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The transformation of the band structure of LaCoO3 in the applied magnetic field has been theoretically

studied. If the field is below its critical value BCE65 T, the dielectric band gap decreases with the field,

thus giving rise to negative magnetoresistance that is highest at TE300C500 K. The critical field is

related to the crossover between the low- and high-spin terms of Co3þ ions. The spin crossover results

in an insulator–metal transition induced by an increase in the magnetic field. Similar calculations have

been done for GdCoO3 which is characterized by large spin gap�2000 K.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The perovskite-oxide LaCoO3 has been studied intensely for
many years due its unique magnetic properties and related
insulator–metal transition (IMT) [1,2]. A gradual appearance of
the paramagnetism above 50 K from the diamagnetic ground
state in called the spin–state transition. Goodenough was the
first who suggested that instead of the Hund’s rule dictated high
spin (HS) S¼0 the strong crystalline electric field results in the
low spin (LS) S¼0 state for d6 configuration of the Co3þ ion,
and the energy difference is very small with the spin gap
Ds¼E(HS)�E(LS)�100 K. The thermal population of the HS state
provides the sharp increase of the magnetic susceptibility w with
a maximum around 100 K. The large difference between the spin
excitation gap DS and the charge gap given by the activation
energy for electrical conductivity EgE0.1 eV at low T indicates
that LaCoO3 is not a simple band insulator [3]. The second low
peak in w near 500C600 is often related to the insulator–metal
transition (IMT). Surprisingly for the IMT electrical conductivity
s does not seem to show any noticeable anomaly at this
temperature [3]. Moreover the discrepancy between the large
charge gap 2EaE2300 K and the TIMTE600 K implies that the IMT
cannot be simply argued in terms of a narrow-gap semiconduc-
tor [4]. Here, we solved this problem by calculating the electronic
band structure in the regime of strong electron correlations.
We consider electron as the linear combination of quasiparticles
(QP) given by excitations between the different multielectron
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ov).
configurations obtained by exact diagonalization of the CoO6

cluster. With the Hubbard operators constructed within the exact
cluster eigenstates we can calculate the QP band structure for the
infinite lattice. The QP spectral weight is determined by the
occupation numbers of the local multielectron configurations.
We find that the thermal population of different sublevels of the
5T2g HS term split by the spin–orbital interaction results both in
the spin state transition and also in some new QP excitations. Of
particular importance is the hole creation QP from the initial
d6 HS into the d5 HS term, this QP appears to form the in-gap state
inside the large charge-transfer gap EgE0.1 eV. The intercluster
hopping transforms this local QP into the in-gap band that lies
just under the bottom of empty conductivity band and provides
the insulating gap 2EaE0.2 eV at T¼100 K. It bandwidth
increases with T, and overlapping with the conductivity band at
T¼T*

¼587 K results in the IMT. Hence our approach allows
treating both the low T spin–state transition and the high TIMT

on the same footing.
2. LDAþGTB calculations

Over the past 20 years the magnetic and electrical properties
of cobaltates have been studied extensively both by theorists and
experimentalists (see for a recent review [5]). The nature of the
excited spin state above the singlet 1Ag has been under debate.
Besides the original 5T2g HS state with the t4

2ge2
g configurations

there were many indications on the intermediate spin (IS) S¼1
3T1g state. The two stage model has been proposed with the LS–IS
transition at 100 K and IS–HS transition at 550–600 K [6,7].
Recent electronic spin resonance (ESR) [8], the X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism
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Fig. 2. Energies of the low-lying states of the Co3þ ion in the applied

magnetic field.
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(XMCD) [9] experiments prove that the lowest excited state is
really the HS. Nevertheless the 5T2g term is splitted by the spin–
orbital interaction in the low energy triplet with effective
moment J¼1, and higher energy sublevels with J¼2 and J¼3 [10].

LaCoO3 as well as other strongly correlated oxides is a difficult
problem for the ab initio band theory. The LDA calculations [11]
incorrectly predict a metal for paramagnetic LaCoO3. Various
methods have been applied to study effect of correlations on
the LaCoO3 electronic structure: LDAþU or GGAþU [12–15],
dynamical mean-field theory [16]. Recent variational cluster
approximation (VCA) calculation [17] based on the exact diag-
onalization of the CoO6 cluster gives a reasonably accurate
description of the low temperature properties: the insulating
nature of the material, the photoelectron spectra, the LS–HS
spin–state transition. The main deficiency of the VCA is the failure
to reproduce the high temperature anomalies in the magnetic and
electronic properties associated with the IMT. To calculate the
band dispersion in the strongly correlated material one has to go
beyond the local multielectron configuration. The natural tool
to solve this problem is given by the Hubbard X-operators
Xpq

f ¼ 9pS/q9 constructed with the CoO6 cluster eigenvectors
9pS at site R

!
f . All effects of the strong Coulomb interaction,

spin–orbit coupling, covalency and the crystal field inside the
CoO6 cluster are included in the set of the local eigenstates Ep.
Here p denotes the following quantum numbers: the number of
electrons (both 3d Co and p of O), spin S and pseudoorbital
moment ~l (or the total pseudomoment ~J due to spin–orbit
coupling), the irreducible representation in the crystal field.
A relevant number of electrons is determined from the electro-
neutrality, for stoichiometric LaCoO3 n¼6. In the pure ionic model
the corresponding energy level scheme for d6 Co3þ has been
obtained in [10]. Due to the covalence there is admixture of the
ligand hole configurations dnþ1L and dnþ2L2 that is very well
known in the X-ray spectroscopy [18]. Contrary to spectroscopy
the electronic structure calculations require the electron addition
and removal excitations. For LaCoO3 it means the d5 and d7

configurations. The total low energy eigenstates are shown in the
Fig. 1. Here the energy level notations are the same as in the ionic
model [10] but all eigenstate contains the oxygen hole admixture
due to the covalence effect. The calculation of the n¼5, 6,
7 eigenvectors for CoO6 cluster with the spin–orbit coupling and
the Coulomb interaction has been done in [19].
Fig. 1. Set of low-energy terms for (Ne¼5, 6, and 7) electronic co
In the magnetic field the energy level scheme is given in the
Fig. 2 where HS–LS crossover is seen at the critical field VCE65 T.

The electron removal spectrum determines the top of the
valence band, the corresponding QP are shown in the Fig. 1 by
thin solid lines as the excitation from the 1A1 d6 singlet in the 2T2

d5 states with ~J ¼ 1=2 and ~J ¼ 3=2. There energies are

OV1 ¼ Eðd6,1A1Þ�Eðd5,2T2,~J ¼ 1=2Þ

OV2 ¼ Eðd6,1A1Þ�Eðd5,2T2,~J ¼ 3=2Þ ð1Þ

The bottom of empty conductivity band has the energy

OC ¼ Eðd7,2EÞ�Eðd6,1A1Þ ð2Þ

All these bands have non-zero QP spectral weight determined
by the occupation numbers of the initial and final states. The
intercluster hopping results in the dispersion, On-On(k). The QP
band structure corresponds to the charge-transfer insulator [20]
with the gap EgE1 eV (Fig. 3) at T¼0. This gap value is rather
close to the VCA gap [17] and the experimental value EgE1 eV [4].
Spin crossover at BC results in the IMT induced by magnetic field.
nfigurations in the crystal field. (a) Ne¼5, (b) Ne¼6, (c) Ne¼7.
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Fig. 3. Temperature dependences of the (a) dielectric band gap and (b) electrical resistance for various magnetic fields. The temperature dependence of the

magnetoresistance Dr/r¼(r(B)–r(0))/r(0) at the same values of the applied magnetic field is shown in the inset.
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Fig. 4. Single particle density of states at different temperatures. At T¼0 K LaCoO3

is the insulator with the gap EgE1.5 eV. At finite temperatures the in-gap band

appears below the conductivity band with the temperature dependent activation

energy. At T¼100 K EaE0.1 eV. At T¼TIMT¼587 K Ea¼0 eV, and above TIMT the

band structure is of the metal type.
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At finite temperature the thermal excitation over the spin-gap
Ds�t into the ~J ¼ 1 and over the gap Ds�tþ2 ~l into the ~J ¼ 2
sublevels of the HS 5T2g state occurs. We take Ds�t¼140 K and
~l ¼�185 K following [8]. Partial occupation of the excited HS
states results in the drastically change of the QP spectrum. For
T¼0 excitations from the 1A1 d6 singlet in the lowest 6A1 d5 term
were forbidden due to spin conservation, and the excitation from
d6,~J ¼ 1S in 9d5,6A1S has non-zero matrix element (shown by
dashed line On

V1 in the Fig. 1) but zero filling factor as the
excitation between two empty states. For Ta0 the filling factor
for the On

V1 and On

V2 QP is non-zero and is equal to the occupation
number n1 and n1 of the states d6,~J ¼ 1S and d6,~J ¼ 2S corre-
spondingly. The energies of these QP are

On

V1 ¼ Eðd6,5T2g ,~J ¼ 1Þ�Eðd5,6A1Þ

On

V2 ¼ Eðd6,5T2g ,~J ¼ 2Þ�Eðd5,6A1Þ ð3Þ

The energies of these QP appear to be slightly below the
bottom of the conductivity band, see DOS at finite temperature
in the Fig. 4. Thus we have obtained that these temperature-
induced QP states lies inside the charge-transfer gap, they are
the in-gap states. The chemical potential lies in the narrow
gap 2EgE0.2 eV at T¼100 K between the in-gap states and
conductivity band.

From the GTB dispersion equation [21,22] it is clear that the
in-gap bandwidth is proportional to the occupation numbers
n1 and n2 of the excited HS states. With further temperature
increase the in-gap bands On

V1 and On

V2 become wider and finally
overlap with the conductivity band OC at T¼T *¼587 K. It should
be clarified that the IMT in LaCoO3 is not the thermodynamic
phase transition, there is no any order parameter associated with
the gap contrary to the classical IMT in VO2, NiS etc.

We have also calculated the average moment J
!
¼ L
!
þ S
!

as
Jav ¼/J2S�1=2 as function of temperature (Fig. 4). Here

/J2S¼
X

n

/n9J29nS/XnnS ð4Þ

The expected for HS value JavE2 is reached only at TE1000 K.
In the region of the spin–state transition at TE100 K the value of
Jav is close to 1. May be it is the reason why so many experi-
mentalists have obtained the IS S¼1 fitting their data by the state
with definite spin. Temperature dependence of the magnetic
susceptibility has the maximum at TE100 K similar to many
previous works with LS–HS scenario [3,23].



Fig. 5. Unit cell volume and the spin gap for all rare-earth elements.
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Fig. 6. Magnetic susceptibility of Co3þ ions in LaCoO3 (solid line) and in GdCoO3

(dashed line).
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Substitution of La by a rare-earth element Ln results in a
chemical pressure. Using the Berch–Murmagan equation of state
we have estimated the value of chemical pressure and spin gap
for all Ln elements (Fig. 5). For GdCoO3 the spin gap is 2000 K.
Magnetic susceptibility of Co3þ in LaCoO3 and LaCoO3 and
GdCoO3 are shown in Fig. 6. In GdCoO3 there is also Cg3þ

contribution [24].
3. Conclusion

Thus, we find that a correct definition of the electron in
strongly correlated system directly results in the in-gap states
during the spin–state transition due to the thermal population of
the excited HS states. Close to the spin-state temperature region
the in-gap states determine the value of the activation energy
EaE0.1 eV. Further temperature increase results in large in-gap
bandwidth and smaller Ea, and finally Ea¼0 at T*

¼587 K. As
concerns the weak maximum in the w(T) close to the IMT it may
be a small Pauli-type contribution from the itinerant carriers
above T*. We emphasize that instead of rather large difference in
temperatures of the spin–state transition (�100 K) and the IMT
(600 K) the underlying mechanism is the same and is induced by
the thermal population of the excited HS states. Large spin gap in
GdCoO3 shifts both w(T) maximum and IMT to high temperatures
above 1000 K.
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