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High-pressure x-ray absorption and diffraction study of the self-doped superconductor EuFBiS,
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The BiS,-based layered materials are characterized by a highly susceptible physical state, revealing a large
response to external conditions. A particular case is the EuFBiS, compound, showing a superconducting
transition temperature 7, ~ 0.3 K at ambient pressure. Upon increasing external pressure, 7 goes through a large
amplification, accompanied by a structural phase transition (SPT) from tetragonal to monoclinic symmetry. Here,
we use a combination of Eu Lj; - edge x-ray absorption spectroscopy and synchrotron x-ray diffraction to unveil
the evolution of the Eu valence and lattice symmetry under high pressure. We find that the average Eu valence
increases gradually with pressure, exhibiting a pressure plateau near the SPT, at which the 7 increases sharply.
Since in EuFBiS, the charge carriers are introduced via self-doping induced by the mixed valence of the Eu ions,
our findings clearly indicate that the role of the charge doping is marginal in the 7. enhancement. On the other
hand, the structural distortions, taking place at the SPT, play a central role in enhancing the superconducting

properties of the EuFBiS, system.
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I. INTRODUCTION

Observation of superconductivity in BiS;-based layered
compounds [1,2] stimulated intense experimental and theoret-
ical efforts towards a thorough understanding of their physics
and chemistry. These efforts have been further fueled by the
discovery of their potential as thermoelectric materials [3,4].
Various BiS;-based systems have been synthesized and the
most studied one is RE(O,F)BiS, (RE = rare earth) that has
tetragonal structure (Fig. 1) consisting of twin BiS, layers
alternated by REO layers [5,6]. Superconductivity in semicon-
ducting REOBIS; is generally introduced by substitution of
F'~ for O%>~, namely, doping electrons in the Bi 6p,y orbitals
at the Fermi level [7]. The highest superconducting transition
temperature 7, is ~10 K in optimally doped La(O,F)BiS; [5,6]
while the highest thermoelectric figure of merit, zT is hosted
by LaOBiSSe [3].

Soon after the discovery, it was recognized that the BiS,
lattice in these materials is intrinsically instable [8] and likely
to consist of different local structure configurations [9,10].
Such an instability leads to a highly susceptible physical
state that can be easily manipulated by physical or chemical
pressures [5,6,11-13]. Indeed, the structural susceptibility
has been well exploited to control superconductiviy and other
physical properties of these materials by manipulating
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misfit strain [14] between the crystal layers through
chemical substitutions or by the application of hydrostatic
pressure [5,6,11-13].

External substitution may not be always necessary for the
electron doping in BiS;-based systems and it has been found
that mixed valence of RE in the REO layer can provide
electrons to the BiS; layer through self-doping. This has been
found recently in CeOBiS, showing self-doped superconduc-
tivity without any external doping [15], albeit with lower 7;
than the optimum 7, of the system. The self-doping appears
to occur also in the isostructural EuFBiS, [16] due to mixed
valence of Eu (Eu?*/Eu’"), showing superconductivity be-
low ~0.3 K. Similar self-doping occurs in multilayer BiS,-
based superconductors showing 7. ~ 1.5 K [17,18]. Like
other BiS,-based materials, self-doped systems are also highly
susceptible to the external pressure. For example, EuFBiS,
reveals nearly a 30 times increase in 7. under external pres-
sure [19]. On the basis of high pressure studies, it has been
argued that there are two superconducting phases, the ambient
pressure phase with lower 7. and the high pressure phase
with higher 7.. These two phases have been associated with
different structural symmetries as the system undergoes a
structural phase transition from tetragonal to monoclinic upon
external pressure. However, it has been highly debated if the
monoclinic phase alone can be superconducting [20,21].

In mixed valence materials it is well known that a modifi-
cation in the bond length may induce a change in the average
valence state. Since the charge carriers in EuFBiS, stem from
self-doping induced by the valence fluctuation, the external
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FIG. 1. (a) X-ray diffraction pattern of the studied EuFBiS, sample at ambient conditions along with the Rietveld refinement results
considering the tetragonal crystal structure. Bottom gray solid line corresponds to the difference curve. The impurity peaks are marked by *.

(b) Tetragonal crystal structural model of EuFBiS,.

pressure is expected to tune the effective doping level. In this
context, it is of central importance to investigate the role of
pressure in tuning the density of states on one hand, and af-
fecting the crystal symmetry on the other. Here, we have used
Eu L;-edge x-ray absorption spectroscopy (XAS) to provide a
bulk-sensitive measurement of the average Eu valence state as
a function of pressure. To provide insight on the evolution of
the crystal structure, we have performed high-pressure x-ray
diffraction (XRD) in the same pressure range. We find that the
average valence of Eu increases gradually with a small plateau
around the pressure at which the higher 7. phase appears. In
the same range of pressures, we have observed the coexistence
of tetragonal and monoclinic phases, resulting from the first-
order structural phase transition, suggesting structural modifi-
cations to have important role. The results are discussed in the
frame of interplay of self-doping and structural modification
to control the granular superconductivity in EuFBiS, system.

II. EXPERIMENTAL DETAILS

A conventional solid-state reaction method was used to
prepare polycrystalline samples of EuFBiS; [22]. Figure 1(a)
shows ambient pressure XRD pattern of the EuFBiS; system
used for the present study. The Rietveld refinement analysis
shows that the ambient pressure crystal structure is tetragonal
(Fig. 1) in agreement with that earlier reports [19,22]. A small
impurity phase was identified as Bi,S; (estimated to be less
than 1%).

The XAS measurements were performed at the energy
dispersive extended x-ray-absorption fine structure (EXAFS)
beamline ID24 [23] of the European Synchrotron Radiation
Facility (ESRF), Grenoble. The x-ray source consisted of
two undulators whose gaps were adjusted to tune the max-
imum of the first harmonic for x-ray energies around the
Eu L3-edge. The horizontal focusing was set by a curved
(Si 111) crystal polychromator while a bent Si mirror was
used for the vertical focusing and higher harmonic rejection.

The focused beam size on the sample was of 30 x 30 pm?
(full width half maximum). The spectra were recorded in
transmission mode using a FreLon CCD camera detector [24].
The energy calibration was done using a reference standard
sample at ambient conditions. Membrane driven opposing-
plate diamond anvil cells (DACs) equipped with 600-um
culet I-A diamonds were used to pressurize EuFBiS, samples,
with silicone oil [25] as a pressure transmitting medium.
The gaskets were made of a 250-um-thick stainless steel
foil with a sample chamber of ~180-um-diameter and 60-
pm height. The pressure was measured in situ, exploiting
the standard ruby fluorescence technique [26]. High pressure
XRD measurements were performed using wavelength A =
0.5 A at the Xpress beam line [27] of the Elettra Synchrotron
in Trieste at which a MAR345 image plate detector is used
to acquire the diffraction data. A gear-driven Boehler-Almax
plate DAC with large x-ray opening, containing diamonds
of culet size 600 um was used for the high-pressure XRD
measurements. A 200-um-thick stainless steel gasket, with
a sample chamber of 200-um diameter and 70-um height
was used. The pressure was measured by monitoring the
diffraction pattern from a reference Cu metal foil. For both the
XAS and XRD experiments, silicone oil was also used as the
pressure transmitting medium. The silicone oil was adopted as
hydrostatic medium due to its suitability for sample loadings
in the DAC (ensuring lower sample volume in the chamber
compared to pressure transmitting medium) and its sufficient
hydrostatic properties in the low pressure interval used in the
present work.

III. RESULTS AND DISCUSSION

Figure 2 shows Eu Lj- edge XAS spectra measured on
EuFBiS, at several pressures. The spectra are described by
Eu 2p3/, — 5d (or 2p3;, — 6s) transition in which the dipole
selection rule (I = £1) permits us to probe empty 54 and
admixed 4 f states considering that the probability of 2p3,, —
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FIG. 2. (a) Normalized Eu L;-edge x-ray absorption spectra of EuFBiS; at different pressures. (b), (c) XAS spectra for P = 0 and 10.4 GPa
are shown with deconvoluted Lorentzian functions used to estimate the two valence states of Eu, i.e., Eu>* and Eu**. The total background
representing the edge step, sum of two arctangent functions, is shown with a dashed line.

6s is relatively small and can be ignored. The XAS spectra
exhibit a white line like transition that is split into two peaks
at ~6975eV and at ~6983 eV. These peaks correspond to
the admixed 4 f7 and 4 f° final states and indicate the mixed
valence state in Eu?" and Eu®™ [28,29], consistent with earlier
studies [16,30].

It is possible to quantify the average valence of Eu by
deconvolution of the Eu L3-edge XAS spectra. In particular,
we have carried out the XAS deconvolution using two spectral
components to account for the Eu?* and Eu** contributions.
Each component consists of a Lorentzian function (to model
the white line) and an arctangent function (to model the
absorption edge jump). Figures 2(b) and 2(c) show typical
deconvolution results. The two Lorentzian components are
shown as black solid lines, while the dashed line represents
the total background, i.e., the sum of the two arctangent
contributions. The Eu valence is determined from the relative
spectral weight of the Eu?* and Eu** components. We have
used this method to track the changes in the valence state,
while the absolute value of the valence at ambient pressure is
calibrated by repeating the XAS measurement on the sample
outside of the pressure cell. The evolution of the Eu valence,
obtained using the above method, is shown in Fig. 3 as a
function of pressure. The average valence increases gradually
with external pressure and reaches a small plateau at ~1 GPa.
The pressure dependence of the superconducting transition

temperature of EuFBiS; is also shown in the zoomover. As
appears, the superconducting transition temperature of the
system increases sharply around this pressure plateau. It is
worth recalling that similar pressure induced valence plateau
has been observed [31-33] in several rare-earth monochalco-
genides and assigned to the multichannel Kondo effect [31].
We will come back again to comment on this later.

It is interesting to note that the average valence of Eu
continues to increase and therefore, average self-doping is
expected to increase as well. On the other hand, the 7; does not
change after the sharp increase at ~1 GPa suggesting that the
superconductivity in EuFBiS, at higher 7. may not be strictly
dependent on the doping. In addition, it is also possible that
not all the available charge is transferred to the BiS, layer and
a part of it may be getting localized. This would be consistent
with angle resolved photoemission measurements revealing
that the electron density at Er is generally less than what is
doped, commonly found in different families of the BiS, -
based superconducting systems [34—37]. At this point it would
be interesting to see how the structure of EuFBiS, behaves
under external pressure.

Figure 4 shows the XRD patterns of EuFBiS, at various
pressures. At pressure above ~1 GPa the diffraction pattern
changes due to change in the average structural symmetry
from tetragonal (P4/nmm) to monoclinic (P2;/m), consistent
with earlier reports on the same system [19] and on
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FIG. 3. Eu valence estimated from XAS is shown as a function of
pressure for EuFBiS,. The change in the superconducting transition
temperature is also plotted together with a zoomover.

other BiS,-based materials [6,20,21]. Here, the structural
phase transition seems to be of first order with a region of
coexistence. The transition takes place in the range of pressure
in which the system shows a sharp increase in 7. and the Eu
valence plateau appears, suggesting this behavior is likely to
be induced by the phase coexistence. It is worth mentioning
that we have observed a small broadening in the XRD peaks
under pressure (comparable to the one observed in similar
systems in monoclinic phase [19,21]), that should be intrinsic
to the high-pressure phase of EuFBiS, rather than due to
any nonhydrostatic nature of the pressure medium used in
this work.

Figure 5 shows the evolution of the lattice parameters as
a function of pressure. The Rietveld analysis of the diffrac-
tion data permitted us to extract the lattice parameters of
the two phases. The lattice parameters indicate a unit-cell
volume discontinuity going from the low pressure tetragonal
phase to the high pressure monoclinic phase [Fig. 5(d)]. In-
cidentally, several monochalcogenides show similar change is
the valence state and unit-cell volume discontinuity [31-33],
i.e., a valence plateau where the unit-cell volume discon-
tinuity appears without a change in the crystal symmetry.
Such a correlation was assigned to a possible multichannel
Kondo effect. However, unlike earlier observations on the
monochalcogenides, EuFBiS, reveals a clear change in the
crystal structure symmetry with a weak pressure induced
discontinuity in unit-cell volume. From the pressure evolution
of the lattice parameters as well the angle S, the narrow
pressure region of 0.8—1.8 GPa can be tentatively assigned to
the coexistence region. We should mention that the present
analysis does not provide a reasonable estimate of the relative
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FIG. 4. (a) Pressure dependence of the x-ray diffraction patterns
of EuFBiS,. Data taken at different pressures is shown with a vertical
shift for better clarity. (b) X-ray diffraction pattern of EuFBiS, at
P = 3.2 GPa, along with the Rietveld refinement profile relative to
the high-pressure monoclinic phase.

fraction of different phases in the narrow pressure regime
of coexistence due to the strong correlation between the fit
parameters when two phases are simultaneously considered to
describe the observed experimental pattern. Interestingly, the
observed pressure induced unit-cell volume discontinuity co-
incides with a large increase in the superconducting transition
temperature of the system. Indeed, the 7. increases almost 30
times and saturates beyond the pressure region at which the
structural phase transition (SPT) takes place. The transition
temperature hardly shows any change beyond the pressure of
coexistence, while the average structural symmetry turns to
monoclinic.

Let us attempt to understand the above results in the light
of known facts about BiS,-based materials. On the one hand
it is known that undoped LaOBiS, system goes through a
SPT from the tetragonal to the monoclinic phase [20,21] and
remains nonsuperconducting even at very high pressure. On
the other hand, if the system is doped and put under pressure,
there is a transition from the tetragonal to the monoclinic
phase accompanied by superconductivity at higher 7; [5,6,11—
13]. Therefore, neither the doping alone nor the structural
instability alone can induce superconductivity in LaOBiS, and
both of the optimized host lattice and doping seem important
for the higher 7; phase in these materials. These findings lead
to the question of why the high-pressure low-symmetry phase
enhances superconductivity in this class of materials.

The BiS;-based materials are characterized by a local
structure instability [9,10] that can be described by different
in-plane (Bi-S1) bond distances [38,39] together with an
intrinsically short axial (Bi-S2) bond. Such a local structure
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FIG. 5. Lattice parameters (a), angle (b), and unit cell volume
(c) plotted as a function of pressure for EuFBiS,. The inset of panel
(a) depicts the monoclinic unit cell. The gray area in each panel
shows the region of phase coexistence marking the structural phase
transition.

configuration is driven by Bi defect chemistry (asymmetric
charge distribution on Bi) associated with the coupling of Bi
6s - Bi 6p states due to Bi 6s - S 3p interaction, common
to different active lone-pair systems [40—42]. In this config-
uration, only a part of the doped charge remains itinerant,
i.e., transferred to the Bi 6p,, orbitals [34-37], while the rest
remains localized in local structure distortions [34,43]. Chem-
ical pressure by Se substitution for S in the structure reduces
the structural distortions [39] rendering the local structure
configuration more symmetric [40]. Therefore, one can expect
a similar mechanism being active upon the application of
external pressure [41,42] also in the present case. However, in
this picture a gradual change is expected unlike the observed
pressure induced abrupt variation in 7. This indicates some
additional mechanism in which the SPT may have some
important role. Considering the earlier studies we think that
the abrupt increase in 7, is related with the granularity of
BiS;,-based materials due to their local structure instability.
For example, the self-doped CeOBiS, system with mixed
valence Ce menifests electronic phase separation at ambient
pressure [44] showing metallic grains embedded in a majority
non-metallic phase. Similarly, self-doped EuFBiS, shows an

inhomogeneous charge distribution [45] at ambient pressure.
The metallic and non-metallic phases are characterized by dif-
ferent local structure configurations having direct effect on the
Fermi surface properties [34,44,45]. At the pressure induced
SPT the local geometry involving the in-plane (Bi-S1) and
axial (Bi-S2) bond distances are likely to get renormalized
resulting in increased metallic grains. Thus, EuFBiS, at am-
bient pressure with small density of conducting grains (and
hence limited phase coherence) [46,47] is in the low 7. phase.
Under external pressure, more itinerant charge is available
at the structural phase transition due to the modified local
structure configuration with larger metallic grain connectivity
(and hence small phase fluctuations) driving the system to the
higher 7. phase. Further pressure hardly affects the supercon-
ductivity due to optimum phase coherence resulting in highest
possible 7..

IV. CONCLUSIONS

In summary, we have studied the evolution of the self-
doping and the lattice structure in EuFBiS, as a function of
pressure. At ~1GPa, the crystal structure transforms from
tetragonal (at low pressure) to monoclinic (at high pressure),
showing a region of coexistence of the two crystal phases in
which 7, increases sharply. On the other hand, the Eu valence,
and hence the self-doping, increases continuously over a
large pressure range encompassing the two structural phases.
Therefore, the lattice degree of freedom, rather than the charge
doping, largely controls the superconducting properties. In the
low-pressure tetragonal phase, it was previously reported that
the doped charges are trapped within local lattice distortions,
resulting in a lower effective doping and a granular super-
conducting state with low 7. In the high-pressure phase, with
average monoclinic structure, the local Bi-S bond network is
modified. Since such local parameters control the granularity
and the electron mobility in this class of materials, their
evolution is probably responsible for the large enhancement
of T.. Future high-pressure experiments using local structural
probes (such as EXAFS) would be beneficial to resolve the
evolution of the local structure.
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