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ABSTRACT: A novel perovskite oxide, CaCu3Rh4O12,
has been synthesized under high-pressure and high-
temperature conditions (15 GPa and 1273 K). Rietveld
refinement of synchrotron X-ray powder diffraction data
indicates that this compound crystallizes in a cubic
AA′3B4O12-type perovskite structure. Synchrotron X-ray
absorption and photoemission spectroscopy measure-
ments reveal that the Cu and Rh valences are nearly
trivalent. The spectroscopic analysis based on calculations
suggests that the appropriate ionic model of this
compound is Ca2+Cu∼2.8+3Rh

∼3.4+
4O12, as opposed to the

conventional Ca2+Cu2+3Rh
4+

4O12. The uncommon valence
state of this compound is attributed to the relative energy
levels of the Cu 3d and Rh 4d orbitals, in which the large
crystal-field splitting energy of the Rh 4d orbitals is
substantial.

Transition-metal (TM) oxides have been extensively studied
during the past several decades because of their various

electronic properties such as metal−insulator transitions,
magnetotransport, and superconductivity.1 Perovskite oxides,
ABO3, and their derivatives have been widely investigated
because of the facile adjustability of their crystal structures and
electronic states, which result in intriguing functions and
properties. Recently, quadruple A-site-ordered perovskite oxides,
AA′3B4O12 (see the crystal structure in the inset of Figure 1,
drawn using VESTA software2), have been extensively inves-
tigated because of the diverse interactions between constituent
TM ions at pseudo-square-planar-coordinated A′ sites and
octahedrally coordinated B sites, which lead to remarkable
features such as a giant dielectric constant in CaCu3Ti4O12,

3 a
colossal magnetoresistance in LaCu3Mn4O12,

4 and a large
negative thermal expansion in SrCu3Fe4O12.

5 Valence states of
AA′3B4O12-type compounds are not simply determined because

of multiple constituent valence-variable TM ions. For most
CaCu3B4O12-type compounds, tetravalent TM ions primarily
occupy the B sites, resulting in Ca2+Cu2+3B

4+
4O12 (B = Ti, V, Cr,

Mn, Fe, Ru, Ir, Pt, Ge, Sn) valence states. In contrast,
CaCu3Co4O12 (CCCoO) contains Cu3+ ions in the
Ca2+Cu3+3Co

3.25+
4O12 valence state.6,7 Unusual high-valence

states of late 3d TM ions (e.g., Fe4+, Co4+, and Cu3+) are
dominated by ligand holes in O 2p orbitals, as evidenced by
negative charge-transfer energies.7−10 The electron configura-
tions of these TM ions are represented as d5L1 (Fe4+), d6L1

(Co4+), and d9L1 (Cu3+), where L represents a ligand hole. The
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Figure 1. Observed SXRD pattern of CCRhO and the Rietveld
refinement. Crosses (black) and solid lines (red) represent observed and
calculated patterns, respectively. The difference between the observed
and calculated patterns is shown at the bottom (blue). The vertical marks
(green) indicate the Bragg reflection positions of CCRhO (upper) and
RhO2 (lower). The inset shows the drawing of the refined crystal
structure of CCRhO.
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ligand holes are primarily ascribed to Cu ions for CCCoO and
YCu3Co4O12, and they are transferred between TM ions [3Cu2+

+ 4Fe3.75+(d5L0.75)→ 3Cu3+(d9L1) + 4Fe3+] or disproportionated
[2Fe4+(d5L1)→ Fe3+ + Fe5+(d5L2)] in ACu3Fe4O12 compounds
(A = divalent alkaline-earth or trivalent rare-earth metal) with
variations in the temperature.11−13 These examples suggest that
unusual high-valence TM ions facilitate various intriguing
electronic states.
CaCu3Rh4O12 (CCRhO) was recently investigated by first-

principle calculations.14 It was predicted that CCRhO consisted
of unusual high-valence Cu3+ and normal-valence Rh3.25+ ions
rather than Cu2+ and Rh4+ ions. However, to our knowledge, a
synthetic study of CCRhOwas never reported.Here, we illustrate
the high-pressure synthesis, crystal structure, and valence state of
CCRhO. Synchrotron X-ray absorption (XAS) and photo-
emission spectroscopy revealed that CCRhO had a valence state
of Ca2+Cu∼2.8+3Rh

∼3.4+
4O12, which was approximately consistent

with the first-principle prediction.14

A polycrystalline sample of CCRhO was synthesized under a
pressure and temperature of 15 GPa and 1273 K, respectively
(see experimental and computational details in the Supporting
Information, SI). Figure 1 shows the synchrotron X-ray powder
diffraction (SXRD) pattern and the corresponding Rietveld
refinement of CCRhO. The sample was nearly single-phase,
except for small amounts of RhO2 (∼5 wt %) and unknown
impurities (presumably less than a few weight percent). The
primary phase was indexed with a cubic AA′3B4O12-type
perovskite structure with a lattice constant, a, of∼7.39 Å. Crystal
structure refinement based on the SXRD data using the Rietveld
program RIETAN-FP15 yielded reliable structure parameters and
metal−oxygen bond lengths with good reliability factors (see
Table 1). The bond valence sum (BVS)16 for Cu ions is heavily

dependent on the BVS parameter, l0; the BVS value of +2.33 (l0 =
1.649) implied divalency, +2.97 (l0 = 1.739) trivalency, and +2.92,
which was estimated from interpolation,17 an intermediate
valence close to trivalency. The BVS of Rh ions could not be
determined from the Rh−O bond lengths because of the absence
of reliable BVS parameters for Rh4+ ions.
Spectroscopic measurements were performed to estimate the

valence states of the constituent TM ions in CCRhO. Figure 2a
shows the Cu L2,3-edge XAS data for CCRhO and a CuO
reference. The L3-edge XAS spectrum of CCRhO consisted of a
main peak at∼932 eV and a shoulder at∼930.5 eV. The position
of the main peak was close to those of Cu3+ oxides.18,19 The
shoulder peak position of the Cu L3-edge of CCRhO was
identical with that of CuO, which was attributed to a divalent
state. This indicated that the Cu ions in CCRhO had a mixed-
valence state such as Cu(2+δ)+ (δ = 0−1). Figure 2b shows the O

K-edge XAS spectrum of CCRhO. The O K-edge XAS spectrum
consisted of mixed TM d andO 2p states. The structures at∼530
and ∼535 eV were attributed to the Rh 4d and Cu 3d bands,
respectively, which are commonly observed for CaCu3B4O12
compounds.20 In contrast, the intense peak at ∼527.5 eV
confirmed that the Cu valence of CCRhO was higher than 2+.21

Magnetic susceptibility data (see Figure S1 in the SI) exhibited a
localized paramagnetic component [Curie constant C of 0.26(2)
emu·K/mol] and a Pauli-like temperature-independent compo-
nent [χ0 = 2.32(6) × 10−3 emu/mol]. In a simple approximation,
the former is attributed to the Cu2+ spins (S = 1/2), whereas the
latter metallic conduction is governed by the Rh 4d electrons (the
metallic character of CCRhO is shown later). In accordance with
this approximation, it is estimated that ∼23% of the Cu ions
existed in the Cu2+ state, although the rest of the Cu ions existed
as low-spin S = 0 Cu3+ (see the energy diagram of 3d orbitals in
the square-planar coordination in Figure S2 in the SI).22

Therefore, the average valence of Cu ions was estimated to be
∼2.8.
The precise Cu valence was determined by calculations with

the single impurity Anderson model considering the dynamical
mean field.23 Figure 3 shows the calculated Cu L3-edge XAS

spectra in the Cu2.8+ valence state. The spectral shape
monotonically changed with varying valence states; the spectral
weight was transferred from the lower-energy peak to the higher-
energy peak with increasing valences, and eventually the two
peaks merged into nearly a single peak at Cu2.9+ (see Figure S3 in
the SI). The experimental XAS spectrum was reasonably

Table 1. Refined Structural Parameters and Selected Bond
Lengths for CaCu3Rh4O12

a

atom site Uiso (10
−3 Å2) M−O (Å)

Ca 2a 8.1(9) 2.618(3) × 12
Cu 6b 2.37(18) 1.878(2) × 4
Rh 8c 2.11(7) 1.9931(9) × 6
O 24g 5.4(6)

aSpace group: Im3 ̅ (No. 204); Å = 7.39267(5) Å. Atomic position: Ca
2a (0, 0, 0), Cu 6b (0, 1/2,

1/2), Rh 8c (
1/4,

1/4,
1/4), O 24g (0.3109(3),

0.1695(3), 0). Reliability factors: Rwp = 5.111%, RB = 1.344%, and
goodness of fit (GOF) = 1.1150. The occupancy factors g for all atoms
were fixed to 1.

Figure 2. Soft XAS spectra of (a) Cu L2,3-edge for CCRhO andCuO and
(b)OK-edge for CCRhO. (c)HX-PES spectra of Rh 3d for CCRhO and
RhO2. (d) Valence band for CCRhO.

Figure 3. Calculated soft XAS spectrum of Cu L3-edge for the Cu
2.8+

valence state. The experimental spectrum for CCRhO is also shown.
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described by the calculated spectrum for the Cu2.8+ valence state,
thus assuring that the Cu valence of CCRhO was approximately
+2.8.
The Rh valence was investigated by hard X-ray photoemission

spectroscopy (HX-PES). Figure 2c shows the Rh 3d core HX-
PES spectrum ofCCRhO, together with that of a RhO2 reference.
The binding energy of the Rh 3d5/2 main peak for CCRhO was
308.4 eV. This was shallower than that of RhO2 by approximately
0.4 eV, indicating that the Rh ions of CCRhO were less oxidized
than the Rh4+ ions of RhO2. In accordance with charge neutrality,
we conclude that the appropriate valence state of CCRhO is
Ca2+Cu∼2.8+3Rh

∼3.4+
4O12. The Rh 4d electrons of CCRhO were

expected to be in the low-spin configuration, because large
crystal-field splitting is usually predominant in 4d electron
systems in octahedral coordination, and Rh ions with a high-spin
configuration have never been reported in rhodium oxides.
Figure 2d shows the valence-bandHX-PES spectrum of CCRhO.
A significant spectral weight at the Fermi level indicated metallic
character. This was consistent with the magnetization data in
which a Pauli-paramagnetic-like component was substantial, as
shown in Figure S1 in the SI.
CCRhO follows CaCu3Ru4O12 (CCRuO) as the second

member of CaCu3B4O12-type compounds with B-site 4d TM
ions. The paramagnetic metallic properties of CCRhO were
similar to those of CCRuO.24 However, the valence state of
Ca2+Cu∼2.8+3Rh

∼3.4+
4O12 was different from that of CCRuO

(Ca2+Cu∼2+3Ru
∼4+

4O12).
25 The origin of the high-valence Cu

ions in CCRhO can be considered based on the relative energy
levels of Cu 3d, Rh 4d, and O 2p orbitals, as suggested in ref 14.
The Cu dx2−y2 orbital lies at the highest energy level in the
(pseudo-)square-planar coordination. Because of the large
crystal-field splitting of the Rh 4d orbitals, the unoccupied Rh
eg orbitals occur at energy levels above the Fermi energy, while
the Rh t2g orbitals lie at energy levels slightly lower than or
comparable to the Cu dx2−y2 orbital in the vicinity of the Fermi
energy. Thus, the partially occupied Cu dx2−y2 and Rh t2g orbitals
result in intermediate valence states of Cu2.8+ (d8.2 or d9L0.8) and
Rh3.4+ (t2g

5.6eg
0). This is different from other Cu3+-containing

AA′3B4O12 perovskites, in which multiple late 3d TM ions
compete for ligand holes. In A3+Cu3Fe4O12-type compounds, the
Cu3+ valence state is achieved by the ligand hole transfer from Fe
eg−O 2p-hybridized orbitals to Cu dx2−y2−O 2p orbitals with
similar energy levels.26 On the other hand, the large crystal-field
splitting of Rh 4d orbitals preferentially generates unusual high-
valence Cu ions in CCRhO, suggesting that the crystal-field
splitting energy is a crucial factor in determining the valence
states of complex TM oxides.
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