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Simultaneous metal-insulator and spin-state transitions in Pr0.5Ca0.5CoO3
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Pr0.5Ca0.5CoO3 showed a simultaneous metal-insulator and paramagnetic-paramagnetic spin-state transition
of the first-order type at 90 K accompanied by a volume contraction by;2%. Neutron diffraction analysis
revealed that the volume contraction is mainly attributed to the tilting of CoO6 octahedra which causes a
decrease in the Co-O-Co angle. The electron configurations were proposed to be localizedt2g

6 ~trivalent Co!
and t2g

5 ~tetravalent Co! in the low-temperature phase and itinerantt2g
5 eg

0.5 in the high-temperature phase.
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A temperature-induced low-spin to high-spin transition
well known in some transition-metal complexes such
Fe(phen)2(NCS)2.1 Similar transitions have been reported
occur in certain perovskite-related cobalt oxides also. On
these interesting materials is a perovskite oxide LaCo3,
whose ground state is the low-spin statet2g

6 .2,3 The magnetic
susceptibility shows Curie-Weiss behavior with a Curie co
stant 2 emu mol21 K above 650 K. The Curie constan
gradually changes to 1.3 emu mol21 K between 350 and 110
K which is accompanied by a gradual resistivity change fr
metal to insulator~semiconductor!. Moreover, the magnetic
susceptibility decreases to about zero as the temperatur
creases after showing a maximum of around 100 K wit
large maximum in resistivity. The other interesting materi
are oxygen-deficient perovskite oxides LnBaCo2O51d ~Ln 5
rare-earth atom!. In LnBaCo2O5.5 ~Ln 5 Pr, Sm, Eu, Gd, and
Tb!, a metal-insulator transition~MIT !, paramagnetic-
ferromagnetic, and ferromagnetic-antiferromagnetic tran
tions occur, e.g., around 350, 280, and 200 K, respectively
the case that Ln5 Gd.4–7 The inverse of magnetic suscep
bility vs temperature curve shows a clear bend at the M
temperature, implying a cooperative spin-state transition
LnBaCo2O5 ~Ln 5 Y and Ho!, an antiferromagnetic orderin
and a charge ordering of divalent and trivalent Co ato
occur, e.g., around 350 and 220 K, respectively, in the c
that Ln 5 Y.8,9 However, Vogtet al. have reported that the
spin-state changes at the charge ordering temperatur
YBaCo2O5,8 while on the other hand, Suardet al. have not
mentioned it in HoBaCo2O5.9

The electronic state, low-spin or high-spin state, of
transition metal ion withdn (n54, 5, 6, and 7! configuration
in transition-metal complexes is determined by the two co
peting energies, crystal field energy, and Hund coupl
energy.1 However, it has been proposed that t
intermediate-spin state (t2g

5 eg
1 or t2g

4 eg
1) can be the ground

state of perovskite oxides with trivalent or tetravalent
atoms due to the large hybridization with hole on oxyg
state (t2g

5 eg
2L or t2g

4 eg
2L, whereL indicates hole on oxygen

with eg symmetry!.10–12 This implies that the covalency o
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Co and O atoms plays an important role to induce the sp
state transitions. In fact, the spin-state transitions are alw
accompanied by a change in electrical conductivity ass
ated with the covalency.

Ln12xSrxCoO3 ~Ln 5 La, Pr, Nd, and Sm! perovskite
oxides ~without oxygen deficiency! are metallic
ferromagnets.13–16 However, few reports describ
Ln12xAxCoO3 (A5Ba and Ca!.17,18 In this paper, we report
a material Pr0.5Ca0.5CoO3 showing a temperature-induce
paramagnetic-paramagnetic spin-state transition accom
nied by a simultaneous MIT. To our knowledge, this is t
first report describing both the cooperative MIT and sp
state transition in perovskite cobalt oxides including nea
50:50 trivalent and tetravalent Co atoms.

Polycrystalline Pr0.5Ca0.5CoO3 was prepared using a con
ventional solid-state reaction method from Pr6O11, CoC2O4
•2H2O, and CaCO3. Calcination was carried out in an O2
gas flow at 1373 K for 12 h twice with intermittent grinding
The calcined powder was pressed into a pellet, sintered in
O2 gas flow at 1473 K for 24 h, and cooled down to roo
temperature at a rate 100 K/h. Powder x-ray diffracti
~XRD! measurements~Mac science MXP 18-HF system us
ing CuKa radiation! showed the absence of impurity phase
Iodometric titrations gave the composition a
Pr0.5Ca0.5CoO3.0260.03. The lattice constants were determine
in the range of 30–297 K from the XRD data using cryst
line silicon as an internal standard. In order to determine
precise crystal and magnetic structures, powder neutron
fraction ~ND! measurements were carried out using a h
resolution powder diffractometer~HRPD! at 10 and 297 K in
JAERI, Tokai, Japan. The wavelength of neutrons
1.82418~5! Å. Rietveld refinements of the ND data were ca
ried out by using theRIETAN-2000 program.19 Resistivities
were measured in the range of 2–350 K by a standard
four-probe method using the Physical Property Measurem
System~PPMS, Quantum Design!. dc magnetizations were
measured in the range of 2–345 K with a superconduc
quantum interference device magnetometer~MPMS5S,
Quantum Design!. Heat capacities were measured in t
range of 13–300 K using an adaibatic method employin
©2002 The American Physical Society18-1
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high-precision adiabatic calorimeter20 and in the range of
1.8–13 K and in the magnetic fields 0 and 9 T using a
laxation method employing PPMS.

The resistivity of the sample was measured on cool
from 350 to 5 K and successively on heating from 5 to 350
as shown in Fig. 1~a!. The resistivity (T.100 K) on cooling
is considerably less than the value of 2 mV cm that has been
universally observed13 as the maximum limiting value of the
resistivity for the metallic perovskite oxide system. There
an abrupt increase~by nearly two orders of magnitude! in the
resistivity on cooling below 80 K. This abrupt change
resistivity was observed also in the heating measurem
but the temperature rose~90 K!, characteristic of a first-orde
transition. Another feature is that the resistivity value
heating is markedly larger than that on cooling forT
.50 K. The origin of this irreversibility in the resistivity is
likely to be due to some extrinsic experimental artifact as
ciated with electrical connectivity~e.g., formation of crack-
ing due to the large volume change described below! rather
than some intrinsic cause, since the magnetization beha
shows no such effect~see below!.

FIG. 1. ~a! Resistivities,~b! dc magnetizations,~c! heat capaci-
ties, and ~d! lattice constants and unit cell volume o
Pr0.5Ca0.5CoO3. The error bars of lattice constants and unit c
volume are in the order of the mark size. The inset of~b! shows the
inverse of contribution to magnetic susceptibility from Co ato
obtained by subtracting Pr contributions@dashed line in~b!#. The
solid lines in the inset indicate the results of fitting according
Curie-Weiss law. The inset of~c! shows theCp /T vs T plot in
magnetic fields 0 and 9 T. The other solid lines on the marks
visual guides.
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In Fig. 1~b!, the dc magnetizationM measured at an ex
ternal magnetic fieldH ~5 5 T! is plotted asM /H against
temperature. The magnetization decreases abruptly on c
ing below;90 K, and a small hysteresis (;2 K) is seen in
the heating and cooling cycles near the transition point. P
contribution to the magnetic susceptibility was subtracted
~tentatively using the data of Ref. 21! in order to evaluate the
net contribution of the Co atoms. This is shown in the in
of Fig. 1~b!. The high-temperature susceptibility from the C
atoms (T.200 K) shows a Curie-Weiss behavior typical
a ferromagnet with a Curie constant of 1.7 emu mol21 K,
comparable to 1.8 emu mol21 K for a metallic ferromagnet
La0.5Sr0.5CoO3.14 The Curie constant increased below 200
indicating formation of giant moments by a short-range f
romagnetic coupling among Co atoms. The ferromagn
coupling was also confirmed by the nonlinearity in theM -H
curve at 100 K, as indicated by the solid diamonds in F
2~a!, because such a nonlinearlity is not observed in anti
romagnet or paramagnet at such a smallH/T. The metallic-
ity, Curie constant, and the presence of ferromagnetic in
action in the high-temperature phase suggest that
electronic and spin states are essentially identical to thos
the paramagnetic phase of La0.5Sr0.5CoO3.

The absence of magnetic neutron diffraction peaks at
and 10 K~not shown! indicates that the sample is a parama
net in both the high- and low-temperature phases at le
down to 10 K. As a result, the contribution of Co atoms
the magnetic susceptibility also obeys a Curie-Weiss law
tween 50 and 20 K. However, the Curie constant 0.3 e
mol21 K and the paramagnetic Curie temperature;0 K are
rather smaller than those of the high-temperature phase
addition, theM -H curve at 75 K @triangles in Fig. 2~a!#
shows nearly linear behavior in spite of showing nonline
behavior at 100 K. These results indicate that the Co s
state and the mean field at the Co site change at the p
transition. The following results suggest that Co atoms are
the low-spin states (t2g

6 and t2g
5 ) in the low-temperature

phase.M -H and r-H results at 2 K showed ferromagnetic

l

re

FIG. 2. ~a! dc magnetization per formula unit to magnetic fie
curves at 2, 5, 75, and 100 K.~b! Resistivity to magnetic field curve
at 2 K. The magnetic field was scanned in the order of 0→5→
25→5 T. Solid lines are visual guides.
8-2
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hysteresis loops as indicated by the solid circles in Figs. 2~a!
and 2~b!. Since electrical conduction is associated with
atoms, the ferromagnetic ordering cannot be attributed to
atoms but to Co atoms. In addition, a heat capacity anom
was observed around 3 K which is collapsed at a 9 T mag
netic field, characteristic of ferromagnets, as shown in
inset of Fig. 1~c!. The total entropy at 0 T was calculated
be 2.3 J K21 mol21 by integratingCp /T in the temparature
range 2 to 13 K. Since the lattice contribution to the h
capacity is small at such low temperatures, the entropy or
nates mainly from the spin ordering. The heat capac
anomaly seems to tail to both high- and low-temperat
sides. The sum of the contributions and the entropy estim
between 2 and 13 K would be close to 0.5R ln 2
(52.9 J K21 mol21), whereR is the gas constant. The coe
istence of the low-spin trivalent (S50) and tetravalent (S
51/2) Co atoms in the low-temperature phase is consis
not only qualitatively with the small Curie constant and C
rie temperature but also quantitatively with the entropy a
saturation magnetization (;0.5mB).

Heat capacity measurements showed a sharp ano
around 90 K indicating a cooperative nature. The transit
entropy was estimated to be 4.7 J K21 mol21 by assuming
the dashed line in Fig. 1~c! as a baseline. The transition e
tropy is rather smaller than 40–65 J K21 mol21 of the low-
spin to high-spin transition in divalent iron complexes1

This indicates that the driving force of transition
different from that of complexes.1 Senaris-Rodriguez an
Goodenough have suggested at2g

5 s* 0.5 configuration for
La0.5Sr0.5CoO3.14 We also believe that this configuration
the most probable for a metallic phase, since theeg electron
is easily trasferred because of the same number oft2g elec-
trons at each Co site. In fact, the combination of trivale
intermediate-spin and tetravalent low-spin in the hig
temperature phase corresponding to this configuration g
the transition entropy as 4.6 J K21 mol21 @50.5R(ln 3
1ln 2)20.5R ln 2#, which is close to experimental one.

XRD and ND peaks at 297 K can be indexed by the sp
group Pnma. There is no superlattice reflection in bo
XRD at 30 K and ND at 10 K. The temperature depende
of the lattice constants and unit cell volume are shown
Fig. 1~d!. There is an abrupt change in the latticeb and c
constants around 90 K with the unit cell volume decreas
by as much as;2% between 70 and 90 K, which is mark
edly large as compared with;0.5% at the MIT of other
perovskite oxides.22–24Table I shows the results of Rietvel
refinement of ND patterns at 297 and 10 K, and several b
lengths and bond angles calculated from the results.
Co-O bond lengths and O-Co-O bond angles are almost
same between 10 and 297 K. On the other hand, two
O-Co bond angles change by as much as;4°, which is
markedly large as compared with;1° at the MIT’s of
PrNiO3 and NdNiO3.24 These results conclude that CoO6
octahedra themselves tilt without deformation at the ph
transition and that the large volume change is attributed
the large tilting.

The mean Co-O bond length, 1.921 Å, at 10 K is close
that, 1.924 Å, of LaCoO3 at 4 K.25 This is consistent with the
low-spin states suggested for Pr0.5Ca0.5CoO3. On the other
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hand, the mean Co-O bond length 1.922 Å at 297 K is nea
the same as that at 10 K. At first glance, this seems to c
tradict the occurrence of spin-state transition at 90 K,
cause the mean Fe-N bond length in divalent iron comple
changes by 0.16–0.22 Å at the low-spin to high-sp
transition.1 However, this is not strange, because the me
Co-O bond length 1.931 Å of La0.5Sr0.5CoO3 at room
temperature15 is close to that of LaCoO3 at 4 K. The Co-O
bond length in the high-temperature phase is supposed t
decreased from the ionic bond length by the strong co
lency. The remarkable change in Co-O-Co bond angles
been also reported in carrier doping induced MIT
La12xSrxCoO3 around x50.2.15 In the low-temperature
phase, the large decrease of the Co-O-Co bond angle re
in a reduction of the covalency and thus would unstabil
the itinerant intermediate-spin state as explained by Po
and Korotinet al.11,12 In addition, the large volume contrac
tion enlarges the splitting of the crystal field, leading to
stabilization of the localized low-spin state. These obser
tions are consistent with our suggestion.

In conclusion, we have reported a simultaneous me
insulator and paramagnetic-paramagnetic spin-state tra
tion in Pr0.5Ca0.5CoO3 accompanied by large changes in un
cell volume and Co-O-Co bond angles. The electron confi
rations were proposed to be localizedt2g

6 ~trivalent Co! and
t2g
5 ~tetravalent Co! in the low-temperature phase and itine

ant t2g
5 eg

0.5 in the high-temperature phase. The connectiv
of the spin-state transition with the MIT, relatively sma
transition entropy, and no remarkable change in Co
bond lengths are different in nature from the low-spin

TABLE I. Structural data of Pr0.5Ca0.5CoO3(Pnma).

10 K 297 K

a ~Å! 5.3279~1! 5.340 45~7!

b ~Å! 7.4576~1! 7.540 61~9!

c ~Å! 5.2616~1! 5.337 66~7!

V (Å3) 209.058~7! 214.949~5!

B(Co; 4b) (Å2) 0.2~1! 0.5~1!

x@O(1); 4c# 20.0143~2! 20.0080~3!

z@O(1); 4c# 0.5802~2! 0.5672~3!

B@O(1); 4c# (Å2) 0.3~1! 0.6~1!

x@O(2); 8d# 0.2934~1! 0.2847~2!

y@O(2); 8d# 0.0408~1! 0.0344~1!

z@O(2); 8d# 0.2952~2! 0.2857~2!

B@O(2); 8d# (Å2) 0.3~1! 0.6~1!

Rwp 5.40% 4.43%
RI 1.19% 2.18%
Co-O~1! ~Å! 1.9131~3! 1.9194~3!

Co-O~2! ~Å! 1.9228~7! 1.921~1!

1.9279~7! 1.927~1!

/O(2)-Co-O(2)(°) 90.70~1! 90.99~1!

/O(1)-Co-O(2)(°) 90.07~5! 90.12~7!

90.10~4! 90.22~6!

/Co-O(1)-Co(°) 154.10~7! 158.3~1!

/Co-O(2)-Co(°) 152.97~4! 157.73~6!
8-3
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high-spin transition in transition-metal complexes, while
the other hand, the large volume change is similar to
complexes. The appearance/disappearance ofeg electrons
would constitute the primary origin of the MIT. However,
is necessary to further investigate the possible existenc
o

d

a

e

u

u

y

n

d

z
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charge/orbital ordering as another possible candidate for
MIT’s origin.
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