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a b s t r a c t 

The A - and B -site ordered quadruple perovskite oxide DyCu3 Fe2 Re2 O12 with cubic Pn -3 symmetry was syn- 
thesized under high-pressure and high-temperature conditions. The material experiences a sharp long-range 
ferrimagnetic transition arising from the strong superexchange antiferromagnetic interactions of Cu-Re and Fe-Re 
at a high Curie temperature ( TC ≈ 660 K). Owing to the influence at lower temperatures of the antiferromagnetic 
ordering of the Dy3 + occupying the A -site, the susceptibility of DyCu3 Fe2 Re2 O12 decreases continuously below 

50 K, which is essentially different from that of the isostructural compound LaCu3 Fe2 Re2 O12 . Moreover, in the 
presence of a magnetic field, the A -site Dy3 + spins are readily transformed into the ferromagnetic state from the 
antiferromagnetic ground state. Thus, the saturated magnetic moment of DyCu3 Fe2 Re2 O12 is sharply enhanced 
from 7.0 μB /f.u. at 300 K to 14 μB /f.u. at 2 K by applying a magnetic field of 7 T. Theoretical calculations 
suggest that DyCu3 Fe2 Re2 O12 is a half-metallic ferrimagnet with a spin-up band gap of approximately 2.0 eV. 
The combination of the high Curie temperature, wide half-metallic energy gap, and large magnetic moment 
makes DyCu3 Fe2 Re2 O12 promising for potential applications in advanced spintronic devices. 
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. Introduction 

A magnetic half metal (HM) is a type of material that behaves as a
onductor for electrons of a particular spin orientation, whereas it be-
omes an insulator or semiconductor for electrons with the opposite spin
rojection [ 1–3 ]. This unique property arises from the band structure of
he HM, where the electronic density of states at the Fermi level is metal-
ic in one spin direction and gapped in the other. As a result, in principle,
he carriers of HMs exhibit 100% spin polarization, which renders the
aterial highly valuable for spintronic applications in which the spin of

lectrons, rather than their charge, is utilized to transmit and store in-
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ormation. This unique electronic structure, together with the potential
or applications in high-efficiency spintronic devices, have resulted in
Ms being extensively researched in the fields of materials science and
ondensed matter physics [ 1–4 ]. 

To date, many types of half-metallic materials, including the oxides
rO2 and Fe3 O4 , Heusler alloys NiMnSb [ 1 , 5–7 ], and perovskites
r2 FeMoO6 [ 4 ], LaCu3 Fe2 Re2 O12 [ 8 ], and La1-x Srx MnO3 [ 9 ], have
een discovered by theoretical calculations or experiments (see also
 3 ]). Among them, A - and B -site ordered quadruple perovskites with
he formula AA ′3 B2 B ′2 O12 often have exceptional properties, such as
 high Curie temperature, large saturated moment, and wide band gap
 

ong) . 
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Fig. 1. (a) XRD pattern and refined results of DCFRO with cubic Pn -3 symmetry 
at room temperature. The observed (black circles), calculated (red solid line) and 
difference (blue solid line) are shown. The magenta ticks indicate the permitted 
Bragg reflections for the space group P n-3. (b) Schematic crystal structure dia- 
gram of A - and B -site ordered quadruple perovskite DCFRO. Atomic sites: Dy 2 a 
(0.25, 0.25, 0.25), Cu 6 d (0.25, 0.75, 0.75), Fe 4 b (0, 0, 0), Re 4 c (0.5, 0.5, 0.5), 
and O 24 g ( x, y, z ). The CuO4 square plaquettes and corner-shared Fe/ReO6 

octahedra are shown. 
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 8 , 10–12 ]. The Curie temperature of materials in this family can be
arkedly enhanced by inserting the magnetic ion Cu2 + at the A ′ -site

 12 , 13 ] as an effective approach to optimize the magnetic properties.
urthermore, the additional magnetic interactions that arise as a result
f the occupation of the A -site by a magnetic ion can either enhance
r compete with those arising from the magnetic ions at the A -, B -,
nd B ′ -site. These interactions include both direct and super-exchange
nteractions mediated by oxygen ions. Therefore, manipulation of the
nteractions between the ions at the A - and B -site enables magnetic
roperties, such as the Curie temperature, magnetization moment, and
pin alignment, to be tailored to develop advanced materials, thereby
pening new possibilities for innovations in electronics, data storage,
nd spin-based technologies. To date, the influence of A -site mag-
etic lanthanide ions in A -site ordered quadruple perovskites, such as
nCu3 Mn4 O12 ( Ln = magnetic lanthanide ions) family, has been studied
n detail [ 14 , 15 ]. However, detailed experimental studies have not yet
een conducted to clarify the influence of magnetic ions at the A -site
f A - and B -site quadruple perovskites. In our study, an all-magnetic-
ation A - and B -site quadruple perovskite DyCu3 Fe2 Re2 O12 (DCFRO)
ith excellent half-metallic properties was prepared by high-pressure
nd high-temperature methods. The unusual magnetic behavior
f this material differs considerably from those of its isostructural
ounterparts. 

. Experimental and calculation methods 

.1. Sample preparation 

Polycrystalline DyCu3 Fe2 Re2 O12 was synthesized by combining high
urity ( ≥ 99.9%) dysprosium oxide (Dy2 O3 ), copper oxide (CuO), iron
III) oxide (Fe2 O3 ), rhenium (Re), and rhenium (VII) oxide (Re2 O7 ) in
he mole ratio 7:42:14:10:9. After thoroughly grinding the starting ma-
erial in an agate mortar, the mixture was pressed into a gold capsule and
ubjected to 9 GPa and 1223 K for half an hour using a cubic-anvil-type
igh-pressure apparatus. Finally, the products were quickly quenched
o room temperature and the pressure was slowly released. 

.2. X-ray powder diffraction 

Room-temperature (RT) X-ray diffraction (XRD) was performed us-
ng a Huber diffractometer with Cu K𝛼1 . The XRD data were analyzed
sing the Rietveld refinement program GSAS [ 16 ]. 

.3. X-ray absorption spectroscopy and magnetic circular dichroism 

The RT X-ray absorption spectra (XAS) at the Cu- L2,3 and Fe- L2,3 
dges were measured on the BL11A beamline of the NSRRC synchrotron
n total electron yield (TEY) mode, whereas the Re- L3 XAS was measured
n the TLS08A beamline of the NSRRC in transmission mode. The X-ray
agnetic circular dichroism (XMCD) spectra at the Cu- L2,3 and Fe- L2,3 

dges were collected at 8 K and 6 T at the VEKMAG end station [ 17 ] of
he HZB/BESSY II/Germany Synchrotron Radiation Facility. The XMCD
pectra at the Dy- M4,5 edges were collected at 8 K under a 6 T magnetic
eld and at 20 K, 100 K, and 300 K by applying a 0.01 T magnetic field
t the VEKMAG endstation. All XMCD spectra were acquired in the TEY
ode, with a fresh surface prepared by cleaving the sample in situ under
ltrahigh vacuum (10− 10 mbar) a few minutes before the measurements
ere conducted. 

.4. Magnetic, electrical, and thermal properties measurements 

The magnetic susceptibility and isothermal magnetization were mea-
ured using a commercial superconducting quantum interference device
SQUID) magnetometer (Quantum Design, MPMS-7 T). The magnetic
usceptibility was collected in both zero-field-cooled (ZFC) and field-
ooled (FC) modes with a field of 0.1 T across a temperature range of
1424
− 800 K. The isothermal magnetization as a function of the magnetic
eld was measured at selected temperatures (2, 20, 50, 100, 300, 500
nd 750 K) within a range of − 7 to 7 T. The electrical transport prop-
rties were measured using a standard four-probe method on a physical
roperty measurement system (Quantum Design, PPMS-9 T) from 2 to
00 K. The field dependence of the isothermal magnetoresistance was
cquired from − 7 to 7 T at 2, 50, and 150 K. Specific heat ( Cp ) measure-
ents were carried out using a pulse relaxation method on the PPMS by

arying the temperature from 2 to 100 K at 0 T and from 2 to 22 K at
.1, 0.3, 1.0, and 3 T. 

.5. Electronic structure calculation 

We used the generalized gradient approximation (GGA) [ 18 ], which
as corrected to consider strong electronic correlations via the GGA + U

ethod [ 19 ] and the spin-orbit coupling. We chose the following inter-
ction parameters ( U - JH )Dy = 7 eV, ( U - JH )Cu = 7 eV, ( U - JH )Fe = 4.1 eV,
 U - JH )Re = 1.5 eV. These values are not only typical and widely used
n the literature [ 20 ], but, more importantly, the half-metallic ground
tate does not depend on the particular values assigned to these pa-
ameters (within reasonable limits), as discussed in Section 3 . Brillouin-
one integration was performed using 125 k-points. All the calculations
ere performed using the VASP program code [ 21 ] and the projector
ugmented-wave method [ 22 ]. The cut-off energy was set to 500 eV.
lassical Monte Carlo simulations were performed using the spinmc al-
orithm in the ALPS package [ 23 ]. 
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. Results and discussion 

.1. X-ray powder diffraction and crystal structure 

Fig. 1a shows the XRD pattern (measured at RT) and Rietveld refine-
ent results for DCFRO. All the diffraction peaks are well fitted based

n an AA ’3 B2 B ’2 O12 -type A -site and B -site ordered quadruple perovskite
tructure model with cubic symmetry ( Pn -3 space group), resulting in a
attice constant of a = 7.44611(1) Å. The presence of sharp diffraction
eaks with Miller indices h + k + l = odd, such as (111), (311), (331),
nd (333), provide strong evidence for rocksalt-type ordering between
e at the B -site and Re at the B ’-site. Because of the significant difference
n the X-ray scattering factors of Fe and Re, the degree of order between
hese two atoms can be determined by fitting the occupancy parame-
er. In our refinement, the occupancy factors for both Fe and Re were
ound to be nearly 100%, indicating negligible Fe-Re antisite disorder.
herefore, the occupancy factors of Fe and Re were set to unity as the ba-
is on which to refine the other structural parameters, which resulted in
easonable structural parameters and satisfactory goodness-of-fit values.
he detailed refinement parameters are listed in Supplementary Table
1. 

Fig. 1b shows a schematic diagram of the DCFRO crystal structure.
nlike the twelve-fold coordinated Dy atoms occupying the A -site, the
u atoms at the A ’-site form square-planar CuO4 units because of their
ignificantly smaller ionic radii and strong Jahn-Teller effects. These
patially isolated CuO4 units are connected to the B / B ′ -site FeO6 /ReO6 
ctahedra by sharing oxygen atoms. Bond valence sum (BVS) analy-
is was used to determine the valence states of Cu and Fe as + 2 and
 3, respectively (Table S1). Refinement of the Re-O bond length in
CFRO yielded the value of 1.947 Å, which is close to that observed

or LaCu3 Fe2 Re4.5 + 
2 O12 (1.960 Å) [ 8 ], suggesting that the valence state

f Re in DCFRO is approximately + 4.5 on average. 

.2. Valence state of magnetic ions 

XAS is a sensitive technique for determining the valence states and
ocal environments of transition metals (TMs). Fig. 2a and b display the
AS results at the Cu- and Fe- L2,3 edges of DCFRO, along with those
f CaCu3 Ti4 O12 (CCTO) as a Cu2 + reference [ 24 ] and LaCu3 Fe2 Re2 O12 
LCFRO) as an Fe3 + reference, both of which have similar coordination
nvironments to that of DCFRO [ 8 ]. The DCFRO spectra at the Cu- and
e- L2,3 edges closely resemble the shapes and energies of the peaks of
he Cu2 + and Fe3 + references [ 8 , 24 ], respectively, thereby confirming
he presence of Cu2 + and Fe3 + in DCFRO. Fig. 2c shows the Re- L3 edge
f DCFRO, along with those of LCFRO and CaCu3 Co2 Re2 O12 (CCCRO)
s Re4.5 + and Re6 + references [ 8 , 25 ], respectively. The energy of the
e- L3 edge for DCFRO is almost the same as that of the Re4.5 + reference
nd is shifted to a lower energy by approximately 1.5 eV relative to
hat of the Re6 + reference. This suggests that Re has a valence state
f + 4.5 in DCFRO, which aligns with the charge balance requirement.
urthermore, in A -site ordered quadruple perovskites, the valence state
f Dy at the A -site tends to be + 3 [ 26 ]. By combining the results of the
AS and bond valence sum (BVS) analyses, we can safely conclude that

he charge configuration of DCFRO is DyCu2 + 
3 Fe3 + 

2 Re4.5 + 
2 O12 . 

.3. Magnetic properties 

Fig. 3a shows the temperature dependence of the magnetic suscep-
ibility ( 𝜒) below 750 K during exposure to a magnetic field of 0.1 T in
he ZFC and FC modes. The sharp increase in the susceptibility as the
emperature decreases to TC ≈ 660 K indicates the occurrence of a ferro-
agnetic (FM) or ferrimagnetic (FiM) phase transition. Unlike the single

iM transition observed for the isostructural material LCFRO, where the
usceptibility tends to saturate below TC , the susceptibility of DCFRO
xhibits a dome near 50 K, below which the susceptibility decreases
1425
apidly. This behavior suggests that the Dy3 + occupying the A -site may
tart to take on antiferromagnetic (AFM) ordering below approximately
0 K while being exposed to the weak magnetic field of 0.1 T. 

The field dependence of the magnetization behavior provides more
vidence of the FM or FiM long-range order in DCFRO. As shown in
ig. 3b , the magnetization varies linearly with the field above TC (e.g.,
t 750 K), which is consistent with the paramagnetism observed in
agnetic susceptibility. However, below TC , typical magnetic hysteresis

eatures are observed. The saturated moment observed at 300 K is
pproximately 7.0 μB /f.u., which further increases to 14.0 μB /f.u. at
 K. Fig. 3c shows the dependence on the magnetic field of the initial
agnetization measured at 2 K. In weak magnetic fields ( ≤ 0.1 T),

he magnetization increases rapidly, likely driven primarily by the
ombination of FiM ordering Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↓), similar to that
bserved for the isostructural compounds Ca/LaCu3 Fe2 Re2 O12 [ 8 , 10 ]
nd collinear AFM contributed by Dy3 + . At 0.1 T, the magnetic order of
y3 + is expected from collinear AFM to non-collinear magnetic order.
s the field strength continues to increase, the magnetization initially
rows almost linearly, after which its slope gradually decreases and the
pin order of Dy3 + probably changes from non-collinear magnetic order
o collinear FM near 4.0 T. Eventually, it may achieve saturation magne-
ization values at fields stronger than 7.0 T. This indicates that magnetic
ons at the A -site (Dy3 + ) gradually align such that they are arranged
arallel to each other as the magnetic field strengthens. The inset of
ig. 3c shows the field-dependence derivative of the initial magnetiza-
ion; the well-defined peak that appears at approximately 0.1 T may be
 signature of the metamagnetic transition of Dy3 + from the collinear
FM to the non-collinear magnetic order. Because four different
agnetic ions occupy different sites in DCFRO, eight different collinear

pin alignments, i.e., the FM Dy3 + ( ↑ )Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↑ ), FiM
y3 + ( ↑ )Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↓), Dy3 + ( ↑ )Cu2 + ( ↑ )-Fe3 + ( ↓)-Re4.5 + ( ↑ ),
y3 + ( ↑ )Cu2 + ( ↓)-Fe3 + ( ↑ )-Re4.5 + ( ↑ ), Dy3 + ( ↓)Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↑ ),
y3 + ( ↓)Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↓), Dy3 + ( ↓)Cu2 + ( ↑ )-Fe3 + ( ↓)-Re4.5 + ( ↑ ),
nd Dy3 + ( ↓)Cu2 + ( ↓)-Fe3 + ( ↑ )-Re4.5 + ( ↑ ) could possibly occur as the
agnetic ground state. If we only consider the spin contribution for
y3 + , Cu2 + , Fe3 + , and Re4.5 + , the corresponding saturated moments for

he eight spin alignments are 23.0, 13.0, 3.0, 17.0, 13.0, 3.0, 7.0 and
.0 μB /f.u., respectively. Based on the saturated moments measured
t 2 K and 7 T (14.0 μB /f.u.), the Dy3 + ( ↑ )Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↓),
nd Dy3 + ( ↓)Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↑ ) FiM orders (13.0 μB /f.u.) appear
o be the most likely. Furthermore, considering the strong spin-orbit
oupling in Dy3 + and Re4.5 + , Dy3 + would have a saturated magnetic
oment larger than 5.0 μB , whereas that of Re4.5 + would be smaller

han 2.5 μB and thus the spin alignment Dy3 + ( ↑ )Cu2 + ( ↑ )-Fe3 + ( ↑ )-
e4.5 + ( ↓) is more rational than Dy3 + ( ↓)Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↑ ) in
 strong magnetic field and at low temperatures. This conclusion
grees with the results of the total-energy GGA + U + SOC calculations
resented in the next section. In contrast, the saturation moment of
CFRO measured at 300 K was close to 7.0 μB /f.u., which is similar

o that observed for the isostructural compound LaCu3 Fe2 Re2 O12 [ 8 ]
ith a spin alignment of Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↓). Therefore, the FiM
y3 + ( ↑ )Cu2 + ( ↑ )–Fe3 + ( ↑ )–Re4.5 + ( ↓) spin coupling most probably occurs

n DCFRO in the presence of a strong magnetic field. 

.4. Spin alignment of magnetic ions 

To further clarify the spin alignment of DCFRO, element-selective
MCD measurements in a field of 6 T were conducted at the L2,3 edges
f Cu and Fe and the M2,3 edges of Re. As shown in Fig. 2d - f , the

3 ( L2 ) edges and M5 ( M4 ) were all negative (positive) for Cu, Fe,
nd Dy, indicative of FM Dy3 + ( ↑ )Cu2 + ( ↑ )Fe3 + ( ↑ ) ordering in a strong
agnetic field. Considering the strong superexchange AFM coupling

f Fe-Re/Os and formation of robust FiM Cu( ↑ )-Fe( ↑ )-Re/Os( ↓) order-
ng in the isostructural A - and B -site ordered quadruple perovskites
a/LaCu3 Fe2 Re2 O12 [ 8 , 10 ] and CaCu3 Fe2 Os2 O12 [ 12 ], we can con-
lude that the FiM Dy3 + ( ↑ )Cu2 + ( ↑ )-Fe3 + ( ↑ )-Re4.5 + ( ↓) spin alignment is
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Fig. 2. XAS at the (a) Cu- L2,3 , (b) Fe- L2,3 and (c) Re- L3 edges of DCFRO measured at room temperature. CCTO, LCFRO and CCFRO are shown as references for 
comparison. The vertical purple lines in (c) indicate the peak positions of the Re- L3 XAS. XMCD at (d) Cu- L2,3 , (e) Fe- L2,3 and (f) Dy- M4,5 edges of DCFRO measured 
at 8 K and 6 T. The photon spin aligning parallel ( μ+ black lines) and antiparallel ( μ− red lines) to the applied magnetic field are shown in black and red lines, 
respectively. The difference spectra XMCD ( μ+ - μ− ) are shown in light blue. 

Fig. 3. (a) Temperature dependence of magnetic susceptibility measured at 0.1 T with ZFC and FC mode. (b) Field dependence of magnetization measured at some 
selected temperatures. (c) Field dependence of initial magnetization measured at 2 K. The inset shows the field-dependent derivative of the initial magnetization at 
low magnetic field. 

1426
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Fig. 4. (a) 300 K, (b) 100 K and (c) 20 K XMCD at the Dy- M4,5 edges and (d) the normalized XMCD intensity of the Dy- M4,5 edges at 300 K, 100 K and 20 K under 
a magnetic field of 0.01 T. Here, the normalized XMCD intensity is defined as 2∗ (XMCD)/(XAS+ + XAS− ), where XAS+ and XAS− refer to the maximum raw XAS 
intensity subtracted by the background below the peak when the photon spin aligning parallel and antiparallel to the applied magnetic field, respectively. 
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XMCD results. 
ormed in DCFRO at H = 6 T. Moreover, the XMCD sum rules [ 27 , 28 ]
nable the spin and orbital moments of Cu2 + , Fe3 + , and Dy3 + to be cal-
ulated precisely (see Supplementary Table S2 for details). Specifically,
he calculated total moments are 0.63 μB (spin part: 0.49 μB ) per Cu2 + ,
.16 μB (spin part: 3.94 μB ) per Fe3 + , and 3.72 μB (spin part: 1.60 μB )
er Dy3 + . If the calculated moment − 1.0 μB (spin part: − 1.36 μB ) per
e4.5 + of the isostructural material LaCu3 Fe2 Re2 O12 [ 8 ] is accounted

or DCFRO, then the calculated total magnetic moment of DCFRO is ap-
roximately 11.90 μB /f.u., close to the magnetization value measured
t 2 K and 7 T (14.0 μB /f.u.). 

Considering the magnetic structure of some isostructural perovskites
ith nonmagnetic ions at the A -site [ 8 , 10–12 , 29 ], the low-temperature
FM ordering of DCFRO is likely related to Dy3 + . To gain deeper in-
ight into the AFM transition of the Dy3 + sublattice, we measured the
y- M4,5 XMCD at selected temperatures by applying a weak magnetic
eld (0.1 T, to prevent Dy3 + from undergoing magnetic-field-induced
pin reorientation). As shown in Fig. 4a - c , above 100 K, the Dy- M4,5 
MCD signal intensifies upon cooling; however, below 100 K, such as at
0 K, the intensity drastically decreases. This behavior is more clearly
vident from Fig. 4d , which indicates that the net magnetic moment
f Dy3 + first increases and then decreases with decreasing tempera-
ure, thereby providing solid evidence that an AFM transition emerges
n the Dy sublattice at low temperatures. The coexistence of ferromag-
etism and antiferromagnetism is somewhat unusual for half metals,
nd the possible interplay between Dy spins and metallic electrons, as
ell as between the Fe and Re spin subsystems, requires further investi-
ation. In this connection, an analogy with colossal magnetoresistivity
anganites like La1-x Srx MnO3 , where magnetic phase separation into
1427
erromagnetic and antiferromagnetic phases occurs [ 30 , 31 ], could be
seful. 

.5. Electrical and heat properties 

Fig. 5a shows the temperature-dependent resistivity of DCFRO. At 0
, the resistivity reaches 0.13 Ω cm at 300 K, and increases slightly to
.72 Ω cm as the temperature decreases to 2 K. In contrast, at 7 T, the re-
istivity decreases significantly. Fig. 5b depicts the field-dependent mag-
etoresistance [MR = 100% × ( 𝜌 ( H ) - 𝜌 (0))/ 𝜌 (0)] measured at 2, 50,
nd 150 K. The MR clearly exhibits butterfly-shaped behavior, indicat-
ng spin-dependent tunneling of the spin-polarized conduction electrons
hrough the polycrystalline grain boundaries. As shown in Fig. 5c , the
ysteresis field of the MR (1.45 T) was considerably stronger than that of
he magnetization curve measured at 2 K (0.17 T), suggesting spin-valve-
ype MR originating from the intergrain tunneling of the spin-polarized
arriers [ 8 , 10 , 11 , 29 ]. The small increase in the resistivity upon cool-
ng, as shown in Fig. 5a , probably originates from the grain boundary
ffects of the synthesized polycrystalline sample. Thus, the transport of
lectrons intrinsic to DCFRO is expected to be metal-like, as confirmed
y the heat capacity measurements. 

As shown in Fig. 5d , the temperature-dependent heat capacity Cp / T
xhibits an obvious anomaly near 13 K, in agreement with the presence
f Dy3 + spin long-range ordering around this temperature. Furthermore,
he shift in the anomaly near 13 K to lower temperatures as the mag-
etic field becomes stronger suggests that this magnetic order is anti-
erromagnetic, which is in good agreement with the magnetization and
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Fig. 5. (a) Temperature dependence of resistivity measured at 0 T and 7 T. (b) Field dependence of isothermal magnetoresistance between − 7 and 7 T at 2 K, 50 K 
and 150 K. (c) Comparison of field dependence of isothermal magnetoresistance and magnetization curves measured at 2 K. (d) Temperature dependence of Cp / T 
measured at some selected magnetic fields. 

Fig. 6. Total and partial densities of states (DOS) as obtained in the 
GGA + U + SOC calculations. The Fermi level is set to zero. 
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.6. Electronic structure 

Based on the aforementioned results, it now becomes possible to
iscuss the electronic structure of DCFRO. The corresponding density
f states (DOS) plots are presented in Fig. 6 . The strong on-site Hub-
ard repulsion for the f -states of any rare-earth element (of the order of
− 10 eV) pushes them away from the Fermi level ( EF ). This is exactly
hat we see in Fig. 6 , where the occupied Dy 4 f states appear at − 8
nd − 10 eV, whereas the unoccupied states are at ∼ 0.5 eV and 2.5 eV.
ext, the same Hubbard U readily moves the Cu 3 d states away from the
1428
ermi level because the degeneracy of the eg orbitals is lifted for square-
oordinated Cu2 + . The Fe 3 d states experience not only pure Hubbard
epulsion but for the half-filled 3 d shell of Fe3 + the intra-atomic Hund’s
oupling is extremely efficient; thus, the Fe orbitals are shifted away
rom the Fermi level. Finally, the only orbitals in the system that remain
xactly at EF are the Re 5 d orbitals (although they are hybridized with
he other orbitals, as seen from Fig. 6 ), suggesting a half-metallic nature
ith an approximately 2.0 eV energy gap in the majority bands. Such a
ide gap can suppress the spin-flip transitions caused by thermal excita-

ion of the carriers, thus maintaining the half metallicity even at/above
T. Hund’s intra-atomic coupling polarizes these states (the spin major-

ty t2g DOS is centered at − 0.5 eV; the spin minority bands are at ∼1 eV),
hile the superexchange interaction between the half-filled Fe and Re
rbitals results in the antiferromagnetic ordering of their magnetic mo-
ents (the Cu-Re exchange interaction is also substantial, as discussed

elow), see [ 32 ] or [ 33 ]. Because the Fe and Re ions alternate in the
uadruple perovskite lattice, the Re moments are ferromagnetically or-
ered. Therefore, if the effective Hubbard repulsion U is less than or
omparable to the 4 d /5 d transition metal bandwidth, we inevitably en-
ounter a half-metallic situation. One of the factors that can counteract
alf-metallicity is spin-orbit coupling, which mixes different spin pro-
ections. However, direct GGA + U + SOC calculations show that the spin
olarization exceeds 98%. 

On the other hand, the ground magnetic state in the GGA + U + SOC
alculations corresponds to the situation in which the total spin moment
s close to 8.0 μB /f.u. with the spins on Dy aligned antiparallel to each
ther (the spin moment of Dy inside the Wigner-Seitz sphere is ms = ± 5.0

B ). In addition, the spin moments of Fe ( ms = 4.1 μB ) and Re ( ms = − 1.5

B ) are antiferromagnetically ordered and all Cu ions have the same
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pin projection ( ms = 0.5 μB ). Note that the sum of the spin moments
resented above deviates from 8.0 μB /f.u. because of the typical spin-
ensity partitioning (over atomic spheres) problem. 

Although the total spin moment per formula unit must have an in-
eger value in half metals (because the gap for the spin minority fixes
he number of electrons in both spin channels as an integer), the orbital
oment for Dy and Re are also rather large. For an isolated Dy3 + ion
ith S = 5/2, L = 5, J = 15/2 and gj = 4/3, the total magnetic moment

s expected to be m = 10 μB . In our case, Dy3 + is surrounded by an O
cosahedron (point group T ), and the orbital moment could be partially
uenched. Indeed, in our calculations the orbital contribution was found
o be ml ∼ 3.6 μB and the total magnetic moment on Dy equals 8.6 μB .
he heavy Re ions also acquire orbital moments, but, they are much
maller than those of rare-earth ions, ml ∼ 0.1 μB . Thus, considering the
ntiferromagnetic order of the Dy moments, the total magnetization is
xpected to be mtot ∼ 7.8 μB /f.u. The Dy moment flips in a strong mag-
etic field, resulting in a total magnetic moment mtot of approximately
6.3 μB /f.u. This overestimates the experimental value of 14 μB /f.u. at
 = 7 T, and it is worth mentioning that the experimental M (H) does
ot saturate even at 7 T. It is also worth noting that, in calculations, the
e moments form a noncollinear magnetic structure that is tilted by ∼ 4°
ith respect to the c -axis, whereas the Re moments are aligned exactly
long this axis. The direction of the canting coincides with the tilting
f the corresponding FeO6 octahedra (which is much larger at ∼ 20°);
hus, it is likely related to following the local z -axis of these octahedra. 

To quantify the strength of the exchange interaction, Green’s func-
ion method was applied to the GGA + U Hamiltonian, including the Cu- d ,
e- d, Re- d , and O- p states [ 34 ]. Analysis of the occupation matrixes and
agnetic moments mentioned above shows that the valence of Fe is 3 +

nd therefore S = 5/2, that of Cu is 2 + with S = 1/2, while Re4.5 + should
ave 2.5 electrons in the 5 d shell, but we consider it as an S = 1 ion
although strictly speaking it must be “S = 1.25 ″ ) for modeling its mag-
etic properties by the Heisenberg model written as 𝐻 =

∑
𝑖>𝑗 𝐽𝑖𝑗 𝑆𝑖 𝑆𝑖𝑗 .

wo strong antiferromagnetic exchange parameters exist between the
earest-neighbor Cu–Re and Fe-Re ions: JCu- Re = 530 K and JFe- Re = 84 K.
he exchange fields produced by these two parameters are comparable
ecause SFe = 5/2. The mechanism responsible for the antiferromagnetic
nteraction is most likely superexchange. The exchange between Fe and
u is smaller and eventually proved to be JFe-Cu = 27 K, which frustrates
he system because Fe, Re, and Cu form a body-centered cubic (bcc) lat-
ice. The 5 d orbitals of Re are more extended than 3 d orbitals of Cu and
e and thus they overlap stronger with O-2 p orbitals. Therefore, the ex-
hange couplings with Re, i.e. the Cu/Fe-Re interactions are relatively
arger in DyCu3 Fe2 Re2 O12 as derived in our numerical calculations. In
ontrast, the Cu and Fe are more localized and they are weakly cou-
led. Meanwhile, our total energy GGA + U calculations show that the
xchange interaction between Dy ions is JDy-Dy ∼ 1 K (AFM), and it is
ost likely that the Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanism

ia conduction electrons is responsible for this coupling. 
Simulating temperature dependence of the heat capacity by the clas-

ical Monte-Carlo simulations of the corresponding Heisenberg model
e obtain TC ∼ 410 K (see Supplementary Materials Fig. S1), which is

maller than experimental 650 K. However, an account of the quantum
enormalization factor ( S2 → S ( S + 1)) for Cu and Fe substantially im-
roves the situation and leads to TC ∼ 580 K. 

. Conclusions 

Using high-pressure and high-temperature methods, the A - and B -
ite ordered quadruple perovskite DyCu3 Fe2 Re2 O12 was synthesized at
 GPa and 1223 K. At approximately 660 K, this material undergoes a
harp ferrimagnetic transition with a spin alignment of Cu2 + ( ↑ )-Fe3 + ( ↑ )-
e4.5 + ( ↓). However, when tuned by A-site Dy3 + antiferromagnetic or-
ering, the susceptibility of DyCu3 Fe2 Re2 O12 decreases continuously
elow 50 K, which is different from that of other isostructural mate-
ials. Furthermore, the spins of the Dy3 + occupying the A -site become
1429
erromagnetically ordered in a strong magnetic field to significantly
nhance the magnetic moment to 14 μB /f.u. at 2 K, 7 T (relative to
he 8.0 μB /f.u. of LaCu3 Fe2 Re2 O12 ). The butterfly-shaped magnetore-
istance behavior indicates that DyCu3 Fe2 Re2 O12 is a half metal. Theo-
etical calculations also suggest that DyCu3 Fe2 Re2 O12 is a half-metallic
errimagnet with a wide band gap of 2.0 eV ferrimagnetic spin align-
ent, as observed in the experiment, and that Dy has antiferromagnetic

rdering. The rare combination of a high Curie temperature, wide band
ap, and large magnetic moment makes DyCu3 Fe2 Re2 O12 a promising
aterial for future spintronic devices and further widens the way for dis-

overing high-performance half metals. DyCu3 Fe2 Re2 O12 provides an
nteresting example in which the magnetic properties of A - and B -site
rdered quadruple perovskites can be adjusted by introducing magnetic
ons at the A -site. 
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