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Correlation of local Jahn-Teller distortions to the magnetic/conductive states of La12xSrxCoO3

Despina Louca, J. L. Sarrao, J. D. Thompson, H. Ro¨der, and G. H. Kwei
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 24 June 1999!

By relating the structural changes measured using the pair density function analysis of pulsed neutron data
for LaCoO3, we provide evidence for the evolution of the magnetic state with temperature, from the low-spin
state to partial occupation of the intermediate spin~IS! and to the high-spin states. It can also be inferred that
the coupling strength of the lattice to theeg electronic states is temperature dependent. The introduction of
carriers in La12xSrxCoO3 stabilizes the IS states, populated at a rate proportional to the overall carrier density.
The transition to the metallic state with doping is accompanied by distortions of the lattice at short length
scales, which is compatible with the picture of a Jahn-Teller glass.@S0163-1829~99!05538-1#
m
s
fir
on

il
l

gh

on
in

-

g

n,
h

io
ite

ta
tic

e

-
he
o

c
e
r-
s
in

he
ed

he

us-

ing

a

e
in-
pin-
ree

re-
ly
e,
-
he
he
The spin transitions in cobalt perovskites induced by te
perature and the doping of charge carriers are rather unu
and are as controversial today as when they were
proposed.1,2 The ground-state electronic spin configurati
of Co in the parent compound LaCoO3 is the low-spin~LS!
(t2g

6 eg
0) state. A broad transition in the magnetic susceptib

ity observed at;100 K ~Ref. 3! corresponds to the therma
activation of an excited state which could be either a hi
spin ~HS! (t2g

4 eg
2) or an intermediate-spin~IS! (t2g

5 eg
1) con-

figuration. Several studies provided evidence to support
transition type over the other but the issue still rema
unresolved2–5 with the majority of new results pointing
towards the sequence LS→IS→HS with increasing tempera
ture.

With doping, one observes a similar evolution in the ma
netic and transport properties of La12xSrxCoO3 as in the
manganites.5,6 The competing mechanisms for activatio
driven thermally and/or by doping, result in the establis
ment of ferromagnetic Co-Co coupling through the creat
of either IS or HS sites. The fact that the cobalt perovsk
do not exhibit colossal magnetoresistance~CMR! in spite of
their high metallic conductivity suggests that fundamen
differences in the strength of the spin to charge and lat
coupling between the two systems exists.7

The magnetic phase diagram of La12xSrxCoO3 inferred
from our magnetic susceptibility data is shown in Fig. 1~a!
and thex(T) for LaCoO3 in Fig. 1~b!. Pure LaCoO3 is non-
magnetic at the lowest measured temperature, whil
smooth ‘‘transition’’ is observed at;100 K as reported in
the literature.3,7,8 This transition is a result of thermal activa
tion from the LS to a higher-spin state. Above 100 K, t
curve shows Curie-Weiss behavior. With small amounts
Sr, x(T) is similar to that of the undoped material.7 Above
5% Sr doping, a spin-glass transitionTG is observed and
above x>0.18, La12xSrxCoO3 becomes a ferromagneti
~FM! metal. A reentrant magnetic state is observ
from x50.15 to 0.18, where the transition is not clearly fe
romagnetic. This is an unusual spin glass, probably cau
by variable long-range interactions and not by alternat
~frustrated! short-ranged forces.9

Raman studies of the electronic structure for t
La12xSrxCoO3 system alluded to the fact that the observ
PRB 600163-1829/99/60~14!/10378~5!/$15.00
-
ual
st

-

-

e
s

-

-
n
s

l
e

a

f

d

ed
g

spin fluctuations would be consistent with distortions in t
local structure reflecting the type of transition.7 While these
are indirect observations of the local structure, we show,
ing the pair density function~PDF! analysis of neutron dif-
fraction data, the type and size of local distortions occurr
in this system. In the study of LaCoO3 below the transition,
the coupling of lattice to electronic states gives rise in
one-to-one correspondence with the activation of simpleeg
Jahn-Teller~JT-! active IS states. Above the transition, th
reduction of the IS JT distortions brought about by the
creased population to the HS state results in a mixed s
state configuration with the possible presence of all th
states. Doping results in an even strongereg-lattice coupling,

FIG. 1. ~a! The magnetic phase diagram in zero-field measu
ments. At very low doping, the system is nonmagnetic; it slow
transforms into a spin glass~SG!, then to a spin-cluster-glass phas
and then becomes ferromagnetic~FM!. ~b! The magnetic suscepti
bility of LaCoO3. The transition observed near 100 K is due to t
conversion of diamagnetic low-spin Co ions to the IS state. T
upturn observed inx(T) below 30 K and the little dip at;90 K are
due to extrinsic effects as discussed in Ref. 8.
10 378 ©1999 The American Physical Society
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PRB 60 10 379CORRELATION OF LOCAL JAHN-TELLER . . .
giving rise to typical JT phenomena. In addition, theT2g
rhombohedral distortions become less cooperative and
local lattice becomes glassy with the transition to the me
lic state, where the lattice distortions most likely becom
dynamic in nature.

The ceramic samples were prepared by the standard s
state reaction method from La2O3, SrCoO3, and Co3O4, fired
several times at 1100 °C with a final firing at 1300 °C in
for 1 day. The pure sample was additionally annealed
nitrogen at 900 °C for 1 day to ensure stoichiometric oxyg
content. The neutron diffraction data were collected us
the Glass Liquid and Amorphous Diffractometer~GLAD! at
the Intense Pulsed Neutron Source~IPNS!. Data were col-
lected from 300 K down to 15 K and were all corrected f
instrumental background, absorption, incoherent scatter
and inelastic and multiple scattering.10 The PDFr(r ) ob-
tained through a Fourier transform of theS(Q), which is
determined up to high momentum transfersQ533 Å21, is a
real-space representation of the atomic density correlati
The PDF analysis provides direct information with regard
the local structure,10 and it has been previously used succe
fully to determine the local structure of manganites.11

The electronic ground state of the nonmagnetic insula
LaCoO3 has thet2g

6 configuration at 0 K. On average, th

crystal is rhombohedral withR3̄C symmetry. The structure
has a relatively large distortion anglea along the@111# di-
rection of 10.3°12 which originates from the rotation of oxy
gen octahedra. With theeg orbitals empty, the directiona
Coulomb repulsion between the Co and O atoms is minim
Structurally, the CoO6 octahedra are almost symmetric a
the Co-O bond distances are quite similar. This is rep
sented by a single Co-O peak at 1.915 Å, which is the fi
peak in the PDF for this compound, at 20 K~squares! ~Fig.
2!. The model PDF calculated for theR3̄C structure for
LaCoO3 ~solid line! agrees quite well with the experimen
tally determined PDF. By 300 K~triangles!, the PDF peaks
height decrease significantly. This partly originates from
increase in the amplitude of atomic thermal vibrations. Ho
ever, the shapes of the PDF peaks show additional deviat
from the ideal crystallographic structure, while the avera

FIG. 2. The PDF of LaCoO3 at 20, 100, and 300 K. At 20 K, the
measured PDF agrees quite well with the PDF calculated for

R3̄C model for this compound. At 100 K, the long Co-O bon
appear. By 300 K, significant deviations are observed locally fr
the average crystal structure.
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crystal structure remains rhombohedral.
The nature of the transition from the LS state was inves

tigated by studying the temperature dependence of the Co
bond. As theeg orbital is thermally populated, the CoO6
octahedral environment is locally modified depending on th
coupling strength of theeg to the lattice. In the weak-
coupling limit, an IS transition cannot be distinguished from
a HS state because theeg-lattice interactions and the subse-
quent atomic distortions are small. In the strong-couplin
regime, however, it is feasible to distinguish one transitio
type from the other as the IS state has a single occupancy
the eg orbitals resulting in a JT-active mode~as in Mn31!
whereas the HS state is not JT active. The IS interactions c
result in cooperative JT phenomena giving rise to significan
structural distortions. In the IS scenario, population of theeg
orbitals @with an activation energy of 257 K~Ref. 14!# will
be reflected as a split in the Co-O distances to short and lon
Integration of the area under the first PDF peak provides th
number of nearest neighbors with respect to Co,13 and in an
ideal octahedral environment without any distortions, it is 6
the coordination number. The ratio of short and long bond
will depend on the orbital that actually becomes occupied
On the other hand, the HS transition produces distortions th
are of the breathing-mode type,5T2g , associated with small
displacements of the oxygen atoms15 and with very little
splitting of the Co-O bond lengths. With these criteria in
mind, the lines of Fig. 3 represent the effective coordinatio
resulting from the two types of transitions as determine
from the population rate per activation state as a function o
temperature in Ref. 14. As can be seen, the Co-O local e
vironment determined from the PDF is reduced from 6~the
ideal case! with increasing temperature. The observed
change corresponds to a LS→IS transition up to 100 K, with
dz22r 2 orbital occupancy. In the case ofdx22y2 occupancy,
the rate of change of the Co-O environment would have bee
a lot more pronounced. The percent of occupied IS states
this temperature is about 40% with the rest of the ions still i
the LS configuration. The long Co-O bonds due to the loca
JT distortions of the IS state sites are represented by a s
ondary Co-O peak;2.16 Å, seen in the PDF determined at

e

FIG. 3. The local coordination number of Co as a function o
temperature for LaCoO3. The distortions strongly couple to the
LS-IS transition up to 100 K where the expected change in the loc
environment is taken from Ref. 14~solid lines!. Above 100 K, a
mixed spin state is present, gradually converting to the HS config
ration ~Ref. 16!. The lattice parameter~squares! changes with tem-
perature in the same way as the local Co-O environment.
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10 380 PRB 60LOUCA, SARRAO, THOMPSON, RO¨ DER, AND KWEI
100 K ~Fig. 2!, but because it is small, at the level of nois
its amplitude is not well determined. For this reason,
integration is carried only up to the end of the first pea
Deviations from the LS-IS strong-coupling limit are o
served from 100 to 300 K. The increase in the full width
half maximum~FWHM! of the Co-O peak at 300 K in Fig. 2
reflects the expansion of the unit-cell volume due to acti
tion of the HS state.16 This could additionally suggest tha
the charge-to-lattice coupling changes with temperature
to the increase in the charge mobility, thus modifying t
effective lattice distortions. Also shown in Fig. 3 is the tem
perature dependence of the lattice parameter which sho
similarity to the change in the local Co-O environment.

JT-active sites form also with doping. With the introdu
tion of Co41 sites through Sr doping, the local atomic stru
ture changes~Fig. 4!. While the average octahedral tiltin
angle is reduced with increased doping,17 additional changes
are seen in the local structure that cannot be accounted
assuming a global symmetry as the latter changes f
rhombohedral to almost cubic. At 300 K, long Co-O bon
are clearly present in the PDF’s from 10% of Sr onwar
Such a bond length arises from the formation of a stable
state. The percentage of CoO6 sites in the IS state is dete
mined by calculating the number of short Co-O bonds~at
1.92 Å! ~equation shown in Ref. 13! and subtracting tha
number from 6, the total number of bonds in the octahedr
This gives an estimate of the number of sites with a JT d
tortion ~Fig. 5! which increases almost linearly with th
charge concentration in the paramagnetic insulating phas
a rate that is almost equal tox ~solid line!. This represents an
increase in the population of the JT-active IS states du
the straightening of the Co-O-Co bonds with doping. Th
the transition occurs for different reasons with temperat
~in LaCoO3! than with doping. As a function of temperatur
the higher entropy of the higher-spin states drives the tra
tion, while as a function of doping, the increase in the av
age Co-O bond length reduces the crystal field splitting
shifts the balance towards the higher-spin states.

The nature of the structural distortions discussed up
this point are essentially static. However, in the meta
phase which commences at18% of Sr and with cooling, the
distortions are consistent with the picture of aJT glass state.

FIG. 4. The local atomic structure atx50.1, 0.2, 0.4, and 0.5 a
300 K. Note the development of the peak of the long Co-O bond
2.13 Å with doping that is absent in LaCoO3 at this temperature
This is due to the formation of the JT-active IS states, where
peak gets stronger as the concentration is increased.
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It is possible that the lattice coupling to the spin fluctuatio
and increased charge mobility give rise to dynamic dist
tions, reflected in the PDF data as a distortion in the Fou
transform of S(Q). In time-of-flight ~TOF! experiments,
neutron detectors do not have energy resolution and b
elastically and inelastically scattered neutrons are recorde
the detectors. The energy integration ofS(Q) ~Ref. 18! has a
finite cutoff, and the range varies depending on the an
bank. If high-energy modes are present in the system, t
will appear in some banks and not in others, giving rise t
scattering-angle-dependent PDF. In the case where vibra
modes are close to the energy cutoff, the Fourier transform
distorted.18–20 This distortion depends upon the detect
angle ~i.e., momentum transfer!, so variations in the PDF
with the detector angle are an indication that the system
a local dynamicdistortion. This is indeed the case for th

at

e

FIG. 5. The percent of IS sites formed as a function of dop
~also plotted as a function of the ionic radiusr ^Å &! at 20 and 300 K.
At 300 K, the number of IS sites is linearly proportional tox where
the system is a paramagnetic insulator. At 20 K, a break-in of
slope is observed around theI-M transition due to the formation o
the JT glass state in the metallic phase.

FIG. 6. The PDF at 20 K for thex50.30 composition deter-
mined at different angles of diffraction. Data are integrated up
the 2u values shown. Many changes are seen as the maximum
fraction angle is varied, suggesting thatQ-dependent dynamic
events occur in the structure. The energy of this local dyna
lattice mode is of the order of 20 meV~Refs. 19 and 20!. The inset
shows a typical case of no dynamics present in the system a
LaCoO3 also at 20 K.
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PRB 60 10 381CORRELATION OF LOCAL JAHN-TELLER . . .
metallic compositions of this system (x>0.18), as shown in
Fig. 6 forx50.3 as an example of how distorted the PDF c
become, without any physical meaning associated with s
variation of the structure with angle. In the absence of a
localized dynamic mode, the PDF shows almost no varia
with detector angle~see inset of Fig. 6 and Refs. 19 and 20!.
A similar effect has been observed in other systems, suc
the CMR manganites, at theM-I transition with 15% of dop-
ing. This is clearly a phenomenon associated with dynam
in a system. The standard Placzek correction21 used to cor-
rect for the presence of inelastic scattering events is inap
cable because it uses a ballistic approximation which d
not work when strongly localized but dynamic lattice vibr
tion modes are present.19

In a weak-coupling JT system, the effective long-ran
~elastic! interactions between JT sites can fluctuate in s
and magnitude.22 The coupling to spin degrees of freedo
may then frustrate the JT interactions and give rise to a s
glass-like state.22,23One property of such a lattice glass is,
theoretical predictions indicate,9 that the lattice is disordere
at short scales and homogeneous at long scales. Such g
behavior is not uncommon as previously thought as it can
widely observed in several ferroelectric systems. One wo
expect glassy~dynamical! behavior at the first peaks in th
G

y,

G.

S

.

.

d

s
.

at

,

d.

te
n
ch
y
n

as

s

li-
s

e
n

n-

ssy
e

ld

PDF, which is what is observed. It is interesting to note t
the appearance of this phase coincides with theI-M phase
transition. It may be speculated that the charge effectiv
decouples from the very slow lattice dynamics in the Bra
glass phase. The effective electron-phonon scattering
comes smaller and one obtains a ‘‘normal’’ metallic beha
ior.

In conclusion, the structural data provided in this wo
showed that theeg-lattice coupling in LaCoO3 changes with
increased occupancy of the IS state with temperature,
evolution to the HS state at higher temperature.
La12xSrxCoO3, the lattice couples more strongly to the sp
fluctuations and stabilizes the JT-active IS state. The inte
tion of the lattice and charge dynamics in the metallic st
gives rise to local dynamic distortions.
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