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Observation of A-site antiferromagnetic and B-site ferrimagnetic orderings in the quadruple
perovskite oxide CaCu3Co2Re2O12

Zhehong Liu,1,2 Xiao Wang,1,3 Xubin Ye,1,2 Xudong Shen,1,2 Yuecheng Bian,4 Wei Ding,4 Stefano Agrestini,3,5

Sheng-Chieh Liao,3 Hong-Ji Lin,6 Chien-Te Chen,6 Shih-Chang Weng,6 Kai Chen ,7 Philippe Ohresser,7 Lucie Nataf,7

Francois Baudelet,7 Zhigao Sheng,4 Sonia Francoual,8 José R. L. Mardegan,8 Olaf Leupold,8 Zefang Li,1,2 Xuekui Xi,1,2

Wenhong Wang,1,2 Liu Hao Tjeng,3 Zhiwei Hu,3 and Youwen Long 1,2,9,*

1Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China

3Max Planck Institute for Chemical Physics of Solids, Nöthnitzer Straße 40, 01187 Dresden, Germany
4Anhui Key Laboratory of Condensed Matter Physics at Extreme Conditions, High Magnetic Field Laboratory,

Chinese Academy of Sciences, Hefei 230031, China
5Diamond Light Source, Harwell Science and Innovation Campus, Didcot, OX11 0DE, United Kingdom

6National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan
7Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, 91192 Gif-sur-Yvette Cedex, France

8Deutsches Elektronen-Synchrotron DESY, Notkestraße 85, 22607 Hamburg, Germany
9Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China

(Received 13 May 2020; revised 22 November 2020; accepted 22 December 2020; published 12 January 2021)

A quadruple perovskite oxide CaCu3Co2Re2O12 was synthesized by high-pressure annealing. This compound
crystallizes in an A- and B-site ordered quadruple perovskite structure with space group Pn-3. The charge
combination is determined to be CaCu2+

3Co2+
2Re6+

2O12 by bond valence sum analysis and x-ray absorption
spectroscopy. In contrast to other isostructural ACu3B2B′

2O12 compounds with a single magnetic transition, a
long-range antiferromagnetic phase transition originating from the A′-site Cu2+ sublattice is found to occur
at TN ≈ 28 K. Subsequently, the spin coupling between the B-site Co2+ and B′-site Re6+ ions contributes
to a ferrimagnetic transition around TC ≈ 20 K. Strong electrical insulating behavior is identified by optical
measurement with an energy gap of approximately 3.75 eV. The mechanisms of the spin interactions are
discussed in detail.

DOI: 10.1103/PhysRevB.103.014414

I. INTRODUCTION

A-site ordered quadruple perovskites, which have the
chemical formula AA′

3B4O12, exhibit a wide variety of
intriguing physical properties, such as high-temperature fer-
romagnetic (FM) or ferrimagnetic (FiM) ordering [1–4],
charge disproportionation [5,6] colossal magnetoresistance
[7], intermetallic charge transfer [5,6], half metallicity [1,3,4],
negative thermal expansion [5,6], huge dielectric constant
[8,9], multiferroicity, etc. [10,11]. In contrast to a simple
ABO3 perovskite, where the A site is usually occupied by
a large-size nonmagnetic alkali-metal, alkaline-earth, or lan-
thanide cation, the A′ site in an A-site ordered quadruple
perovskite can be occupied by a magnetic transition metal
(TM) ion with a smaller ionic radius. As a result, heavily tilted
BO6 octahedra and square-coordinated A′O4 units form. The
TM ions with a strong Jahn-Teller distortion, such as Cu2+ and
Mn3+, occupy the A′ site favorably. The different electronic
configurations between Mn3+(t2g

3eg
1) and Cu2+(t2g

6eg
3) ions

often produce different magnetic and electrical transport prop-
erties in AMn3+

3B4O12 and ACu2+
3B4O12. In general, two

*Corresponding author: ywlong@iphy.ac.cn

independent long-range antiferromagnetic (AFM) orderings,
arising from the A′-site Mn3+ ions or B-site TM ions, take
place in AMn3B4O12 [11–13], whereas a single FM-like phase
transition occurs in ACu2+

3B4O12 [7,14,15]. Exceptionally,
in CaCu3Ti4O12, CdCu3Ti4O12, and CaCu3Zr4O12 with non-
magnetic d0 TM ions at the B sites, the A′-site Cu2+ spins
induce an AFM transition at lower temperatures [9,16].

Furthermore, if another TM ion B′ is used to partially
substitute the B site in an ACu2+

3B4O12 compound, one
may obtain both A- and B-site ordered quadruple perovskite
ACu2+

3B2B′
2O12. To date, long-range spin ordering in the

reported A- and B-site ordered perovskites have always been
observed to display a Cu2+(↑)B(↑)B′(↓)-type FiM coupling
[1–3,17–19]. Moreover, compared with the relative A2BB′O6

double perovskite, the quadruple one usually has a much
higher spin ordering temperature. For example, the FiM phase
transition temperature TC sharply increases from approxi-
mately 320 K in Ca2FeOsO6 to 580 K in CaCu3Fe2Os2O12,
raising the possibility of potential applications for these mag-
netic functional materials well above room temperature (RT)
[1,2,20]. At present, there is no reported long-range AFM
ordering of the A′-site Cu2+ in the ACu2+

3B2B′
2O12 family. In

this study, we prepared an alternative A-site and B-site ordered
quadruple perovskite CaCu3Co2Re2O12 (CCCRO) with the
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charge combination of CaCu2+
3Co2+

2Re6+
2O12. Unexpect-

edly, the A′-site Cu2+ experiences an AFM phase transition at
28 K, and then a FiM ordering occurs around 20 K as a result
of the Co2+(↑)Re6+(↓) coupling.

II. EXPERIMENTAL DETAILS

Polycrystalline CaCu3Co2Re2O12 was synthesized by a
high-pressure and high-temperature method. High-purity
(>99.9%) powders of CaO, CuO, Co3O4, ReO2, and Re2O7

with mole ratio 9:27:6:10:4 were taken as starting materials
and mixed thoroughly in an agate mortar. The powder mixture
was pressed into a gold capsule of 3-mm diameter and 4.0-mm
length, and then treated at 7 GPa and 1323 K for 30 min
on a cubic anvil-type high-pressure apparatus. x-ray powder
diffraction (XRD) was measured using a Huber diffractometer
with CuKα1 radiation at 40 kV and 30 mA. The XRD data
were refined by the Rietveld method using the GSAS software
[21]. The Cu-L2,3 and Co-L2,3 x-ray absorption spectroscopy
(XAS) were measured at RT using the total electron yield
mode of beamline TLS11A at the NSRRC synchrotron fa-
cility in Taiwan. The Re-L3 XAS spectrum was measured
with the transmission mode at RT on beamline TLS07A of
the NSRRC. The x-ray magnetic circular dichroic (XMCD)
spectra at the Cu-L2,3 and Co-L2,3 edges were measured at
10 K and 6 T on beamline DEIMOS of the synchrotron
SOLEIL in Paris. The Re-L2,3 XMCD spectra were measured
at 5 K and 5 T on P09 beamline of PETRA III (shown in this
work) and 10 K and 1.3 T on beamline ODE of SOLEIL (not
shown). The magnetic susceptibility and magnetization data
were collected using a superconducting quantum interference
magnetometer (Quantum Design, MPMS) operating in vi-
brating sample magnetometer mode. Both zero-field-cooling
(ZFC) and field-cooling (FC) modes were used to measure
the magnetic susceptibility in the range 2–300 K at a mag-
netic field H = 0.01 T. Magnetization was measured at fields
ranging from −7 to 7 T at selected temperatures 2, 24, 50,
and 300 K. The specific heat (Cp) was measured by a pulse
relaxation method on a physical property measurement system
(Quantum Design, PPMS-9T). Different magnetic fields (0, 3,
and 5 T) were applied for Cp measurements from 50 to 2 K.
Nuclear magnetic resonance (NMR) was measured at variable
temperatures and a magnetic field of 9.39 T with Bruker
Avance III 400 HD. The UV-vis diffuse reflection spectrum
was measured by an ultraviolet−visible−near-infrared spec-
trophotometer (UV−vis−NIR, Cary-5E).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD pattern and the refined re-
sult for CCCRO. The presence of the sharp diffraction peaks
corresponding to crystal indices with an odd-numbered total
value h + k + l [such as (111), (311), and (333)] provide
convincing evidence for the rocksalt-type ordered distribution
of Co/Re cations at the B/B′ sites. Rietveld analysis confirmed
the high-pressure product CCCRO to be an A-site and B-site
ordered quadruple perovskite structure with space group Pn-3
[see Fig. 1(b)]. In this symmetry, the A-site Ca and A′-site
Cu atoms occupy the special Wyckoff sites 2 a (0.25, 0.25,
0.25) and 6 d (0.25, 0.75, 0.75) with ratio 1:3, and the B-

FIG. 1. (a) XRD pattern and structure refinement results for
CCCRO at room temperature. The observed (black circles) and cal-
culated (red line) results and their difference (bottom blue line) are
plotted. The ticks indicate the allowed Bragg reflections for the Pn-3
space group. (b) Crystal structure of A- and B-site ordered quadru-
ple perovskite CCCRO with Pn-3 symmetry. The corner-sharing
Co/ReO6 octahedra and spatially isolated CuO4 squares are shown.

site Co and B′-site Re atoms are also orderly distributed at
the 4 b (0, 0, 0) and 4 c (0.5, 0.5, 0.5) sites, respectively.
During the structure refinement, the occupancy factors for all
the cations are almost equal to unity, indicating a negligible
antisite occupancy effect. The refined structural parameters
are listed in Table I. According to the related bond lengths, the
bond valence sum (BVS) calculations give the valence states
of Cu and Co as +2.07 and +2.11, respectively, suggesting
the formation of Cu2+ and Co2+. Because of the absence of
the BVS parameter for a Re6+ state, we did not calculate the
valence state for Re in CCCRO. However, the Re-O bond
length (1.892 Å) in CCCRO is similar to that observed in
the double perovskite Sr2Mg2+Re6+O6 (1.912 Å on average).
A Re6+ charge state is thus expected to occur in the current
CCCRO [22]. The high-pressure synthesis condition is re-
sponsible for the slightly reduced Re-O distance in CCCRO
compared with Sr2MgReO6. Therefore, the structural analysis
suggests a CaCu2+

3Co2+
2Re6+

2O12 charge combination. This
will be further investigated using XAS, as shown below.

Element-selective XAS at the L2,3 edges is renownedly
highly sensitive to the valence state and the local environ-
ment for TMs. Figure 2(a) shows Cu-L2,3 XAS for CCCRO
together with CaCu3Ti4O12 as a Cu2+ reference in a quadruple
perovskite structure [9]. A strong sharp peak is apparent at
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TABLE I. Refinement structure parameters for CCCRO and the
BVS results for Cu and Co at room temperature. Space group: Pn-3;
atomic sites: Ca 2a (0.25, 0.25, 0.25); Cu 6d (0.25, 0.75, 0.75); Co
4b(0, 0, 0); Re 4c (0.5, 0.5, 0.5); O 24g (x, y, z). The BVS values
(Vi ) were calculated as Vi = ∑

jSi j , with Si j = exp[(r0 − ri j )/0.37].
We used r0 = 1.679 for Cu and 1.692 for Co. For the B-site Co and
B′-site Re, six coordinated oxygen atoms were used. For the A′-site
Cu, 12 coordinated oxygen atoms were used in the BVS calculation.

Parameter CCCRO

a (Å) 7.45595(1)
OX 0.4454(6)
OY 0.9269(5)
OZ 0.7632(3)
Uiso(Ca)(100 × Å2) 4.8(3)
Uiso(Cu)(100 × Å2) 0.67(5)
Uiso(Co)(100 × Å2) 0.65(3)
Uiso(Re)(100 × Å2) 0.42(1)
Uiso(O)(100 × Å2) 1.1(1)
Cu-O (× 4) 1.968(2)
Co-O (× 6) 2.078(2)
Re-O (× 6) 1.892(2)
�Co-O-Re (deg) 139.8(1)
�Cu-O-Re (deg) 113.5(1)
�Cu-O-Co (deg) 105.9(1)
BVS (Cu) 2.07
BVS (Co) 2.11
Rwp 3.1%
Rp 2.0%

930.0 eV for the Cu-L3 edge, and at 950.0 eV for the L2 edge
for both CCCRO and CaCu3Ti4O12, indicating that a Cu2+

valence state emerges in CCCRO. In other words, the 3d shell
of the Cu ion has a hole and therefore the Cu ion carries a
magnetic moment. We can safely exclude the presence of a
nonmagnetic Cu1+ valence state as in Cu2O since the cor-
responding XAS peak position would be higher by several
electronvolts owing to the closed 3d shell configuration of
Cu1+ [23].

To identify the valence state of Co in CCCRO, we exploit
the fact that, in open-shell systems, a unitary increase in the
valence of the TM ion produces a shift of the L2,3 XAS
spectrum toward higher energies by approximately 1.0 eV or
more [2,24–26]. In the experiment, a CoO single crystal was
measured simultaneously for energy reference at the Co-L2,3

edges, and a Co3+ reference EuCoO3 taken from Ref. [27] was
used for comparison. The Co-L2,3 XAS spectrum of CCCRO
shows up 1.5 eV lower in energy than that of EuCoO3, but has
the same energy as for CoO, demonstrating a Co2+ valence
state in CCCRO. The very similar multiplet spectral features
of CCCRO and CoO indicate also the same local coordination
of the Co ion. Figure 2(c) shows the Re-L3 XAS spectrum
for CCCRO together with Sr2MgRe6+O6 and Sr2FeRe5+O6

as Re6+ and Re5+ references, respectively [22,28]. Compared
with Sr2FeRe5+O6, the energy position of the Re-L3 edge of
CCCRO is shifted toward higher energies by approximately
1.1 eV, but has the same energy position as for the Re6+ refer-
ence Sr2MgReO6. This demonstrates the Re6+ valence state in
CCCRO fulfilling the charge-balance requirement. Therefore,

FIG. 2. (a) Cu-L2,3 XAS for CCCRO, and CaCu3Ti4O12 as a
Cu2+ reference. (b) Co-L2,3 spectra for CCCRO, and EuCoO3 as a
low-spin Co3+ reference (from Ref. [27]) and CoO as a high-spin
Co2+ reference. (c) Re-L3 XANES for CCCRO, and Sr2MgReO6 as
a Re6+ reference and Sr2FeReO6 as a Re5+ reference.

the XAS results confirm the CaCu2+
3Co2+

2Re6+
2O12 charge

combination, in agreement with the BVS analysis.
Figure 3(a) shows the temperature dependence of the mag-

netic susceptibility measured at 0.01 T. As the temperature
is decreased, the susceptibility displays two anomalies at
TN ∼ 28 K and TC ∼ 20 K, which are more clearly apparent
when plotting the derivative of the susceptibility [see the in-
set of Fig. 3(a)]. Since TN shifts toward lower temperatures
with increasing field during the specific-heat measurement
(shown later), an AFM transition is assigned to the anomaly
at 28 K. On account of the sharp increase of the mag-
netic susceptibility below TC, a FiM or FM phase transition
probably occurs at this critical temperature. As shown in
Fig. 3(b), the temperature dependence of the inverse sus-
ceptibility of CCCRO displays a clear nonlinearity. This
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FIG. 3. (a) Temperature dependence of the magnetic suscepti-
bility measured at 0.01 T for CCCRO using ZFC (black) and FC
(red) modes. The inset shows the derivative of the susceptibility. (b)
Temperature-dependent inverse susceptibility (empty circles) and the
Curie-Weiss fitting result from the high-temperature range (blue solid
line).

may indicate the presence of an active spin-orbit interaction
producing low-lying excited states that can be thermally pop-
ulated as observed in LaMn0.5Co0.5O3 [29]. Indeed, based
on the Curie constant (C = 12.1 emu K Oe−1 mol−1) fitted in
the higher-temperature region, the effective magnetic moment
is calculated to be μeff ≈ 9.84 μB/f.u. Considering only the
spin moment, the theoretical effective moment of CCCRO is
6.71 μB/f.u., much less than the fitted value. Once the orbital
moments of both Co and Re are included, the effective mo-
ment (10.09 μB/f.u.) becomes comparable with experiment.
Therefore, a considerable orbital moment seems to be gener-
ated by the 3d Co2+ and the 5d Re6+ ions in CCCRO. We
investigated this aspect further using XMCD measurements,
as discussed below.

The magnetization behavior provides additional evidence
for the double magnetic transitions. As presented in Fig. 4,
above TN, the magnetization depends linearly on the field, as
expected for paramagnetic behavior. Below TC (e.g., 2 K),
however, the magnetization increases sharply with the field
below about 2 T, before then increasing almost linearly at
higher fields. This feature is in accordance with the super-
imposed AFM and FiM/FM orderings in CCCRO at lower
temperatures, as mentioned above. Between TN and TC (e.g.,
24 K), the magnetization deviates slightly from a linear field
dependence, which implies that some short-range FiM/FM
interactions may occur in this temperature window since TC

is close to TN.
The temperature-dependent ac magnetic susceptibility and

specific heat were measured to further characterize the com-

FIG. 4. Field-dependent magnetization measured at selected
temperatures for CCCRO.

plex magnetism of CCCRO. As shown in Fig. 5(a), two peaks
at TN and TC are apparent in the ac susceptibility. Moreover,
the peak positions are independent of the applied measure-
ment frequency [see the inset of Fig. 5(a)]. This demonstrates
the long-range nature of both magnetic phase transitions.
Figure 5(b) presents the specific heat measured at different
fields. At 0 T, a sharp λ-type anomaly occurs at TN. With

FIG. 5. (a) Temperature-dependent ac magnetization measured
at different frequencies for CCCRO. The inset shows the enlarged
view near TC. (b) Temperature dependence of the specific heat at
zero field. The inset shows the specific heat measured at different
fields near TN and TC.
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increasing field, the anomaly shifts toward lower temperatures
(see inset). These features reflect the AFM ordering at TN. Al-
though the dc and ac susceptibility curves show a long-range
FiM/FM phase transition at TC, we do not find a clear anomaly
in the specific heat near this critical temperature. This may be
attributed to the similarity of TC and TN, so that most FiM/FM
entropy change has already occurred between TC and TN.

In A-site ordered ACu3B4O12 perovskites with nonmag-
netic B-site cations, if the B site has empty d orbitals (e.g.,
as in Ti4+ or Zr4+), then the A′-site Cu2+ sublattice can
form long-range AFM ordering via the Cu-O-B-O-Cu super-
superexchange interaction, as observed in Ca/CdCu3Ti4O12

and CaCu3Zr4O12 [9,16]. This means that the empty d0 or-
bitals at the B-site can constitute an interaction pathway to
trigger AFM ordering for the A′-site Cu2+ spins. Moreover,
these compounds exhibit similar AFM phase transition tem-
peratures at approximately 25–29 K. In the current CCCRO,
the strong spin-orbital coupling of the 5d Re6+ ion separates
the t2g orbitals into j = 3/2 and 1/2 bonds. Re6+ has a 5d1

electronic configuration with the electron partially occupying
the j = 3/2 band and leaving the j = 1/2 band completely
empty. This empty band may provide a super-superexchange
pathway to form AFM ordering for the A′-site Cu2+ spins,
as is the case for the d0 orbitals in Ca/CdCu3Ti4O12, so
that the TN of CCCRO is very similar to that reported for
Ca/CdCu3Ti4O12 and CaCu3Zr4O12 [9,16]. Therefore, the
AFM transition of CCCRO occurring at 28 K can most prob-
ably be ascribed to the spin ordering of the A′-site Cu2+ ions.
On the other hand, the magnetic phase transition observed at
20 K in CCCRO should arise from the FM or FiM interaction
between the high-spin Co2+ and Re6+ ions. Considering the
spin moment only, the Co2+(↑)Re6+(↑) FM coupling would
produce a saturated moment as large as 8.0 μB/f.u., much
larger than the 4 μB/f.u. observed from the experimental
magnetization below 20 K at 6 T (see Fig. 4). In compari-
son, the Co2+(↑)Re6+(↓) FiM coupling can give a saturated
moment of 4.0 μB/f.u. comparable to experiment. We thus
conclude that a Co2+(↑)Re6+(↓) FiM coupling is responsible
for the spin phase transition occurring at 20 K in CCCRO.

Spin-spin coupling is directly observable in the XMCD
measurements at the transition metal L2,3 edges. Figure 6
shows the Cu-, Co-, and Re-L2,3 edge XAS spectra measured
using circularly polarized light, with the photon spin aligned
parallel μ+ (black line) or antiparallel μ− (red line) to the
magnetic field measured at 10 K. The magnetic field was 6 T
for the Cu- and Co-L2,3 edges and 1.3 T for the Re-L2,3 edges.
The XMCD spectra μ+ − μ− are shown as blue lines. Firstly,
a very large negative XMCD signal is visible at the Co-L3

edge, and a weak positive XMCD signal at the Co-L2 edge.
The XMCD signal magnitude at the Co-L2,3 edges is very sim-
ilar to that observed in CoFe2O4 and LaMn0.5Co0.5O3 [29,30].
In comparison, there is a relatively large negative XMCD
signal at the Re-L2 edge and a very weak positive XMCD
signal at the Re-L3 edge, indicating an FiM spin-spin coupling
between Co and Re ions. The very small XMCD signal for Re
indicates that the Co2+(↑)Re6+(↓) FiM interaction is rather
weak, consistent with the lower spin ordering temperature
TC ∼ 20 K. The XMCD signal at the Cu-L2,3 edges of CC-
CRO is much weaker than that observed in CaCu3Fe2Re2O12,
where TC reaches as high as 560 K owing to the stronger

FIG. 6. XMCD for (a) Cu- and (b) Co-L2,3 edges measured at
10 K and 6 T for CCCRO. The photon spin is aligned parallel (μ+

black line) or antiparallel (μ− red line) to the applied magnetic
field. The difference spectra (μ+ − μ−) are shown as blue lines. (c)
XMCD for Re-L2,3 edges measured at 5 K and 5 T. The μ− and μ+

lines almost overlap because of the weak XMCD signal.

Cu2+(↑)Fe3+(↑)Re5+(↓) FiM coupling [1]. This feature rules
out FM coupling between Cu2+ ions, as a stronger XMCD
signal would otherwise be expected. The XMCD results thus
demonstrate that the Cu2+ sublattice causes AFM ordering
at TN ∼ 28 K. The weak XMCD signal at the Cu-L2,3 edges
suggests there is a canted moment in a high magnetic field.
In addition, it is interesting to compare the Co2+/Re6+ mag-
netism of CCCRO with that observed in the A2Co2+Re6+O6

double-perovskite family with A = Ca, Sr, and Ba. Specif-
ically, Ba2CoReO6 has a cubic Fm-3m crystal structure
with a 180 ° Co-O-Re bond angle, and shows noncollinear
helical-type AFM ordering [31,32]. Sr2CoReO6 crystallizes
in a tetragonal I4/m crystal structure with an average
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Co-O-Re bond angle of approximately 173 °. This compound
shows A-type collinear AFM ordering [33]. A heavily dis-
torted monoclinic P21/n perovskite structure is found to occur
in Ca2CoReO6, where the average Co-O-Re bond angle is
approximately 150 ° [33]. However, this system displays FM-
like behavior (the detailed spin alignment is unclear) [33].
This means that, with decreasing Co-O-Re bond angle, the
magnetism of A2CoReO6 changes from noncollinear AFM

to collinear AFM and then to FM-like behavior. In the cur-
rent CCCRO, the Co-O-Re bond angle is further reduced to
approximately 140 °. It also shows FM-like behavior due to
the FiM Co2+(↑)Re6+(↓) coupling, in accordance with the
magnetic evolution of A2Co2+Re6+O6.

The orbital magnetic moment Morb and the spin magnetic
moment Mspin of Cu2+, Co2+ and Re6+ can be estimated using
the XMCD sum rules [34,35]

Morb = −4
∫

L3+L2
(μ+ − μ−)dω

3
∫

L3+L2
(μ+ + μ−)dω

(10 − Nd ), (1)

Mspin + 7〈TZ〉 = −2
∫

L3
(μ+ − μ−)dω − 4

∫
L2

(μ+ − μ−)dω
∫

L3+L2
(μ+ + μ−)dω

(10 − Nd ), (2)

where Nd denotes the electron occupation number, and 〈T z〉
the intra-atomic magnetic-dipole moment, which is negligible
compared to Mspin in an octahedral symmetry coordination
[35]. Using Eqs. (1) and (2), the orbital and spin moments
are calculated as shown in Table II. Specifically, the to-
tal moments are 0.217 μB per Cu2+, 1.769 μB per Co2+

(1.19 μB from spin and 0.58 μB from orbital), and −0.10 μB

per Re6+. As a result, for each formula unit of CCCRO,
the total magnetic moment calculated from the XMCD data
is approximately 3.99 μB/f.u., similar to the magnetization
measurement at 2 K and 6 T (4.02 μB/f.u.). The obtained
moments of all three elements are obviously smaller than the
expected values, indicating that CCCRO is not magnetically
saturated even at 6 T as shown in Fig. 4. In such a case, it
is preferred to extract the Morb/Mspin ratio for the Co2+ ion
experimentally by using this formulation of the XMCD sum
rule:

Morb

Mspin + 7〈TZ〉 = 2

3

∫
L3+L2

(μ+ − μ−)dω
∫

L3
(μ+−μ−)dω − 2

∫
L2

(μ+−μ−)dω
.

(3)

This equation is more reliable than extracting the in-
dividual values for Morb and Mspin, since corrections are
no longer necessary for an incomplete magnetization, for
example, owing to the possible strong magnetocrystalline
anisotropy in a polycrystalline material [29]. Morb/Mspin is
approximately 0.48 as deduced from the Co-L2,3 XMCD
spectrum of CCCRO (see Table II). This indicates a large
value of Morb, considering the generally large Mspin for the

TABLE II. Orbital and spin moments of Cu2+, Co2+, and Re6+

in CCCRO, based on Eqs. (1) and (2), considering Nd = 9, 7, 1 for
Cu2+, Co2+ and Re6+ ions, respectively. The XMCD signal for Re6+

was measured at 1.3 T, but at 6 T for Cu2+ and Co2+ ions.

Ion Morb(μB/atom) Mspin(μB/atom)

Cu2+ 0.048 0.169
Co2+ 0.579 1.190
Re6+ 0.036 −0.138

Co2+ ion. Mspin for a HS Co2+ was estimated to be 2.5 μB

in CoV2O6 and LaMn0.5Co0.5O3 and 2.7 μB in Ca3CoRhO6

[24,29,36]. The ratio Morb/Mspin in CCCRO is close to 0.47 for
LaMn0.5Co0.5O3, 0.49 for the γ phase of CoV2O6, but smaller
than that for CoO (0.57) and the α phase of CoV2O6 (0.73)
[29,36,37]. In any case, the estimated Morb is approximately
1.2 μB for CCCRO. It is also interesting to note that Cu2+

carries a substantial orbital moment with an Morb/Mspin of
approximately 0.26 (see Table II). This is surprising since,
usually, the Jahn-Teller Cu2+ ion with a 3d (x2 − y2) hole
ground state does not carry any orbital moment. The fact that
the Cu2+ in CCCRO has an orbital moment should then be
attributed to a hybridization process with neighboring mag-
netic ions that have active spin orbit coupling interactions, so
that the orbital moments of those neighboring ions can be
transferred to Cu2+. Indeed, with not only the Co but also
the Re ions carrying a large orbital moment with Morb/Mspin

approximately equal to 0.26 (see Table II), the presence of
an orbital moment on the Cu can be taken as evidence for
the superexchange mechanism between the Cu2+ ions taking
place via the Re6+ and also the Co2+ ions.

To gain deeper insight into the AFM transition of the Cu2+

sublattice, we measured the XMCD around TN and studied
the intensity of the XMCD signal, which provides both the
strength and sign of the magnetic coupling. As mentioned
above, XMCD is element-selective, which therefore makes
it a powerful method for studying the Cu and Co sublattices
separately. Figures 7(a) and 7(b) show the magnitude of the
XMCD signal and the value of the moment at the Cu-L3

and Co-L3 edges at different temperatures, respectively. One
can see that the Co-L3 XMCD signal monotonically increases
upon cooling, indicating the FM coupling of Co spins, which
are always parallel to the magnetic field. However, the Cu-L3

XMCD signal behaves quite differently. Above 24 K, it also
increases upon cooling, reaching a maximum at approxi-
mately 18 K, before then drastically decreasing upon further
cooling down to 4 K. Thus, the Cu-L3 XMCD spectrum
provides solid evidence for an AFM transition happening for
the Cu sublattice. We note that a magnetic field can always
hamper AFM transitions, resulting in a decrease of the critical
temperature, which can explain that the 6-T XMCD transition
is near 18 K despite TN being approximately 28 K for the
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FIG. 7. XMCD magnitude at the (a) Cu- and (b) Co-L2,3 edges
measured at 6 T and different temperatures near TN for CCCRO.
(c) Magnetic moments measured at 6 T by different methods. The
magenta line was obtained from the susceptibility, the blue dots from
the magnetization, and the red triangles from XMCD measurements
of Cu- and Co-L2,3.

susceptibility at 0.01 T [38]. Besides, in a unit cell, the total
moments of Cu2+ and Co2+ calculated from the XMCD signal
display the same trend and are comparable with the magneti-
zation measurements, as shown in Fig. 7(c).

The 63Cu NMR spectra of CCCRO were measured at vari-
able temperatures and a magnetic field of 9.39 T. Figure 8(a)
shows the spectrum collected at 300 K. The central line (tran-
sition mI = − 1/2 ↔ 1/2) splits into two sharp peaks due
to second-order quadrupole interactions. The sharp feature
indicates that Cu atoms are distributed with a high degree
of order at A site, well consistent with the XRD refinement
result. Figure 8(b) presents the temperature dependence of the
full width at half maximum (FWHM) of central lines. With
decreasing temperature, the value of FWHM (�νhf ) increases
monotonically. If one plots the inverse �νhf as a function of

FIG. 8. (a) 63Cu NMR spectrum of CCCRO measured at a mag-
netic field of 9.39 T and 300 K. The FWHM of central line (�νhf ) is
shown. (b) Temperature dependence of �νhf and its inverse for 63Cu
NMR spectra.

temperature, it changes near linearly with temperature, similar
with the temperature dependence of inverse susceptibility.
This is in good agreement with the paramagnetic behavior of
CCCRO at higher temperatures. However, as the temperature
decreases below 50 K, the central line width becomes too
broad to be measured completely. Such a broadening effect
might be attributed to the development of some short-range
spin correlations or inhomogeneous spin interactions at the
high magnetic field we applied (9.39 T).

CCCRO exhibits a strong electrical insulating behavior so
that the resistivity cannot be measured using a PPMS below
300 K. We therefore resorted to optical measurements to char-
acterize the electrical properties. Figure 9 shows the UV-vis
diffuse reflection spectrum measured at RT with decreasing
wavelength. The spectrum shows a two-step-like sharp in-
crease at the onsets about 260 and 220 nm, implying CCCRO
to be an indirect semiconductor [39]. Based on the equation
(α ∗ E )1/2 = K(E − Eg), where E and α denote the discrete
photon energy and the absorption coefficient, respectively,
the narrowest energy band gap is fitted to be Eg = 3.75 eV
[39]. In the current A- and B-site ordered perovskite CCCRO,
electrical transport is dominated by the corner-sharing CoO6

and ReO6 octahedra. The strong insulating feature with the
large energy gap agrees well with the orderly distributed Co2+

and Re6+ without visible antisite occupancy. It is interesting
to note that if Ca is replaced by La and some electrons are
introduced into the Re site, half metallic behavior instead
of strong insulating property occurs as recently reported in
LaCu3Co2Re2O12 [40].
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FIG. 9. UV-vis diffuse reflection spectrum for CCCRO collected
at room temperature. The inset shows the Tauc plot of (a ∗ E )1/2

vs E.

IV. CONCLUSIONS

In summary, an oxide, CaCu3Co2Re2O12, was prepared by
high-pressure and high-temperature at 7 GPa and 1323 K.
XRD showed that the compound crystallizes as an A-site
and B-site ordered cubic quadruple perovskite with Pn-3
symmetry. XAS measurements and a BVS calculation re-
veal the charge combination to be CaCu2+

3Co2+
2Re6+

2O12.
This means that three different magnetic ions occupy three
different atomic positions. The A′-site Cu2+ ions lead to a
long-range AFM phase transition at approximately 28 K. In
addition, FiM ordering is found to occur near 20 K as a result
of the Co2+(↑)Re6+(↓) coupling, as confirmed by XMCD re-

sults. Moreover, a large orbital moment is observed for Co2+.
As expected from the orderly distributed Co2+ and Re6+,
CCCRO shows strong electrical insulating behavior with a
large energy band gap around 3.75 eV. This work reports
a ACu3B2B′

2O12 perovskite in which the A′-site Cu2+ ions
contribute to long-range AFM ordering rather than a FM or
FiM one as reported for other isostructural compounds.
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