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Temperature dependent local inhomogeneity
and magnetic moments of
(Li1�xFex)OHFeSe superconductors

G. Tomassucci, a L. Tortora,a G. M. Pugliese,a F. Stramaglia,ab L. Simonelli, c

C. Marini,c K. Terashima, de T. Wakita, d S. Ayukawa,d T. Yokoya,d K. Kudo, f

M. Nohara, g T. Mizokawa h and N. L. Saini *a

We have combined the extended X-ray absorption fine structure (EXAFS) and X-ray emission spectroscopy

(XES) to investigate the local structure and the local iron magnetic moments of (Li1�xFex)OHFeSe (xB0.2)

superconductors. The local structure, studied by Fe K-edge EXAFS measurements, is found to be

inhomogeneous that is characterized by different Fe–Se bond lengths. The inhomogeneous phase exhibits

a peculiar temperature dependence with lattice anomalies in the local structural parameters at the critical

temperature Tc (36 K) and at the spin density wave (SDW) transition temperature TN (130 K). Fe Kb XES

shows iron to be in a low spin state with the local Fe magnetic moment evolving anomalously as a function

of temperature. Apart from a quantitative measurement of the local structure of (Li1�xFex)OHFeSe, providing

direct evidence of nanoscale inhomogeneity, the results provide further evidence of the vital role that the

coupled electronic, lattice and magnetic degrees of freedom play in the iron-based superconductors.

1. Introduction

Since the discovery of superconductivity in LaFeAsO1�xFx with a
critical temperature of B26 K,1 iron-based superconductors
(FeSCs) have attracted unprecedented attention from the scien-
tific community due to many of their fascinating properties,
resulting from a complex interplay between lattice, charge and
magnetic degrees of freedom.2 In fact, besides the high-Tc

superconductivity, these materials exhibit a peculiar phase dia-
gram, with superconductivity (usually) arising from an antiferro-
magnetic state, often followed by a tetragonal to orthorhombic
nematic transition.2–4 In general, the FeSCs are characterised by a
layered structure composed of tetrahedrally coordinated FePn4

(/Ch4) (where Pn stands for pnictogen and Ch for chalcogen atoms)
metallic layers intercalated by a non-metallic spacer layer, giving
rise to many different structures.5–7 Among all FeSCs, FeSe (11-
chalcogenide), with a bulk critical temperature of B8 K,8 is
considered an important archetype to investigate the mechanism
of superconductivity in these materials.7 This is due to its relative
chemical simplicity, since this system is composed of only stacked
layers of tetrahedrally coordinated FeSe4.

Even though the iron chalcogenides have many properties in
common with other families, there are some debated differ-
ences with others.2 For example, the superconducting state in
iron pnictides is reached by chemical doping and suppression
of the antiferromagnetic state,9–11 while FeSe exhibits super-
conductivity without any magnetic ordering.3,4,7,12 Further-
more, iron chalcogenides present a complex and seemingly
sensitive electronic structure, which (at least in some cases)
notably lacks hole pockets on the Fermi surface at the centre of
the Brillouin zone,3,13–15 contradicting the s � symmetry sce-
nario of the superconducting gap which is believed to have
fundamental importance in explaining the superconducting
pairing mechanism in the FeSC materials.

There have been several efforts made to increase Tc of the
FeSe system, for example, it was found that a partial substitu-
tion of Te leads to the formation of FeSe1�xTex, which exhibits a
critical temperature up to B15 K. However, this results in a
nanoscale phase separation characterized by different iron–
chalcogen bond lengths as in random alloys.16 Moreover, the Tc

a Dipartimento di Fisica, Universitá di Roma ‘‘La Sapienza’’ – P. le Aldo Moro 2,

00185 Roma, Italy. E-mail: naurang.saini@roma1.infn.it
b Microscopy and Magnetism Group, Swiss Light Source, Paul Scherrer Institut,

Villigen, Switzerland
c CELLS – ALBA Synchrotron Radiation Facility, Carrer de la Llum 2-26, 08290,

Cerdanyola del Valles, Barcelona, Spain
d Research Institute for Interdisciplinary Science (RIIS), Okayama University,

Okayama 700-8530, Japan
e National Institute for Materials Science, Sengen 1-2-1, Tsukuba, Ibaraki 305-0047,

Japan
f Department of Physics, Graduate School of Science, Osaka University, Toyonaka,

Osaka 560-0043, Japan
g Department of Quantum Matter, Hiroshima University, Hiroshima 739-8530,

Japan
h Department of Applied Physics, Waseda University, Tokyo 169-8555, Japan

Received 1st January 2023,
Accepted 1st February 2023

DOI: 10.1039/d3cp00004d

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

5 
12

:5
7:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-2441-3796
https://orcid.org/0000-0001-5331-0633
https://orcid.org/0000-0003-0375-3043
https://orcid.org/0000-0002-0271-2867
https://orcid.org/0000-0003-2839-6791
https://orcid.org/0000-0003-1931-9903
https://orcid.org/0000-0002-7682-2348
https://orcid.org/0000-0003-3684-1517
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp00004d&domain=pdf&date_stamp=2023-02-18
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D3CP00004D
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025009


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 6684–6692 |  6685

can be increased up to B37 K by applying hydrostatic
pressure17 and to B65 K by growing single-layer FeSe on a
SrTiO3 (STO) substrate.18 It has been suggested that the Tc

enhancement caused by applying an external pressure is due to
increased Fe 3 d and Se 4 p orbital hybridization,19,20 while that
in single-layer FeSe is likely to be associated with electron
doping due to the presence of O vacancies in the substrate or
Se loss forming FeSe1�x.21 Nevertheless, due to the high sensi-
tivity of FeSe to external pressure, it has been argued that
chemical pressure could represent a possible control parameter
for increasing Tc.7

As such, intercalation with different atomic species and mole-
cules has been achieved, leading to a critical temperature of B32 K
in the AxFe2�xSe2 (A = K, Cs, Rb, Tl, Tl/Rb, and Tl/K) family22–24 or
B44 K in ammonia-intercalated Lix(NH2)y(NH3)1�yFe2Se2.25 How-
ever, understanding the effect of intercalation is not always easy,
for instance, the K-intercalated 122 system KxFe2�xSe2, besides its
high Tc, presents the coexistence of different electronic, magnetic
and structural phases, with the superconductivity allegedly related
to the lattice parameters and electronic dimensionality.26,27 In this
case, the phase separation between the superconducting phase
(so-called 122-phase) and the antiferromagnetic insulating phase

(245-phase), characterised by
ffiffiffi
5
p
�

ffiffiffi
5
p

ordered Fe vacancies,
makes the experimental research on the intrinsic properties of
iron-chalcogenide superconductors rather difficult. Therefore, in
order to study the effect of intercalation and the associated
chemical pressure, it is necessary to have homogenous intercala-
tion of FeSe, unlike the 122 system showing a microscale phase
separation.

The (Li1�xFex)OHFeSe system represents a fascinating case
in the intercalation chemistry of FeSe.28–32 This family of
compounds consists of a stack of alternating layers of tetrahe-
dral FeSe and (Li1�xFex)OH,33,34 with the structure of the
intercalant similar to the one of LiOH (Fig. 1). In this system,
the FeSe layer is responsible for the transport properties, while
the (Li1�xFex)OH layer acts as a charge reservoir, with a weak
hydrogen bonding interaction between the two.30 Furthermore,
atomic substitution occurs with some iron cations substituting
the Li sites and vice versa.30 Therefore, the presence of Li-filled
Fe vacancies in the active layer may be related to Tc as high as
B36 K.32 This shows that electron doping into the FeSe layer is
similar to Li/ammonia intercalation in Lix(NH3)yFe2Se2.35,36 In
addition to its high Tc superconductivity, (Li1�xFex)OHFeSe has
attracted significant attention for its electronic and magnetic
properties.20,34,36–38 In particular, similar to KxFe2�xSe2,
(Li1�xFex)OHFeSe shows the absence of hole bands on the
Fermi surface15,39 and that superconductivity appears to coexist
with antiferromagnetism in the phase diagram with a spin
density wave (SDW) state occurring below TN B 125 K.40–42 On
the other hand, unlike KxFe2�xSe2, no Fe vacancy or phase
separation has been reported by diffraction experiments, mak-
ing it a promising candidate to study the physical effects of
intercalation in iron–chalcogenide superconductors. Recent
studies40–42 confirm a peculiar relationship between structural
parameters (i.e., the lattice constant c), superconductivity and
magnetism. It has been argued that the superconducting and

magnetic properties of this system can be tuned by changing
the preparation method.20,30,31,37,43–45

In this work, we have used the extended X-ray absorption
fine structure (EXAFS) and X-ray emission spectroscopy (XES) to
study the local structure of (Li1�xFex)OHFeSe and to explore
correlation between superconductivity and electronic/magnetic
degrees of freedom in this system. Due to the complex electro-
nic structure of FeSC, resulting in an extreme susceptibility to
external perturbations, information obtained from diffraction
techniques on the average ordered structure is insufficient to
fully explain the electronic properties of these materials. There-
fore, it is of vital importance to probe their local structure to
gain fundamental information on their physical properties.
EXAFS spectroscopy, a fast and local probe,47,48 has been used
to explore how the atomic displacements in (Li1�xFex)OHFeSe
are affected by intercalation and temperature. On the other
hand, Fe Kb XES has been used to investigate the evolution of
the local Fe magnetic moment m, providing information on the
magnetic correlations in the system. In contrast to the previous
diffraction studies, the results reveal local inhomogeneity char-
acterized by different structural configurations with a peculiar
temperature dependence of the local structural parameters and
local Fe magnetic moment with anomalies at Tc and TN.

2. Experimental details

Temperature dependent EXAFS and XES measurements were
carried out on well-characterized single crystals of (Li1�xFex)-
OHFeSe prepared by a hydrothermal ion-exchange technique.41

The sample was ensured to be superconducting below B36.1 K
Fig. 1. The CLAESS beamline49 of the 3 GeV ALBA synchrotron
radiation facility in Cerdanyola del Valles (Barcelona) was used for
the measurements. At the CLAESS beamline, the synchrotron

Fig. 1 Crystal unit cell of (Li1�xFex)OHFeSe prepared using Vesta46 is
displayed (left) together with the magnetic susceptibility curve showing
(right) the superconducting transition temperature (Tc). In the structural
unit cell the partial substitutions of Li/Fe sites are indicated by different
colors.
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radiation is emitted from a multipole wiggler composed by 12
periods and a total length of 1 m. A double crystal Si(111)
monochromator was used together with platinum-coated focusing
mirrors to reject higher harmonics. The measurement system
contains three ionisation chambers: two for measuring the incident
(I0) and transmitted (It) X-ray intensity, and one for the transmission
across a reference sample. The sample, sealed in an evacuated
quartz ampule, was opened in a glovebox and mounted in a He
cryostat that allowed it to cool down to 10 K (�1 K) during the
measurements. The measurements were performed studying Fe K-
edge (7.11 keV) absorption spectra between the temperature 10 and
290 K in the transmission mode with the polarisation of the
incident beam parallel to the ab plane. Fe Kb XES measurements
were carried out using a CLEAR spectrometer49,50 that is based on a
diced Si(333) dynamically bent analyzer crystal and a position-
sensitive Mythen detector. The data on the Fe Kb lines were
acquired by exciting the sample well above the Fe K-edge, with a
total energy resolution of B0.9 eV. A minimum of three to four
absorption/emission scans were acquired at each temperature.

3. Results and discussions

The Fe K-edge X-ray absorption measurements were performed
on (Li1�xFex)OHFeSe with the polarization of the beam parallel
to the ab-plane (normal incidence). Fig. 2 shows the EXAFS
oscillations extracted from the X-ray absorption spectra in a
temperature interval of 10 to 290 K. The EXAFS oscillations
were extracted using the standard procedure based on the
polynomial spline fit to the pre-edge subtracted absorption
spectra.47,48 The EXAFS oscillations, shown in the Fig. 2, are
visible up to a high k value beyond the noise level and evolve
substantially with temperature.

Apart from thermal damping, we can notice some structural
changes in the EXAFS oscillations (see, for example, the k-range

between 7 and 9 Å�1 and between 10 and 12 Å�1), displaying a
clear evolution of the local structure with temperature. The Fe
K-edge EXAFS of (Li1�xFex)OHFeSe contains information on the
local structure around the Fe atoms with respect to the direc-
tion of the beam polarization. The real-space view of the local
structure can be obtained from Fourier transforms (FTs) of the
EXAFS oscillations, providing information on the atomic dis-
tribution around the Fe sites (Fig. 3). In particular, the structure
of (Li1�xFex)OHFeSe shown in Fig. 1 contains Fe sites with O
atoms as the nearest-neighbours at a distance of B2.0 Å; the
next nearest neighbours are Se (at B2.4 Å) followed by Fe (at
B2.7 Å).43 The contribution of all these is observed in the FT
peak structure at R B 1.0–3.0 Å. To quantify the local structure
parameters, the EXAFS was modelled by single scattering
approximation using the standard EXAFS equation:47,48

wðkÞ ¼
X
i

NiS0
2

kRi
2

fi k;Rið Þj je�
2Ri
l e�2k

2si2 sin 2kRi þ diðkÞð Þ (1)

where Ni is the number of neighbouring atoms at distances Ri

from the photoabsorbing atom, di is the phase shift, fi(k,Ri) is
the backscattering amplitude, l is the photoelectron mean free
path, and si

2 is the correlated Debye–Waller factor parameter
measuring the mean square relative displacement (MSRD) of a
pair of atoms (photoabsorber–backscatter pairs). The S0

2 term
is the passive electron reduction factor, i.e., the scale factor due
to many-body effects related to the losses occurring during the
photoelectron propagation in the material.

The average structure (Fig. 1) measured by diffraction
experiments43 was employed as a starting model for the least-
squares EXAFS fits. The EXCURVE code51 was used to calculate
the backscattering amplitudes and phase shift functions. The
same code was used to perform the EXAFS fits, fixing S0

2 and E0

Fig. 2 Temperature evolution of EXAFS oscillations (weighted by k2)
extracted from the Fe K-edge X-ray absorption spectra of (Li1�xFex)OHF-
eSe single crystals. The EXAFS spectra are shifted vertically for a better
visualization.

Fig. 3 Fourier transform magnitudes of the EXAFS oscillations measured
on (Li1�xFex)OHFeSe (weighted by k2) at several temperatures (symbols)
together with the five-shell model fits (solid lines). The fit interval is shown
by the shaded area. The inset shows EXAFS oscillations (not filtered) with
the model fits as above for two representative temperatures.
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(photoelectron energy zero) after a number of trials and leaving
the atomic positions Ri and related Debye–Waller factors as the
only free parameters. The effect of beam polarization was taken
into account by introducing an effective number of neighbours
considering projections of the bond distances with respect to
the polarization vector of the X-ray beam, i.e., Neff,I = 3Ni

cos2(yi), where yi is the angle between the polarisation vector
and the direction of the bond between the absorber and
scattering atoms.47,48 The number of independent data points,

Nind �
2DkDR

p
, was about 20 (the interval in k space Dk = (18.0–

2.3)�1 = 15.7�1 and the interval in R space DR = (3.0–1.0) = 2.0).
Therefore, as a first approximation, a simple three-shells model
considering Fe–O, Fe–Se and Fe–Fe distances was employed to
perform the non-linear fitting of the EXAFS signal, assuming a
homogenous effect of intercalation on the active layer. How-
ever, an unsatisfactory fit together with an unphysical outcome
(inconsistent distances and near neighbor atoms) led us to
consider an inhomogeneous atomic distribution around the Fe
site due to Li substitution. In particular, two distances were
found for both Fe–Se and Fe–Fe pairs. It should be mentioned
that there is a negligible contribution of multiple scattering
involving Fe–O–H in the selected R interval for the model fits
and this contribution is not considered. The five-shell model
fits are shown in Fig. 3 together with the corresponding
experimental Fourier transforms. The k-space fits (solid line)
are also included with the unfiltered EXAFS (dots) as insets for
representative temperatures.

The temperature dependence of the near neighbor distances
is shown in Fig. 4. The Fe–O distance is found to be 2.03�
0.01 Å and it remains temperature independent (not shown)
within the experimental uncertainties. There are two distances
for Fe–Se and Fe–Fe shells: a longer Fe–Se (Fe–Se2) distance
(Fig. 4 (open squares)) of approximately B2.40 Å, that is similar
to the commonly known Fe–Se bond length in iron chalcogen-
ides, and a shorter Fe–Se (Fe–Se1) distance of approximately
B2.35 Å (Fig. 4 (open circles)). The probability of the shorter
Fe–Se distance is estimated to be B45 � 5%. Similarly, the
shorter Fe–Fe (Fe–Fe1) distance (upper panel) is B2.67 Å (Fig. 4
(filled circles)), the usual Fe–Fe bond length in iron chalcogen-
ides, together with a longer Fe–Fe (Fe–Fe2) distance of B2.94 Å.
The probability of the longer Fe–Fe distance is estimated to be
similar to that of the shorter Fe–Se distance (lower panel). This
observation suggests that (Li1�xFex)OHFeSe is locally non
homogeneous with coexisting nanoscale phases characterized
by different local structure configurations. Thus, the results for
the local structure provide a direct evidence of nanoscale
inhomogeneity in (Li1�xFex)OHFeSe. It should be mentioned
that the presence of a smaller, compressed structure had been
indicated earlier (although never definitively proven) in some
diffraction studies on the same material40,44 and in a sister
compound (Na1�x OH)Fe1�y Se,52 originating likely from the
atomic displacements in the FeSe4 tetrahedron following Li
substitution in the active layer.

Looking at the temperature dependence of the local bonds,
an anomaly at B130 K can be noticed, where the Fe–Se1

distance shows a clear change. This bond gets shorter by
B0.04 Å. Considering the indications of antiferromagnetic spin
density wave (SDW) fluctuations reported at B125 K,40,41,53 it is
natural to associate this anomaly with SDW-like instability in
the system around this temperature, indicating a correlation
between the magnetic and lattice degrees of freedom in the
studied system. The Fe–Se1 bond also changes in the vicinity of
the superconducting transition temperature.

The local lattice anomalies can also be seen in the Se height
above the Fe plane (hSe), i.e., the commonly used empirical
lattice parameter to describe the correlation between the local
lattice and the superconductivity in the iron-based supercon-
ductors. One can determine the hSe from a simple geometrical
relationship assuming tetragonal symmetry:

hse ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

Fe�Se �
1

2
R2

Fe�Fe

r
(2)

The Se anion heights calculated using the short and long
Fe–Se distances are shown in the inset of Fig. 4. Here, the mean
Fe–Fe distance has been used for Se height calculation

Fig. 4 Temperature dependence of the near neighbor Fe–Se (lower) and
Fe–Fe (upper) bond lengths in the (Li1�xFex)OHFeSe system. The vertical
dotted line indicates the critical temperature Tc = 36 K (black) and the SDW
transition temperature TN = 130 K. The dashed curves are a guide for the
eyes. The inset (upper) shows the temperature dependent anion height
calculated using the short and long Fe–Se bond lengths (see text).
Measurements performed in the heating and cooling cycles are combined,
and shown by different data points around the same temperatures.
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considering a random distribution. The temperature depen-
dence of the anion heights reflects the behaviour already
observed in the anomalous bond distances with clear anoma-
lies at B130 K and B50 K. Again, the compressed FeSe4

tetrahedra (shorter anion height) show stronger temperature
dependence than the phase with a longer anion height. In fact,
the shorter Se height shows a contraction upon cooling across
B130 K followed by an elongation at BTc. Although to a small
extent, the longer height tends to display an opposite behavior.
A similar anomaly is also observed at BTc, which has become a
mark of superconductivity in Fe-based superconductors.

In order to explore the evolution of the local magnetic
moment in (Li1�xFex)OHFeSe, XES measurements were per-
formed on the same sample. Fig. 5(a) displays the Fe Kb XES
image of (Li1�xFex)OHFeSe at several temperatures. The Kb1,3

XES (3p - 1s) spectra are shown normalized with respect to the
total integrated area. Here, the local magnetic moment is
probed due to (3p, 3d) exchange interactions,54 modifying the
Kb XES profile and splitting between the main Kb1,3 and the
satellite Kb0. We have included Kb1,3 XES of Fe2O3 in which iron
carries a magnetic moment of B4.6mB. The Kb0 spectral weight
as well as the Kb1,3 energy show an increase with an increasing
3d spin magnetic moment.54 Thus the energy position of Kb1,3

provides similar information on the magnetic moment as the
Kb0 satellite weight, reflecting the effective number of unpaired
3d electrons.54 The Kb0 feature in (Li1�xFex)OHFeSe has very
small intensity, suggesting iron to be in a low spin state.
However, there is a small but evident energy shift in the Kb1,3

line, observed to be shifted towards higher energy at 250 K with
respect to the one at 10 K (inset of Fig. 5(a)). The differences are
small but finite due to differing local Fe magnetic moments in
the low spin state,54–59 suggesting non-negligible change as a
function of temperature.

The local Fe magnetic moment m can be evaluated from the
integrated area of the absolute XES intensity difference with
respect to a nonmagnetic reference sample.57–59 Since the goal
is to study the evolution of the local magnetic moment as a
function of temperature, we have used the lowest temperature
XES spectrum as a reference to obtain the integrated absolute
difference (IAD). Fig. 5(b)–(g) shows the XES spectra of (Li1�x-
Fex)OHFeSe at several temperatures together with the differ-
ences with respect to the one at 10 K.

Fig. 6 shows the evolution of the IAD as a function of
temperature. By cooling down, the IAD shows a small decrease,
following a cusp-like anomaly and a subsequent increase below
B130 K, before showing a sharp drop in the vicinity of the
superconducting transition temperature. The sharp decrease in
the IAD is an indication of quenching of the local Fe magnetic
moment, similar to the one found in other iron-based
superconductors.60,61 Therefore, the suppression of the mag-
netic moment is suggestive of its role in the superconductivity
of (Li1�xFex)OHFeSe. Similar quenching of the local magnetic
moment has been observed iron pnictides, however, across the
collapsed tetragonal phase transition that is driven by the axial
As–As distance.58,59 This is an indication of the formation of a
magnetic order below TN = 130 K, already hinted by inelastic

neutron scattering experiments40–42 and lowering of the local
magnetic moment m in the superconducting state. Looking at
the local structure, it is clear that the local magnetic moment is
related with the anion height in the system. This observation
further underlines a strong magnetoelastic coupling in the
iron-based superconductors with anion height being the con-
trolling parameter.

Unlike Li/ammonia-intercalated FeSe, in which the majority
of the Se atoms give rise to a compressed tetrahedron, the
intercalation with LiOH is not homogeneous, showing coex-
istence of differently compressed FeSe-like phases. The nano-
scale structural inhomogeneity also affects the electronic
structure of the two phases, as observed by spatially resolved
photoemission spectroscopy measurements (not shown). One

Fig. 5 (a) Integrated area normalized Fe Kb X-ray emission spectra of
(Li1�xFex)OHFeSe at several temperatures plotted with the one measured
on Fe2O3. The inset shows a zoom over the main Kb1,3 XES peak. (b–g) Fe
Kb XES spetra of (Li1�xFex)OHFeSe (black) are shown compared with the
one measured at 10 K (red). The spectral differences (blue) are shown
(multiplied with four).
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question that remains open is if both of the coexisting phases
are superconducting, or if superconductivity arises only in one
of the two. Comparing the values of the anion height of the two
phases with the critical temperature B36 K,62 one would expect
that the superconductivity is resulting from both phases. This
appears different from the case of AxFe2�ySe2, characterised by
multiple coexisting crystallographic, electronic and magnetic
phases,26,27,63 in which superconductivity is believed to arise
from a minority metallic phase within the system. In the
present case, it appears that both phases are superconducting
with almost similar Tc albeit differently compressed FeSe in the
anion height versus Tc phase diagram of iron-based super-
conductors with the Se heights of the coexisting phases being
shorter and longer than the one for the optimum Tc.62

Further insight into the local disorder and bond character-
istics can be gained from the EXAFS Debye Waller Factor (DWF)
parameter, i.e., si

2, representing the mean square relative
displacement (MSRD) of a pair of atoms. The si

2 is the sum
of a temperature independent term s0

2, describing the config-
urational disorder, and a temperature dependent term, related
to the bond characteristics, i.e., si

2 = s0
2 + s2(T). The s2(T) is

well described using the correlated Einstein model,47,48,64,65 an
appropriate approximation for local mode vibrations, i.e.,

s2ðTÞ ¼ �h2

2mkBYE
coth

YE

2T

� �
(3)

where m is the reduced mass of the atomic pair, kB is the
Boltzmann constant and YE is the Einstein temperature,
related with the frequency of the Einstein mode as kBYE = h�oE.

The si
2 values for the Fe–Se and Fe–Fe pairs as a function of

temperature are shown in Fig. 7. Within the experimental
uncertainties, the si

2 values are well described using the usual
Einstein model (eqn 3). The shorter Fe–Se1 bond seems stiffer
than the longer Fe–Se2 bond with YE being 350� 7 K and 331�
60 K, respectively. The static disorder appears much higher for

the longer Fe–Se bond. The Einstein temperature for the Fe–Se
bond in the intercalated system is somewhat higher than the
one found for Fe–Se pairs in the binary FeSe compound
(310 K).16 This is an indication that the intercalation and Li
substitution at the Fe sites in the active layer tend to harden the
Fe–Se bonds. Similarly, the Einstein temperature for the shorter
Fe–Fe1 distance (Fig. 7) is higher (YE = 278� 10 K) than the one
for the longer Fe–Fe2 bonds (YE = 215� 23 K) with the static
disorder of the latter being much higher. Again, the YE of Fe–Fe
bonds is slightly different from the one for the binary FeSe
compound (B268 K),16 indicating that the intercalation and Li
substitution do affect the local bond network. These local
structure parameters are shown in Table 1. It is worth mention-
ing that the noncorrelated Debye-type behavior has been
reported (albeit not shown) to describe temperature depen-
dence of si

2 in iron-based pnictides.66,67 However, considering
the strong nature of the interatomic bonds and the temperature
range in consideration, there is hardly any difference between
the two models.

4. Summary and conclusions

In summary, we have presented Fe K-edge X-ray absorption
(EXAFS) and emission (XES) spectroscopy measurements inves-
tigating the local structure of (Li1�xFex)OHFeSe as a function of

Fig. 6 Integrated absolute difference (IAD) with respect to the spectrum
at 10 K is shown as a function of temperature. The dashed line is a smooth
fit to guide the eyes. The uncertainty is estimated by analyzing different
XES scans at each temperature.

Fig. 7 Temperature dependence of the mean square relative displace-
ments of near-neighbor bond lengths for the (Li1�xFex)OHFeSe system;
local Fe–Se (open symbols) and Fe–Fe (filled symbols). The dotted lines
represent the Einstein model fits.

Table 1 Local structure parameters of the (Li1�xFex)OHFeSe supercon-
ductor determined by the Fe K-edge EXAFS. The interatomic distances are
at room temperature (290 K)

R(Å) YE (K) s0
2 (Å2)

Fe–O 2.03 450 � 150 0.0101(2)
Fe–Se1 2.35 350 � 7 0.0000(1)
Fe–Se2 2.40 331 � 60 0.0113(7)
Fe–Fe1 2.67 278 � 15 0.0005(3)
Fe–Fe2 2.94 215 � 23 0.0171(9)
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temperature. This family of compounds consist of alternating
layers of tetrahedral FeSe and (Li1�xFex)OH, with partial sub-
stitution of Fe atoms at Li sites in the intercalating layer and
vice versa. EXAFS analysis reveals two distances for both Fe–Se
and Fe–Fe pairs: in the case of Fe–Se, the majority of Se atoms
are at a distance of B2.40 Å from Fe while a slightly lower
number of Se is placed at a shorter distance of B2.35 Å. It is
likely that the partial Li substitution at the Fe sites in the active
layer (estimated to be up to 20%) is responsible for allowing the
Se atoms to get closer to the Fe sites, effectively distorting the
FeSe4 tetrahedral structure. A similar result has been found for
the Fe–Fe distance to be B2.67 Å, while the rest of the Fe atoms
are located at a distance of B2.94 Å. Therefore, intercalation of
LiOH largely affects the active layer inducing local inhomo-
geneity with coexisting differently compressed tetrahedral con-
figurations. The temperature dependence of the EXAFS Debye–
Waller factors reveals that the coexisting phases are character-
ized by different bond stiffness.

Another notable finding includes anomalous changes in the
local structure parameters at the critical temperature. The
anion height above the Fe plane suggests that the supercon-
ducting properties of this material may be driven by the
compressed but coexisting phases since the measured anion
heights correspond to the critical temperature of the system
(B36 K) in accordance with the one expected from the empiri-
cal relationship.62 Furthermore, an anomaly below B130 K has
been observed in the local structural parameters, possibly
originating from the emergence of the SDW like instability at
B125 K. The local magnetic moment, measured by XES, shows
an anomalous temperature dependence with anomalies at Tc

and TN. This appears consistent with an anomalous evolution
of the magnetic moment similar to the one observed in the phase
separated AxFe2�ySe2 superconductor. In conclusion, a combined
analysis of the local structure and the local magnetic moment in
(Li1�xFex)OHFeSe reveals local inhomogeneity with nanoscale phase
separation evolving anomalously with temperature.
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