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ABSTRACT: CaCu3Fe2Re2O12 and LaCu3Fe2Re2O12 quadruple perovskite oxides are well known for their high ferrimagnetic Curie
temperatures and half-metallic electronic structures. By A-site chemical substitution with lower valence state Na+, an isostructural
compound NaCu3Fe2Re2O12 with both A- and B-site ordered quadruple perovskite structures in Pn−3 symmetry was prepared using
high-pressure and high-temperature techniques. The X-ray absorption study demonstrates the valence states to be Cu2+, Fe3+, and
Re5.5+. A ferrimagnetic phase transition is found to take place at the Curie temperature TC ≈ 240 K, which is much less than that
observed in A = Ca (560 K) and La (710 K) analogues. NaCu3Fe2Re2O12 possesses a larger saturated magnetic moment up to 9.4
μB/f.u. as well as a remarkably reduced coercive field less than 10 Oe at 2 K. Theoretical calculations suggest that NaCu3Fe2Re2O12
displays a half-metallic electronic band structure with complete spin polarization of conduction electrons in the minority-spin bands.
The magnetic properties and electronic structures of the ACu3Fe2Re2O12 family are compared and discussed.

1. INTRODUCTION
ABO3 perovskite oxides have been widely studied for their
broadly diverse physical properties such as multiferroic
property, negative thermal expansion, colossal magneto-
resistance, and superconductivity.1−10 In ABO3, the A-site
ions are typically rare earth, alkali, or alkaline earth metals with
relatively large ionic radii, which form an AO12 tetradecahedral
coordination environment, while B-site ions are transition
metals that form BO6 octahedral units connecting with each
other by corner-sharing O atoms.11 When three-quarters of the
A-site ions are substituted by Jahn−Teller active magnetic ions
like Mn3+ or Cu2+, an A-site ordered quadruple perovskite
oxide with the chemical formula of AA′3B4O12 may be
obtained.12,13 Due to the relatively small ionic radii of A′-site
ions (Mn3+ or Cu2+), the A′O4 square-coordinated units are
prone to forming and connecting with BO6 octahedra through
corner-sharing of the O, resulting in an A′−O−B bond angle of

about 110°. Concurrently, the BO6 octahedra are inclined to
heavily tilt, leading to a B−O−B bond angle of around 140°.
Owing to the capability of incorporating transition metal
cations at both A′ and B sites, AA′3B4O12 quadruple perovskite
oxides showcase intriguing electrical and magnetic character-
istics. For example, CaCu3Ti4O12 exhibits a weak temperature-
dependent and high dielectric constant,14,15 LaCu3Fe4O12

displays intermetallic charge transfer and negative thermal
expansion,16 and multiferroic properties are found to occur in
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RMn3Cr4O12 (R = rare earth element or Bi),17−20

CaMn3Mn4O12,21 and CaFe3Ti4O12.22

Furthermore, for A-site ordered perovskite AA′3B4O12, if B
sites are occupied by two transition metals with large
differences in ionic radius and/or valence states, an
AA′3B2B′2O12-type both A- and B-site ordered quadruple
perovskite is possible to obtain in a rock-salt ordered manner
at B/B′ sites.11 Thanks to the complex spin interactions among
multiple atomic positions (A′, B, and B′ sites), fascinating
physical properties are observed in AA′3B2B′2O12. For example,
high-temperature ferrimagnetic ordering and variable electrical
properties were reported in ACu3Fe2Os2O12 (A = Na, Ca, and
La).23−25 Specifically, in CaCu3Fe2Os2O12, a high Curie
temperature TC = 580 K and an energy band gap about 1.0
eV at room temperature were observed.24 However, when Ca2+

is replaced by Na+, the value of the Os5+ (5d3) changes to that
of the Os5.5+ (5d2.5), causing the electrical properties to change
from insulating for A = Ca to metallic for A = Na. Moreover,
the reduced number of unpaired electrons in Os weakens the
magnetic coupling intensity of Fe−O−Os and Cu−O−Os
pathways, leading to the decrease in the TC from 580 K for A =
Ca to 380 K for A = Na.23 On the other hand, when Ca2+ is
substituted by La3+ with a higher valence state, the average
valence state of Os will decrease to +4.5, yielding the mixture
of Os4+ (5d4) and Os5+ (5d3) in LaCu3Fe2Os2O12, which
retains the insulation.25 However, the presence of nonmagnetic
Os4+ results in a slightly lower TC in LaCu3Fe2Os2O12 (520 K)
compared to that of CaCu3Fe2Os2O12.24 Therefore, A-site ion
substitution can exert a significant influence in manipulating
the magnetic properties and electronic structures of
AA′3B2B′2O12 quadruple perovskite oxides.

Compared with ACu3Fe2Os2O12 mentioned above, the
ACu3Fe2Re2O12 family exhibits almost comparable Curie
temperatures even though Re has fewer 5d electrons than
does Os. For example, the TC value of CaCu3Fe2Re2O12 is
reported to be 560 K.26 Moreover, this compound shows a
half-metallic electronic structure with an energy gap in the
majority-spin band.26 By replacing Ca2+ with a higher valence
state La3+, the average valence state of Re is reduced from +5
to +4.5 in LaCu3Fe2Re2O12.27 The presence of more unpaired
5d electrons in Re4.5+ (5d2.5) induces stronger magnetic
interactions. Consequently, the TC of LaCu3Fe2Re2O12 sharply
rises to 710 K, while the half-metallic band structure remains
unchanged, making LaCu3Fe2Re2O12 a promising half metal
with the record high TC in perovskite oxides.27 It could be
interesting to study the effect of low-valence state substitution
at the A-site on the electronic structure and physical properties
for the ACu3Fe2Re2O12 family. In this work, we succeeded in
synthesizing both A- and B-site ordered quadruple perovskite
NaCu3Fe2Re2O12 (NCFRO) for the first time. As expected, a
hole is doped into the Re site in the presence of charge states
of Na+/Cu2+/Fe3+/Re5.5+. Detailed magnetic and electrical
properties were studied for NCFRO.

2. EXPERIMENTAL AND CALCULATION SECTION
The bulk polycrystalline NCFRO was synthesized using highly pure
(>99.9%) NaOH, Fe2O3, CuO, Re, and Re2O7 powders as starting
components. These reactants were well mixed with a stoichiometric
ratio of 14:14:42:6:11 and sealed into a gold capsule after grinding
thoroughly in an agate mortar. Then, the capsule was treated on a
cubic anvil-type high-pressure apparatus at the settings of 9 GPa and
1273 K for half an hour. Once the heating period was completed, the
pressure was gradually released back to ambient conditions over
several hours. Finally, the obtained sample was dried at 400 K for 30

min to remove the possible residual water (H2O) after the reaction of
NaOH. The powder synchrotron X-ray diffraction (SXRD) data were
collected at room temperature (RT) on beamline BL02B2 of SPring-8
in Japan with a λ = 0.70026 Å wavelength. The Rietveld refinement of
SXRD data was performed using the GSAS program.28 The X-ray
absorption spectroscopy (XAS) measurements at the Cu/Fe-L2,3
edges were carried out at beamline TLS11A with the total electron
yield mode, and the Re-L3 edge was recorded at TPS44A with the
transmission mode in the National Synchrotron Radiation Research
Center (NSRRC) of Taiwan at RT. The magnetic susceptibility was
measured on a magnetic property measurement system (MPMS-
VSM, Quantum Design) with field-cooled (FC) and zero-field-cooled
(ZFC) modes with a field of 0.1 T in 2−390 K. Isothermal
magnetization was measured at 2, 200, and 300 K, respectively. The
electrical resistivity was measured from 2 to 320 K at 0 T field, and
from −8 to 8 T at 2, 200, and 300 K, and specific heat measurement
from 2 to 290 K at 0 T was performed on the physical property
measurement system (PPMS-9 T, Quantum Design).

The spin-polarized electronic structure theoretical calculations
were carried out by density functional theory (DFT) in the VASP
code29 using the generalized gradient approximation (GGA)
method.30 The crystallographic structures used in calculations were
obtained from the SXRD refinement. Strong Coulomb correlations
are taken into account via the GGA + U approach.31 The effective
Coulomb interactions Ueff = U − JH for Cu, Fe, and Re ions are 7.0,
4.1, and 2.5 eV, respectively, which are close to parameters used in
literature.32−34 The plane-wave energy cutoff is 520 eV, and k-mesh is
4 × 4 × 4. The convergence criterion for the total energy is 10−6 eV.

3. RESULTS AND DISCUSSION
Figure 1 depicts the SXRD data and the Rietveld refinement
results of NCFRO at RT. The diffraction pattern can be

refined well based on both A- and B-site ordered
AA′3B2B′2O12-type quadruple perovskite structure model
with the space group Pn−3. To evaluate the B-site degree of
chemical order, the occupancy factors for A-site Na and A′-site
Cu are fixed to unity owing to the large difference in ionic size
between them. In addition, considering the nearly stoichio-
metric oxygen content (shown later), the occupancy factor of
O is constrained to unity, too. Then, the ordering degree

Figure 1. Pattern of SXRD data and Rietveld refinement results for
NCFRO at RT. The experimental (red circles), simulated (black
line), background (blue line), and difference (olive line at the
bottom) patterns are displayed. The Bragg reflection positions for
space group Pn−3 are displayed as purple ticks. The inset illustrates
the schematic representation of the crystal structure for NCFRO.
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between the B-site Fe and B′-site Re is refined to be a high
level of about 98.0%. Table 1 provides the refined structure
parameters of NCFRO. Four of the Cu−O bonds are relatively
short, signifying the formation of the fourfold square-planar
coordination of CuO4, as illustrated in the inset of Figure 1.
The Fe/ReO6 octahedra, which are linked with each other
through corner-sharing of the atoms of O in a rock-salt-type
ordered manner, connect with CuO4 units by sharing of the O
atoms. Based on the refined Cu−O and Fe−O bond lengths
and the bond valence sum (BVS) calculations,35 the valence
states of Cu and Fe ions were suggested to be Cu2+ and Fe3+

(see Table 1). Meanwhile, NCFRO has the shortest Re−O
bond length (1.923 Å) compared with that of the Fe/Re
ordered perovskite oxides CaCu3Fe2Re2

5+O12 (1.934 Å),26

LaCu3Fe2Re2
4.5+O12 (1.960 Å),27 Ca2FeRe5+O6 (1.951 Å in

average), and Sr2FeRe5+O6 (1.956 Å in average),36,37 implying
the presence of a higher charge state of Re in NCFRO as
confirmed by the XAS measurement results described
subsequently.

To validate the valence configuration of NCFRO, we
performed XAS measurement, which is well known due to
its element selectivity and sensitivity for the valence states as
well as the local environment of transition metals.38 As
displayed in Figure 2a,b, the white line of Cu-L2,3 (Fe-L2,3)
exhibits similar characteristics with the peak energies as the
reference compound CaCu3

2+Ti4O12
39 (LaCu3Fe2

3+Re2O12
27),

indicating the existence of the Cu2+ (Fe3+) valence state. As
shown in Figure 2c, the peak of Re-L3 XAS in NCFRO is
located at an intermediate position between those of
Sr2MgRe6+O6

40 and Sr2FeRe5+O6,41 suggesting the formation
of a Re5.5+ state. Therefore, the charge configuration of
NCFRO is assigned to be Na+Cu3

2+Fe2
3+Re2

5.5+O12, which also
reveals the stoichiometric chemical composition for this
compound. In comparison, the charge states of Cu and Fe
remain unchanged in CaCu3Fe2Re2O12 and the current
NCFRO. However, a hole was doped into the Re site in
NCFRO by substituting Ca2+ at the A-site with low-valence
state Na+.

Figure 3a displays the temperature dependence of the
magnetic susceptibility of NCFRO. As the temperature
decreases, the ZFC and FC curves sharply rise at TC ≈ 240
K (determined by a tangent method), suggesting a ferro- or
ferrimagnetic phase transition. As displayed in Figure 3b, above
TC, the isothermal magnetization curve of NCFRO has a
nearly linear behavior, agreeing with the paramagnetic state.

However, the magnetization exhibits typical magnetic hyste-
resis at temperatures below TC, which further indicates the
ferro- or ferrimagnetic nature of NCFRO. Meanwhile, one
finds that the saturated magnetic moment increases with
decreasing temperature and reaches 9.4 μB/f.u. at 2 K and 7 T,
which is close to the theoretical spin-only value (10.0 μB/f.u.)
obtained by considering a colinear ferrimagnetic arrangement
of Cu2+(↑)−Fe3+(↑)−Re5.5+(↓). As is well known that the
isostructural compounds Ca/LaCu3Fe2Re2O12 possess the
magnetic configuration of Cu(↑)−Fe(↑)−Re(↓),26,27 a similar
ferrimagnetic alignment is expected to occur in the current
NCFRO. Therefore, a ferrimagnetic phase transition with the

Table 1. Refined Structure Parameters of NCFRO at RT from SXRD Dataa

site WP x y z G Uiso (100 × Å2)

Na 2a 0.25 0.25 0.25 1.0 1.58(5)
Cu 6d 0.25 0.75 0.75 1.0 0.21(4)
Fe1 4b 0 0 0 0.980(1) 0.44(4)
Re1 4b 0 0 0 0.020(1) 0.44(4)
Re2 4c 0.5 0.5 0.5 0.980(1) 0.61(3)
Fe2 4c 0.5 0.5 0.5 0.020(1) 0.61(3)
O 24h 0.5664(5) 0.7562(4) 0.0576(4) 1.0 1.04(13)

bond length value (Å) bond angle value (°)

Cu−O (×4) 1.974(3) ∠Fe1−O−Re2 141.3(2)
Fe1−O (×6) 2.010(3) ∠Cu−O−Fe1 107.5(1)
Re2−O (×6) 1.923(3) ∠Cu−O−Re2 111.1(2)
BVS (Cu) 2.07 BVS (Fe) 3.04

aCrystal data: space group Pn−3 (No. 201), a = 7.41960(1) Å. WP: Wyckoff position; G: site occupancy. Rwp = 8.41%, Rp = 6.03%. The formula Vi
= ∑jSij, and Sij = exp[(r0 − rij)/0.37)] was used to calculate BVS values. The value of r0 = 1.679 for Cu, 1.759 for Fe.

Figure 2. XAS spectra of (a) Cu-L2,3 edges together with that of Cu2+

reference CaCu3Ti4O12, (b) Fe-L2,3 edges together with that of Fe3+

reference LaCu3Fe2
3+Re2O12, and (c) Re-L3 edge with Re6+ of

Sr2MgReO6 and Re5+ of Sr2FeReO6 for NCFRO.
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Cu2+(↑)−Fe3+(↑)−Re5.5+(↓) spin coupling is rationally as-
signed for NCFRO at TC ≈ 240 K. Moreover, the coercive
field of NCFRO is extremely small with the value of only about
40 Oe at 200 K and decreases to below 10 Oe at 2 K, as shown
in the inset of Figure 3b, demonstrating the exceptional soft
magnetic property for NCFRO. In comparison, the coercive
field observed in Ca/LaCu3Fe2Re2O12 is about 100 Oe at 2
K.26,27

The temperature-dependent electrical resistivity for NCFRO
is shown in Figure 4. It exhibits an order of 1 mΩ·cm among

the whole temperature range we measured and decreases
continuously as the temperature decreases, indicating a metal-
like transport behavior for this compound. Above TC, the
resistivity seems to decline slowly and linearly with decreasing
temperature. Below TC, the rate of resistivity change becomes
more pronounced, probably due to the weakening of carrier
scattering caused by thermally agitated spins for the

ferrimagnetic state.42 The upturn below 15 K could be
attributed to the grain boundary effects of the polycrystalline
sample.26 The inset of Figure 4 depicts the magnetoresistance
(MR) effect [MR = 100% × (ρ (H) − ρ (0 T))/ρ (0 T)] of
NCFRO as the function of the magnetic field at 2, 200, and
300 K. At 300 K, NCFRO exhibits a very weak negative MR
effect, suggesting that the carrier scattering due to disordered
spins is barely affected by the magnetic field at temperatures
above TC. Below TC, the negative MR features are relatively
pronounced with the absolute value of MR increasing as the
field increases, mainly because magnetic fields can suppress
spin fluctuations and uniformly align magnetic domains that
reduces the carrier scattering.43,44

Figure 5 displays the specific heat as a dependence of
temperature for NCFRO. No obvious anomaly is found to

occur throughout the measurement temperature range in 2−
290 K. The absence of a distinct phase transition peak around
TC in specific heat may be due to the slow establishment of
ferrimagnetic ordering, leading to a gradual release of magnetic
entropy in a wide temperature window. A similar phenomenon
was also reported in another isostructural compound
LaCu3Co2Re2O12.45 As depicted in the inset of Figure 5, the
low-temperature (2−18 K) specific heat data of NCFRO can
be well described by the function CP = γT + βT3 + αT3/2, in
which the T term stands for the contribution of delocalized
electrons, the T3 term represents the phonons and
antiferromagnetic contribution, and the T3/2 term originates
from the ferromagnetic excitation contribution. The coef-
ficients were fitted to be γ = 44.4(9) mJ·mol−1·K−2, α =
30.3(4) mJ·mol−1·K−5/2, and β = 0.46(3) mJ·mol−1·K−4. The
considerable value of the Sommerfeld coefficient γ suggests a
remarkable electronic contribution to specific heat, which
provides additional support for the intrinsic metal-like nature
of NCFRO.

Spin-polarized electronic structure calculations utilizing the
DFT with the electronic correlation effect (U) were conducted
to further analyze the electronic properties of NCFRO. The
theoretically calculated band structures and the density of
states (DOS) are shown in Figure 6. An energy gap of
approximately 2.0 eV in the majority (up)-spin bands is
observed. However, the Fermi level crosses the minority
(down)-spin bands primarily composed of Re 5d states
hybridized with the state of O 2p and a few Cu 3d and Fe
3d states. Therefore, the NCFRO exhibits a half-metallic
ground state with fully polarized minority (down)-spin
conduction electrons. Furthermore, the 3d orbital electrons

Figure 3. (a) Temperature-dependent magnetic susceptibility with
ZFC and FC modes under the 0.1 T field for NCFRO. The green
lines are tangents to determine the TC. (b) Magnetic field dependence
of magnetization recorded at three selected temperatures for NCFRO.
The inset demonstrates an enlarged view of the low field range.

Figure 4. Temperature dependence of electrical resistivity for
NCFRO from 2 to 320 K measured at zero field. The pink line
represents a linear fit in the region above TC. The inset depicts the
MR [MR = 100% × [ρ (H) − ρ (0 T))/ρ (0 T)] effects measured at
2, 200, and 300 K, respectively.

Figure 5. Specific heat data as a dependence of temperature for
NCFRO from 2 to 290 K measured at 0 T field. The inset displays the
fitting result (red line) based on the function CP = γT + βT3 + αT3/2

from 2 to 18 K.
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of Fe3+ predominantly occupy the up-spin bands, and Cu2+ 3d
up-spin bands are almost fully filled, while the 5d electrons of
the Re5.5+ are primarily found in the down-spin bands. This
configuration aligns with the Cu(↑)−Fe(↑)−Re(↓) ferrimag-
netic arrangement discussed previously.

In the ACu3Fe2Re2O12 (A = Na, Ca, and La) family, all the
members display half-metallic electronic structures with an
energy band gap in the majority (up)-spin bands, and
predominant Re 5d orbitals, where t2g orbitals always have
fewer than half the electrons regardless of the valence state of
the A-site ion, hybridized with O 2p and a few Cu/Fe 3d
orbitals compose the partially filled down-spin bands around
the Fermi level. As depicted by the schematic DOS including
Cu, Fe, and Re bands for ACu3Fe2Re2O12 in Figure 7a, when

the A-site ions change from La3+ to Na+, the hole doping
causes the Fermi level to move downward without significantly
altering the DOS shape, due to the robust cubic quadruple
perovskite structure, and therefore the electron number of Re
5d down-spin orbitals is reduced. Moreover, the A-site
chemical substitution with different valence states has a
significant influence on the TC value for ACu3Fe2Re2O12.
The TC for A = La (710 K) is higher than that of A = Ca (560
K), and the TC of A = Na (240 K) is much lower.26,27 As

shown in Figure 7b, the fewer the unpaired electrons of Re 5d
orbitals from A = La to Ca, and to Na, the lower the TC.
Therefore, the weakness of exchange interaction is mainly
attributed to the decreased number of unpaired electrons in 5d
orbitals of Re ions, which decreases the dominant Cu−Re and
Fe−Re magnetic coupling,26,27,46 leading to a lower TC. On the
other hand, the saturated moment at 2 K increases as the
number of electrons of Re ions decreases, as displayed in
Figure 7b. This is because the moment of Re ions, which are
antiparallel to those of Cu and Fe, has a smaller counteracting
effect on the total magnetic moments from A = La to Na,
resulting in the largest saturated magnetization in the NCFRO.

4. CONCLUSIONS
In summary, we synthesized a new A- and B-site ordered
quadruple perovskite oxide, NaCu3Fe2Re2O12, with the Pn−3
space group and a charge combination of Na+/Cu2+/Fe3+/
Re5.5+ using high-pressure and high-temperature methods. This
material is a ferrimagnet with a TC of about 240 K. A large
saturated moment of 9.4 μB/f.u. and a small magnetic coercive
field of less than 10 Oe at 2 K were observed. Theoretical
calculations suggest that NaCu3Fe2Re2O12 has a half-metallic
electronic structure with completely spin-polarized conduction
electrons in the minority-spin bands. By comparing with Ca/
LaCu3Fe2Re2O12, we conclude that the low-valence ion
substitution of the A site can significantly reduce TC due to
reduced antiferromagnetic interactions for Cu−Re and Fe−Re
from the decreased number of unpaired 5d electrons in Re
ions.
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