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Abstract

It is shown that the Co3þ ion can have a non-magnetic ground state as the realization of the Jahn–Teller effect. This

non-magnetic localized singlet ground state with a highly magnetic excited doublet is formed by the trigonal distortion

of the local octahedral surrounding. Such structure is exactly accounted for by crystal-field interactions if the intra-

atomic spin–orbit coupling is correctly taken into account. The presented crystal-field-based approach can be applied to

other Co3þ and Fe2þ ion compounds. r 2002 Elsevier Science B.V. All rights reserved.
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LaCoO3 has attracted scientific attention for almost

50 years due to its non-magnetic ground state [1] that

gradually transforms with temperature showing a quite

standard Curie–Weiss behavior with an effective mo-

ment exceeding 5mB: This phenomenon is attributed in
the current literature to the temperature-induced trans-

formation [1–4] from the 1ow-spin ðS ¼ 0Þ to the

intermediate ðS ¼ 1Þ or/and high-spin ðS ¼ 2Þ state of
the trivalent cobalt ion. In current approaches the

orbital moment is neglected [3–5].

The aim of this paper is to present a single-ion-like

mechanism for the formation of the non-magnetic state

of LaCoO3: In our approach we take into account the
spin and orbital momenta.

In the perovskite-like structure of LaCoO3 the Co
3þ

ions are situated in an octahedral environment. The

Co3þ ion has 6 d-electrons in the incomplete outer shell

and here they will be treated as forming a highly-

correlated electron system 3d6: In a zero-order approx-
imation the electron correlations within the incomplete

3d shell we account for by the phenomenological Hund’s

rules that yield for the 3d6 electron configuration the

term 5D with S ¼ 2 and L ¼ 2 as the ground term.
Under the action of the octahedral crystal field, the 5D

term splits [6] into the orbital triplet 5T2g and the orbital

doublet 5Eg: The 5D term is 25-fold degenerate in the

spin–orbit jLSLzSzS space. The removal of this

degeneracy can be investigated by considering the

single-ion-like Hamiltonian for the 3d6 system of the

3d ion [7].

The calculated low-energy electronic structure is

shown in Fig. 1. From the figure it is clear that the

trigonal lattice distortion causes the splitting of the

lowest state that is triply degenerate in the jLSLzSzS
space. The size of the splitting depends on the value of

the trigonal-distortion parameter B02; Fig. 1c. The

singlet–doublet sequence depends on the kind of trigonal

distortion, i.e the shrinkage or the elongation of the

oxygen octahedron along the ½1 1 1� axis seen as a > 601
or ao601; respectively. The formation of the singlet–
doublet sequence with the singlet lower is preferred by
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Nature. It is the realization of the Jahn–Teller theorem.

Such a sequence fulfills the 3rd thermodynamic law and

gains the extra energy.

The computations have been performed for the

parameters B4 ¼ þ17:2 meV; l ¼ �54 meV and B02 ¼
þ15:5 meV: The result concerning the nonmagnetic

atomic state of the Co3þ ion does not depend on the

parameters chosen provided the sign of the parameters is

kept. The derived electronic structure, Fig. 2, is quite

peculiar. It has (i) a non-magnetic singlet ground state

and (ii) highly magnetic excited doublet states. The

magnetic moment of the first and the second doublets

amounts to 72:32mB and 73:66mB: In the electronic
structure presented in Fig. 2c one can find the single-ion

microscopic base for the low-, intermediate- and high-

spin states postulated in theoretical discussions [1–5]. At

zero temperature only the lowest state is occupied

causing the diamagnetism of LaCoO3: With increasing

temperature, the higher states become thermally popu-

lated with the population given by Boltzmann statistics.

This peculiar atomic structure with a spin-like energy

gap results in the anomalous temperature dependence of

the magnetic susceptibility with a very pronounced

maximum resembling experimental data.

In conclusion, a novel single-ion view on the origin of

the non-magnetic state of LaCoO3 has been proposed. It

is associated with the non-magnetic singlet ground state

of the Co3þ ion being situated in the slightly trigonally-

distorted octahedral crystal field in LaCoO3: This non-
magnetic state can be theoretically revealed provided the

spin–orbit coupling is correctly taking into account. The

non-magnetic singlet state results from the off-cubic

trigonal distortion and is the physical realization of the

Jahn–Teller theorem. In the anti-Jahn–Teller effect

the doublet state would be pushed lower. But such the

doublet ground state is good for the realization of the
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Fig. 1. The influence of the strength and of the type of the trigonal distortion on the electronic structure and the ground state magnetic

moment of the 3d6 system. (a) the 15-fold degenerated 5T2g sub-term formed by the octahedral crystal field, (b) effect of the spin–orbit

coupling, (c) the influence of the trigonal distortion on the electronic structure and (d) the ground state magnetic moment.
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magnetic stateF we expect this situation to be realized

in magnetically ordered Co3þ and Fe2þ-ion compounds

like FeBr2 [8], for instance. Our atomic-like explanation

for the nonmagnetic state of LaCoO3 is based on the

symmetry and well-known physical mechanisms. Our

model provides a detailed low-energy electronic struc-

ture and allows for quantitative explanation of the

temperature dependence of physical properties like the

specific heat and the magnetic susceptibility. According

to the quantum atomistic solid-state theory [9], the

discrete atomic structure is preserved in solids F the

obtained good reproduction of experimental results in

numerous compounds confirms a posteriori this atomic

assumption. The slight trigonal distortion with a ¼ 60:81
has actually been experimentally observed in LaCoO3
[1,3]. This observation correlates well with the

opposite distortion observed in CoF3 ða ¼ 57:91Þ that
is strongly magnetic ðTN ¼ 460 K). The present

model can be applied to other Co3þ and Fe2þ ion

compounds and the analysis of other Co/Fe systems is

underway.
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Fig. 2. The influence of the trigonal distortion (a) on the

octahedral CEF states and (b) on the CEF+spin–orbit states

ðl ¼ �54 meV; B4 ¼ þ17:2 meVÞ of the orbital-triplet 5T2g

ground cubic sub-term. (c) The trigonal distortion, B02 ¼
þ15:5 meV; produces the fine electronic structure with a

nonmagnetic singlet ground state and a closely lying, at

11 meV; strongly magnetic excited state. The states are labelled
with the degeneracy, the magnetic moment and the energy with

respect to the ground state.
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