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Crystal structure, spin state, and semiconductor-metal transitions of LaCoO3 in the 10–905 K temperature
range were studied by neutron diffraction at high pressures up to 4.5 GPa and x-ray diffraction and Raman
spectroscopy at high pressures up to 17.5 GPa. The susceptibility and thermal-expansion anomalies in the
studied pressure range can be described successfully by the thermal excitation of two orbitally nondegenerate
magnetic states with different electronic configuration, intermediate spin �IS�, and high spin �HS� from the
low-spin �LS� nonmagnetic ground state. The pressure-induced compression of Co-O bonds leads to a sub-
stantial increase of LS-IS and LS-HS energy splittings E1 and E2 with d ln E1 /dP=0.37 and d ln E2 /dP
=0.23 GPa−1. The onset of the semiconductor-metal �S-M� transition in LaCoO3 correlates with the vanishing

of several Raman modes forbidden for rhombohedral R3̄c symmetry and originating from local distortions due
to short-range eg-orbital order of IS Co3+ ions. The S-M transition temperature increases rapidly under pressure
with dTS-M/dP�50 K/GPa.
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I. INTRODUCTION

Among the rare-earth transition-metal oxides with perovs-
kitelike structure the lanthanum cobaltite LaCoO3 exhibits
unusual electronic and magnetic properties at ambient
pressure.1–4 At low temperature LaCoO3 is a nonmagnetic
semiconductor with a ground state of Co3+ ions of a low-spin
�LS� configuration �t2g

6 , S=0�. As temperature increases, a
sharp anomaly in the magnetic susceptibility corresponding
to the appearance of the paramagnetic state was observed at
T�100 K and a gradual semiconductor-metal �S-M� transi-
tion accompanied by another broad anomaly in the magnetic
susceptibility occurs at T�500 K. Both susceptibility
anomalies are also associated with the anomalies in the ther-
mal lattice expansion.1–4 Despite numerous studies of struc-
tural, magnetic, and electronic properties, the nature of the
thermally driven spin-state transitions from the initial non-
magnetic to the paramagnetic states with different effective
paramagnetic moment values at T�100 and 500 K is still
extensively debated. Originally Goodenough3,5 proposed that
the crystal-field splitting energy of the ground state of the
Co3+ ions is comparable with the intra-atomic exchange en-
ergy. It was assumed that the energy gap between the t2g and
eg states is rather small, �10 meV, therefore t2g electrons
can be thermally exited from the LS into the high-spin �HS�
�t2g

4 eg
2, S=2� state. Above 100 K, a possibility of the LS-HS

ordered superstructure was also suggested,3–5 but not experi-
mentally confirmed.6,7

However, the simple LS-HS model was incompatible with
the temperature behavior of photoemission8 and the
x-ray-absorption9,10 spectra demonstrated very subtle
changes in the region of the nonmagnetic-paramagnetic tran-
sition at T�100 K and sharp changes were observed at T

�500 K only, corresponding to the second susceptibility
anomaly and the S-M transition. Subsequently, an existence
of the intermediate spin �IS� state �t2g

5 eg
1, S=1� was

proposed11 and supported by LDA�U calculations,12 which
have shown that the HS state is actually located at higher
energy and the paramagnetic transition at T�100 K comes
due to the population of the IS state stabilized by the hybrid-
ization of Co eg and O 2p orbitals.

The three-level LS-IS-HS model was found to provide a
qualitative description of the two anomalies of the magnetic
susceptibility and thermal expansion in the extended tem-
perature range.13,7 For the intermediate temperatures below
the second anomaly, the simpler LS-IS scenario becomes the
most widely accepted and it was supported by recent high-
resolution x-ray absorption and photoemission,14,15 suscepti-
bility and thermal expansion,16–18 heat capacity,19 and inelas-
tic neutron-scattering20 investigations.

ESR measurements provided evidence that at low tem-
peratures T�50 K the first excited state of Co3+ is the triplet
with the zero-field splitting of 0.6 meV.21 It was attributed to
the HS state, which splits by spin-orbit coupling into the
lowest-lying triplet �with effective total angular momentum

J̃=1� and higher-lying quintet and septet.21,22 However, ob-
tained from the ESR value of a g factor about 3.5 is incon-
sistent with magnetic susceptibility, giving about three times
larger susceptibility values.21 It is also in conflict with the
absence of pronounced changes in x-ray absorption and pho-
toemission spectra at low temperature, expected for the HS-
state appearance.8–10,14 Alternatively, it was shown that the
susceptibility and thermal expansion in the intermediate tem-
perature range can be described well in terms of the orbitally
nondegenerate IS-state excitation with a g-factor value
�2.16–18

PHYSICAL REVIEW B 75, 064422 �2007�

1098-0121/2007/75�6�/064422�10� ©2007 The American Physical Society064422-1

http://dx.doi.org/10.1103/PhysRevB.75.064422


The presence of the Co3+ ions in the IS state with partially
occupied eg orbitals, which have a strong Jahn-Teller �JT�
nature, imply the possibility of the orbital order in LaCoO3.12

Neutron-diffraction investigations6,7 have shown that the

crystal structure of LaCoO3 is rhombohedral �sp. gr. R3̄c�,
which does not allow the static cooperative JT distortion of
CoO6 octahedra. Afterwards the monoclinic distortion �I2/a
symmetry� of the crystal structure of LaCoO3 was found
from high-resolution x-ray diffraction and it was attributed to
a static cooperative JT distortion, associated with the long-
range eg orbital order.23 The local static JT distortion was
also suggested from a pair density function analysis of
neutron-scattering data.24 In addition, a number of
infrared25,26 and Raman27,28 active modes forbidden for the

R3̄c symmetry was observed in LaCoO3 at T�300 K and
their relevance to the orbital order was suggested.26–28 How-
ever, more recent inelastic neutron-scattering experiments20

have demonstrated that the orbital order is of short-range
dynamic character with a correlation length of about 3.6 Å,
comparable to Co-O distance. A decrease of the intensity of

Raman modes forbidden for the R3̄c symmetry under laser
surface heating and their disappearance at surface tempera-
ture estimated to be close to the semiconductor-metal transi-
tion temperature was established,29 signaling the possible
“melting” of the orbital order in the metallic state.

Recent magnetic susceptibility,30 x-ray diffraction,31 and
photoemission spectroscopy14 investigations have shown that
the balance between different spin states in LaCoO3 can be
strongly changed by the application of high pressure in the
favor of the LS state. However, a relationship between
pressure-induced variation of structural parameters, namely,
Co-O and Co-O-Co bond lengths and angles, and energy
splittings mediating the population of the nonmagnetic
ground and magnetic excited states in LaCoO3 remains un-
clear, as well as a behavior of S-M transition temperature and
orbital ordering under pressure. This information is crucial
for understanding the nature of spin-state transitions and re-
lated phenomena in RCoO3 cobaltites in general.

In order to study high-pressure effects on the crystal struc-
ture, spin state, and semiconductor-metal transitions of
LaCoO3, we have performed the combined neutron, x-ray
diffraction, and Raman spectroscopy investigations over
0–17.5 GPa pressure and 10–905 K temperature ranges.

II. EXPERIMENTAL DETAILS

The synthesis procedure of the LaCoO3 sample and the
details of susceptibility measurements are described in Ref.
18. Neutron powder diffraction measurements at high pres-
sures up to 4.5 GPa in the low-temperature range 10–250 K
were performed with the DN-12 diffractometer32 at the
IBR-2 pulsed reactor �FLNP JINR, Dubna, Russia� using the
sapphire anvil pressure cells.33 The pressure was determined
by the ruby fluorescence technique. Diffraction patterns were
collected at the scattering angle 2�=90° with the resolution
�d /d�0.015.

Due to technical restrictions the sapphire anvil high-
pressure technique could not be used at sufficiently high tem-

peratures, and neutron powder diffraction measurements at
ambient and high-pressure P=3.7 GPa in the temperature
range 300–905 K were performed using the Pearl/HiPr dif-
fractometer at the ISIS pulsed neutron spallation source
�RAL, UK�. In order to determine pressure dependences of
structural parameters at ambient temperature, several points
in the pressure range 0–3.7 GPa were also measured. The
high P-T setup34 for the Paris-Edinburgh high-pressure cell
was used. The sample in the MgO capsule �used as a pres-
sure marker35� was placed into a graphite furnace that was
loaded into the pyrophyllite gasket. The heat was generated
by electrical current and the temperature value on the sample
was measured by the neutron absorption resonance radiogra-
phy technique36 using tantalum and hafnium foils also placed
into the MgO capsule. Diffraction patterns were collected by
a detector bank covering the scattering angle range 83°
�2��97° with the resolution �d /d�0.008. The diffraction
data were analyzed by the Rietveld method using either
MRIA37 �DN-12� or the General Structure Analysis System
�GSAS�38 �Pearl/HiPr�.

X-ray powder diffraction and Raman spectroscopy mea-
surements were made at high pressures up to 17.5 GPa with
a diamond anvil cell.39 The sample was loaded in the Re
gasket with a 4:1 methanol-ethanol mixture as a pressure
transmitting medium. The pressure was measured using the
ruby fluorescence technique. The x-ray-diffraction spectra
were measured at the system consisting of a high-brilliance
FRD rotating anode generator �Mo K� radiation, �
=0.7115 Å�, FluxMax focusing optics, and Bruker APEX
CCD area detector. The two-dimensional XRD images were
converted to conventional one-dimensional diffraction pat-
terns using the FIT2D program.40 The data analysis was per-
formed using the FULLPROF program.41 Raman spectra were
collected using LabRam spectrometer �NeHe excitation laser
with wavelength 632 nm, grating 1800, confocal hole
11 �m, 	50 objective�.

III. RESULTS

A. Crystal structure and spin-state transitions

The pressure dependences of the unit-cell volume and lat-
tice parameters for LaCoO3, derived from the x-ray-
diffraction measurements at ambient temperature, are shown
in Fig. 1. The volume compressibility data were fitted by the
Birch-Murnaghan equation of state:42

P =
3

2
B0�x−7/3 − x−5/3��1 +

3

4
�B� − 4��x−2/3 − 1�� , �1�

where x=V /V0 is the relative volume change, V0 is the unit-
cell volume at P=0, and B0, B� are the bulk modulus �B0=
−V�dP /dV�T� and its pressure derivative �B�= �dB0 /dP�T�.
The calculated values B0=165�5� GPa and B�=4 as well as
linear compressibilities ki=−�1/ai0��dai /dP�T �ai=a ,c� of
lattice parameters ka=0.0015�3� and kc=0.0019�2� GPa−1,
are comparable with those obtained previously for LaCoO3
and La0.82Sr0.18CoO3 in the smaller pressure range.31,43

The neutron diffraction patterns of LaCoO3 measured at
selected pressures and temperatures with the Pearl/HiPr and
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DN-12 diffractometers are shown in Figs. 2 and 3. The data

were treated using the conventional rhombohedral �R3̄c�
model of the crystal structure and the structural parameters
obtained at ambient pressure were similar to ones found in
previous studies.6,7 As the pressure increases the Co-O bond
length decreases nearly linearly and the Co-O-Co bond angle

increases slightly at ambient temperature �Fig. 4�. The linear
compressibility of the Co-O bond length kCo-O
=0.0024�3� GPa−1 is comparable with that for compounds
La0.7Sr0.3CoO3 and La0.7Sr0.3MnO3 having similar rhombo-
hedral structure.44,45

The anomalous part of the thermal unit-cell volume ex-
pansion Q= �V−VT� /VT obtained from neutron diffraction
data at ambient pressure, where VT described the normal
thermal expansion due to phonons and calculated as in Ref.
7, is shown in Fig. 5. It looks similar to the data of Refs. 7
and 13. The magnetic susceptibility 
 at ambient pressure
corrected for the paramagnetic impurity contribution and dia-
magnetic contribution from the core electrons is also shown
in Fig. 5.

The presence of two correlated anomalies in the thermal
expansion and susceptibility in the 0–800 K range, as well
as particular behavior of x-ray absorption and photoemission
spectra8–10,14,15 and the increase of the effective paramag-
netic moment from �ef f =3.4�B �150�T�350 K� to �ef f

=4.1�B �T�650 K� �Ref. 4� in LaCoO3 can be explained
quite naturally if two successive changes of the spin state of
Co3+ occur. The LDA+U calculations12 predict the relative
difference between energies of two excited states in LaCoO3

FIG. 1. Pressure dependences of the unit-cell volume fitted by
the Birch-Murnaghan equation of state and lattice parameters �in
the hexagonal setting, inset� of LaCoO3 at ambient temperature fit-
ted by linear functions.

FIG. 2. Neutron diffraction patterns of LaCoO3 measured at
ambient conditions �top� and P=3.7 GPa, T=387, 632, and 891 K
�bottom� at the Pearl/HiPr diffractometer and processed by the Ri-
etveld method. The experimental points, calculated profiles, and
difference curves �for ambient conditions and P=3.7 GPa, T
=387 K� are shown. The ticks below represent positions of diffrac-
tions peaks of LaCoO3 �upper row� and MgO sample container
which was used in high-pressure measurements �lower row�.

FIG. 3. Neutron diffraction patterns of LaCoO3 measured at P
=4.5 GPa, T=10, 100, and 250 K at the DN-12 diffractometer and
processed by the Rietveld method. The experimental points, calcu-
lated profiles and difference curve for T=250 K are shown. The
ticks below represent positions of diffraction peaks of LaCoO3.

FIG. 4. Pressure dependences of the Co-O bond length and
Co-O-Co angle �inset� at ambient temperature.
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about an order of magnitude only. For the energy-splitting
value between the ground state and first excited state of
about 180 K,16–18 the non-negligible population of the sec-
ond excited state is expected for the T�300 K range and it
should be properly taken into account for the description of
physical properties of LaCoO3 at the high-temperature range.

In the three-level model13,7 the 
 and Q can be written as


 =
NAg2�B

2

3kBT
�S1�S1 + 1�x1 + S2�S2 + 1�x2� , �2�

Q = Q1x1 + Q2x2. �3�

Here NA is the Avogadro number, �B is the Bohr magne-
ton, kB is the Boltzmann constant, S1=1, S2=2 are the spin
values and x1, x2 are the populations corresponding to IS and
HS states of the Co3+ ions. We have chosen the g-factor
value of 2.1 obtained from a previous susceptibility analysis
in the two-level LS-IS model.16 The coefficients Q1 and Q2
are related to the change of the equilibrium unit-cell volume
due to the change of the spin state, IS, and HS. The popula-
tions of the IS and HS states are determined by the degen-
eracy factors and LS-IS and LS-HS energy splittings as

x1,2 = �1,2 exp�− E1,2/kBT�/�1 + �1 exp�− E1/kBT�

+ �2 exp�− E2/kBT�� . �4�

The degeneracy factors �1=3 for the IS and �2=5 for the
HS states were chosen assuming that their orbital degeneracy
is lifted by local structural distortions.16–18 The level splitting
due to the trigonal crystal field of �6 K �Ref. 21� is much
smaller than the LS-IS energy separation �180 K �and also
the expected LS-HS one� and it can be neglected for simplic-
ity.

The temperature behavior of the magnetic susceptibility
and anomalous thermal expansion in the low-temperature
range is mainly determined by the growing population x1 of
the IS state with a considerably smaller energy splitting than
that expected for the HS one. Neglecting the population of
the HS state x2 at low temperatures, one can get the LS-IS
energy splitting E1 from the fit of the susceptibility and
thermal expansion data �Fig. 5� using expression x1
=�1 exp�−E1 /kBT� / �1+�1 exp�−E1 /kBT�� and Eqs. �2� and
�3�. The obtained value E1=185 K is in good agreement with
one found in Refs. 16–18. With a given E1 value, the sus-
ceptibility and thermal expansion are well described in the
temperature range up to about 250 K and at higher tempera-
tures the experimental and calculated curves start to deviate
from each other with a growing difference, indicating that
the population of the HS state starts to increase at T
�250 K only. Using the obtained x1�T� dependence, one can
get the x2�T� dependence from the system of linear equations
�2� and �3� with unknown coefficients Q1 and Q2. If one
chooses the constant A=NAg2�B

2S1�S1+1� /3kBQ1 in such a
way that quantity �
T−AQ� is equal to zero and temperature
independent in the low-temperature range, at T�250 K this
quantity will be proportional to x2, as it comes from Eqs. �2�
and �3�. The obtained temperature dependence of �
T−AQ�
=Bx2 �B=NAg2�B

2S2�S2+1� /3kB−AQ2� is shown in Fig. 5
�inset�. It can be well described with Q1=0.013, Q2=0.07,
E1=185 K, and E2=1520 K at temperatures below 450 K.
The relative difference between E2 and E1 values of about
eight times is comparable with the LDA�U calculation
predictions.12

At higher temperatures the calculated curve with a fixed
E2 value shows a slight nonlinear deviation from the experi-
mental Bx2 dependence. This indicates a presence of two
processes in the behavior of the population of the HS state x2
with a temperature increase—a broad-range thermal excita-
tion and a sharper change due to the semiconductor-metal
transition at T�450 K. For the better description of the ex-
perimental data, one can assume that the E2 value undergoes
some change in the vicinity of the S-M transition. The E2�T�
dependence calculated with Eq. �3� and Bx2�T� dependence
is shown in Fig. 5 �inset�. It decreases from the initial
1520 K value to about 1380 K in the temperature range
450–650 K and increases at higher temperatures back to
about 1500 K. The populations of the IS and HS states fi-
nally calculated from Eqs. �2� and �3� for the models with the
fixed E1 , E2 values and also with E2�T� dependence �Fig. 5�
are shown in Fig. 6. They differ rather little in the S-M
transition region.

In addition we also tested the model with orbitally degen-
erate IS and HS states with �1=9 and �2=15. It gives a
significantly worse fit of the susceptibility in comparison
with the LS-IS-HS model without orbital degeneracy �see
Fig. 5�.

The quantity Q= �V−VT� /VT, characterizing the anoma-
lous thermal expansion of the unit-cell volume due to spin-
state transitions contains the normal thermal expansion term
VT due to phonons. The VT value depends on the unit-cell
volume at T=0, thermal expansion coefficient, and Debye
temperature.7 Among these, the high pressure affects most

FIG. 5. Left panel: the corrected magnetic susceptibility of
LaCoO3. Right panel: the anomalous part of the thermal expansion
of LaCoO3 at ambient pressure. The dashed line represents the fit
by the LS-IS model without orbital degeneracy ��1=3�, dotted line
— the fit by the LS-IS-HS model without orbital degeneracy ��1

=3 and �2=5� with fixed E1, E2, solid line—the fit by the LS-IS-HS
model with a temperature-dependent E2, dash-dotted line—the fit
by the orbitally degenerate LS-IS-HS model ��1=9 and �2=15�.
The inset in the left panel: the temperature dependence of Bx2

= �
T−AQ� �black line� and its fit using Eq. �3� �gray line�. Inset in
the right panel: the temperature dependence of the LS-HS energy
splitting E2.
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strongly the unit-cell volume, while two latter parameters are
rather weak functions of pressure.46,47 Therefore in a good
approximation the VT value for the considered pressure range
up to 4.5 GPa can be calculated by simple scaling of the
unit-cell volume at T=0 obtained from low-temperature data.
The obtained in such a way Q�T� dependences at different
pressures for low-temperature �16–250 K� and high-
temperature �300–905 K� ranges are shown in Fig. 7.

Since the population of the HS state in the 16–250 K
temperature range is close to zero, low-temperature Q�T�
data were used for the calculation of E1 and Q1 parameters
�Table I� with Eqs. �2� and �3�. Subsequently, the E2 and Q2
parameters �Table I� were refined from high-temperature data
using the known pressure behavior of E1 and Q1 values. The
good description of the experimental data with the
temperature-independent E1 , E2 values was obtained �Fig.
7�. Both LS-IS and LS-HS energy splittings increase sub-
stantially under high pressure �Fig. 8� with a larger
d ln E1 /dP=0.37 GPa−1 value in comparison with d ln E2 /
dP=0.23 GPa−1. The obtained value of d ln E1 /dP is com-
parable with the averaged d�ln �1� /dP�0.5 GPa−1 evalu-
ated for the volume-independent part of the LS-IS energy
splitting from the magnetization measurements for the

smaller pressure range 0–1.8 GPa in the LS-IS model with
elastic energy contribution.30 In that approach some devia-
tion of the �1�P� dependence from the linear law character-
istic for our E1�P� data was found.

The calculated temperature dependences of the LS, IS,
and HS states populations under high pressure are shown in
Fig. 6. They were obtained assuming the linear pressure de-
pendence of E1 and E2 parameters �Table I�. With increasing
pressure the IS and HS states are depopulated in favor of the
LS ground state. In the low-temperature region T�250 K,
where the population of the HS state is negligible, the popu-
lation of the LS state progressively increases and that for the
IS state decreases.

For ambient pressure it was found that the spin-state tran-
sitions affect mostly the thermal expansion of the Co-O bond
length while the Co-O-Co bond angle temperature depen-
dence follows the normal way expected from the phonon
contribution only.7 We also found that the temperature de-
pendences of the Co-O bond length at different pressures
resemble the unit-cell volume expansion containing the ad-
ditional contribution due to spin-state transitions while those
of the Co-O-Co bond angle do not exhibit any anomalies.

B. Raman spectra and semiconductor-metal transition

The Raman spectra of LaCoO3 measured at selected tem-
peratures under the external sample heating are shown in

FIG. 6. The populations of LS, IS, and HS states at ambient and
high pressures.

FIG. 7. The anomalous part Q of the thermal expansion of
LaCoO3 at different pressures obtained in the low-temperature
10–250 K and high-temperature 300–900 K �inset� ranges. The
solid lines represent the LS-IS-HS model fits as described in the
text. The dashed line in the inset is the expected low-temperature
behavior of Q at P=3.7 GPa.

TABLE I. The obtained LS-IS, LS-HS splitting energies and Q1,
Q2 parameters at different pressures for LaCoO3.

P �GPa� E1 �K� E2 �K� Q1 Q2

0 185 1520 0.0130 0.070

2.8 405 0.0088

3.7 445a 2820 0.0085a 0.069

4.5 485 0.0083

aCalculated from experimental E1�P� and Q1�P� dependences.

FIG. 8. Left panel: pressure dependences of the LS-IS and
LS-HS energy splittings. Right panel: the calculated temperature
curves of magnetic susceptibility at different pressures with con-
stant LS-IS and LS-HS �dashed curves� and temperature-dependent
LS-HS �solid curves� energy splittings.
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Fig. 9. Two broad modes and a sharper mode, located at
�645, 565, and 420 cm−1, respectively, were observed. In
the notation of work,27 they can be assigned to A2g breathing,
Eg quadrupole �JT� and Eg bending modes. In the rhombo-

hedrally distorted perovskite structure of the R3̄c symmetry
the Raman active modes are A1g+4Eg. The observation of

the A2g and quadrupole �JT� Eg modes inactive for the R3̄c
indicates the presence of the distortions lowering the sym-
metry of the local crystal structure. The JT distortions and
relevant eg orbital order of Co3+ ions in the IS state may be
an origin of the local symmetry lowering.12,20,27

A sharp decrease of the A2g breathing and quadrupole �JT�
Eg modes intensities was observed at T�425 K. It correlates
with the drop of the dc resistivity during the S-M transition
�Fig. 9, inset�, which was measured simultaneously with the
Raman spectra. At T�570 K both peaks nearly disappear. A
similar effect was also observed in the experiments with a
laser surface heating,29 although in that study the resistivity
behavior with the temperature increase was not controlled
and the sample surface temperature was estimated from the
anti-Stokes Raman signal only.

The Raman spectra of LaCoO3 in the metallic phase re-
semble that of metallic rhombohedral La1−xSrxCoO3 �Ref.
27� with one resolved Eg bending mode in the

250–900 cm−1 range and become consistent with the R3̄c
symmetry. The suppression of the local distortions character-
istic for the semiconducting phase would be a reason for the
observed change of the LS-HS energy splitting during the
gradual S-M transition.

The Raman spectra of LaCoO3 at ambient temperature
and high pressures up to 17.5 GPa �Fig. 10, inset� are similar
to those obtained at ambient pressure. Due to additional
background from diamond anvils, the peak with a smallest
intensity corresponding to the Eg bending mode located at
�420 cm−1 cannot be resolved with a desirable accuracy.
The frequencies of the A2g breathing and quadrupole �JT� Eg
modes increase nearly linearly under pressure �Fig. 10�. The
calculated Grüneisen parameter i=−��ln �i� /� ln V values
for these modes are 1.3 and 1.0, respectively. The values 
�1 are characteristic for internal vibrational modes, while
the case �1 generally corresponds to external modes, such
as rigid rotations.48

At P=2.5 GPa on heating a sharp decrease of the A2g
breathing and quadrupole Eg �JT� modes intensities was ob-
served at T�550 K �Fig. 10�. Since a suppression of these
modes correlates with the gradual S-M transition, this im-
plies the noticeable increase of the S-M transition tempera-
ture from 425 to 550 K with dTS-M/dP�50 K/GPa.

IV. DISCUSSION

Previously, spin-state transitions in LaCoO3 were ana-
lyzed in terms of the three-level LS-IS-HS model with elastic
energy contribution13,7 and also the two-level LS-IS
model.16–18 The LS-IS-HS model with volume-dependent
elastic energy terms incorporated to LS-IS and LS-HS split-
tings could not correctly reproduce the temperature behavior
of the magnetic susceptibility and thermal expansion. Only
the introduction of additional correction terms in rather arbi-
trary form dependent on the population of the HS state x2
�Ref. 13� or on both IS and HS states x1 and x2 �Ref. 7�
improves the description of the experimental data. However,
such a correction affects strongly the temperature depen-
dence of energy splittings, so the LS-HS splitting changes
nearly by an order of magnitude in the 0–800 K range,13

while without such corrections both splittings were much
weaker functions of temperature. The two-level LS-IS model
with a constant energy splitting was found to work well for
intermediate temperatures T�350 K, but it fails to repro-
duce consistently the behavior of the susceptibility and ther-
mal expansion at higher temperatures. To overcome this, ei-
ther a change of the degeneracy of the IS state from 3 to 9 or
an unreasonably strong T dependence of the LS-IS energy
splitting changing from 200 to 2000 K in the 0–1000 K tem-
perature range were assumed.16,17 However, the LS-IS model
remains to be inconsistent with the particular behavior of
x-ray absorption and photoemission spectra8–10,14,15 as well
as the considerable increase of the effective paramagnetic
moment in the vicinity of the high-temperature susceptibility
anomaly.4

In the present study by solving of the system of linear
equations �2� and �3� without a priori model assumptions

FIG. 9. Temperature dependencies of Raman spectra and resis-
tivity �inset� of LaCoO3 at ambient pressure.

FIG. 10. Left panel: pressure dependences of A2g breathing and
quadrupole �JT� Eg mode frequencies of LaCoO3 and Raman spec-
tra of LaCoO3 at different pressures and ambient temperature �in-
set�. Right panel: temperature dependencies of Raman spectra of
LaCoO3 at P=2.5 GPa.
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about volume or temperature dependence of energy split-
tings, we found that the susceptibility and thermal expansion
of LaCoO3 can be successfully described with the constant
LS-IS and weekly temperature-dependent LS-HS energy
splittings. This implies that the contribution of the elastic
energy to energy splittings considered in13,7 and neglecting
the possibility of local site relaxation, is an overestimation.

An alternative scenario of the spin-state transitions in
LaCoO3 was recently proposed from ESR data.21 The ob-
served at low T�50 K first excited triplet state of Co3+ with
the zero-field splitting of 0.6 meV was attributed to the HS
state, which splits by spin-orbit coupling into the lowest-
lying triplet and higher-lying quintet and septet correspond-

ing to the effective total angular momentum values J̃=1, 2,
and 3.21,22 The splittings between triplet and quintet and
quintet and septet are 2� and 3�, where the spin-orbit cou-
pling constant ��150 cm−1=215 K.22 With a triplet located
at E�180 K above the ground state one can get the suscep-
tibility values several times exceeding the experimental ones
with g factors values of 3.5 or even 2. The IS state is ex-
pected to split by spin-orbit coupling into singlet, triplet, and
quintet with a lowest quintet.22 The distance between quintet
and triplet is similar to that of the HS case and the singlet
state is nonmagnetic. The calculated susceptibility for this
case also gives several times overestimation in comparison
with the experimental data.

In this and previous investigations7,13,16–18 it was found
that the susceptibility of the LaCoO3 in the extended tem-
perature range can be described reasonably well with the
g-factor value g�2. The g=2 was also found from the ESR
study of the related compound La0.9Sr0.1CoO3.49 The
La0.9Sr0.1CoO3 is paramagnetic over the 0–800 K tempera-
ture range with Co3+ ions in the IS state and it does not
exhibit spin-state transitions.50 The contrasting ESR value21

g�3.5 obtained at low temperatures implies a possible de-
pendence of the electronic configuration of Co3+ ions in
LaCoO3 on the population of the magnetic excited states. For
the temperature range T�50 K of the ESR study21 a number
of Co3+ ions in the first magnetic excited state x1�7%, and
they are expected to behave like isolated noninteracting im-
purity centers imbedded in the nonmagnetic LS ions lattice
with negligible electron-electron correlation effects due to
p-d hybridization with oxygen ligands. For this case, a ther-
mal excitation of the localized electronic levels stabilized by
spin-orbit coupling is quite natural. The relevant electronic
configuration of Co3+ may be described as the spin-orbit split
HS state with a considerable contribution to the g-factor
value from orbital momentum.

With a further temperature increase the population of
magnetic Co3+ ions grows rapidly and the formation of lat-
tice states �bands� occurs. Due to enhanced hybridization be-
tween Co eg and O 2p orbitals the IS state is stabilized, as
found from LDA�U calculations12 and supported by numer-
ous recent investigations.13–20 The HS state has less hybrid-
ization channels and it is shifted to higher energies in com-
parison with the IS one.12 Such a scenario is supported by
Raman spectroscopy27 and inelastic neutron-scattering
investigations,51 which have shown that phonon modes asso-
ciated with CoO6 octahedra vibrations remain nearly con-

stant for T�50 K but they undergo remarkable softening at
higher T over the whole Brillouin zone. These observations
reflect the appearance of local intramolecular distortions ex-
pected for the JT effects associated with the populated IS
state. These distortions along with the strong p-d hybridiza-
tion between O and Co ions are expected to reduce the or-
bital momentum contribution to the total angular momentum
and lift orbital degeneracy.22,12,16–18 The lifting of orbital de-
generacy is also expected for the HS state since its popula-
tion occurs in the distorted structural network of surrounding
Co3+ ions in the IS state. Thus, for intermediate and high-
temperature range �T�50 K� the approach with threefold
and fivefold spin degenerate and orbitally nondegenerate
magnetic excited states of IS and HS nature and g�2 seems
to be more appropriate for the description of magnetic sus-
ceptibility and thermal expansion of LaCoO3. It is also in
better agreement with photoemission and x-ray absorption
spectroscopy results, implying a different electronic configu-
ration of Co3+ ions in two magnetic excited states.8–10,14,15

From a conventional ligand field theory, using the crystal-
field splitting value of about 2 eV �Ref. 15� at ambient pres-
sure and the pressure dependence of the Co-O distance one
can estimate with Tanabe-Sugano diagrams22 the changes in
E1 , E2 due to the increase of the crystal-field splitting to be
about d ln E1,2 /dP�0.95 and 0.28 GPa−1, respectively, for
the ideal cubic octahedral geometry. While this theory gives
a reasonable estimation comparable with the experimental
value d ln E2 /dP=0.23 GPa−1 for the HS state, its prediction
for the IS state is more than twice larger than the experimen-
tal value d ln E1 /dP=0.37 GPa−1. It is well known that from
the conventional ligand field theory only LS and HS ground
states are possible.22 The IS state is stabilized by strong hy-
bridization between 3d orbitals of cobalt and 2p orbitals of
oxygen12 and consideration of this effect would give a more
reasonable estimation for the high-pressure behavior of
LS-IS energy splitting.

The observation of the A2g and quadrupole �JT� Eg modes

forbidden for the R3̄c symmetry in the Raman spectra of
LaCoO3 over the 0–17.5 GPa pressure range and ambient
temperature reflects the presence of the local structural dis-
tortions associated with the eg orbital order of Co3+ ions in
the IS state.12,20,27 While from the high-resolution x-ray-
diffraction data23 the long-range character of the eg orbital
order was claimed but later inelastic neutron-scattering
investigations20 were consistent with the short-range charac-
ter of the orbital order. Additional insight in the eg orbital
order nature can be obtained from the neutron diffraction
data, which provides a much more sensitive probe of the
oxygen structural parameters in the presence of heavy atoms
than the x-ray diffraction. For this purpose, we treated the
diffraction pattern obtained at ambient conditions �Fig. 2�
using the alternative monoclinic structural model of the I2/a
symmetry, proposed from the x-ray-diffraction study.23 In
this model there are three pairs of nonequivalent Co-O
bonds, the out-of-plane Co-O1 and in the ab plane the
Co-O2a,b. For a comparison, in the conventional rhombohe-
dral model CoO6 octahedra are isotropic with equivalent val-
ues of all bond lengths Co-O and angles Co-O-Co. Both
models give nearly the same refinements quality with Rp
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=8.48%, Rwp=7.43% �R3̄c�, and Rp=8.51%, Rwp=7.4%
�I2/a�. Although the unit-cell parameters obtained for the
monoclinic model, a=5.3835�8� Å, b=5.4252�8� Å, c
=7.6824�14� Å, and �=91.09�3�° are similar to those from
Ref. 23, the relative difference between the Co-O bond
lengths, lCo-O1=1.930�3� Å, lCo-O2a=1.924�3� Å, and lCo-O2b
=1.937�3� Å is much smaller than that found in Ref. 23. The
average values of the Co-O distances and Co-O-Co angles,
lCo-O=1.930 Å and �Co-O-Co=165.33°, as well as the unit-cell
volume per molecular unit Vm=56.084 Å3, are nearly identi-
cal to that of the rhombohedral model, lCo-O=1.930 Å,
�Co-O-Co=165.30°, and Vm=56.085 Å3. The calculated dis-

tortion parameter �JT=	1
3
i��lCo-O�i− �lCo-O��2=0.0053 Å is

comparable with one52 0.0026 Å for the orthorhombic
CaMnO3, which contains JT inactive Mn4+ ions and much
smaller than that found from the x-ray diffraction for
LaCoO3 at ambient temperature, �JT=0.0488 Å.23 For a
comparison, in the case of the classical JT system LaMnO3
with the static long-range eg orbital order the value �JT
=0.1139 Å was obtained from neutron diffraction data of
similar quality.53 Therefore, the small value of �JT obtained
from our data supports the conclusion of the inelastic
neutron-scattering study20 that the eg orbital order in LaCoO3
due to JT distortions has the short-range dynamic character,
in contrast to the x-ray-diffraction result.23

The obtained from structural data pressure dependencies
of LS-IS and LS-HS energy splittings E1,2 �Table I� and
E2�T� dependence �Fig. 5� allow one to calculate the mag-
netic susceptibility of LaCoO3 at different pressures �Fig. 8�.
A large decrease of the maximum of the low-temperature
susceptibility peak, its broadening and shift to higher tem-
perature are found. For the temperature range up to 350 K,
these features are in good agreement with the behavior of the
experimental susceptibility data30 obtained at high pressures
up to 1.8 GPa. The high-temperature anomaly in calculated
curves becomes less pronounced and for P�1.8 GPa the
results obtained with temperature-dependent and constant E2
are nearly identical. Such a behavior correlates also with the
absence of the well-defined high-temperature anomaly in the
experimental anomalous thermal expansion data obtained at
P=3.7 GPa �Fig. 7� and it can be explained by a substantial
increase of both E1,2 energy splittings under pressure.

It is interesting to compare pressure-induced changes of
the LS-IS energy splittings and the S-M transition tempera-
ture in LaCoO3 with chemical substitution effects in
La1−xEuxCoO3 compounds �isostructural for x�0.25�,17 also
leading to the decrease of the unit-cell volume. As in Ref. 17
only the LS-IS energy splitting as a function of Eu doping
was analyzed, no comparison can be made for the LS-HS
one. The values d ln E1 /d ln V=−97 and d ln TS-M/d ln V=
−4.5 for La1−xEuxCoO3 are drastically different from those
corresponding to the application of high pressure for
LaCoO3, d ln E1 /d ln V=−56 and d ln TS-M/d ln V=−18. It is
known that the reduction of the R-cation ionic radius in
RCoO3 leads to the pronounced decrease of the Co-O-Co
bond angle, while the Co-O bond length remains nearly
unchanged.54 In contrast, the application of high external
pressure leads mostly to the decrease of the Co-O bond
length, while the Co-O-Co angle increases rather weakly.

Such contrasting structural responses due to chemical substi-
tution and the application of high pressure result in the dif-
ferent modification of the p-d hybridization strength and
charge carriers bandwidth and consequently in different be-
havior of LS-IS energy splitting and TS-M values as functions
of the unit-cell volume.

The resistivity �Fig. 9� and thermopower55 of LaCoO3 do
not show a sharp but rather a smooth decrease during the
gradual semiconductor-metal transition. Such a behavior im-
plies that the S-M transition goes through a formation of a
phase-separated mixture where the volume fraction of metal-
lic clusters grows gradually to beyond percolation with a
temperature increase.55 The metallic clusters are assumed to
occur due to the transformation of localized � bonding eg
states of IS Co3+ ions into the itinerant electron �* band.55

Such a mechanism is supported by the disappearance of vi-

brational modes forbidden for the R3̄c symmetry and associ-
ated with the JT active IS Co3+ ions at the S-M transition.
The considerable increase of the LS-IS energy splitting under
high pressure leads to the sharp depopulation of the IS state
and the rapid increase of the S-M transition temperature.
Generally the thermally driven S-M transition is character-
ized by negative dTS-M/dP values in transition-metal
oxides.56 In contrast, a positive dTS-M/dP�50 K/GPa value
was obtained for LaCoO3. This fact requires further detailed
investigations.

V. CONCLUSIONS

The results of our study show that the susceptibility and
thermal expansion of LaCoO3 at high pressures can be de-
scribed successfully by a thermal excitation of the LS cobalt
species to orbitally nondegenerate magnetic states with dif-
ferent electronic configuration �IS and HS�, while the model
considering the excitation between spin-orbit multiplets be-
longing to the same magnetic state �either IS or HS� cannot
reproduce the experimental data.

An application of high pressure leads mainly to the de-
crease of the Co-O bond lengths, while Co-O-Co bond
angles change insignificantly. Such structural modifications
lead to the rapid increase of energy splittings between the
ground state and both excited states. The pressure behavior
of LS-HS energy splitting is comparable with a prediction of
a conventional theory for the crystal field with an ideal cubic
octahedral geometry, while for the LS-IS one this theory
gives about a twice large overestimation. This suggests the
importance of the consideration of p-d hybridization effects
for the latter case.

The semiconductor-metal transition correlates with the
suppression of A2g breathing and quadrupole �JT� Eg Raman

modes forbidden for the ideal R3̄c symmetry and arising due
to local structural distortions associated with the short-range
eg orbital order of Co3+ ions in the IS state. The Raman
spectra of LaCoO3 in the metallic phase resemble that of
metallic doped La1−xSrxCoO3 compounds, indicating freez-
ing out of the local structural distortions. The semiconductor-
metal transition temperature increases substantially under
high pressure, as a consequence of the depopulation of the IS
state.
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