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We present measurements of the magnetic susceptibility and of the thermal expansion of g ka@Q&ED
crystal. Both quantities show a strongly anomalous temperature dependence. Our data are consistently de-
scribed in terms of a spin-state transition of theé Camns with increasing temperature from a low-spin ground
state (ggeg) to an intermediate-spin stateggeé) without (100-500 K and with (=500 K) orbital degen-
eracy. We attribute the lack of orbital degeneracy up to 500 &tobably local Jahn-Teller distortions of the
CoQ; octahedra. A strong reduction or disappearance of the Jahn-Teller distortions seems to arise from the

insulator-to-metal transition around 500 K.
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Transition-metal oxides have fascinating physical properels the IS state is lower in energy than the HS state. Within
ties as, e.g., high-temperature superconductivity in the cuthis scenario the occurrence of orbital order and its melting
prates or colossal magnetoresistance in the manganites. Théiave been proposed in order to explain the insulating nature
properties are often governed by a complex interplay ofelow 500 K and the insulator-to-metal transition,
charge, magnetic, structural, and orbital degrees of freedonfiespectively> Up to now there is no experimental evidence,
Moreover, for a given oxidation state some transition metalg€ither for an orbitally ordered state, nor for a HS/LS super-
display different spin states as is the case in various cobaftructure. _
oxides. Quite recently a class of layered cobalt compounds !N this paper we present a study of the thermal expansion
with the chemical compositonREBaCoOs,s; (RE ¢ and of the magnetlc susceptlbllw of a ITaCOQ smglg
=rare earth) has attracted considerable interest. These coffyStal- The combined analysis of and y gives clear evi-

pounds show a broad variety of ordering phenomena angence for a thermal populatipn of the IS stwlimoutorb_ital
other transitions, e.gantiferro- and/or ferrd-magnetic or-  2€9eneracy. The lack of orbital degeneracy could arise from

der, charge and/or orbital order, metal-insulator tran:sitionsorbltal order as proposed in Ref. 25 or it can be interpreted as

or spin-state transition's.? For TIS,LCoGQ; it has been pro- 4 consequence of Jahn-TelleT) distortions of the Co@

d that a metal-insulator transition is driven b inoctahedra with C8' in the JT-active IS state. Above 600 K,
pose at a metainsuiator transition 1S €n by a spin,, ;. x(T) analysis suggests the presence of the IS stite
disproportionation, which consists of an alternating orderin

L ) ) : , e %rbital degeneracy, which may arise from a suppression or
of Co®* ions in an intermediate-spin statéS: t7ye;; S strong reduction of the JT distortion due to the insulator-to-
=1) and in a high-spin statS: tj e7; S=2).10" metal transition.

The occurrence of C6 in different spin states is known  The crystal used in this study was cut from a large single
since the 1950s from LaCa@** which transforms with crystal (=8 cm; =6 mm) grown by the floating-zone
increasing temperature from a nonmagnetic insulator to &chnique in an image furnace. The crystal is strongly
paramagnetic insulator around 100 K and shows an insulatotwinned as usual for distorted perovskites. The magnetization
to-metal transition around 500 K. But even for this ratherhas been measured by a superconducting quantum interfer-
simple pseudocubic perovskite, the nature of these transence device(SQUID) magnetometer in the temperature
tions is still unclear. The ground state is usually attributed tarange fran 2 K up to 300 K in arapplied field of 50 mT and
the low-spin configuratiorLS: tggeg; S=0) and the para- by a Faraday balance in the temperature range from 200 K
magnetic behavior above 100 K to the thermal population ofip to 1000 K in a field of 1 T. A high-resolution measure-
an excited state. However, the question whether the exciteshent of the linear thermal expansiar= 1/LJL/JT has been
state has to be identified with the HS or the IS state is subjegierformed using a capacitance dilatometer from 4 to 180 K.
of controversial discussions. Early publications often assume The magnetic susceptibility of our LaCgQ@rystal (Fig.

a LS/HS scenarid*~*%In order to explain the insulating na- 1) agrees well with that found in previous studfés>16-21
ture up to 500 K, an ordering of LS and HS Coions has  The maximum around 100 K signals the spin-state transition
been proposed which vanishes at the insulator-to-metadf the CG" ions. For higher temperaturggT) shows(i) a
transition’”'8 Yet the presence of a HS configuration below Curie-like decrease up to about 500 i) a temperature-
400 K has been questioned on the basis of x-ray absorptiomdependent plateau between 500 and 600 K, @ndagain
and photoemission experimentsAlternative descriptions of a Curie-like decrease above 600 K. The increase (@)
LaCoQ;, favoring a LS/IS scenarf8?*are mainly based on below 30 K arises most probably from a Curie contribution
the results of LDA-U calculations’® which propose that due due to magnetic impurities and/or oxygen nonstoichiometry.
to a strong hybridization between @glevels and O-p lev-  In order to obtain the Curie susceptibili® of Ca®" we
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. : . : mined by the surrounding ©O ions and it is not clear
AN T 1 whether the Co@ octahedra are distorted, i.e., whether the
6 4 local symmetry of the Ct ions is less than cubic. From
17 neutron scattering only one Co-O distance is repofied,
- ] whereas optical data give evidence for different Co-O
- Mm%;_' distance€® This question is further discussed below. Our
T combinedanalysis ofy and a will allow an unambiguous
200 400 600 800 decision as to which of the four scenarios, LS/IS or LS/HS
Temperature (K) with or without orbital degeneracy, yields the appropriate
description of the spin-state transition of LaGpO
The inset of Fig. 1 shows an attempt to descrifféT)
within a LS/HS scenario. Note that E(L) has onlyA as a
free parametefthe g-factor may be varied only to some ex-
0 100 200 300 400 500 600 700 800 900 1000  tenp. In order to reproduce the strong increaseySfbelow
Temperature (K) 100 K one has to use an energy splitting=290 K but in
_ o this case the calculateg®(T) for T>100 K is much larger
FIG. 1. Total @) and Curie susceptibility*(O) of LaCoQs.  than the experimental dataolid line in the inset of Fig. )L
The solid line is a fit ofy™~(T) up to 400.K for a LS/IS scenario In this calculation we have sgt=2 andv=1. Assuming an
with S=1, A=180 K, g=2.1, andy=1 in Eq. (1). The dashed ., degeneracy=3 of the HS state even increases the
line is calculated by increasing the orbital degeneracy+® and iscrepancy between experimental and calculated data. There
Iecaving all other paramete_rs fixed. The inset shows calculations ogre some possibilities to improve the description Witfllin a
X(T) for a LSIHS scenarigsee text LS/HS scenario. One is to uge=1.1 (andA=190 K) but
such a smallg-factor is very unlikely’*® Another one is to

represents the impurity contribution aRg= xaat xvv, the introduce an antiferromagnetic nearest-neighbor coupling

sum of the diamagnetic contribution of the core electrons aniiAF as has been done in Ref. 16. On a mean field level this
of the paramagnetic van Vleck susceptibility of oA fit eads to

of the low-temperature data giv€s=0.02 emuK/mole and

Xo=6.5x10"* emu/mole. The magnitude &f allows us to x(T)

-
% (10° emu/mole)

X (10'3 emu/mole)

subtract a term B/T+ x,) from the raw data. Herd>/T

- — b xVH(T) = ¥)
estimate an impurity content of less than $¥®®ur value of 1+ kg /NG 22 e xS(T)
Xo is close to those observed, e.g., in Ref. 15 in Lago© B
- ; + 7
in ZnC,04 with ,C,OS in the LS St"?‘té' , where x(T) is given by Eq.(1) and z is the number of
The susceptibility of a system with a nonmagnetic ground,earest neighbors. A fit according to Eg) for T<400 K is
state and a magnetic excited state reads shown by the dashed line in the inset of Fig. 1. By setting

NLG2 2 _AIT g=2, v=1, and z=6, we obtain A=220 K and Ja
(O(T)= 9" ke vS(St1)(2Stle & (1) =56 K(@fit for =3 yields A=270 K andJu-=62 K),
3keT 1+ p(2S+1)e /T Such a strongantiferromagneticcoupling is, however, in
i clear contradiction to neutron scattering experiments which
Here N, is the Avogadro number.g the Bohr magneton, give evidence for a weakerromagneticcoupling® From
andkg the Boltzmann constany denotes the energy split- these arguments we conclude that a LS/HS scenario does not
ting of the two stategy is the Landdactor,Sthe spin, and’  give a consistent description of the magnetic properties of
the orbital degeneracy of the excited state. For simplicity W8 3Co0; up to about 500 K.
consider a purely ionic model for LaCg@nd the spin-only In contrast to the LS/HS scenario, a good description is
values for the magnetic moments, where the ground state @hund for y©(T) within a LS/IS scenario. This is shown by
Co®" is the LS state with SO and the electronic configu- the solid line in the main panel of Fig. 1. By setting-1 the
ration t3,e. The excited state is either the IS%3 and  fit yields A=~180 K and a reasonablg=2.1. When an or-
t5,€5) or the HS (S=2 andtj,e}) state. In the HSIS) state  pital degeneracy =3 of the IS state is assumed, the quality
the t5y(ts,ande}) levels are only partially filled. Therefore of the fit becomes worsgot shown in Fig. L Thus, the fit
the HS state consists of 3 orbital states, which are degeneraté x(T) favors an orbitally nondegenerate IS state below
in a cubic crystal field leading to=3. The IS state contains 500 K. Orbital degeneracy might become important above
6 orbital states but even in a cubic field these states are sp00 K as indicated by the dashed line in Fig. 1, which is
into two orbital triplets separated by an energy of about 1 e\bbtained by “switching on” the orbital degenera¢yetting
due to the Coulomb interaction within thelZhell?® Thus, »=3) and leaving the other parameters unchangad (
an orbital degeneracy=3 is expected for the IS state, too. =180 K andg=2.1). Obviously, the dashed line is quite
The orbital degeneracy is lifted by lower symmetries and theclose to the experimental®(T) for T>600 K.
crystal symmetry of LaCoQis only rhombohedral. It is, In Fig. 2 we show the linear thermal expansion of
however, unclear whether this can be observedftT). LaCoOsand of Lg g,Sry18C00;. Our high-resolution data
First, the rhombohedral distortion of LaCe@ very small.  confirm previous results obtained by neutron diffractfdsut
Second, the crystal field of the &b levels is mainly deter- allow a more detailed analysis. Whereas of
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T T T TABLE |. Parametersd and A of the fits of the anomalous

T T T T
4+ LaCoO. 1T 897, - thermal expansion a of LaCoGQ; (see Fig. 2 obtained for a LS/IS
X /\\3 I and for a LS/HS scenario withvE& 3) and without ¢=1) orbital

degeneracy of the excited [8S) state. The respective scaling fac-

g I ! ) _ tors C of Eq. (4) are given in the last row. Experimentally we find
= l C®*P=172 emuK/mole.
T2 ar
S | fLlagSr, Co0p || LS/S: s=1 LS/HS: S=2
k! = - v=1 v=3 v=1 v=3
o d(Ty) mole h
o j dT 17|2 emuK | d (%) 0.66 0.44 0.55 0.38
0 50 100 150 0 0 100 150 A (K) 185 265 205 256
C(emuK/mole) 167 84 601 290

Temperature (K) Temperature (K)

FIG. 2. Left: Thermal expansion of pur®( and of Sr-doped

LaCoG;(O). .Right: Anomaloys thermal expansiaha (.). of Lag g5 16C00; from the raw data. With respect tha the
LaCoG; obtained by subfracting of Laog;S1.14C00;. The lines  yigterant scenarios only differ by the total degenera¢@s
are fits of Aa for a LS/IS scenario without§=v»=1; solid line +1), which amounts to 3 and 5 for the IS and HS state
ang for & LSS esceE”qa(g‘))] W"Tr‘hgrb:;éndeg%ig‘jzz)' v=3' without, and 9 and 15 for the IS and HS state with orbital
’ S . ) . degeneracy, respectively. In Fig. 2 we only show the fits for
ATxC(T)) /T gcaled onAe, i.e., there is a scaling relation a LgS/IS scgnariopwithOL[t)rl/(ZSJr?L)—3' solidyline] and for a
CAa(T)=a(TxC(T))/JT with C=172 emuK/mole. o : s
(1) =a(Tx (1)) LS/HS scenario with orbital degenera¢y(2S+1)=15;

L h K ; _ _thdashed ling The two other fits are lying between the solid
30,8251014C00; shows a weak monotonous increase With ;4 whe gashed curve. The fit fo(2S+1)=3 gives the best

temperature as expected for ordinary solids, the thermal e)ﬂescription of the experimentaba(T) and yields A

pansion of LaCo@ is highly unusual: It is rather large and ~185 K in good agreement with~180 K from the fit of

has a pronounced maximum around 50 K. In view of the)(c. The deviations above 50 K may arise from the uncer-
spin-state transition that occurs in LaCp@but not in

i . . tainty in background determination and/or a temperature de-
Lo 8:51.14C00;) @ straightforward interpretation of the pendence ofA. Depending on the model the valuesdofary

anomalous behavior ok can be given. In the LS state of between 0.66% and 0.38%ee Table ). They are much

+ ; . . |
Co’" all electrons OCCUPY2g Ieve!s whgreas in the IS and 561 than the difference of the Co—O bond lengths of 3%
HS statee, levels are also occupied. Since tggstates are obtained from the sums of the tabulated ionic r3diif 02~
oriented tOWilI’(;IS the surrounding negativé Gons, a POPU- “and C3* in the LS and the HS state (1.89 A and 1.95 A),
Ia.t|0n .Of Co* in th? IS(Qr HS) state causes .an_addlt!onal respectively, giving further evidence against a LS/HS and for
W'dinmg of the Iat_tlce. _S|mply speal_<|ng, the lonic r_ad|us O_fa LS/IS scenario in LaCof) because the Co—0O bond length
Co’" depends on its spin state and increases with increasirg e |s state is expected to lie between those of the LS and
number of electrons in they states (cpz+ > cp+>Tcg+)- the HS state of G

Note that it is not possible to d_etect a sharp an(_)maly of_  The separate fits of both®(T) andAa(T) already favor
at a characteristic temperature in agreement with specifig |S/IS scenario without orbital degeneracy but much more
heat data which also do not show such an anortalihat  convincingly this conclusion is obtained by a scaling behav-

means, the spin-state transition in LaGo® not a phase jor between both quantities. From Eqs) and(3) a straight-
transition in the thermodynamic sense. This justifies the deforward calculation yields

scription of the spin-state transition by a thermal population

of an excited magnetic state from the LS state which remains c

the state of the lowest energgs assumed in Eq1)]. The CAa(T)= Tx=(T)]
(additiona) relative length change due to the spin-state tran- o(T)= aT
sition is proportional to the thermal population of the excited

state, and the anomalous thermal expansions given by its. . 2 2 - .
temperature derivative, i.e., with C=Np0g“ug/3kgS(S+1)/vd. As shown in Fig. 2 this

scaling behavior is well fulfilled by the experimental data.
Ap(25+ 1)e- T The scaling unambiguously reveals that the anomalous ther-
Aa(T)= v(2St+1)e _ ) mal expansion of LaCoparises from the spin-state transi-
T2(1+ v(2S+1)e 2/M)? tion. Moreover, the scaling facto€®*P=172 emuK/mole
agrees almost perfectly witE=167 emuK/mole expected
The productr(2S+1) is the total degeneracy of the excited for a LS/IS scenario without orbital degenerdsge Table)l
IS (HS) state andd is determined by the different Co—O In contrast, the other three scenarios yield strongly different
bond lengths for C8" in the IS (HS) and in the LS state, scaling factors ranging from 84 to 601 emuK/mole. Thus,
respectively. our data clearly exclude descriptions within a LS/IS scenario
The anomalous thermal expansiam of LaCoQO, shown  with orbital degenerad?® and also within a LS/HS sce-
in the right panel of Fig. 2 is obtained by subtractingof  nario with or without orbital degeneracd§*’

4
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Within an ionic picture the LS/IS scenario in LaCp@  charge fluctuations usually suppress weaken the JT dis-
surprising. The energies of the different spin states of'Co tortions. Then an orbital degeneracy of 3 has to appear above
are determined by the balance of the Hund's rule coupling 0B00 K as suggested by ow(T) analysis. In addition, an
parallel spins and the crystal-field splittidg-r between the —increase of the energy gdpmay be expected because of the
t,q and thee, levels. The ground state is either the Knall Ilgsc‘js of JT energy. However, the analysisi6{T) above 600
Acp) or the LS(largeAg) but never the IS state. Moreover, oes not allow us to determine a high-temperature value of

the IS is expected to lie at least about 1 eV above the groun with sufficient accuracy. This latter point deserves further

28 | q lain th h I | b q larification.
state”™ In order to explain the much smaller value observed |, symmary, our combined study of the magnetic suscep-

experimentally Q=185 K=0.016 eV) the energy of the IS ibjlity and the thermal expansion shows that the spin-state
state has to be lowered relative to the LS and HS states. Thigansition in LaCoQ is consistently described by a thermal
can arise from a hybridization between the €pand the population of the intermediate-spin state. The intermediate-
O-2p levels as has been found in LBAJ band-structure spin state has no orbital degeneracy up to about 500 K. This
calculationg® We note that an additional stabilization of the may arise from(local) Jahn-Teller distortions of the CqO

IS state can arise from a JT distortion. The IS state i®ctahedra. We analyzed our data within a simple ionic model
strongly JT-active because of the partially fillegllevel. The ~ Of LaCoQ; but we stress that the experimentally observed

HS state is only weakly JT-active since the gain of JT energ c?jling betweem e and J(xT)/dT i‘s model-inhc_iependgnt g
is much less in a partially filled,y level, and the LS is not and may serve as a sensitive test of more sophisticated mod-

JT-active at all. Thus, a JT distortion favors the IS state angls'

it easily explains the lifting of the orbital degeneracy. Re- Valuable discussions with M. Braden, A. Freimuth, M.
markably, this picture can also account for the behavior oHaverkort, Z. Hu, E. Mler-Hartmann, D. Khomskii, and L.
x© above 500 K. Due to the insulator-to-metal transitionH. Tjeng are acknowledged. This work was supported by the

there are delocalized charge carriers. The correspondinQeutsche Forschungsgemeinschaft through SFB 608.
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