se3d3/2 56.46 55.05 55.05 54.9 55 55.65

compound Fe2O3 [41], see dashed purple lines in the figure. This indicates that the spectra in ex-situ cleaved
samples show extra peaks in comparison to data in in-situ cleaved samples, resulting from surface oxidation
of the sample. In addition, for the case of both, pure and S-doped FeSe samples, notably asymmetric and
sharp peaks are observed at 706.5 and 720 eV, roughly corresponding to 500 meV smaller energy values than
the tabulated Fe 2p3/2 and Fe 2p1/2 levels of metallic Fe. This energy shift is a manifestation of the
hybridization of the conducting Fe 3d levels affecting also the inner core levels, a finding previously suggested
by DFT calculations [43, 44] and ultraviolet photoelectron spectroscopy data close to the Fermi level in pure
FeSe [37]. The line shape and energy location of the Fe 2p peaks in our XPS spectra for in-situ cleaved
surfaces are very similar to those measured in in-situ grown or Ar-sputtered surfaces of FeSe films
[34, 36–40]. Peaks in the ex-situ cleaved sample are in contrast more rounded, as observed in data for ex-situ
grown FeSe films [33, 34, 36, 38]. In the latter case the Fe 2p3/2 peak is generally detected around 710 eV, the
energy expected for the Fe2O3 oxide [33, 34, 36]. Thus, these spectral line shape and energy shifting of∼3 eV
for the Fe 2p levels are strongly affected by the sample surface preparation. The shift of XPS peaks due to
spurious surface effects is an important issue to avoid in order to get information on the bulk electronic
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Figure 5. Detail of the Fe 2p peaks in the XPS spectra of FeSe1−xSx (blue in-situ and turquoise ex-situ cleaved) and FeSe (pink
in-situ cleaved) samples. For the in-situ cleaved samples the Fe 2p3/2 and Fe 2p1/2 peaks are detected at 706.5 and 719.7 eV,
respectively. This energy is shifted by∼500 meV from the expected core-level energy values for the pure elements. In the case of
the ex-situ cleaved surface, two satellite peaks located respectively at larger binding energies than the higher ones are also
observed, see purple dashed lines.

Figure 6. XPS spectra of FeSe (pink) and FeSe1−xSx (blue) in-situ cleaved samples in the range of the Se 3p and S 2p levels.
Dashed lines indicate tabulated values for the Se 3p1/2, Se 3p3/2, S 2p1/2 and S 2p3/2 energy core-levels of the pure elements.
Arrows indicate the energy location of the S 2p peaks in a FeS crystal according to [46].

states of a sample since usually peak-shifts are expected due to hybridization. We recall that the doping of
FeSe with S with x= 0.03(0.01) does not produce an extra energy shift of the Fe 2p core levels.

Figure 6 shows the XPS spectra in the energy region of the Se 3p levels for the in-situ cleaved pure and
S-doped FeSe samples. Two broad peaks centered at 160.9 and 166.6 eV are observed in both samples.
According to the tabulated values for the core levels of pure elements [41], these peaks can be associated with
the Se 3p doublet with a spin–orbit splitting∆E∼ 6 eV. Moreover, for both samples the observed peaks are
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Figure 7. (a) XPS spectra in the energy region of the Se 3d and Fe3p peaks for a pure FeSe sample. Measurements performed at
two different detection angles of photoemited electrons. (b) Pink points: same data than in panel (a) for a detection angle of 0 ◦

(normal incidence). Full black line: fit of the experimental data with a convolution of doublets of Voigt-like peaks after
subtraction of a Shirley background (see black dashed line). A broad peak observed around 53 eV, close to the tabulated energy
for the Fe 3p core levels, is fitted with a spin–orbit doublet (see red lines). Two pairs of peaks shown with green and magenta lines
come from a principal and a minor doublet contribution associated with the Se 3d core levels. (c) Same analysis than in panel
(b) for the XPS spectra measured in the S-doped crystal at normal incidence. In all panels dashed vertical lines correspond to the
tabulated values for the core level energies in the pure elements.

shifted 2.1 eV for the Se 3p3/2 peak and 2.4 eV for the Se 3p1/2 peak. As in the case of the Fe 2p core levels,
the energy location of the Se 3p peaks is not affected by a low doping level of S within our experimental
resolution. The black dashed lines in figure 6 are located at the tabulated energy for the S 2p doublet core
levels for pure elements. No local peaks above the noise level are detected at these energies nor where these
peaks are reported for FeS single crystals [45], see arrows in the figure. These peaks might be difficult to
detect due to, first, their expected location in a flank between the Se 3p peaks hindering the development of a
faint peak due to the small amount of S in the S-doped FeSe sample. A second reason is that the
photoemission cross-section of S 2p is 3 times smaller than that of Se 3p.

Figure 7 presents a detail the XPS spectra obtained for our pure and S-doped FeSe samples at the energy
interval of 50–60 eV. This energy range comprises the location of the Se 3d peaks that are the highest ones,
relative to the background, detected in the whole XPS spectra. For this reason, we study the spectra in this
energy range to ascertain both, if there is a surface contribution, and to describe the electronic states via fits
of the data. Figure 7(a) presents the XPS spectra obtained for pure FeSe samples for two different detection
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angles of photoemited electrons. The shape of the measured spectra is almost independent of the detection
angle within the noise level. This is a very important piece of information since it implies that the effect of
the peak associated with the last-atomic-layer is negligible in our measured XPS spectra. Figures 7(b) and (c)
show XPS spectra measured at normal emission for in-situ cleaved pure and S-doped FeSe crystals,
respectively. The spectral shape in this energy range for both types of samples are alike and present no
noticeable quantitative differences: two sharp peaks corresponding to the Se 3d5/2 and 3d3/2 core levels and a
broad peak around 53 eV associated with the Fe 3p3/2 and Fe 3p1/2 core levels are observed as a shoulder in
the low-energy flank of the Se 3d peaks.

Previously published fitting of XPS data in pure FeSe samples for this energy range do not clearly discuss
the Fe 3p peak contribution [36, 39, 40, 42]. In view of the good quality of our XPS data, we study this
contribution and fitted the spectra of figures 7(b) and (c) considering pairs of Voigt-like peaks after
subtraction of a fitted Shirley background associated to the photoemission process of secondary electrons
(see black dashed line). The corresponding spin–orbit splitting and statistical intensity ratios theoretically
expected for both peaks of the doublet were left fixed in the fits. We found that a single spin–orbit doublet
describes the Fe 3p levels detected at around 53 eV, see red full lines. Interestingly, the Se 3d levels are
properly fitted only if considering two spin–orbit doublets indicated with green and magenta full lines. These
two contributions have the same expected spin–orbit splitting and statistical intensity ratio for Se 3d levels
but the energy location of the peaks are left free in the fit. The main component corresponding to the green
spin–orbit doublet is centered at exactly the same energies where the peaks are detected in the experimental
spectra. This component represents 86% (85%) of the area under the curve of the Se 3d peaks fit in pure
(S-doped) samples. The second contribution (magenta lines) is shifted 0.64 eV toward larger binding
energies with respect to the experimentally detected peaks. The consideration of these minor contribution
with an area under the curve of 14% (15%) is compulsory in order to properly fit the data in both, pure and
S-doped FeSe samples.

4. Discussion

The detection of quantitatively similar second contributions in the fits of the spectral shape of the Se 3d
peaks in pure and S-doped crystals indicates that a significant amount of Se atoms has a different electronic
environment than the rest. Since curves obtained in measurements performed at different detection angles
are rather coincident, we rule out the presence of a surface peak in the Se 3d XPS spectrum. Also, since we are
studying single crystals, no interface-induced changes in the electronic environment of some atoms is
expected as for instance detected in amorphous films using XPS [47]. Therefore, in our case the detection of
the second component is necessarily associated with local variations of charge transfer that occur in the bulk
of the samples (1 nm thickness). These variations are very unlikely due to chemical inhomogeneities due to
intergrowth of spurious phases: not only x-ray diffraction but also XPS data show no detectable trace of the
non-superconducting hexagonal phase in our high quality crystals that was reported in other samples [42].
We can support this statement considering that the energy location of the Se 3d peaks in samples of the
hexagonal non-superconducting phase are shifted toward smaller binding energies, roughly 300 meV, with
respect to the position in the tetragonal FeSe phase. In contrast, the second component of the Se 3d XPS
peaks are centered at larger binding energies than the maximum in the experimental data that coincides with
the center of the principal component. Second, our samples present sharp Fe 2p peaks in contrast to the
rounded ones that are detected in samples of the hexagonal phase, in addition are shifted 1 eV toward larger
binding energies. Thus, the second component is very unlikely to have its origin in chemical inhomogeneities
due to the inclusion of spurious phases in the sample.

Putting the results of the fits of XPS spectra in context with the atomic resolution images of FeSe1−xSx,
see figure 3, we recall that crystal disorder at atomic scale is more important in S-doped samples than in pure
ones. Nevertheless, the local charge transfer accounting for the second contribution does not originate in the
atomic defects associated with S-doping since practically the same contributions to the fit are found in pure
and S-doped samples. Thus, this type of atomic defects do not significantly affect the bulk electronic core
levels of FeSe1−xSx for a low doping level of x∼ 0.03. Our STM topographic images, as well as data from
other authors [21, 30, 31], do not present evidence of a long-wavelength modulation of the topography that
could be eventually associated with a spatial modulation of the chalcogen height zSe.

Nevertheless, both types of samples present Fe vacancy-induced dumbbell defects detected by STM that
one can reasonably assume are also present in all the FeSe planes probed by XPS. Every dumbbell defect
entails changes in the electronic environment of the 4 Se atoms surrounding the Fe vacancy: according to
DFT simulations of a FeSe monolayer they present a more extended electronic cloud [30]. Thus, this
particular type of atomic defect have a noticeable impact in the electronic structure of FeSe1−xSx and we
propose that is at the origin of the second component detected in XPS spectra. The location of the doublet of
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the second component in larger binding energies than the first one is in agreement with a small fraction of Se
atoms having an electronic environment with less charge, quite likely induced by the smaller amount of
hybridization produced by the lacking Fe atom. As for the relation between the density of Se atoms whose
electronic cloud is affected (∼4% according to STM data) and the area under the curve of the second
component of the fit (14%–15%), we would like to stress that it is possible that the Fe vacancy of a dumbbell
affects the orbitals of more than 4 Se surrounding atoms. Further DFT calculations appropriately considering
the van der Waals interaction and the magnetic state of the Fe atom in this compound [48] are important to
quantitatively asses the possibility of the electronic cloud of more than 4 Se atoms and the zSe being affected
by the Fe vacancy producing the dumbbell defect. In addition, since the density of Se atoms entailed in
dumbbell defects observed in topographies is obtained from statistics in a sample area of tens of nm2,
whereas XPS is probing the whole area of the sample, this difference can also come from the regions of the
sample not revealed by STM having a larger concentration of dumbbell.

5. Conclusions

In conclusion, we show that STM-revealed local atomic-scale defects in the crystal structure of the simplest
Fe-based superconductor have a noticeable impact in the electronic properties of the material. Indeed, a
minor second component, that we argue is associated with the modification of the electronic cloud of atoms
surrounding these defects, is required to properly fit the spectral shape of XPS data. Our work paves the way
for future studies trying to describe the electronic properties of Fe-based superconductors by combining the
atomic-scale detection of crystal deformations and the analysis of core level states via XPS probing few
atomic layers. Ultimately, the results we report here on the impact of atomic defects in the binding energy
and spectral shape of the core levels in FeSe1−xSx highlights the subtle interplay between the crystal structure
and the electronic states in Fe-based superconductors.
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