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Javier Blasco,* Bartolomé Aznar, Joaquin Garcia, Gloria Subias, Javier Herrero-Martin, and Jolanta Stankiewicz
Instituto de Ciencia de Materiales de Aragon and Departamento de Fisica de la Materia Condensada, CSIC-Universidad de Zaragoza,

Pedro Cerbuna 12, 50009 Zaragoza, Spain
(Received 6 July 2007; published 25 February 2008)

The crystal and local structures of La;_,Sr,FeO;_s (0 <x=<1) samples have been studied by x-ray diffraction
and x-ray absorption spectroscopy techniques. The Fe-O bond length decreases with increasing x. Accordingly,
the x-ray absorption near edge spectroscopy (XANES) spectra reveal a chemical shift of the iron K edge to
higher energies. Both results agree with an Fe valence increase as La is substituted with Sr. Extended x-ray
absorption fine structure spectroscopy and XANES show that the chemical state of Fe atoms in intermediate
compositions can be described either by a bimodal distribution of formal Fe** and Fe** ions or by an Fe3**
intermediate valence. The large value of the Debye-Waller factors obtained for intermediate compositions
indicates that hole doping produces local disorder around the Fe ions. These factors show unusually large
values below the metal-insulator (MI) transition for x=2/3 or 3/4. We show that a significant charge dispro-
portionation of the type 2Fe** — Fe’*+Fe>* cannot account for the local structure observed below the MI
transition temperature of these samples. We suggest that an electronic localization arises from an order-disorder

transition between dynamic and static distortions, resulting in the opening of a gap at the Fermi level.
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I. INTRODUCTION

The perovskite series La;_,Sr,FeO; (0<x=<1) shows in-
teresting changes in their physical properties as a function of
composition.!> LaFeO; is an antiferromagnetic insulator
with a high Néel temperature (Ty) of approximately 750 K.3
The substitution of La** with Sr>* produces a formal change
in the valence state of Fe ion from +3 (x=0) to +4 (x=1).
This leads to the decrease of T and the increase of elec-
tronic conductivity.4 The end member, SrFeOs, is found to be
a helical antiferromagnetic metal whose Ty is 134 K.3

One of the most striking properties in this series occurs at
a critical concentration of x~2/3. La;;Sr,;3FeO3 samples
undergoes a metal-insulator (MI) transition at ~200 K, evi-
denced by a jump in the resistivity of more than 1 order of
magnitude with decreasing temperature. This MI transition is
accompanied by an antiferromagnetic ordering. A pioneering
work on La;_Sr,FeO;, reporting Mossbauer spectroscopy
results at low temperature, has revealed two kinds of Fe ions
with different hyperfine fields,® which have been attributed to
different charge states. In view of these results, the MI tran-
sition has then been interpreted as a charge disproportion-
ation from an average-valence state (Fe*3%7) in the paramag-
netic phase above 200 K into a mixture of 2Fe’* and 1Fe’*
in the antiferromagnetic charge ordering (CO) state below
200 K.” The Fe>* comes from the disproportionation of Fe**
into Fe3* and Fe>*. However, this transition is not accompa-
nied by any significant lattice distortion although neutron
diffraction experiments have revealed a spin-density wave
along the [111] direction in the pseudocubic cell with two
nonequivalent spin states for Fe ions.® Electron diffraction
measurements have shown extra spots in the low-
temperature phase,9 and, recently, superlattice reflections due
to charge and spin ordering have been observed by neutron
diffraction measurements.!%!! Nevertheless, there is no struc-
tural model that accounts for the low-temperature phase of
La;/3Sr,,3FeO;. In addition, the magnetic moments found for
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the two nonequivalent Fe ions seem to depend on the syn-
thetic route.®!! Finally, the occurrence of this type of CO
transitions also depends on the rare-earth size.'>!3

A detailed crystal characterization for the whole series of
La;_,Sr . FeO; was reported, and changes associated with the
substitution of Sr for La have been studied.'* LaFeO; exhib-
its the orthorhombic distortion of a perovskite with space
group Pbnm, while intermediate compounds show a rhom-
bohedral cell (R-3c¢), and SrFeO; is cubic with space group
Pm-3m."* Accordingly, the iron coordination geometry be-
comes more regular by increasing the Sr content.

The hole doping in LaFeO; gives rise to structural and
magnetic transitions based on the change in electronic con-
figuration of the Fe and/or O sites. However, only few stud-
ies have been reported on the electronic structure of the
series.!>18 Soft x-ray absorption and electron spectroscopies
have revealed that holes created by Sr doping have a mixed
Fe 3d—0 2p character for high Sr content whereas they are
mainly of the O 2p character for low Sr content.!> Combined
studies with photoemission spectroscopy have confirmed this
point and suggested that the hole ordering on the oxygen
sites plays an essential role in realizing the charge dispropor-
tionated state.'®

The present work was undertaken with the aim of gaining
insight into the changes of the electronic and local structure
of Fe atoms upon varying the La/Sr ratio. It also focuses on
the changes observed at the so-called CO transition at the
critical concentrations of x=2/3 and x=3/4. The informa-
tion about either the Fe oxidation state or the local structure
is directly obtained by x-ray absorption spectroscopy (XAS)
at the Fe K edge. Previously reported x-ray absorption near
edge spectroscopy (XANES) results at the Fe K edge were
used to characterize the valence of Fe along the series of
La,_,Sr,FeO;."” The authors found an increase of the valence
of Fe with increasing Sr/La ratio, which saturates at x=0.8.
Extended x-ray absorption fine structure spectroscopy (EX-
AFS) was only studied on selected samples (x=0.2), which
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TABLE I. Selected structural parameters (space group, lattice constants, and volume/f.u.), oxygen content, and average Fe—O bond length
for La;_ Sr,FeO;5. s The x value is given for each column, and Z values are 4, 6, and 1 for Pbnm, R-3¢, and Pm-3m, respectively. Numbers
in parentheses refer to the standard deviation of the last significant digit.

Sample (x) 0 1/8 1/4 1/3 1/2 2/3 3/4 7/8 1
Space group Pbnm Pbnm Pbnm R-3c R-3c¢ R-3c¢ Pm-3m Pm-3m Pm-3m
a (A) 5.5568(4)  5.5464(4)  5.5508(5) 5.5350(1) 5.5072(1) 5.4787(2) 3.8064(1)  3.8580(1)  3.8530(1)
b (A) 5.5656(4) 5.5491(2)  5.5167(3)

c (A 7.8496(7)  7.8356(8)  7.8151(9)  13.4309(4) 13.4119(4)  13.4080(6)

Vol/Z (A% 60.69(1) 60.29(1) 59.83(1) 59.39(1) 58.71(1) 58.09(1) 57.801(2) 57.424(2) 57.201(3)
36 3.004(10)  3.041(11)  3.025(12) 3.028(10) 3.011(9) 3.013(12) 2.980(8) 2.984(9) 2.961(11)
(Fe-0) (A) 2.006 1.987 1.970 1.965 1.951 1.939 1.9332 1.929 1.9265
Fe** (%) 0.8 20.7 30 36.6 522 69.6 71 84.3 922

are promising cathode materials.'® In particular, we have not
found any complete XAS study of samples showing the CO
transition. This is surprising since XAS studies are very use-
ful in characterizing order-disorder transitions'® and in evalu-
ating oxidation states in mixed oxides.?”

II. EXPERIMENTAL METHODS

La,_Sr,FeO;_s (x=0,1/8,1/4,1/3,1/2,2/3,3/4,7/8,1)
samples were prepared'® using solid-state methods. Stoichi-
ometric amounts of La,0s3, SrCOj3, and Fe,O; were mixed,
ground, and calcined at 1000 °C for 1 d in air. Then, the
powders were ground, pressed into pellets and sintered at
1250 °C for 1 d, also in air. The last step was repeated one
more time with a final annealing at 450 °C for 10 h in the
same atmosphere. Samples with x>0.5 were tempered at
450 °C for 1 d at high oxygen pressure (200 bars) in a Mor-
ris Research furnace in order to improve the oxygen stoichi-
ometry.

The samples were characterized by x-ray powder diffrac-
tion (XRD) using a Rigaku D-Max system. Step-scanned
patterns were measured between 10° and 120° (in steps of
0.03°) at room temperature. The x-ray system was working
at 40 kV and 80 mA with a counting rate of 4 s step~!. We
used a graphite monochromator to select the Cu K« radia-
tion. The crystal structures were refined by the Rietveld
method using the FULLPROF package program.”!

To obtain the oxygen content, we used the method of
redox titration with cerium (IV) sulfate and Mohr’s salt.?223
Powdered samples (~100 mg) were dissolved with an ex-
cess of Mohr’s salt in 3M HCI. At this step, tetravalent Fe is
reduced into Fe** by divalent irons. After heating for a few
minutes, yellow solutions are obtained. 10 ml of concen-
trated phosphoric acid is then added to form a colorless com-
plex of Fe**. After cooling, the excess of Fe?* ions is titrated
with a Ce(SO,), solution using ferroin (one drop) as an in-
dicator. The whole titration process is carried out under an Ar
stream. The end point is detected as a sudden change from
red-orange to colorless (or very light blue) solution. This
analysis was repeated three times for each sample and the
standard deviation in ¢ is estimated to be *=0.01.

The a/c magnetic susceptibility was measured between 5
and 300 K in a commercial Quantum Design superconduct-

ing quantum interference device magnetometer. Resistivity
measurements were carried out using the standard six-probe
ac method in the temperature range between 4 and 300 K.
We checked the type of carriers using the hot probe.

XAS spectra were recorded at the BM29 beamline of the
ESRF in Grenoble (France).?* The storage ring was operating
at 6 GeV electron energy and ~200 mA electron current.
The measurements were carried out in transmission mode on
powder samples and at selected temperatures between 40 and
295 K. The beam was monochromatized by a fixed-exit
Si(111) double crystal, and harmonic rejection better than
107 was achieved by using the Si mirror coating of the
double flat mirror installed after the monochromator. The
energy resolution SE/E was estimated to be about 8 X 1075 at
the Fe K edge, and an Fe foil was simultaneously measured
for energy calibration. The XANES spectra were normalized
to the high energy part of each spectrum (~100 eV beyond
the edge) after background subtraction. We have also re-
corded XANES spectra of Fe, FeO, Fe;O,, and Fe,05 as
references for the Fe K edge.

The EXAFS structural analysis was performed using the
ARTEMIS program,” which makes use of theoretical stan-
dards calculated from FEFF6.2° This software was also used to
perform the background removal. The fits were carried out in
the R space using a sine window and clusters of ~4 A,
which include contributions from the first, second, and third
shells. However, we limit our discussion to the first coordi-
nation shell because it is correlated to the main physical
properties.

III. RESULTS

The whole La;_,Sr,FeO;_s series was characterized at
room temperature by means of XRD. All the studied samples
showed single phase, and selected refined parameters are
summarized in Table I. Overall, our diffraction results concur
with previous reports.'* Samples with low Sr content (x
<1/3) crystallize in a distorted perovskite structure with an
orthorhombic Pbnm space group. A rhombohedral cell, R-3c,
is found for intermediate compositions (1/3<x<2/3),
whereas Sr-rich samples are cubic (x=3/4).

Although the 12-fold coordinated Sr** cation?’ is bigger
than La’**, the volume/f.u. decreases continuously as the con-

054107-2



CHARGE DISPROPORTIONATION IN La,_,Sr...

235X10% [t 10
230x10* - (@) ]
2.25X10* |- “
220X10* “J =
215x10+ - La Sr, FeO, J 01 p
: .

(emu/g Oe)

So 2.10X10™ -

2.05X10™ /7

2.00X10* PRI R IR |

P
\
{
‘,\
\
/x
2

5X0° |
4x107°

4x10°

x' (emu/g Oe)
(worgy )d

3x0° |

0 50 100 150 200 250 300
T (K)

FIG. 1. Resistivity and ac magnetic susceptibility vs temperature
for (a) La;/;3Sry3FeO5 and (b) La;,Sr34FeOs.

tent of Sr is increased. This indicates that the unit cell vol-
ume mainly depends on the oxidation state of Fe atoms,
which continuously increases with increasing content of Sr.
It also leads to a decrease of the average Fe-O distances as
the Sr/La ratio increases. A chemical analysis confirms the
oxidation of Fe with increasing doping ratio. It also reveals
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that our synthetic routes led to samples with a slight oxygen
excess for La-rich compounds, while the Sr-rich ones show a
small oxygen deficiency in spite of the annealing at high
oxygen pressure.

Resistivity measurements revealed a semiconducting be-
havior for all samples, even for SrFeO,qs. The resistivity
found for the latter may be attributed to the presence of oxy-
gen vacancies.'> The activation energy strongly decreases
with increasing doping ratio; it amounts to 5 meV for
SrFe0, o6. We have also found two samples exhibiting clear
conductivity transitions, namely, x=2/3 and x=3/4. Their
resistivity variation with temperature is displayed in Fig. 1.
La;/3Sr,3FeO5; shows a semiconducting behavior at room
temperature with a sudden increase (~1 order of magnitude)
at the CO transition between 180 and 200 K. This transition
shows thermal hysteresis, suggesting a first order transition.
The low-temperature phase is highly resistive with large ac-
tivation energy. The other sample, La; ,Sr;,FeOs, shows a
similar transition at lower temperatures. Here, the resistivity
jump is much smaller.

We also measured ac magnetic susceptibility for samples
with x=0.5. Anomalies related to antiferromagnetic ordering
are clearly seen for these samples. 7, decreases from
~225 K (x=0.5) down to ~130 K (x=1). The susceptibility
curves for x=2/3 and % are also plotted in Fig. 1. It is clear
that magnetic and MI transitions are coupled for x=2/3 but
not for x=3/4.

A. Fe K-edge x-ray absorption near edge spectroscopy of
Lal_xerFeO3_5

Figure 2 shows the Fe K-edge XANES spectra of the

FIG. 2. XANES spectra at the Fe K edge for
La,_,Sr,FeO; samples at room temperature. P

and W denote prepeak and white line features,
respectively. Inset (a): plot of the edge position vs
chemical composition. The line is a linear fit of
the experimental data. Inset (b): detail of the pre-
edge region.
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whole series at room temperature. This edge mainly probes
the 1s—np dipolar transitions. All spectra are alike. The
main features of the spectra are a white line (denoted as W in
the figure), whose intensity decreases as the Sr content in-
creases, and prepeak features (P) at ~11 eV below the main
edge.

We observe a systematic chemical shift of the edge posi-
tion as the Sr content increases, indicating that the Fe va-
lence also increases. Here, the edge was taken at the maxi-
mum of the first derivative of the XAS spectra, and the
chemical shift between LaFeO; (formal Fe**) and SrFeO, o6
(formal Fe**) was found to be 1.26 0.2 eV, as can be seen
in Fig. 2(a). The absorption edge for the doped samples lies
between the end members, indicating intermediate valence
states for iron. These results agree with the data reported
earlier for the same series.'® However, we obtain a slightly
higher chemical shift, and we do not observe Fe valence
saturation for x=3/4. This can be related to the oxygen
stoichiometry of the compounds. It seems that our samples
are better oxidized because of the annealing at high oxygen
pressure.

The pre-edge structures are usually attributed to quadru-
pole transitions from the ls core state to 3d empty states,
which are expected to be very weak for an iron atom in an
octahedral environment. In addition, a significant contribu-
tion from dipole transitions can be expected in these com-
pounds due to hybridization of the metal 3d states with the
oxygen p band.”® In this way, we observe prepeak changes
along this series as can be seen in Fig. 2(b). The shape of
these peaks changes, but the most important effect is an in-
crease of its intensity as the content of Sr increases. In these
oxides, the Fe atom is surrounded by six oxygen atoms form-
ing an octahedron, and neighboring octahedra strongly inter-
act with each other producing extended energy bands of
mixed Fe 3d and O 2p character.?® Thus, the increase in the
intensity of these prepeaks can be related to an increase of
the mixing between Fe 3d and O 2p states as the Fe valence
(i.e., the hole count) increases, in agreement with the finding
that samples with higher content of Sr have less distorted
structures.

B. Fe K-edge extended x-ray absorption fine structure
spectroscopy of La;_.Sr, FeO;_;

Fe K-edge EXAFS spectra were measured for the whole
series La,_,Sr,FeO;_g at 35 K and at room temperature. The
extracted EXAFS signals at room temperature are displayed
in Fig. 3 for the sake of comparison. The spectra change
continuously with increasing doping ratio as the local struc-
ture around Fe ions changes. Oscillations are still visible at
k~12"" A, being more intense at high k for Sr-rich samples.
This fact may be related to the more symmetric environment
for these compounds.

The Fourier transform (FT) of the k-weighted EXAFS
spectra, calculated between 2.5 and 11.5 A~! using a sine
window and the structural features up to 6 A, are shown in
Fig. 4. The FT spectra exhibit a continuous evolution with
the doping ratio as well. The spectrum of LaFeO; shows a
strong peak at ~1.55 A corresponding to the Fe-O distance
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FIG. 3. EXAFS spectra, kyx(k), at the Fe K edge for the
La;_,Sr,FeO; series at room temperature. The x values for each
curve are (from bottom to top) 0, 1/8, 1/3, 1/2,2/3,3/4,7/8, and
1. The curves are shifted upward for the sake of clarity. The back-
ground removal starts at k=1 A~

without a phase-shift correction. Between 2 and 3.8 A, there
are several small peaks corresponding to the second and third
coordination shells, i.e., Fe-La and Fe-Fe distances. The
small intensity of these peaks may be ascribed to the large
number of scattering paths in the orthorhombic unit cell.

The Sr substitution for La leads to a decrease of the main
peak in Fig. 4, even for small Sr doping. The intensity of this
peak for samples with high Sr content remains almost con-
stant. This could indicate a significant local disorder in the
first coordination shell for the whole series except LaFeOs.
The position of this peak slightly shifts to lower values of R
with increasing content of Sr, in agreement with the expected
decrease of the Fe-O bond length. The changes observed in
the second and third shells are stronger. The Sr doping leads
to an increase of intensity of the corresponding peaks in the
FT spectra. This can be attributed to the symmetry increase
of the unit cell from orthorhombic to cubic along the whole
series. In the cubic environment, the number of different Fe-
Sr(La) paths around the Fe atom is strongly reduced.

The structural analysis was carried out between 1 and 4 A
in the R space fitting mode using the ARTEMIS software.?> We
have considered contributions from single scattering paths,
Fe-O, Fe-Fe, and Fe-Sr(La), together with multiple scattering
paths, mainly Fe-O-O and Fe-O-Fe. The best fits are also
plotted in Fig. 4 as continuous lines, whereas refined dis-
tances, Debye-Waller (DW) factors, and reliability factors
are summarized in Table II. In these fits, the coordination
numbers were fixed to their crystallographic values, and the
amplitude reduction factor sé was set at 0.69, following pre-
vious calculations.?®3° Therefore, only bond lengths, DW
factors, and threshold energy (E,) were refined. Overall, the
EXAFS results concur with the crystallographic data (com-
pare Fe-O distances between Tables I and II). We noticed
that the Fe-O bond length decreases with increasing x and,
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FIG. 4. Modulus of the Fourier transforms extracted from the
curves of Fig. 3 using a sine window between 2.5 and 11.5 A~
Solid lines are the best-fit simulations only considering contribu-
tions between 1 and 4 A. The x values are (from bottom to top) 0,
1/8,1/3,1/2,2/3,3/4,7/8, and 1. The curves are shifted upward
for the sake of clarity.

accordingly, the oxidation state of Fe atoms increases, in
agreement with the XANES spectroscopy. However, large
DW factors for Fe-O distances are observed for all samples
except LaFeO;. DW factors are already large for the mini-
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mum doping ratio, confirming that small La substitution
leads to a local disorder in the first coordination shell. More-
over, it is noteworthy that this local disorder is the highest
for intermediate compositions 1/3<x=<3/4, including the
region where the MI transition occurs.

C. Phase transition for 2/3<x=<3/4

In order to characterize possible structural and electronic
changes across the so-called CO transition, we studied the
temperature dependence of both crystal and local structures.
Figure 5(a) shows the temperature evolution of the lattice
parameters for La;3Sr,,3FeO3; down to 77 K. This composi-
tion crystallizes in a rhombohedral R-3c cell, which has been
refined using the hexagonal setting. As it was found in pre-
vious studies,”!! the absence of superstructure reflections at
low temperatures allow us to refine all XRD patterns in the
same space group. The temperature variations of the lattice
parameters show the usual contraction on cooling, but with
anomalies in the vicinity of the phase transition. These
anomalies are more pronounced for the a parameter, which
shows a dip around 200 K [see Fig. 5(a)]. The curve for the
¢ parameter shows a slope change with a small plateau at the
same temperature. The large variation of parameter a may be
related to the fact that the easy axis of magnetization lies in
the xy plane'' and the phase transition is accompanied by a
long-range antiferromagnetic ordering (see Fig. 1).

The structural changes at the phase transition are quite
smooth for the La,;,,Sr3,,FeO3 sample. We compare the tem-
perature evolution of the unit cell volume of both samples in
Fig. 5(b). A change in the slope is hardly noticeable for the
x=3/4 compound. Such behavior may be related to several
facts. First of all, the metal-insulator and magnetic transi-
tions are not coupled for this sample (see Fig. 1). Second, the
doping ratio may not be optimal for the electronic localiza-
tion, and, finally, the high crystal symmetry, which is cubic
in this case, may obscure slight structural changes.

In order to gain insight into the changes of the local struc-
ture around Fe atoms in both samples, we have measured
EXAFS and XANES spectra between 295 and 35 K. We

TABLE II. Best fit parameters [average bond lengths, Debye-Waller, threshold energy, and reliability
(Refs. 24 and 25) factors] obtained from the fitting of the EXAFS data in the R-space mode. Numbers in
parentheses refer to standard deviations of the last significant digits. In the case of several distances, we
report the average value, and the standard deviation corresponds to coupled displacements in order to pre-
serve the crystal structure. The sé factor was fixed to 0.69 (Refs. 29 and 30), and the crystallographic values

were taken as coordination numbers.

Sample (x) 0 1/8 1/3 1/2 2/3 3/4 7/8 1
(Fe-0) (A) 2.004(9) 1.994(9) 1.961(8) 1.954(8) 1.927(8) 1.920(8) 1.915(7) 1.909(8)
o (A2 x 1073 2.5(6) 4.3(9) 6.2(12)  6.3(14) 5514  5.1(13)  4.1(12)  4.4(13)
(Fe-Sr) (A) 3.410(39) 3.360(35) 3.354(31) 3.353(21) 3.341(18) 3.346(12) 3.341(10) 3.332(11)
2 (AHx1073  72(13)  7.2(15) 4811 450100 7.1(13)  5.6(11)  4.6(10)  6.5(14)
(Fe-Fe) (A) 3.972(84) 4.002(87) 3.951(75) 3.904(46) 3.872(33) 3.856(14) 3.858(9) 3.841(10)
2 (AH %1073 10.5(16) 10.5(15) 10.6(16) 9.2(13)  7.5(12)  6.8(12)  6.6(12)  6.6(11)
E, (eV) —2.1(6) -1.8(6) -24(8) -1.9(5) -2.6(6) -4.1(7) -4008) -3.8(7)
R-Factor 0.013 0.015 0.019 0.010 0.009 0.012 0.018 0.007
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FIG. 5. (a) Temperature evolution of lattice parameters for
La;;3Sry3Fe03. (b) Unit cell volume/f.u. vs temperature for
La,/3Sr,3FeO5 (diamonds) and La,,4Sr3,FeO5 (squares).

have also measured these spectra for SrFeO, ¢, a material
without CO transition, in order to have a reference. The
XANES spectra are alike in the whole temperature range for
all of the three samples. The lack of noticeable changes in
the energy line shape or chemical shifts indicates that only
tiny changes in the electronic and/or geometrical structure
can occur at the Fe atoms across the transition. This also
concurs with the slight changes observed in the x-ray pat-
terns.

The EXAFS analysis allowed us to obtain more detailed
information on the local structure around the Fe atoms. Fig-
ure 6 shows the temperature dependence of Fe-O bond
lengths for La,;sSry3FeOs, La;; SryFeO5, and SrFeO; oq.
Overall, these distances slightly decrease with decreasing
temperature. However, the temperature evolution seems to be
different for SrFeO, ¢4 With respect to the other two samples.
The former shows a continuous decrease on cooling, whereas
La;/3Sr,3FeO; and La;,Sr;,FeO; exhibit a small jump
around 200 K near Ty (see Fig. 1) and an anomaly in the
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FIG. 6. Temperature evolution of the Fe-O bond length for
La,;3Sr,3FeO3 (diamonds), La,;4Sr34FeO5 (squares), and SrFeO3
(circles). Lines are guides for the eyes. The typical error bar is also
shown for the sake of comparison.

lattice parameters (Fig. 5). These data seem to point out to a
significant role of the first coordination shell of O atoms in
the above properties. To gain more insight, we have also
studied the temperature evolution of the DW factors of the
first, second, and third shells for these three samples. The
results are depicted in Fig. 7. The expected trend for the DW
factors is to decrease upon cooling as thermal vibrations de-
crease. Indeed, we observe such behavior in the Fe-Sr(La)
paths (second shell) in all of the three samples. However, the
DW factors for the first shell are anomalously large for
La;/3Sr,,3FeO5 and La,4Sr3,,FeO5 samples even at low tem-
perature (below the MI transition). In addition, they show a
minimum around 180 K. For SrFeO, ¢4, the DW factor de-
creases down to 100 K, and then it slightly increases upon
cooling. This temperature corresponds to the electronic local-
ization observed in SrFeQ, o.'3 Finally, the third shell dis-
plays an intermediate behavior between both previous shells.
Here, the different behavior at low temperature for SrFeO, ¢4
on the one side and for the La;;Sr,3FeO; and
La;/4Sr;,4,FeO; on the other side is more evident. The x
=2/3 and % samples show an additional disorder at low tem-
perature, which mainly affects the Fe-O-Fe sublattice.

IV. DISCUSSION

Our results clearly show a continuous change in the struc-
tural and electronic properties of Fe atom along the series
La,_,Sr,FeO;_s5, which we discuss below. XANES spectra
reveal a chemical shift toward higher energies with increas-
ing doping ratio. This trend is usually ascribed to an oxida-
tion from Fe’* (LaFeO;) to Fe** (SrFeO;).

In order to check if doped samples could be formed by a
mixture of formal Fe3* and Fe**, we have taken experimental
XANES spectra for LaFeO; and SrFeO; as references for
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FIG. 7. Temperature evolution of DW factors for La;,;3S1,,;FeO5
(diamonds), La;,Sr3,,FeOs (squares), and SrFeO; (circles). From
bottom to top: The Fe-O, Fe-Sr(La), and Fe-Fe shells. The typical
error bar is also shown for the sake of comparison.
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formal 3+ and 4+ oxidation states, respectively. Then, we
have tested if a linear combination of both reference spectra
based on the Sr content can reproduce the features of inter-
mediate compositions. This procedure was used in the past to
demonstrate that doped manganites were composed of inter-
mediate mixed valence Mn*?* ions instead of a mixture of
Mn** and Mn** ions.?!

The results for x=2/3 at two temperatures is displayed in
Fig. 8. The plots show that the weighted addition (or simu-
lated spectrum) nicely reproduces the energy position of the
spectrum for La,5Sr,,3FeO5. The simulation also reproduces
the line shape of the edge including the pre-edge features.
Similar results were found for the rest of the series. There-
fore, a mixture of (1-x) Fe** and (x) Fe** ions can account
for the XANES spectra of doped samples. Nevertheless, an
intermediate valence state cannot be excluded.

The most striking point of this analysis is that the linear
interpolation between the two end members also works for
the La;/;;Sr,3FeO; XANES below the so-called CO transi-
tion temperature, as shown in Fig. 8(b). Bearing in mind that
a charge disproportionation of 2Fe** into Fe’* and Fe’* im-
plies an increase of Fe®*, one would expect that a
La;/3S1,3FeO; XANES spectrum would be better repro-
duced by a linear combination of 67% LaFeO; XANES
+33% SrFeO; XANES spectra (assuming no large differ-
ences between Fe** and Fe*) instead of the reverse propor-
tion (33% LaFeO3;+67% SrFeO;). We have positively veri-
fied that the first assumption is worse than the second one, as
shown in Fig. 8. This result, in addition to the lack of sig-
nificant changes in the XANES spectra across the CO tran-
sition, is difficult to compromise with a full charge dispro-
portionation (2Fe**+1Fe>*) in La,;Sry;FeO; at low
temperature.

EXAFS and XRD refinements show that Fe-O distances
also decrease as the doping ratio increases. This agrees with
the increase of the formal oxidation state of Fe ions. How-
ever, the EXAFS analysis also reveals that the lowest DW
factor of the first coordination shell corresponds to the
LaFeO;, even at room temperature. It seems that Sr doping
leads to an increase of disorder in this coordination shell,
although the crystallographic structure becomes more sym-
metrical with the increase of Sr content. Moreover, this dis-
order is stronger at intermediate compositions, close to the
stoichiometry exhibiting the MI transition at low temperature
(x~2/3), as can be seen in Table II.

A structural origin for the so-called CO transition is clear
from the changes observed in the lattice parameters. How-
ever, these changes are so small that it is very hard to detect
any change in the crystal symmetry. The EXAFS analysis of
samples showing this transition gives us more information
about its nature. The FT spectra in Fig. 4 have been fitted
using the crystallographic information from Table I; for in-
stance, in the case of La,;3Sr,,3FeO;, the Fe is sixfold coor-
dinated to oxygen atoms at only one distance. Fe-O shows
slight changes upon cooling with a dip at the phase transition
temperature, but the DW factor associated with this path is
very large in the low-temperature phase. All of this points
out to an increase of disorder opposite to the diminution of
thermal vibrations. However, this disorder only seems to af-
fect the Fe-O-Fe sublattice since the DW factor for the sec-
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ond shell behaves as expected (see Fig. 7). If a charge dis-
proportionation occurs at the phase transition, inducing more
disorder in the electronic configuration of the Fe atom, one
would expect related changes in all coordination shells.
Since the Fe-O-Fe sublattice is the most affected, it is likely
that oxygen atoms surrounding Fe ions play an important
role in the localization of holes.

To gain more quantitative insight into these local struc-
tural changes, the following analysis has been carried out:
Following XANES results, the La,5Sr,,3FeO5 sample can be
considered as composed of 1/3 of Fe** and 2/3 of Fe** ions.
In this case, an equivalent local structure would be composed
of 1/3Fe**-O (long) and 2/3Fe**-O (short) distances. We
have used 2.0 and 1.91 A as Fe3*-O and Fe**-O distances,
respectively, i.e., experimental values obtained for LaFeO;
and SrFeOj; (see Table II). We were successful in fitting the

7140

experimental EXAFS spectra of La;;3S1,,;FeO5 at room tem-
perature using this pair of distances. Figure 9 shows the Fou-
rier filtered EXAFS spectra arising from atoms in the first
coordination shell (1.1 A<R=<1.8 A). We also report the
best fits using a single distance (see Table II) and the above
mentioned two distances. Both models show similar good-
ness of the fit, and the EXAFS analysis is not sensitive to the
difference between a mixed valence (Fe*®’*) and an
Fe’*/Fe** mixture, as we found also in the XANES spectra
analysis. However, the most striking point is that these mod-
els also work for the EXAFS spectra of the same sample at
40 K where the charge disproportionation is thought to be
established [see Fig. 9(c)].

A full disproportionation implies that two Fe** ions trans-
form into Fe’* and Fe’* ions, leading to the change of two
short Fe**-O distances into one large Fe**-O and another
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FIG. 9. Fourier filtered EXAFS spectra (circles) of the first co-
ordination sphere around Fe atoms in La,3Sr,;FeO3 at 290 [(a) and
(b)] and at 40 K (c). The lines correspond to the best fits using: (a)
a first coordination shell composed of 6Fe*%7+-O distances, (b) a
first coordination shell composed of 2Fe**-O and 4Fe**-O dis-
tances, and (c) a first coordination shell composed of 2Fe**-O and
4Fe**-0 (solid line) compared to that composed of 4Fe**-O and
2Fe>*-0 distances (dotted line).

very short Fe3*-O distance. We have taken as an Fe’*-O
distance the value reported for CaFeQs, i.e., 1.86 A.>2 Then,
we have tried to fit the EXAFS spectra using a first coordi-
nation shell composed of 2/3Fe**-O (long) and 1/3Fe’*-O
(short). The result of this fit is also displayed in Fig. 9. This
fit is much worse than the previous one, and there is a phase
shift between the Fe**-Fe>* model and the experimental os-
cillations, very evident at high k. The use of higher values for
Fe>*-O distances (up to 1.91 A) or lower values for Fe**-O
bonds (down to 1.97 A) does not improve it significantly.
This indicates that the phase shift is not only related to the
average distance but also to the ratio of scattering centers so
that the experimental oscillation can only be reproduced ei-
ther by only one distance with a large Debye-Waller factor or
by the addition of 2/3 short and 1/3 long Fe-O distances.
This result strongly disagrees with the presence of a signifi-
cant charge disproportionation in this sample, implying the
presence of 2/3Fe** (big) and 1/3Fe>* (small) cations.

A first sight could suggest that our results are at odds with
previous neutron studies, but a detailed inspection reveals
that both kinds of studies could concur in the same point.
The magnetic structure was refined using a sequence 533533
along the z axis in the frame of the hexagonal setting of the
R-3c space group.® The authors assumed antiferromagnetic
Fe’*-O-Fe** and ferromagnetic Fe3*-O-Fe* interactions ly-
ing in the magnetic moments along the xy plane. Structural
constrains were needed to stabilize the refinement, and the
magnetic moments were refined to 3.61up and 2.76up for
Fe** and Fe’* sites, respectively.® Other authors obtained sig-
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nificant smaller values for the magnetic moments, evidenc-
ing the difficulty of this refinement.'!

Battle et al.® were surprised by the absence of any signifi-
cant structural distortion accompanying the 2:1 ordering of
Fe’* and Fe’*, and they deduced the existence of nonintegral
charge states in agreement with Takano et al.® Battle et al.
literally stated that assuming a linear correlation of electron
charge and flux density between Sr,Fe,Os and SrFeO;, the
Fe* site in La,;3S1,;FeO5 has an actual charge of approxi-
mately +3.4, and hence the actual charge of the Fe* site is
only approximately +4.2. This conclusion is in agreement
with our experimental results, which makes evident the ab-
sence of Fe*’ in this system. Furthermore, if we considered
that disproportionation only concerns Fe**, 2Fe** — Fe**?
+Fe*? & would have a value around 0.2 and the “Fe3* site”
would be formed by a mixture of Fe** and Fe38* (average of
+3.4). The point emphasized by our experiments is that this
kind of disproportionation, if it exists, should be very small
(6—0).

Concerning the metal-insulator transition, one must take
into account the presence of a significant disorder at room
temperature in doped samples. We think that a structural
transition from uncorrelated different FeOq octahedra at
room temperature to a low-temperature phase with an order-
ing of these octahedra might be a suitable explanation for the
metal-insulator ~ phase transition observed in the
La;/3S1,,3FeO5 and La;,4Sr3,4,FeO5. Distortions are dynamic
in the high-temperature phase and static at low temperature.
Its localization could drive to a lattice symmetry change,
giving rise to new cell where different iron sites exist.'%!!
Such sites should be identified as Fe** and Fe** and not as
Fe3* and Fe®*. In this sense, the phase transition can be de-
scribed as an order-disorder phase transition between dy-
namic and static distortions.

V. CONCLUSIONS

The crystal and local structures have been studied for
La;_,Sr,FeO;_s samples. Diffraction and spectroscopic re-
sults show a continuous change of Fe valence as La is sub-
stituted with Sr. This result is clearly seen in a chemical shift
of 1.26%£0.2 eV of the Fe K-edge XANES spectra and a
continuous diminution of Fe-O distances as x increases.

XANES and EXAFS spectroscopies reveal that hole dop-
ing produces disorder in the local structure around the Fe
ions in these samples, even at temperatures above the MI
transition. This disorder gives rise to the large DW factor
values observed for the Fe-O distances. The largest DW fac-
tors are found for compositions close to the ones where the
MI transition takes place at low temperature. Moreover, the
DW factors related to the Fe-O-Fe sublattice (Fe-O or Fe-Fe)
increase or remain quite large below the MI transition upon
cooling. However, the DW factor of the second coordination
shell (Fe-Sr) follows the usual thermal trend, suggesting an
important role of oxygen atoms in the local disorder.

So far, we cannot determine what kind of mixed valence
exists along the whole series La;_ Sr,FeOs, i.e., if it is pure
intermediate valence Fe’** or a mixture of Fe** and Fe**. We
can reproduce the XANES spectra of the series members by
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the weighted addition of XANES spectra from Fe’* and Fe**
of the parent compounds. This is true even at low tempera-
tures where it is thought that the Fe** disproportionates into
Fe3* and Fe’* for x~2/3. Moreover, the ratio 2Fe’*
+1Fe’* cannot account for both XANES and EXAFS spectra
of La;;Sry3FeO; below the phase transition temperature.
This result points to the lack of significant charge dispropor-
tionation in this system. Therefore, the metal-insulator tran-
sition is likely to be an order-disorder transition. Distortions
are dynamic at high temperature, allowing electronic con-
duction, but they are freezing below the phase transition tem-

PHYSICAL REVIEW B 77, 054107 (2008)

perature. This localization leads to an ordered arrangement
of two different FeOq octahedra, giving rise to slight struc-
tural changes able to show superstructure peaks in some
cases.” 1!
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