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The interplay of the electron transfer integral and lattice elastic energy in A1−xAx�CoO3 is investigated by
neutron diffraction and the pair density function analysis. By effectively widening the bandwidth with Ca, Sr,
and Ba substitutions at the A site, evidence for the stability of the intermediate-spin �IS� configuration through
the formation of static local Jahn-Teller �JT� distortions is provided. When the critical radius exceeds
�1.22 Å, spin activated JT polarons are formed in the absence of long-range magnetic ordering. JT polarons
are prevalent in crystals with Sr and Ba but not in those with Ca. In the metallic and magnetically ordered
phase, the static signature of the distortions is absent, suggesting that the IS state may be dynamically shared
between Co3+ and Co4+ ions.
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The complex nature of the spin, charge, and lattice inter-
actions in some perovskite oxide crystals often yields un-
usual magnetoelastic and electron-phonon mechanisms, in-
fluenced by extrinsic and intrinsic parameters.1–7 Take the
perovskite cobaltite for example, A1−xAx�CoO3 �A=trivalent
rare-earth ion and A�=divalent alkaline-earth ion�: the parent
compound, ACoO3, is a nonmagnetic �S=0� insulator that
can be made ferromagnetic �FM� and conductive through the
substitution of A� for A.8–10 The evolution from a nonmag-
netic to a static FM ground state is not obvious at first sight
since all 3d6 electrons of the octahedrally coordinated Co3+

reside in the low-lying t2g
6 orbitals with the low-spin �LS�

configuration.11–15 This implies that the Co3+ and/or the Co4+

ions created by the addition of holes become magnetically
active. Indirect exchange interactions via t2g orbitals are an-
ticipated to be weak, while superexchange or double ex-
change �DE� interactions16 via eg orbitals dominate the mag-
netic coupling. The FM transition is usually attributed to the
DE mechanism that involves spins excited to the eg level in
either the S=1 intermediate-spin �IS� or the S=2 high-spin
�HS� state involving either Co3+ or Co4+ ions or both. Sev-
eral possible scenarios can be considered to account for the
magnetic coupling and this has been a subject of debate.17,18

Many attempts have been made to distinguish the LS, IS, and
HS configurations in the parent compound �with no Co4+� by
focusing on structural signatures. The problem is made even
harder when Co4+ ions are introduced in the lattice.

Our earlier neutron measurements19,20 on a single crystal
of the parent compound, LaCoO3, showed that strong FM
and weak antiferromagnetic �AFM� dynamic correlations de-
velop and become randomized in all directions in support of
a thermally activated transition to the IS state. The presence
of both types of correlations is reminiscent of LaMnO3
where static in-plane FM and out-of-plane AFM correlations
are present. Concurrent neutron measurements reported in
Ref. 21 on a powder sample concluded that the excited state
is the HS state. Clearly, distinguishing one scenario from
another in the doped compositions will not be easy also
when mixing of Co3+ and Co4+ ions occurs. It is known that
the FM correlations become static, while the AFM ones dis-
appear with doping. At the same time, the system goes from
an insulating to a metallic state. It is possible then to use the

insulating state where electrons are localized to identify the
Co ions’ orbital state: the partial occupancy of the eg

1 orbitals
in the S=1 state may lead to a structural deformation of the
CoO3 octahedra through a Jahn-Teller �JT� distortion. In
comparison, the S=2 state is not orbitally active since the eg
orbital is fully occupied. The presence of magnetically in-
duced JT polarons has been alluded to in other studies such
as Refs. 14, 22, and 23 including our own neutron-diffraction
measurements in compounds with A�=Sr,8 and is important
to understand the insulator-metal transition �IMT� and mag-
netoresistance mechanism in this class of materials. The sta-
bility of the S=1 state with hole doping is counterintuitive
since it implies localization involving elastic energy as the
lattice deforms around such magnetopolarons. The implica-
tions of such a mechanism need to be explored further as
they are in stark contrast to the evolution of magnetopolarons
with hole doping in manganites.24

The FM metallic state is reached by introducing hole car-
riers through the substitution of other divalent ions besides
Sr such as Ca and Ba, but no information is available on the
evolution and stability of the excited spin state with change
in the electron hopping integral.25–27 The ions of Ca, Sr and
Ba have nominally different ionic sizes,28 and the effective
bandwidth changes in a way that can provide a measure of
the role of the lattice via the ionic size effect.29 Bandwidth
control has been investigated earlier in the colossal magne-
toresistive �CMR� manganites.30 It has been found that JT
polarons vanish with widening of the bandwidth, while the
crystal transforms to a symmetry that is conducive to en-
hancing transport. In the manganites, a “flat” bandwidth
leads to a rise in the IMT and FM transition temperatures TC,
while a narrow bandwidth leads to the reverse effect. It is
generally presumed that for ions with small radius, i.e., Ca,
charges become self-trapped and are more likely to form
polaronic states that are localized by disorder while render-
ing the system insulating.31 Thus, the degree of distortion is
presumed higher in narrow bandwidth materials than in sys-
tems with expected broad bandwidths.24 Little is known of
these effects in cobaltites; thus these are the focus of the
present paper. Such a study will provide useful insights into
the effects of bandwidth on the formation of spin activated
JT polarons or magnetopolarons as well as on the nature of
the spin-lattice interactions.

PHYSICAL REVIEW B 78, 094108 �2008�

1098-0121/2008/78�9�/094108�5� ©2008 The American Physical Society094108-1

http://dx.doi.org/10.1103/PhysRevB.78.094108


Several unresolved issues regarding the nature of the Co
electronic structure, the degree of Co to O hybridization, the
strengths of Coulomb interactions, Hund’s coupling, and the
magnitude � of charge transfer energy prevail in spite of
years of research in this field.32 By carefully controlling the
electron hopping integral through isovalent substitutions at
the A� site using the cations of Ca, Sr, and Ba, we probe how
the local lattice transforms in response to the change in the
Co electronic structure. In addition, we investigate whether
the bandwidth control is sufficient to explain the crossover to
a metallic state or whether an unconventional JT mechanism
may be more appropriate. To do so, we used pulsed neutron
diffraction and the pair density function �PDF� analysis to
determine the evolution of the local atomic structure, which
clearly showed that the introduction of Co4+ ions stimulates
the population of JT polarons, which increases rapidly above
a critical radius of 1.22 Å in the insulating phase. Local JT
distortions become static, costing the system significant elas-
tic energy that must be compensated for by the stability of
magnetic IS-LS exchange interactions. Below the IMT, the
lattice softens and the static signature of the magnetopo-

larons disappears. This may involve dynamic IS-LS ex-
change interactions mediated by the double exchange be-
tween Co4+ and Co3+ ions.

Powder samples were prepared by standard solid-state re-
action method. The concentration of x varied from 0% to
30% for Ca samples and from 0% to 50% for Ba and Sr
samples. Table I lists the compositions, the average ninefold-
coordinated ionic sizes �rA�, and the Curie transition tem-
peratures for some of the samples studied to give a sense of
how the average radius varies with x at the A site. The time-
of-flight neutron experiments were performed at the NPDF
of Los Alamos National Laboratory and at GLAD of Ar-
gonne National Laboratory. The samples were sealed in a
vanadium can under helium atmosphere and placed in a
closed-cycle refrigerator; measurements were performed as a
function of temperature. The diffraction data were Fourier
transformed in real space to obtain the local atomic PDF. The
PDF represents the real-space correlations between atoms
and is volume averaged and weighted by the neutron-
scattering lengths. The magnetic and transport properties of
all samples were characterized as well. In Fig. 1, the resis-
tivities and magnetoresistances �MRs� as functions of field of
two samples of Ca and Ba compressed into pellets with a
concentration of x=0.2 are compared. In the case of Ca, an
IMT is observed at �145 K �Refs. 33 and 34� that coincides
with TC. In the case of Ba, although TC is �186 K as esti-
mated from the bulk susceptibility measurements, the IMT is
very broad and not so obvious while a very high residual
resistivity is observed at very low temperatures, much higher
than in the case of Ca. In both cases, the MR does not be-
come “colossal,” while in the Ca sample, a crossover from
negative to positive values is observed. A negative MR peak
appears around TC that increases with field as expected due
to increase in the sample’s polarizability; a positive MR peak
is observed around 50 K. In the case of Ba, the MR stays
negative at all temperatures.

The local atomic structure in the vicinity of the Co-O
octahedron evolves from the Mott insulating state of the par-
ent compound, LaCoO3, in the way shown in Fig. 2 for x
=0.2 of Ca, Sr, and Ba. The radial distribution function
�RDF�, 4�r2��r�, plotted in the region corresponding to the
Co-O bond distances is determined from diffraction data col-
lected at 300 K with all samples in the paramagnetic and

TABLE I. The average A-site radii �rA� and TC are listed for Ca,
Ba, and Sr samples at three concentrations. The A-site radius was
determined using the ninefold-coordination value of the Co ion
from Ref. 28. The value of TC depends upon the definition applied
as the transition temperature, as the transitions are quite broad. It
was estimated by linearly extrapolating the upturn in magnetization
to the x axis.

x Cation �rA� �Å� TC �K�

0.1 Ca 1.212 55

Sr 1.225 45

Ba 1.241 110

0.2 Ca 1.209 145

Sr 1.235 240

Ba 1.267 186

0.3 Ca 1.205 150

Sr 1.244 240

Ba 1.292 205
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FIG. 1. �Color online� The temperature dependences of the resistivity and magnetoresistance as functions of magnetic field in
La0.8Ca0.2CoO3 and La0.8Ba0.2CoO3. A crossover from negative to positive MR is observed around the IMT for the Ca sample but not for Ba.
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insulating state. The RDF is multiplied by �b�2, where �b� is
the compositionally averaged neutron-scattering length, so
that the intensity of the Co-O peak can be directly compared
in each composition. In �a�, LaCoO3 shows no clear signa-
ture of static JT distortions. However, the Co-O bond peak is
quite broad and clearly asymmetric. Although it is normal for
the PDF peaks to become wider with increasing temperature
due to increase in the atomic thermal motion, the asymmetry
of this peak cannot be accounted for by such a thermal effect.
In �b�, the Co-O peak in La0.8Ca0.2CoO3 is narrow and shows
no asymmetry. Even though the crystal structure in Ca trans-
forms to an orthorhombic symmetry �Pnma� from the rhom-

bohedral R3̄c,35 this transformation is not associated with the
formation of JT distortions. However, in �c� and �d�, the
Co-O peak shows a clear and strong split in Sr and Ba
samples. This split can only be attributed as a consequence
of the presence of JT distorted octahedra. The Co-O peak has
been fitted by two Gaussian curves. Two assertions can be
made from the double Gaussian curve fitting: one is that it
offers strong evidence for the presence of local and static JT
distortions even though the symmetry remains rhombohe-
dral; the other is that such distortions are created even as the
presumed bandwidth becomes wider with Sr and Ba.

The formation of static JT is a consequence of stable mag-
netic IS states and such Co-O sites are hereby referred to as
JT magnetopolarons. The number of magnetopolaron sites
varies with the average ionic radius in the way shown in Fig.
3. This was determined from data collected at 300 K, in
which case all the samples are insulating and paramagnetic.
Thus, there is no double exchange between the Co ions that
would enable hole hopping among the six neighbors. The
nominal hole concentration is indicated for each sample. The
percentage of Co-O sites that are elongated is estimated from
the two Gaussian fittings and from setting the total area un-
der the short and long bond peaks to 6, the coordination
number in an octahedral environment. In the absence of JT,
all Co-O bonds are symmetric and short, and the area under
the peak corresponds to the coordination. However, in the
presence of JT and with the dz2−r2 orbital occupied, the Co-O

bonds split to 4 short and 2 long for a total of 6. Thus, as the
area under the short Co-O peak starts to deviate from the
coordination of 6 �0% JT� to 4 �100% JT�, long Co-O bonds
appear. As seen in Fig. 3, when the ionic radius exceeds the
critical value of �rc�=1.22 Å, the percentage of JT sites
starts to rise and reaches a value close to 80% with only 50%
of Ba doping. It appears to saturate around �rA�=1.28 Å. JT
distorted sites are not evident in Ca containing materials at
this temperature but are clearly present in Sr and Ba samples.
In Sr containing samples, for each hole, there is one JT site
created. However, for the case with Ba doping, for each hole
there are about three JT sites created up to 20%. For higher
concentrations, the number of JT sites created per hole drops
to about 1.5 per hole. The formation of the JT magnetopo-
larons must involve a substantial lattice energy in the para-
magnetic and insulating state.

The Co-O-Co bond angle changes with the average ionic
radius at the rare-earth site in the way shown in Fig. 4. For
values of �rA��1.22 Å, the bond angle does not change
much with x. For values of �rA��1.22 Å, the angle in-
creases linearly with �rA� and approaches 180°. Decreasing
�rA� bends the Co-O-Co bond angle in addition to reducing
the electron hopping and consequently the bandwidth. This is
the case of Ca-doped samples, where the symmetry changes
from rhombohedral to orthorhombic as was previously
observed34,35 at x�0.1. The bond is significantly bent with
Ca even with only 10% of doping. This suggests that the
small size of Ca distorts the local environment in such a way
that the octahedra rotate toward the smaller ion. The envi-
ronment around Ca most likely allows for FM coupling be-
tween spins where charges are not localized on specific Co
sites but can be shared within the extended distorted region.
We have previously seen that ferromagnetism saturates for
Ca by 20% and the reason for this might be that it never truly
becomes an itinerant FM state. Such a distorted environment

-50
0

50

100

150

200

250

1.7 1.8 1.9 2.0 2.1 2.2 2.3
-50

0

50

100

150

200

250

1.7 1.8 1.9 2.0 2.1 2.2 2.3

LaCoO3

La.8Ca.2CoO3

La.8Sr.2CoO3

La.8Ba.2CoO3

R
D

F
<

b>
2

(x
10

-1
0 A

)

x

r (A)
o

o

FIG. 2. The first peaks of the RDF corresponding to the shortest
distance in the crystal structure multiplied by �b�2 for �a� LaCoO3,
�b� La0.8Ca0.2CoO3, �c� La0.8Sr0.2CoO3, and �d� La0.8Ba0.2CoO3 are
shown for data collected at room temperature.

1.22 1.24 1.26 1.28 1.30 1.32 1.34
<rA> (A)

0

20

40

60

80

100

%
JT

si
te

s

Ca10

Ca20

Sr10

Sr20

Sr40

Sr50

Ba10

Ba20

Ba40

Ba50

o

FIG. 3. The percentage of JT sites as a function of the average
ionic radius at the A site determined from data collected at T
=300 K. No magnetopolarons can be assumed below the critical
radius of �rc�=1.22 Å. Magnetopolaron formation appears to satu-
rate above �rA�=1.28 Å. Data for 30% compositions for all samples
were omitted because of reasons described in some detail in previ-
ous work such as the one in Ref. 8. The type of ion and concentra-
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may be the reason as to why TC does not rise above 150 K in
Ca. However, in Sr- and Ba-doped samples, the crystal sym-
metry remains rhombohedral but the tilting is reduced, ap-
proaching a cubic structure. The bond angle continuously
unbends, while the number of JT sites increases simulta-
neously. Below the magnetic transition, the local atomic
structure shows no evidence for the long Co-O bonds in any
of the samples.

The bent octahedra of the orthorhombic Ca structure
come about with hole doping. This indicates that the ortho-
rhombic symmetry creates an environment around each Ca
ion in such a way that the hole can hop from site to site and
does not remain long enough on one site to create a static JT
distortion. On the other hand, in Ba- and Sr-doped samples,
the hole is localized long enough that static �at the time scale
of the neutron experiment� are created. Why are the Ba and
Sr systems more likely to exhibit JT distortions? The in-
creased tendency might be due to phase separation. Using
single crystals, we have observed the presence of two mag-
netic entities, one commensurate and another that is incom-
mensurate with the lattice, with different onset
temperatures.34 The incommensurate phase has been well es-
tablished in Sr and Ba crystals but is absent in Ca
crystals.34,36 Above the magnetic transition, the phase is
paramagnetic and spin disorder localizes the hole to one �as
in the case of Sr� or more �approximately three in the case of

Ba� sites. These JT magnetopolarons could be formed in
close proximity to the dopant, but there is no indication of
ordering above the transition. Below the magnetic transition,
the majority phase has ferro-ordering. JT distortions are no
longer observed. This suggests that the charges are no longer
localized per site but become mobile. At the same time, in
this temperature regime, the two magnetic phases appear.
Clearly, the majority phase �FM� carries most of the carriers
as the system becomes metallic. But some carriers are most
likely trapped in what gives rise to the incommensurate
phase.

In summary, the average crystal structure remains largely
unchanged with Sr and Ba additions. But with increasing Ca,
it transforms to orthorhombic, where the Co-O-Co bond is
significantly bent. With x up to 0.3, no JT polarons are evi-
dent in spite of the high charge content, which suggests that
the lattice may play a more important role in the formation of
JT magnetopolarons. Formation of JT magnetopolarons with
increase in x and with widening of the bandwidth must be
accompanied by a long-range stress field. As the temperature
is lowered and spin fluctuations decrease, the spins align
ferromagnetically and allow itinerant electrons to gain ki-
netic energy. Transport is via hopping of Co3+→Co4+ ions.
In doing so, a hole needs to displace ions in the S=1 state,
which is associated with a large JT coupling. This most
likely arises from the manifestation of strong electron-
phonon coupling. Phonons have been previously observed to
change with both temperature and doping.8 This requires that
the large elastic energy present around the polaron in the
paramagnetic �PM� phase be released with the transition as
no polarons are evident below TC. In conclusion, we have
shown that straight Co-O-Co bonds are conducive to creating
JT magnetopolarons, while buckling of the bond leads to no
JT and no IS states. Bond bending has also been associated
with the suppression of superconductivity in cuprates, which
takes place to release the strain associated with stripe forma-
tion.
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