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Evidence for a low-spin to intermediate-spin state transition in LaCoO3
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We present measurements of the magnetic susceptibility and of the thermal expansion of a LaCoO3 single
crystal. Both quantities show a strongly anomalous temperature dependence. Our data are consistently de-
scribed in terms of a spin-state transition of the Co31 ions with increasing temperature from a low-spin ground
state (t2g

6 eg
0) to an intermediate-spin state (t2g

5 eg
1) without ~100–500 K! and with (.500 K) orbital degen-

eracy. We attribute the lack of orbital degeneracy up to 500 K to~probably local! Jahn-Teller distortions of the
CoO6 octahedra. A strong reduction or disappearance of the Jahn-Teller distortions seems to arise from the
insulator-to-metal transition around 500 K.

DOI: 10.1103/PhysRevB.66.020402 PACS number~s!: 75.80.1q, 65.40.2b
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Transition-metal oxides have fascinating physical prop
ties as, e.g., high-temperature superconductivity in the
prates or colossal magnetoresistance in the manganites.
properties are often governed by a complex interplay
charge, magnetic, structural, and orbital degrees of freed
Moreover, for a given oxidation state some transition me
display different spin states as is the case in various co
oxides. Quite recently a class of layered cobalt compou
with the chemical compositionREBaCo2O51d (RE
5rare earth) has attracted considerable interest. These
pounds show a broad variety of ordering phenomena
other transitions, e.g.~antiferro- and/or ferro-! magnetic or-
der, charge and/or orbital order, metal-insulator transitio
or spin-state transitions.1–9 For TlSr2CoO5 it has been pro-
posed that a metal-insulator transition is driven by a s
disproportionation, which consists of an alternating order
of Co31 ions in an intermediate-spin state~IS: t2g

5 eg
1 ; S

51) and in a high-spin state~HS: t2g
4 eg

2 ; S52).10,11

The occurrence of Co31 in different spin states is known
since the 1950s from LaCoO3,12,13 which transforms with
increasing temperature from a nonmagnetic insulator t
paramagnetic insulator around 100 K and shows an insula
to-metal transition around 500 K. But even for this rath
simple pseudocubic perovskite, the nature of these tra
tions is still unclear. The ground state is usually attributed
the low-spin configuration~LS: t2g

6 eg
0 ; S50) and the para-

magnetic behavior above 100 K to the thermal population
an excited state. However, the question whether the exc
state has to be identified with the HS or the IS state is sub
of controversial discussions. Early publications often assu
a LS/HS scenario.14–16 In order to explain the insulating na
ture up to 500 K, an ordering of LS and HS Co31 ions has
been proposed which vanishes at the insulator-to-m
transition.17,18Yet the presence of a HS configuration belo
400 K has been questioned on the basis of x-ray absorp
and photoemission experiments.19 Alternative descriptions of
LaCoO3 favoring a LS/IS scenario20–24 are mainly based on
the results of LDA1U calculations,25 which propose that due
to a strong hybridization between Co-eglevels and O-2p lev-
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els the IS state is lower in energy than the HS state. Wit
this scenario the occurrence of orbital order and its melt
have been proposed in order to explain the insulating na
below 500 K and the insulator-to-metal transitio
respectively.25 Up to now there is no experimental evidenc
neither for an orbitally ordered state, nor for a HS/LS sup
structure.

In this paper we present a study of the thermal expans
a and of the magnetic susceptibilityx of a LaCoO3 single
crystal. The combined analysis ofa and x gives clear evi-
dence for a thermal population of the IS statewithoutorbital
degeneracy. The lack of orbital degeneracy could arise fr
orbital order as proposed in Ref. 25 or it can be interpreted
a consequence of Jahn-Teller~JT! distortions of the CoO6
octahedra with Co31 in the JT-active IS state. Above 600 K
our x(T) analysis suggests the presence of the IS statewith
orbital degeneracy, which may arise from a suppression
strong reduction of the JT distortion due to the insulator-
metal transition.

The crystal used in this study was cut from a large sin
crystal (l .8 cm; o”.6 mm) grown by the floating-zone
technique in an image furnace. The crystal is stron
twinned as usual for distorted perovskites. The magnetiza
has been measured by a superconducting quantum inte
ence device~SQUID! magnetometer in the temperatu
range from 2 K up to 300 K in anapplied field of 50 mT and
by a Faraday balance in the temperature range from 20
up to 1000 K in a field of 1 T. A high-resolution measur
ment of the linear thermal expansiona51/L]L/]T has been
performed using a capacitance dilatometer from 4 to 180

The magnetic susceptibility of our LaCoO3 crystal ~Fig.
1! agrees well with that found in previous studies.13,15,16,21

The maximum around 100 K signals the spin-state transi
of the Co31 ions. For higher temperaturesx(T) shows~i! a
Curie-like decrease up to about 500 K,~ii ! a temperature-
independent plateau between 500 and 600 K, and~iii ! again
a Curie-like decrease above 600 K. The increase ofx(T)
below 30 K arises most probably from a Curie contributi
due to magnetic impurities and/or oxygen nonstoichiome
In order to obtain the Curie susceptibilityxC of Co31 we
©2002 The American Physical Society02-1
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subtract a term (P/T1x0) from the raw data. HereP/T
represents the impurity contribution andx05xdia1xvV , the
sum of the diamagnetic contribution of the core electrons
of the paramagnetic van Vleck susceptibility of Co31. A fit
of the low-temperature data givesP50.02 emuK/mole and
x056.531024 emu/mole. The magnitude ofP allows us to
estimate an impurity content of less than 1%.26 Our value of
x0 is close to those observed, e.g., in Ref. 15 in LaCoO3 or
in ZnCo2O4 with Co31 in the LS state.27

The susceptibility of a system with a nonmagnetic grou
state and a magnetic excited state reads

xC~T!5
NAg2mB

2

3kBT

nS~S11!~2S11!e2D/T

11n~2S11!e2D/T
. ~1!

Here NA is the Avogadro number,mB the Bohr magneton
andkB the Boltzmann constant,D denotes the energy split
ting of the two states,g is the Lande´ factor,S the spin, andn
the orbital degeneracy of the excited state. For simplicity
consider a purely ionic model for LaCoO3 and the spin-only
values for the magnetic moments, where the ground stat
Co31 is the LS state with S50 and the electronic configu
ration t2g

6 eg
0 . The excited state is either the IS (S51 and

t2g
5 eg

1) or the HS (S52 andt2g
4 eg

2) state. In the HS~IS! state
the t2g

↓ (t2g
↓ and eg

↑) levels are only partially filled. Therefore
the HS state consists of 3 orbital states, which are degene
in a cubic crystal field leading ton53. The IS state contain
6 orbital states but even in a cubic field these states are
into two orbital triplets separated by an energy of about 1
due to the Coulomb interaction within the 3d shell.28 Thus,
an orbital degeneracyn53 is expected for the IS state, to
The orbital degeneracy is lifted by lower symmetries and
crystal symmetry of LaCoO3 is only rhombohedral. It is,
however, unclear whether this can be observed inxC(T).
First, the rhombohedral distortion of LaCoO3 is very small.
Second, the crystal field of the Co31 levels is mainly deter-

FIG. 1. Total (d) and Curie susceptibilityxC(s) of LaCoO3.
The solid line is a fit ofxC(T) up to 400 K for a LS/IS scenario
with S51, D.180 K, g.2.1, andn51 in Eq. ~1!. The dashed
line is calculated by increasing the orbital degeneracy ton53 and
leaving all other parameters fixed. The inset shows calculation
xC(T) for a LS/HS scenario~see text!.
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mined by the surrounding O22 ions and it is not clear
whether the CoO6 octahedra are distorted, i.e., whether t
local symmetry of the Co31 ions is less than cubic. From
neutron scattering only one Co-O distance is reporte29

whereas optical data give evidence for different Co
distances.23 This question is further discussed below. O
combinedanalysis ofx and a will allow an unambiguous
decision as to which of the four scenarios, LS/IS or LS/H
with or without orbital degeneracy, yields the appropria
description of the spin-state transition of LaCoO3.

The inset of Fig. 1 shows an attempt to describexC(T)
within a LS/HS scenario. Note that Eq.~1! has onlyD as a
free parameter~the g-factor may be varied only to some ex
tent!. In order to reproduce the strong increase ofxC below
100 K one has to use an energy splittingD.290 K but in
this case the calculatedxC(T) for T.100 K is much larger
than the experimental data~solid line in the inset of Fig. 1!.
In this calculation we have setg52 andn51. Assuming an
orbital degeneracyn53 of the HS state even increases t
discrepancy between experimental and calculated data. T
are some possibilities to improve the description within
LS/HS scenario. One is to useg.1.1 ~andD.190 K) but
such a smallg-factor is very unlikely.30 Another one is to
introduce an antiferromagnetic nearest-neighbor coup
JAF as has been done in Ref. 16. On a mean field level
leads to

xMF~T!5
xC~T!

11kB /NAg2mB
2zJAFxC~T!

, ~2!

where xC(T) is given by Eq.~1! and z is the number of
nearest neighbors. A fit according to Eq.~2! for T<400 K is
shown by the dashed line in the inset of Fig. 1. By sett
g52, n51, and z56, we obtain D.220 K and JAF
.56 K ~a fit for n53 yields D.270 K andJAF.62 K).
Such a strongantiferromagneticcoupling is, however, in
clear contradiction to neutron scattering experiments wh
give evidence for a weakferromagneticcoupling.14 From
these arguments we conclude that a LS/HS scenario doe
give a consistent description of the magnetic properties
LaCoO3 up to about 500 K.

In contrast to the LS/HS scenario, a good description
found for xC(T) within a LS/IS scenario. This is shown b
the solid line in the main panel of Fig. 1. By settingn51 the
fit yields D.180 K and a reasonableg.2.1. When an or-
bital degeneracyn53 of the IS state is assumed, the qual
of the fit becomes worse~not shown in Fig. 1!. Thus, the fit
of xC(T) favors an orbitally nondegenerate IS state bel
500 K. Orbital degeneracy might become important abo
600 K as indicated by the dashed line in Fig. 1, which
obtained by ‘‘switching on’’ the orbital degeneracy~setting
n53) and leaving the other parameters unchangedD
.180 K andg.2.1). Obviously, the dashed line is quit
close to the experimentalxC(T) for T.600 K.

In Fig. 2 we show the linear thermal expansion
LaCoO3and of La0.82Sr0.18CoO3. Our high-resolution data
confirm previous results obtained by neutron diffraction14 but
allow a more detailed analysis. Whereasa of
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La0.82Sr0.18CoO3 shows a weak monotonous increase w
temperature as expected for ordinary solids, the thermal
pansion of LaCoO3 is highly unusual: It is rather large an
has a pronounced maximum around 50 K. In view of t
spin-state transition that occurs in LaCoO3 ~but not in
La0.82Sr0.18CoO3) a straightforward interpretation of th
anomalous behavior ofa can be given. In the LS state o
Co31 all electrons occupyt2g levels whereas in the IS an
HS stateeg levels are also occupied. Since theeg states are
oriented towards the surrounding negative O22 ions, a popu-
lation of Co31 in the IS ~or HS! state causes an addition
widening of the lattice. Simply speaking, the ionic radius
Co31 depends on its spin state and increases with increa
number of electrons in theeg states (r Co31

HS
.r Co31

IS
.r Co31

LS ).
Note that it is not possible to detect a sharp anomaly oa

at a characteristic temperature in agreement with spe
heat data which also do not show such an anomaly.31 That
means, the spin-state transition in LaCoO3 is not a phase
transition in the thermodynamic sense. This justifies the
scription of the spin-state transition by a thermal populat
of an excited magnetic state from the LS state which rema
the state of the lowest energy@as assumed in Eq.~1!#. The
~additional! relative length change due to the spin-state tr
sition is proportional to the thermal population of the excit
state, and the anomalous thermal expansions given b
temperature derivative, i.e.,

Da~T!5d
Dn~2S11!e2D/T

T2~11n~2S11!e2D/T!2
. ~3!

The productn(2S11) is the total degeneracy of the excite
IS ~HS! state andd is determined by the different Co–O
bond lengths for Co31 in the IS ~HS! and in the LS state
respectively.

The anomalous thermal expansionDa of LaCoO3 shown
in the right panel of Fig. 2 is obtained by subtractinga of

FIG. 2. Left: Thermal expansion of pure (d) and of Sr-doped
LaCoO3(s). Right: Anomalous thermal expansionDa (d) of
LaCoO3 obtained by subtractinga of La0.82Sr0.18CoO3. The lines
are fits ofDa for a LS/IS scenario without (S5n51; solid line!
and for a LS/HS scenario with orbital degeneracy@S52, n53;
dashed line; see Eq.~3!#. The open symbols (s) show
](TxC(T))/]T scaled onDa, i.e., there is a scaling relatio
CDa(T)5](TxC(T))/]T with C5172 emuK/mole.
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La0.82Sr0.18CoO3 from the raw data. With respect toDa the
different scenarios only differ by the total degeneracyn(2S
11), which amounts to 3 and 5 for the IS and HS sta
without, and 9 and 15 for the IS and HS state with orbi
degeneracy, respectively. In Fig. 2 we only show the fits
a LS/IS scenario without@n(2S11)53; solid line# and for a
LS/HS scenario with orbital degeneracy@n(2S11)515;
dashed line#. The two other fits are lying between the sol
and the dashed curve. The fit forn(2S11)53 gives the best
description of the experimentalDa(T) and yields D
.185 K in good agreement withD.180 K from the fit of
xC. The deviations above 50 K may arise from the unc
tainty in background determination and/or a temperature
pendence ofD. Depending on the model the values ofd vary
between 0.66% and 0.38%~see Table I!. They are much
smaller than the difference of the Co–O bond lengths of
obtained from the sums of the tabulated ionic radii32 of O22

and Co31 in the LS and the HS state (1.89 Å and 1.95 Å
respectively, giving further evidence against a LS/HS and
a LS/IS scenario in LaCoO3, because the Co–O bond leng
of the IS state is expected to lie between those of the LS
the HS state of Co31.

The separate fits of bothxC(T) andDa(T) already favor
a LS/IS scenario without orbital degeneracy but much m
convincingly this conclusion is obtained by a scaling beh
ior between both quantities. From Eqs.~1! and~3! a straight-
forward calculation yields

CDa~T!5
]@TxC~T!#

]T
~4!

with C5NAg2mB
2/3kBS(S11)/nd. As shown in Fig. 2 this

scaling behavior is well fulfilled by the experimental dat
The scaling unambiguously reveals that the anomalous t
mal expansion of LaCoO3 arises from the spin-state trans
tion. Moreover, the scaling factorCexp5172 emuK/mole
agrees almost perfectly withC5167 emuK/mole expected
for a LS/IS scenario without orbital degeneracy~see Table I!.
In contrast, the other three scenarios yield strongly differ
scaling factors ranging from 84 to 601 emuK/mole. Thu
our data clearly exclude descriptions within a LS/IS scena
with orbital degeneracy21,22 and also within a LS/HS sce
nario with or without orbital degeneracy.14–17

TABLE I. Parametersd and D of the fits of the anomalous
thermal expansionDa of LaCoO3 ~see Fig. 2! obtained for a LS/IS
and for a LS/HS scenario with (n53) and without (n51) orbital
degeneracy of the excited IS~HS! state. The respective scaling fac
tors C of Eq. ~4! are given in the last row. Experimentally we fin
Cexp5172 emuK/mole.

LS/IS: S51 LS/HS: S52
n51 n53 n51 n53

d ~%! 0.66 0.44 0.55 0.38
D (K) 185 265 205 256
C(emuK/mole) 167 84 601 290
2-3
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Within an ionic picture the LS/IS scenario in LaCoO3 is
surprising. The energies of the different spin states of C31

are determined by the balance of the Hund’s rule coupling
parallel spins and the crystal-field splittingDCF between the
t2g and theeg levels. The ground state is either the HS~small
DCF) or the LS~largeDCF) but never the IS state. Moreove
the IS is expected to lie at least about 1 eV above the gro
state.28 In order to explain the much smaller value observ
experimentally (D.185 K.0.016 eV) the energy of the IS
state has to be lowered relative to the LS and HS states.
can arise from a hybridization between the Co-eg and the
O-2p levels as has been found in LDA1U band-structure
calculations.25 We note that an additional stabilization of th
IS state can arise from a JT distortion. The IS state
strongly JT-active because of the partially filledeg level. The
HS state is only weakly JT-active since the gain of JT ene
is much less in a partially filledt2g level, and the LS is not
JT-active at all. Thus, a JT distortion favors the IS state
it easily explains the lifting of the orbital degeneracy. R
markably, this picture can also account for the behavior
xC above 500 K. Due to the insulator-to-metal transiti
there are delocalized charge carriers. The correspon
te

02040
f

d
d

is

is

y

d
-
f

ng

charge fluctuations usually suppress~or weaken! the JT dis-
tortions. Then an orbital degeneracy of 3 has to appear ab
500 K as suggested by ourxC(T) analysis. In addition, an
increase of the energy gapD may be expected because of th
loss of JT energy. However, the analysis ofxC(T) above 600
K does not allow us to determine a high-temperature value
D with sufficient accuracy. This latter point deserves furth
clarification.

In summary, our combined study of the magnetic susc
tibility and the thermal expansion shows that the spin-st
transition in LaCoO3 is consistently described by a therm
population of the intermediate-spin state. The intermedia
spin state has no orbital degeneracy up to about 500 K. T
may arise from~local! Jahn-Teller distortions of the CoO6
octahedra. We analyzed our data within a simple ionic mo
of LaCoO3 but we stress that the experimentally observ
scaling betweenDa and ](xT)/]T is model-independen
and may serve as a sensitive test of more sophisticated m
els.
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Erratum: Evidence for a low-spin to intermediate-spin state transition in LaCoO3
[Phys. Rev. B 66, 020402 (R)(2002)]

C. Zobel, M. Kriener, D. Bruns, J. Baier, M. Grüninger, T. Lorenz, P. Reutler, and A. Revcolevschi
sReceived 16 December 2004; published 31 January 2005d

DOI: 10.1103/PhysRevB.71.019902 PACS numberssd: 75.80.1q, 65.40.-b, 99.10.Cd

The expression given for the scaling factorC between thermal expansiona and susceptiblityx in Eq. s4d is erroneous. The
correct expression is

C =
NAg2mB

2

3kB

SsS+ 1d
d

.

ThusC does not depend explicitly on the orbital degeneracyn. Consequently, the values for the scenarios withn=3 have to
be multiplied by 3. Moreover, a more detailed analysis of the susceptibility datassee Ref. 1d yields a somewhat smaller
background susceptibility, which leads to a largerg factor ofg=2.28 instead ofg=2.13 in the respective fit. This causes a 15%
increase of the scaling factors of all four scenarios and Table I should therefore read as noted below.

The smaller background susceptibility causes a similar increase for the experimental valueCexp of the scaling factor to
Cexp=195 emuK/mole. Therefore, our conclusion is unaffected because the very good agreement between the experimental
result and the expected value for the LS/IS scenario withn=1 remains unchanged and the deviation from the other scenarios
is as large or even larger than before.

1J. Baier, S. Jodlauk, M. Kriener, A. Reichl, C. Zobel, H. Kierspel, A. Freimuth, and T. Lorenz, Phys. Rev. B71, 014443s2005d.

TABLE I. Parametersd andD of the fits of the anomalous thermal expansionDa of LaCoO3 ssee Fig. 2d obtained for a LS/IS and for
a LS/HS scenario withsn=3d and withoutsn=1d orbital degeneracy of the excited ISsHSd state. The respective scaling factorsC of Eq. s4d
are given in the last row. Experimentally we findCexp=195 emuK/mole.

LS/IS: S51 LS/HS: S52

n=1 n=3 n=1 n=3

d s%d 0.66 0.44 0.55 0.38

D sKd 185 265 205 256

C semuK/moled 190 290 690 1000
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