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Generalized gradient approximation �GGA� +U electronic-structure calculations evidence that the recently
observed simultaneous metal-insulator and spin-state transition in perovskite cobaltite Pr0.5Ca0.5CoO3 is ac-
companied by a charge transfer between Pr and Co cations from 0.5 Pr3++Co3.5+ toward 0.5 Pr4++Co3+. The
metal-insulator transition is a result of the interplay between covalency of the Pr-O bond and increasing
stability of the insulating low-spin configuration with decreasing valency of Co cation. Our calculations
explain why this type of transition is encountered in the Pr-based system only.
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I. INTRODUCTION

Heavily doped perovskite cobaltites such as La1−xSrxCoO3
�x�0.2� are ferromagnetic metals with Fermi level domi-
nated by a hybridized Co�3d�-O�2p� band. The cobalt
ground state is defined as t2g

5 �1−x and the carriers can be
viewed as low spin �LS S=1 /2, t2g

5 � Co4+ ions moving in the
matrix of intermediate spin �IS S=1, t2g

5 eg
1� Co3+ ions. The

isovalent substitution of La or Sr by smaller rare-earth or Ca
cations results in a decrease in the carrier mobility due to
increasing tilt of the CoO6 octahedra and subsequent de-
crease in the bandwidth. Finally, a new highly resistive
ground state, consisting of a mixture of LS �t2g

6 , S=0� Co3+

and LS Co4+ ions, is stabilized. This compositional transition
is encountered in the Ln1−xCaxCoO3 system between Ln
=Nd and Sm.1 The experiments, performed on
Sm0.7Ca0.3CoO3, suggest that the spin state of cobalt only
slowly varies with temperature, reflecting a thermal excita-
tion from the diamagnetic LS Co3+ to closely lying paramag-
netic Co3+ states of IS or high spin �HS S=2, t2g

4 eg
2� character.

This reminds the well-known situation in pure or lightly
doped LaCoO3.2

The present study concerns rather unique case of the
praseodymium-based system at x�0.5 that deviates from the
above-mentioned trend in Ln1−xCaxCoO3 with the Ln size.3,4

At ambient temperature, the spin states are of the Co3.5+

�t2g
5 �0.5� character with dominant ferromagnetic �FM� inter-

actions, similar as in the systems based on the larger-size
lanthanum or smaller-size neodymium. On cooling, just be-
fore the FM ground state is expected to be formed, the
Pr0.5Ca0.5CoO3 compound undergoes a simultaneous spin-
state and metal-insulator �M-I� transition at 90 K. It is mani-
fested by a pronounced peak of the specific heat, drop of the
paramagnetic susceptibility, and volume contraction to about
2%. A similar transition has been later observed on less
doped samples Pr1−xCaxCoO3 �x=0.3� under high pressures
or upon a partial substitution of praseodymium by smaller
rare-earth cations or yttrium.1,5,6 The cobalt states in the low-
temperature phase have been interpreted as a mixture of LS
Co3+ and LS Co4+ ions, which seemingly fits the effective
paramagnetic moments actually observed below TMI. We ar-
gue, however, that the susceptibility data are influenced by
FM clustering due to traces of supercooled high-temperature
phase and a clue to the true ground state in Pr0.5Ca0.5CoO3

are the published structural data obtained by means of neu-
tron diffraction.3,5,7,8

The structural changes that accompany the M-I transition
are summarized in Fig. 1. The Pr-O bond lengths and Co-
O-Co angles decrease abruptly on cooling below 100 K,
which causes the volume contraction of Pr0.5Ca0.5CoO3. On
the other hand, Co-O bond lengths even seem to increase at
this temperature, though the change may be insignificant.
Based on these facts we suggest that the formal cobalt va-
lency is decreased below TMI from mixed-valency Co3.5+ to-
ward pure Co3+ with strong preference for LS state and the
praseodymium valency is simultaneously changed from Pr3+

toward Pr4+ of smaller ionic size. The spin-state transition
and formation of an insulating state in Pr0.5Ca0.5CoO3 is thus
an analogy of the compositional transition from the ferro-
magnetic metal La0.5Sr0.5CoO3 to diamagnetic insulator
LaCoO3.2,9 To provide a support for such interpretation and
demonstrate the unique role of praseodymium in the M-I
transition, we have undertaken comparative ab initio
electronic-structure calculations for systems Pr0.5Ca0.5CoO3
and Nd0.5Ca0.5CoO3.
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FIG. 1. The temperature dependence of average Co-O ��, 6��
and Pr-O ��, 8�; the four remaining Pr-O distances are considered
as nonbonding� bond lengths and Co-O-Co bond angles ��� in the
orthoperovskite structure of Pr0.5Ca0.5CoO3 taken from Ref. 5 �full
symbols� and Ref. 8 �open symbols�.
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II. METHOD OF CALCULATION

The calculations were done with the WIEN2K program.10

This program is based on the density-functional theory
�DFT� and uses the full-potential linearized augmented plane
wave method with the dual-basis set. The core states were
defined as an electronic configuration �Kr, 4d10� for Pr and
Nd, �Ne� for Ca, �Ne, 3s2� for Co and as �He� for O atoms.
The valence states included 3p, 3d, and 4s orbitals for Co;
5s, 5p, 4f , 5d, 6s, and 6p for Pr and Nd. The cell was
selected of the same size as the crystallographic Pnma one,
containing 4 f.u. Pr0.5Ca0.5CoO3 �20 atoms in cell, 178 va-
lence electrons�. The Pr �or Nd� and Ca were distributed in a
regular rock-salt manner. All calculations were spin polar-
ized. For the exchange-correlation potential the generalized
gradient approximation �GGA� form was adopted.11 The ra-
dii of the atomic spheres were taken 2.3 a.u. for Pr, Nd, and
Ca, 1.9 a.u. for Co, and 1.6 a.u. for O. To improve the de-
scription of Pr 4f and Co 3d electrons we used the GGA
+U method, which corresponds to local-density approxima-
tion �LDA+U� method described in12,13 with the GGA cor-
relation potential instead of LDA. A wide range of U was
tested for Pr �1.4–12.2 eV� and for Co �1.4–6.8 eV�. The
presented results were obtained with U=6.8 eV for Pr and
Nd, U=2.7 eV for Co, and J=0.95 eV for both.

Resolving the temperature dependence with the DFT-type
method, which basically concerns the ground state, is based
on assumption that the changes in electronic structure are
driven by the temperature evolution of the crystal structure,
and the entropy part of the free energy is marginal. This
approach was successfully applied, e.g., for the study of spin
transitions in LaCoO3.14–16 The application of this approach
in the present case of Pr0.5Ca0.5CoO3 is even more justifiable
since the change in the crystal structure at TMI is abrupt in
comparison with a smooth evolution of the LaCoO3 structure
at the spin-state transitions. Namely, the electronic-structure
calculations of Pr0.5Ca0.5CoO3 were performed by adopting
the crystal structures determined experimentally at tempera-
tures 10, 60, 100, and 300 K in Ref. 5. To investigate the
effect of the Ln cation, the structures with identical CoO6
coordination but with the cell volume contracted by 0.5%
were anticipated for Nd0.5Ca0.5CoO3, taking into account that
the volume difference between PrCoO3 and NdCoO3 is
�1%,17 and the position of Nd atom was optimized during
calculation.

III. RESULTS AND DISCUSSION

The local spin moments, calculated for the Pr �or Nd� and
Co sites, as well as the total moment per f.u. are collected in

Table I. There is a marked change in the total spin moment in
Pr0.5Ca0.5CoO3 from 2.5�B at 100 and 300 K to 0.5�B at 10
and 60 K, which reproduces well the experimentally ob-
served transition temperature TMI. On the other hand, in the
case of Nd0.5Ca0.5CoO3 the magnetic moment per f.u. has a
constant value 3�B for all temperatures. The results show
further that the decrease in the total magnetic moment in
Pr0.5Ca0.5CoO3 arises mainly due to a drop of spin moment
of Co from �1.5 to �0 but there is also a significant contri-
bution of a decrease in Pr moment from �2 to �1.4.

The decrease in the praseodymium moment is primarily
caused by a change in 4f states occupation, which is repro-
duced in the GGA+U calculations for all realistic values of
the parameter U,18 and it is not encountered in the
Nd0.5Ca0.5CoO3 system with the Nd3+ ions of 4f3 electron
configuration, see Fig. 2. Simultaneously, the occupation of
the hybridized Co�3d�-O�2p� orbitals in Pr0.5Ca0.5CoO3 in-
creases with decreasing temperature. These findings are con-
sistent with our idea that the cobalt spin-state transition in
Pr0.5Ca0.5CoO3 at TMI=90 K is conditioned by a transfer of
electron holes from cobalt to the praseodymium sites.

The details of the phase transition in Pr0.5Ca0.5CoO3 in
distinction to conventional situation in Nd0.5Ca0.5CoO3 be-
come more apparent by inspection of the density of states
�DOS�, displayed in Fig. 3. The Co�3d� and O�2p� bands of
Pr0.5Ca0.5CoO3 at 300 K �Fig. 3�b�� are broad, indicating
strong hybridization between these atoms. Finite DOS at EF
in majority spin is contributed by the � states formed by eg
orbitals, while the minority spin bands, contributed mainly
by t2g orbitals, show a gap. Certain degree of hybridization is
evident also for the occupied Pr�4f� states, which are broad
and only �0.5 eV below Fermi level. The character of
Co�3d�-O�2p� band of Nd0.5Ca0.5CoO3 �Fig. 3�d�� is very
similar to that of Pr0.5Ca0.5CoO3, but significant difference is
in the character of the occupied Nd�4f� band, which is lo-

TABLE I. Calculated spin moments of Pr0.5Ca0.5CoO3 and Nd0.5Ca0.5CoO3 �in �B�.

T
�K�

Pr0.5Ca0.5CoO3 Nd0.5Ca0.5CoO3

Total Pr��0.5� Co��1� Total Nd��0.5� Co��1�

10 0.50 1.39 −0.12 3.00 2.96 1.40

60 0.50 1.39 −0.12 3.00 2.96 1.40

100 2.50 1.97 1.46 3.00 2.96 1.42

300 2.50 1.97 1.48 3.00 2.97 1.47
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FIG. 2. Dependence of Pr �full symbols� and Nd �open symbols�
f-orbital occupation on parameter U for 300 K ��� and 10 K ���.
The value of U used for calculation is indicated.
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cated deeply below Fermi level and is narrow since its over-
lap with oxygen bands is obviously small. As regards the
empty Pr and Nd bands, there are both about 4 eV above EF.

The different character of the occupied Pr and Nd f bands
in Pr0.5Ca0.5CoO3 and Nd0.5Ca0.5CoO3 at 300 K is crucial for
the evolution of the respective DOS at lower temperature.
The occupied Nd�4f� band at 10 K �Fig. 3�c�� becomes
broader due to the shortening of Nd-O bonds but it still com-
pletely remains below the Fermi level thus keeping its occu-
pation f3. The character of Co�3d�-O�2p� band remains prac-
tically unchanged. On the other hand, the occupied Pr�4f�
band at 10 K splits and a part of originally occupied states
shifts above Fermi level �Fig. 3�a��. The electrons from
Pr�4f� band move to the hybridized Co�3d�-O�2p� band. A
gap opens in Co-O band in both the majority and minority

spins. The replacement of broad Co-O band by a narrow Pr
band around and above Fermi level explains an increase in
resistivity observed in the experiment.

The magnitude of the Co�3d�-O�2p� band gap at T
=10 K depends on the chosen value of the parameter U for
the corresponding orbital. In our case the gap is �0.9 eV for
U=2.7 eV and it opens wider with increasing U while the
half-metallic character at T=300 K is preserved. There is no
unique value for U but the chosen value is close to the lower
limit of U for Co in oxides �for discussion see, e.g., Ref. 19�.

To estimate quantitatively what is the actual charge trans-
fer is a more complex task in the GGA+U calculation. Un-
like the spin density which is �97–98% confined in atomic
spheres, the charge density of valence electrons is distributed
over the whole lattice. The number of electrons allocated to
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individual cations, and consequently the charge of the cation,
thus depends to some extent on the radius of chosen atomic
spheres. A more suitable method to quantify the atomic
charges is the atoms-in-molecule �AIM� concept of Bader.20

In this approach the unit cell is divided into regions by sur-
faces that run through the minima in the charge density. A
region enclosed by such boundary surfaces and containing
one nucleus is referred to as a Bader region. By integrating
the electronic density within the Bader region the total ex-
cess charge on a given site can be calculated. The advantage
of this method is that the analysis is based solely on the
charge density so it is independent on the basis set and
atomic spheres used.

The resulting atomic charges for Pr0.5Ca0.5CoO3 and
Nd0.5Ca0.5CoO3 are displayed in Table II. The calculated
charges differ from the ideal ones due to hybridization be-
tween cations and oxygen. The ratio of the AIM and ideal
charge may be regarded as the degree of hybridization. At
300 K this ratio is similar both for Pr0.5Ca0.5CoO3 and
Nd0.5Ca0.5CoO3, namely, 0.79 for Ca2+, 0.70 for Pr3+ and
Nd3+, and 0.44 for Co3.5+.

The temperature variation in the atom charges in
Nd0.5Ca0.5CoO3 is very small and can be associated with

slightly increasing hybridization due to the shortening dis-
tances between atoms with decreasing temperature. In the
case of Pr0.5Ca0.5CoO3 the charge of Pr significantly in-
creases between 100 and 60 K from 2.09 to 2.29. An oppo-
site and smaller change is observed for Co, whose charge is
decreasing from 1.52 to 1.48. The oxygen charge variation is
only subtle, it slightly increases with decreasing temperature
contrary to the trend in Nd0.5Ca0.5CoO3. When the neody-
mium system is taken as reference, it is evident that the shift
of Pr and Co charges cannot be explained by a change in a
degree of hybridization but it must be attributed to the charge
transfer between Pr and Co.

IV. CONCLUSION

In summary, our spin-polarized GGA+U calculations evi-
dence that the metal-insulator transition in Pr0.5Ca0.5CoO3 is
associated with an electron drain from the praseodymium
positions and formation of a nonmagnetic state on the cobalt
positions. These circumstances are in essential agreement
with an ionic scenario presuming a valence shift from Pr3+ to
Pr4+ and from paramagnetic Co3.5+ �t2g

5 �0.5� to diamagnetic
LS Co3+ �t2g

6 �, though the total charges localized on the re-
spective sites change less than the ideal model supposes due
to the strongly covalent character of the system. Neverthe-
less, the simple ionic picture remains relevant for under-
standing other properties of Pr0.5Ca0.5CoO3 such as the tem-
perature behavior of paramagnetic susceptibility. It is
important to note, that the structural changes as observed in
Pr0.5Ca0.5CoO3, in particular, the contraction of the rare-
earth—oxygen bonds and modified tilt of the CoO6 octahe-
dra, are not themselves sufficient condition for the occur-
rence of the phase transition, as evidenced by the
comparative calculation with Nd instead of Pr, but the influ-
ence of the charge transfer between Pr and Co cations is
essential.
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