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ABSTRACT: An A- and B-site-ordered quadruple perovskite
oxide LaCu3Ni2Re2O12 was synthesized at 9 GPa and 1323 K. The
crystal structure adopts a cubic space group of Pn-3 with the lattice
constant a = 7.4961(1) Å. Bond valence sum calculation and X-ray
absorption spectroscopy suggest the charge distribution to be
La3+Cu2+3Ni2+2Re5.5+2O12. A ferrimagnetic transition arising from
the Cu2+(↑)-Ni2+(↑)-Re5.5+(↓) spin coupling is found to occur at a
Curie temperature of TC ≈ 210 K. First-principles calculations
suggest a half-metallic electronic band structure for La-
Cu3Ni2Re2O12 with an energy gap of about 1.9 eV at the up-spin
channel and a conducting band at the down-spin channel. By
comparison with other isostructural LaCu3B2Re2O12 (B = Fe, Co,
Ni) perovskites, we find that the electronic configuration of Re
dominates the Curie temperature, as well as the half-metallic band gap.

1. INTRODUCTION
Magnetic half-metals are distinguished by their intrinsically
spin-polarized electronic structure, with one spin channel
metallic and the other insulating or semiconducting, yielding
complete spin polarization at the Fermi level in principle.1−4

This property makes them promising candidates for spintronic
applications such as magnetic storage, magnetoresistive
sensors, energy-efficient electronics, quantum computing,
etc.3−8 Both A- and B-site-ordered quadruple perovskite oxides
with the chemical formula AA′3B2B′2O12 provide an intriguing
platform for studying high-performance half-metals.9−15 In
such an ordered structure, the A′, B, and B′ sites can all
accommodate magnetic transition-metal ions, giving rise to
multiple magnetic and electronic interaction pathways between
A′-B, A′-B′, and B-B′ pairs. As a result, a wide variety of
interesting physical properties like charge transfer, charge
disproportionation, magnetoelectric multiferroicity, negative
thermal expansion, and superior catalytic activity are found to
occur.16−22 Particularly, CaCu3Fe2Re2O12 was reported to
possess a half-metallic band structure with a Curie temperature
of TC ≈ 560 K.10 By using La to replace Ca, a record high TC
≈ 710 K was observed in the LaCu3Fe2Re2O12 half-metal.

13 If
the A-site is substituted by a monovalent ion of Na, however,
one finds that the Curie temperature sharply decreases to
about 240 K.23 These results demonstrate the significant A-site
tuning for the spin interactions in the ACu3Fe2Re2O12 family.

23

In comparison, a systematic study of B-site tuning for the
LaCu3B2Re2O12 (B = 3d transition-metal ions) series remains

limited. Our previous report shows that the Co occupancy at
the B-site can also remarkably change the Curie temperature.12

In this work, we report the high-pressure synthesis of novel A-
and B-site-ordered quadruple perovskite oxide La-
Cu3Ni2Re2O12 (LCNRO). The crystal structure, charge state,
magnetic and electrical transport properties, as well as the
electronic properties are studied in detail. Moreover, the B-site
substitution effects on magnetic and electronic properties are
discussed for the half-metallic LaCu3B2Re2O12 (B = Fe, Co, or
Ni) family.

2. EXPERIMENTAL AND CALCULATION SECTION
For complex perovskite oxides, ambient-pressure synthesis frequently
results in phase segregation, oxygen nonstoichiometry, and destabi-
lization of the target oxidation states (refer to Supporting Information
Figure S1). High-pressure synthesis may mitigate these issues by
stabilizing the dense perovskite structure, preserving the oxygen
content, and promoting the desired B-site ordering. The bulk
polycrystalline LCNRO was synthesized using highly pure (>99.9%)
La2O3, CuO, NiO, ReO2, and Re2O7 powders as starting materials.
These reactants were well mixed with a stoichiometric mole ratio of
1:6:4:2:1 and sealed into a gold capsule after being ground thoroughly
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in an agate mortar. Then the capsule was pressed on a cubic anvil-type
high-pressure apparatus at 9 GPa and 1323 K for 30 min. After the
heat treatment, pressure was gradually released to ambient pressure
within 5 h. Then we peeled off the capsule to obtain a dense
cylindrical sample. Synchrotron X-ray diffraction (SXRD) was
performed on a finely ground powder sample using the beamline
BL02B2 of SPring-8 in Japan with a wavelength λ = 0.42054 Å at
room temperature (RT). Rietveld refinement was performed for the
SXRD data using the GSAS program.24 X-ray absorption spectroscopy
(XAS) measurements at the Cu/Ni-L3 edges were carried out in total-
electron-yield mode at beamline TLS11A, and the Re-L3 edge was
measured in transmission mode at beamline TPS44A, both in the
National Synchrotron Radiation Research Center (NSRRC) of
Taiwan at RT. A specimen with a mass of 12.6 mg was cut from
the sintered piece, and the magnetic susceptibility was measured
between 2 and 350 K under an applied field of 0.1 T using a magnetic
property measurement system (MPMS-VSM, Quantum Design) with
field-cooled (FC) and zero-field-cooled (ZFC) modes. Isothermal
magnetization curves were recorded at 2, 100, 200, and 300 K,
respectively. The electrical resistivity was measured using a standard
four-probe method on a sample cut and polished into a standard
cuboid from the sintered piece, employing a Physical Property
Measurement System (PPMS-9 T, Quantum Design). The specific
heat was measured using a sample with a mass and thickness of
approximately 12 mg and 1.3 mm, respectively, on the same PPMS.
The spin-polarized electronic structure theoretical calculations

were carried out using the full-potential linearized augmented plane-
wave (FP-LAPW) method as implemented in WIEN2K.25 The
convergence criteria are 0.000001 Ry for total energy and 0.000001
electrons for total charge. The crystallographic parameters obtained
from the SXRD refinement were chosen as the starting parameters for
optimization, and the atomic coordinates were relaxed until the
interatomic forces fell below 0.5 mRy/Bohr. The generalized gradient
approximation (GGA) and exchange−correlation functional in the
Perdew−Burke−Ernzerhof (PBE) form were utilized.26 We used a
homogeneous grid of 1000 k-points over the Brillouin zone according
to the Monkhorst−Pack scheme.27 Muffin-tin radii were set to 1.96 au
for Cu, 2.05 au for Ni, 1.92 au for Re, and 1.70 au for O. The plane-
wave cutoff was determined by RMTKmax = 6.0. Strong Coulomb
correlations are taken into account via the GGA + U approach.28 The
on-site Coulomb repulsion parameters were set to U = 8 eV for Cu, 6
eV for Ni, and 2 eV for Re, while the Hund’s rule coupling parameters
were set to JH = 0.9 eV for Cu and Ni and 0.5 eV for Re.

29−31 The
GGA + U calculations with spin−orbit coupling (SOC), which may
be important for the 5d Re ions, were also carried out. However, the
GGA + U + SOC results indicate that the inclusion of SOC does not
affect the magnetic ground state and leads to negligible changes in the
electronic structure obtained with the GGA + U method (refer to
Supporting Information Figure S3). Subsequently, we only discuss the
GGA + U results hereafter. The initial spin configuration in the
LCNRO is collinear antiferromagnetic (AFM), with the Cu and Ni
ions set to spin “up” and the Re ions set to spin “down”.

3. RESULTS AND DISCUSSION
Figure 1 presents the SXRD pattern of LCNRO along with its
Rietveld refinement results at RT. The diffraction data can be
well fitted by both A- and B-site-ordered AA′3B2B′2O12-type
quadruple perovskite structure models with the cubic space
group Pn-3. The refined lattice parameter is a = 7.4961(1) Å.
To assess the B-site ordering, the occupancy factors for A-site
La and A′-site Cu were fixed at unity due to the large ionic size
difference. Then, the ordering degree between the B-site Ni
and B′-site Re was refined to be nearly 100% if the oxygen
occupancy was constrained to be unity, considering the
stoichiometric composition, as will be discussed later. The
detailed refined structure parameters of the LCNRO are
summarized in Table 1. Four of the Cu−O bonds are relatively
short, suggesting the formation of the 4-fold square-planar

coordination of CuO4 (see the inset of Figure 1). The corner-
sharing Ni/ReO6 octahedra are orderly arranged in a rock-salt-
type manner and link with CuO4 units by sharing O atoms.
Based on the refined Cu−O and Ni−O bond lengths, the bond
valence sum (BVS) calculations32 suggest the presence of Cu2+
and Ni2+ (see Table 1). Meanwhile, compared with that of the
Re-based perovskite oxides, the Re−O bond length of LCNRO
(1.931 Å) is shorter than that of Pb2NiRe5+O6 (1.979 Å in
average)33 and longer than that of CaCu3Co2Re6+2O12 (1.892
Å),34 implying the presence of an intermediate charge state
between Re5+ and Re6+ in LCNRO, as revealed by the XAS
measurement results shown below.
To validate the oxidation states in LCNRO, we performed

XAS measurement, which is well known for its high element
selectivity and sensitivity to the valence states and local
coordination of transition metals.35 Figure 2a,b shows the Cu-
and Ni-L3 edge spectra of LCNRO with references of CuO36

and NiO,37 respectively. The nearly identical energy positions
between LCNRO and these references confirm the presence of

Figure 1. SXRD pattern and Rietveld refinement results for LCNRO
at RT. The experimental (black circles), simulated (red line), and
difference (blue line at the bottom) patterns are displayed. The Bragg
reflection positions for space group Pn-3 are shown as magenta ticks.
The inset illustrates the schematic crystal structure of LCNRO.

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

site WP X Y Z Uiso (100 × Å2)

La 2a 0.25 0.25 0.25 0.98(3)
Cu 6d 0.25 0.75 0.75 0.58(1)
Ni 4b 0 0 0 0.56(6)
Re 4c 0.5 0.5 0.5 0.53(9)
O 24h 0.5734(2) 0.7595(3) 0.0549(9) 1.12(1)
bond length value (Å) bond angle value (°)
Cu−O (×4) 1.977(4) ∠Ni−O−Re 139.79(9)
Ni−O (×6) 2.062(8) ∠Cu−O−Ni 107.03(8)
Re−O (×6) 1.931(7) ∠Cu−O−Re 112.41(9)
BVS (Cu) 2.01 BVS (Ni) 2.00

aCrystal data: space group Pn-3 (No. 201), a = 7.4961(1) Å. WP:
Wyckoff position; Rwp = 4.67%, Rp = 3.46%. The formulas Vi = ∑jSij
and Sij = exp[(r0 − rij)/0.37] were used to calculate BVS values. The
value of r0 = 1.679 for Cu and 1.654 for Ni.
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Cu2+ and Ni2+ valence states in LCNRO. Figure 2c presents
the Re-L3 edge XAS of LCNRO alongside those of
Sr2MgRe6+O6

38 and Sr2FeRe5+O6
39 as the Re6+ and Re5+

references, respectively. Evidently, the energy position of
LCNRO is located at the middle between these two references,
indicating an average Re5.5+ state in LCNRO, fulfilling the
charge balance requirement. Therefore, these findings
conclusively support the charge assignment of La-
Cu32+Ni22+Re25.5+O12, which also confirms the stoichiometric
chemical composition for LCNRO.
Figure 3a displays the temperature dependence of the

magnetic susceptibility of LCNRO. As the temperature
decreases, both ZFC and FC curves rise sharply at TC ≈ 210
K (determined by a tangent method as shown in Figure 3a),
indicating a ferro- or ferrimagnetic phase transition. As shown
in Figure 3b, the isothermal magnetization above TC displays
an almost linear behavior, which agrees with the paramagnetic
state. At the temperatures below TC, most clearly at 2 K, the
magnetization loops exhibit typical magnetic hysteresis, which
further indicates the ferro- or ferrimagnetic nature of LCNRO.
Meanwhile, one finds that the saturated magnetic moment
increases with decreasing temperature and reaches 5.0 μB/f.u.
at 2 K and 7 T. Moreover, the coercive field of LCNRO is very
small, with the value of only about 30 Oe at 2 K, as shown in
the inset of Figure 3b, demonstrating the soft magnetic
property. In the current LCNRO, the A′-site Cu2+, B-site Ni2+,
and B′-site Re5.5+ are all magnetic. If one considers the spin-
only moment contribution, then both the collinear Cu2+(↑)-
Ni2+(↑)-Re5.5+(↓) and Cu2+(↑)-Ni2+(↓)-Re5.5+(↓) ferrimag-
netic coupling can generate the net spin moment (4.0 μB/
f.u.) that is close to the experimental value (5.0 μB/f.u.). Based
on the XMCD and neutron diffraction study, however, almost
all the A- and B-site-ordered quadruple perovskite oxides
exhibit A′(↑)-B(↑)-B′(↓)-type ferrimagnetic cou-
pling.10−14,34,40−42 A similar ferrimagnetic alignment of
Cu2+(↑)-Ni2+(↑)-Re5.5+(↓) is thus temporarily assigned to
the current LCNRO.

The temperature-dependent electrical resistivity of LCNRO
is shown in Figure 4a. At 350 K, the resistivity value is about
0.16 Ω·cm. With decreasing temperature, the resistivity slightly
increases to about 0.73 Ω·cm at 2 K without a visible anomaly
occurring near TC. Since grain boundary effects are inevitably
involved in electrical transport measurement, the specific heat

Figure 2. XAS spectra of (a) Cu-L3 edge together with those of Cu2+
reference CuO, (b) Ni-L3 edge together with those of Ni2+ reference
NiO, and (c) Re-L3 edge with Re6+ of Sr2MgReO6 and Re5+ of
Sr2FeReO6 for LCNRO.

Figure 3. (a) Temperature-dependent magnetic susceptibility with
ZFC and FC modes under 0.1 T for LCNRO. The green dashed lines
are tangents to determine the TC. (b) Magnetic field dependence of
magnetization recorded at four selected temperatures for LCNRO.
The inset shows the enlarged MH hysteresis at 2 K.

Figure 4. (a) Temperature dependence of electrical resistivity for
LCNRO from 2 to 350 K measured at zero field. The inset depicts the
field-dependent magnetoresistance effects measured at 2 K. (b)
Temperature dependence of specific heat data for LCNRO from 2 to
290 K measured at zero field. The inset displays the fitting result (red
line) based on the function Cp/T = γ + βT2 from 2 to 16 K.
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of LCNRO was thus measured to further study the intrinsic
transport properties. Figure 4b shows the specific heat data at
2−290 K for LCNRO. No remarkable anomaly is found to
occur near the ferrimagnetic phase transition temperature,
probably because most magnetic entropy has already been
gradually released at temperatures higher than TC. The low-
temperature (<16 K) specific heat data can be well fitted using
the function Cp/T = γ + βT2, as shown in the inset of Figure
4b. The fitted Sommerfeld coefficient γ = 29.5(1) mJ·mol−1·
K−2. Such a large γ value indicates the considerable
contribution of electrons to specific heat, suggesting itinerant
electronic states emerging near the Fermi level in LCNRO.
Note that we also measured the Hall effects, and the results are
consistent with an intrinsically metallic electronic structure
with relatively weak/low carrier density (please refer to
Supporting Information Figures S4 and S5). One thus believes
that, intrinsically, LCNRO should exhibit metal-like electrical
transport behavior, and the slight resistivity upturn with
decreasing temperature observed in Figure 4a most probably
originates from grain boundary effects due to the polycrystal-
line nature of the sample.10−13 In addition, the inset of Figure
4a depicts the magnetoresistance (MR) effect [MR = 100% ×
(ρ(H)�ρ(0 T))/ρ(0 T)] of LCNRO as a function of
magnetic field at 2 K. The MR curve exhibits a characteristic
butterfly-like shape, indicative of spin-dependent tunneling
behavior arising from spin-polarized conduction electrons
through grain boundaries.7,43,44 This behavior is consistent
with observations of isostructural half-metallic perovskite
oxides such as LaCu3Fe2Re2O12 and LaCu3Co2Re2O12.

12,13

Spin-polarized electronic energy band structure calculations
utilizing the DFT with electronic correlation effect (U) were
carried out to analyze the electronic properties of LCNRO.45

The theoretically calculated band structures and density of
states (DOS) results are shown in Figure 5. An energy gap of

approximately 1.9 eV in the up(majority)-spin bands is
observed. However, the Fermi level crosses the down-
(minority)-spin bands primarily composed of Re-5d states
hybridized with O-2p and a few Cu-3d and Ni-3d states. Such
an electronic structure is consistent with a half-metallic picture
in which only one spin channel is conducting, while the other
remains insulating. Furthermore, the 3d orbital electrons of
Ni2+ predominantly occupy the up-spin bands, and Cu2+ 3d
up-spin bands are almost fully filled, while the 5d electrons of

Re5.5+ are primarily found in the down-spin bands. This
configuration aligns well with the Cu2+(↑)-Ni2+(↑)-Re5.5+(↓)
ferrimagnetic arrangement well.
If we compare the half-metallic LaCu3B2Re2O12 (B = Fe, Co,

Ni) series, the calculated values of the band gap decrease with
the B-site changing from Fe to Co while remaining almost
unchanged from Co to Ni, as displayed in Figure 6a. This

tendency probably closely correlates with the number of
unpaired Re-5d electrons. Energy splitting between the Re t2g
minority-spin and Re t2g majority-spin states is defined by the
intra-atomic Hund’s exchange, which weakly depends on the
Re valence state. Therefore, the band gap in the majority-spin
channel is mostly defined by the charge transfer energy, which
is the energy difference between ligand p and metal d states:
ΔCT = εd�εp.46 Going from Fe3+ to Co2+ (Ni2+), the increased
valence state of Re reduces ΔCT

47,48 and, consequently, the
band gaps�a result that aligns perfectly with our calculations.
In contrast, changing Co2+ to Ni2+ does not modify the
number of Re electrons, and the band gap stays almost the
same. Therefore, one can achieve remarkable band gap
modulation of this half-metallic quadruple perovskite family
by changing the number of unpaired Re-5d electrons.
In addition, compared with LaCu2+3Fe3+2Re4.5+2O12 (TC ≈

710 K), the B-site Ni substitution significantly reduces TC by
approximately 500 K,13 bringing it close to that of
LaCu2+3Co2+2Re5.5+2O12 (TC ≈ 150 K).12 This modulation
also arises primarily from changes in the number of unpaired
Re-5d electrons: in this half-metal family, the Cu(↑)-B(↑)-
Re(↓) ferrimagnetic order is dominated by antiferromagnetic
superexchange along the Cu−Re and B-Re pathways, so fewer
unpaired 5d electrons of Re can highly weaken the magnetic
coupling49 and thus suppress TC. As shown in Figure 6b, A-
site-substituted compounds CaCu2+3Fe3+2Re5+2O12 (TC ≈ 560
K)10 and NaCu2+3Fe3+2Re5.5+2O12 (TC ≈ 240 K)23 further
demonstrate that tuning the Re unpaired electron number can

Figure 5. Calculated spin-polarized band structures and the DOS near
the Fermi level (set to zero) of LCNRO using the GGA + U method
with U = 8 eV for Cu, 6 eV for Ni, and 2 eV for Re, respectively. The
total DOS (ashen shadow) and partial DOS of Cu-3d (blue line), Ni-
3d (olive line), Re-5d (navy line), and O-2p (red line) are displayed,
respectively.

Figure 6. (a) DFT-calculated up(majority)-spin band gap of
LaCu3B2Re2O12 as a function of B = Fe, Co, Ni. (b) Unpaired 5d-
electron number of Re dependence of TC for the ACu3B2Re2O12 (A =
La, Ca, Na; B = Fe, Co, Ni) half-metal family.
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substantially modulate TC. In contrast, when the unpaired
electron count of Re remains unchanged, TC exhibits only
minor variation, which may originate from structural factors
such as B−O−Re bond angles, B-site ionic size, octahedral
distortions, and/or metal−oxygen covalency. Therefore,
achieving substantial TC modulation through B-site substitu-
tion is fundamentally closely related to the alteration of the Re-
5d unpaired electron number.

4. CONCLUSIONS
In summary, we synthesized a new A- and B-site-ordered
quadruple perovskite oxide, LaCu3Ni2Re2O12, with the Pn-3
space group and a charge combination of Cu2+/Ni2+/Re5.5+
using high-pressure and high-temperature methods. This
material is a ferrimagnet with a TC value of about 210 K. A
saturated moment of 5.0 μB/f.u. and a small magnetic coercive
field of less than 30 Oe at 2 K were observed. Theoretical
calculations suggest that LaCu3Ni2Re2O12 has a half-metallic
electronic band structure with completely spin-polarized
conduction electrons in the minority-spin bands with an up-
spin gap of 1.9 eV. B-site Ni substitution preserves the half-
metallic character across the LaCu3B2Re2O12 (B = Fe, Co)
family, while its pronounced effect on TC and band gap arises
from altering the number of unpaired Re-5d electrons. This
work offers a clear case and guiding principles for designing
and tuning the band gap and Curie temperature for half-
metallic materials.
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