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Insulator-metal transitions and related electronic structures have been investigated for single crystals of
perovskite-type cobalt oxidesRCoO3 ~R5La, Pr, Nd, Sm, Eu, and Gd! with R-dependent variation of one-
electron bandwidth (W). All the compounds exhibit the insulating ground state but undergo gradual insulator-
metal ~I -M ! transitions at 500–700 K. Systematic variation of theI -M transition temperatures (TIM) as well
as the thermal and optical charge gaps in the insulating phase have been observed with change ofR species~or
equivalentlyW). Anomalously lowTIM as compared with the charge gap in eachRCoO3 suggests that the
I -M transition should be viewed as a thermally induced Mott transition.
@S0163-1829~96!52640-8#

The perovskite-type oxidesRMO3, R and M being a
trivalent rare earth ion and 3d transition metal, respectively,
are mostly insulating apart from a few compounds of
M5Ni and Cu~e.g. LaNiO3 and LaCuO3!.

1–3 In these com-
pounds, the origin of the charge gap can be ascribed to the
strong electron correlation of the 3d transition metalM2 and
hence a variety of insulator-metal phenomena show up on
the verge of the Mott transition. For example, a series of
RNiO3 exhibits an electronic phase diagram composed of
paramagnetic insulator, antiferromagnetic insulator, and
paramagnetic metal phases as a function of the ionic radius
of theR-site,4 which mimics the electronic phase diagram in
the correlated electron system as a function of correlation
strength. This is because the substitution of theR-site modi-
fies the distortion of the perovskite lattice, in particular the
M -O-M bond angle, and hence results in a systematic
change of the transfer interaction (tpd) between theM 3d
and O 2p orbital ~p-d mixing!. In this paper, we report on
the systematic change of the insulator-metal~IM ! phenom-
ena with such anR-site variation for the case ofRCoO3 ~R
5La, Pr, Nd, Sm, Eu, and Gd!.

Among theRMO3 perovskites,RCoO3 shows a unique
electronic phase change with change of temperature.5 The
ground state of LaCoO3 is a nonmagnetic insulator : Co31

shows nominally the 3d6 configuration and forms the singlet
(S50;t2g

6 ) state due to the crystal field splitting~10Dq!
barely dominating over the Hund’s-rule coupling. LaCoO3
undergoes the spin state transition around 100 K from the
low-spin ~S50! to the high-spin~S52! or more likely to
the intermediate-spin~S51! state,6–13 while keeping an
electrically insulating nature. With further increase of tem-
perature, electrical conduction of LaCoO3 shows a crossover
behavior around 500 K from a thermally activated semi-
conductive to a conducting state with metallic resistivity
('1310-3V cm! ~Ref. 14! and metallic Hall coefficient
('1310-4 cm3/C).15 The important aspect of such succes-
sive electronic phase changes is that the magnitude of the
charge gap~>0.1 eV! ~Ref. 14! differs significantly from
that of the spin gap~0.02–0.03 eV! and also from the energy
scale of IM transition temperature~kBTIM'0.05 eV!. This
is contrasted by the case of thenonmagnetic3d compound

FeSi,16,17 in which both gap energies are nearly identical
~'700 K!. As in the aforementioned case ofRNiO3, an ex-
plicit consideration of electron correlation would be neces-
sary for understanding the IM phenomena in LaCoO3 and
other relatedRCoO3. In this view, a systematic control of the
p-d mixing ~or the one-electron bandwidthW) will be useful
for the investigation of the IM transition and this can be best
achieved by the systematic replacement of theR-site as in
other RMO3 perovskites.4,18,19 In the case ofRCoO3 (R
5La, Pr, Nd, Sm, Eu, and Gd!, we may change the
Co-O-Co bond angle~u! from '164° ~R5La! ~Ref. 5! to
around 150°~R5Gd!.20 This may correspond to a change in
tpd by'10%, provided thattpd nearly scales with cosu. Here
we show systematic variation ofTIM as well as transport and
optical charge gaps forRCoO3 and argue the nature of the
IM transition.

Crystals ofRCoO3 ~R5La, Pr, Nd, Sm, Eu, and Gd! were
grown by the floating-zone method. Starting materials were
R2O3 ~R5La, Nd, Sm, Eu, Gd!, Pr6O11, and CoO. The raw
materials were weighed to a prescribed ratio, mixed, and
ground in a ball mill. The mixtures were heated in air at
1050 °C for 12 h. Then, prereacted mixtures were reground
and pressed into cylindrical form of feed rods~typically 5
mm f360 mm!. The crystals were grown with use of a
floating zone furnace equipped with two halogen incandes-
cent lamps and double hemielliptic focusing mirror. The feed
and seed rods were rotated in opposite directions at a relative
speed of 40 rpm and the melted zone was vertically scanned
at a speed of 1.5 mm/h in 5 atm oxygen atmosphere. Powder
diffraction x-ray patterns showed that the sample of
LaCoO3 was a slightly distorted perovskite with rhombo-
hedral structure (R3̄c) and all the other samples~R5Pr, Nd,
Sm, Eu, Gd! were orthorhombically distorted (Pbnm) at
room temperature, which are in accord with the
literature.5,21,22

In Fig. 1, we show the temperature dependence of electri-
cal resistivity for crystals ofRCoO3 ~R5La, Pr, Nd, Sm, Eu,
and Gd!. The substitution of theR site with smaller ions
~from La toward Sm! increases resistivity over a whole tem-
perature region. All the compounds show a gradual but sig-
nificant decrease~down to a metallic value of 10-3 V cm! in
resistivity at temperatures of 400–600 K. The transitional
region shifts to higher temperature with a decrease of ionic
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radius ofR. Such a systematic change of resistivity withR
ensures the quality of these crystals and implies a systematic
change of the charge gap. The low-temperature high-resistive
state shows a thermal activation type conduction as clearly
seen in the right panel of Fig. 1.~In the high-temperature
region, T21,0.02 K-1, the plot seemingly shows a large
activation energy. However, this is ascribed to a rapid clos-
ing of the gap with an increase of temperature above 300 K,
which gives rise to a gradual insulator-metal transition.!
With a decrease of theR-site ionic radius or equivalently
with a decrease of thep-d hybridization, the activation
energy increases systematically from 0.10 eV forR5La to
0.34 eV forR5Gd.

To argue the insulator-metal behavior in more detail over
a wide temperature region, we show in Fig. 2 the tempera-
ture dependence of the quantitydln10r/d(T

21), which
would represent the activation energy (Da) in the case of
thermally activated conduction. Large peaks, which signal
the steep insulator-metal crossover, significantly shift to
higher temperature with a decrease ofR-site ionic radius~La

→Sm!. Plateaus ofdln10r/d(T
21) observed at low tempera-

tures ~e.g., 60–150 K for LaCoO3) correspond to the ther-
mally activated conduction with well-definedDa ; the Da

value shows a systematic change with the replacement of
R. The decrease of theR-site ionic radius gives rise to an
increase in the lattice distortion and a decrease in the
Co-O-Co bond angle. Variation of the charge gap, which
should depend on the transfer integral of antibonding orbitals
between O2p(s) and Co3d(eg) and hence should be cru-
cially affected by such anR-site replacement, is likely to be
an origin of variation ofDa . This is also evidenced by opti-
cal spectroscopy~vide infra!. It is worth noting here that a
typical gap energy as given by 2Da ~for example,;2300 K
for LaCoO3 and 8000 K for GdCoO3) is by far larger than
TIM(;480 K for LaCoO3 and 650 K for GdCoO3). Such a
large discrepancy implies that the insulator-metal crossover
in RCoO3 cannot be simply argued in terms of a narrow-gap
semiconductor. The spin-gap for a thermal excitation to
high-spin (t2g

4 eg
2) or intermediate-spin (t2g

5 eg
1) ~Ref 13! state

is known to be quite small@'300 K ~Ref. 14! or '230 K
~Ref. 23!# in LaCoO3. Such a small spin-gap implies that
;85% ~80%! of Co ions are already excited to the high-spin
~or intermediate-spin! state at room temperature.23 Thus we
cannot relate the change in transport property with the spin
state transition.

We show in Fig. 3 optical conductivity spectra for
RCoO3 at 9 K, which were derived by the Kramers-Kronig
~KK ! analysis of the reflectivity spectra. Measurements of
reflectivity spectra were done for the photon energy region
between 0.01 eV and 35 eV on specularly polished surfaces
of the samples using Fourier spectroscopy~0.01–0.8 eV!
and grating spectroscopy~0.6–35 eV!. The reflectivity
data above 6 eV, which were necessary to execute the accu-
rate Kramers-Kronig transformation, were obtained using a
synchrotron radiation at INSSOR, Institute for Solid State
Physics, University of Tokyo, as a light source. The 9 K
spectra can be viewed as representing the electronically
ground state. The inset shows the spectrum for NdCoO3 in a

FIG. 1. Dependence of electrical resistivity (r) on ~a! tempera-
ture (T) and ~b! inverse of temperature (T21) for crystals of
RCoO3 (R5La, Pr, Nd, Sm, Eu, and Gd!.

FIG. 2. The quantitydlnr/d(T21) plotted against temperature
(T) for a series ofRCoO3 (R5La, Pr, Nd, Sm, Eu, and Gd!. The
ordinate, if constant, would represent the thermal activation energy.

FIG. 3. Optical conductivitys(v) spectra forRCoO3 at 9 K.
Inset exemplifies the overall feature for NdCoO3. Spiky peaks be-
low 0.1 eV are due to optical phonons. Dashed lines are the best-fit
results with the model function for the indirect-gap plus direct-gap
transitions~see text!.
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larger energy scale as a representative for the whole feature
of spectra. The spectrum consists of three peaks at;1.3 eV,
3.0 eV, and 5.8 eV. According to the calculation based on
the local density approximation~LDA1U2 model3!, these
bands correspond to the charge transfer excitations to the Co
eg band from the bonding and antibonding states consisting
of Co t2g and O 2p states. In the ground state configuration,
the lowest excitation may bear a character of the charge-
transfer transition between the filled O 2p states and the
emptyeg states.

2

In the low-energy spectra forRCoO3 below 2 eV~Fig. 3!,
the conductivity shows a gradual onset at 1–1.5 eV, while a
residual broad tail is present at 0.1–1 eV.~Spiky structures
below 0.1 eV are due to the optical phonon modes.! With the
R replacement from La to Gd, the spectral onset shifts to
higher energy. Sarmaet al.24 have pointed out by the LDA
band calculation that the band gap in LaCoO3 is an indirect
type, which is consistent with the broad spectral feature in
the gap region as observed for LaCoO3. A similar view of
the indirect gap is likely to hold for a series ofRCoO3 crys-
tals. To estimate a change in the band gap, we fitted the
spectra with the following model function:

s~v!5A~\v2Eg,i !
3/21B~\v2Eg,d!

1/2, ~1!

whereEg,i andEg,d are gap energies for the indirect and the
direct transitions, respectively, andA,B are the respective
spectral weight. Dashed lines in Fig. 3 indicate the best-fit
results for the respective spectra which clearly indicate the
increase in the direct gap. The indirect gapEg,i is difficult to
determine accurately due to a blurred feature of the conduc-
tivity onset. We have tentatively setEg,i50.10 eV in com-
mon for all RCoO3 and evaluated the direct gapEg,d for
further quantitative analysis.~It was confirmed that the ob-
tainedEg,d value is insensitive to a choice of theEg,i value.!
Because of the too simplified model function Eq.~1!, the
determinedEg,d value has still ambiguity in its absolute
magnitude. Nevertheless, a systematic shift ofEg,d with R is
quite clear in Fig. 3 and hence relative change inEg,d values
can bear a quantitative meaning for the measure of the
charge-gap variation inRCoO3.

We show in Fig. 4 observed energy gaps and IM
transition temperatures against the tolerance factor,
„t̃[(r R1rO)/A2(rCo1rO)…,

25,26 which is relating to distor-
tion of the perovskite lattice and hence the degree of the
p-d hybridization. Solid circles represent the optical gap
Eg,d for the direct transition obtained by the fitting procedure
shown in Fig. 3, while solid squares and open circles repre-
sent the transport gap~2Da) andkBTIM ~and also 10kBTIM

for reference! as derived from Fig. 2. An energy value of
kBTIM is by far smaller than 2Da for all theRCoO3 crystal,
as mentioned above, and the variation ofkBTIM with R is not
so significant as 2Da or Eg,d . The Eg,d and 2Da shows a
nearly parallel behavior as a function oft̃. According to the
empirical relation between the metal-oxygen-metal bond
angle~u! and t̃ in distorted perovskites,27,28u in RCoO3 may
change nearly linearly witht̃ from '164° for LaCoO3 ~Ref.
5! down to around 150° for GdCoO3.

20 The p-d transfer
interaction tpd approximately scales with cosu, indicating
that tpd changes also nearly linearly witht̃ by '10% be-
tweenR5La and Gd inRCoO3. The observed change of the
gap magnitude is quite large as compared with the change in
tpd . Such a critical change in the charge gap withtpd as well
as an anomalously lowTIM as compared with the gap mag-
nitude suggests an important role of electron correlation for
the origin of the charge-gap formation belowTIM . Thus, the
IM transition in RCoO3 may bear a character of the Mott
transition rather than that of the narrow-gap semiconductor.28
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