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We present a temperature-dependent extended x-ray absorption fine structure �EXAFS�/x-ray absorption
near edge structure �XANES� investigation of La1−xSrxCoO3 �LSCO� over a wide doping concentration range
�0�x�0.35�. Five of the samples are nanoparticles �x=0.15, 0.20, 0.25, 0.30, and 0.35� and four are bulk
powders �x=0, 0.15, 0.20, and 0.30�. From the EXAFS analysis, we find that the Co-O bonds are well ordered
for both bulk and nanoparticle materials and there is no clear evidence for a Jahn-Teller �JT� distortion in the
LSCO system �either static or dynamic�. The distortion of the Co-O bond with increasing T, parameterized by
the width of the pair distribution function �PDF�, ��T�, can easily be modeled using a correlated Debye model
with a high correlated Debye temperature �800 K. There is also no evidence for a step in plots of �2 vs T. In
addition, the very small nonthermal contribution to �2 for the Co-O �PDF�, �static

2 , sets an upper limit on the
extent of any Jahn-Teller distortion at low T. These experiments are inconsistent with the existence of a
significant fraction of Co sites with an intermediate spin �IS� state, for which there is a JT active eg electron on
the Co atoms. We cannot, however, exclude the possibility of a tiny fraction of sites having a JT distortion or
some other �non-JT active� means of producing an IS state. The bulk samples are well ordered out to at least
the third neighbors �Co-Co� while the nanoparticles show increased disorder and a reduction in coordination
for Co-Co. XANES data are also presented, and, for both bulk and nanoparticle samples, there is essentially no
edge shift with increasing Sr concentration. Bond-valence sums also indicate no change in effective Co
valence. These results indicate that when holes are introduced via Sr doping, they have little Co�3d� character
and the Co configuration remains close to 3d6; we argue that the holes have mostly O�2p� character and are
localized more on the O sites.

DOI: 10.1103/PhysRevB.80.144423 PACS number�s�: 71.70.Ej, 61.05.cj

I. INTRODUCTION

LaCoO3 �LCO� and Sr-doped La1−xSrxCoO3 �LSCO� be-
long to a family of perovskites that exhibits many interesting
properties �such as magnetization and colossal magnetoresis-
tance �CMR�� that have been studied extensively.1 Though
the perovskite system La1−xSrxCoO3 has not received as
much attention as other perovskite CMR materials, such as
La1−xAxMnO3 �A=Ca, Sr, etc.�, it has generated interest over
the past decades due to its rich but puzzling phase
diagram.1–4 The LSCO system has a spin-cluster-glass insu-
lator to ferromagnetic metal transition when the Sr concen-
tration x exceeds �0.18.2,5–8 Increasing the temperature will
invoke a spin-glass insulator to paramagnetic insulator tran-
sition or FM metal to paramagnetic metal transition depend-
ing on the Sr concentration.

However, to date, the many studies of the perovskite sys-
tem La1−xSrxCoO3 have not solved a long-standing contro-
versy regarding the ordering of the Co spins �specifically the
Co spin configuration� and the ferromagnetic transition; the
spin order depends strongly on the competition between the
exchange interaction, Eex, �which includes the Hubbard U
parameter and the �Hund’s rule� interaction JH; Eex�U−JH�
and the crystal-field splitting energy, �E=10Dq. When these
energies are comparable as in the cobaltite systems, small
changes in energy can change the occupied spin states.

As is well-known for LaCoO3 at T�0, the ground state of
nonmagnetic �weakly diamagnetic� Co3+ is a low spin state
�S=0� for which the six 3d electrons in the t2g state are
aligned antiparallel �10Dq�Eex�. With increasing tempera-

ture, the low spin �LS� configuration of LaCoO3 changes to a
higher-spin magnetic configuration. Some investigators9–21

propose that a partial transition to an intermediate spin �IS�
state �S=1� occurs, with five d electrons in the t2g state and
one in an eg state. In this case, the single eg electron on Co
should be Jahn-Teller �JT� active and lead to a splitting of the
Co-O bond lengths about Co. Others suggest that the transi-
tion is to a mixture of the LS and high spin �HS�22–29 states
where the HS state has four d electrons in the t2g state and
two in the eg, with S=2 as a result of Hund’s rule coupling.
A mixture of these two models is also presented as a possi-
bility.

In addition to temperature inducing a spin state transition
in LaCoO3, the addition of Sr also affects the spin state. With
an increasing Sr concentration, some Co4+ ions might be
expected in the LSCO system, under the formal assumption
that O carries a −2 charge; then the formal valence of Co is
3+x, a mixture of 3+ and 4+. Assuming the five remaining
3d electrons are in the t2g state on some sites �starting with a
LS configuration�, the spin of Co4+ would be S=1 /2, and not
JT active. Similarly for the HS configuration with Eex
�10Dq; the highest occupied electron state is again a t2g
state and this configuration is also not JT active. For Eex
�10Dq as appears to be the case here, the situation is more
complex.

If, instead, the added holes are primarily localized on the
O 2p sites, the Co 3d character, and hence the effective Co
valence, might change relatively little. Note that because of
significant covalency in the transition-metal oxides, this
ionic picture is only a rough approximation. Many
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calculations—see, for example, the recent work in Refs. 21
and 30—show this covalency as an increase in the occupa-
tion of the 3d states; i.e., for Co in LaCoO3, a 3d occupation
larger than 6, with some fractional occupation of the eg states
�for the LS configuration�.

Of the various spin states for LaCoO3, only an intermedi-
ate spin state �S=1�, with one eg electron, is expected to be
strongly Jahn-Teller active, as observed for example, in ex-
tensive studies of the manganites.31–33 Such a Jahn-Teller
distortion about the Co atom would lower the symmetry,
leading to four shorter Co-O bonds and two longer bonds.
Consequently, the presence of a distortion of the Co-O dis-
tribution function has been considered a signature for the IS
state. However, the theoretical studies cited above generally

use the R3̄c space group for the lattice and thus exclude
energy splittings arising from a JT distortion. In addition, a
recent theoretical study by Pandey et al.21 indicates that spin-
orbit coupling also splits the eg degeneracy without a JT
distortion; if such a splitting is sufficient, then an intermedi-
ate state might be achieved without a JT distortion. Finally, a
JT distortion would not be observed if the eg electrons were
hopping much faster than phonon frequencies and the O at-
oms were at some average position between the Co atoms �as
occurs for CMR manganites in the ferromagnetic state at low
T�.31,32

A number of experiments, including neutron pair distribu-
tion function �PDF�, x-ray diffraction, x-ray photoelectron
spectroscopy �XPS�, and x-ray absorption fine structure
�XAFS�, have been done on La1−xSrxCoO3 bulk material and
lead to conflicting results. In particular, early neutron PDF
results34 suggested a significant fraction of Co have a large
distortion of the Co-O bond in the distribution function, but
other recent experiments show no direct evidence of the IS
state.26,27,29 In our recent study of the Co-O pair in bulk
materials using both extended x-ray absorption fine structure
�EXAFS� and neutron PDF analysis, no evidence of a JT
distortion was observed.35

Because of the sensitivity of the Co spin state to rather
small changes in the structure, these states, and the magne-
tism of La1−xSrxCoO3, might also be sensitive to small struc-
tural changes that usually accompany the reduction in par-
ticle size to the nanoscale; however, to date no experiments
on the local structure of nanoparticle La1−xSrxCoO3 have
been carried out.

To better understand the spin state transition induced by
temperature and Sr concentration in the LSCO system, we
have applied the EXAFS technique to bulk and nanoparticle
La1−xSrxCoO3 powders �0�x�0.35� and analyzed the data
for the further-neighbor pairs, out to the Co-Co pair. This
range of Sr concentration spans the transition of the spin-
glass insulator to the ferromagnetic metal in bulk material.1–4

EXAFS is a very powerful technique for investigating the
local structure about a central atom—here the Co ion. Be-
cause of the previously reported14,16 positive results for a JT
distortion, new neutron PDF experiments have also been car-
ried out on most of the same bulk and nanoparticle samples;
part of our neutron PDF results for bulk samples have been
published,35 and a detailed study for both bulk and
nanosamples is in preparation.36 The EXAFS and new neu-

tron PDF results agree—for these samples there is little evi-
dence of a significant fraction of Co sites with a JT distorted
Co-O bonds �at most 10%�, or any unusual distortion of the
lattice out to at least the third neighbors.

This article is organized as follows: first, we briefly de-
scribe the EXAFS technique and provide experiment details
in Sec. II; next, we present the x-ray absorption near edge
structure �XANES� data in Sec. III A and an EXAFS data
analysis in Sec. III C. Then, we discuss our EXAFS fit re-
sults for both the shortest Co-O bonds and longer bonds in
Sec. III D. Finally, we provide a brief summary of the results
in Sec. IV.

II. EXPERIMENTAL DETAILS AND EXAFS TECHNIQUE

Transmission EXAFS data at the Co K edge were col-
lected on beam line 10-2 at the Stanford Synchrotron Radia-
tion Lightsource �SSRL�, over a wide temperature range �4–
320K� for both powdered and nanoparticle samples. For high
energy resolution, we used a double Si�111� monochromator,
with a slit size of 0.5 mm�10 mm for each experimental
run, giving an energy resolution ��E� of 1.2 eV that is com-
parable to the Co core-hole lifetime broadening �1.46 eV.
To reduce the harmonic content in the x-ray beam, we de-
tuned the monochromator crystals 50% at 7900 eV. Finally,
for the XANES investigation, we used a small energy step
�0.35 eV� through the edge region, and also collected simul-
taneous data on a reference Co foil to correct for any tiny
drifts of the monochromator system.

To investigate the effect of particle size, we collected data
on both nanoparticle �10–50 nm� and powdered bulk samples
��5 �m�. Details about the samples are provided in Table I.
To prepare EXAFS samples, bulk material was first ground
using a mortar and pestle; the fine powder was then passed
through a 400-mesh sieve and brushed onto adhesive tape.
The tape preferentially holds the smaller grains ��5 �m� in
a thin layer; two pieces of tape were pressed together �double

TABLE I. Sample details for the nanoparticle and bulk samples.
In the table, B means bulk sample, N means nanoparticle sample,
and X means the date that data were collected for experiment no. 1
�June 2006� and experiment no. 2 �July 2007�. MZ stands for
Mitchell and Zheng and S stands for Sundaram, while SA stands for
Sundaram and Anderson.

Concentration
�type� June 2006 July 2007 Sample maker

0 �B� X MZ

0.15�N� X X SA

0.15�B� X S

0.20�N� X SA

0.20�B� X S

0.20�B� X X MZ

0.25�N� X X SA

0.30�N� X SA

0.30�B� X X MZ

0.35�N� X X SA
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layer� to encapsulate the powder. Two double layers were
used for the EXAFS measurements at the Co K edge, which
gives an absorption step height of 0.5. For the nanoparticles,
the powder was also brushed onto tape, but due to the small
particle size �10–50 nm�, eight double layers of tape were
required to give a step height of 0.3. To vary the temperature,
the EXAFS samples were mounted in an Oxford Helium
cryostat with the samples oriented perpendicular to the x-ray
beam.

Details about the sample preparation for the bulk mat-
erial were given previously.35 La1−xSrxCoO3 nanoparticles
�x=0.15, 0.20, 0.25, 0.30, and 0.35� were synthesized
using the amorphous heteronuclear complex Diethylene-
triaminepentaacetic acid �DTPA� as a precursor. First, a
NaOH solution at 1.0 mol/l concentration was added by
drops to a mixture solution of La�NO3�3, SrNO3, and
Co�NO3�3 to prepare the fresh hydroxides. Then, equimolar
amounts of DTPA were added to these fresh hydroxides in
water to synthesize the complex precursor. The mixture was
stirred as it was heated to 80 °C. The transparent solution
formed was vaporized slowly at room temperature until a
piece of transparent glasslike gel was formed. This precursor
was decomposed in air at 300 °C for about an hour to burn
off the organic components. The collapsed gel was then
heated at 600, 620, 700, or 750 °C for four hours �calcina-
tion�. While heating at 600 °C resulted in impurities in the
x-ray diffraction pattern, calcination at temperatures above
620 °C resulted in sharper x-ray peaks with no impurities,
and the peaks became sharper as the calcination temperature
increased, which indicates sintering and aggregation of the
particles. Hence, 620 °C was considered to be the optimum
calcination temperature to obtain the pure nanocrystalline
La1−xSrxCoO3 phase with the smallest particle size. The oxy-
gen stoichiometry of all the samples was determined by us-
ing iodometric titrations.

X-ray diffraction measurements confirmed the formation
of pure phase material, and the crystallite sizes, distribution,
and structural morphology were determined using bright
field imaging techniques and selected area diffraction pat-
terns using the high-resolution FEI Techai 12 Transmission
Electron Microscope at University of California, Berkeley
and the JEOL 1230 TEM at the University of California,
Santa Cruz. Under the calcination temperature of 620 °C,
the particle sizes of the nanoparticles range from approxi-
mately 10 to 50 nm. Higher calcination temperature causes
further aggregation of particles, hence only the powders with
a calcination temperature of 620 °C were used in this EX-
AFS study.

Fits of the EXAFS data were carried out in r space to the
real, Re, and imaginary, Im, parts of the Fourier Transform
�FT� of k	�k�, using the EXAFS equation for k	�k�, given by

k	�k� = �
i

k	i�k�

= Im�
i

Ai�
0




Fi�k,r�
gi�r0i,r�ei�2kr+2�c�k�+�i�k��

r2 dr �1�

Ai = NiS0
2, �2�

where gi�r0i ,r� is the ith shell, pair distribution function for
atoms at a distance r0i from the center atom �here Co�,

Fi�k ,r� is the back scattering amplitude, and �c�k� and �i�k�
are the phase shifts from the central and backscattering atom
potentials, respectively. The amplitude, Ai, is the product of
the coordination number, Ni, from diffraction results and S0

2,
the amplitude reduction factor, which is included to correct
for multielectron effects since multielectron processes con-
tribute to the edge step-height but not to the EXAFS ampli-
tude. Experimentally, S0

2 also corrects for several other small
effects. Finally an additional parameter, �E0, describes the
difference in edge energy between the value defined for the
data �at half height� and the theoretical functions �for which
k=0 at E0�.

In fitting the EXAFS data, we assume a Gaussian PDF
with a width � for each peak in r space; the first few two-
path peaks correspond to the Co-O, Co-La/Sr, and Co-Co
shells. Also note, that for a given shell, different contribu-
tions to �2 add up in quadrature if the different distortion
mechanisms are uncorrelated; i.e., the time average of
	�xA−static�xB−phonon
=0 where �xA−static is the static compo-
nent to the displacement of atom A and �xB−phonon is the
instantaneous displacement component of atom B from
phonons. If Jahn-Teller distortions are present, �total

2 =�static
2

+�phonons
2 +�JT

2 for the Co-O peak. Correlated atomic motions
are present for thermal vibrations and are included in models
for �phonons

2 .

III. EXAFS/XANES DATA REDUCTION AND ANALYSIS

The EXAFS data were reduced using the RSXAP

package,37 which implements standard data reduction tech-
niques. First, a pre-edge background was removed from the
data �the Victoreen formula was used to adjust the slope
above the edge during the pre-edge subtraction� and an ex-
perimental E0 was defined as the energy of the half-height
point on the Co K edge. The normalized Co K edge data
were used for the XANES discussion in the following sec-
tion. To extract the EXAFS oscillations, a postedge back-
ground was removed using a spline with five knots to ap-
proximate �0 in ��E�=�0�1+	�E��. The background-
subtracted data 	�E� were then transformed to k space �	�k��
using the relation k=�2m�E−E0�

�2 .

A. XANES

The final step in the XANES data reduction was to correct
for any tiny shifts in the monochromator from one scan to
another, using the reference Co foil data collected simulta-
neously. The position of the first inflection point on the Co
foil K edge data was set at 7709 eV and each LSCO scan was
shifted slightly so that the corresponding Co reference foil
data all overlapped within 0.03 eV �all the reference edges
were fit to a fiducial scan to determine the relative shifts�.

Examples of the Co K edges for the bulk and nanoparticle
samples are shown in Figs. 1�a� and 1�b�. The most striking
aspect of these data is that there is very little shift in the edge
as the Sr concentration varies from 0 to 35%; the very tiny
K-edge shift we observe with increasing Sr concentration
�Fig. 1� is only 0.15 eV at 30% Sr. In addition, we also find
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that the shift with increasing temperature from 4–300K, is
less than 0.15 eV for all samples.

The lack of a shift is in marked contrast to the similar
system La1−xCaxMnO3 for which the Mn K-edge shifts about
3 eV for a valence change from Mn+3 to Mn+4.38 The shift in
the Co K edge in LaMn1−zCozO3 is also about 3 eV as Co
changes from Co+2 to Co+3,39 and similar Co K-edge shifts
are observed in other compounds for a valence change from
+2 to +3.40 For cobalt systems with a higher formal Co va-
lence such as NayCoO2, a similar edge shift of
�3 eV /valence unit is also observed as y decreases from 1
to about 0.5 �valence of Co changes from 3 to 3.5�.41 How-
ever, for yet smaller values of y, the Co edge no longer shifts
upward.

We also investigated briefly the small Co K-edge pre-edge
structure �between 7708 and 7714 eV�, which shows two
small peaks �better resolved for the nanoparticle sample�. At
the scale shown in the insets of Figs. 1�a� and 1�b�, for both
bulk and nanoparticle Sr-doped samples, the pre-edge struc-
ture shows little change with increasing Sr concentration
above x=0.15. The largest change is between the doped and
undoped samples; for x=0.0, the higher peak ��7712 eV� is
significantly stronger, while the lower peak is slightly weaker
at 4 K, compared to the Sr-doped samples. For LaCoO3 at
300K, the lower peak increases slightly while the upper peak
decreases 25–30%, and the pre-edge is then more similar to
the doped samples. Toulemonde et al. reported a similar tem-
perature change for LaCoO3 between 20 and 300K, but with
a larger decrease in the higher peak.42

To better see the changes in the pre-edge peaks, we have
subtracted the background �from the main edge—modeled
by an arctan function� and fit the double-peak pre-edge struc-
ture to a sum of two Gaussians, centered at approximately
7709 and 7712 eV; a third broad peak around 7718 eV was
included to improve the background removal. The expanded
background-subtracted pre-edge structure is shown in Fig. 2.

In Fig. 2�a�, we show the background-subtracted pre-edge
structure for the bulk samples. Although the absolute change
is small, we find a systematic variation of the pre-edge struc-
ture with Sr concentration. For LaCoO3, the pre-edge struc-
ture is fairly well resolved as two Gaussian peaks; a smaller
peak �peak amplitude �0.02� at �7709.1 eV and a larger
peak �about five times larger integrated intensity� at
�7711.7 eV. The separation of these two peaks is 2.6 eV
�x=0�. As the Sr concentration increases, the lower peak

shifts upward with a small decrease in intensity. For the
higher energy peak, there is no significant energy shift but a
large amplitude decrease from x=0 to x=0.15; above x
=0.15, however, the intensity of the second peak changes
very little. The positions of the two peaks from the two
Gaussian fits are indicated by the open arrows on each plot.
To better resolve the peaks and obtain good estimates of the
relative intensities, particularly for the higher concentrations,
will require higher resolution data.

For the nanoparticle samples, the pre-edge peaks are well
separated �See Fig. 2�b��. Compared to the bulk samples, the
first pre-edge peak �at a similar Sr concentration� is slightly
larger while the second peak is slightly lower, but these
changes ��20%� are within our errors. Also, the positions
and intensities do not change significantly with the Sr dop-
ing, from 0.15 to 0.35. There may be a small amplitude
change, but the uncertainty in the background subtraction
introduces large amplitude errors. It should also be noted
that, for both bulk and nanosamples, the lower energy pre-
edge peak has a weaker T-dependence than the peak at
higher energy.

B. XANES—discussion

For increasing x, the lack of a significant shift in the main
edge position, above that for LaCoO3 �Co+3� is surprising, as
in the literature many assume a mixture of Co+3 and Co+4

with divalent doping on the La site.3,7,42–46 However, this is
predicated on the valence of O being −2 �i.e., an essentially
filled 2p6 configuration�. At x=0.35, the formal Co valence
would then be 3.35 and one would therefore expect a �1 eV
edge shift based on edge shifts for other Co oxides as dis-
cussed above. The lack of a shift suggests that the doping
achieved by adding Sr does not significantly remove elec-
trons from the Co atoms in either the bulk or nanoparticle
samples. The shift of an edge in an oxide system is deter-
mined by �1� the average bond length47,48 and �2� transferred
charge on the atom of interest. Usually, these two effects
cannot easily be separated because an increasing valence is
usually accompanied by a decreasing bond length and some
charge transfer.
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FIG. 1. �a� The XANES for bulk La1−xSrxCoO3 samples �x=0,
0.15, 0.2, and 0.3�; �b� the XANES for nanoparticle La1−xSrxCoO3

samples �x=0.15, 0.20, 0.25, 0.30, and 0.35�. The insets show an
expanded view of the pre-edge features. All data were collected at
T=4 K.

7707 7710 7713 7716

0.00

0.05

0.10

0.15

0.20
a) Bulk La1-xSrxCoO3

0%
15%
20%
30%

N
or
m
al
iz
ed
A
bs
or
pt
io
n

E (eV)
7707 7710 7713 7716

0.00

0.05

0.10

0.15

0.20
b) Nano La1-xSrxCoO3

15%
20%
30%

N
or
m
al
iz
ed
A
bs
or
pt
io
n

E (eV)(b)(a)

FIG. 2. �Color online� �a� The pre-edge structure after
background-removal for bulk La1−xSrxCoO3 samples �x=0, 0.15,
0.2, and 0.3�; �b� Similar pre-edge structure after removing the
background for nanoparticle La1−xSrxCoO3 samples �x=0.15, 0.25,
and 0.35�. The open arrows show the positions of the two Gaussian
peaks obtained from the fit to the pre-edge structure. Examples of
the fits are shown, for bulk x=0 and nano x=0.15, as dashed and
dotted lines obtained from the fit to the pre-edge structure. All data
were collected at T=4 K. Data have been shifted vertically for
better comparison.
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Several limited XANES studies have also been reported
in the literature for La1−xSrxCoO3; some have investigated
undoped material �x=0� �Refs. 49–51� while others present
the dependence with Sr concentration at 100 K,45 or at
300K.52 None report a full temperature dependence for the
Sr-doped samples from 4 to 300K. Two papers49,52 appeared
to use a different energy calibration and in those reports, the
edge positions are shifted to lower absolute energies relative
to other papers and the present results. Consequently, for
those papers49,52 we only considered relative shifts.

For all samples, the small Co K-edge shifts we have ob-
served with Sr concentration, in both bulk and nanoparticle
samples, are similar to other reports. Hanashima et al. mea-
sured the Co K-edge XANES for LSCO samples,52 for 0
�x�0.6, and report a 0.7 eV shift in the white line peak
over this large Sr concentration range. The shift in the main
Co K edge is smaller than for the white line, especially for
0�x�0.3. The actual shift in the main edge is difficult to
estimate in their figures,52 but is about the size of the sym-
bols and clearly �0.2 eV. Sikolenko et al. also report a lack
of a significant K-edge shift for a few samples.45

More importantly, however, none of these studies com-
mented on the apparent lack of a change in the Co�3d� con-
figuration with increasing Sr concentration. The only work
that addresses the Co�3d� character is Ref. 53, but they only
considered high Sr concentration samples for x above 0.5.
For these high concentrations, they also saw no edge shift
and noted that for this range, the holes introduced via Sr
doping had little Co 3d character.

The lack of an edge shift for the Co edge, and hence a
lack of change in the effective Co valence �as opposed to the
formal Co valence, 3+x� with increasing x is important, as
the electron configuration about Co is crucial for understand-
ing the magnetism. A related means of estimating the effec-
tive Co valence is to use the bond-valence sum approach
which uses a sum over the nearest-neighbor distances.54,55

For the La1−xSrxCoO3 system, diffraction studies by Caciuffo
et al.56 show that the Co-O bond length changes very little
with Sr concentration �For LaCoO3, rCo-O=1.924 Å, and for
0.10�x�0.3, the bond length is 1.927�0.0005 Å�; there is
also very little change with T �0.001 Å� up to 300 K.56

Other diffraction studies also show very little change in the
Co-O bond length ��0.01 Å� for 0�x�0.4, although the
concentration dependence of the change is slightly
different.57,58 The Co-O bond length in our EXAFS analysis
in Sec. III D 1 is also constant to 0.01 Å. Thus, the lack of
an edge shift is, in fact, consistent with the nearly constant
Co-O bond length in the Sr-doped samples.

The bond-valence sum approach relates the effective va-
lence of an ion to a sum of either power law or exponential
functions, over the nearest-neighbor bond lengths; here, we
use the exponential form. Since the six Co-O bond lengths
are all the same in La1−xSrxMnO3 the Co valence is given
by54,55

V = 6e�ro−rCo-O�/B �3�

and

dV

V
= −

drCo−O

B
, �4�

where ro and B are constants.54,55 This shows explicitly that
an increased valence corresponds to a shorter bond length;
then using B=0.37,55 to increase the valence by 0.3 �for x
=0.3� would require a significant bond-length contraction of
�0.037 Å, which is not observed. The valence calculated
from the above equation, using the Co-O bond length, is
about 3.1; it varies slightly for slightly different sets of con-
stants, ro and B.54,55 Thus, both the bond-valence sums and
the main Co K-edge position indicate that the electron con-
figuration about Co remains very close to that of Co3+ as the
Sr concentration increases.

Several authors45,49–52 have also considered the pre-edge
structure, and have usually assumed that it is a mixture of
allowed quadrupole transitions and �forbidden� dipole transi-
tions made partially allowed via hybridization of the central-
atom Co�3d� states, with p states �O�2p� and Co�4p�� and
with neighboring Co�3d� states. Further, most suggest that
the first peak is a transition to the �nearly full� Co t2g and the
second peak a transition to the �essentially empty� eg states.

However, a recent resonant x-ray emission spectroscopy
investigation by Vanko et al.59 convincingly shows that the
first pre-edge peak in LaCoO3 �at �7709 eV� is a nearly
pure 1s-3d quadrupole transition; in this study, they used a
single-crystal sample and found a strong intensity variation
of this peak when the x-ray polarization was rotated relative
to the crystal axes. In contrast, the larger peak at �7712 eV
shows no angular variation and is therefore a weak dipole
transition made allowed via hybridization. A similar hybrid-
ization model for making 1s-3d dipole transitions partially
allowed was used earlier for the manganites.38,60 Vanko et al.
argue that both peaks are transitions to eg final states and
attributed the separation between these two peaks, ��2.5 eV
for LaCoO3 in their data� as due to differences in the “core-
hole screening” for the different transitions—the core-hole
effect will be strongest for the quadrupole transition where
the final state is on the central atom, and shifts the quadru-
pole transition to lower energy. This proposed assignment is
consistent with our results; note that the first pre-edge peak
shifts upward with increasing Sr concentration. LaCoO3 is an
insulator, but La1−xSrxCoO3 becomes conducting at higher Sr
concentrations. Consequently, the bandwidths of states near
the Fermi energy should increase for higher Sr concentra-
tions, and the interaction with the core-hole potential will be
smaller. In that case, the quadrupole transition should have a
smaller shift to lower energies �i.e., moves to higher ener-
gies� as we observe.

If that proposal is correct it suggests that for the nanopar-
ticle samples, the lack of a shift in the first �quadrupole� peak
implies that the hybridized bands broaden less and likely that
the nanoarticles are not conducting.

To summarize, we find very little shift �0.15 eV� of the
Co K edge with Sr concentrations up to x=0.35 for nine bulk
and nanoparticle samples, and a similar tiny shift with T
from 4–300K. These results indicate that the holes added via
Sr doping are not localized on the Co atoms. Consequently,
these holes must go elsewhere and must be localized more
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on the O�2p� sites; these states are hybridized with the
Co�4p� and the Co�3d� states. Such holes in the O bands will
be the charge carriers—and the coupling of the unpaired O
spins to the Co system may also be important for magnetism.

There is in fact evidence for increased holes in the O
bands from O K-edge XANES studies; the beginning of the
O K-edge shifts to lower energy with increasing Sr concen-
tration and there is increased absorption at the main edge
near 543 eV.10,42 Note that if O were purely ionic with a −2
charge and therefore a 2p6 configuration, the 1s-2p transition
would not be possible; however, there is considerably cova-
lency in the transition-metal oxides and 1s to 2p transitions
are observed in all of them at the O K edge. The observed
increase in the O K-edge amplitude suggests that additional
holes are present in the O bands—which are hybridized42

with the Co�3d� states.

C. EXAFS data

Examples of the k-space EXAFS data �k	�k��, extracted
as described previously, are shown in Fig. 3 for the pure bulk
compound LaCoO3 at 4 and 300 K, and for a nanoparticle
sample �15%�. At low T, the signal to noise is very good out
to 14 Å−1 and comparable for all samples; however, it dete-
riorates at high k as the temperature increases and is poor
beyond about 13.3 Å−1 at 300K. Consequently in all the fits
the upper end of the FT k range is restricted to 13.0 Å−1.

Next, the k-space data k	�k� were fast Fourier trans-
formed �FFT� to r space with a k-space window of
3.3–13.0 Å−1 and a Gaussian broadening of width 0.2 Å−1;
examples for the bulk samples are shown in Fig. 4. The first
peak around 2 Å is the Co-O, and the second peak around
3 Å is a combination of Co-La/Sr, Co-Co, and some multi-
scattering peaks. Note that the position of the EXAFS peak
does not reflect the real distances of the neighboring atoms
about Co, since there is a phase shift �2�c�k�+�i�k� in Eq.
�1��, which shifts the peak position in the EXAFS plot to
shorter r. For each sample, the amplitude is highest at low

temperature and decreases monotonically with increasing
temperature. Also we point out that the data for the two bulk
samples �20%� made by different sample makers �Figs. 4�b�
and 4�d�� are essentially identical, indicating that the struc-
ture and disorder are the same in the two samples. The first
peak �Co-O� is nearly identical for all concentrations as re-
ported earlier35 while the second multipeak �2.8–3.8 Å� is
smaller for the doped samples as a result of varying contri-
butions for Co-La and Co-Sr. Note that the temperature de-
pendences are also very similar. Thus, there are no large
structural changes that can be associated with the significant
changes in the magnetic properties with increasing Sr con-
tent.

Similar r-space data for the nanoparticle samples are
shown in Fig. 5. The amplitudes of the first peak �Co-O� are
nearly identical to those in Fig. 4 for the bulk and have
similar temperature dependencies. Thus, any disorder/
distortion of the O octahedra about each Co must be compa-
rable in both nanoparticle and bulk samples. A much larger
effect occurs, however, for the further neighbors—the ampli-
tudes for the nanoparticle samples are considerably reduced
compared to the bulk. Because the size of the nanoparticles
ranges from 10 to 50 nm, with some particles possibly being
multigrained, one might attribute this faster decrease in part
to a size effect. We address this issue after fitting the data for
the further neighbor peaks.
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FIG. 3. Examples of k-space data for the pure compound
LaCoO3 measured at 4 �top� and 300 K �middle�, as well as the
k-space data for 15% nanoparticle LSCO at 4 K �bottom�. The
signal amplitude decreases at high T, but the signal to noise ratio of
the data is good up to k=13.3 Å−1 at 300 K. Also note that, at 4 K,
the data for the nanoparticle sample have a smaller amplitude than
for the bulk sample above k�5 Å−1.
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FIG. 4. Examples of r-space data �Fourier Transform of k	�k��
for bulk samples: �a� LaCoO3 made by Mitchell and Zheng �MZ�
�4, 125, and 300 K� with a k-space window of 3.3–13.0 Å−1 and a
Gaussian broadening of width 0.2 Å−1; �b� Similar r-space data for
the 20% LSCO sample made by MZ �T=4, 120, and 320 K�; �c�
Corresponding r-space data for the 30% LSCO sample made by
MZ �T=4, 140, and 320 K�. �d� Data for the 20% LSCO sample
made by Sundaram �S� �T=4, 125, and 300 K�. Note that the plots
in �b� and �d� are nearly identical. For all data, the amplitude is
highest at low temperature �4 K� and decreases monotonically with
increasing temperature. In this and all other r-space plots the fast
oscillation is the real part �Re� of the FT while the envelope func-
tions are ��Re2+Im2; Im is the imaginary part of the FT.
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D. Fits and results

In most of the literature, the La1−xSrxCoO3 system has the
rhombohedral structure at low Sr concentration and low tem-
perature. With increasing temperature or Sr concentration,
the lattice structure eventually transitions to the cubic struc-
ture; for example, for La0.6Sr0.4CoO3, the transition tempera-
ture is between 500 and 600 K.44 Since all the Sr concentra-
tions for our samples are below 35% and T�320 K, we will

use the rhombohedral structure �R3̄c� �Ref. 61� to calculate
the theoretical EXAFS functions �from FEFF�,62 which are
used to fit our EXAFS data. Under this symmetry group, the
six nearest Co-O bonds ��1.934 Å� have the same length;
similarly, the Co-Co pair distance is �3.825 Å. In contrast,
the eight Co-La/Sr pair-distances will split into six longer
distances ��3.326 Å� and two shorter ones ��3.273 Å�.

1. Shortest Co-O

In this section, we describe fits of the first Co-O peak �fit
range is from 1.1 to 1.6 Å� using a single peak fit; in the
next section, we use these results to extend the fit of the data
to the rhombohedral structure described above, over a longer
range �1.2 to 4.1 Å�.

The first peak was fit to a theoretical Co-O EXAFS func-
tion generated by FEFF 8.20 �developed by Rehr and
co-workers�,62 using the program RSFIT �RSXAP package�.
The FEFF calculations were based on the rhombohedral
structure,61 which has one Co-O bond-length �1.934 Å.
Our primary interest here is the width of the Co-O pair dis-
tribution function, which parametrizes the amount of distor-
tion present around Co. We fixed the number of oxygen

neighbors to the coordination number �N1=6 neighbors� for
each sample. To minimize the number of free parameters, a
number of other parameter constraints are also required.
First, for data collected on the same sample at the same
experiment, �E0 was obtained by allowing �, r, and �E0 to
vary for the low-temperature data �two temperatures, three
scan each�; the average value of �E0 obtained from those fits
was used to constrain �E0 for the rest of the data in the same
set. Uncertainties in �E0 limit the absolute error for r to
about 0.01 Å; relative errors can be much better. We deter-
mined the parameter S0

2 in a similar way. for fits of the low-
temperature data which have the best signal-to-noise ratio,
we let the amplitude A1�A1=N1S0

2� vary and determined an
average value of S0

2 from those fits. Then, A1 was kept con-
stant in all the fits at higher temperatures. For all the LSCO
data, the averaged S0

2�0.8, so the A1 we used is 4.8 for all
samples. Small errors in S0

2 lead to a static vertical shift in the
entire data set in plots of �2 vs T. Note that an error in S0

2

primarily shifts the origin slightly but has little effect on the
T-dependence of �2.

In Fig. 6�a�, we show the fit for the 30% Sr-doped bulk
sample data at 4 K, and in Figs. 6�b� and 6�c� show similar
fits for a 30% nanoparticle sample at 4 and 300 K. The
goodness of fit is comparable for all fits including the fits at
4 and 300 K. From these fits, we extracted the Co-O bond
distance r and the width � of the PDF. The values of r agree
very well with diffraction within 0.01 Å; in particular for
LaCoO3, we see almost the same temperature dependence
for rCo-O as observed in diffraction for the lattice
parameter63—rCo-O �as well as rCo-Co� is constant to about 40
K and then increases nearly linearly up to 300 K. Because of
the good agreement for r, between our results and diffrac-
tion, the values of r will not be discussed further. For each
sample, we obtained a plot of �2 vs T.
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FIG. 5. Examples of r-space data for nanoparticle samples: �a�
15% La1−xSrxCoO3 sample measured at T=4, 120, and 280 K; �b�
20% Sr sample measured at T=4, 125, and 300 K; c� 30% Sr
sample measured at T=4, 125, and 300 K. All the nanoparticle
samples are made by SA, and the FFT k-space window is
3.3–13.0 Å−1 with a Gaussian broadening of width 0.2 Å−1. Note
that the amplitudes of the further neighbor peaks �r�2.5 Å� are
significantly smaller than for the bulk. A comparison of the first
peak �Co-O� for the nanoparticle and bulk samples shows that this
peak is comparable in both types of samples.
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FIG. 6. Examples of the data and the fit for �a� the 30% Sr-
doped bulk sample at 4 K; �b� 30% Sr-doped nanoparticle sample at
4 K and �c� the 30% nanoparticle sample at 300 K; data-solid line,
fit-open circle. The k range for all fits is from 3.3 to 13 Å−1, the fit
range is from 1.1 to 1.6 Å. The fit quality does not change much
when the temperature increases from 4 to 320 K.
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The thermal phonon contribution to �2�T� was determined
from a fit of �2�T� �4-320 K� to the correlated Debye model
�Eq. �5�� plus a static offset. This model is usually a good
approximation for all phonon modes,64 including acoustic
and optical phonons, and is given by65–67

�cDebye
2 =

3�

2MR
�

0

�D �

�D
3 Cij coth� ��

2kBT
d� , �5�

where �D is the Debye frequency, Cij is a correlation func-
tion given by 1-sin��rij /c� / ��rij /c�, c=

�D

kD
where kD is the

Debye wavenumber, and �cDebye
2 �T�0� with �static

2 =0, gives
the zero-point motion value of �2. The slope of �cDebye

2 �T� vs
T is very low at low T and increases to a constant value
�determined by the spring constant, reduced mass, and Cij�
for T��D. See Ref. 66 for details.

In Fig. 7, we compare the �2�T� results for the Co-O bond
in a 20% LSCO bulk sample with the 20% LSCO nanopar-
ticle sample; the correlated Debye fits �dashed and solid
lines� are also plotted. We also plot for comparison, corre-
sponding results for a 22% Ca-doped La1−xCaxMnO3
sample32 which has a metal-insulator �MI� transition around
190 K that is coupled with a Jahn-Teller distortion of the
Mn-O PDF. At low T, there are six nearly equal Mn-O bond
lengths; a JT splitting develops between 100 and 190 K, and
results in a configuration with two longer Mn-O bonds,
�2.1 Å, and four relatively shorter bonds with an average
bond length of 1.95 Å.68 The proposed JT distortion of the
Co-O PDF34 is of comparable magnitude to that observed in
LCMO; however, we recently found no evidence for a dis-
tortion of this magnitude for bulk samples.35 The �2�T� re-
sults for the Co-O peak of the nanoparticle particle samples
are nearly identical to those for the bulk samples; thus, we
find no evidence for any step in �2�T� that would indicated
the formation of a significant JT distortion of the Co-O bonds
in any of the cobaltite samples.

�2 vs T plots were reported earlier for all the bulk samples
except the 15% sample.35 These plots followed a simple cor-

related Debye model well. The static distortions at low T are
also small and range from 0.3–7.8�10−4 Å, comparable to
our uncertainty in �2. Thus, this small static value is also
inconsistent with a significant JT splitting at low T. The av-
erage correlated Debye temperatures ��cD� for all bulk
samples is approximately 775 K with an estimated uncer-
tainty �including systematic errors� of �30 K. Details for
bulk samples are provided in Table II for comparison with
the nanoparticle samples discussed below. The 15% Sr
sample has a slightly higher value for �cD, 813 K and a
comparable value of �static

2 , when compared to the other bulk
samples.

The results for the five nanoparticle samples �SA� are
shown in Fig. 8. They are similar to the earlier bulk sample
results with two differences. First, the results for the 15%,
25%, and 35% Sr-doped samples �Figs. 8�a�, 8�c�, and 8�d�,
respectively�, show a systematic upwards shift in the �2�T�
plots for the second run �open symbols� compared to the first
run �solid symbols�. Yet other samples �x=0.2 and 0.3—see
Fig. 8�b��, measured only in the second run, show the same
value of �2 at low T as the other three samples did in the first
run. The reason for such a systematic shift in �2 for only
these three samples is unclear; however, since we found no
significant change in the �2 data between the two experimen-
tal runs for the bulk samples �see Fig. 2�b� in reference�35 it
is very unlikely that the beam line was different for only the
nanoparticle samples. �Note that data were collected for
many samples at a given temperature and then the tempera-
ture was changed�.

More likely, it is an aging effect—the old samples, both
bulk powders and the nanoparticles, were mounted on tape
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FIG. 7. Comparison of �2�T� for different systems: the 20%
LSCO bulk sample �open square� and its correlated Debye fit �dash
line�, the 20% LSCO nanoparticle sample �open circle� and its cor-
related Debye fit �solid line�, and the corresponding results for a
22% Ca-doped La1−xCaxMnO3 sample �LCMO�-solid diamonds;
the LCMO sample has a large JT distortion that develops between
100 and 190 K.

TABLE II. Correlated Debye temperatures �cD and static distor-
tions for all the bulk �top� and nanoparticle �bottom� samples. For
the bulk samples the sample maker is indicated �MZ or S� in first
column; all the nanoparticle samples were prepared by Sundaram
and Anderson. Experiment No. 1 means the data were taken on the
first experiment, etc., and the � indicates a data set with a short
range in T. The errors shown for �cD are only from the scatter of the
�2�T� data; including systematic effects and the limited T range, the
uncertainty is �30 K.

Concentration Exp. No. �cD

�static
2

�10−4 Å2�

0.00�MZ� 2 762�27 0.3

0.15 �S� 2 813�7 6.7

0.20�MZ� 1 782�17 6.7

0.20 �S� 2 763�4 4.9

0.30�MZ� 2 756�28 7.8

0.15 1 817�29 5.6

0.15 2� 834�12 11.2

0.20 2 826�10 6.3

0.25 1 829�17 7.8

0.25 2� 826�11 12.7

0.30 2 832�12 6.3

0.35 1 825�12 6.0

0.35 2 818�14 9.5
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and stored in a desicator—however, they remained in contact
with the glue of the tape during the time the samples were
stored. Other LSCO materials for which EXAFS samples
had not yet been prepared, were stored as dry powders in
sealed containers. Only the three nanoparticle samples that
had been prepared for the first run and stored on tape showed
this effect—bulk powders, also stored on tape, did not. This
suggests a surface effect—possibly some oxidation at the
surface. Such oxidation probably also takes place for the
bulk samples, but the surface to volume ratio of the bulk
powder is so small that it is negligible. Note that the tape-
mounted nanoparticles were also exposed to high intensity
x-rays, and this might contribute to the observed small in-
crease in the disorder about Co in the aged nanoparticle
samples stored on tape.

The second possible difference is that the average value of
�cD for all the nanoparticles is slightly higher—825 K, com-
pared to 775 K �See Table II for the individual values�. How-
ever, because T is well below �cD the results are quite sensi-
tive to the values of �2 near 300 K and systematic errors
dominate—also the error bars overlap slightly. This 50 K
difference in �cD is suggestive that the average Co-O bond
might be slightly stiffer in the nanoparticles compared to the
bulk particles. However, to verify that it is a particle size
effect would require measurements on nanoparticles of vari-
ous sizes, with a narrow particle-size distribution for each
sample. Also, since the values of �2�4 K� are comparable
for both the bulk samples and �nondegraded� nanoparticle
samples, static distortions must be comparable.

Finally, we note that, for all the bulk and “non-aged”
nanoparticle samples, �2�4 K� is close to the value for zero-

point motion; the excess distortion is close to zero for bulk
LaCoO3, and varies from 5–12�10−4 Å2 for all the other
samples. Thus, any JT distortion at low T must be very small.

2. Further neighbors

Before describing the fits of the further neighbor peaks in
the EXAFS data, it is instructive to review the results from
x-ray and neutron-diffraction studies. Most diffraction stud-
ies fit the data to a rhombohedral structure; LSCO is a very
ordered structure with quite small changes in the lattice pa-
rameters and pair distances up to 300 K. However, the Co-
O-Co bond angle does have a slight temperature and Sr con-
centration dependence. For example, as the temperature
increases from 5 to 350 K, the Co-O-Co angle increases from
about 163° to almost 164° in LaCoO3.63 The concentration
dependent change is larger; at T=2 K, the Co-O-Co angle is
163° for the pure compound, and 167° for 30% LSCO �Ref.
56�; a similar Sr concentration dependent change was also
observed at room temperature.57

The small changes in lattice parameters and pair distances
with T or x mean that variations in the pair distance of the
calculated FEFF standards for the first few atom pairs are
also small. However, a small change in the Co-O-Co angle
has a large impact on the amplitude of the multiple-scattering
�MS� peaks Co-O-Co and Co-O-Co-O when the Co-O-Co
angle is close to 180°.66 Then forward scattering through the
O atom significantly enhances the multiple-scattering peak
amplitude over that for the direct Co-Co single-scattering
�SS� peak. We return to this aspect shortly.

To calculate the FEFF functions62 for fitting our EXAFS
data over the range 1.2 to 4.1 Å, we used the same rhombo-

hedral R3̄c structure61 as used for our nearest-neighbor
�Co-O� fits. These FEFF functions include several SS contri-
butions to the PDF: the shortest Co-O bond ��1.934 Å�, an
average Co-La/Sr distance ��3.313 Å�, the Co-Co distance
��3.825 Å�, and two longer Co-O pair distances at 4.1036
and 4.4618 Å, which have small tails within the r-space fit
range. Because the Co-La/Sr distances have a small splitting
�two neighbors at 3.273 Å, and six at 3.326 Å�, we summed
two Co-La functions with these distances and relative ampli-
tudes and assumed they both have the same value of � �and
similarly for Sr�. In addition, we also included four MS
peaks up to �5 Å. For the initial fits, the FEFF function for
the Co-O-Co MS peak was calculated for LaCoO3 with a
Co-O-Co angle of 163.2°.

Again, to reduce the number of free parameters, one must
introduce constraints. We constrained the amplitudes of the
single-scattering FEFF functions to the lattice structure, Ai
=NiS0

2, where Ni is the coordination number for each atom-
pair peak and S0

2 is the amplitude reduction factor �S0
2=0.8�,

obtained previously35 from fits of the nearest-neighbor Co-O
bond—see Sec.III D 1�. We also weighted the Co-La and
Co-Sr functions based on eight neighbors at the La/Sr site
and the known Sr concentration; i.e., for La1−xSrxCoO3, the
total amplitude of the Co-Sr peak is 6.4x, while that for the
Co-La peak is 6.4�1−x�. We constrained all the SS distances
to the lattice structure and only allowed one distance param-
eter to vary, corresponding to an overall expansion or con-
traction of the lattice. The broadening parameters ��� for
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FIG. 8. �2 for the Co-O peak as a function of T for various
nanoparticle samples �0.15�x�0.35�, on the same vertical scale.
The solid circles and triangles represent the data from the first mea-
surement, open circles represent the data from the second measure-
ment; the dash line is the fit for the first experiment, while the solid
line is the correlated Debye fit for the second experiment. �a� 15%
Sr-doped LSCO; �b� 20% and 30% Sr-doped LSCO; �c� 25% Sr-
doped LSCO; �d� 35% Sr-doped LSCO. For panels �a�, �c�, and �d�,
the second measurements �open circles� are on nanoparticles that
were stored on tape for about one year.
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each of these SS peaks was allowed to vary independently
with two exceptions: �1� the Co-La and Co-Sr peaks overlap
and to reduce the number of parameters we set the ratio of
these two parameters proportional to the inverse of the re-
duced masses; i.e., �Co-Sr

2 =�Co-La
2 MCo-La /MCo-Sr; �2� simi-

larly we set the widths of the PDFs for the two longer Co-O
distances � 4.1036 and 4.4618 Å� equal.

The constraints on the four MS peaks are more complex.
For the shortest ��3.3 Å� triangular O-O-Co paths and
longest ��4.5 Å� paths, we constrained the R shift to the
lattice structure, and constrained the � to be the same as for
the corresponding SS peaks; for the two MS peaks around
3.8 Å, we constrained them differently. One MS peak origi-
nates from the 180° back and forth scattering on the O-Co-O
bond chains, so we constrained this peak to the Co-O peak,
with an R shift twice that for Co-O and � �2 times larger
than �Co-O. The last MS peak is from the Co-O-Co bond
chains; this peak overlaps the SS Co-Co peak and fluctua-
tions of its length are comparable to the Co-Co path. Conse-
quently, we constrained it to the Co-Co SS peak; i.e., the R
shift was constrained to the lattice structure, and � was set
equal to that for the Co-Co peak.

This model, with the above constraints, fit the data well;
no significant distortions were found in the LSCO system,
and all the peaks remain close to the positions suggested by
the diffraction results. �If the constraints were not reasonable,
the fit would not be good or some parameter would be un-
physical, and the constraints would need to be re-evaluated.�
In Figs. 9�a� and 9�b�, we show the 15% LSCO r-space data
measured at 4 and 300 K as well as the final fits described
below. It can be seen that the fits are very good from 1.2 to
4.1 Å at both 4 and 300 K, except for the middle region �1.8
to 2.3 Å� with low amplitude which is produced by the in-
terference of the tails of the peaks at higher ��3 Å� and
lower ��1.5 Å� r.

In our first set of fits, we used the same Co-O-Co MS
reference peak �calculated with FEFF for the LaCoO3 struc-
ture� for all fits. We found that �2 for the Co-Co �and Co-O-
Co� peak decreased as the Sr concentration increased and for
30% Sr, �2�T� was below the data for LaCoO3; also �2�4K�
was well below the value calculated for zero-point motion.
This was unexpected and is not physical, as substitution
should lead to some increase in static disorder.

Diffraction studies of these systems indicate there is a
change in the Co-O-Co bond angle ��163° for LaCoO3 and
�167° for 30% bulk LSCO�,56,63 and this change was not
considered in the above fits. Since the amplitude of the Co-

O-Co MS peak depends quite strongly on the Co-O-Co angle
� for angles close to 180°,66 this will control the value of
�Co-Co

2 obtained in the fit when �MS,Co-O-Co
2 =�Co-Co

2 . The am-
plitude of the MS peak is often larger than the SS peak for
angles above 150° and the correlation between amplitude
and � is such that if the amplitude of the FEFF function
increases, the value of �2 needed to fit the data also in-
creases.

We next calculated the MS peak as a function of the Co-
O-Co angle �See Fig. 10� and compared it to that for
LaCoO3. We found a strong dependence—a �5% amplitude
change for a 1° change; thus the increasing Co-O-Co angle
with Sr concentration cannot be ignored. For the fits, we
therefore calculated the MS peak using the Co-O-Co angles
obtained in diffraction at each Sr concentration.56

The �2�T� results for Co-Co are plotted in Fig. 10�a�.
Including the increased Co-O-Co bond angle as the Sr con-
centration increases, leads to an increase in �2�4 K� and
hence an increase in the static disorder as shown in Fig.
10�a�. This is now consistent with the expected increase in
disorder when doping with an atom of a different size. The
correlated Debye temperature ��cD� from fits of the data, is
about 480�20 K; systematic errors increase the error to
about �30 K. The curvature of the �2�T� data �and hence
the value of �cD� does not change significantly with the
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FIG. 9. �a� 4 K: 15% bulk data and the fit; �b� 300 K: 15% bulk
data and the fit. In all figures, data are represented by solid lines,
and the fits are open circles. Fit range 1.2–4.1 Å.
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FIG. 10. �a� A plot of �2�T� for the Co-Co bond, for all the bulk
samples and the 15% nanoparticle sample as described in the text
�using different Co-O-Co MS functions for each Sr concentration�.
The solid squares are for bulk LaCoO3 �Co-O-Co angle �163°�,
solid circles for 15% bulk LSCO and open circles for 15% nano-
particle LSCO �Co-O-Co angle �164.6°�, open triangles for 20%
bulk LSCO �Co-O-Co angle �165.2°� and solid triangles for 30%
bulk LSCO �Co-O-Co angle �167°�. We also plot, using a solid
line, the correlated Debye fit with a Debye temperature �cD

=480 K and no static distortion ��static
2 =0�; this curve lies close to

most of the bulk sample data. For the 15% nanoparticle sample we
also fit to the correlated Debye model but in this case there is a
significant static offset if we assume 6 Co neighbors ��cD=490 K,
�static

2 =3.6�10−3 Å2�; if we assume it has a similar static distortion
as the 15% bulk sample, the number of Co neighbors has to be
about 30% less, which is equivalent to having the averaged particle
size �2 nm if the particle size is the only cause of the reduction in
Co neighbors. The relative errors �and fluctuations from point to
point� are comparable with the size of the symbols; they are ob-
tained from the variation of � in three scans at the same tempera-
ture. The systematic error �a fixed vertical shift in all data points in
a data set� is of order 5�10−4 Å2. �b� A simulation of the relative
amplitude of the Co-O-Co multiple-scattering peak vs Co-O-Co
angle with no additional broadening for �. The amplitude of the MS
peak at �163.2°, which is our starting value, is used as the refer-
ence value.

JIANG et al. PHYSICAL REVIEW B 80, 144423 �2009�

144423-10



change in the Co-O-Co angle; it is only a static offset effect.
Thus for the bulk samples there is no significant unusual
distortion of the lattice with increasing Sr concentration—
only a change in the average Co-O-Co bond angle and a
small increase in static disorder.

In the literature, a T-dependence of the Co-O-Co bond
angle is also reported �about 1° as T increases from 5 to 350
K�,56,63 though it is small compared with the Sr concentration
dependence. This will slightly increase the values of �2�T� at
high T and hence decrease �cD. However, �cD will only
change �10–20 K�4%�, which is less than our estimated
error.

In Fig. 10�a�, we also plot �Co-Co
2 �T� for the 15% nanopar-

ticle sample, which has a comparable �cD�490 K as bulk
samples, but a much larger static distortion under the as-
sumption of 6 Co neighbors; similar results are obtained for
the other nanoparticle samples. For these materials, the ex-
cess static distortion may partially arise from the small size
of the particles. By conducting a series of fits using different
values of NCo−Co for the Co-Co �and Co-O-Co� peak, we
found that to reduce �2�4 K� to a value comparable to that
for the 15% bulk sample, we need a reduction of NCo-Co by
approximately 30% �4.2 Co neighbors instead of 6�, which is
equivalent to having nanoparticles with an averaged size of
about 2 nm. However, this number is much smaller than the
size obtained in TEM measurements, 10–50 nm. There are
several possible explanations for this discrepancy: first, the
particles observed in TEM may be clusters of much smaller
nanoparticles; second, part of the nanoparticles may be
amorphous; and third, the surface of the nanoparticles may
be strained, leading to a range of bond lengths or Co-O-Co
bond angles and a gradual variation of the structural param-
eters from the center to the outer shell. To investigate the
latter, one would need to make a series of nanoparticle
samples with narrow distributions of particle sizes. However,
it will be difficult to separate three effects that reduce the
EXAFS peak amplitude—�1� a reduction in the effective co-
ordination number in small particles, �2� a broadened distri-
bution of Co-O and Co-Co distances and, �3� for the Co-Co
peak, variations in the Co-O-Co angle throughout the nano-
particle.

For the nanoparticle samples, if we use the same MS ref-
erence �same Co-O-Co bond angle� for the Co-O-Co multi-
scattering peak, we find a similar trend to the bulk samples,
that the values for �static

2 decreases with increasing Sr con-
centration. This suggests that, in the nanoparticle samples,
there is also a similar Co-O-Co bond angle increase with
increasing Sr concentration. However, EXAFS is not sensi-
tive enough to tell exactly how this angle changes.

E. EXAFS—discussion

The main result from the analysis of the EXAFS data is a
lack of evidence for a JT distortion, for both bulk and
nanosamples. If we assume for the bulk material that this
excess distortion all comes from a small fraction of sites with
a JT distortion, then we can estimate the maximum fraction
of JT distorted sites required to produce this small excess
contribution at low T �we take a conservative assumption
that the JT splitting �0.15 Å, close to the value in the CMR

manganites, although Louca and Sarrao reported a range of
Co-O bond-length splittings from 0.17 Å �Ref. 14� to
0.24 Å �Ref. 69� in cobaltites�. For this simulation, we start
with the measured value of �2 at low T and add the effect of
a percentage of JT split sites; we assumed there are four
short and two long Co-O bonds, split by 0.15 Å. The in-
crease in �2 with an increasing fraction of JT split Co-O
distribution is plotted in Fig. 11�a�; the shift is the same
whether we start with a small or large value of �2 �e.g., at
low or high T�. Using this plot and assuming that all the
excess static distortion ��static

2 =7�10−4 Å2� is from a JT
splitting, an upper limit to the fraction of JT split sites in the
sample is �15%. However, since some static disorder is ex-
pected from Sr doping, a reasonable upper limit must be
considerably lower, �10%.

We can do similar simulations assuming a fraction of sites
develop a JT distortion over some range of T, say 100 K. Our
data shown in Fig. 8 �and Figs. 2a and 2b in Ref. 35� show
no evidence of a step between 50 and 300 K. Our simula-
tions �see Fig. 11�b� and also Fig. 2a in Ref. 35� suggest that
a step, corresponding to 10% of the sites having a JT distor-
tion, would be observed.

Our results agree out to the third neighbors with the R3̄c
space group obtain in most diffraction studies. However, it
should be noted that one high-resolution x-ray diffraction
study suggests that the pure compound LaCoO3 has the

monoclinic �I2̄a� symmetry.70 The difference between the
rhombohedral and monoclinic structure is that the latter
space group has more distortion of the environment about
Co, such that the shortest Co-O bonds split into three groups,
two at 1.874 Å, two at 1.925 Å, and the other two at
1.993 Å.

We can test this model by comparing the value of �2

extracted in a single peak fit �for R3̄c� of the LaCoO3 data,

with that for the split Co-O peak in space-group I2̄a; for the
latter fit, we impose the splitting of the Co-O bond lengths
��0.06 Å� reported in diffraction.70 For the single peak fit
of the data at 4 K, �2=0.0026 Å2. For the three peak fit we
use the same value of � for each of the three peaks—the
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FIG. 11. �a� The calculated increase in �2 vs the percentage of
Jahn-Teller distorted sites for pure bulk LaCoO3 sample at 4 and
300 K, the solid triangles are the simulated results at 4 K, while
open triangles are at 300 K, the dotted-line is a guide to the eye. �b�
Simulation assuming that 10% of the Co sites have a JT distortion
develop between 150 and 250 K for the 15% bulk La1−xSrxCoO3

sample. The JT contribution to �2 would produce a small step in �2;
the lower solid line is the correlated Debye fit to the data below 150
K, while the upper one is a shift in the lower line to overlap with the
simulation at higher temperature.
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result is that �2�0.0001 Å2, an unphysically low result as
at 4 K the minimum value of �2 should be given by zero-
point motion. We can, in fact, calculate the effect of splitting
a peak in the broadening of any PDF. For three peaks at ro
and ro��r; �r=0.06 Å, the effective static contribution to
�2 from the split peak, is 2 /3� ��r�2�0.0024 Å2. Thus, if a
single peak fit has �2=0.0026 Å2, the effect of modeling it
as three peaks will be to lower �2 by 0.0024 Å2, which is
consistent with what we observe. Thus, our data are incon-
sistent with a splitting of the Co bond distances into three
groups separated by 0.06 Å. However, if a much smaller
monoclinic splitting were present, 0.03 Å for which �static

2

would be 0.0006 Å2, we could not rule it out.

IV. SUMMARY AND CONCLUSIONS

Our EXAFS/XANES measurements show two important
results: first, the XANES data �Sec. I� show no significant
Co K-edge shift as a function of either Sr concentration or
temperature. This result is generally consistent with the lim-
ited data reported in the literature. Second, the EXAFS
analysis finds no evidence for a Jahn-Teller distortion of the
nearest-neighbor Co-O bond for any samples, of either bulk
or nanoparticle material �Sec. III D 1� in contrast to earlier
neutron PDF studies.34 Any net distortion, if it exists, is very
small, or corresponds to a small fraction of the Co sites. If
we assume, for the bulk material, the excess distortion at low
T all comes from a small fraction of sites with a JT distor-
tion, then we can estimate the maximum fraction of JT dis-
torted sites—from 10–15%; it would be less than 5% if the
JT splitting were 0.24 Å. However, since some static disor-
der is always expected, our results are consistent with no JT
distortions about Co.

In addition, the lattice structure changes very little with Sr
concentration or temperature. The EXAFS analysis is consis-

tent with diffraction results for the R3̄c space group56,63 and
with the results of recent neutron PDF experiments,36 but not

with the proposed I2̄a space group70 with three Co-O peaks
split by �0.06 Å.

The lack of a Co K-edge shift indicates that the effective
Co valence �the Co�3d� configuration� remains nearly con-
stant as the Sr concentration increases for the La1−xSrxCoO3
system. The lack of an edge shift is, in fact, consistent with
the nearly constant bond lengths and lattice parameter ob-
served in diffraction studies,56,63 and with the bond-valence
sum model which relates changes in valence to average
changes in bond length.54,55 Although a similar lack of any
significant shift has been reported previously,45,52 the issue
has not been discussed in detail. In particular, this result
raises the question—where are the holes located that are in-
troduced via Sr doping? We propose that such holes are
found mainly on the O sites and that these O holes lead to the
conductivity of the samples. Oxygen K-edge XANES clearly
show an increased amplitude and shift to lower energy as the
Sr concentration increases.10,42 The unpaired spin on some O
atoms may also couple with a few magnetic Co moments via
Co�3d�-O�2p� hybridization, to produce the unusual mag-
netic properties observed in the cobaltites. Often, the
La1−xSrxCoO3 system is discussed in terms of a mixture of

ionic Co3+ and Co4+, but in view of these new results, it
appears that the 3d character of the Co atoms changes little
with Sr doping, and models used to describe the cobaltites
need to be modified and extended.

The lack of a JT-like distortion about the Co atoms for
either bulk or nanoparticle samples is strong evidence
against a localized intermediate spin �IS� state for Co. There
is no evidence for a step increase in the broadening of the
Co-O PDF such as is observed for the Mn-O PDF in the
CMR manganites,32,71 or any significant excess static distor-
tion at low T that might indicate a JT distortion at low tem-
peratures. The IS state requires a single electron in the Co eg
state and such a configuration is expected to be JT active,
whereas LS and HS states are not. Our local structure mea-
surements therefore support models in which the magnetiza-
tion arises from a mixture of LS and HS configurations,
�with possibly a coupling to a small fraction of unpaired O
spins�. The only ways in which a significant fraction of Co
might have a single eg electron configuration and yet not
show a JT distortion, are if �1� the eg electrons were hopping
so fast that the lattice could not respond or �2� there is a large
spin-orbit coupling.21 However, if the added mobile holes are
localized mostly on the O atoms, as suggested by the
XANES and bond-valence calculations, then the hopping
charges are not eg electrons localized mainly on Co. Further,
if holes in the O bands are the dominant charge carriers, it is
not clear that spin-orbit coupling is important for the eg
states. These combined results therefore suggest that quasilo-
calized Co eg states are not singly occupied. It may be that
the extended nature of the electron states is a crucial feature
for the cobaltites and one should not try to describe the sys-
tem using localized concepts.

The results for the nanoparticles are very similar to those
for the bulk materials with the main difference being a rapid
decrease in the EXAFS peak amplitude with increasing r.
This indicates either fewer neighbors as a result of reduced
particle size or increased disorder in the nanoparticles; it is
likely a combination of both. Another significant difference
is in the double-peak structure of the pre-edge attributed to
Co�3d� states; for the bulk material the lower peak position
moves up in energy with increasing Sr concentration while
for the nanoparticle samples, the position of these two peaks
remain constant. Since the magnetization of the nanopar-
ticles is an order of magnitude smaller than for the bulk
material it may be related to this small difference of the
pre-edge structure.

Theoretical results vary considerably depending on vari-

ous assumptions and the assumed lattice structure �R3̄c�;
many do not include a JT distortion. Several suggest only eg
states just above EF, while others show some t2g states as
well. Further calculations are needed which include the pos-
sibility of holes in the O bands, with little change in the
Co�3d� configuration, as well as the consequence of having a
fraction of Co sites with a significant JT distortion.
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