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With the growth of the temperature, the LaCoO3

compound behaves as a nonmagnetic insulator, then
as a paramagnetic insulator, and finally as a paramag�
netic metal [1, 2]. The transitions between these states
are gradual and smeared; they are crossovers rather
than conventional phase transitions. A mechanism
underlying the insulator–metal transition observed in
LaCoO3 within the 500–600 K temperature range was
recently proposed in [3], where the electron structure
of LaCoO3 at finite temperatures was calculated using
the LDA + GTB method [4], which is an implemen�
tation of Hubbard’s ideas in the case of many�electron
and multiorbital systems. The description of an elec�
tron in a strongly correlated system in terms of a linear
combination of Hubbard fermions (quasiparticle exci�
tations between different many�electron states; see
Fig. 1) made it possible to calculate and analyze the
characteristic features of the band structure. The
energy spectrum of LaCoO3 exhibit midgap states
related to the transitions from the excited high�spin
state for the d6 configuration to the ground high�spin
state for the d5 configuration (see dashed lines in
Fig. 1). These states effectively reduce the dielectric
band gap Eg with the growth of temperature. The spec�
tral weight of the quasiparticle excitations is deter�
mined by the occupation of many�electron states. The
first excited level of the high�spin term for the d6 con�
figuration is separated by a small spin gap Δs–t ≈ 150 K
from the low�spin 1A1 term [5–7] (Fig. 1). Therefore,
the thermally�induced occupation of the excited states
increasing with T leads to the growth of both the mag�
netic susceptibility and the band width characterizing
the midgap states. In the present paper, we demon�

strate that the applied magnetic field reduces the spin
gap thus inducing the transition of LaCoO3 to the
metallic state.

The applied magnetic field splits the triply degen�

erate  = 1 level and the fivefold degenerate  = 2 level
of the 5T2 term corresponding to the d6 configuration,
as is shown in Fig. 2. At a critical value of the magnetic
field (BC ≈ 65 T) [5], there occurs a crossover between
the ground�state low�spin orbital 1A1 singlet and the
sublevel characterized by the effective angular

momentum  = 1 and the projection  = 1

where μ is the Bohr magneton and g = 3.4 is the g fac�
tor [5–7]. Level crossing induces the magnetic transi�
tion reported in [8], which was observed in LaCoO3 in
the course of magnetization measurements. The criti�
cal field corresponds to the transition point. The split�
ting of levels in the applied magnetic field leads to the
redistribution of their thermally�induced occupation
and hence to the redistribution of the spectral weights
of the quasiparticle excitations related to the transi�
tions from the states with different projections of the
angular momentum:  = 0, ±1, and  = 0, ±1,

±2. The applied magnetic field lifts the degeneracy of
the many�electron states. Therefore, in the GTB
scheme, we take into account the level splitting in all
dn – 1, dn, and dn + 1 configurations under study. In con�
trast to the applied or chemical pressure, the magnetic
field reduces the characteristic energy of the singlet–
triplet transition and leads to a temperature�induced
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increase in the activation rate for the midgap states in
the band spectrum.

At very low temperatures, the insulator–metal
transition induced by the magnetic field is of special
interest. At T = 0 K and the applied magnetic field
below its critical value, B < BC, the only term being
occupied is the ground�state low�spin singlet 1A1. The

band structure formed by d6 1A1  d5 2T2  = 1/2,

= 3/2 transitions (for the valence band) and d6

J̃

J̃

1A1  d7 2E (for the conduction band) (see solid lines
in Fig. 1), exhibits a dielectric band gap (Fig. 3a) [3].
However, at B > BC, the low�spin

 state turns out to be the

ground state (Fig. 2). The quasiparticle transitions d6

5T2  = 1,  = 1  d7 4T1  = 1/2,  = 3/2,  =

5/2 and the similar d5 (4T1) term give rise to the valence

and conduction bands. The d6 5T2  = 1,  =

1  d5 6A1 transitions forming the midgap states have
the largest spectral weight and the band structure is of
a metallic type (Fig. 3b). The band gap vanishes at the
Γ point. Note that the field�induced transition at T =
0 is a Lifshitz phase transition [9]. The density of states
at the Fermi level and the Sommerfeld parameter γ =
Ce/T (where Ce is the electronic specific heat) have a
singularity of the (B – BC)1/2 type. This transition is
characterized by the topological order parameter [10].

At finite temperatures within the range kT ~
, both low�spin 1A1 and high�spin 5T2 terms

belonging to the d6 configuration are occupied. As a
result, the contribution of the midgap states to the
band structure manifests itself, even at B < BC, and the
transition is smeared. Therefore, at a finite tempera�
ture, we observe a smooth crossover instead of a phase
transition.

In Fig 4a, we present the temperature dependence
of the dielectric band gap Eg at different values of the
applied magnetic field B. It is clear that the growth of
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Fig. 1. Set of low�energy terms for  (Ne = 5, 6, and 7) electronic configurations in the crystal field. At T = 0 K, only the

ground�state low�spin 1A1 (Ne = 6) singlet is occupied. The fermionic excitations forming the bottom of the conduction band and
the top of the valence band are shown by solid lines. Dashed lines denote the transitions responsible for the formation of the mid�
gap states with the growth of temperature. Their spectral weight is determined by the occupation of the excited high�spin state
corresponding to the d6 configuration. The energy values (in electron volts) with respect to the lowest level of each configuration
are given in brackets. For each of three subspaces of the Hilbert space, we choose its own energy reference point.

d
Ne

Fig. 2. Energies of the low�lying states of the Co3+ ion in
the applied magnetic field.
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the temperature and magnetic field favors the decrease
in Eg. The characteristic temperature TIMT (the tem�
perature, at which Eg vanishes) of the transition from
the insulating to metallic state decreases in the applied
magnetic field.

Following the line of reasoning presented in paper
[3], we obtained the temperature dependence of the

electrical resistance at various values of the magnetic
field within the range of existence for the insulating
state B < BC (Fig. 4b). In the inset of Fig. 4b, we show
the temperature dependence of magnetoresistance
(ρ(B) – ρ(0))/ρ(0). Here, the magnetoresistance is
negative and attains its maximum absolute value of
about 100% in the 300–500 K temperature range at

Fig. 3. Quasiparticle spectrum at T = 0 K and at magnetic field (a) B < BC and (b) B > BC. The dashed line shows the chemical
potential.

Fig. 4. Temperature dependences of the (a) dielectric band gap and (b) electrical resistance for various magnetic fields. The tem�
perature dependence of the magnetoresistance Δρ/ρ = (ρ(B) – ρ(0))/ρ(0) at the same values of the applied magnetic field is
shown in the inset.



616

JETP LETTERS  Vol. 92  No. 9  2010

OVCHINNIKOV, ORLOV

moderate magnetic fields. At the applied magnetic
field B as high as 30 T, the minimum of the magnetore�
sistance is located near room temperature.

The average value of the angular momentum
squared can be written in the form [3]

where the sum over N is the sum over the sectors of the
Hilbert space (N = 5, 6, and 7);  and  are the

eigenstates of the  operator (Fig. 1), i.e.,  =
J(J + 1) ; and Xpq are the Hubbard X�operators con�
structed on the basis of  and  states.

As a measure for the average value of the angular
momentum operator, let us take the square root of the
average value of the angular momentum squared

Since the averages  depend on temperature and
magnetic field, Jav is also a function of temperature
and magnetic field (Fig. 5).

At low temperatures and zero magnetic field (solid
line in Fig. 5), the average value of the angular
momentum is nearly zero. This corresponds to the
nonmagnetic state of LaCoO3. The value Jav ≈ 2
expected for the high�spin state is achieved only at T ≈

J̃
2

〈 〉 p〈 |Ĵ
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1000 K. At a temperature of 100 K, the average value
of the angular momentum is close to unity. In our
opinion, this can be a source of the widespread errone�
ous viewpoint, according to which the intermediate�
spin state makes the dominant contribution to the spin
transition occurring in LaCoO3 at 100 K [11–13].

Let us now consider the behavior of Jav with an
increase in the applied magnetic field. It seems better
to begin with the case of T = 0. The averages

 are proportional to the thermally induced

occupation of the  states. At zero doping, a
nonvanishing contribution comes from the averages
with N = 6; hence, Jav = 0 at B < BC. At the crossover
point B = BC, the nonmagnetic 1A1 state and magnetic
high�spin state with Jav = 1 are occupied with the equal

probabilities of 1/2, whereas at B > BC, Jav = , since

the high�spin  state becomes the

ground state. With the growth of temperature at B <
BC, Jav first tends to unity up to T ≈ 100 K (as well as in
zero field) and then to Jav = 2 at T ≈ 1000 K. At B > BC,
the first thermally excited state is the nonmagnetic 1A1

state; therefore, the temperature dependence of Jav

first exhibits a dip, which becomes smaller at higher
magnetic fields, and then Jav increases with the tem�
perature.

In conclusion, note that the magnetic field depen�
dence of many�electron terms of the Co3+ ion leads to
the spin crossover at B = BC ≈ 65 T. At B < BC, the field�
induced narrowing of the spin gap leads to a large (of
about 100%) negative magnetoresistance. At B > BC,
LaCoO3 is in the metallic state. All these theoretical
predictions could be tested in experiments since the
critical magnetic field equal to 65 T is currently acces�
sible.
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