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X-ray absorption fine structure measurements of the Sr and La K edges of the solid solution
La;—,Sr,MnOs reveal a consistent deviation from a random distribution of Sr at the La/Sr sites for
x = 0.3. Local structural disorder on the cation sublattice in the low-x samples is also observed to
differ in the vicinity of the La-rich and Sr-rich clusters. The local clustering and structural disorder
establish an intrinsic chemical as well as structural inhomogeneity on the nanometer scale, which may
provide a mechanism for the nucleation of magnetoelectronic phase separation.
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There has been much recent interest in the relation
among the structural, magnetic, and transport proper-
ties of perovskite manganites with the general formula
Li— R, MnQOs3, where “L” is a lanthanide and “R” is an
alkaline earth. These ions form a solid solution on the
so-called A site of the perovskite, thus doping these mate-
rials to yield a mixed-valent Mn3* /Mn** lattice. Because
of this mixed-valent state, these materials display a num-
ber of remarkable properties including an anomalously
large negative magnetoresistance, the so-called “colossal
magnetoresistance” (CMR) effect [1]. Importantly, the
compelling physics of these materials is driven by a
close coupling among lattice, electronic, and magnetic
degrees of freedom. This coupling has recently been
shown through a wide range of experimental techniques
and theoretical treatments to result in electronic phase
separation between different magnetoelectronic states at
low temperatures [2]. These studies imply that the phase
separation is an intrinsic property of the manganites and
not attributable to poor sample quality.

Despite the importance of electronic inhomogeneity to
the physics of the manganites, there has not yet been a de-
tailed study of how the rare-earth and alkaline earth A-site
cations distribute themselves in the local atomic structure
of these materials. Although these compounds are intrin-
sically disordered due to the combination of these cations,
most theoretical studies have assumed that the material is
microscopically homogeneous; that is, the ions are dis-
tributed randomly. In this Letter, we report a detailed
XAFS study of the local structure of one of the canonical
manganite materials, La;—,Sr,MnO3. We find that there is
an intrinsic nanoscale clustering of the Sr ions in this ma-
terial for x < 0.3. We further show that such clustering
impacts the local electronic structure through modification
of the cation sublattice. Such chemical and structural in-
homogeneities may in turn influence the nucleation of the
observed large-scale magnetoelectronic phase segregation
in the manganite compounds [3].
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Samples of La;—,Sr,MnOs3+s were prepared by two
different methods. The first method (x = 0.025, 0.075,
0.225, 0.325, and 0.425) involved a solution-based prepa-
ration of a coprecipitated precursor powder, which was
then fired at 1000 °C and then rapidly cooled (<1 min) to
room temperature in the processing atmosphere [4]. The
second method (x = 0.05, 0.10, 0.175, 0.3, 0.375, and
0.45) was a standard solid state route starting from MnO»,,
SrCOs3, and La,O3 and involving repeated high tempera-
ture firing and grinding. In each case the final firing was
typically at 1400 °C for 24 h followed by furnace cooling
over several hours. The lightly doped perovskite mangan-
ites are known to be oxygen hyperstoichiometric unless ap-
propriate processing parameters are observed [5]. In both
of the methods used here, a processing atmosphere was
chosen to produce oxygen stoichiometric material. The
oxygen content of samples with x = 0.175 was verified by
triplicate iodometric titrations, and we found § = 0.00(1)
for each.

The x-ray absorption fine-structure spectroscopy tech-
nique (XAFS) has proven useful in the study of nonrandom
site occupation in alloys—allowing the determination of
interatomic distances, variation in these distances, i.e.,
Debye Waller factors (DWF), and types and numbers of
neighboring atoms within the first few coordination shells
of the x-ray excited atom [6,7]. By measuring spectra
about the x-ray absorption edges of the various constituent
atoms, this information may be separately obtained about
the La, St, or Mn ions in La; —St,MnOj3. Especially in the
present system, Sr and La atoms are differentiated because
of the quite different backscattering function of Sr and La.
The fluorescence-mode XAFS spectra were measured at
10 K at the Sr and La K edges using the MRCAT undu-
lator beam line at the Advanced Photon Source [8]. The
extraction of the XAFS oscillations y(k) (as a function
of photoelectron wave number k) followed standard
procedures [6]. Although there is in principle a concen-
tration-dependent amplitude reduction of fluorescence
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spectra, comparison with transmission data shows the
correction to be small for these samples.

The Fourier transform of k2-weighted XAFS
k% x (k) [ ¥ (r)] for Sr K edge data is shown in Fig. 1 for the
various samples. The overall spectra are qualitatively sim-
ilar for the Sr and La edges as expected from the known
structure. For further analysis, the FEFFIT program [9]
was used to fit y(r) to the theoretical spectra calculated
using FEFF6 [10]. This gives an excellent fit of cubic
StMnO; for Sr-O Sr-Mn, and Sr-Sr scattering, although
the fit is somewhat worse for the other known LaMnQO3
because of large lattice distortion with a multiplicity of
bond lengths [11]. Several different fits were performed
to verify the robustness of the parameters. For example,
Sr and La data were fit separately with independent
parameters, or Sr and La data were fit simultaneously with
several common parameters. Our interests are mainly
the first three neighbors (twelve O, eight Mn, and six
Sr/La) at r = 3.9 A, however, we tested to extend the
fit range to r = 5.8 A to include the small contributions
from higher shells (other O, Sr, La). These more distant
neighbors could be fit with a large DWF, which essentially
does not affect the parameters of the first three neighbors.
In the fitting, we varied the bond lengths and DWF for
Sr(La)-O, Sr(La)-Mn, Sr-Sr, La-La, and Sr-La pairs
within the context of the known structures, and fixed the
coordination numbers from the crystallographic values.
For low x, due to the large distortion, several different
bond lengths were included for Sr(La)-O and Sr(La)-Mn
bonds. The number of variables depends on the details
of the fitting; however, they do not exceed the number of
available degrees of freedom from the data [12].

One of the most important results of the fitting is the Sr
occupancy around the Sr site (xéi). If we treat xéi as a free
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FIG. 1. Fourier transforms [j(r)] of the data k2 y (k) for alloy
samples at the Sr K edge. The data range k = 3—14 A was
transformed. The ordinate has been shifted for easier display.
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parameter in the fits, we find that the data for small x can
be much better fit by values of x§r greater than would be
expected if the Sr ions were randomly distributed on the
cation sublattice. This is demonstrated in Fig. 2, where we
plot the real and the imaginary part of y(r) for x = 0.10
at the Sr K edge (gray solid line with circle). We show
fits to these data from two different fit methods: The
dotted line is with xé’i = (.24 (the best fit value) while
the dashed line is with xé’i = (.10 (expected from a ran-
dom distribution of Sr). The peak of the amplitude (solid
line) at R =~ 3.65 A corresponds to a La/Sr shell with
slight interference from a Mn shell peaked at R =~ 2.9 A
[13]. Because of this interference, a significant difference
between these two fits appears around R ~ 3.1-3.5 A in
the phase of (r). The fit with x§r = 0.24 is much bet-
ter than xérr = (.10, which can be seen in the residuals,
Ax(r) = J[ARe(¥)]* + [AIm(¥)], plotted for both of
these models in the lower panel of the figure.

The best fit values of xé’i as a function of x are shown in
Fig. 3. If the Sr and La atoms were distributed randomly
on the A site of the perovskite, the curve should fall on
the dashed line in Fig. 3. As may be seen in the figure, a
consistent deviation from a random occupancy (which is
much larger than the conservative error bars) is observed
for x = 0.3, indicating a tendency for Sr clustering. (At
higher-x compositions, the correlations decrease, possibly
being consistent with random site occupation.) Note that
these results are not explained by simple alloy fluctuations:
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FIG. 2. The data and fit results for ¥ (r) at the Sr K edge shown
for the x = 0.10 sample (k = 3—15 A~! are transformed). The
real and imaginary parts of the spectrum (gray solid line with
circles) are shown along with the best fit for x§r (x5 = 0.24,
dotted line) and with a fit fixing x§! to the value expected from a
random distribution (x§; = 0.10, dashed line). The peak of the
amplitude (solid line) at R =~ 3.65 A [13] corresponds
to a La/Sr shell with a slight spectral interference with
a Mn shell peaked at R ~ 29 A, The lower panel

shows the difference between the data and the fits,
Ax(r) = J[ARe(})P + [AIm(})] Clearly, the larger
x§F results in a much higher quality fit to the data.
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FIG. 3. Third-shell Sr coordination about Sr atoms from the

data fitting. If the site occupancy for these atoms were random,
the results would be a linear function of x, as shown by the
dashed line. The excess Sr at low doping region indicates a
tendency towards Sr-Sr (and thus also La-La) clustering.

If the alloy were random, there would naturally be some re-
gions that show a higher Sr-Sr (and La-La) correlation, but
these would be averaged with other regions that have an-
ticorrelations in the near-neighbor occupancy. Although
most of our samples were powders, for x = 0.30 we com-
pared a powder and crushed single-crystal sample grown
in a floating-zone furnace and obtained similar values of
x5t = 0.38 = 0.04 and x5 = 0.34 * 0.04, respectively.
This result and the insensitivity to the two vastly differ-
ent methods used for synthesizing powders argue strongly
for an intrinsic origin to the Sr clustering that is not de-
pendent on the details of sample preparation. While it is
known from local-structure studies [14] that structural in-
homogeneity of the Jahn-Teller distorted MnOg octahedra
persists up tox = 0.35, the cation clustering observed here
provides a heretofore unidentified degree of chemical and
structural inhomogeneity, perhaps driven by a slight depen-
dence of bonding energies on second-neighbor occupation.

The observed difference in La-Mn and Sr-Mn distances
on the cation sublattice is consistent with an observed in-
homogeneity in the Mn oxidation state distribution, offer-
ing corroborative evidence of the clustering of Sr and La
sites via its structural impact. A striking concentration de-
pendence of the spectra shown in Fig. 1 appears for the
Sr-Mn coordination at R =~ 2.9 A [13]. For x = 0.175,
a sharp Gaussian-shaped peak with nearly constant inten-
sity is observed, but the intensity of this peak becomes
smaller and broader, and actually develops structure for
x = 0.175. Although not shown here, the La-edge spectra
display the same behavior in La-Mn bond lengths. This
behavior indicates a large increase in local structural dis-
order in the cation sublattice at lower Sr concentrations.
This increase in structural disorder becomes even more
apparent in the fitting results for the Sr-Mn and La-Mn
distances, shown in Fig. 4. As shown in this figure, the
Sr-Mn and La-Mn distances are relatively constant above
x = 0.175, but split into a few different distances below
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that point. The x < 0.175 results are as expected, given
the structural phase transition at that concentration, and our
results agree with the known orthorhombically distorted
crystal structure of the endpoint compound, LaMnQOj3. The
crystal structures correspond to approximately three dif-
ferent lengths (two long, four intermediate, and two short)
for Sr-Mn and La-Mn bonds for low x samples. Note,
however, we observed the difference in the structural en-
vironment around Sr and La atoms in terms of distortion.
The La-Mn bonds can be fit with three different lengths
with DWF of ~0.005 A2 each, however, two bond lengths
(short and intermediate) for Sr-Mn bonds are not resolved
from the fit [15]. Moreover, much larger DWF ~0.015 Az
was observed for the long Sr-Mn bond than short Sr-Mn
bond (~0.007 A?). This suggests that the distortion of the
lattice around Sr might not be homogeneous at each Sr site
with larger and smaller distorted sites. The single observed
distance at higher concentrations indicates that the cation
sublattices of these compounds show less structural disor-
der. From the La/Sr-Mn data alone we cannot, however,
comment on the persistence of Jahn-Teller distortions into
the metallic regime that have been reported from neutron
pair distribution function analysis [14].

Cation disorder in manganites has previously been ap-
proached phenomenologically in two ways: (1) assuming
an average structure gauged though an average A-site ra-
dius, (ra) [16], or (2) by introducing the variance of A-site
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FIG. 4. The Sr-Mn and La-Mn distances as a function of x
at 10 K. For x = 0.175, a single distance was used for both
Sr-Mn and La-Mn bonds for the fit. Because of the increased
distortion of the lattice for smaller x, three different distances
for La-Mn (approximated as two short, two long, and four in-
termediate distances) and two for Sr-Mn (six short and two long
distances) were used. This is due to a smaller local distortion of
the lattice around Sr than La, not resolved into three different
lengths for Sr-Mn [15]. Also note that the long Sr-Mn bond
has a much larger DWF than short one. The diffraction data are
from Refs. [5,20,21]. The phase boundary between orthorhom-
bic and rhombohedral (hatched) is from Ref. [22]. Note that
Refs. [21,22] are room temperature measurements.
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cation radius to account for large size mismatch not cap-
tured by the average size alone [17]. The former ap-
proach has shown success in qualitatively understanding
how cation size impacts the Curie temperature, 7¢c. The
latter approach has shown a linear dependence of T¢ on
the cation variance which can be explained phenomeno-
logically through local deviations of structure (Jahn-Teller
distortion, Mn-O-Mn bond angles, etc.) that in turn im-
pact the global electronic structure. Our results offer cor-
roborative evidence for this latter phenomenology, since
the clustering of Sr ions demonstrates that the average ra-
dius cannot adequately explain the microscopic electronic
structure. Furthermore, the varying Sr-Mn and La-Mn en-
vironments demonstrate convincingly that the global elec-
tronic structure is decidedly inhomogeneous.

The existence of local structural inhomogeneity has
strong implications for the physics of the manganites [18],
since almost all theoretical treatments of these materials
have assumed homogeneity on the length scale of a few
atomic bonds. The inhomogeneity we observe is certainly
relevant to magnetoelectronic phase separation, which
has been shown to exist on length scales from a few
nanometers to several microns. While we expect the
clustering of Sr ions to be on a nanometer length scale,
since Coulomb energetics would prevent larger clusters
from forming, such small clusters could act as nucleation
sites for the larger-scale phase separation [3]. Based on
x-ray diffraction studies, the length scale of the clustering
should be much less than 100 nm, and therefore orders
of magnitude smaller than the observed micron-scale
electronic phase separation in many of the manganite
materials. Thus, while the presence (or absence) of
such clustering may help explain differences in phase
separation between different manganite compositions, the
effects of electronic phase separation (such as percolative
transitions) are not dependent on the presence of local
cation inhomogeneity and the cation inhomogeneity
which we observe is not even necessarily required for
the existence of phase separation. These results may
also have repercussions beyond the manganites:  For
example, recent measurements of the magnetic properties
of ruthenates may also be explained by Sr clustering [19].

In conclusion, we observe a tendency for Sr clustering
in lightly doped La;—,Sr,MnOs3. The local structural dis-
order in the vicinity of the clustered Sr ions is also sig-
nificantly smaller than in the vicinity of clustered La ions,
presumably attributable to a higher average Mn3* concen-
tration in the latter regions. While we have studied only a
single cation pair (La and Sr), one must presume that simi-
lar local inhomogeneity exists in other compositions. The
impact of such inhomogeneity will be crucial to any local
theoretical treatment of these compounds, particularly in
the context of magnetoelectronic phase separation.
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