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Competition of various spin states of LaCoO3
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National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing 210093, China

~Received 6 August 1997!

The spin-state transition in perovskite LaCoO3 has been a controversial topic ever since its discovery. To
obtain a better physical understanding of its origin we have studied various magnetically ordered states of an
enlarged double cell, including the low-spin state, intermediate-spin state, high-spin state, as well as all
combinations among these three states. The calculations were done within the unrestricted Hartree-Fock ap-
proximation and the real-space recursion method. The density of states and stability of various states are
analyzed as functions of model parameters. Our results show that the ground state of the system depends on the
competition between the crystal-field splittingDq and the Hund’s couplingj . For a fixedj , the ground state of
the system changes from the low-spin state to the low-spin high-spin ordered state~LS-HS! and finally to the
high-spin high-spin antiferromagnetically ordered state asDq is weakened. Our study suggests that the spin-
state transition at 90 K probably takes place from the low-spin state to the LS-HS ordered state.
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I. INTRODUCTION

The perovskite compound LaCoO3 has very interesting
magnetic and transport properties.1–6 LaCoO3 is a nonmag-
netic insulator at low temperature, and is usually called
low-spin state (LS,S50) because the atomic configuratio
(t2g

6 eg
0) of Co31 ions has no magnetic moment. As tempe

ture increases, the magnetic susceptibility slowly increa
and soon reaches a maximum atT'90 K. Above this tem-
perature, the system shows a Curie-Weiss behavior, whic
followed by another structural transition at 500 K. Rece
neutron-scattering studies7 suggested that this high
temperature transition is not dominantly magnetic in orig
The transport measurement found that the system cha
from an activated semiconductor to a metallic conduc
around 400–600 K.8 The smooth spin-state transition is al
reflected in the electron spectra of LaCoO3, where x-ray pho-
toemission measurements revealed that the valence ban
80 K and 300 K are rather similar and have no signific
change.9–12

Regarding the nature of the spin-state transition in per
skite LaCoO3, there are two different opinions present in t
literature: Most previous studies treat the spin-state transi
at 90 K as the transition from the low-spin state to the th
mally excited high-spin state,3 since the high-spin state~HS,
S52, t2g

4 eg
2) is only 10–80 meV higher in energy than th

low-spin state.6 Nevertheless, the recent band-structure c
culations using the local-density approximation~LDA1U!
method13 ~whereU is the on-sited-d Coulomb interaction!
and the Hartree-Fock calculations on the multiband lat
model14,15 have shown that the intermediate-spin state~IS,
S51, t2g

5 eg
1) is more stable than the high-spin state. Furth

more, Korotinet al.13 also found that the orbital ordering i
the IS state is responsible for the semiconducting natur
the LaCoO3 below 500 K. However, controversy still exis
since a similar calculation by Mizokawa and Fujimori14 did
not find the orbitally ordered state. Thus, how the spin-s
changes with the temperature is still unclear.

As was emphasized by Raccah and Goodenough,3 more
570163-1829/98/57~17!/10705~5!/$15.00
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complex structures of the supercell play an important role
the spin-state transition. They proposed that the LS-HS
dered state may correspond to the insulating state of the
tem below 400–600 K. More recently, Sen˜arı́s-Rodrı´guez
and Goodenough16 have hypothesized the possible states
each temperature domain according to their experime
data. They suggested that the system is in the LS state b
35 K, the LS-HS disordered state between 35 and 110 K,
LS-HS ordered state between 110 and 350 K, and the IS
ordered state at a higher temperature above 650 K. Th
fore, to obtain a better physical understanding of the sp
state transition in the perovskite LaCoO3 and of the origin of
the paramagnetic state with local magnetic moments, i
necessary to examine the various spin-ordered states o
enlarged supercell of LaCoO3 and study their stability at
least around the first spin-state transition.

In this paper, we have studied the various magnetic st
of an enlarged double cell of LaCoO3. In addition to the LS,
IS, and HS states that were investigated previously, we h
also considered all possible combinations among the th
states. The calculation is performed within the unrestric
Hartree-Fock approximation on a realistic perovskite-ty
lattice model and the self-consistent solutions are obtai
using the iteration method. With the band-structure para
eters deduced from the photoemission spectra as input,
calculated spectra of the low-spin state and the intermedi
spin state, as well as the high-spin state all agree with pr
ous works.13–15To compare the relative stability of the var
ous states, we have computed their energies as function
the crystal-field strength (10Dq) and the exchange couplin
j since the phase diagram mainly depends on the compet
between these two parameters.3 Our results show that for a
fixed exchange couplingj , the ground state of the system
changes from the LS state to the LS-HS ordered state
finally to the HS-HS antiferromagnetically ordered sta
~HS-HS-AFM! as the crystal field strengthDq is weakened.
For the parameter range where the LS state is the gro
state, the lowest excited state is the LS-HS ordered s
This indicates that the first spin-state transition most lik
10 705 © 1998 The American Physical Society
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takes place from the LS state to the LS-HS ordered st
which is in accordance with the phenomenological picture16

The rest of the paper is organized as follows: In Sec.
we first introduce the perovskite-type lattice model and
unrestricted Hartree-Fock approximation; then real-space
cursion method is also briefly outlined. In Sec. III, w
present the numerical results and the corresponding dis
sion for each state. The conclusion is drawn in Sec. IV.

II. THEORETICAL FORMALISM

The Hamiltonian we start with is the multibandd-p
model,14 which includes the full degeneracy of the transiti
metal 3d orbitals and oxygen 2p orbitals as well as on-site
Coulomb and exchange interactions:

H5(
ims

edm
0 dims

† dims1(
jns

eppjns
† pjns

1 (
i jmns

~ t i j
mndims

† pjns1H.c.!

1 (
i jnn8s

~ t i j
nn8pins

† pjn8s1H.c.!

1(
im

udim↑
† dim↑dim↓

† dim↓

1
1

2 (
imÞm8ss8

ũdims
† dimsdim8s8

† dim8s8

2 j (
imss8

dims
† sdims8•Sim

d , ~1!

FIG. 1. The total density of states of~a! the LS state,~b! the IS
state, and~c! the HS state forj 50.84 eV andDq50.16 eV. The
other parameters are described in the text.
e,

I,
e
e-

s-

wheredims (dims
† ) and pjns (pjns

† ) denote the annihilation
~creation! operators of an electron on a Cod orbital at sitei
and an Op orbital at sitej , respectively, andedm

0 andep are
their corresponding on-site energies.m and n refer to the
orbital index ands to the spin. The crystal-field-splitting
energy is included inedm

0 , i.e., ed
0(t2g)5ed

024Dq and
ed

0(eg)5ed
016Dq, whereed

0 is the bare on-site energy ofd

orbital. t i j
mn and t i j

nn8 are the nearest-neighbor hopping int
grals forp-d andp-p which are related to the Slater-Koste
parameters (pds), (pdp), (pps), and (ppp).17 Sim

d is the
total spin operator of a Co ion, extracting the one in orbi
m. ũ5u25 j /2, where the parameteru is related to the mul-
tiplet averaged d-d Coulomb interaction U via
u5U2(20/9)j .

In the unrestricted Hartree-Fock approximation, t
Hamiltonian becomes linearized and reduces to

H5(
ims

Fedm
0 1unims̄

d
2

j

2
s~m t

d2mm
d !1 ũ~nt

d2nm
d !G

3dims
† dims1(

jns
eppjns

† pjns

1 (
i jmns

~ t i j
mndims

† pjns1H.c.!

1 (
i jnn8s

~ t i j
nn8pins

† pjn8s1H.c.!. ~2!

Here, nms
d 5^dms

† dms&, mm
d 5nm↑

d 2nm↓
d , and nt

d and m t
d

are the total electron numbers and magnetization of the Cd
orbitals.

For the tight-binding Hamiltonian, Eq.~2!, the density of
states can be easily calculated using the real-space recu
method18 and the Green’s function is written as

G~v!5
b0

2

v2a02
b1

2

v2a12
b2

2

v2a22
b3

2

v2a32•••

. ~3!

The recursion coefficientsai and bi are obtained from the
tridiagonalization of the tight-binding Hamiltonian matri
for a given starting orbital. The multiband terminator19 is
chosen to close the continuous fractional. To study the s
state transition in LaCoO3, we have considered various o
dered states of an enlarged double cell of LaCoO3. We have
computed 25 levels for each of the 38 independent orbit
the results are checked for different levels and better tha
meV in energy accuracy is secured. The whole procedur
iterated self-consistently until convergence and the densit
states is obtained byrms(v)52(1/p)ImGms(v). This al-
lows us to calculate the electron numbers and magnetic
ments, as well as the energies of various ordered states
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III. NUMERICAL RESULTS AND DISCUSSIONS

In this paper, we use the parameter set derived from
cluster model analysis of the photoemission spectra.14 The
bare on-site energies of Cod and Op orbitals are taken as
ed

05228.0 eV andep50 eV. The Slater-Koster paramete
are (pds)522.0 eV, (pdp)50.922 eV, (pps)50.6 eV,
and (ppp)520.15 eV, respectively. The on-site Coulom
repulsion is U55.0 eV. The crystal-field strength an
Hund’s coupling are set asDq50.16 eV andj 50.84 eV.
With the parameter set given above, we have studied
electronic structures of various ordered spin states and c
pared with the experimental observed spectra. Furtherm
to analyze the stability of various ordered spin states,
have calculated their energies as a function of the crys
field strength for two sets of Hund’s couplingj 50.84 eV and
j 50.88 eV. Our detailed numerical analyses show that
lowest excited state is the LS-HS ordered spin state. Its
ergy is always lower than the intermediate-spin state in
parameter range where the LS state is the absolute gro
state. Thus, our study indicates that the modulated struc
is more favorable in energy than the translationally invari
state and disorder effects may play an important role in
spin-state transition of LaCoO3. Below we describe the vari
ous ordered states one by one.

In Fig. 1~a!, we present the density of states of the lo
spin state (LS,t2g

6 eg
0). The Fermi energy (EF[0) is at the

middle of the band gap and LS state is an insulator. There
three major peaks below the Fermi energy. The peak nea
top of the valence band comes mostly from the occupiedt2g
band; the other two peaks below the Fermi energy are ma
contributed by the Op orbitals. Theeg band is located above
the Fermi energy and is nearly unoccupied. The occupa
of thed band is 6.86 which is larger than 6 due to the cha
transfer from Op to Co d orbitals. These features are
agreement both with the photoemission spectra9 and with the
previous results obtained using the LSDA method.20 But the
gap is overestimated due to the limitation of the Hartr
Fock approximation. As is well known, the Hartree-Fo
method gives to the first-order approximation a qualitativ
correct result. Better methods such as the slave bo
method may change the results quantitatively, but not qu
tatively.

The intermediate-spin state (IS,t2g
5 eg

1) as was proposed
by Korotin et al.13 is also found in our calculation and i
shown in Fig. 1~b!. The overall shape of the density of stat
is quite similar to the LS state except that thet2g band be-
comes split due to the presence of a magnetic moment.
magnetic moment and occupancy of thed orbital are 2.13mB
and 6.83, respectively. The IS state is a metal, since
density of states at the Fermi energy is nonzero. It is a m
stable state and is 0.19 eV/~per unit cell! higher in energy
than that of the LS state. The IS state was proposed
possible candidate for the state after the 90 K spin-state t
sition by Korotin et al.,13 but the metallic nature of the IS
state is not consistent with the experimental observation
we will discuss late in the paper, a new LS-HS ordered s
has a much lower energy than that of the IS state and it i
insulator.

The next homogeneous solution is the high-spin s
(HS, t2g

4 eg
2) which has been widely investigated.13–15 Its
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density of states is plotted in Fig. 1~c!. The similar features
in the densities of states of the IS state and the HS state
mainly contributed by the Op band. The overall bandwidth
is expanded due to the splitting of both thet2g andeg bands.
The two peaks just above and below the Fermi energy co
from the split t2g band while the two peaks located at th
upper and lower edges are due to the spliteg band. The HS
state is also a metallic state, where its energy is 0.66
higher than that of the LS state and 0.47 eV higher than
of the IS state. The magnetic moment of the HS state
3.40mB and the occupancy of thed band is 6.54.

Besides the above three spin states which have been
vestigated previously, we have studied various spin-orde
states of a enlarged double cell of LaCoO3. The first is the
~IS-IS-AFM! state where the neighboring IS moments ali
antiferromagnetically. As can be seen from the density
states shown in Fig. 2~a!, the partial density of states of Op
orbitals has a similar shape as that of the LS state, but the
d bands are further split due to antiferromagnetic order
within the double cell. There is an absolute band gap at
Fermi energy and the state is a band insulator. The oc
pancy of thed band in this state is similar to the pure I
state, but the local moment 1.77mB is smaller than that of the
IS state.

The antiferromagnetically ordered HS state~HS-HS-
AFM! is calculated in the same way and its density of sta
is plotted in Fig. 2~b!. The main difference from the HS stat
comes from the split Cod bands. This state is also a ban
insulator with a rather wide gap and the gap does not dis
pear with the parameters. Note that this state was define
the HS state by Takahashi and Igarashi.15 The occupancy and
the local moment in this state are 6.58 and 3.33mB , respec-
tively. We will see below that the HS-HS-AFM state b

FIG. 2. Same as Fig. 1, but for the total density of states of~a!
the IS-IS-AFM state,~b! the HS-HS-AFM state, and~c! the IS-HS-
AFM state.
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comes the most stable state only for smallDq, which is not
relevant for LaCoO3 compound.

The third spin-ordered state is the antiferromagnetica
ordered IS-HS state~IS-HS-AFM!. From the density of
states as plotted in Fig. 2~c!, this state can be envisaged as
superposition of the IS-IS-AFM state and the HS-HS-AF
state. There exists an absolute gap at the Fermi energy
the gap has the same size as that of the IS-IS-AFM state.
energy of this state is lower than that of the IS-IS-AFM sta
but higher than that of the HS-HS-AFM state. The occ
pancy takes the value of 6.81 for the IS site and 6.56 for
HS site; the magnetic moment is 3.36mB for the HS site and
1.75mB for the IS site.

In addition to the antiferromagnetically spin-order
states as described above, the following three spin-ord
states can be viewed as the direct superpositions of the
IS, and HS states. They are the LS-IS ordered state~LS-IS!,
the LS-HS ordered state~LS-HS!, and the IS-HS ferromag
netically ordered state~IS-HS-FM!. In Fig. 3~a!, the density
of states of the LS-IS state is demonstrated and its g
pattern is composed of the LS and IS states. The major st
tures in the vicinity of the Fermi energy come from thet2g
bands. This state is metallic since there is a nonvanish
density of states at the Fermi energy. The occupancy of
Co d orbital is 6.93 for the LS site and 6.79 for the IS sta
The magnetic moment is 0.28mB for the LS site, 2.06mB for
the IS state. Note that the magnetic moment of the LS
becomes nonzero because of hybridization. A similar p
nomenon occurs also in the LS-HS ordered state.

The LS-HS state is a band insulator as shown in Fig. 3~b!.
The analysis of the partial density of states reveals that
peak at the top of the valence band of LS-HS states co
mainly from thet2g orbitals of the LS Co sites. Therefore

FIG. 3. Same as Fig. 1, but for the total density of states of~a!
the LS-IS state,~b! the LS-HS state, and~c! the IS-HS-FM state.
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the peak intensity is reduced in comparison with that of
LS state. As we will see below, in the parameter range wh
the LS state is the absolute ground state, the LS-HS sta
the lowest excited state of the system. In particular, this s
becomes the first energetically favorable state when
crystal-field strengthDq is reduced, hence the ground sta
of the system. The occupancy of the Cod orbital is 6.94 for
the LS site and 6.53 for the HS site; the magnetic momen
0.23mB for the LS sites and 3.37mB for the HS sites.

The last state we investigated in this paper is the IS-
ferromagnetically ordered state~IS-HS-FM! which is shown
in Fig. 3~c!. This state is a hybridized state between the
and HS states. The binding and antibinding states of
neighboring cells makes a rich structures in the density
states. This state is metallic. The occupancy of the Cod
orbital is 6.81 for the IS sites and 6.56 for the HS sites,
magnetic moment is 1.75mB for the IS site and 3.36mB for
the HS site. It is interesting to see that in the last three sta
the occupancy and the magnetic moment of each site
much closer to the pure states they are designated, bu
total energy and the spectra are very different from one
other. The band structures become more complex as
magnetic ordering changes from the LS-IS state to
LS-HS state and finally to the IS-HS-FM state. This tre
indicates that the splitting of the band comes from both lo

FIG. 4. The energies per unit cell of the various spin states a
function of Dq. ~a! j 50.84 eV and~b! j 50.88 eV. Other param-
eters are described in the text.
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57 10 709COMPETITION OF VARIOUS SPIN STATES OF LaCoO3
range ferromagnetical ordering and the magnetic excha
interaction. Note that the little nipple found in some of t
densities of states may be due to the limited number of le
used in the recursion routine, but the overall features
correct. This ensures that the quantities, such as local m
netic moments and energy, can be calculated reliably, s
they involve an integration over the density of states.

To obtain a better physical understanding of the spin-s
transition in the perovskite LaCoO3 and of the origin of the
paramagnetic state with local magnetic moments, it is ne
sary to compare the relative stability of all the states abo
In Fig. 4, we have calculated energies per unit cell of vario
spin states as a function of crystal-field strengthDq for two
sets of Hund’s couplingj 50.84 eV andj 50.88 eV. TheDq
changes from 0.10 eV to 0.20 eV. Since the Hund’s coupl
j and crystal-field strengthDq affect the energies in a cor
related fashion, the energy diagrams for differentj looks the
same except for a shift of the horizontal coordinate. F
weak crystal-field strength, the HS-HS-AFM ordered state
the ground state of the system; asDq increases the LS-HS
ordered state becomes energetically more favorable, and
LS state becomes the ground state whenDq increases fur-
ther. All three states are a band insulator. Other states
studied are energetically unfavorable as shown in Fig. 4

For the parameter range which is relevant to the exp
ments, the LS state is the ground state. We find that
lowest excited state is the LS-HS ordered state. The en
difference between the LS-HS state and the LS state
creases asDq decreases. Previous works all concentrated
the LS, IS, and HS states; thus they concluded that
temperature-induced spin-state transition at 90 K takes p
between the LS state to the IS state. However, the IS sta
much higher in energy than the LS-HS ordered state foun
this paper. Actually, the IS state will never become a grou
o,

ys

a,
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s
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state in our parameter range. A simple scaling law indica
that theDq decreases as temperature increases. Our s
suggests that a 90-K spin-state transition probably ta
place from the LS state to our LS-HS state.3,16 Since the
energy of the LS-HS state is so close to the ground state
short-range-ordered LS-HS state may occur well below 9
and account for the rapid increasing of the magne
susceptibility.16

IV. CONCLUSION

In this paper, we have studied the various spin states o
enlarged double cell of LaCoO3. The nine different states ar
analyzed in detail using the unrestricted Hartree-Fock
proximation of the multibandd-p model and the energy dia
grams are obtained as functions of crystal-field strength
Hund’s coupling for the parameter range which is relevan
the compound. We find that the LS state is the ground s
and the lowest excited state is the LS-HS ordered state.
IS state has much higher energy than the LS-HS state.
energy difference between the LS state and LS-HS state
creases asDq decreases and the LS-HS state eventua
emerges as the ground state. SinceDq decreases as temper
ture increases, we conclude that the spin-state transition a
K probably takes place from the LS state to the LS-HS
dered state.
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