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Electronic and lattice structures in SmFeAsO,_.F, probed by x-ray absorption spectroscopy
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Local lattice and electronic structures in the Fe-As layer of SmFeAsO,_,F, superconductors were studied by
x-ray absorption spectroscopy, the Fe K-edge and the As K-edge extended x-ray absorption fine-structure, and
x-ray absorption near-edge-structure experiments, respectively. Temperature-dependent local lattice distortions
were observed in the Fe-As bond mean-square relative displacement of the superconducting samples. A strong
coupling of the carrier-induced local lattice distortion (polaron) to the superconducting transition temperature
in the oxypnictide superconductors is indicated. The near-edge spectra showed systematic temperature-
dependent energy shifts, which indicate an intralayer electron redistribution from Fe d states to As p states due

to orbital-selective band filling at low temperatures.
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I. INTRODUCTION

In cuprate superconductors, the parent compounds are an-
tiferromagnetic Mott insulators.! A small amount of carriers
doped to this Mott insulating state drives a metal-insulator
transition, and results in a superconducting transition. In con-
trast, in oxypnictide systems REFeAsO (rare-earth element,
RE), high-temperature superconductivity (HTSC) derives
from either electron or hole doping of the semimetallic par-
ent compounds®™> with hole and electron pockets around the
I" point and M point, respectively. Information on the local
structure of oxypnictides is essential to understand the
doping-induced electron states, particularly, complex band
filling and disorder around dopant impurities.

Since the discovery of HTSC in LaFeAsO,_,F,, a number
of theoretical calculations have been made regarding the role
of electron correlations in REFeAsO compounds.®~® Two dis-
tinct theoretical viewpoints, distinguished by the underlying
band structure, have been put forward: a strong correlation
approach which is close to the Mott transition criterion,®’
and a weak correlation approach which emphasizes an itin-
erant ground state.® These band calculations predicted a
weak electron-phonon coupling constant which cannot ex-
plain the critical temperature ruling out phonon-mediated
mechanism (BCS model). However, multiband nature of
FeAs systems suggests proximity with multiband multigap
superconductor MgB, where phonon-mediated superconduc-
tivity with interband interactions gives moderately high criti-
cal temperature.'® Local lattice (distortion) in general is
closely related to band splitting while in strongly correlated
systems such as cuprates, pseudogap phase is attributed to
polaron (localizing-doped carriers). Present work aims at in-
vestigating temperature-dependent local lattice distortion in
SmFeAsO(F) systems to describe its role in microscopic
pairing mechanism.

X-ray absorption spectroscopy (XAS) is a powerful ex-
perimental tool as a probe of instantaneous local (electronic
and lattice) structures. Using O K-edge and Fe L-edge XAS
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measurements, Kroll er al. observed an energy shift in the
threshold of core electron excitation as a result of carrier
doping that varied the chemical potential, and emphasized
the importance of band effects in LaFeAsO,_F,
compounds.'! Based on the Fe K-edge XAS measurement,
Ignatov er al. also found a chemical shift to lower energy
with F doping in LaFeAsO,_,F, while no chemical shift was
observed in the As K-edge XAS.'> Those studies clearly
showed that the effective number of electrons at the specific
site change by doping indicating effective electrons are ac-
commodated at Fe and As sites in the FeAs layer consistent
with doping picture.

However, there has been no systematic study focusing on
the doping and temperature evolution of the electronic struc-
ture and its relationship to superconductivity. In this work,
we examined the local electronic structure of SmFeAsO,_,F,
compounds, using As K-edge and Fe K-edge x-ray absorp-
tion near-edge structure (XANES), and the local lattice struc-
ture using As K-edge extended x-ray absorption fine-
structure  (EXAFS) measurements. The combined
experimental results indicate carrier-induced local lattice dis-
tortions in the Fe-As mean-square relative displacement
(MSRD) and a strong temperature-dependent redistribution
of charge (a charge transfer from Fe to As sites). The results
suggest that polaron formation and evolution of coherence
with decreasing temperature are closely related to the trans-
port properties (critical temperature of superconductivity).

II. EXPERIMENT

Polycrystalline samples SmFeAsO,_,F,
(x=0,0.045,0.069) were prepared by solid-state synthesis.?
The onset T, (T,) values were 14.8 (13) K and 50.8 (47) K
for x=0.045 and x=0.069, respectively. As the doping de-
pendence of the transport properties was quite sharp, it was
essential to use samples with accurately determined
compositions.!? All XANES and EXAFS measurements
were performed in a fluorescence mode at beamline BL13B
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of the Photon Factory, Tsukuba, Japan. Fine powder samples
embedded in an amorphous carbon film were mounted on an
aluminum holder and attached to a closed-cycle helium re-
frigerator. The energy resolutions at the Fe K edge (7.11
keV) and As K edge (11.86 keV) were about 1 eV and 2 eV,
respectively, using a double crystal Si(111) monochromator
and vertically limited x-ray beam. For energy control and
monitoring, high-precision angle encoder was used ensuring
sequential near-edge measurement with energy uncertainty
less than 0.5X 107%° or 0.04 meV at the Cu K edge (8.98
keV). The Fe K-edge and As K-edge data were sequentially
recorded separately on slow heating. The helium cryostat
mounted on a high-precision goniometer (Huber 420) was
rotated to optimize the incidence angle.

A state-of-the-art Ge pixel array detector (PAD) with 100
segments was used in order to gain high throughput measure-
ment of fluorescence yield. Systematic and nonsystematic
noise was minimized by recording fluorescence signal of 4
X 10°-5 X 10° photons/data after six runs of repeated scans.
A detailed description of the PAD was reported elsewhere.'*
Most influential noise source is systematic origin caused by
Laue diffractions and standing-wave excitations which are
minimized by use of PAD. Monitoring output of segmented
detector channels allows to measure EXAFS oscillations to
high-k region, detecting small changes in mean-square rela-
tive displacement reflected in EXAFS magnitude change. Al-
though real-space resolution that gives a separated Fourier-
transform (FT) peak is approximately 0.1 A for k range of
16 A~', a separation down to 0.01 A is detected by beat and
analyzed by distortion model.'>!?

III. RESULTS AND DISCUSSION

In order to investigate the local lattice anomaly in the
Fe-As bond, we performed As K-edge EXAFS measure-
ments on a series of SmFeAsO;_.F, samples from 300 to 5
K. The As K-edge EXAFS oscillations of the undoped
sample measured at 300 and 20 K are shown in Fig. 1(a).
The enhanced magnitude of EXAFS oscillations at low tem-
perature was due to a decrease in thermally induced vibra-
tion. The magnitudes of the Fourier transforms of the
As K-edge EXAFS (multiplied by k%) for the undoped
sample at 300 and 20 K are shown in Fig. 1(b). The experi-
mental EXAFS, x(k), was analyzed by use of the IFFFIT
analysis package.'® An FEFF6 (Ref. 17) theoretical calculation
of the EXAFS curve was performed for the crystallographic
structure,'® and adjustable structural parameters were added
to the theory to account for possible deviations of the local
structure from the average structure. The data were theoreti-
cally fitted in both R space and k space, and the uncertainties
were determined from a reduced ’ using standard tech-
niques of error analysis. In the fitted data, the coordination
numbers were set to values dictated by the average structure.
For the As-Fe correlation, the data were fitted over the
1.45<R<2.55 A region. Figure 1(c) shows temperature de-
pendence of the intensity of the Fourier-transform magnitude
curve for the nearest As-Fe correlation in SmFeAsO,_F,
(x=0.069) sample. One can find a significant deviation from
a smooth variation starting at around 60 K and a sharp
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FIG. 1. (Color online) (a) Representative examples of
As K-edge EXAFS oscillations recorded at 300 K (black, lower
magnitude) and 20 K (red, higher magnitude). (b) Magnitudes of
the Fourier transforms of the As K-edge EXAFS (multiplied by k%)
for the undoped sample. Dotted curve represents the theoretically
simulated Fourier-transform magnitude of As K-edge EXAFS for
20 K data. (c) Temperature dependence of Fourier-transform peak
intensity for the nearest-neighbor As-Fe correlation. Inset shows FT
magnitudes measured at various temperatures. (d) Experimental
first-shell As-Fe contribution to the As K-edge EXAFS oscillation
at 300 K (black), and its comparison to the fitted theoretical curve
based on a single-scattering formula and theoretical phase-shift
functions (red).

change at the critical temperature of superconductivity (47
K). Typical results from fitted data for the first-shell As-Fe
bond are shown in both k space [Fig. 1(d)]. Both fits gave
identical results for the As-Fe bond distances summarized in
Table I and the As-Fe bond MSRDs.

The temperature dependences of MSRD for the As-Fe
bond (0}, ) in SmFeAsO;_F, (x=0,0.045,0.069) samples
are compared with the results for LaFeAsO,_,F, (x
=0,0.07) in Fig. 2(a). For undoped SmFeAsO, o3, p.
smoothly decreased with decreasing temperature, consistent
with a noncorrelated Debye model indicating absence of lat-
tice anomaly. In the F-doped samples, in contrast, an abrupt
upturn of o4, , Was observed below about 60 K, followed
by a sharp drop near the critical temperature of supercon-
ducting transition. This temperature-dependent unusual be-
havior of MSRD was similar to the local lattice anomaly
observed in cuprates'>!” and LaFeAsO,_,F,.”° The results
indicate the carrier-induced local lattice distortion (polaron
formation) in FeAs, tetrahedra in REFeAs (RE=La,Sm).
The Fe-As bond length in the SmFeAsO system varied
smoothly as temperature was lowered, suggesting no struc-
tural anomalies, in contrast to LaFeAsO,_ F,, which showed
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TABLE 1. A comparison of structure data of undoped SmFeAsO sample between the fitting results in k
space and the fitting results in R space. In the fitting, the coordination number was set to 4 and the amplitude

reduction factor S% was set to 0.72.

RAos-Fe
(A)

MSRD
(A?)

Temperature Raspe MSRD
(K) (A) (A?)
10 2.38651 (0.00315)  0.00148 (0.000186)
50 2.38743 (0.00361)  0.00151 (0.000181)
100 2.38793 (0.00383)  0.00173 (0.000221)
300 2.38989 (0.0046) 0.00339 (0.000256)

2.38644 (0.00353)
2.38706 (0.00333)
2.38791 (0.0038)
2.39011 (0.00449)

0.00151 (0.000187)
0.00150 (0.000172)
0.00172 (0.000201)
0.00345 (0.000239)

significant temperature-independent component (structural
disorder) related to a magnetic phase transition.”!

The temperature dependence of electrical resistivity and
Ohope for SmFeAsO,_F, together with those for
LaFeAsO,_,F, powder samples are plotted in Figs. 2(b) and
2(c), respectively, in an expanded scale. Note the nearly con-
stant large o 5, for the undoped LaFeAsO system in this
range.? In contrast, SmFeAsO systems were characterized
by a negligible amount of static (structural) disorder, which
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FIG. 2. (Color online) (a) Temperature dependence of As-Fe
bond MSRD (o’is_Fe) for SmFeAsO,_F, (x=0,0.045,0.069)
samples compared with those for LaFeAsO,_,F, (x=0,0.07) taken
from Ref. 18. The arrow indicates the magnetic phase-transition
temperature. (b) Temperature dependence of electrical resistivity of
SmFeAsO_F, (x=0,0.045,0.069). (c) Expanded temperature
scale plots of (a), which indicates that the common upturn behavior
below a characteristic temperature 7* followed by a sharp drop of
MSRD at the onset of superconducting transition indicated by
arrows.

may be a part of the reason for their higher 7. in SmFeAsO
system. In both systems, undoped samples show no lattice
anomalies while all superconducting, SmFeAsO(F) and
LaFeAsO(F) samples showed an anomalous upturn of O’ZAS_Fe
below 60-70 K followed by a sharp drop at 7. The former is
a signature of local lattice distortion, i.e., a slowdown of
polaron dynamics that causes the bond-length splitting ob-
servable with a fast time scale (107'3 s) local probe
(EXAFS).'>!1 In contrast, the MSRD drop at T, relates to
fast polaron dynamics®*> which showed a remarkable correla-
tion with the critical temperature of superconductivity.?

In the Fe-As system, we find precise correlation with the
superconducting coherence probed by the local lattice and
T.. The superconducting transition temperature width values,
AT, for the SmFeAsO,_,F, samples were 10.3 K
(x=0.069) and 4.3 K (x=0.045). Reflecting broader transi-
tion width, the former sample showed a broader drop in
ois_Fe at T,, in contrast to LaFeAsOF and SmFeAsOF (x
=0.045) as shown in Fig. 2(b). This indicates that the local
instantaneous lattice reflecting polaron dynamics, correlates
with the transport properties over a wide range in tempera-
ture (13-47 K). A similar correlation between atomic dis-
placement and resistivity was also observed in cuprates, such
as La, 551 ;sCuO4.'>1%2! The lattice distortion observed as
anomalous temperature dependence of MSRD is described
by a two-site distribution and interpreted as an inhomoge-
neous lattice with polarons with a slow dynamics (phonon
softening).?>?* For La, 451, ;5CuQy, the nature of displace-
ment was traced to the two possible in-plane lattice distor-
tion modes, ie., Q,-type Jahn-Teller (JT) mode** or
pseudo-JT (breezing) mode.>> We note that a slowed down
distortion giving rise to elongation and shrinking of the
Fe-As bond would significantly affect the splitting of the two
d;2_, bands and density of states near the Fermi level Ef,%°
thereby influencing the magnetic instability and pseudogap
opening. Although in FeAs systems, the calculated electron-
phonon coupling constant is too weak to describe the 7. by
several factors, it can be strongly enhanced by interband in-
teraction in multiband superconductors such as MgB,. In-
deed, the electronic structure of FeAs systems resembles that
of MgB, with respect to multiband nature and as local dis-
tortions influence band splitting and thereby magnetic insta-
bility caused by a large density of state at Eg. It could be this
enhancement that enhances lattice-mediated superconductiv-
ity which needs systematic studies of temperature-dependent
electronic and local structures.

Typical As K-edge XANES spectra taken at different tem-
peratures for the F-doped sample, SmFeAsQgg3F g9, are
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FIG. 3. (Color online) (a) A typical As K-edge XANES absorp-
tion structure at different temperatures for F-doped
SmFeAsOg31Fg 0. The inset shows an expanded energy scale
view of the pre-edge structure. (b) A typical Fe K-edge XANES
structure at different temperatures for SmFeAsOy ¢3,F gg9 sSamples.
The inset shows the expanded plot of absorption threshold for vari-
ous temperatures. Dashed lines indicate derivatives of XANES
spectra.

shown in Fig. 3(a). The As K-edge XANES spectra showed
three distinct band features, labeled A, B, and C, similar to
those of LaFeAsO,_,F,.!? Feature A is related to the unoccu-
pied As(p)-Fe(d) hybridized states just above Ep. The
lowest-energy part of absorption edge, assigned to excita-
tions from the As 1s core level into unoccupied As 4p states,
exhibited a systematic shift to lower energy with decreasing
temperature as shown in the inset. The shift of absorption
threshold toward lower energy implies a lowering of energy
difference between the core level and unoccupied states with
the As 4p character based on a dipole transition, mostly due
to the lowering of unoccupied states (chemical shift). A re-
markable contrast between the As K-edge and the Fe K-edge
data was found in the opposing slopes (temperature coeffi-
cients) of energy shift, i.e., a positive (Fe) shift and a nega-
tive (As) shift as temperature decreased. The Fe K-edge
XANES spectra at different temperatures for the
SmFeAsOg 93,F o590 sample are shown in Fig. 3(b). The pre-
edge region between 7.1066 and 7.1103 keV is related to
excitations from the Fe 1s core level into unoccupied Fe 3d
states. The main absorption edge in the 7.1118-7.1191 keV
region is ascribed to excitations from the Fe ls core level
into unoccupied Fe 4p states.

In order to analyze the energy shift quantitatively, the ab-
sorption edge energy was defined as the first inflection point
of the threshold. The energy positions of the absorption
thresholds measured from an undoped sample (at 300 K)
were plotted as a function of temperature for undoped and
F-doped SmFeAsO samples in Figs. 4(a) and 4(b). The mag-
nitude of the As K-edge energy shift between 300 and 10 K
data was about 0.15 eV and 0.50 eV for undoped and doped
samples, respectively, while the Fe K-edge variation was
about 0.14 eV and 0.30 eV for undoped and doped samples,
respectively. The observed edge shift for Fe K-edge and
As K-edge were opposite in sign and became significant in
magnitude for the superconducting sample. Note that the
edge shift rapidly increases its magnitude below about 50 K,
which is close to the superconducting transition temperature.

The doping-induced edge shift toward lower energy indi-
cates that the unoccupied density of states decreases, filled
by electrons. This confirms that at room temperature, doped
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FIG. 4. The energy shift of the absorption edge as a function of
temperature, for (a) As K edge and (b) Fe K edge. The energy of the
absorption edge at 300 K of undoped SmFeAsO is defined as zero.
(c) Energy difference of edge positions in electron volts between
undoped and doped SmFeAsO samples, A,,, Ap.. (d) Energy dif-
ference between the As and the Fe edge thresholds Ap—Apg. as a
function of temperature.

electrons are introduced into both the As and the Fe local
states when O sites are replaced by F ions. Similar to charge
transfer from the La(Sr)-O charge reservoir layer to the Cu-O
conductive layer in La, gsSrj;5CuQy,, the charge carriers
(electrons) are transferred from the Sm-O(F) layer to the
Fe-As layer. As illustrated by energy difference (c) between
the doped and the undoped samples A, and Ap, and (d)
between the Fe and As edge A —Ap,., the electron accumu-
lation on the As sites with decreasing temperature is impli-
cated. A reversal of edge shift indicates a possible redistribu-
tion of charge between Fe and As atoms. The doped electron
density on the As atom increased as temperature was low-
ered, which suggests temperature-dependent intralayer
charge redistribution (band filling). Indeed, a strong
temperature-dependent  dispersion ~ was  found  for
Baj (K 4Fe,As,, which is expected to exhibit orbital-
selective mode coupling.?” The doped electrons may be ac-
commodated in a particular electron pocket with an As
atomic-orbital character at low temperature.

IV. CONCLUSION

Temperature-dependent local lattice distortion (signature
of polaron formation upon doping) was found in the Fe-As
displacement in SmFeAsO,_,F, (x=0.045,0.069) supercon-
ductors. Overall features of lattice anomaly (upturn of rela-
tive displacement followed by a sharp drop associated with
superconducting coherence) is similar to those reported for
cuprates and LaFeAsO,_F, (x=0.07) indicating intimacy
between local lattice and superconductivity in both systems.
Observed lattice distortion is modeled by long and short
Fe-As bonds separated by about 0.1 A (less significant than
cuprates) that would increase band splitting and remove de-
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generacy of bands crossing the Fermi level. Although the
calculated electron-phonon coupling constant A\ is unfavor-
able to phonon-mediated mechanism, interband interaction in
multiband multigap superconductors is strongly dependent
on local distortion and may play an important role in micro-
scopic mechanism of high-temperature superconductivity.
Systematic energy shifts for the Fe K-edge and As K-edge
absorption thresholds indicate a temperature-dependent re-
distribution of doped carriers and complex band filling. De-
tailed knowledge on temperature-dependent band filling

PHYSICAL REVIEW B 81, 094516 (2010)

would be crucial for understanding microscopic mechanism
of superconductivity in oxypnictides.
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