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Negative cooperative effect on the spin-state excitation in LaCoO3

Tôru Kyômen, Yoshinori Asaka, and Mitsuru Itoh
Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japa

~Received 3 March 2003; published 28 April 2003!

The experimental magnetic susceptibility and heat capacity of LaCoO3 due to spin-state excitation in the
range 2–300 K were well reproduced by a one-lattice molecular-field model with negative cooperative effect;
an energy separation between the low-spin ground state and the excited state increases when increasing the
fraction of excited Co ions. It was suggested that the negative effect originates from the difference in covalency
of the Co-O bond between low-spin and excited spin states, which is supported by Al, Ga, and Rh substitution
effects.
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I. INTRODUCTION

Spin-crossover complexes, such as@Fe(phen)2(NCS)2#,
show a temperature-induced phase transition from low-s
to high-spin ground states.1 It is well known that an electron
lattice coupling is important to induce the cooperative p
nomenon. This coupling is reflected by a large volum
change at the phase transition. In addition, the transition
tropy is much larger than the spin-only value, which orig
nates from the intramolecular degrees of freedom in ligan
Such a spin-crossover phenomenon also occurs
LaCoO3.2–13The crystal structure of LaCoO3 is much differ-
ent from complexes, which should induce a different coo
erative effect on the spin-crossover phenomenon. In fac
occurs by two steps accompanying the small and large
tropy changes around 100 and 500 K,2 but anomalous vol-
ume changes occur around both temperatures.3

The spin-crossover phenomenon around 100 K
LaCoO3 is not a phase transition but a thermal excitatio
However, the mechanism and even the spin state of the
cited state are controversial at the present. One impor
result to make them controversial is that the experime
magnetic susceptibility below;300 K is much smaller than
the theoretical value calculated from Boltzmann distribut
assuming the low-spin ground state (S50) and the high-spin
excited state (S52). It has been attempted to explain th
smallness by a temperature-dependent activation energy4 by
1:1 long-range or short-range ordering of the low-spin a
the high-spin Co ions,5 by an intermediate-spin excited sta
(S51),3,6,7 and by an antiferromagnetic interaction betwe
excited Co ions.8 Another important result is that the he
capacity anomaly around 50 K is small and that the exc
entropy obtained by subtracting the lattice contribution is
most R ln 2 up to 300 K.2 Even taking account of the diffi
culty to estimate the lattice contribution, the peak intensity
the heat capacity anomaly is much smaller than 1:3, 1:5,
and 1:15 Schottky anomalies. Stolenet al.2 suggested tha
the excited intermediate-spin state without orbital deg
eracy splits into singlet and doublet states by spin-orbit
teraction, because the two levels composed of the low-s
ground state and the singlet excited state are consistent
the excess entropy ofR ln 2. However, this suggestion is in
consistent with the temperature dependence of the mag
susceptibility, because the singlet excited state should
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nonmagnetic.9 In addition, a recent ESR experiment clarifie
that the excited state is a triplet with a largeg factor ~3.35!.10

However, even by using an accurate energy level struct
the magnetic susceptibility is;3 times larger than the ex
perimental one, as pointed out by the authors.10

In order to understand the smallness of the magnetic
ceptibility and the heat capacity, the suggestion by Go
enough and co-workers is important.5 They suggested that
thermally excited high-spin Co ion (Co31) stabilizes the
low-spin state (CoIII ) of the nearest neighbor Co ions, b
cause six O22 ions surrounding the Co31 displace toward
the CoIII due to the weak covalency of the Co31-O22 bond
as compared to the CoIII -O22 bond. This model reduces th
number of Co ions contributing to the spin-state excitatio
Such an effect would occur when the excited state is
intermediate-spin state, because the population of theeg or-
bital would decrease the covalency. A similar covalency
fect has been investigated as a substitution effect of Co
in LaSrCoO4 by Al or Ga ions.14 Either 50% Al or Ga sub-
stitution stabilizes the low-spin state of Co ions in spite
the fact that the ion radius of Ga31 is larger than Co31 and
that of Al31 is smaller than CoIII ~see Table I!. Their inter-
pretation is that the low-spin state of Co ions is stabilized
Al or Ga substitution because the covalency of the Co
bond is stronger than the covalency of the Al-O or Ga
bond. Madhusudanet al. have reported that Al or Cr subst
tution of Co in LaCoO3 stabilizes the low-spin state of C
ions,11 which is consistent with this interpretation.

The effect of interaction between the excited high- a
low-spin ions on the spin-state excitation has been analy
by a molecular-field model based on the following idea.17–20

TABLE I. Pauling electronegativities~Ref. 15! and Shannon ion
radius~Ref. 16!.

Atom Electronegativity Ion Radius

Co 1.8 CoIII a 0.545
Co31 b 0.61

Al 1.5 Al31 0.535
Ga 1.6 Ga31 0.62
Rh 2.2 Rh31 0.665

aLow-spin Co.
bHigh-spin Co.
©2003 The American Physical Society24-1
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In complexes, the energy separation between low- and h
spin states decreases with an increase in the fraction of h
spin ions~one-lattice model!.17–19In LaCoO3, the lattice was
divided into two sublattices according to Goodenoug
model5 and the energy separation in one lattice increase
the fraction of high-spin ions in the other lattice~two-
sublattice model! is increased.19,20 Unfortunately, there was
no quantitative comparison with the experimental data
LaCoO3.

In the present study, it is shown that the two-sublatt
model has difficulty is reproducing the experimental ma
netic susceptibility and the heat capacity of LaCoO3 simul-
taneously, and that the one-lattice model reproduced both
experimental data well, while the cooperative effect on
energy separation is negative. In addition, we confirmed
the substitution effect in LaCoO3 is consistent with the inter
pretation of Demazeauet al.,14 which supports that the nega
tive cooperative effect in pure LaCoO3 is connected with the
difference in covalency of Co-O bond between the low-s
ground state and the excited spin state. This implies that
interaction is electronic in origin, in contrast with the ma
importance of electron-lattice coupling in spin-crossov
complexes.

II. EXPERIMENT

A LaCoO3 single crystal was grown by a floating-zon
method. LaGaO3 and LaCo12xRhxO3 polycrystals were pre-
pared by a solid-state reaction method. LaAlO3 ,
LaCo12xAl xO3, and LaCo12xGaxO3 polycrystals were pre-
pared by a precursor method using citric acid. La2O3,
CoC2O4•2H2O, Al(NO3)•7H2O, Ga2O3, and Rh2O3 were
used for the starting materials. Powder x-ray diffraction m
surements using CuKa radiation ~MAC Science,
MXP18HF! confirmed each sample to be a single phase.
crystal system of the samples was rhombohedral excep
orthorhombic for LaCo0.5Rh0.5O3 , LaRhO3, and LaGaO3.
Lattice parameters were determined by using Si as an in
nal standard. dc magnetizations were measured in the r
5-300 K and under 50 kOe using a superconducting quan
interference device magnetometer~Quantum Design,
MPMS5S!. Heat capacities were measured in the ran
2-300 K by a relaxation method using PPMS~Quantum De-
sign!. The heat capacities of LaAlO3 and LaGaO3 were used
for the base line.

III. RESULTS AND DISCUSSION

A. Substitution effect on the stability of the low-spin state

Figures 1~a!, 1~b!, and 1~c! show the experimental mag
netic susceptibilities per Co 1 mol of LaCo12xMxO3 for M
5Al, Ga, and Rh, respectively. The temperature showin
magnetic susceptibility peak in LaCoO3 around 100 K in-
creased as increasingx when M5Al and Ga. These substi
tution effects are same as those reported in LaSrCoO4.14 On
the other hand, the peak disappeared even for thex50.04
sample whenM5Rh. These results indicate that the low
spin state of Co ions is stabilized by Al or Ga substitutio
but unstabilized by Rh substitution.
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Figure 2~a! shows the composition dependence of the u
cell volume per formula unit at room temperature, and Fi
2~b! and 2~c! show the lattice parameters of a rhombohed
unit cell. It is found that the composition dependences
M5Al and Ga samples deviate downward from those
pected from Vegard’s law, as represented by solid lines
Fig. 2~a!. This indicates that the fraction of low-spin Co ion
at room temperature was increased by Al or Ga substitut
On the other hand, the unit cell volume ofM5Rh sample
seems to deviate slightly upward from Vegard’s law, indic
ing the decrease of the fraction of low-spin Co ions at ro
temperature. These results are consistent with the resul
magnetic susceptibility measurements.

The Pauling electronegativity is a useful indicator to es
mate the covalency. Pauling electronegativities of Co,
Ga, and Rh atoms are tabulated in Table I.15 Because the
electronegativity of an O atom is 3.5, the cation with larg
electronegativity has a stronger covalency with an O atom
is thus found that the covalencies of Al-O and Ga-O bon
are weaker than that of the Co-O bond, and that the co
lency of the Rh-O bond is stronger than that of the Co
bond. The order of the covalencies is intuitively right, b
cause it is well known that the Co-O bond includes a la
d7L contribution,6 where L is a hole in oxygen, and tha
Rh31 ions in LaRhO3 are in the low-spin state up to hig
temperatures.21 Therefore, according to Demazeauet al.,14

Al or Ga substitution stabilizes the low-spin state of Co ion
but Rh substitution unstabilizes the low-spin state. This

FIG. 1. Experimental magnetic susceptibility of LaCo12xMxO3.
~a! M5Al, ~b! M5Ga, ~c! M5Rh: d, x50; s, x50.04; h, x
50.08; L, x50.19; n, x50.50.
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consistent with the present results. This excellent correla
implies that the factor to stabilize each spin state of Co i
in LaCoO3 is much different from that of Fe ions in a spin
crossover complex, because Ganguliet al. mentioned that
the substitution effect of Fe in@Fe(phen)2(NCS)2# by Mn,
Co, Ni, and Zn is correlated with the size of the substitut
ion.22

B. Molecular-field calculation

The results of Sec. III A naturally suggest that an exci
high- or intermediate-spin Co ion stabilizes the low-sp
state of other Co ions, as mentioned in Sec. I. However,
two-sublattice model did not reproduce the experimen
magnetic susceptibility and heat capacity of LaCoO3, the
details of which are described in Sec. III B 2. On the oth
hand, the one-lattice model well reproduced the experime
data, as described in Sec. III B 1. In these calculations,
ignored magnetic interaction between the excited Co io
because only a small ferromagnetic correlation has been
ported to exist in LaCoO3 even at room temperature.12 The
weak magnetic interaction can be understood by conside
that the excited Co ions are apart from each other becaus
the repulsive interaction between the excited Co ions.

1. One-lattice model

According to one-lattice model,17,19,18the total Gibbs free
energy including the interaction enthalpy termH int , is ex-
pressed by

G5~12 f !GLS1 f GES2TSmix1H int , ~1!

FIG. 2. ~a! Unit cell volume per formula unit,~b! and~c! lattice
parameters of rhombohedral unit cell for LaCo12xMxO3 at room
temperature:s, M5Al; h, M5Ga; L, M5Rh. Solid lines in~a!
represent values expected from Vegard’s law.
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Smix52R$~12 f !ln~12 f !1 f ln f %, ~2!

whereGLS andGES are Gibbs free energies when all Co io
are in low-spin and excited spin states, respectively,f is a
fraction of excited spin Co ions, andSmix is a mixing en-
tropy. The equilibrium condition]G/] f 50 gives

f 5
n

n1exp~D/RT!
, ~3!

D5HES2HLS1
]H int

] f
~4!

5D01D1f 1D2f 21D3f 31•••, ~5!

whereHLS and HES are enthalpies when all Co ions are
the low-spin and excited spin states, respectively, andn is a
degeneracy of an excited Co ion. The magnetic susceptib
and heat capacity are expressed by

x5 f NA

gmB
2S~S11!

3kBT
, ~6!

C5T
]

]T
$Smix1 f R ln n%. ~7!

f was determined by a self-consistent method at each t
perature, and theD i ’s in Eq. ~5! were determined by a non
linear least-square fitting of the magnetic susceptibility d
using the sum of Eq.~6! and a Curie-Weiss term,CCW/(T
2TC). The heat capacity was calculated by usingD i ’s ob-
tained by the fitting.D was expanded up to three orders off,
because at least four terms were necessary in order to re
duce the experimental magnetic susceptibility. Six exci
states labeled by I–VI were assumed for the calculations
tabulated in Table II. The quality for the calculation to repr
duce the experimental magnetic susceptibility and heat
pacity was ranked by A–D in the order of goodness, wh
were described in the fifth and sixth columns of Table II.

The open circles in Fig. 3~a! represent the experimenta
magnetic susceptibility of LaCoO3. The solid lines in the
figure are the calculated curves for six excited states. All
curves reproduced the experimental data, though a smal
viation exists at high temperature region. The open circ

TABLE II. Excited states used for calculations and the rep
ducibilities of calculation

Excited state S g n 1 a 2 b

I 1 2 3 C C
II 1 2 333 C C
III 1 3.35 3 A D
IV 1 3.35 333 B D
V 2 2 5 A D
VI 2 2 533 B D

aReproducibility of one-lattice model.
bReproducibility of two-lattice model.
4-3
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TÔRU KYÔMEN, YOSHINORI ASAKA, AND MITSURU ITOH PHYSICAL REVIEW B 67, 144424 ~2003!
in Fig. 3~b! represent the experimental excess heat capac
of LaCoO3. The excess heat capacities were estimated
subtracting a base line,

Cbase5~12x!CLaGaO3
1xCLaAlO3

, ~8!

whereCLaGaO3
and CLaAlO3

are experimental heat capacitie

of LaGaO3 and LaAlO3, respectively.x50.33 was chosen
for Cbase to coincide with the heat capacities of LaCoO3
below 10 K. The excess heat capacity of LaCoO3 increases
exponentially as increasing temperature and showed a sh
der around 50 K instead of a peak. The magnitude of
shoulder is;1/2 or ;1/3 as large as the peak of the 1:3
1:5 Schottky anomaly, as pointed out by Stolenet al.2 The
solid lines in Fig. 3~b! represent the calculated curves for s
excited states. The excited states III and V well reprodu
the magnitude of the shoulder. The reproducibility is in
cated by A in the fifth column of Table II. The larger expe
mental data at high temperatures are possibly due to the
derestimation of the base line, because the expanded vo
due to the excitation of the excited spin state would decre
the atomic force constant and thus increase the excitatio
lattice vibration. In fact, an anomalous lattice softening h
been observed with increasing temperature.13 The excited
states I and II are not appropriate for the actual excited st
because the peaks around 60 K are about 2–3 times la
than the experimental shoulder. The reproducibility in t
case is indicated by C. Taking account of the difficulty
estimating the lattice contribution, the calculated curves
IV and VI might have well reproduced the shoulder intens
The reproducibility is indicated by B.

Figures 4~a! and 4~b! show the calculatedf and D/R,

FIG. 3. ~a! Magnetic susceptibility and~b! excess heat capac
ties of LaCoO3: Solid circles and solid lines represent the expe
mental and the calculated values for one-lattice models with
excited states of I–VI, respectively.
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respectively. The temperature dependences off are similar
for III to VI, and f is less than 30% even at 300 K. The sm
f is consistent with the assumption of ignoring the magne
interaction between the excited Co ions. Except for I,D in-
creases with increasing temperature. Such a temperature
pendence is the same as reported by Naimanet al.4 Naiman
et al. considered the following. The5T2 level in a cubic
crystal field splits into sublevels due to the rhombohed
distortion of LaCoO3. Because the rhombohedral distortio
decreases with increasing temperature, the splitting of
5T2 level decreases and thus the energy separation betw
the low-spin ground state and the lowest sublevel of5T2
increases with increasing temperature. This consideratio
interesting because the rhombohedral distortion was actu
decreased by Al or Ga substitution, as shown in Fig. 2~c!.
However, the unit cell volume increases with increasing te
perature. This volume effect unstabilizes the low-spin st
and decreases the energy separation between the low
state and the center of gravity of5T2 sublevels, as mentione
by Naimanet al. themselves.4 Thus, the temperature depen
dence of the energy separation between the low-spin gro
state and the lowest5T2 sublevel should be determined b
the relative strength of the volume effect and the rhombo
dral distortion effect if only the structural effects are tak
into account. However, it is difficult to consider that th
rhombohedral distortion effect is larger than the volume
fect. Therefore, it is natural to interpret thatD increases with
increasingf ~not temperature!. This phenomenon is similar to
the negative cooperative effect reported in binuclear iron~II !
helicates in propylene carbonate.23 This effect is opposite to
that in the crystalline spin-crossover complex, in whichD
decreases with increasingf ~positive cooperative effect!,

-
e

FIG. 4. ~a! Calculated fraction of excited spin Co ions and~b!
calculated enthalpy separation between the low-spin and the ex
spin states of LaCoO3 for one-lattice models with the excited state
of I–VI.
4-4
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namely, the excitation of a high-spin ion accelerates the
citation of the other ions and thus induces a cooperative s
state phase transition. The negative cooperative effect n
induces a phase transition. This is also different from Go
enough’s model,5 because he considered that the excitat
of a high-spin Co ion stabilizes the low-spin state of Co io
in the nearest neighbor sites and the high-spin state in
next nearest neighbor sites, which also induces a phase
sition to a rock-salt-type ordering of Co31 and CoIII when
the interaction is large.19

The negative cooperative effect would be connec
mainly not with the elastic property but the electronic sta
because the substitution effect is correlated not with the
size but the electronegativity. In addition, the band nature
Co 3d electron system might be connected with the lon
range character, in that the excitation of a Co ion has
influence on the electronic state of Co ions far from the
cited Co ion.

2. Two-sublattice model

The same calculation as in Sec. III B 1 was carried out
using two-sublattice model according to Bariet al.19 In this
model, energy separations of sublattices A and B are re
sented by

DA5D01D1f A1D2f B , ~9!

DB5D01D1f B1D2f A , ~10!

where D1<0 and D2>0. The experimental magnetic su
ceptibility can not be reproduced by two-sublattice mo
with excited states of III, IV, V, and VI. The reproducibilit
in this case is indicated by D in Table II. It is easily foun
from the following fact. The two-lattice model gives a min
mum of magnetic susceptibility peak around 100 K wh
only half of Co ions excite thermally with a constant activ
tion energy, namely,D150 andD25`. Even in this case
d.

s.

ne

o,

ta

d
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the calculated magnetic susceptibility exceeds the exp
mental value when the excited states of III, IV, V, and VI a
assumed. The experimental magnetic susceptibility were
produced by two-sublattice model with excited states o
and II. However, the heat capacities calculated by usingD i ’s
obtained by a least-square fitting of the magnetic suscept
ity data are about 2–3 times larger than the experime
one. The calculated heat capacity curves are similar to th
of one-lattice model with excited states of I and II. The
results conclude that two-sublattice model is not appropr
for the mechanism of spin-state excitation in LaCoO3.

IV. CONCLUSION

In conclusion, experimental magnetic susceptibility a
heat capacity of LaCoO3 due to spin-state excitation in th
range 2–300 K were well reproduced by a one-latt
molecular-field model with negative cooperative effect. T
calculation suggests that III or V in Table II are most pro
ably excited states, and that I and II are unsuitable. It
important that even in either III or V~and IV or VI!, the
negative cooperative effect is necessary to reproduce
small heat capacity anomaly. The low-spin state of Co io
in LaCoO3 was stabilized by Al or Ga substitution. Thi
suggested that the negative cooperative effect occurrin
pure LaCoO3 is connected with the covalency of a Co-
bond weaker in the excited state than in the ground low-s
state, which was originally suggested by Goodenough
co-workers.5

The negative cooperative effect would be the reason w
the spin-state excitation below;300 K in LaCoO3 does not
occur as a phase transition. The difference in the coopera
effect between LaCoO3 and the spin-crossover comple
originates from the difference in not only the elastic prope
but also the electronic state of the 3d electron system origi-
nating from the entirely different crystal structure.
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