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ABSTRACT: The transition-metal-only A- and B-site-ordered
perovskite oxide CuCusFe,0s,0,, was successfully synthesized
under high-pressure (18 GPa) and high-temperature (1475 K)
conditions. The compound adopts a cubic lattice with the charge
configuration Cu*Cuy**Fe,**0s,>**0},, in which Cu(1)" and
Cu(2)** exhibit a 1:3 ordering at the A-site and Fe’* and Os>*
arrange in a rock-salt-type ordered pattern at the B-site. A
ferrimagnetic transition is found to occur at 290 K due to magnetic
interactions among the corner-shared Cu(2)O, planar squares,
FeOg4 octahedra, and OsOg4 octahedra. Low-temperature specific
heat data suggest the presence of itinerant electronic behavior, in
agreement with the half-metallic electronic band structure
calculated in theory. Different from most itinerant electronic
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systems, the current CuCusFe,0s,0,, shows unusually low thermal conductivity (1.4 W K™* m™ at 300 K) since the small-size A-
site Cu(1)" ions “rattle” within large cuboctahedron units along the [111] direction. This study opens up a new way to design
metallic conductive materials with unusually low thermal conductivity in perovskite oxides.

1. INTRODUCTION

The A- and B-site-ordered quadruple perovskite oxide
AA';B,B’,0,, offers a versatile platform for exploring multi-
functional materials due to its ability to accommodate
magnetic transition-metal jons at distinct sublattices. As
illustrated in Figure la, this ordered structure originates from
the ABO; perovskite framework, where three-quarters of the A
sites are substituted with Jahn—Teller cations (A’), forming
A’O, planar squares, while the B and B’ ions arrange in a rock-
salt-type ordered pattern. The network of corner-shared A’O,
squares, BOg4 octahedra, and B'Og4 octahedra form a robust
lattice. Interactions between adjacent cations lead to emergent
phenomena such as charge ordering,' multiferroicity,” colossal
magnetoresistivity,” half-metallicity," metal—insulator transi-
tion,” and electrocatalysis.®

The ACu;Fe,0s,0,, family (A = Na, Ca, and La) has been
extensively investigated.” '" Strong magnetic couplings
between Cu, Fe, and Os result in a ferrimagnetic (FiM) spin
alignment of Cu(1)Fe(1)Os(]) characterized by high Curie
temperatures. Furthermore, the nonmagnetic A-site influences
the valence state of Os, thereby modifying the electronic band
structure. For Os*>* (A = La*") and Os*" (A = Ca®"), the
Fermi level is located at the top of the valence band, resulting
in semiconducting or insulating ground states. In contrast, the
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Os>>* (A = Na*) counterpart lowers the Fermi level within the
spin-down valence band, forming a half-metallic state.

While the A-site typically hosts large ions such as alkaline,
alkaline earth, or rare-earth elements, introducing small
transition-metal ions into the A-site is an intriguing possibility
due to the potential for novel electronic and magnetic interplay
among multiple d orbitals. However, as illustrated in Figure 1b,
the small ionic radius of a transition metal A ion leads to
tolerance factors'' (t = ry_o/ \/ 2 r3_0o) far below the ideal
value of 1, significantly increasing the structural instabil-
ity.'”~"> To date, only a limited number of transition-metal-
only simple perovskites,'®'” double perovskites,'*™** and A-
site ordered perovskites®* "> have been successfully synthe-
sized.

In this study, we report synthesizing the transition-metal-
only A- and B-site-ordered perovskite oxide CuCuyFe,0s,0,,
(CCFOO) under high-pressure conditions of 18 GPa. The B'-
site of Os>>* is strongly antiferromagnetically (AFM) coupled
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(XAS) at the Cu-L,; and Fe-L,; edges were obtained at room
temperature at the TLS11A beamline of the National Synchrotron
Radiation Research Center (NSRRC) using the total electron yield
mode. The XAS at the Os-L; edge was obtained at the TLS17C
beamline of the NSRRC by using a transmission mode. The magnetic
measurements were performed using a Quantum Design super-
conducting quantum interference device magnetometer (MPMS-
VSM). Both zero-field-cooling (ZFC) and field-cooling (FC) modes
were adopted under a magnetic field of 0.1 T. The electrical resistivity
was measured using a Quantum Design physical property measure-
ment system (PPMS) with a standard four-probe method. The
thermal conductivity and specific heat were measured using PPMS.

The calculations of density functional theory were performed with
the projector augmented plane-wave basis, which is implemented in
the Vienna ab initio simulation package.*’ And the plane-waves are
cutoff at 550 eV. The exchange—correlation of electrons is described
by the generalized gradient approximation with the form proposed by
Perdew, Burke, and Ernzerhof.*> To improve the descriptions on the
correlation interactions, the Hubbard U scheme®>** is employed with
Ug = S, 4, and 2 eV applied on the d-shell of Cu, Fe, and Os (so-
called DFT + U method). The energy converge criterion for solving
self-consistent Kohn—Sham equations is 10~7 eV. The Brillouin zone
is sampled with the ['-center and resolution better than 0.03 A~
mesh, using the scheme of Monkhorst—Pack.>® All of the structures in
this study are fully relaxed until the Hellmann—Feynman is smaller
than 0.02 eV A™".

3. RESULTS AND DISCUSSION

Figure 2 presents the SXRD pattern of CCFOO. The
appearance of h + k + | = odd Bragg peaks such as (111),

Figure 1. (a) Crystal structure of A- and B-site-ordered perovskite
oxide AA’;B,B’,0,,. The A, A’, B, B/, and O atoms are shown in
magenta, green, blue, brown, and red, respectively. (b) Tolerant factor
of CCFOO and some quadruple perovskite oxide analogues.

with the B-site Fe’* and A’-site Cu(2)*, leading to a FiM
transition at 290 K. The Fermi surface resides within the
minority valence band, while a wide band gap of 1.4 eV opens
in the majority band, indicating a half-metallic ground state.
The nonmagnetic A-site Cu(1)* (3d'°) was also identified.
Remarkably, on account of that the A-site is occupied by a
small Cu atom, a t value of 0.75 is realized, which is the
smallest among the quadruple perovskite oxides to the best of
our knowledge (Figure 1b). This significant lattice mismatch
gives rise to an unusual elongation of the Cu(1)—O bond. This
under-bonded Cu(l) forms a “rattling” or phonon-glass
state,”””””® leading to an unusually low thermal conductivity
of 1.4 WK™ m™" at room temperature.

2. EXPERIMENTAL AND THEORETICAL
CALCULATIONS

High purity (>99.9%) CuO, Fe,0;, and Os powder in a mole ratio of
4:1:2, with an appropriate amount of KCIO, as an oxidizing agent,
were thoroughly ground in an agate mortar and the mixture powder
was sealed into a platinum capsule. These procedures were carried out
in a glovebox full of argon gas. Then, the capsule was processed with a
Max Voggenreiter Walker-type multianvil apparatus. The pressure was
slowly increased to 18 GPa in $ h, after which the temperature was
increased to 1475 K in 10 min and maintained for 30 min. Then, the
temperature was quenched to room temperature in a few seconds and
the pressure was slowly released to ambient pressure in 24 h. The
residual KCI was then rinsed with deionized water.

Powder synchrotron X-ray diffraction (SXRD) was collected at the
BLO02B2 (4 = 0.80 A) beamline of SPring-8. The 20 scan was adopted
from $ to 75° with a step of 0.006°. The Rietveld refinement®’ was
performed using the GSAS software.”® The X-ray absorption spectra
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Figure 2. SXRD pattern and Rietveld refinement of CCFOO. The
black circles, red lines, and blue lines indicate the observed, calculated,
and difference, respectively. The magenta ticks indicate the allowed
Bragg reflections for space group Pn—3. The orange and gray ticks,
respectively, indicate the allowed Bragg reflection of the minor Fe,0;
(R—3c) and OsO, (P4,/mnm) impurities.

(311), and (333) confirms the formation of rock-salt-type
ordering between Fe and Os. The SXRD data are well-fitted
using the Pn—3 (No. 201) space group with a = 7.4426(2) A,
with the corresponding crystal structure depicted in Figure la.
Several remaining Fe,O; and OsO, of 4 and 2 wt % were
identified, respectively, and 14% Fe/Os antisite occupation was
observed. The refined structural parameters are summarized in
Table 1. Bond valence sum (BVS)?® calculations based on the
bond lengths yield the valence states: Cu(1)*%*, Cu(2)*',
Fe***, and Os>**. Notably, the under-bonded Cu(1), situated
within a large cuboctahedron cage, adopts a nonmagnetic Cu*
(3d') state due to the anomalously elongated Cu—O bond of
2.72 A. Additionally, the thermal factor of the Cu(l) is an
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Table 1. Structural Parameters CCFOO, with Space group
Pn—3 (No. 201) and the Wyckoff Positions Cu(1) 2a (0.25,
0.25, 0.25), Cu(2) 6d (0.25, 0.75, 0.75), Fe 4b (0, 0, 0), Os
4¢ (0.5, 0.5, 0.5), and O 24h (x, y, z)*

parameters values
a (A) 7.4426(2)
x (0) 0.2597(6)
y (0) 0.4380(9)
z (0) 0.5637(9)
G (4b for Fe) 0.860(1)
G (4c for Os) 0.860(1)
G (4c for Fe) 0.140(1)
G (4b for Os) 0.140(1)
Uy [Cu(1)] (100 x A%) 9.82(26)
Uy, [Cu(2)] (100 x A%) 0.23(4)
Uy, (Fe) (100 x A%) 0.42(4)
Uy, (Os) (100 x A%) 0.36(3)
Uy, (0) (100 x A%) 127(12)
deuy-o (A) (x12) 2.723(8)

deu2)-0 A) 1.971(4) (x4)
2.706(8) (x4)

3.294(4) (x4)

dre_o (A) (X6) 2.043(4)
dos_o (A) (x6) 1.907(4)
£Fe—0-0s (°) 140.8(2)
BVS [Cu(1)] 0.59
BVS [Cu(2)] 2.12
BVS (Fe) 2.83
BVS (Os) 5.40

“The BVS values (V;) were calculated using the formula V; = Z;’Sip
where S; = exp[(ry — r;,)/0.37]. The values of r, are 1.610 for Cu’,
1.679 for Cu2*, 1.765 for Fe**, and 1.868 for Os>*. The parameter G
represents the site occupancy. R,,, = 7.71%, R, = 5.66%.

order of magnitude larger than that of other sites, indicative of
a "rattling” state,”> which is discussed in detail later.

XAS measurements were conducted to verify the valence
states in CCFOO experimentally. For transition metals, XAS at
the L, ; edges is highly sensitive to the valence states and the
local environments. Specifically, in an open d-shell system, an
increase of one in valence state typically induces a 1—2 eV shift
in the white line of the spectrum toward higher photon energy,
alongside notable changes in peak features.””

The Cu-L,; XAS results, along with reference com-
pounds,”®*” are illustrated in Figure 3a. The white line of
CCFOO closely resembles that of CuO, and the L; peak aligns
with the energy of CuO, indicating a 2+ valence state for
Cu(2). Oscillations following the Cu-L; peak resemble
contributions from the conduction band, observed in metallic
oxides,”® suggesting a metallic nature for CCFOO. However,
due to the fully filled 3d orbital of Cu®, the L; peak intensity
for Cu" is approximately one-third of that of Cu®*".*’ Given the
1:3 ratio of A and A’ sites, the L; XAS intensity of Cu(1)" in
CCFOO is expected to be about one-ninth that of Cu(2)*".
Consequently, the weak Cu(l)* signal is obscured by
oscillation following the Cu(2)**-L; XAS peak. The Fe-L,;
XAS of CCFOO illustrated in Figure 3b closely matches that of
Fe,0;, with the L; peak located at 1 eV higher in energy
compared to FeO, confirming a 3+ valence state for Fe.
Similarly, The Os-L; XAS spectrum, displayed in Figure 3¢, is
compared with references for Os*" in (La,MgOsOy),” via S+ in
(CaCu,Fe,05,0,,),” to Os® (Ba,NiOsOg)."" With the Os
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Figure 3. XAS at the (a) Cu-L,3, (b) Fe-L, ;, and (c) Os-L; edges of
CCFOO. The XAS of some references is displayed.

valence increasing from 4+ to 6+, the L; white line shifts
progressively to higher energies. For CCFOO, the Os-L; peak
lies between the Os®" and the Os®* references, indicating an
average valence of Os>. Thus, both BVS calculations and XAS
measurements consistently determine the valence configura-
tion of CCFOO as Cu'Cu;**Fe,**0s,>%*0;,, which is in
agreement with the charge conservation principles.

Now, we turn to investigate the magnetic properties of
CCFOO. As illustrated in Figure 4a, both the ZFC and FC
curves of the temperature-dependent magnetic susceptibility
(x) exhibit a pronounced increase near T ~ 290 K, indicating
a ferromagnetic (FM) or FiM transition. Upon further cooling,
the ZFC and FC curves gradually diverge due to different
moments in a FIM arrangement, magnetic domains, and/or
magnetic frustration arising from Fe/Os antisite occupancy.
Figure 4b displays the reciprocal magnetic susceptibility of the
ZFC curve, which follows the Curie—Weiss law at 300—350 K,
expressed as (y — yo)™' = (T — 0)/C, with a Weiss
temperature € = 277 K. The positive @ indicates dominant
FM interactions in CCFOO, and the value of 8 closely matches
the experimental T. The effective magnetic moment, derived
from the Curie constant C = 10.79 emu mol ™}, is calculated to
be pog = \/SC = 9.29 pg fu.”". The value of p. is in good
agreement with the theoretical spin-only value of g =
g\/ZiSi(Si + 1) = 10.07 pg fu.™", considering three Cu(2)*

https://doi.org/10.1021/acs.inorgchem.5c03691
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Figure 4. (a) Temperature-dependent magnetic susceptibility of
CCFOO. (b) The inversed magnetic susceptibility (black circles) and
the Curie—Weiss fitting at 300—350 K with the formula (y — y,)™' =
(T — 6)/C. (c) Field-dependent magnetization of CCFOO at selected

temperatures.

(3d°, S =1/2), two Fe** (3d° S = 5/2), and two Os>** (54>, S
= 2.5/2), with the Landé g factor of 2. It is worth noting that
the Cu(1)* with 3d'° configuration is nonmagnetic. The slight
reduction in the experimental value can be attributed to spin—
orbit coupling effects of Os.

Figure 4c illustrates the field-dependent magnetization
measured at various temperatures. Above T¢, such as at 350
K, the magnetization varies linearly with the applied magnetic
field, indicative of a paramagnetic state. Below T, coercive
behavior emerges, with the saturated magnetization reaching
5.7 ug fu. " at 2 K and 7 T. Considering the spin-only scheme
of Cu(2)** (S =1/2), Fe** (S = §/2), and Os>** (S = 2.5/2),
the spin configuration of Cu(2)(1)Fe(1)Os(l) with a
theoretic value of 8 yy fu.™" aligns closely with experimental
observations, consistent with the behavior of ACu;Fe,0s,0,,
(A = Na, Ca and La) compounds, where AFM coupling
between Cu(2)/Fe and Os dominates.”” ' The small
discrepancy likely arises from Fe/Os antisite disorder.

The temperature-dependent electrical resistivity of CCFOO
is presented in Figure Sa. The resistivity, on the order of 1 Q
cm™, increases slightly upon cooling, suggesting the presence
of grain boundary effects typical of polycrystalline metals.*
Moreover, the electrical conductivity is influenced by an
applied magnetic field. Figure Sa also illustrates the magneto-

corresponds to the second-order FiM transition of CCFOO.

To further explore the MR effect, field-dependent MR was
measured at 2 K. As illustrated in Figure Sb, the electrical
resistivity decreases with increasing field as the applied
magnetic field gradually aligns spins parallelly. However, the
field-dependent MR also exhibits coercive behavior, with a
maximum observed at nonzero magnetic fields, producing a
butterfly-shaped MR curve. The MR behavior between + 1 T
is depicted in the inset of Figure Sb. At the coercive field of the
M(H) curve, the MR reaches its maximum. This behavior
indicates a spin-valve-type electrical transport mechanism,
which is commonlg associated with the half-metallicity of
metallic oxides.”">*

Distinct from the corner-shared Cu(2)O, square planar
units and Fe/OsOg octahedra, which are strongly correlated
magnetically and electrically, the A-site in typical perovskites is
highly isolated within a hollow cuboctahedron accommodating
large nonmagnetic jons.! ™10 However, in the present CCFOO,
despite the small ionic radius of Cu(1)*, an unusually
elongated Cu(1)—O bond as long as 2.723(8) A has been
observed (Table 1). This under-bonded Cu(1) ion, coupled
with its high thermal factor, is reminiscent of a phonon-glass or
“rattling” state.”>”””® In such a state, thermal transport is
significantly impeded and a low thermal conductivity is
expected. Figure 6 illustrates the temperature-dependent
thermal conductivity (1) of CCFOO. Across the measured
range of 2—380 K, CCFOO exhibits exceptionally low 4 values,
approximately 2 orders of magnitude smaller than those of
metallic elements. At room temperature, the thermal
conductivity is as low as 1.4 W K™' m™/, a value lower than
other metallic oxides with reduced thermal conductivity, such
as NaCo,0, (21 W K™' m™),*” Ba,Sr,C0,0, (21 W K™
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Inorg. Chem. 2025, 64, 20796—20803


https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03691?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

L 0% |
1.6 o
00
00
1.2 o,o"o
—~ I 1
-~ /0,0
€ °o°
F Y o’
R |
bl &
041 .
0_0 1 1 1
0 100 200 300 400
T (K)

Figure 6. Temperature-dependent thermal conductivity of CCFOO.

m™!),* Cd,0s,0, (1.8 W K™! m™),” and NaMn,,,0, (1.5
W K™' m™").* While the low thermal conductivity in these
materials is typically attributed to phonon scattering within
low-dimensional structures, such as CoO, layers, the reduced 4
in CCFOO arises from the significant rattling of the Cu(1)
sublattice” despite the lattice maintaining cubic symmetry.
This result suggests a unique approach for achieving isotropic
low thermal conductivity within three-dimensional networks.
The specific heat (Cp) of CCFOO was further analyzed, as
illustrated in Figure 7. At high temperatures, Cp approaches its
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Figure 7. Temperature-dependent heat capacity of CCFOO. The
inset displays the heat capacity below 10 K (black circles) and the
fitting with the formula Cp = aT¥? + BT> + yT (red line).

theoretical Dulong—Petit limit 3Nk = 499 J mol™! K™/, where
N = 20N, represents the number of atoms in the formula unit,
N, = 6.022 X 10” mol™ is Avogadro’s constant, and kg =
1.381 X 107® J K™' is the Boltzmann constant. At low
temperatures, as depicted in the inset of Figure 7, the specific
heat data can be fitted using the equation Cp = aT*? + BT> +
yT for temperatures below 10 K. The fitting parameters are o =
14.6 mJ mol™ K™ 8 = 0.90 mJ mol™ K™ and y = 4.18 m]
mol™ K72 indicating that FM excitations, phonons, and
electrons contribute to the heat capacity.

First-principles calculations were performed to gain deeper
insight into CCFOO. We started by analyzing the electronic
and magnetic properties. The optimized lattice parameter after
full relaxation is 7.4598 A, in accordance with the refined
results shown in Table 1. The calculated band structure and
density of states, depicted in Figure 8, confirm that for the
Cu(1) site, the e, bands of both spin channels are fully
occupied and energetically degenerate, consistent with the
nonmagnetic Cu(1)" state featuring a completely filled 34"

orbital. Moreover, the Fermi level (Eg) intersects the valence
band of the down-spin channel while residing within the band
gap of the up-spin channel, confirming the half-metallic nature
of CCFOO. The up-spin channel exhibits a wide band gap of
1.4 eV, indicating a stable half-metallic state resistant to
thermally excited spin flipping.*”

Next, we study possible rattling in CCFOO. Similar to
CuCu3Fe2ReZOIZ,48 we investigated various directions of
rattling distortions. Displacements along crystal axes, such as
[001], or within planes, such as [011], are found to be
energetically less favorable than those along the [111]
direction, as depicted in Figure 9a. It is important to note
that not all [111]-type directions are equivalent. The unit cell
contains two Cu(l) ions, allowing for several distinct
displacement scenarios: both Cu(1) ions displaced toward
Fe ions, both toward Os ions, and one toward Fe and the other
toward Os. Among these, the configuration in which both
Cu(1) ions are displaced toward Fe ions yields the lowest total
energy, as depicted in Figure 9b. Interestingly, this agrees with
the simplest ionic consideration based on the energy gain due
to Coulomb repulsion: Cu(1)* ions can more easily approach
Fe3* rather than to Os>>" (however, we stress that this material
is a metal and other contributions have to be taken into
account). The displacement magnitude of Cu(1) ions in
CCFOO is approximately 0.5—0.6 A, which is comparable to
that calculated in CuCusFe,Re,0,,,*® where the Cu(1)—O
bond length of 2.723 A is slightly shorter than the latter (2.763
A). Moreover, the energy minimum is about 10 meV lower.

The vibrational frequency of the Cu(1) ion in the harmonic
approximation near the displacement potential minimum was
estimated.”>*”*” The potential shown in Figure 9 was fitted by
using a quartic polynomial via the least-energy method and
then expanded into a Taylor series around the minimum at
approximately 0.5S A. The coefficient in front of the quadratic
term (x—x)% (1/2)f"(x,), defines the force constant k. The
resulting vibrational frequency of this rattling mode is about 40
em™! (1.2 THz).

4. CONCLUSIONS

The novel transition-metal-only A- and B-site-ordered perov-
skite oxide CuCusFe,0s,0,, was synthesized under high-
pressure and high-temperature conditions. This compound
crystallizes in the cubic Pn—3 space group with Cu(1)* and
Cu(2)*, respectively, occupying the A and A’ sites in a 1:3
order, and Fe** and Os>*" occupying the B and B’ sites in a
rock-salt order. The material exhibits room-temperature
ferrimagnetism at a Curie temperature of 290 K. A spin-
valve-type MR was observed at low temperatures, indicative of
half-metallicity, which was further corroborated by first-
principles calculations revealing a wide majority band gap of
1.4 eV. The ferrimagnetic and half-metallic properties are
attributed to the interconnected network formed by the
corner-shared Cu(2)O, square planar units and Fe/OsOg
octahedra. Meanwhile, the isolated A-site Cu(1)" situated
within an unusually expanded Cu(1)O;, cuboctahedron
undergoes a “rattling” state, leading to a low thermal
conductivity of 1.4 W K™! m™! at room temperature. Thus,
by tuning the properties of various sublattices, Cu-
Cu;Fe, 05,0, integrates multiple physical properties, includ-
ing room-temperature magnetization, half-metallicity, and low
thermal conductivity, into a single phase. This work provides a
novel approach to designing and realizing multifunctional
materials.
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