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1. Cobaltites (as well as manganites and cuprates)
have attracted particular attention in recent decades.
The cobalt ion in cobaltites is in the trivalent state
Co3+ with the 3d6 electron configuration of the outer
shell. In accordance with the Hund rule, the cobalt ion
must be in a high�spin state with spin moment S = 2
and orbital angular momentum L = 2. Conversely, in
strong crystal fields with symmetry corresponding to
the surroundings of the Co3+ in lanthanum cobaltites,
all electrons should occupy t2g orbitals, forming a sin�
glet nonmagnetic low�spin state with S = 0. Therefore,
competition between the intratomic and crystal fields
leads to small splitting between the low�spin (LS),
intermediate�spin (IS), and high�spin (HS) states
(Fig. 1). This in turn leads to singularities in the mag�
netic, electric, and structural properties of cobaltites [1].

Despite the fact that a number of theoretical [2, 3]
and experimental publications, including works
devoted to electron paramagnetic resonance (EPR)
[4], X�ray spectroscopy, and X�ray circular dichroism
[5, 6], evidence the competition between the LS and
HS states, some experiments (e.g., measurement of
magnetization [7] and magnetic susceptibility [8])
point to possible mixing of these states with the IS
state. A number of theoretical works taking into
account the hybridization of 3d orbitals of cobalt and
2p orbitals of oxygen demonstrated the stabilization of
the IS state [9, 10]. Additional information on this
problem can be obtained from experiments on inelas�
tic neutron scattering, which have proven effective in
the study of magnetic ions [11] and, in particular, crys�
tal field effects on these ions [12].

In this study, we consider the results of theoreti�
cally calculating the partial differential cross section
of inelastic magnetic scattering of neutrons, which

may help in formulating and subsequently interpret�
ing the experiment.

2. The partial differential cross section of magnetic
neutron scattering (per site) in the first Born approxi�
mation has the form [13, 14]
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Fig. 1. Diagram of the electron configuration of the low�
spin (LS), intermediate�spin (IS), and high�spin (HS)
states of the Co3+ ion [1].
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Here, the following notation has been introduced:

(2)

(3)

where Ml is the magnetization associated with the spin
moment and the orbital angular momentum of elec�
trons of the ion in the l position, r0 = γne2/mec

2, γn =
⎯1.91348 is the gyromagnetic ratio for neutrons, κ =
k – k' is the scattering vector, e = κ/κ, σα are the Pauli
spin matrices acting in the space of spin states of a neu�
tron, |ν〉 are the spin parts of the neutron wavefunc�
tions, pν is the statistical weight of the corresponding
state in the beam, |λ〉 is the state of the scatterer, and pλ
is its statistical weight.

Compound LaCoO3 is a paramagnetic dielectric in
a wide temperature range [15]; at T  0, it is trans�
formed into a nonmagnetic state. This is due to the
fact that the ground state of the Co3+ ion in lanthanum
cobaltate is nonmagnetic and is separated from the

magnetic states by activation energy  ~ 100 K.
Therefore, we should disregard the exchange interac�

tion between magnetic ions at temperature T <  in
view of the small population of the IS and HS states; at
high temperatures, thermal fluctuations prevent the
occurrence of magnetic order. Thus, at T < 600 K, the
approximation of a paramagnet with noninteracting
ions can be assumed to hold well for LaCoO3.

In expression (1), λ and λ' describe the states of the
entire scatterer and not of an individual ion. In this
case, the product of matrix elements appearing in the
sum in relation (1) for the paramagnet without inter�
actions differs from zero only for l = l' or λ = λ'. The
latter condition corresponds to exclusively elastic neu�
tron scattering, which is not considered here. For this
reason, expression (1) can be written in a simpler
form:

(4)

where n and n' are the states of the cobalt ion. This
expression corresponds to independent scattering
from cobalt ions and holds for inelastic scattering from
noninteracting ions in the paramagnetic phase
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(including the case when an external magnetic field is
applied).

Introducing the mean values of the beam polariza�
tion projection [14] Pα = 〈ν|σα|ν〉, we can write

coefficients Gαβ in explicit form:

(5)

where 0 ≤ P ≤ 1 and εαβγ is the Levi�Chivita symbol.

In many cases, formula (4) can be simplified. For
example, if the spin–orbit interaction considerably
exceeds the splitting in the crystal field, the vectorial
form factor F can be written in the total momentum
representation. Conversely, when the crystal field con�
siderably exceeds the spin–orbit interaction, the
orbital angular momentum is “frozen,” and we can
take into account only inelastic scattering from the
spin moment of the ion. In the case of lanthanum
cobaltate under investigation, both interactions are of
the same order of magnitude, and the contribution to
the inelastic magnetic scattering of neutrons comes
both from the scattering from the spin moment and the
orbital angular momentum. In this connection, we
must find exact wavefunctions to calculate the matrix

elements 〈n| |n'〉.
3. In the case of the LaCoO3 compound, the singlet

level of the LS state, which makes zero contribution to
magnetic scattering of neutrons with low energies,
possesses the lowest energy. According to EPR mea�
surements, the triplet split into singly and doubly
degenerate levels by the crystal field of the nearest sur�
roundings possesses the lowest energy in the HS state.
Since the splitting is ΔE ~ 7.2 K, the contribution to
the magnetic neutron scattering associated with tran�
sitions between these energy levels must be significant.

To determine the wavefunctions of the cobalt ion in
LaCoO3, we used the model proposed in [16]. In this
case, the Hamiltonian was represented in the form

(6)

where the first term describes the crystal field with
cubic symmetry, the second term describes the spin–
orbit interaction, and the third term corresponds to
the crystal field with trigonal symmetry, and the fourth
term describes the interaction of an ion with the exter�
nal magnetic field; the z axis is directed along the trig�
onal axis. The characteristic values obtained in EPR

experiments are B4 = 200 K, λ = –185 K, and  =
7.2 K.

Taking into account all terms of Hamiltonian (6)
sequentially and calculating each time the wavefunc�
tions in perturbation theory for a degenerate level in
the zeroth approximation, we obtained the wavefunc�
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tions characterizing the lower triplet of the HS state in
zero magnetic field:

(7)

The energy gap between states  and  in this

case is ΔE0 = 9 /10 ≈ 7 K. Here, the wavefunctions
of the triplet are expressed in terms of the wavefunc�
tions of a free ion, |Lz, Sz〉.

The application of a strong magnetic field may sub�
stantially change the pattern especially when the field
is directed at an angle to the trigonal axis:

Field H ~ 3 T can be treated as strong. The set of ener�

gies (in the first approximation in /H) and the
wavefunctions (in the zeroth approximation) in this
case is written in the form

(8)

(9)

(10)

where g = 3.5, which is close to the value of g = 3.35
obtained in the EPR experiment.
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In the case of magnetic scattering of neutrons char�
acterized by small vectors κ of scattering from the
cobalt ion, we can confine our analysis to the dipole
approximation. This approximation may lead to con�
siderable errors in calculating the amplitudes of scat�
tering from one�electron shells in strong magnetic
fields; however, in the case of near half�filling of the
shell, this approximation gives an insignificant error.
In this case, we can write

(11)

where jK(x) is the spherical Bessel function and Rnl is
the radial part of the hydrogen�like wavefunction of an
electron on the orbital with principal quantum num�
ber n and orbital quantum number l. In the case of 3d
electrons, this function has the form

(12)

Using this approximation, we can easily obtain the
sought expression for the partial differential cross sec�
tion of inelastic magnetic scattering of neutrons in
LaCoO3. In zero magnetic field, function S(κ, E) (4)
has the form

(13)

In strong fields H > 3 T, we have

(14)

e|| is the projection of vector e onto the magnetic field

direction, p0 ~ exp(– /T), p±1 ~ exp(– /T) ×

exp( E±1/T), where  ≈ 140 K is the activation
energy of the transition between the LS and HS states.

Comparison of the calculated curves for the poly�
crystalline sample and experimental data is illustrated
in Fig. 2. In our calculations, we assumed that the z
axis of cobalt is oriented arbitrarily relative to the
directions of the magnetic field and the neutron beam
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and that the broadening of δ�peaks was described by
the Gaussian function with σ = 0.1 meV for scattering
in the presence of a magnetic field and with σ =
0.2 meV in zero magnetic field; this agrees with the
experimental error indicated in [17]. An insignificant
discrepancy is associated with the problem of directly
singling out the inelastic peaks against the background
of a weak signal due to elastic scattering, which was
mentioned in [17], as well as with the lack of data on
the experimental geometry, such as the scattering
angle and the angle between the magnetic field and the
incident beam.

4. A characteristic feature of LaCoO3 is small split�
ting between the 5D energy level, which gives the HS
state 1H corresponding to the LS state and probably 3G
energy level corresponding to the IS state. In spite of
its advantages, the EPR has the following significant
limitation: it permits the measurement of energy gaps
between the states with different projections of the
total angular momentum, but does not reveal the
peaks associated with transitions between the states
with different values of the total angular momentum.
In contrast to EPR, no limitation on the initial and
final states is imposed in the case of magnetic scatter�
ing of neutrons, and the amplitudes of peaks in the
partial differential cross section of inelastic magnetic
scattering of neutrons, which correspond to transi�
tions between different energy levels, may differ from
zero. In this connection, it is important to estimate the
peak amplitudes in the partial differential cross section
of inelastic magnetic scattering of neutrons, which
correspond to transitions LS  HS and LS  IS
because this will allows us to find out whether these
peaks can be detected in experiment.

Since the energy levels considered above differ in
the values of spin moments, the contributions from the
orbital terms appearing in the matrix elements

〈n'| |n〉 are equal to zero if |n〉 and |n'〉 correspond to
the states for different energy levels. In this case, the
expression for the matrix elements acquires the simple
form

(15)

where the sum over j is carried out over all electrons of
the partly filled shell of the ion and sj are one�electron
spin operators.

In the case of interest to us, when the electron is on
the 3d orbital, matrix elements 〈m'|eiκr|m〉 can be calcu�
lated exactly:

(16)

It should be noted that the dipole approximation is
inapplicable in principle for describing the peak asso�
ciated with scattering with a change of the energy level
because the corresponding matrix elements vanish in
this approximation.
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Fig. 2. Partial differential cross section of inelastic scatter�
ing of neutrons from LaCoO3 in relative units at T = 50 K.
The solid curve corresponds to calculations for a polycrys�
talline sample fpr H = 0; the dashed curve corresponds to
H = 6 T; symbols correspond to experimental data from
[17].
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In the multielectron case, the problem can be
reduced to the one�electron case by a transition to the
second�quantization representation [18], in which the
spin part of operator F has the form

(17)

The features of the symmetry of the multielectron
system are such that all matrix elements 〈HS|F|LS〉
vanish; for this reason, it is impossible to observe the
transition between these two states in experiments on
inelastic neutron scattering. Matrix elements
〈IS|F|LS〉 differ from zero, and if the IS state possesses
an energy comparable with the energies of the LS and
HS states, the corresponding peak can be observed in
the partial differential cross section of the magnetic
scattering of neutrons.

In evaluating the peak height, we assumed that all
energy quantities appearing in Hamiltonian (6) are
identical for the IS and HS states. In such a case, the
expressions for the sought matrix elements (15) have
the form

(18)

For a polycrystalline sample, the peak amplitude in
the partial differential cross section of inelastic mag�
netic scattering of neutrons corresponding to the
LS  IS transition can amount to 10–1 to 10–2 of the
amplitude of the well�resolved experimental peak
associated with transitions within the split triplet in the
HS state. The detection of such a peak would solve the
problem of realization of the IS state of Co in the
LaCoO3 compound.

5. In conclusion, we outline the main results of this
study. Using the Hamiltonian proposed in [16] for
describing the EPR experiment, we have calculated
the amplitudes and positions of the peaks associated
with transitions within the lower triplet of the HS state
of the cobalt ion. Comparison with experiment dem�
onstrates good agreement between the results of theo�

F– dm'↓
† dm↑fm'm,

m'm

∑=
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† dm↓fm'm,
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Fz σdm'σ
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+ 0.1250 f20 2φκ 0.1021 f1 1– 2cos φκ+cos
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retical calculations and experimental data. It is shown
that if the IS state possesses an energy comparable with
the energies of the LS and HS states, the peak corre�
sponding to the transition from the LS to the IS state
should be observed. Under the assumption that the
Hamiltonian describing the IS state contains the same
energy parameters as the Hamiltonian of the HS state,
we estimated the amplitude of the peak corresponding
to the transition of the cobalt ion from the LS to the IS
state.
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