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We successfully prepared an A-site-ordered quadruple perovskite oxide CeCu3Fe2Ru2O12 by using a high-pressure
method (10 GPa, 1400 K). The compound crystallizes in the Im3̄ space group, with A-site ordering of Ce and Cu ions in
a ratio of 1:3, but B-site disordered distribution of Fe and Ru ions. Bond-value-sum calculations and x-ray photoelectron
spectroscopy measurement manifest that the charge distribution is Ce3.5+Cu2+

3 Fe3+
2 Ru4.25+

2 O12. A ferrimagnetic phase
transition occurs at TC = 73.6 K followed by a spin glass behavior at 50.3 K consistent with the conventional dynamical
scaling power law. Electrical transport measurement shows that the intrinsic electrical behavior is semiconducting and
the resistivity obey the adiabatic small-polaron model. The specific heat follows a T 2 law instead of traditional phonon-
dominated T 3 behavior implying a finite energy gap in the excitation spectrum.
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1. Introduction
Benefiting from the development of high-pressure in-

struments, researchers are increasingly interested in the A-
site-ordered quadruple perovskite oxide with stoichiometry
AA′3B4O12. In this system, the A site is usually filled with al-
kaline metal, alkaline-earth metal, or earth metal ions. The
A′ site is typically occupied by Jahn–Teller ions, such as
Cu2+ and Mn3+. Meanwhile, the B site is also occupied
by transition metal ions. To sustain the structural stability,
the co-angled BO6 octahedron is heavily tilted, resulting in
square-coordinated A′O4 units being arranged perpendicularly
to each other.[1] The presence of two different transition-metal
ions at the A′ and B sites gives rise to multiple interactions,
including A′–A′, A′–B, and B–B interactions. The charges,
spins, orbitals, and lattices are coupled. This coupling leads
to the observation of intriguing properties in AA′3B4O12,[2]

such as multiferroicity,[3,4] intermetallic charge transfer,[5–9]

catalyst,[10] charge disproportionation,[11–13] colossal
magnetoresistance,[14,15] giant dielectric constant,[16,17] nega-
tive thermal expansion,[6,7,18,19] and d-electron heavy fermion
state.[20,21]

The valence state of transition-metal (TM) cations plays
an important role in the chemical and physical properties of
compounds. Chemical substitution, including ectopic and
isotope doping, is used to introduce electron doping into

transition-metal ions. For instance, CaCu3Fe4O12 exhibits
a charge disproportionation transition 2Fe4+ → Fe3++Fe5+

with a rock-salt-type Fe3+:Fe5+. This transition is accompa-
nied by ferrimagnetic, metal-semiconductor and Im3̄ to Pn3̄
structural transition below 210 K.[8,11] In contrast, electron
doping into LaCu3Fe4O12 leads to an intersite charge trans-
fer transition 3Cu2++4Fe3.75+ → 3Cu3++4Fe3+, accompa-
nied by G-type antiferromagnetic, metal–insulator transition,
and negative thermal expansion below 393 K.[8] When Ca2+

is substituted by Y3+, YCu3Fe4O12 exhibits similar properties,
including a charge disproportionation transition 8Fe3.75+ →
3Fe5++5Fe3+ and other transition below 250 K.[13] These
structural and electronic phase transitions are ascribable to
bond strain. In the AA′3B2B′2O12 compounds, sequential elec-
tron doping in Na/Ca/LaCu3Fe2Os2O12 does not change the
magnetic interaction of Cu(↑)Fe(↓)Os(↓), but enhances the fer-
rimagnetic transition temperature (from 380 K to 580 K to
520 K) and worsens electrical conductivity (from half-metal
to semiconductor to insulator).[22–24] CaCu3Fe2Re2O12 is a
ferrimagnetic half metal owing to Cu(↑)Fe(↓)Re(↓) spin cou-
pling. LaCu3Fe2Re2O12 only increases the Curie tempera-
ture up to 710 K.[25,26] In particular, two magnetic phase
transitions occur in the insulator CaCu3Co2Re2O12 with an
energy gap (Egap) of 3.75 eV. The antiferromagnetic phase
transition occurs at 28 K arising from the A′(Cu2+(↑))–
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A′(Cu2+(↓)) antiferromagnetic interaction. Then the ferri-
magnetic phase transition occurs near 20 K resulting from the
B(Co2+(↑))–B′(Re6+(↓)) coupling.[27] On the contrary, only
one magnetic phase transition is observed around 150 K in
half-metallicity LaCu3Co2Re2O12 because of the Cu2+(↑)–
Co2+(↑)–Re5.5+(↓) spin interaction.[28]

In this work, we have successfully prepared and in-
vestigated a novel A-site-ordered quadruple perovskite oxide
CeCu3Fe2Ru2O12. A ferrimagnetic phase transition is ob-
served at TC = 73.6 K and subsequently a spin glass behavior
occurs around TSG = 50.3 K. The low temperature heat capac-
ity deviates significantly from the typical phonon-dominated
T 3 law, but obeys the T 2 relationship.

2. Experimental details
CeCu3Fe2Ru2O12 (CeCFRO) bulk sample was prepared

under high-temperature and high-pressure conditions. CeO2

(99.99%), CuO (99%), Fe2O3 (99.8%), and RuO2 (99.99%) in
stoichiometric amounts were fully mixed and grounded with
a proper amount oxidizing agent KClO4. The well-mixed
reagents were encapsulated by a platinum capsule, then heated
at 1400 K and 10 GPa for 1 h using a Walker-type multi-
anvil apparatus. After the heating process was finished, the
sample was quenched immediately, and then the pressure was
slowly released to ambient conditions. Powder x-ray diffrac-
tion (PXRD) was carried out with a Philips X’pert PRO x-ray
diffractometer using Cu Kα radiation to determine the sam-
ple quality and crystal structure. X-ray photoelectron spec-
troscopy (XPS) measurement was performed with a Thermo
ESCALAB 250Xi using monochromatic Al Kα source (P =

150 W, hν = 1486.6 eV). The magnetic measurements were
carried out with a Quantum Design (QD) superconducting
quantum interference device (SQUID) and a magnetic prop-
erty measurement system (MPMS) (5 K ≤ T ≤ 380 K, 0 ≤
H ≤ 45 kOe, 1 Oe = 79.5775 A·m−1). Electrical resistiv-
ity which was using the four-probe method and specific heat
were measured by QD physical property measurement system
(PPMS).

3. Results and discussion
Figure 1(a) shows the PXRD pattern at room temperature

(RT) and the corresponding Rietveld refinement of CeCFRO.
There is no detectable impurity phase. The compound exhibits
A-siteordered perovskite structure with the Im3̄ space group.
For the AA′3B2B′2O12 compounds, the presences of character-
istic reflections with indices satisfying h+ k + l = odd, e.g.,
(111), (311), and (331) serves as a criterion for rocksalt-
type ordering of B-site ions. The absence of these charac-
teristic peaks in CeCFRO reveals disordered Fe and Ru ions
occupying the B sites (inset of Fig. 1(a)), which is similar
to CaCu3Cr2Ru2O12.[29] The refined structure parameters of
CeCFRO are summarized in Table 1. The valence state of

ion was calculated using the bond valence sum (BVS) method
with the relation: Vi = ∑

n
i exp((r0 − ri)/B), where n is the

number of bonds, r0 is the relevant bond length, ri is the bond
length, and B is a constant (B = 0.37 Å).[30] The tentative cal-
culated BVS of Ce using r0(Ce3+) = 2.151 Å, r0(Ce4+) =

2.028 Å, and r0(Cen+) = 2.094 Å,[31] yielded BVS values of
+4.07, +3.25, and +3.49, respectively, implying the mixed
valence state of Ce ions. Similarly, Cu exhibits a BVS of
+1.94, consistent with a purely divalent state in the CuO4-
square (Table 1). The BVS method is not suitable to obtain
the reliable valence states of Fe and Ru ions because of ran-
dom distribution of these ions at the B-sites.

Table 1. Structure parameters and BVS results of CeCFRO refined from
XRD pattern at room-temperature. Space group Im3̄. Atomic sites: Ce
2a (0, 0, 0), Cu 6b (0, 0.5, 0.5), Fe/Ru 8c (0.25, 0.25, 0.25), O 24g (0,
0.1672(2), 0.2990(1)). The BVS values (Vi) were calculated using the for-
mula Vi = ∑ j Si j , where Si j = exp[(r0 − ri j)/0.37)], r0(Ce3+) = 2.151 Å,
r0(Ce4+) = 2.028 Å, r0(Cen+) = 2.094 Å, and r0(Cu2+) = 1.679 Å.

Parameter CeCFRO

a (Å) 7.4455(9)
V (Å3) 412.7597(6)

Ce–O (×4) (Å) 2.5507(8)
Cu–O (×4) (Å) 1.9467(4)

∠B/B′–O–B/B′ (◦) 137.9(1)
∠Cu–O–B/B′ (◦) 109.7(7)

BVS (Ce3+) 4.07(3)
BVS (Ce4+) 3.25(5)
BVS (Cen+) 3.49(2)
BVS (Cu) 1.94(4)

To further confirm the valence states of Ce, Cu, Fe,
and Ru ions in CeCFRO, XPS was measured. As shown in
Fig. 1(b), the Ce 3d core-level spectrum shows a characteris-
tic peak near 916 eV corresponding to the characteristic peak
of Ce4+.[32,33] Peak deconvolution of Ce 3d spectrum reveals
two characteristic peaks corresponding to Ce3+ and Ce4+. The
semi-quantitative calculation of the integral peak area yields
approximately 50% Ce4+ content, consistent with the theo-
retical calculation results of BVS. In Fig. 1(c), the oxidation
states of Cu2+ are confirmed by two main peaks at 934.33 eV
(Cu 2p3/2) and 954.22 eV (Cu 2p1/2), accompanied by three
satellite peaks at 941.65 eV, 944.15 eV, and 962.49 eV.[33,34]

In Fig. 1(d), peak resolution of the Ru 3p3/2 spectra resolves a
bimodal structure: the peak with higher binding energy corre-
sponds to Ru5+, while the peak with lower binding energy is
related to Ru4+.[35] The content ratio of Ru4+:Ru5+ is about
3:1 according to peak area integration. It is difficult to ac-
curately determine the valence state of Fe 2p by conventional
XPS peak fitting method because of the serious spectral broad-
ening. According to the principle of charge neutralization and
the valence state distribution characteristics of these isomor-
phic compounds ACu3Fe2B′2O12 (A = Na, Ca, La, B′ = Sb,
Nb, Ta, Os, Re),[22–26,36–38] it can be reasonably inferred that
the valence state of Fe ion should be +3. Hence the charge
configuration is proposed as Ce3.5+Cu2+

3 Fe3+
2 Ru4.25+

2 O12.
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Fig. 1. (a) XRD pattern and structure refinement results of CeCu3Fe2Ru2O12 at room temperature. The observed (black circles), calculated (red line), and
difference (green line) patterns are shown. The tick marks show possible Bragg reflection positions with space group Im3̄. The inset shows schematic crystal
structure for CeCu3Fe2Ru2O12. XPS core-level spectra of (b) Ce 3d, (c) Cu 2p, and (d) Ru 3p for CeCu3Fe2Ru2O12, and the fitting curves.

(b)

20 mm 10 mm  

(a)

Fig. 2. SEM images of CeCu3Fe2Ru2O12 at (a) 20 µm and (b) 10 µm scales.

(g)

Fig. 3. (a)–(g) EDS spectra of CeCu3Fe2Ru2O12.

The microstructure of CeCFRO was characterized using
scanning electron microscopy (SEM). As shown in Figs. 2(a)
and 2(b), the sample exhibits low intergranular porosity and
high densification. The energy-dispersive x-ray spectroscopy
(EDS) mapping (Figs. 3(a)–3(g)) confirms uniform distribu-
tion of various elements. Quantitative EDS analysis reveals
a molar ratio of Ce:Cu:Fe:Ru:O = 1:3.04:2.15:2.07:9.93, de-
viating significantly from the ideal stoichiometry of oxygen.
This discrepancy implies the presence of oxygen vacancies in
CeCFRO.

Figure 4(a) depicts the temperature dependence of mag-
netization measured at different applied magnetic fields for
CeCFRO using zero-field-cooled (ZFC), field cooled with data
collected on cooling (FCC), and field cooled with data col-
lected on warming (FCW) modes. Upon cooling, the ZFC
magnetization (MZFC) undergoes an abrupt upturn at 73.6 K,
indicting a ferromagnetic (FM) or ferrimagnetic (FiM) tran-
sition. A secondary anomaly at around TSG = 50.29 K (cor-
responding to the MZFC peak maximum) is observed, which
is later confirmed as spin glass behavior through ac mag-
netization measurements. Moreover, increasing the applied
magnetic field broadens the cusp in MZFC, shifts its posi-
tion to lower temperatures, and causes MZFC and MFCC to
converge, accompanied by gradual intensity enhancement.[39]

These features are hallmark signatures of spin glass behav-
ior. The temperature dependence of reciprocal magnetic sus-
ceptibility (1/χ = H/M) in the paramagnetic region (inset
of Fig. 4(a)) obeys the empirical relation:[40] 1/χ0 = 1/χ0 +
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T/Cm−σ/(T −θ) in the paramagnetic region, where χ0, Cm,
σ , and θ are fitting parameters.[41] This typical hyperbolic be-
havior implies that CeCFRO undergoes the FiM phase transi-
tion at 73.6 K. The fit yields 1/χ0 = 46.898±0.146 mol/emu,
Cm = 20.154± 0.151 emu·K/mol, σ = 78.00± 0.23 K, θ =

744.577±9.108 mol·K/emu. The experimental effective mag-
netic moment was calculated as µeff = 12.65 µB/f.u. using
the relation , where kB, N, Cm, Z represent Boltzmann’s con-
stant, Avogadro’s number, the molar Curie constant, and the
number of formula units per unit cell, respectively. Addi-
tionally, the expected effective moment for one type of mag-
netic ions is given by, where x is the fraction of magnetic ions
per formula unit, g is the gyromagnetic factor, and S is their
spin quantum number. CeCFRO contains magnetic ions of
Ce3+, Cu2+, Fe3+, Ru4+, and Ru5+. According to the XPS
result, the ratio of Ce3+:Ce4+ is about 1:1, and Ru4+:Ru5+

is about 3:1. The theoretical effective moment can be calcu-
lated from the relation: ∑

√
µ

2
effi = g

√
x1Si(Si +1) using the

following parameters: Ce3+ ions of x1 = 0.5 and S1 = 1/2,
Cu2+ ions x2 = 3 and S2 = 1/2, Fe3+ ions of x3 = 2 and
S3 = 3/2, Ru4+ ions of x4 = 1.5, and Ru5+ ions of x5 = 0.5
and S5 = 3/2. It is noted that Ru4+ exhibits three spin sates of
S = 0, S = 1, and S = 2. Therefore, the expected effective mo-
ments yield 9.31, 9.94, and 11.71 µB/f.u., respectively. The
calculated value 11.71 µB/f.u. is closer to the experimental
date (12.65 µB/f.u.), suggesting Ru4+ exists in the form of
high spin state with S = 2.
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Fig. 4. (a) Magnetization of CeCu3Fe2Ru2O12 measured at the mag-
netic field of 0.01 T, 0.2 T, and 1 T. The inset shows that the inverse
susceptibility and the Curie–Weiss fitting. (b) M–H hysteresis loop
measured at selected temperature.

Figure 4(c) shows the field-dependent magnetization at

selected temperatures. The M–H curves show typical param-
agnetic (PM) behavior above 100 K, whereas ferromagnetic-
like behavior at other temperature. At 5 K, pronounced hys-
teresis with coercive field HC = 5000 Oe and unsaturated mag-
netization up to 4.5 T are observed.
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Fig. 5. (a) Temperature dependence of ac magnetic susceptibility mea-
sured at different frequencies for CeCu3Fe2Ru2O12. (b) The plot of
ln(τf) versus ln(Tf/TSG−1) and the fitting line.

The ac magnetic susceptibility (χ ′ac) curves provide criti-
cal evidence for identifying glassy systems. Figure 5(a) shows
χ ′ac data measured at various frequencies under an applied
field of 2 Oe. A broad peak emerges at the spin freezing
temperature Tf. which shifts slightly toward higher temper-
atures and decreases in intensity with increasing frequency.
These features are characteristics of spin glass or superpara-
magnetic systems. To distinguish these two states, we use
the Mydosh parameter analysis:[42,43] κ = ∆Tf/[Tf∆ ln( f )],
where Tf is the spin freezing temperature, f is the frequency,
∆Tf = (Tf1−Tf2), and ∆ ln( f ) = ln f1− ln f2. The calculated
κ value of 0.0016 falls far below the superparamagnetic range
(0.1–0.3),[43,44] but aligns with the spin glass range (10−3–
10−2), confirming the glassy behavior of CeCFRO at low tem-
peratures. Moreover, the dynamic deceleration model relates
Tf to the fluctuation time scale τ = 1/(2π f ) by the relation:
τ0/τ = [(Tf − Tg)/Tg]

−zv, where Tg is the ordering tempera-
ture as f tends to 0, τ0 is the intrinsic relaxation time, and
zv is the dynamic exponent.[45] Figure 5(b) shows the curve
and fitting results of τf and Tf, yielding zv = 4.62± 0.37 and
τ0 = 9.11× 10−13 s. The value of zv lies within the typi-
cal range of 4–12 reported for spin glasses. The value of τ0

matches the classical spin glasses (10−12 s–10−13 s), distinct
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from cluster spin glasses (10−7 s–10−10 s). Obviously, the pa-
rameters of zv and τ0 are in good agreement with the classical
spin glasses and the isomorphic compound CaCu3Mn2Ir2O12

(zv = 5.1, τ0 = 2.6× 10−13 s),[46] further confirming the for-
mation of a spin glass state in CeCFRO.

0 50 100 150 200 250 300 350

1.6

2.0

2.4

2.8

0.0028 0.0030 0.0032

-5.4

-5.3

-8 -6 -4 -2 0 2 4 6 8
-0.8

-0.4

0

0.4

0.8

ρ
 (
W
Sc

m
)

(a)

ln
(ρ

*
T

-
1
) 

(W
Sc

m
SK

-
1
)

T-1 (K-1)

T (K)

Data

Fitting

-4 -2 0 2 4

-0.6

-0.4

-0.2

0 (c)

M
R

 (
1
0
0
%

)
M
R

 (
1
0
0
%

)

5 K

0

0.2

0.4

0.6

0.8

M
2
 (
µ

B
/
f.
u
.)

2

(b)  5 K

 60 K

 100 K

 200 K

H (104 Oe)

H (104 Oe)

Fig. 6. (a) Temperature dependence of resistivity of CeCu3Fe2Ru2O12.
The inset shows the fitting result by the adiabatic small-polaron model
between 300 K and 360 K. (b) Magnetoresistance as a function of mag-
netic field measured at different temperatures. (c) Magnetic field de-
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To investigate the electrical transport properties of
CeCFRO, resistivity and magnetoresistance (MR) were mea-
sured. As shown in Fig. 6(a), the compound exhibits semi-
conducting behavior with resistivity increasing monotonically
with the decrease of temperature. In the inset of Fig. 6(a),
the ρ–T data can be well fitted by the adiabatic small-
polaron model: ρ = AT exp(Ea/KBT ), yielding an activa-
tion energy Ea = 29.71± 0.05 meV. Figure 6(b) depicts the
filed-dependent magnetoresistance: MR = 100%× (ρ(H)−
ρ(0))/ρ(0)] at selected temperatures. Positive MR at 60 K
and 100 K arises from the normal MR effect: the carriers
subjected to the Lorentz force in the magnetic field deviate
from the original trajectory, increasing the probability of elec-

tron collision and causing additional scattering effect, thus in-
creasing the resistance and producing positive MR. At 5 K,
negative MR effect emerges, resembling the MR behavior of
CaCu3Fe2Ru2O12.[47] The negative MR effect can be ascribed
to weak localization effect caused by the interference of elec-
tron wave functions in disordered media.[48] This effect is
usually related to the spin of magnetic ions and influenced
by magnetic fields.[49] The negative MR is influenced by the
modulation of the external magnetic field on the spin align-
ment of Fe3+. Theoretical analysis shows that the suppres-
sion of spin scattering induced by magnetic field may domi-
nate the negative MR effect. In addition, the MR at 5 K shows
a butterfly-shaped hysteresis loop. It is noted that the field
in MR maximum coincides with that in M2–H curve at 5 K
(Fig. 6(c)). This phenomenon is similar to the spin-related tun-
neling effect in Sr2FeReO6, where conduction electrons tra-
verse grain/domain boundaries.[50]
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Fig. 7. The specific heat as a function of the temperature for
CeCu3Fe2Ru2O12. The inset shows that Cp versus T 2 and Cp versus
T 3 plot at low-temperature.

The heat capacity (Cp) was measured to elucidate the
magnetic and transport characteristics of CeCFRO. As shown
in Fig. 7, no anomalies were observed in the specific heat data.
It is worth noting that Cp exhibits a T 2 dependence rather than
the conventional T 3 behavior at low temperatures (inset of
Fig. 7). Typically, the heat capacity at low temperatures fol-
lows the relation: Cp = γT + βT 3, where the T term arises
from the contribution of free electrons and the T 3 term origi-
nates from the contribution of phonons. However, the T 2 term
is rarely observed. This deviation may arise from two pos-
sible mechanisms: classical antiferromagnetic spin wave ex-
citation in the two-dimensional system or the opening of the
finite energy gap in the excitation spectrum.[51] Recent stud-
ies reported T 2-dependent specific heat in spin-frustrated com-
pounds. For example, the specific heat in the Kagomé lattice
compound SrCr9Ga3O19 follows a T 2 law.[52] Although its
magnetic susceptibility exhibits spin glass behavior, the T 2 de-
pendence of specific heat challenges the theoretical framework
of spin glasses. Moreover, the specific heat of SrCr9Ga3O19
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is almost independent of external magnetic fields,[53] suggest-
ing many-body singlet excitations in its low-energy excitation
spectrum.[54] Similar behavior is observed in two-dimensional
triangular-lattice compound NiGa2S4, where only short-range
magnetic order exists in its magnetic ground state.[55] Recent
work attributes this field-independent T 2 behavior to the spin
wave excitation of spiral spin structure.[56] A comparable T 2

dependence behavior in the specific heat has been reported
in CaCu3Ti4−xRuxO12 (x = 0.5), where Ru substitution for
Ti leads to the formation of a finite energy gap in the exci-
tation spectrum of the compound. This energy gap suppresses
the traditional phonon-dominated T 3 behavior and changes the
mode of low-energy excitation.[51]

4. Conclusion and perspectives

A novel A-site-ordered perovskite oxide, CeCu3Fe2Ru2O12,
was synthesized under high-pressure conditions (10 GPa and
1400 K). The compound crystallizes in a cubic crystal struc-
ture with space group Im3̄, with ordered Ce and Cu ions in a
ratio of 1:3 and disordered distribution of Fe and Ru ions at the
B site. BVS calculations and XPS results confirm the charge
configuration in the form of Ce4+Cu2+

3 Fe3+
2 Ru4.25+

2 O12.
Magnetic measurements reveal a ferrimagnetic transition at
TC ∼ 73.6 K followed by a spin glass behavior occurs at
50.3 K, consistent with the conventional dynamical scaling
model. The resistivity of CeCu3Fe2Ru2O12 follows the adia-
batic small polaron model. The specific heat at low temper-
atures shows T 2 dependence arising from the formation of a
finite energy gap in the excitation spectrum.
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