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A B S T R A C T

The formation of the exchange interaction between HS Co3+ ions, which are excited in LaCoO3, is studied within
the multielectron approach. Two main contributions appear to be antiferromagnetic (AFM) and ferromagnetic
(FM). When the ground state is LS, the total interaction is AFM. The crossover to the HS state may result
in the FM ordering. The mean-field magnetic phase diagrams on the plane spin gap-temperature have been
calculated without and with spin-orbital interaction in the HS term. Without spin-orbital interaction the
reentrant magnetic order is possible. The spin-orbital coupling removes the reentrant phase transition and
stabilizes the LS state. For known from experimental data values of the spin gap and exchange interaction, the
ideal stoichiometric LaCoO3 is very close to the LS–HS crossover and magnetic ordering border. The violations
of local coordination and symmetry of the Co3+-oxygen complexes that take place in the intergrain boundaries,
at the surface of single crystals, and in the thin films on the strained substrate, may result in the formation of
the HS state and FM order for such materials.
1. Introduction

Unique properties of undoped LaCoO3 with a Co3+ ion low spin (LS)
ground state and thermally induced spin-states and semiconductor–
metal transitions have attracted much interest and attention [1–3].
At low temperature, a non-magnetic LS state with 𝑆 = 0 determines
the absence of magnetic moments in the bulk of the stoichiometric
sample. There are two magnetic contributions, revealed by a Curie–
Weiss paramagnetic susceptibility below 35 K that was ascribed to
impurities [4] or to localized spins associated with the surface defects of
the crystal lattice [2,5]. Similar behavior was observed also in PrCoO3
and NdCoO3 at rather high temperatures [6]. There are several reports
on the ferromagnetic order in LaCoO3. Hysteresis in the magnetization
at 𝑇 = 1.9 K has been found in precipitated powders and a single
crystal as well [7]. Later two ferromagnetic (FM) phases with 𝑇𝑐 < 10
K and with 20 K < 𝑇𝑐 < 100 K were obtained in coprecipitation derived
LaCoO3 powders [8]. In single crystals, a ferromagnetic component
with 𝑇𝑐 ∼ 85 K has been observed [9] with a possible explanation by
stabilization of the magnetic Co3+ states at the sample surface due to
the different coordination of cations vs bulk states. A similar FM order
at the surface of LaCoO3 single crystal has been revealed by SQUID
measurements below 85 K [10]. Also, FM order was found in epitaxially
strained thin films [10–16]. The FM order was attributed to a tensile
strain in a substrate. Recently, the FM order has been found in the
interdiffusion region of compressively strained superlattices LaCoO3 /
LaMnO3 [17].

∗ Corresponding author at: Siberian Federal University, 660041, Krasnoyarsk, Russia.
E-mail address: jso.krasn@mail.ru (Yu.S. Orlov).

That is why a study of the exchange interaction between magnetic
ions in LaCoO3 is of interest. Previously it was introduced as a fitting
parameter to analyze the magnetization and the electron paramagnetic
resonance measurements in a strong magnetic field up to 33 T [18].
The fitting of magnetization vs temperature dependences at different
field values results in the antiferromagnetic (AFM) exchange interaction
𝐽 = 27.5 K [18].

The ground state of LaCoO3 is a nonmagnetic insulator with a low-
spin (LS, 𝑆 = 0) state of the Co3+ ion with 𝑡62𝑔 electronic configuration in
the crystal field of the 𝑂6 octahedron. A transition to the paramagnetic
state occurs in the vicinity of 𝑇 = 100 K, which is evident from the sharp
increase in the magnetic susceptibility. However, the spin state of Co3+

ions above 𝑇 = 100 K remains a mystery for a long time. According
to the Tanabe–Sugano diagrams, for the d6-ion with a change in the
crystal field, a crossover between the LS and HS terms is possible. In
the framework of the standard model of an ion in a crystal field, the
energy of the IS state is so much higher than that for the LS and HS
states that thermal population of it is out of the question.

Numerous and most modern studies have not yet provided unam-
biguous evidence in favor of the realization of the IS or HS state in the
intermediate temperature range. We will provide references to works
that are quite important in our opinion in favor of the IS- [19–24]
and HS- [18,25–29] states. In our works and in this one, we adhere
to the scenario in which the HS-state acts as the first excited state. In
our opinion, this particular scenario is the most attractive lately.
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Fig. 1. Atomic structure of LaCoO3. The 180◦ superexchange pathways Co3+-Co3+ are
hown in blue.

In this paper, we calculate the interatomic exchange interaction
etween the high spin (HS) terms of LaCoO3 (Fig. 1). These terms are
xcited and not occupied in the ground state of the ideal stoichiometric
rystal. Nevertheless, they may be occupied in the excited state at finite
emperature or under external irradiation. HS terms may be the ground
tate at the surface or close to defects like the oxygen vacancy. We
se the multielectron approach [30] that presents the total interatomic
uperexchange interaction as a sum of partial contributions from all
ation terms, both the ground and excited ones. For example, the
ow spin (LS) terms of the Fe3+ ion with a ferromagnetic interatomic
xchange are excited at low pressure in FeBO3 and are stabilized
bove the spin crossover pressure, this ferromagnetic interaction is
redicted to change the magnetic order in the LS phase [31]. The
ther example is given by a change of the exchange interaction sign
n FeBO3 under resonant optical pumping with d–d excitation from
he HS Fe3+ term with 𝑆 = 5∕2 into the intermediate spin state
ith 𝑆 = 3∕2 [32]. Our multielectron approach is a generalization of

he projection operator approach [33] to the Anderson-superexchange
nteraction calculation. We derive the expression for the superexchange
nteraction between two ions in the excited HS states, it is a sum of FM
nd AFM contributions. Depending on the ratio 𝐽𝐻∕𝑈𝑒𝑓𝑓 , where 𝐽𝐻
s the intra-atomic Hund coupling and 𝑈𝑒𝑓𝑓 is the effective Hubbard
arameter, the resulting interaction may be either FM or AFM. We also
stimate possible magnetic ordering temperatures induced by oxygen
acancies.

The rest of the paper is organized as follows. The superexchange
nteraction between the high spin ions Co3+ (5𝑇2

)

is considered in
ection 2. The mean-field phase diagram of LaCoO3 in the plane (spin
ap, temperature) is discussed in Section 3. Section 4 contains the
iscussion of results.

. Superexchange interaction between the high spin ions Co𝟑+
𝟓𝑻𝟐

)

The DFT based approach to calculate the exchange parameter in
he effective Heisenberg model has been developed for metals and
lloys [34]. For LaCoO3 as well to the Mott–Hubbard insulators such
b initio approach cannot be applied, because it does not treat strong
lectron correlations adequately. Recently its extension to strongly cor-
elated systems has been developed [35]. Nevertheless, this extension is
estricted by the effective s-d model and cannot be applied to LaCoO3.
ore simple versions like LSDA+U [36,37] were used to study the
2

uperexchange interaction in strained LaCoO3. These authors can repro-
uce FM coupling with increasing tensile strain, but the main features
f LaCoO3 physics with the temperature driven spin-state transition and
emiconductor–metal transition under heating cannot be described by
he DFT+U approach. Interesting results are shown by the quantum
onte Carlo method [38], but it are limited by the framework of the

round state of a magnetic material and are in the development stage.
hat is why we use in this paper the multielectron approach to the su-
erexchange interaction [30], that allows to treat partial contributions
rom each excited term. This method allows treating the magnetism
ot only in the ground state, but also under optical pumping [32] and
xternal pressure [39].

The calculation starts within the multi-band Hubbard model. By the
nitary transformation similar to a conventional Hubbard model [33]
e exclude the interband and interatomic virtual excitations in the

econd-order perturbation theory and obtain the effective Hamiltonian
hat operates in the electroneutral subspace of the Gilbert space (here
t is 𝑑6 subspace)

𝑠 = 𝐸𝐿𝑆
∑

𝑖
𝑋𝑆,𝑆
𝑖 + 𝐸𝐻𝑆

∑

𝑖,𝑚
𝑋𝑚,𝑚
𝑖 +

∑

𝑖,𝑗
𝐽𝑖,𝑗𝑆𝑖𝑆𝑗 . (1)

he first and the second terms describe the singlet LS and the HS with
= 2 and spin projections 𝑚 = (−2,−1, 0, 1, 2), and the last term gives

he superexchange interaction between the HS terms, spin operator for
= 2 in the representation of the Hubbard operators 𝑋𝑚,𝑛

𝑖 = |𝑚⟩⟨𝑛| has
he following components [40]
+
𝑖 = 2𝑋−1,−2

𝑖 +
√

6𝑋0,−1
𝑖 +

√

6𝑋+1,0
𝑖 + 2𝑋+2,+1

𝑖 ,
−
𝑖 = (𝑆+

𝑖 )
†,

𝑧
𝑖 = 2𝑋+2,+2

𝑖 +𝑋+1,+1
𝑖 −𝑋−1,−1

𝑖 − 2𝑋−2,−2
𝑖

ccording to the projection operator approach [30–33], to calculate
he superexchange interaction we have considered the relevant mul-
ielectron terms in three sectors of the Hilbert space (Fig. 2). The
lectroneutral states with 𝑑6 configuration include LS and HS terms, the
lectron addition states with 𝑑7 configuration and the electron removal
hole addition) states with the 𝑑5 configuration have different HS, LS,
nd intermediate spin (IS) terms, shown in Fig. 2. The superexchange
nteraction results from virtual electron–hole creation and annihilation
hown in Fig. 2 by the exchange loops. Within the Hubbard projection
perator technique, it is possible to separate each partial contribution
o the total superexchange. The LS 𝑑6 terms with 𝑆 = 0 do not
articipate in the interatomic exchange. It is formed by the excited HS
tates (IS 𝑑6 term lies higher in energy and its contribution to the total
uperexchange is not considered in this paper). This mechanism of the
uperexchange interaction is similar to the well-known in the Hubbard
odel Anderson superexchange interaction 𝐽 = 2𝑡2∕𝑈 . The novelty of

he projection operator approach [30–32] is the possibility to separate
ifferent contributions.

Fig. 2(a) shows the virtual hole creation and annihilation at site 𝑖, in
his process the initial 𝑑6 HS lost the 𝑡2𝑔 electron with the formation of
he virtual 𝑑5 HS term, then this electron comes back. At the same time,
neighbor site 𝑗 gets an extra electron with the formation of the 𝑑7 HS

erm 4𝑇1, after electron annihilation the HS 𝑑6 term forming back. The
onsidered in Fig. 2(a) exchange loop via 𝑡2𝑔 𝜋-bonding results in the
erromagnetic interatomic interaction

𝐹𝑀
6𝐴,4𝑇1

≈ −
𝑡2𝜋

𝛥
(

6𝐴,4 𝑇1
) , (2)

here 𝑡𝜋 is the parameter of the cation–anion–cation 𝜋-hopping, the
effective Hubbard 𝑈 for this particular loop is given by the energy
difference of the two final and two initial states

𝛥
(6𝐴,4 𝑇1

)

= 𝜖𝑒 + 𝜖ℎ − 2𝜖0, (3)

where

𝜖 = 𝜖
(4𝑇

)

= −8𝐷𝑞 + 21𝑈 − 11𝐽 ,
𝑒 1 𝐻
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Fig. 2. Two exchange loops, corresponding to different virtual electron–hole excita-
ions, that result in the ferromagnetic (a) and the antiferromagnetic (b) superexchange
nteraction between the excited high spin Co3+ ions.

ℎ = 𝜖
(6𝐴

)

= 10
(

𝑈 − 𝐽𝐻
)

,

𝜖0 = 𝜖
(5𝑇2

)

= −4𝐷𝑞 + 15𝑈 − 10𝐽𝐻 .

Here 10𝐷𝑞 is the cubic crystal field, 𝐽𝐻 is the intra-atomic Hund
exchange parameter, and 𝑈 is the effective intra-atomic Coulomb in-
eraction value. We did not introduce two different parameters for the
ntraorbital and interorbital Coulomb interactions just for simplicity.
inally, we obtain
(6𝐴,4 𝑇1

)

= 𝑈 − 𝐽𝐻 . (4)

ccording to the general rules formulated in [30,31,39], when the
pin values of the hole and electron virtual states are different (5∕2
nd 3∕2 for the loop in Fig. 2(a)), the sign of interaction corresponds
o a ferromagnetic coupling. When the spin values of the electron
nd hole virtual states are equal, the superexchange interaction is
ntiferromagnetic. Previously the same rules have been formulated for
he exchange interaction between cations in the ground state [41,42].

Due to a small 𝑒𝑔-𝑡2𝑔 overlapping, we neglect such contribution to
he effective Hamiltonian for the 180◦ exchange. The next relevant con-
ribution involves 𝑒𝑔-𝑒𝑔 𝜎-bonding (Fig. 2(b)), both hole and electron
irtual states have equal spin 𝑆 = 3∕2 values, so the AFM contribution
s equal to

𝐴𝐹𝑀
4𝑇1 ,4𝑇1,2

≈
𝑡2𝜎

𝛥
(

4𝑇1,4 𝑇1,2
) , (5)

where

𝛥
(4𝑇1,

4 𝑇1,2
)

= 𝜖𝑒 + 𝜖ℎ − 2𝜖0,

𝜖𝑒 = 𝜖
(4𝑇1,2

)

= 2𝐷𝑞 + 21𝑈 − 11𝐽𝐻 ,

𝜖ℎ = 𝜖
(4𝑇1

)

= −10𝐷𝑞 + 10𝑈 − 6𝐽𝐻 ,

𝜖0 = 𝜖
(5𝑇2

)

= −4𝐷𝑞 + 15𝑈 − 10𝐽𝐻 .

Thus

𝛥
(4𝑇1,

4 𝑇1,2
)

= 𝑈 + 3𝐽𝐻 .

For 180◦ exchange we can estimate the total superexchange interaction.
Let the hopping parameters 𝑡𝜎 = 𝑡, 𝑡𝜋 = 𝑡∕3, then the total AFM

interaction is equal to

𝐽 = 1
2

(

𝑡2

𝑈 + 3𝐽𝐻
−

𝑡2∕9
𝑈 − 𝐽𝐻

)

= 4𝑡2
9

𝑈 − 3
2𝐽𝐻

(𝑈 + 3𝐽𝐻 )(𝑈 − 𝐽𝐻 )
. (6)

We use the parameters set (a): 𝑈 = 4 eV, 𝐽𝐻 = 0.8 eV, and 𝑡 = 0.2 eV
as the typical for late transition metal oxides. With these parameters,
𝐽 = 2.43 meV = 28.2 K. We can compare this value with 𝐽 = 27.5 K
found from fitting the electron paramagnetic resonance data for LaCoO3
in the strong magnetic field [18]. For the discussion of the HS/LS
properties of LaCoO3 within two-band Hubbard model, the value of
𝑈 = 4𝐽𝐻 has been considered [43,44]. With this ratio the total AFM
exchange parameter (6) is given by 𝐽 = 0.0085𝑡2∕𝑈 . It looks like a

2

3

typical for the Hubbard model term 𝑡 ∕𝑈 with a smaller prefactor due
to partial compensation of the AFM exchange by the FM contribution.
For the same 𝑈 = 4 eV, Hund coupling 𝐽𝐻 = 1 eV and hopping
𝑡 = 0.2 eV, set (b), one finds the similar exchange parameter 𝐽 = 24.6
K. Thus, at least qualitative agreement between different approaches is
achieved.

The other comparison with the experimental data uses the Neel
temperature for FeO, 𝑇𝑁 = 200 K [45]. In FeO, the magnetic cation
Fe2+ has the same HS 𝑑6 configuration with 𝑆 = 2. For our calculated
value 𝐽 = 28.2 K, set (a), the spin-wave theory results in the 𝑇𝑁 =
𝐽𝑧𝑆(𝑆+1)∕3𝐶 = 226 K. Here 𝑧 = 6 is the nearest neighbor number, and
𝐶 = 1.5 is the Watson integral. For the parameters from the set (b) the
Neel temperature is 197 K. Usually the spin wave theory gives higher
critical temperature than the experimental value, thus the set (a) looks
more realistic. Thus we may conclude that our calculated value of 𝐽 for
the excited HS states in LaCoO3 is rather close to experimental data, and
the AFM coupling is stronger than the FM one for the stoichiometric
LaCoO3 in the ground state.

Now we ask ourselves whether the FM contribution may win in
this competition. From Eq. (6) it is clear that the sign inversion is
possible when 𝑈 < 1.5𝐽𝐻 , because of 𝑈 > 𝐽𝐻 for sure. So the total
interaction is AFM when 𝑈 > 1.5𝐽𝐻 , and it is FM when 𝑈 < 1.5𝐽𝐻 .
Whether this sign change can be realized experimentally? The Hund
coupling parameter is the intra-atomic one, and it hardly may vary
under external conditions. The parameter 𝑈 in the multi-band Hubbard
model or multi-band p-d model appears as the effective parameter
𝑈𝑒𝑓𝑓 (𝑑6) = 𝐸0(𝑑7)+𝐸0(𝑑5)−2𝐸0(𝑑6) [46] with the value changing at the
pin crossover between HS and LS terms [47,48]. For the 𝑑6 cations,
he LS–HS crossover results in the 𝑈𝑒𝑓𝑓 decrease by 2𝐽𝐻 [49]. With
(𝐻𝑆) = 𝑈 −2𝐽𝐻 the exchange coupling in the HS state can be written

ike

𝐻𝑆 = 4𝑡2
9

𝑈 − 3.5𝐽𝐻
(𝑈 + 𝐽𝐻 )(𝑈 − 3𝐽𝐻 )

. (7)

From Eq. (7) it follows that in the HS state the AFM interaction takes
place for 𝑈∕𝐽𝐻 < 3 and 𝑈∕𝐽𝐻 > 3.5, and the FM interaction will win
for 3 < 𝑈∕𝐽𝐻 < 3.5. For the parameters set (a) the AFM interaction
xists in both LS and HS states. Let us consider the set (c): 𝑈 = 3.4 eV,
𝐻 = 1 eV, 𝑡 = 0.2 eV. For this set 𝐽𝐿𝑆 = 25.5 K is AFM and 𝐽𝐻𝑆 = −11.7
is FM. This sign change of the superexchange interaction may be the

eason for the stabilization of the FM phase in the epitaxially strained
aCoO3 thin films discussed in the introduction. Possible stabilization
f the Co3+ HS state at the sample surface or near crystal defects also
ay result in the appearance of the FM interaction for these states and
ay induce the FM order.

. Possibility for magnetic order in LaCoO𝟑

Even for an ideal stoichiometric sample at finite temperature, there
s an exponentially small concentration of the HS ions that are coupled
ntiferromagnetically. Let us start with a very simple estimation for the
eel temperature for the excited ions with a concentration 𝑛𝐻𝑆 . In the
ean-field approach one may write (here 𝑧 = 6 is the nearest neighbor
umber, 𝐷 is the spin gap between HS and LS terms, 𝑔 is the degeneracy
actor)

𝑁 = 1
3
𝐽𝑧𝑆(𝑆 + 1)𝑛𝐻𝑆 = 12𝐽𝑛𝐻𝑆

= 12𝐽𝑔
𝑒𝑥𝑝(−𝐷∕𝑇𝑁 )

1 + 𝑔𝑒𝑥𝑝(−𝐷∕𝑇𝑁 )
. (8)

For the typical values of 𝐷 = 150 K and 𝐽 = 30 K, two values for
𝑇𝑁 can be easily found. For 𝑔 = 3 these values are 𝑇𝑁1 ∼ 1.7𝐽 and
𝑇𝑁2 ∼ 7.3𝐽 with a reentrant magnetic phase at 𝑇𝑁1 < 𝑇 < 𝑇𝑁2. The
value of 𝑔 = 3 results from the spin-orbital splitting of the HS term
(Fig. 3). Early the reentrant behavior has been obtained for the FeO
with similar 𝑑6 configuration and HS/LS interplay by the Monte Carlo

simulation [50].
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Fig. 3. Low-energy electronic structure of the Co3+ ion in LaCoO3 originating from the
5𝑇2𝑔 cubic subterm with the 1𝐴1𝑔 singlet ground subterm put 𝛥𝑆 below the lowest 5𝑇2𝑔
tate.

For more rigorous analysis we want to calculate the phase dia-
ram and include a spin-orbital interaction within the HS state with
= 2 and pseudo orbital moment 𝐿 = 1. In the mean-field (MF)

pproximation for the Hamiltonian (1), for two sublattices 𝐴 and 𝐵 we
ave

̂ 𝑀𝐹
𝑆 = 𝐽𝑧𝑚𝐵

∑

𝑖𝐴

�̂�𝑧𝑖𝐴 + 𝐽𝑧𝑚𝐴
∑

𝑖𝐵

�̂�𝑧𝑖𝐵

−𝐽𝑧
∑

𝑖𝐴

�̂�𝑖𝐴 − 𝐽𝑧
∑

𝑖𝐵

�̂�𝑖𝐵

−𝜀𝑆
∑

𝑖𝐴

𝑋𝑠,𝑠
𝑖𝐴

− 𝜀𝑆
∑

𝑖𝐵

𝑋𝑠,𝑠
𝑖𝐵

−1
2
𝐽𝑧𝑁𝑚𝐴𝑚𝐵 + 1

2
𝐽𝑧𝑁 +𝑁𝐸𝐻𝑆 , (9)

ere 𝑚𝐴(𝐵) =
⟨

�̂�𝑧𝑖𝐴(𝐵)

⟩

is the magnetization of sublattice 𝐴 (𝐵); the spin
ap 𝜀𝑆 is the difference 𝐸𝐻𝑆 − 𝐸𝐿𝑆 .

Ropka and Radwanski [51] provide the proof for the 5𝐷 term origin
f an excited triplet observed in the electron-spin-resonance (ESR)
xperiments by Noguchi et al. [25]. They have succeeded to fully
escribe experimental ESR results both for the zero-field 𝑔-factor, of
.35, and the splitting 𝐷 of 4.90 cm−1, as well as for the magnetic
ield applied along with different crystallographic directions within the
ocalized electron atomic-like approach as originating from excitations
ithin the lowest triplet of the 5𝑇2𝑔 octahedral subterm of the 5𝐷

erm. In their atomic-like approach the d electrons of the Co3+ ion
n LaCoO3 form the highly-correlated atomic-like 3𝑑6 system with the
inglet 1𝐴1𝑔 ground state (an octahedral subterm of the 1𝐼 term) and the
xcited octahedral 5𝑇2𝑔 subterm of the 5𝐷 term. The ESR experiment
an be taken as confirmation of the existence of the discrete electronic
tructure for 3𝑑 electron states in LaCoO3 on the meV scale.

For the description of the excited HS state in LaCoO3 and its
agnetic properties we apply the Hamiltonian

̂ 𝑀𝐹
𝑒𝑓𝑓 = �̂�𝑀𝐹

𝑆 + �̂�𝐿𝑆 + �̂�𝑐𝑢𝑏 + �̂�𝑡𝑟𝑖𝑔𝑜𝑛𝑎𝑙 , (10)

where

�̂�𝐿𝑆 = �̃� ̃⃗𝐿𝑆 = �̃�
(

�̃�𝑧𝑆𝑧 +
1
2
�̃�+𝑆− + 1

2
�̃�−𝑆+

)

,

�̂� = −2𝐵
(

𝑂0 − 20
√

2𝑂3
)

4

𝑐𝑢𝑏 3 4 4 4
Table 1
The eigenstates of �̂�𝐿𝑆 + �̂�𝑐𝑢𝑏 classified by irreducible representations
of 𝑂ℎ group. The basis functions |

|

𝐽 , 𝑚𝐽
⟩

are listed in Table 2.

𝐽 = 1 |

|

𝑇1 , 1⟩ = |1, 1⟩
|

|

𝑇1 , 0⟩ = |1, 0⟩
|

|

𝑇1 ,−1⟩ = |1,−1⟩

𝐽 = 2 |𝐸, 𝜃⟩ = |2, 0⟩
|𝐸, 𝜀⟩ = 1

√

2
|2, 2⟩ + 1

√

2
|2,−2⟩

|

|

𝑇2 , 1⟩ = |2,+1⟩
|

|

𝑇2 , 0⟩ =
1
√

2
|2, 2⟩ − 1

√

2
|2,−2⟩

|

|

𝑇2 ,−1⟩ = |2,−1⟩

𝐽 = 3 |

|

𝐴2 , 𝑎2⟩ =
1
√

2
|3, 2⟩ − 1

√

2
|3,−2⟩

|

|

𝑇1 , 1⟩ = −
√

5
2
√

2
|3,−3⟩ −

√

3
2
√

2
|3, 1⟩

|

|

𝑇1 , 0⟩ = |3, 0⟩
|

|

𝑇1 ,−1⟩ = −
√

5
2
√

2
|3, 3⟩ −

√

3
2
√

2
|3,−1⟩

|

|

𝑇2 , 1⟩ = −
√

3
2
√

2
|3, 3⟩ +

√

5
2
√

2
|3,−1⟩

|

|

𝑇2 , 0⟩ =
1
√

2
|3, 2⟩ + 1

√

2
|3,−2⟩

|

|

𝑇2 ,−1⟩ = −
√

3
2
√

2
|3,−3⟩ +

√

5
2
√

2
|3, 1⟩

is the cubic crystal-field Hamiltonian for the 𝑧-axis along with the
cube diagonal and 𝑂𝑛𝑚 are the Stevens operators collected in, e.g. [52].
This form is useful for LaCoO3 due to the experimentally observed
rhombohedral (trigonal) distortion that can be then described by the
parameter 𝐵0

2 , �̂�𝑡𝑟𝑖𝑔𝑜𝑛𝑎𝑙 = 𝐵0
2𝑂

0
2. The energy states, calculated for

the dominant octahedral crystal field, weaker intra-atomic spin–orbit
interactions, are shown in Fig. 3.

The energy levels in Fig. 3 are given by

𝜀𝑆 = 𝐸𝐻𝑆 − 𝐸𝐿𝑆 =
(

𝐸𝐿𝑆 + 𝛥𝑆 + 3�̃�
)

− 𝐸𝐿𝑆 = 𝛥𝑆 + 3�̃�,

𝐸𝐽=1 = 𝐸𝐿𝑆 + 𝛥𝑆 ,

𝐸𝐽=2 = 𝐸𝐿𝑆 + 𝛥𝑆 + 2�̃�,

𝐸𝐽=3 = 𝐸𝐿𝑆 + 𝛥𝑆 + 5�̃�

with the spin-orbital coupling �̃� = 185 K.
Solving the problem on the eigenvalues

�̂�𝑀𝐹
𝑒𝑓𝑓 |𝜓⟩𝑘 = 𝐸𝑘|𝜓⟩𝑘, (11)

where |𝜓⟩𝑘 =
∑

𝑙 𝐶𝑘𝑙|𝜑⟩𝑙 are the eigenstates of Hamiltonian (10), and
using the solutions corresponding to the minimum free energy 𝐹 =
−𝑘𝐵𝑇 ln𝑍, with the partition function 𝑍 =

∑

𝑘 exp
(

− 𝐸𝑘
𝑘𝐵𝑇

)

, we can
found

𝑚𝐴(𝐵) =
⟨

�̂�𝑧𝑖𝐴(𝐵)

⟩

= 𝑍−1
∑

𝑘
exp

(

−
𝐸𝑘
𝑘𝐵𝑇

)

⟨

𝜓𝑘
|

|

|

�̂�𝑧𝑖𝐴(𝐵)
|

|

|

𝜓𝑘
⟩

𝑛𝐿𝑆(𝐻𝑆)𝑖𝐴(𝐵)
=
⟨

�̂�𝐿𝑆(𝐻𝑆)𝑖𝐴(𝐵)

⟩

= 𝑍−1
∑

𝑘
exp

(

−
𝐸𝑘
𝑘𝐵𝑇

)⟨

𝜓𝑘
|

|

|

|

�̂�𝐿𝑆(𝐻𝑆)𝑖𝐴(𝐵)

|

|

|

|

𝜓𝑘

⟩

The eigenfunctions |𝜑⟩𝑙 of �̂�𝐿𝑆 + �̂�𝑐𝑢𝑏 are listed in Table 1. For
simplicity the rhombohedral (trigonal) distortion is not considered,
𝐵0
2 = 0.

We start with the phase diagrams without spin-orbital coupling.
Fig. 4 demonstrates the magnetization (a) and population of the HS
state (b) at 𝐽 = 28 K, 𝑧 = 6 and �̃� = 0 in the coordinates temperature
𝑇 -spin gap 𝛥𝑆 . Hereinafter, the temperature and spin gap are given in
terms of exchange parameter 𝐽 . It can be seen that, due to the pres-
ence of the cooperative exchange coupling 𝐽 , the ground magnetically
ordered HS state is preserved in a system up to 𝛥𝑆 = 𝛥𝑐𝑆 ≈ 7.5𝐽
(Fig. 4(a), (b)), although in the single-ion picture the LS state is ground
at 𝛥𝑆 > 0. The growth of the critical value 𝛥𝑐𝑆 due to the cooperative
effects is quite clear since the exchange coupling stabilizes the HS state

𝑐
via lowering its energy. At 𝛥𝑆 > 𝛥𝑆 , the ground magnetic HS state
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Fig. 4. Phase diagrams of (a) the magnetization and (b) populations of the HS state at 𝐽 = 28 K, 𝑧 = 6 and �̃� = 0.
Fig. 5. Temperature dependences of (a) magnetization, (b) population of the HS state, (c) minimum free energy, and its temperature derivative (d) at 𝛥𝑆∕𝐽 = 9 (𝐽 = 28 K, 𝑧 = 6
and �̃� = 0).
changes for the nonmagnetic LS state (Fig. 4(a), (b)). In the range
of 𝛥𝑆 < 𝛥𝑐𝑆 (Fig. 4(a), (b)), with increasing temperature, the system
undergoes a second-order phase transition from the magnetic HS to the
HS paramagnetic state. If 𝛥𝑐𝑆 < 𝛥𝑆 < 𝛥∗𝑆 , the system firstly undergoes
a first-order transition from the nonmagnetic LS to the HS-AFM state
and then a second-order phase transition from the HS-AFM to the HS
paramagnetic state. This is the area of a reentrant transition discussed
in the beginning of Section 3. In the diagram, one can clearly see the
existence of a tricritical point (𝑇 ∗ and 𝛥∗𝑆 in Fig. 4(a), (b)), at which
the line of the second-order phase transitions continuously passes to
the line of the first-order ones.

Fig. 5 shows as an example the temperature dependencies of (a)
magnetization, (b) population of the HS state, (c) minimum free energy,
and its temperature derivative (d) at 𝛥𝑆∕𝐽 = 9 in the reentrant area.

Reentrant transition is evident from Fig. 5 with the nonmagnetic LS
below 𝑇 ∕𝐽 < 0.91, the HS AFM phase between 0.91 < 𝑇 ∕𝐽 < 6.24, and
5

the HS paramagnetic phase above 𝑇 ∕𝐽 = 6.24. The LS nonmagnetic
phase is stable for all temperatures above the critical point 𝛥∗𝑆 .

Fig. 6 shows the effect of the spin-orbital interaction on the phase
diagrams of the magnetization (a) and population of the HS state (b)
at 𝐽 = 28 K, 𝑧 = 6 and �̃� = 185 K. The white dashed line corresponds to
LaCoO3.

The effect of spin-orbital interaction is crucial. It removes the reen-
trant behavior and decreases the stability area of the HS state. Instead
of the spin crossover point at the spin gap 7.5𝐽 in Fig. 4, the same point
is about 5.3𝐽 in Fig. 6. With the spin gap for LaCoO3 𝛥𝑆 = 150 K and
𝐽 = 28 K [18,51] the ratio 𝛥𝑆∕𝐽 = 5.36. This point corresponding to
LaCoO3 in Fig. 6 is marked by the white dashed vertical line. Thus, we
conclude that LaCoO3 may be called a system in proximity to magnetic
order and to crossover in the HS state. According to the Tanabe–Sugano
diagrams, the intersection of the LS- and HS-states occurs at a crystal
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Fig. 6. Phase diagrams of (a) the magnetization and (b) populations of the HS state at 𝐽 = 28 K, 𝑧 = 6 and �̃� = 185 K. The white dashed line corresponds to LaCoO3.
Table 2
The eigenstates of �̂�𝐿𝑆 represented in basis of HS states
|

|

𝑙, 𝑆𝑧
⟩

, where 𝑙 = ±1, 0 denotes the projection of the effective
orbital angular momentum and 𝑆𝑧 = ±2,±1, 0 denotes the spin
projection.

|

|

𝐽 = 1, 0
⟩

=
√

2
5
|

|

0̃, 0
⟩

−
√

3
10

|

|

+1̃,−1
⟩

−
√

3
10

|

|

−1̃,+1
⟩

|

|

𝐽 = 1,±1
⟩

=
√

1
10

|

|

±1̃, 0
⟩

−
√

3
10

|

|

0̃,±1
⟩

+
√

3
5
|

|

∓1̃,±2
⟩

|

|

𝐽 = 2, 0
⟩

= −
√

1
2
|

|

+1̃,−1
⟩

+
√

1
2
|

|

−1̃,+1
⟩

|

|

𝐽 = 2,±1
⟩

= 1
√

2
|

|

±1̃, 0
⟩

− 1
√

6
|

|

0̃,±1
⟩

− 1
√

3
|

|

∓1̃,±2
⟩

|

|

𝐽 = 2,±2
⟩

= 1
√

3
|

|

±1̃,±1
⟩

−
√

2
3
|

|

0̃,±2
⟩

|

|

𝐽 = 3, 0
⟩

= −
√

3
5
|

|

0̃, 0
⟩

−
√

1
5
|

|

+1̃,−1
⟩

−
√

1
5
|

|

−1̃,+1
⟩

|

|

𝐽 = 3,±1
⟩

= −
√

2
5
|

|

±1̃, 0
⟩

−
√

8
15

|

|

0̃,±1
⟩

−
√

1
15

|

|

∓1̃,±2
⟩

|

|

𝐽 = 3,±2
⟩

= −
√

2
3
|

|

±1̃,±1
⟩

−
√

1
3
|

|

0̃,±2
⟩

|

|

𝐽 = 3,±3
⟩

= |

|

±1̃,±2
⟩

field of 10𝐷𝑞 ∼ 2.6 eV. At the same time, the spin gap in LaCoO3 is
𝛥𝑆 ∼ 150 K; therefore, a downward change in the crystal field by ∼ 0.5%
can stabilize the HS state relative to LS.

4. Discussions

We have found that the bulk ideal crystal of LaCoO3 is very close to
the border of the magnetic instability. Crossing this border in Fig. 6
results in the LS to HS crossover. According to our analysis of the
competing AFM and FM contributions to the superexchange interaction
(Eqs. (6), (7) and discussion in the end of Section 2), in the HS state the
total exchange may be AFM or FM depending on the material parame-
ters. For the FM sign it may explain the found experimentally FM order
in three different type of LaCoO3 samples [7–17]: FM in polycrystalline
powders, at surfaces of bulk single crystals and in strained films. Due to
the proximity of the bulk LaCoO3 to the HS and magnetic order found
in Fig. 6, small changed of the local symmetry or local interatomic dis-
tance in the intergrain boundaries of the powder samples, at the surface
of a single crystal, and in the thin film under strained substrate may
stabilize the FM order. Of course, these conclusions are only qualitative.
Recently, the alternative approach to the ferromagnetism of LaCoO3
films that originates from effective superexchange interactions between
atoms in the high-spin (HS) state mediated by the intermediate-spin
excitations has been studied in the paper [53].

Let us discuss the effect of the tensile strain on magnetic properties
of LaCoO3 films in more details. Besides the papers [10–16], discussed
in the introduction, recently this effect has been demonstrate also in
the epitaxial LaCoO films [54,55]. Study of the magnetic anisotropy
6
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indicates that the ferromagnetism seems to be correlated to the tensile
strain, i.e., larger strain for larger coercive field [56]. The LS and HS
states of the Co3+ ion are separated by a spin gap 𝐸𝐻𝑆−𝐸𝐿𝑆 = 2(10𝐷𝑞−
2𝐽𝐻 ) [47]. Here 10𝐷𝑞 is the crystal field parameter, which increases
with the Co-O distance decrease (under external pressure) or decreases
with the Co-O distance increase (under tensile strain). In LaCoO3 the
spin gap is small, about 0.01 eV [3,25,51], so the tensile strain may
result in the sign inversion of the spin gap and stabilization of the
HS magnetic moments which can demonstrate the FM order according
our calculations. On the contrary, the external pressure stabilizes the
LS state and cannot results in the magnetic order, according to the
experimental data [56].

A similar effect of the spin crossover on the sign of the superex-
change interaction has been discussed earlier for FeBO3, where the
Fe3+ HS state exists below the spin crossover pressure 𝑃𝑠 = 50 GPa,
and in the LS state above 𝑃𝑠, see the experimental phase diagram
in [57]. This spin-crossover results in the sharp suppression of the 𝑈𝑒𝑓𝑓
from 4.2 eV below 𝑃𝑠 till 1.4 eV above 𝑃𝑠 [58]. Thus the condition
𝑈 > 3𝐽𝐻 is violated at the spin crossover. The direct calculation of the
superexchange interaction in FeBO3 within the same approach gives the
conclusion of the AFM HS and FM LS states [31].

A new interesting experimental option is related with the time-
resolved multidimensional photoemission spectroscopy, which was re-
cently used to study ultrafast dynamics of Lifshitz transition [59]. It
was found that under the dynamical pumping U depends on time
and decreases. Thus in principle it is possible that the AFM state will
transform into the FM state and then during the relaxation process the
damping oscillations AFM/FM interactions may exist.

5. Conclusion

Within the multielectron approach, we have studied the formation
of the exchange interaction between HS Co3+ ions, which are excited
in LaCoO3 in the ground state. Two main contributions appear to
have opposite signs, one is antiferromagnetic and the other tends to
ferromagnetism. When the ground state is LS, the total interaction
between excited HS terms is AFM with the value of the total inter-
action parameter close to the known from experimental data. The
crossover to the HS state may result in the FM ordering. The mean-
field magnetic phase diagrams on the plane spin gap-temperature have
been calculated without and with spin-orbital interaction in the HS
term. Without spin-orbital interaction the reentrant magnetic order is
possible with nonmagnetic LS ground state, that becomes AFM with
heating in some temperature interval, and finally, the nonmagnetic HS
state appears at high temperatures. The spin orbital coupling removes
the reentrant phase transition and stabilizes the LS state. For known



Computational Materials Science 204 (2022) 111134Yu.S. Orlov et al.
from experimental data values of the spin gap and exchange interaction
for LaCoO3, the ideal stoichiometric composition is very close to the
LS–HS crossover and magnetic ordering border. The violations of local
coordination and symmetry of the Co-oxygen complexes that may take
place in the intergrain boundaries, at the surface of single crystals, and
in the thin films on the strained substrate, may result to the formation
of the HS state and FM order for such materials.
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