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The electronic phase diagram of RCoO3 �R=rare-earth� perovskites has been mapped out through high-
pressure synthesis and heat capacity �Cp� measurements. In contrast to R=La where the spin-state transition
and insulator-metal transition each shows a broad Cp anomaly, these anomalies merge into a large Cp peak for
smaller R. A detailed structural study employing synchrotron x-ray powder diffraction shows that the onset
temperature for the spin-state transition is correlated with the �*-bonding eg bandwidth. A possible scenario on
the spin state is provided to explain the Cp anomaly and phase diagram.
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I. INTRODUCTION

The nature of spin-state and insulator-metal �IM� transi-
tions in perovskite RCoO3, where R is a trivalent rare earth,
remains one of the most intriguing problems posed by tran-
sition metal oxides. In addition to the intricate interplay be-
tween charge, spin, and orbital degrees of freedom, which is
a characteristic of strongly correlated oxides, the cobaltates
show thermal excitations of spin states. As a result, interpre-
tation of the electronic phenomena requires some assump-
tions on the spin state, while identifying the spin state re-
quires detailed and precise understanding of the electronic
phenomena. This predicament has resulted in long-standing
controversy, the history of which goes back to the 1950s
�Ref. 1� and still continues today. In RCoO3, the ground state
of the localized Co3+ ions is the nonmagnetic S=0 that cor-
responds to the low-spin �LS� t2g

6 eg
0 configuration. As the

crystal-field splitting �CF between the t2g and eg states is
only slightly larger than the Hund coupling energy, the
system can be thermally excited to either a high-spin �HS�
�S=2; t2g

4 eg
2� or an intermediate-spin �IS� �S=1; t2g

5 eg
1� con-

figuration. For R=La, which has the largest ionic radius
among the rare earth �see Fig. 1�, the signature for the onset
of spin-state transition at Tonset�35 K is seen in the mag-
netic susceptibility,2–4 heat capacity,3,5 and thermal
expansion.4 Identifying the excited state is difficult, however,
since the analysis requires various assumptions on degen-
eracy, spin-orbit coupling, and activation energy. With in-
creasing temperature T, the magnetic susceptibility first
shows a broad peak at �100 K.2–4 This peak is not accom-
panied by anomaly in other thermodynamic measurements,3,4

implying that the spin-state transition is associated with ther-
mal excitations and not a phase transition. Around 530 K, the
phase transition to a metallic phase is marked by distinct
anomaly in the magnetic susceptibility,4,6 resistivity,7 heat
capacity,5 and thermal expansion.6 Following the results of
band-structure calculations,8 a number of studies supported
the IS state as the first excited-spin state, with the IM tran-
sition possibly accompanied by additional transition to the
HS state.6,9 However, this scenario is not consistent with
some experiments, most notably the electron spin
resonance10 and heat capacity.3 A series of recent

studies3,11,12 showed that a consistent picture can be achieved
by excitations to a triply degenerate HS state, where the ac-
tivation energy increases with increasing HS population.
Within this picture, the system is in an inhomogeneous
mixed-spin state at room temperature, possibly transforming
to an IS state above the IM transition.3,13

Substitution of smaller R for R=La increases the coopera-
tive rotations of the corner-sharing CoO6 octahedra, reducing
the Co-O-Co bond angles and the bandwidth of
Co�3d�-O�2p� interactions. This feature of the perovskite
structure suggests that better understanding of the spin-state
and IM transitions may be achieved through systematic stud-
ies as a function of the ionic radius of R�rR�. Indeed, an
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FIG. 1. The electronic phase diagram for RCoO3 as a function
of the ionic radius R�rR�. The solid squares are the onset tempera-
tures for the spin-state transition determined from magnetic suscep-
tibility. Sources are R=La, Pr, and Nd �Ref. 2�, R=Eu �Ref. 14�,
and R=Y and Lu �Ref. 15�. The open squares are the inverse of
bandwidth W−1, obtained from the structural parameters. The open
and filled circles represent the insulator-metal transition tempera-
tures determined from heat capacity �R=La �Ref. 5�; others, this
study� and resistivity �Ref. 16�, respectively. The latter may depend
on sample quality as TIM����TIM�Cp� is evident for R=La in
Ref. 7.
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examination of the literature2,14,15 shows that the onset tem-
perature Tonset for the spin-state transition increases with de-
creasing rR, as displayed in Fig. 1. �The values for R=Pr,
Nd,2 and Eu �Ref. 14� were obtained by subtracting the rare-
earth contributions.� Since Tonset measures the size of the spin
gap, Fig. 1 demonstrates the effect of reducing rR on the
stability of the nonmagnetic LS state. Similarly, the resisitiv-
ity studies16 on R=La-Gd single crystals found that TIM in-
creases with decreasing rR �Fig. 1�, showing an important
role of rR on the IM transition. However, whether there exists
a single parameter that determines the magnitude of both
Tonset and TIM, or there are more complex yet explicit rela-
tionships between the two transitions, remain unclear for the
following reasons: Structural parameters are not available for
the intermediate-sized R=Sm, Eu, and Gd with strong neu-
tron absorption,17 and the synthesis becomes increasingly
difficult for small R. Moreover, resistivity measurements be-
come less reliable for these compounds where single crystals
or sintered pellets cannot be prepared readily. In this study,
we provide the complete picture by performing heat capacity
and synchrotron x-ray powder diffraction measurements on
the series of RCoO3 compounds prepared under high pres-
sure. The results clarify the bandwidth dependence of the
spin-state transition, while the IM transition can be explained
with the stabilization of a homogeneous IS state at high T.

II. EXPERIMENT

RCoO3 �R=Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu�
were prepared under high-pressure conditions. Appropriate
quantities of R2O3, Co3O4, and KClO4 �oxygen source� were
mixed together and sealed in a gold capsule. The capsule was
heated to 1723 K for 3 h at 6 GPa in a belt-type press and
rapidly cooled to room temperature before releasing the pres-
sure. The products were composed of small ��100 �m�
crystallites, and KCl was removed by washing with distilled
water. Phase purity of the crystallites was confirmed by pow-
der x-ray diffraction. Heat capacity data from 300 to 1000 K
were obtained by the enthalpy method18 using a Perkin
Elmer differential scanning calorimeter. The sample weigh-
ing �30 mg was set in a covered gold pan, and the measure-
ments were performed in flowing air. The accuracies of the
measurement are approximately 0.3% at 400 K and 1% at
1000 K.18,19 Synchrotron x-ray powder diffraction measure-
ments were performed at 300 K on the BL02B2 beamline at
SPring-8 using a wavelength of 0.4 Å. Structural parameters
in the orthorhombic space group Pbnm were refined by the
Rietveld method using the program RIETAN-2000.20 Good re-
liability factors similar to those of our previous studies on
RMnO3 �Ref. 21� were obtained.22

III. RESULTS AND DISCUSSION

Figure 2 shows the room-temperature variation of the lat-
tice parameters a, b, and c, volume V, the average Co-O
bond distance �Co-O�, and the average Co-O-Co bond angle
��� as a function of rR. In RCoO3, splitting of each bond
distance and bond angle from the average value is very small
��1.1% and �0.6%, respectively17� and is not shown in the

figure. Both the present synchrotron x-ray �filled circle� and
earlier neutron9,17,23,24 �empty square� data are presented for
�Co-O� and ���, showing good agreement between the two
techniques. With increasing rR, V is increased continuously
while the orthorhombic splitting with b�c /�2�a is re-
duced progressively, becoming pseudocubic at R=Nd and
then turning to a�c /�2�b for R=Pr before transforming to

the rhombohedral R3̄c structure in R=La. Similar behavior is
observed in rare-earth pervoskites in general and RNiO3 in
particular,25 where the latter also shows an orthorhombic to
rhombohedral transition between R=Pr and La. The increas-
ing rotation of the CoO6 octahedra with decreasing rR re-
duces ��� from 180° in the ideal cubic perovskite to 164°–
146° in RCoO3, as is seen in Fig. 2. On the other hand,
�Co-O� remains almost constant except for R=La, with a
broad maximum at rR�1.1 Å. To examine how the spin-
state transition affects the structural parameters, the low-T
values of �Co-O� and ��� for R=Nd �at 3 K� and La �5 K�
are also shown in Fig. 2. For R=Nd �and for smaller R�, Fig.
1 indicates that Co3+ is in the LS state below 300 K, so the
small difference in �Co-O� and ��� between 3 and 300 K
reflects the conventional thermal expansion within the LS
state. On the other hand, a large fraction of the Co3+ spins is
already excited at 300 K for R=La, which explains the sig-
nificant increase in �Co-O� between 5 and 300 K. The spin-
state transition appears to have a much smaller effect on ���,
as its increase is similar in R=La and Nd. For R=Pr, Tonset
�200 K makes the room-temperature value an average of a
majority of LS and a small fraction of excited spins.

The small change in �Co-O� for the series of RCoO3 im-
plies that the stabilization of the LS state with decreasing rR
is not due to an increase in �CF, as occurs under hydrostatic
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FIG. 2. The room-temperature values of the lattice parameters,
volume, average Co-O bond distance �Co-O�, and average Co-O-Co
bond angle ��� as a function of rR. Circles are the present synchro-
tron x-ray data, while squares are from neutron data. �Sources:
R=La �Ref. 9�, R=Pr �Refs. 17 and 23�, R=Nd �Ref. 24�, and
R=Tb-Lu �Ref. 17�.� For a, b, c, V, and each �, error bars are
smaller than the symbols. Error bars for each Co-O are about
	0.002 Å in the present data. For R=La and Nd, low-temperature
values are also shown with inverted triangles.
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pressure.26,27 Thus, taking into account that the Hund cou-
pling energy is also practically invariant for the series of
RCoO3, the spin gap should be most sensitive to a change in
the �*-bonding eg bandwidth W.27 As the broadening of W
reduces the spin gap and Tonset, this relationship can be
tested explicitly by comparing Tonset and W−1 �or −W� for the
series of RCoO3. Moreover, the availability of structural
parameters for each R allows the calculation of W through
W
cos � / �Co-O�3.5, where �= �180− ���� /2 is the tilting
angle of the CoO6 octahedra.28 Except for R=La and Pr, we
use the room-temperature values to obtain W−1 for the LS
state. Fortunately, the comparison between the 3 and 300 K
values for R=Nd shows that the increase in ��� offsets the
increase in �Co-O� to give practically a T-independent W−1

�10.136 at 3 K and 10.142 at 300 K� within the LS state.
This indicates that the 5 K data for R=La provide the LS
W−1 value that can be compared with other R. The results are
presented in Fig. 1 with the scale shown in the unit of Å3.5;
the strong correlation between W−1 and Tonset clarifies the
direct role of �*-bonding bandwidth on the spin gap. Inter-
estingly, plotting −W gives the same rR dependence as W−1,
suggesting that the spin gap may be directly associated with
�CF−W /2.27 Moreover, R=La appears to be on the verge of
critical region where a small increase in W may push Tonset to
0 K.

Since the evolution of W−1 with rR is steric in origin
�similar evolution is found in RFeO3 �Ref. 29��, it may be
applied to other perovskite series. For example, RNiO3
shows an IM transition where TIM evolves in a manner simi-
lar to Tonset in RCoO3.30 Although structural analysis in
RNiO3 is complicated by the presence of charge segregation
in the insulating phase, these similarities suggest that TIM in
RNiO3 is also related to the eg-derived bandwidth for the
series of R.31

Having established the bandwidth dependence of spin-
state transition, we now expand the scope of our discussion
to include the IM transition. In Fig. 3, the high-T
�T�300 K� heat capacity Cp is shown, where the previous
result5 for R=La is also plotted. For each R, the most promi-
nent feature is the peak at the IM transition. Here, TIM sys-
tematically increases with decreasing rR, mapping the phase
boundary for the entire series in Fig. 1. Note that TIM evolves
in a manner different from W−1, implying that the IM transi-
tion is not a simple Mott transition with the bandwidth being
the sole parameter. To gain better perspectives on the elec-
tronic transitions, we plot the data in Cp /T for R=La, Gd,
and Lu in Fig. 4. These compounds are selected since the
analysis is not complicated by contributions from rare-earth
crystal-field excitations, allowing direct examination of Co3+

entropy by integrating the excess part of Cp /T. Here, the
baseline �thick line� can be established by an extrapolation
using the value of R=Lu below Tonset=540 K, which
smoothly converges with the data for R=La above 900 K
and also with the extrapolated data for R=Gd and Lu at
higher T.32 At 300 K, Cp /T for R=La is larger than R=Gd
and Lu by 0.03 J K−2 mol−1, which agrees with the excess
�Cp /T for R=La obtained in Ref. 3 and reproduced in the
inset. For R=La, there is a strong resemblance between
�Cp /T and the thermal expansion,4 where the onset of spin-

state transition is followed by a peak at 50 K. Here, �Cp /T
maintains a finite and almost constant value for 200–400 K,
indicating that contributions from spin-state transition persist
in this temperature region. At higher T, contributions from
IM transition become dominant until the excess contribution
diminishes at �900 K. Overall, the results demonstrate the
successive evolution of electronic states for R=La, with the
total excess entropy of 26 J K−1 mol−1. While separate con-
tributions from the spin-state and IM transitions were also
observed in the thermal expansion33 for R=Pr and Nd, these
contributions apparently merge into a single peak in Cp and
thermal expansion33 for smaller R. Also, judging from the
shape of Cp /T, the onset of excess contribution for each R
starts at a temperature close to Tonset in Fig. 1. For R=Gd and
Lu, integrating the excess Cp /T through the extrapolated
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FIG. 3. �Color online� The heat capacity of RCoO3 between 300
and 1000 K. The data for R=La are obtained from Ref. 5. The data
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Cp /T values �thin lines� gives 21 and 20 J K−1 mol−1, respec-
tively, which are significantly smaller than the corresponding
value for R=La.

A successful interpretation of the Cp data must explain the
merging of spin-state and IM transition anomalies for small
R, as well as the concomitant decrease in the entropy.
Especially, these features are not likely to be described by a
homogeneous Mott IM transition16,35 or successive spin-state
transitions in the localized picture,6 as the phase diagram
suggests that the number of excited spins at TIM varies sig-
nificantly with R. With these points in mind, we recall that
configuration fluctuations between the LS and excited HS
states of neighboring Co3+ ions could stabilize a metallic IS
state via t2g

6 eg
0+ t2g

4 eg
2=2t2g

5 �*1.13,34 For the eg electrons to be-
come itinerant, T must be high enough that the fluctuation
rate becomes fast relative to the period of oxygen vibrations;
this is indeed satisfied, as the reported frequencies of
bending and stretching Co-O modes correspond to
�450–900 K,36 in agreement with TIM. Although previous
discussions on R=La assumed 50:50 ratio of HS and LS
states at TIM,13,34 this mechanism could trigger an IM transi-
tion at lower HS concentrations if T is high enough to stabi-
lize the itinerant state. Moreover, the transition leads to a
fully metallic, homogeneous IS state that is consistent with
both the band-structure calculations8 and transport
measurements.7,35 �Band-structure calculations predict the IS
state to be a metal and the LS and HS states to be insulators.�
Below, we employ these ideas to provide one scenario for the
explanation of the Cp anomalies and electronic phase dia-
gram of RCoO3.

The broad peak at the IM transition is reminiscent of the
Cp anomaly due to the formation of ferroelectric nanoregions
in relaxor ferroelectrics37 and is consistent with the inhomo-
geneous mixed-spin state for the paramagnetic insulator
phase. For R=La, the large T interval between Tonset and TIM
leads to the separation of Cp peaks for the spin-state transi-
tion and IM transition. Also, the spin-state excitations at low
T increase the lattice constant and lattice Cp, leading to the

additional Cp contributions that can be regarded as due to
spin-state-phonon coupling and that can explain the en-
hanced excess entropy found in R=La. For smaller R, the
spin-state transition starts at higher T where the metallic state
can be stabilized with a smaller increase in T. This leads to
the continuous evolution from the onset of spin-state transi-
tion to the metallic IS state, resulting in the appearance of a
single anomaly in Cp. As both the LS and excited-spin lattice
Cp approach the same classical value above room tempera-
ture �the Debye temperature5 is �600 K�, the spin-state-
phonon coupling becomes negligible for small R. It should
be noted that the excess entropy found in R=Gd and Lu is
close to the value expected for the IS state, which is R ln 9
=18.3 J K−1 mol−1.5,38 Finally, while a larger bandwidth fa-
ciliates the IM transition, a critical number of excited spins is
also needed for the configuration fluctuations to promote the
IM transition; this could explain the evolution of TIM that
increases more strongly for small rR compared to both Tonset
and W−1. Although these discussions do not completely rule
out other possible models on the IM transition, the homoge-
neous IS metallic model appears to provide good explanation
for many aspects of the present results.

IV. CONCLUSION

In conclusion, the evolution of spin-state and IM transi-
tions has been clarified for RCoO3 perovskites. It has be-
come clear that a comprehensive theory of the transitions
must also explain the phase diagram; the present results
should be useful in guiding further theoretical efforts.
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