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Abstract: We have investigated the local structure of BiS,-based layered materials by Bi L3-edge
extended X-ray absorption fine structure (EXAFS) measurements performed on single crystal samples
with polarization of the X-ray beam parallel to the BiS; plane. The results confirm highly instable na-
ture of BiS; layer, characterized by ferroelectric like distortions. The distortion amplitude, determined
by the separation between the two in-plane (Bi-S1) bonds, is found to be highest in LaOg y77F( 23BiS;
with AR~0.26 A and lowest in NdOg 71 Fg 29BiS; with AR~0.13 A. Among the systems with intrinsic
doping, CeOBiS, shows smaller distortion (AR~0.15 A) than PrOBiS, (AR~0.18 A) while the highest
distortion appears for EuFBiS, revealing AR~0.22 A. It appears that the distortion amplitude is con-
trolled by the nature of the RE(O,F) spacer layer in the RE(O,F)BiS, structure. The X-ray absorption
near edge structure (XANES) spectra, probing the local geometry, shows a spectral weight transfer
that evolves systematically with the distortion amplitude in the BiSy-layer. The results provide a
quantitative measurements of the local distortions in the instable BiS,-layer with direct implication
on the physical properties of these materials.

Keywords: layered materials; local structure; X-ray absorption spectroscopy

1. Introduction

Layered materials have been a subject of intense research during these decades due
to possibility of control and manipulation of their physical properties to obtain desired
functions. The discovery of high T, superconductivity in layered copper oxides [1] had been
one of the major breakthroughs and since then a large number of new layered materials
have been found to show unconventional superconductivity. The research in the field
was further fuelled by the discovery of superconductivity in the layered iron arsenides [2]
resulting in several new layered systems. Among others, BiS;-based systems [3,4] have
received increasing attention during the last decade both for their superconducting and
thermoelectric properties, leading to numerous theoretical and experimental studies to
understand their functional properties [5-8]. The most studied BiS,-based systems have
been RE(O,F)BiS; (RE = rare earth element) in which twin BiS;-layer is alternated by a
RE(O,F) spacer layer in the crystallographic unit cell. The characteristic transport properties
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of these materials are generally controlled by manipulating the electronic structure and
crystal structure in different ways [5-7]. The parent REOBIS, is semiconducting and
substitution of O?>~ by F!~ in the REO layer introduces electrons in the BiS,-layer that
leads to superconductivity at low temperature with transition temperature depending
on the nature of the spacer layer as well on the growth conditions [5-7]. The highest
superconducting transition temperature T, ~10.5 K has been found in high pressure grown
LaO;_,F,BiS; system.

Beyond electron doping by substitution in the REO spacer layer, the superconduc-
tivity in these materials has been manipulated by physical and chemical pressure. For
example, isovalent substitutions in the REO-layer by RE3* and in the BiS,-layer by Se?~
(at of S27) have been exploited to optimise the transition temperature and the nature of
the superconducting properties of these materials through the chemical pressure [9]. The
isovalent substitution of S>~ by Se?~ in undoped LaOBiS, has also been used to manipulate
the thermoelectric characteristics resulting a quality factor zT as high as ~0.36 at 650 K
in LaOBiSSe [10,11]. Besides, it has been found that the mixed valent rare earth ion in
the REO spacer layer can be a source of electron doping in the BiS, layer. This is known
as self-doping, that is of particular interest since no external substitution is required and
the self-doped system is free from any substitutional disorder. Indeed, self-doped super-
conductivity in EuFBiS; is known to occur due to mixed valence of Eu (Eu?* /Eu3t) [12].
Similarly, CeOBiS; has been found to show superconductivity due to self-doping intro-
duced by the Ce3* /Ce** mixed valence [13]. The examples also include other BiS,-based
superconductors in which RE mixed valence provides the self-doping [14-18] including in
PrOBiS; [19].

One of the peculiar properties of the BiSy-based superconductors is their structural
instability. Indeed, BiS;-layer in these materials has been found to be intrinsically in-
stable [20-22] in the structure driven by the local Bi** defect chemistry and hence their
physical properties can be easily manipulated by chemical and/or physical pressures.
Experimental techniques sensitive to the local structure have revealed ferroelectric like
distortions of BiS;-layer to be prevalent that varies from system to system [23-26]. Further-
more, the local structure studies have also revealed the axial sulfur position with respect to
Bi to play an important role in the physical properties [26,27]. Incidentally, all these local
structural studies have been performed on polycrystalline samples and considering the
highly susceptible nature of the BiS,-layer under physical and/or chemical pressures a
quantitative estimation of the local distortions can be challenging as it may depend on the
sample morphology and growth conditions.

Here, we have measured the local structure of a series of RE(O,F)BiS; (RE = La,
Eu, Pr, Ce, Nd) using single crystal samples to quantify the local distortions in the in-
stable BiS,-layer. For the purpose, we have studied two samples (LaOg 77F(23BiS; and
NdOy 71Fo29BiS;) in which the doping is introduced by substitution while three samples
are self-doped (EuFBiS,;, CeOBiS, and PrOBiS;). The samples were chosen on the basis of
their superconducting transition temperature at optimum doping and their crystal quality.
The optimum doping in the LaO;_F;BiS; and NdO; _,F,BiS, corresponds to x~0.25. The
crystal quality was the factor for slightly different doping contents in the two systems but
such a small difference hardly affects the transition temperature and the local structure. We
have exploited Bi L3-edge extended X-ray absorption fine structure measurement (EXAFS)
with polarization of the X-ray beam parallel to the BiS;-layer. The study has been carried
out at low temperature (~20 K) on five different systems confirming that the BiS;-layer
of these materials is characterized by ferroelectric or quasi-ferroelectric like distortions of
which magnitude depends on the nature of the RE(O,F) spacer layer. The single crystal
of LaOg 77F( 23BiS; reveals largest distortion with AR~0.26 A, while NdOg 71Fg29BiS; is
characterized by the smallest distortion (AR~0.13 A). Among self-doped systems, EuFBiS,
with EuF-spacer layer reveals distortion amplitude AR~0.22 A, substantially larger than the
one in CeOBiS, (AR~0.15 A) and PrOBiS, (AR~0.18 A) with REO-spacer layer. The X-ray
absorption near edge structure (XANES) spectra reveal a differing spectral weight that de-
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pends on the distortion amplitude. We find that the local distortions amplitude measured
on single crystal samples is systematically lower than the one reported on polycrystalline
samples. The results provide a quantitative measurements of the local distortions in the
instable BiS;-layer of these materials.

2. Materials and Methods

Single crystals samples of LaOg 77F( 23BiS;, NdOy 71 Fo.29BiS; and self-doped EuFBiS,,
CeOBiS; and PrOBiS; were grown by CsCl-based flux method [28-30]. A single-crystal
X-ray analysis was performed revealing the average crystal structure to have the tetragonal
space group P4/nmm with lattice parameters shown in Table 1. The samples were well
characterized for their physical properties prior to the X-ray absorption measurements
at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The sam-
ples studied were all superconducting (except EuFBiS;) showing zero resitivity below
the transition temperature T, shown in Table 1. Details on sample synthesis, growth
and characterization are reported elsewhere [28-30]. Bi Lz-edge (13418 eV) X-ray absorp-
tion experiments were carried out in the normal incidence geometry in which the X-ray
polarization is parallel to the ab-plane of the flat single crystal samples. Four samples
(LaOy.77F(.23BiSy, NdOg 71 Fp 29BiS,, EuFBiS, and CeOBiS,) were measured at the beamline
BM23 while PrOBiS, was measured at BM08 using similar experimental set-up obtaining
the X-ray absorption spectra in the fluorescence mode. In-plane polarized X-ray beam
was monochromatized by a double crystal Si(111) monochromator and a 13-element Ge
detector system was used for the fluorescence detection. A continuous flow He cryostat
was used for the sample cooling and the measurements were carried out at 20 K with the
sample temperature control within +1 K during the measurements. Four to five absorption
scans were obtained on each sample for the spectral reproducibility. Standard procedure
based on the spline fits [31,32] was used to extract EXAFS oscillations from the measured
X-ray absorption spectra exploiting ATHENA software [33].

Table 1. Lattice parameters of the tetragonal unit cell (Space group P4/nmm) of different compounds.
The transition temperatures (T;) and in-plane distortion amplitudes (AR) are also included. AR, rep-
resents the separation between the two peaks in the pair distribution function derived in the present
work while AR, corresponds to the distortion amplitudes reported on polycrystalline samples.

T.(K)  a(d) c(A) AR (A) AR, (A)
LaOy 77F.23BiS; 25 4.057 13.547 0.26 0.40
EuFBiS, - 4.051 13.560 0.22 0.26
NdOg 71 Fg29BiS; 5.1 3.996 13.464 0.13 0.18
CeOBiS; 1.3 3.984 13.490 0.15 0.19
PrOBiS, 3.5 4.010 13.824 0.18 0.21

3. Results and Discussion

Figure 1 shows the Bi L3-edge EXAFS oscillations extracted from the in-plane polarized
X-ray absorption spectra measured at 20 K on the single crystal samples of LaOg 77F¢ 23BiSy,
EuFBiS;, PrOBiS,, CeOBiS; and NdOy 71 Fy 29BiS;. The EXAFS oscillations are multiplied by
k? to enhance the spectral amplitude at higher k. The differing EXAFS oscillations indicate
that the local structure has strong rare-earth dependence in RE(O/F)BiS;. The crystal unit
cell of RE(O/F)BiS; is also included for a ready reference. Large differences in the EXAFS
oscillations indicate that the local structure evolves significantly with the RE(O/F)-layer.
The oscillations for k < 8 A~1 are largely damped in LaOy 77F 23BiS; and EuFBiS; due to
larger distortions involving nearest neighbors sulfur atoms around the photoabsorbing
Bi (i.e., Bi-S1 bonds). Incidentally, self-doped systems (EuFBiS,, PrOBiS;, CeOBiS;) show
relatively damped oscillations for k > 10 A1 likely to be related with mixed valence of
the RE atoms since the higher k-oscillations are sensitive to the heavier atoms.
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Figure 1. EXAFS oscillations of RE(O/F)BiS; single crystals samples (RE = La, Eu, Pr, Ce, Nd)
measured at Bi L3-edge with X-ray polarization parallel to the crystallographic ab-plane. The
oscillations are weighed by k? to amplify the signal at higher k-values and vertically shifted for a
better visualization. The crystal unit cell of RE(O/F)BiS, is also shown.

The Fourier Transform (FT) magnitude of the k*-weighted EXAFS oscillations is shown
in Figure 2, providing real-space information on the local atomic distribution around the
photoabsorbing Bi. In the RE(O/F)BiS; structure, the Bi atom is coordinated with one
axial sulfur atom (S2) and one sulfur of the twin BiS, layer, however, their contributions
are minimum in the EXAFS measured with polarization parallel to the crystallographic
ab-plane. Therefore, the nearest neighbor contribution, at 2-3 A, is mainly coming from
the four in-plane sulfur atoms (S1) since the polarization vector of the X-ray beam & || ab
plane [32,34]. The contribution appears as peak structures in the FT magnitude at ~2.5 A.
The peak structure ~4 A is mainly due to the Bi-Bi bonds within the plane, representing
the in-plane lattice parameter in RE(O/F)BiS; structure. Apparently the Bi-Bi peak shifts
and follows the in-plane lattice behavior in the tetragonal RE(O/F)BiS, structure. The
lattice parameters of the studied crystals are summarized in Table 1 [28-30,35]. The distant
peaks beyond ~4 A include contribution of Bi-RE and diagonal Bi-Bi distances including
also multiple scattering contributions.

Here the aim is to quantify the distortions in the BiS;-layer and for the purpose the
contribution of Bi-S1 was Fourier filtered in the R-window (1.5-3.5 A) shown as shadowed
region in Figure 2. The shapes of filtered EXAFS oscillations, shown in Figure 3 (inset),
are significantly different between them indicating that the local Bi-S1 distribution in
RE(O/F)BiS; evolves largely with RE(O/F)-spacer layer. We have evaluated the pair
distribution function (PDF) of the Bi-S1 bonds from the analysis of the filtered EXAFS. The
EXCURVE 9.275 code (with calculated phase shift functions and backscattering amplitudes)
was used for extracting the PDF [36] starting from a model containing a distribution of
harmonic oscillators describing the Bi-S pairs. The final Bi-S1 distribution was merged in a
two peak function for all the samples (Figure 3) confirming that BiSy-layer in these materials
is characterized by a ferroelectric or quasi ferroelectric-like distortion [20-22]. Similar Bi-S1
distribution was obtained by constrained EXAFS model fits in which residual contribution
of axial Bi-S2 bonds was included together with the in-plane Bi-S1 bonds respecting the
effective number of near neighbors expected from the polarization dependence of L3-edge
EXAFS [32,34]. The corresponding theoretical signals are included as solid lines with the
filtered EXAFS as insets. It is worth mentioning that such a distortion corresponds to
atomic displacement within the BiS,-layer. On the basis of first principles calculations a
spontaneous in-plane ferroelectric polarization has been suggested [37].
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Figure 2. Fourier transforms (FT) magnitudes of Bi L-edge k?>-weighted EXAFS oscillations for
RE(O/F)BiS; at 20 K. The FTs are performed using a Gaussian window in the k-range of 3-14.5 A~1.

One can make several observations from the PDF shown in Figure 3. The largest
distortion amplitude, defined by the separation between the two peaks (AR) of the dis-
tribution, is found to be for La(O/F)BiS; (see, e.g., the vertical dotted lines in Figure 3).
The distribution is quasi ferroelectric-like with differing weight of the two Bi-S1 bonds.
Incidentally, the distortion amplitude of AR~0.26 A is smaller than the one found in
polycrystalline samples reporting AR~0.4 A by neutron pair distribution function (PDF)
analysis [23] and by EXAFS analysis [24]. On the other hand Nd(O/F)BiS, reveals smallest
distortion amplitude (AR~0.13 A) with the distortion being quasi ferroelectric-like. Again,
the distortion amplitude is significantly lower than the one reported by neutron PDF on
polycrystalline sample showing AR to be ~0.18 A [25]. Among the self-doped BiS, sys-
tems, EuFBiS, shows almost equal probability of the two bonds indicating ferroelectric-like
distortion. The distortion amplitude for EuFBiS, (AR~0.22 A) is lower than what has
been reported in polycrystalline sample of the same system (AR~0.26 A) measured by
EXAFS [26]. The self-doped system PrOBiS; also appears with ferroelectric-like distortion
although the amplitude (AR~0.18 A) is lower than the one in EuFBiS,. Similarly, the distri-
bution in CeOBiS; is quasi ferroelectric-like, that is smallest among the self-doped systems
(AR~0.15 A). Again, the distortion amplitude is lower than the one found in polycrystalline
samples CeOBiS; (AR~0.19 A). This seems plausible due to the fact that the ground state
of these materials is highly susceptible to the external conditions and one can expect the
morphology of the system to have substantial effect on the distortion amplitude as well. It
should be mentioned that the mean Bi-S1 distance, estimated by the weighted average of
the PDF, is consistent with the one measured by diffraction experiments [28-30,35]. It is
also worth noting that the distortion evolves with c-axis of the system and hence the axial
coupling may have some important role in these materials.

Apparently, there is no direct correlation between the superconducting transition
temperature and the Bi-S1 distortion amplitude in the studied samples. However, if we
compare La(O/F)BiS; and Nd(O/F)BiS,, the less distorted system tends to have higher
T.. Indeed, La(O/F)BiS,, showing highest distortion amplitude, is superconducting with
T.~2.5 K while Nd(O/F)BiS, with lowest distortion amplitude shows T.~5.1 K. However,
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among the self-doped systems, PrOBiS, is superconducting at T,~3.5 K with distortion
amplitude larger than that in CeOBiS; showing superconductivity at lower tempera-
ture (T¢~1.3 K). Unlike the above, the self-doped EuFBiS, with EuF spacer layer is non-
superconducting down to 0.15 K and reveals substantial distortion in compare to other
self-doped systems with REO spacer layer (PrOBiS; and CeOBiS,). Therefore, although
the T, is affected by in-plane distortions, a direct relationship can not be argued. Here, it
is worth mentioning that in the self-doped system:s, if the carriers provided by the mixed
valence of the rare-earth ions are trapped by the out-of-plane Bi 6p, orbitals, the in-plane
Bi 6py, orbitals are less populated and the strong in-plane distortion can still survive
with superconductivity.

T
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P g
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Figure 3. Bi-S1 bonds distribution functions obtained by in-plane polarized EXAFS measured
on single crystal samples of RE(O/F)BiS;. The insets show the Fourier filtered EXAFS oscillations
(symbols) compared with the theoretical EXAFS (solid line) corresponding to the plotted distributions.

2.6 2.8

X-ray absorption near edge structure (XANES) probes higher order atomic correlation
function, thus highly sensitive and useful probe of the local geometry and the valence
electronic states [31,32]. The Bi L3-edge XANES spectra measured at 20 K on single crystal
samples of RE(O/F)BiS; are shown in Figure 4. The spectra are normalized with respect to
the atomic absorption estimated by standard procedure based on a linear fit to the EXAFS
region. Here, the spectrum of PrOBiS; is not included for the comparison considering
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different experimental set-up and spectral resolution. The spectra show different spectral
features and the nearest edge peak features are denoted by A and B. These features are
related to the dipole allowed transition from Bi 2p to the unoccupied Bi 6d states in the
continuum, admixed with the unoccupied Bi 6p states [31,32]. The latter are also hybridized
with Bi 6s and S 3p states due to Bi®* defect chemistry [38,39]. Therefore these peaks are
sensitive probe of the local geometry around the photoabsorbing Bi.

Nd(O/F)BiS_

CeOBiS2

EuFBiS7

La(O/F)BiSZ‘j
+

SiEn
T

13435 13445 13455 010 020 030
AR (A)
L L 1 L

Normalized Absorption (arb.units)

13,400 13,420 13,440 13,460 13,480 13,500
Photon Energy (eV)

Figure 4. X-ray absorption near edge structure (XANES) spectra of RE(O/F)BiS; single crystals
measured at the Bi L3-edge. The nearest edge features are denoted by A and B. The left inset shows a
zoom-over the features A and B. The right inset shows normalized intensity difference plotted as a
function of the distortion amplitude in the BiSy-layer. The error bars represent maximum uncertainty
estimated by analyzing different scans for each sample.

The differences in the XANES features can be seen in the inset displaying a zoom-over
the peaks A and B. Apparently, the peak A moves towards higher energy from La(O/F)BiS,
to Nd(O/F)BiS; while the peak B tending to shift towards lower energy with an exchange of
the spectral weight. Here, the spectral weight transfer is estimated by normalized intensity
difference between the two peak features (I4 — Ig/I4 + Ip) and plotted as a function of the
distortion amplitude determined by EXAFS (Figure 3) and shown in the inset (right) of
Figure 4. The intensity difference shows a gradual decrease as a function of the distortion
in the BiSy-layer. Although, due to complexity of the distortions in these materials, it is
difficult to establish a quantitative correlation between the distortions and the spectral
weight transfer in the XANES spectra, the observed change in the local geometry can be
taken as a marker for the local distortions.

4. Conclusions

In summary, the local distortions in RE(O/F)BiS; have been determined by Bi L3-
edge EXAFS measured on single crystal samples with polarization of the X-ray to be
parallel to the BiS; layer. The BiS, layer is characterized by a two peak distribution
function confirming ferroelectric-like nature of the local distortions in these materials. The
distortion is largest for La(O/F)BiS, and shows a substantial change with the RE(O/F)-
spacer layer appearing smallest in the case of Nd(O/F)BiS;. The self-doped EuFBiS;
shows a significantly larger distortion than other self-doped systems, namely PrOBiS, and
CeOBiS,. The distortion amplitude, measured on single crystal samples using polarized
EXAFS, is systematically lower than the one found in polycrystalline samples. This is likely
to be due to highly susceptible nature of BiSy-based materials. Apparently, we do not
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observe any quantitative correlation between the local distortions in the instable BiS;-layer
and the superconductivity. It is likely that in-plane distortions are responsible for the charge
fluctuations in the BiS;-layer with axial displacements having a crucial role in controlling
the electronic transport properties of these materials.
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