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The crystal structure of PrCoO3 has been studied with high-resolution neutron powder diffraction
and pair-distribution-function (PDF) analysis in the temperature range from 12 K to 600 K. The
compound has the orthorhombic (Pbnm) perovskite structure over the entire temperature range.
The temperature dependence of the average Co-O bond length shows clear anomalies near 60 K
and 200 K where anomalous temperature dependences of thermal conductivity and magnetic sus-
ceptibility have been reported. The data show a constant intermediate-spin state fraction within
60 < T < 200 K and excitation of high-spin state Co(III) above 200 K.

PACS numbers: 61.12.Ld, 61.50.Ks, 68.18.Jk, 61.43.Gt

I. INTRODUCTION

The peculiar magnetic and transport properties as-
sociated with the spin-state transition in LaCoO3 have
been continuously attracting much attention since the
1950s.1–8 Whether and where thermal excitation from a
low-spin state to a high-spin state in an octahedral site
passes through an intermediate-spin state is a question
of general interest. Its bulk ground state is a diamag-
netic insulator. With increasing temperature, the mag-
netic susceptibility increases sharply above ∼ 35 K and
reaches a maximum near 100 K followed by a more grad-
ual increase of higher-spin-state ions. Above 500 K, there
is a smooth transition from an insulator to a more con-
ducting phase. Early publications generally followed the
Co(III) LS (low spin, t6e0, S = 0) to HS (high spin, t4e2,
S = 2) scenario based on Goodenough’s original model.1

In 1995, Potze et al.3 proposed a LS to IS (intermedi-
ate spin, t5e1, S = 1) to HS three-spin-state model with
increasing temperature. The IS Co(III) ions are Jahn-
Teller (JT) active whereas the HS Co(III) is a weak JT
ion. Although the LS-IS-HS model has been widely used
to explain various experimental data, the precise picture
of the spin state as a function of temperature is still un-
der hot debate. Evidences for the IS state include op-
tical spectroscopy,9 electron energy-loss spectroscopy10

and neutron analysis.11,12 These findings indicate that
an IS state could be stabilized by local dynamic JT site
distortions. Whereas a magnetic phase has been found
to be associated with the surface state,5,13 and a strain
-induced state,14 these methods provide no distinction
between the IS and HS spin state on Co(III) ions. A
structural determination by diffraction methods can be
used to identify a static IS versus a HS state; but no con-

clusion with regard to this question was made in the pre-
vious neutron diffraction studies.15–17 This failure could
be attributed to (a) the rhombohedral R3̄c symmetry of
LaCoO3 allows only a single Co-O bond length, which
rules out the possibility of a long-range orbital order-
ing and (b) the population of the Co(III) with the IS
spin state is too low for a globally cooperative JT dis-
tortion. On the other hand, Maris et al.18 concluded,
based on a high-resolution x-ray diffraction study, that
the symmetry was lowered to be monoclinic. A continu-
ous increase of site distortion as temperature increases is
not compatible with the population change proposed in
the LS-IS-HS model. In order to fully explore all possible
spin-state transitions without the symmetry restriction of
LaCoO3, we chose to study a similar compound, PrCoO3,
with the Pbnm symmetry that is compatible with either
a dynamic or a cooperative Jahn-Teller (JT) distortion.
Radaelli and Cheong17 pointed out that the significant
structural disorder due to a coexistence of different spin
states should be evident in the atomic displacement pa-
rameters. Unfortunately, they could not support this ar-
gument within the accuracy of their neutron diffraction
study of LaCoO3. However, the subtle correlation be-
tween the spin-state transition and the lattice dynamics
is picked up sensitively by the thermal conductivity κ(T )
measurements of RCoO3.

19 Although the anomaly of κ
at about 35 K in LaCoO3 corresponds well to the spin
state transition, it was a puzzle to assign two anomalies
of κ at about 60 K and 200 K found in PrCoO3.

Whereas the LS state is stabilized at T < 35 K in
LaCoO3, the substitution of La by smaller rare-earth ions
R3+ not only converts the structure from the rhombohe-
dral R3̄c to the orthorhombic Pbnm, but narrows the σ∗

bandwidth so as to stabilize the LS state of the Co(III)
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ions to higher temperatures.20 The narrow temperature
range where the IS state could be possibly observed, may
be squeezed out as the transition from the LS state to
a higher spin state moves to higher temperatures in the
RCoO3 with smaller R3+. Having the Pbnm space group
and exhibiting two anomalies of κ below room temper-
ature, PrCoO3 may be a unique system for the study
of spin-state transitions in the perovskite RCoO3 family.
Here we report a thorough structural study of PrCoO3

by neutron powder diffraction in the temperature range
12 K < T < 600 K. The comparison between the result
of this study and the structural data of LaCoO3 in the
literature not only clarifies the origin of the anomalies of
κ(T ) found in PrCoO3, but confirms a one-step LS to HS
transition in rhombohedral LaCoO3.

II. EXPERIMENTAL DETAILS

The PrCoO3 powder sample was obtained by pulver-
izing single crystals grown by the floating-zone method.
Crystals grown under the same condition have been used
in the physical properties measurements.5,19,20 High-
resolution neutron powder diffraction measurements were
performed from 12 to 600 K using the Special En-
vironment Powder Diffractometer (SEPD) at IPNS,
Argonne National Laboratory.21 Structural refinements
were carried out using the GSAS program with the
EXPGUI interface,22 in which isotropic thermal param-
eters (Uiso) of Co and Pr and anisotropic thermal pa-
rameters (Uaniso) for oxygen were used. The refinement
with Uaniso for oxygen was found to improve significantly
the fitting agreement (an improvement of more than 8%
at high temperatures), indicating the importance of the
anisotropic thermal motions. The final average R-factor
is Rwp = 4.5% with an average χ2 ∼ 1.4.
High quality neutron diffraction data for pair-

distribution-function (PDF) analysis were collected at
some characteristic temperatures from 15 to 300 K using
the high-resolution neutron powder diffraction NPDF at
the Lujan Neutron Scattering Center, Los Alamos Na-
tional Laboratory.23 The total scattering structure func-
tion S(Q), and the corresponding PDF, G(r), as well
as the pair-density-function, ρ(r), for each run were ob-
tained by using the software PDFgetN.24 The data pro-
cessing includes corrections for detector dead time and
efficiency, background, absorption, multiple scattering,
and inelastic effects, and normalization by the incident
flux and the total sample scattering cross section.

III. RESULTS AND DISCUSSION

In the whole temperature range of this study, PrCoO3

remains orthorhombic with the Pbnm space group and no
long-range magnetic ordering was detected (Fig. 1(a)).
The temperature dependence of the lattice parameters
and unit-cell volume of PrCoO3 are shown in Fig. 1(b).

FIG. 1: (color online). (a) Sections of neutron diffraction
patterns and best-fits of PrCoO3. Temperature dependence
of (b) lattice parameters and unit cell volume, and (c) lattice
strain ǫ.

Below 200 K, the a and b axes are almost temperature-
independent while the c axis shows a finite tempera-
ture dependence. Fig. 1(c) shows the temperature de-
pendence of the lattice orthorhombic strain, defined by
ǫ = 2|b − a|/(a + b), which clearly indicates structural
anomalies at about 60 K, 200 K and 525 K.

Figure 2 shows the temperature dependence of the Co-
O bond lengths. In the model with isotropic thermal mo-
tions for oxygen atoms, the CoO6 octahedra are slightly
compressed along the c-axis at low temperature. With
increasing temperature, the two pairs of longer Co-O2
bonds in the ab plane start to split into long and short
pairs with the Co-O1 bond along the c-axis becoming in-
termediate to the two ab-plane bonds above ∼ 225 K.
The difference between the long and the short bonds in
the ab plane becomes larger with increasing temperature.
The fittings with the isotropic thermal parameters give
rise to an apparent distortion of the Co bonding environ-
ment. However, the fittings with the anisotropic thermal
parameters for oxygen atoms show that these distortions
become smaller. The Co-O1 bond lengths along the c-
axis are not affected by the two models.

We discuss two implications of these structural data:
1) Temperature dependence of the lattice parameters. For
ABO3 perovskites with the Pbnm symmetry, the corner-
shared BO6 octahedra involve two fixed rotation axes,
the [001] and [110] directions of the cubic unit cell, de-
scribed by the a−a−b+ tilting system in Glazer notation.
A b > a is always resolved for the structure provided that
the BO6 octahetra are rigid. However, an octahedral-
site distortion that reduces the O2a-B-O2b bond angle
(open along the a axis) from 90◦ leads to a collapse
of b − a and eventually to an a > b. The orthorhom-
bic perovskite phase with an a > b is always found to
be the precursor of a phase transition to the rhombo-
hedral phase with R3̄c symmetry as the tolerance fac-
tor t ≡ (A − O)/[

√
2(B − O)] increases. This structural

rule has been demonstrated for the RM3+O3 perovskites
where R is a rare earth and M is a transition metal.25

The structural change from the orthorhombic PrCoO3
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FIG. 2: (color online) Temperature dependence of the Co-O
bond lengths for PrCoO3, as obtained from GSAS fits to the
neutron diffraction data with (a) isotropic thermal parameters
and (b) with anisotropic thermal parameters for the oxygen
atoms. The inset shows crystal structure with anisotropic
thermal parameters for oxygen. O1 is the oxyegn atom at the
4c site, and O2a and O2b are the oxygen atoms at 8d sites.

with a > b to the rhombohedral LaCoO3 matches the
rule well. On the other hand, the t factor increases as
temperature rises since the thermal expansion of the R-
O bond is larger than that of the M-O bond for almost
all RMO3 perovskites. The t factor increase with tem-
perature is a driving force for the orthorhombic LaGaO3

perovskite with a > b at room temperature to undergo an
orthorhombic-rhombohedral phase transition at T ≈ 413
K.26 The PrCoO3 perovskite has a > b at room tem-
perature, which is similar to LaGaO3. In sharp contrast
to LaGaO3, however, PrCoO3 remains orthorhombic up
to 600 K and a − b decreases at higher temperatures as
shown in Fig.1(c), which indicates that the thermal ex-
pansion of the Co-O bond is larger than that of the Pr-O
bond. This behavior was also observed by Knizek.27 By
using the thermal expansion of the R-O bond as a ref-
erence, we are able in this comparative study to demon-
strate unambiguously an unusually large thermal expan-
sion of the Co-O bond in PrCoO3 due to an increase in
the IS or HS population as temperature increases. This
qualitative conclusion will be further proven in the fol-
lowing by a quantitative study of the Co-O bond length
as resolved by Rietveld refinements.
2) Characterization of the spin state of a Co(III) ion

in terms of the Co-O bond length and its thermal expan-
sion. The LS(t6e0) state is JT inactive, the IS (t5e1) is
JT active and the HS (t4e2) may have a weak JT dis-
tortion. An isolated IS state in a matrix of LS states
may induce only an extremely weak octahedral-site dis-
tortion. Therefore, the transition to a higher spin state
might be better monitored by a precision measurement
of the volume change of the CoO6 octahedra. As shown
in Fig. 2(b), the long Co-O bond calculated by using the
anisotropic U parameter could switch from along the a
axis to along the b as temperature varies, which matches
the intrinsic character of the Pbnm orthorhombic struc-
ture. However, the average Co-O bond length, which is

FIG. 3: (color online) (a)Temperature dependence of the
<M-O> for LaCoO3, PrCoO3, PrGaO3, and PrCrO3; the
solid and open circles are for the <Cr-O> resolved with the
U(O)aniso and U(O)iso, respectively; the <Co-O> is from re-
finements with the Uaniso; the data of LaCoO3 and PrGaO3

are from references.30The windows of the vertical scale in this
plot are set for <Co-O> , <Cr-O> and <Ga-O> to have an
identical range of ∆<M-O>/<M-O>. (b) temperature de-
pendences of thermal conductivity κ and magnetic suscepti-
bility χ. The paramagnetic contribution from Pr3+, which
was obtained from the isostructural PrAlO3 perovskite, has
been subtracted from the χ(T ) of PrCoO3 [19].

related to the volume of CoO6 octahedra, is insensitive to
the choice of the isotropic or anisotropic U parameters.
The average M-O bond length is also not sensitive to the
change of M-O-M bond angle and the magnitude of any
JT distortion as shown by RMnO3

28 and by RFeO3.
29 In

the RCoO3 perovskites, the introduction of antibonding
σ-bond e orbitals with high-spin occupation is a major
factor to increase the average Co-O bond length.
We plot in Fig.3(a) the temperature dependence of

the <M-O> bond length of PrCoO3, LaCoO3, PrCrO3

and PrGaO3. The <Ga-O> of PrGaO3 is selected as
an example to show the regular thermal expansion of an
<M-O> bond since the Ga3+ ion has no spin or orbital
change. The thermal expansion of the <Ga-O> bond
obtained from PrGaO3 appears to be universal for other
RMO3 perovskites as is seen by superimposing the tem-
perature dependence of <Cr-O> in PrCrO3 for temper-
atures at T > TN and T < TN . A bond length reduction
at TN in PrCrO3 can be well-attributed to the exchange
striction in this type-G antiferromagnet. LaCoO3 clearly
has the LS state dominating at T < 35 K. Although
PrCoO3 shows slightly distorted CoO6 octahedra at low
temperatures, the <Co-O>≈ 1.925Å for the LS state
obtained from LaCoO3 is nearly identical with the LS
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<Co-O> of PrCoO3 in Fig.3(a). This observation fur-
ther justifies that the <M-O> bond length is insensitive
to the structural distortion. On the high-temperature
side of Fig. 3(a), it is also widely believed that the HS
state is dominant at T > 300 K in LaCoO3. Therefore,
the phase with a continuous increase of the HS state pop-
ulation is characterized by an anomalously large <Co-
O> bond thermal expansion, which is larger by factor
four than that of a regular <M-O> bond such as <Ga-
O> in PrGaO3. This criterion for excitation to the HS
state drawn from LaCoO3 is nearly perfectly fulfilled for
PrCoO3 at T > 300 K as is also shown in Fig. 3(a).

The curve of <Co-O> versus T in Fig. 3(a) shows a
jump at about 60 K followed by a state having a very
small, negative thermal expansion of the bond over the
temperature range 60 K to 200 K. Moreover, within that
same temperature range, the magnetic susceptibility fol-
lows very closely a Curie-Weiss law, Fig. 3(b). At nearly
the same temperature where the <Co-O> bond length
jumps, the thermal conductivity κ collapses. It is clear
that a small amount of the magnetic Co(III) ions are
created starting a little below 60 K and that the con-
centration of the magnetic ions, about 0.3 IS Co(III)/Co
derived from a Curie-Weiss fitting, remains constant in
the temperature range from 60 to 200 K. Both the IS
and HS states of the Co(III) ion are magnetic. However,
the following considerations make the HS state unlikely
in this temperature range: a) the perovskite phase with
the HS state is characterized by a continuous increase
of the HS Co(III) population with increasing tempera-
ture once the HS Co(III) ions are created, which is well-
demonstrated in LaCoO3 and PrCoO3 at high tempera-
tures; b) although the concentration of magnetic Co(III)
ions in the phase within 60 − 200 K is low relative to
the HS Co(III) ions at high temperature, the average
octahedral-site distortion obtained from the Co-O bond
lengths of Fig. 2(b) in the temperature range 60 to 200
K is much higher than that at high temperatures. The
LS Co-O bond may have a negative thermal expansion
as seen more clearly in LaCoO3 below 35 K. With a
constant, low IS population, the matrix with dominant
LS Co(III) is responsible for the slight negative thermal
expansion observed in PrCoO3 within the temperature
range from 60 to 200 K. In orthorhombic PrCoO3, the
split between x2 − y2 and 3z2 − r2 orbitals of α spin cer-
tainly enhances the possibility that only one of them is
occupied during the thermally dirven spin-state transi-
tion. Moreover, the negative thermal expansion as seen
in <Co-O> versus T of the IS state would shift the on-
set of IS states to higher temperature as the temperature
increases. The complete characterization of the temper-
ature dependence of <Co-O> of PrCoO3 and the com-
parison with that of LaCoO3 in turn support that the
LS-HS model is applicable in rhombohedral LaCoO3 as
originally suggested by Goodenough.1

In Fig. 4, we plot the observed pair-density-function,
ρ(r), for several characteristic temperatures, which shows
the region for the Co-O pairs. The average peak position

FIG. 4: (color online) Sections of the PDF, obtained with
Qmax = 35Å−1, showing the Co-O bond length at different
temperatures.

has little change from 100 K to 200K, and there is no
peak splitting which is different from the result observed
in LaCoO3 by Louca et al.12. However, our result agrees
with most recent reports by Sundaram et al.7 and by
Yu et al.,31 which suggests little fraction of IS Co(III)
exhibiting a large static JT distortion in the nonmagnetic
LS Co(III) matrix.

IV. CONCLUSION

In conclusion, although there is no cooperative JT dis-
tortion in the temperature range 12 to 600 K, the octa-
hedral volume change as a function of temperature re-
veals a remarkable correlation to the spin-state transi-
tion. At low temperatures, the bond length <Co-O>
of LaCoO3 and PrCoO3 converges to ∼ 1.925Å in the
LS state. At T > 300 K, the HS state in LaCoO3 and
PrCoO3 is characterized by a very large thermal expan-
sion of the <Co-O> bond. A constant, small fraction
of IS-state Co(III) has been identified in PrCoO3 within
the temperature range 60 < T < 200 K. Although no di-
rect observation of the split peak in PDF data, the onset
temperatures for the IS state and HS state as deduced
from the <Co-O> versus T curve correspond very well to
temperatures where thermal conductivity is anomalously
suppressed as temperature increases. Features of the IS
state in the curves of <Co-O> versus T and κ(T ) are
clearly missed in rhombohedral LaCoO3, which confirms
the LS-HS model in LaCoO3 as originally suggested by
Goodenough.
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