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A-site ordered perovskites CaCu3Co4O12 and YCu3Co4O12, and their solid solutions Ca1-xYx-
Cu3Co4O12 (x = 0.25, 0.50, and 0.75), were synthesized under high pressure (9 GPa) and high
temperature (1273 K). They all have a CaCu3Ti4O12-type structure (cubic, space group: Im3) and
the lattice constant a slightly decreased from 7.1226(5) Å of CaCu3Co4O12 to 7.1195(3) Å of
YCu3Co4O12. Rietveld refinement based on synchrotron powder X-ray diffraction suggests that the
valence state of CaCu3Co4O12 is close to CaCu3þ3Co

3.25þ
4O12, which differs from those of other

CaCu2þ3B
4þ

4O12 perovskites. Substitution ofCawithY at theA-site changes themetallic CaCu3Co4O12

to an insulating YCu3Co4O12, and a metal-insulator transition occurs at x=0.50-0.75. The electrical
resistivity, thermoelectricity, and specific heat results reveal that electrons are doped into the Co 3d band
and that the valence state changes from CaCu3þ3Co

3.25þ
4O12 to YCu3þ3Co

3þ
4O12.

Introduction

A-site ordered perovskitesAA0
3B4O12 have been exten-

sively studied recently for several interesting reasons.1

They have remarkable electronic and magnetic proper-
ties, such as a large dielectric constant for CaCu3Ti4O12,

2

large magnetoresistance in low magnetic fields for CaCu3-
Mn4O12,

3 heavy-fermion-like behavior for CaCu3Ru4O12

(CCRO),4 ferromagnetism of Cu for CaCu3Ge4O12 and
CaCu3Sn4O12,

5 and charge disproportionation for CaCu3-
Fe4O12 (CCFO).6 Substitutions at theA-site with aliovalent
ions often induce drastic changes in the electronic struc-
tures of ACu3B4O12. For instance, a substitution of Ca2þ

with La3þ or Bi3þ changes the ferrimagnetic semiconductor

of CaCu3Mn4O12
3 to ferrimagnetic half metals of LaCu3-

Mn4O12 or BiCu3Mn4O12, respectively.
7,8 Similar substi-

tution with La3þ or Bi3þ in CCFO changes the way of
resolving its instability of the electronic structure.9

CCFO, with an unusually high oxidation state of the Fe
ions, shows charge disproportionation (2Fe4þ f Fe3þ þ
Fe5þ),6 whereas the substituted compounds LaCu3Fe4O12

(LCFO)10 and BiCu3Fe4O12
11 show charge transfer

(3Cu2þ þ 4Fe3.75þ f 3Cu3þ þ 4Fe3þ).
In a AA0

3B4O12 structure, the relatively small and Jahn-
Teller active ions such as Cu2þ (d9) andMn3þ (d4) occupy
3/4 of theA-sitewith 4-fold planar coordination (=A0-site),
while 1/4 of the A-site is occupied by ordinary alkaline,
alkaline-earth, and rare-earth metals, with 12-fold coordi-
nation, as illustrated in the inset of Figure 1. A high pres-
sure (several GPa) is often required for the synthesis of
AA0

3B4O12 perovskites, presumably to stabilize such types
of small cations at theA0-site. Here, given Ca2þ and Cu2þ

at the A- and A0-sites, respectively, a quadrivalent transi-
tion-metal ion can be introduced into the B-site with
6-fold octahedral coordination. Considering the fact that
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a simple cobalt perovskite SrCo4þO3 already exists,12

CaCu3Co4O12 (CCCO) with Co4þ is the target synthesis.
In this article, we report a novelA-site ordered perovskite

CaCu3Co4O12 synthesized at 9 GPa and 1273 K. Struc-
tural refinement based on synchrotron powder X-ray
diffraction (SXRD) data has revealed that the compound
has an ionic composition of Ca2þCu3þ3Co

3.25þ
4O12,

rather than the expected Ca2þCu2þ3Co
4þ

4O12. Magnetic
susceptibility, electrical resistivity, thermoelectricity, and
specific heat measurements demonstrate a drastic change
in electronic properties when substituting Y for Ca in
CCCO (from metallic CCCO to insulating YCu3Co4O12

(YCCO)). The metal-insulator transition (MIT) is dis-
cussed in terms of the filling control of the Co 3d band.

Experimental Section

Polycrystalline samples of Ca1-xYxCu3Co4O12 (x=0.0, 0.25,

0.50, 0.75, and 1.0) were prepared from stoichiometric mixtures

of Y2O3 (99.9%), CuO (99.99%), Co3O4 (99.9%), and Ca2-

CuO3. Ca2CuO3 was synthesized in advance from a mixture of

CaCO3 (99.99%) and CuO (99.99%) at a molar ratio of 2:1 by

firing at 1223 and 1273 K, respectively, in air for 24 h with

occasional grinding. KClO4, which is an oxidizing agent, was

added, representing 25 wt% of the stoichiometric mixture. The

mixture was placed into a gold capsule 2.8 mm in diameter,

whichwas then placed into a pyrophyllite high-pressure cell with

a graphite heater. The high-pressure cell was compressed to

9 GPa using a high-pressure apparatus. After compression, the

capsule was heated to 1273 K in 5 min, held at this temperature

for 30 min, and then quenched to room temperature. The app-

lied pressure was released slowly after cooling. The polycrystal-

line samplewas groundwith amortar, washed several timeswith

distilled water, ethanol, and acetone (in this order), and then

dried at 373 K in a dehydrator. The dense pellet required for

electrical transport and specific heat measurements was pre-

pared by sintering the washed powder at 9 GPa and 1273Kwith

KClO4.

Phase identification was determined in the powder X-ray

diffraction (XRD) pattern using a Rigaku RINT 2500 system

with Cu KR radiation. The lattice constant a was refined by

means of Rietveld analysis, using the Rietveld refinement

program RIETAN-2000.13 The crystal structure of CCCO was

refined with RIETAN-2000 using the SXRD pattern collected

by a Debye-Scherrer camera at the BL02B2 beamline of

SPring-8.14 The wavelength was resolved to 0.77711 Å against

a CeO2 standard. Thermogravimetry measurement was con-

ducted from 300 K to 1200 K at a heating rate of 10 K min-1,

using a Rigaku ThermoPlus TG-8120 system.

Electrical resistivity measurement was carried out between

2 K and 300 K, using the standard four-probe method on a

Quantum Design PPMS. Magnetic susceptibility on zero-field

cooling (ZFC) and field cooling (FC) between 5 and 300K in an

external field of 10 kOe and isothermal magnetization at tem-

peratures between 5 and 300Kwere measured using a Quantum

Design superconducting quantum interference device (SQUID)

magnetometer (MPMS-XL). Measurement of the specific heat

was conducted between 2Kand 20K, using a relaxationmethod

on the PPMS. Thermoelectric power wasmeasured between 5K

and 280 K, using a steady-state method in a liquid He cryostat.

Results and Discussion

Almost single-phase samples of Ca1-xYxCu3Co4O12

(x=0.0-1.0) were obtained at 9GPa and 1273K, although
they were unavailable below this pressure. Small amounts
of impurities such as CuO (∼10 wt%) and unidentified
phases were found in all of the samples.
The SXRD pattern of CCCO showed the cubic A-site

ordered perovskite structure of the compound. The crys-
tal structure refinement of CCCO was performed on the
basis of the space group Im3 (No. 204). Figure 1 shows the
observed and calculated SXRD patterns of CCCO. Table 1
lists the structure parameters of CCCOobtained from the
Rietveld refinement. It is difficult to determine whether
the Co ions are incorporated into the A0-site because of
the very similar atomic scattering factors of Co and Cu.
Thus, for the first approximation, Co substitution for
A0-site Cuwas neglected. Since no significant oxygen defi-
ciency was confirmed by thermogravimetric measure-
ment, the occupancy factor (g) of each site was fixed to
unity. The small values of the reliability factors (Rwp and
RI) and goodness-of-fit (Sfit) indicate satisfactory struc-
ture refinement, based on the above structure model.
Selected bond lengths and angles of CCCO are listed in
Table 2.Note that the shortestCu-Obond length (∼1.86 Å)

Figure 1. Observed synchrotron powder X-ray diffraction (SXRD) pat-
tern andRietveld refinement result for CCCO. The dots and lines indicate
the observed and calculated patterns, respectively. The difference between
the observed and calculated patterns is shown at the bottom. The top and
bottom vertical marks indicate the Bragg reflection positions for CCCO,
andCuO, respectively.The inset shows the crystal structure ofAA0

3B4O12.
Large white spheres, small black spheres with 4-fold planar coordination,
and medium gray spheres representA,A0, andO atoms, respectively. The
octahedra represent BO6 octahedra.

Table 1. Refined Structure Parameters for CaCu3Co4O12
a

atom site g x y z 1000U (Å2)

Ca 2a 1b 0 0 0 8.2(9)
Cu 6b 1b 0 1/2

1/2 4.4(3)
Co 8c 1b 1/4

1/4
1/4 0.8(2)

O 24g 1b 0.3076(2) 0.1765(2) 0 6.9(4)

a Space group Im3 (No. 204), lattice constant a=7.12260(5) Å,Rwp=
3.04%,RI=2.71%, and goodness of fit Sfit=1.22. bThe site occupancy
factor for all the atoms was fixed to 1.
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is comparable to that of LCFO (∼1.90 Å),10 and that the

bond valence sum (BVS)15 of Cu was calculated to be

3.10.16,17 The Co-O bond length (∼1.90 Å) of CCCO is

comparable to those of other cobalt perovskites containing

Co3þ andCo4þ ions (e.g.,∼1.93 Å forLaCo3þO3and∼1.92
Å for SrCo4þO3),

12,18 but it is difficult to precisely estimate

theoxidation stateof theCo ion fromthebond length.Given

that Ca2þ and Cu3þ are the oxidation states in CCCO, the

Co valencewas closer to trivalent than quadrivalent, and the

BVS of Co was calculated to be 3.14.19,20 The BVS values of

Cu and Co seemed to give a simple ionic composition, such

as CaCu3þ3Co
3.25þ

4O12, which is different from the initially

expected ionic model of CaCu2þ3Co
4þ

4O12. Although the

Cu3þ ion is not Jahn-Teller active, a few compounds, such

as LaMn1.67þ3Ti
4þ

4O12 and CaFe
2þ

3Ti
4þ

4O12, which con-

tain non-Jahn-Teller ions at A0-site, were reported.21,22

Thus, CaCu3þ3Co
3.25þ

4O12 is another example in which

non-Jahn-Teller ion is stabilized by high-pressure synth-

esis. The valence state of Cu3þ and Co3.25þ (almost Co3þ)
was confirmed by the photoemission study.23

Figure 2 shows the powderXRDdata collectedwithCu
KR radiation for Ca1-xYxCu3Co4O12 (x=0.0-1.0). The
Ca1-xYxCu3Co4O12 samples with x g 0.25 crystallize in
the same crystal structure as CCCO. The lattice constant
amonotonically decreases with increasing x, as shown in
the inset of Figure 2. This is in contrast with the increase
of a in ACu3B4O12 (B=V and Ru), caused by the A-site
substitution from Naþ to Ca2þ to La3þ (or Y3þ),24-26 in
which the increase of a can be interpreted as the expansion
of the BO6 octahedron by electron doping. The substitu-
tion causes significant changes in electronic states of Co,

Table 2. Selected Bond Lengths and Bond Angles for CaCu3Co4O12

bond length (Å) bond angle (�)

Ca-O (�12) 2.5262(18) O-Cu-O 85.08(12)
Cu-O (�4) 1.8596(19) O-Cu-O 94.92(11)
Cu-O (�4) 2.6807(19) O-Co-O 89.78(8)
Co-O (�6) 1.9008(7) O-Co-O 90.22(8)

Co-O-Co 139.36(4)
Cu-O-Co 110.20(5)

Figure 2. Cu KR XRD patterns of Ca1-xYxCu3Co4O12. The asterisks
represent the Bragg reflection positions of the impurity phases. The inset
shows the lattice constant a, as a function of x.

Figure 3. Temperature dependence of the (a) electrical resistivity and (b)
thermoelectric power S for Ca1-xYxCu3Co4O12.
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as discussed later. Thus, the relationship between the
lattice constant and the doping level in the present system
is not simple as we saw in the rigid-band doping.
Figure 3a shows the temperature dependence of the

electrical resistivity. CCCO showed metallic temperature
dependence with positive dF/dT over the entire tempera-
ture range that has been measured. The metallic behavior
was consistent with CaCu3þ3Co

3.25þ
4O12 valence state with

apartially filledCo t2g band, obtained fromBVScalculation.
This result also confirmed that the CaCu2þ3Co

4þ
4O12

valence state with a fully occupied Co t2g band was not
achieved. Also, the F value at room temperature increased
by 3 orders of magnitude, from∼0.01Ω cm for CCCO to
∼10 Ω cm for YCCO. Insulator-like temperature depen-
dence of Fwith negative dF/dTwas observed for xg 0.75.
The drastic change in electrical resistivity indicated an
MIT caused by electron doping. If YCCO also contains
a Cu3þ state at the A0-site, then the substitution would
change the valence state of Co from Co3.25þ to Co3þ.
Because of the spatially isolated CuO4 unit, the Cu 3d
electron probably makes little contribution to the elec-
trical transport property, as discussed in LCFO.10 There-
fore, the insulating behavior of YCCO is explained by the
full filling of electrons into the Co t2g band. Thus, we
conclude that the MIT from CCCO to YCCO is induced
by filling control of the Co t2g band. This interpretation
was also confirmed by a photoemission study.23

Figure 3b shows the temperature dependence of the
thermoelectric power (S). Positive values for all the compo-
sition indicated that a p-type conduction mechanism is

dominant. The almost-linear temperature dependence of
S agrees with the metallic conductivity observed in elec-
trical resistivity for x = 0.0-0.50. In a simple metal
model, S is proportional to T/N(EF), where N(EF) is the
density of states at the Fermi level. Thus, the increase in
S from x=0.0 to x=0.75 reflects the decrease in N(EF)
after electron doping. In contrast, YCCO showed an
anomalous temperature dependence of S. It is difficult
to explain its mechanism, but the large S value and large
temperature dependence differed from those of metallic
samples, representing that the insulating transport pro-
perty is dominant for x=1.0.
Figure 4a shows the temperature dependence of the

magnetic susceptibility of x=0.0, 0.50, and 1.0 samples
measured on FC in an external magnetic field of 10 kOe.
There is no difference between ZFC and FC data, and no
magnetic transition was observed in the measured tem-
perature range of 5-300 K. Small ferromagnetic hyster-
esis loops were observed in the M-H curve for all the
samples, as shown in Figure 4b. The hysteresis loops were
present over the entire temperature range and were
temperature-dependent. This is probably attributed to uni-
dentified ferromagnetic impurities. The magnetic sus-
ceptibility data of all the samples showed a Curie-Weiss
(CW)-like paramagnetic behavior with involvement of
the temperature-independent component, whichwas con-
firmed by the nonlinear shape of the inverse magnetic
susceptibility, as shown in the inset of Figure 4a. The
magnetic susceptibility data of CCCO and YCCO be-
tween 5 K and 300 K were analyzed by CW fitting: χ=
CCW/(T - θw) þ χ0, where CCW is the Curie constant, θw
theWeiss temperature, and χ0 the temperature-independent
component. The CCW values obtained from the fitting
were 0.379(7) emu K mol-1 for CCCO and 0.560(5) emu
K mol-1 for YCCO. Since the A0-site Cu ions were con-
sidered to be in the nonmagnetic Cu3þ (d8, Sspin=0) state
from the structural analysis and photoemission spectro-
scopy,24 a large part of the CW component is probably
derived from unidentified paramagnetic impurities. The
χ0 for CCCOwas 5.16(6)�10-3 emumol-1 and the rather
large value indicates Pauli-like paramagnetism. Thus, the
itinerant Co 3d electrons contributed to the large χ0 value.
The χ0 value decreased to 1.02(3)� 10-3 emu mol-1 for
YCCO, as would be expected by the decrease in hole-like
carrier concentration by electron doping.
Figure 5 shows the specific heat divided by temperature

(C T-1) as a function of T 2. No indication of magnetic
transition was confirmed for any of the compositions.
A Schottky-type anomaly was observed below ∼10 K,
because of excitation of the nuclear moment of 59Co. The
data between 12 K and 20 K (T 2 = 144-400 K2) were
fitted using the formula

C

T
¼ γþ 12π4

5
NAkBT

2 1

ΘD
3

 !

where γ is Sommerfeld coefficient, NA Avogadoro’s con-
stant, and ΘD the Debye temperature. The value of
γ decreased from 157.5(7) mJ mol-1 K-2 for CCCO to

Figure 4. (a) Temperature dependence of the magnetic susceptibility
measured in an external field of 1 0 kOe on FC for Ca1-xYxCu3Co4O12.
The inset shows the temperature dependence of the inverse magnetic
susceptibility. (b) Isothermal magnetization curve measured at 5 K for
Ca1-xYxCu3Co4O12.
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47.26(13) mJ mol-1 K-2 for YCCO, as shown in the inset
of Figure 5, while theΘDwas almost unchanged at∼530K.
The decrease in γ clearly represents the decrease inN(EF),
which agrees with the electrical transport and magnetic
data. In particular, the sudden decrease in γ, as seen from
x=0.50-0.75 samples, corresponds to the MIT.
Structural analysis of CCCO revealed the valence state

of CaCu3þ3Co
3.25þ

4O12, and the evolution of the electri-
cal transport and magnetic properties suggested that the
substitution of Ca with Y caused electron doping into the
Co t2g band. Thus, the valence state of the A

0-site Cu in a
CCCO-YCCO solid solution does not seem to change
from Cu3þ. This is in sharp contrast to the Cu2þ state in
CCFO and the Cu3þ state in LCFO. The Cu3þ states in
Ca1-xYxCu3Co4O12 are considered as states with ligand
oxygen holes (L), as in LCFO, and the ligand oxygen
holes are located at theCu-Ohybridization bands, not at
the Co-O bands. Thus, the Cu3þ(d9L)/Co3þ(d6) state is
more stable than the Cu2þ(d9)/Co4þ(d6L) state.
The metallic transport property of CCCO was similar

to those of other paramagneticmetal CaCu3B4O12 (where

B=V, Ru) perovskites. The large χ0 and γ values were
comparable to those of CaCu3V4O12 (CCVO)24 and
CCRO.4 This suggests that the electron mass is also
enhanced in CCCO, probably because of the strong
correlation of the Co 3d electrons. In CCVO and CCRO,
metallic transport properties were observed through wide
ranges of doping. In contrast, MIT was induced in
Ca1-xYxCu3Co4O12 by electron doping. Thus, the alio-
valent substitution at the A-site controlled the filling of
the Co 3d band and led to MIT.

Conclusions

NovelA-site ordered perovskites CaCu3Co4O12, YCu3-
Co4O12, and their solid solutions Ca1-xYxCu3Co4O12

(x=0.25, 0.50, and 0.75) were synthesized at 9 GPa and
1273 K; these crystallized in a cubic CaCu3Ti4O12-type
structure. The Rietveld refinement based on the synchro-
tron powder X-ray diffraction suggested that the valence
state of CaCu3Co4O12 is CaCu3þ3Co

3.25þ
4O12, which

differed from those of other CaCu2þ3B
4þ

4O12 perov-
skites. The substitution at the A site from CaCu3Co4O12

to YCu3Co4O12 changed the filling of electrons into the
Co 3d band and the filling-controlledMITwas induced at
x=0.50-0.75.
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