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Novel functional properties of charge-transition
oxides synthesized under high pressure
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Oxides containing unusually high-valence transition-metal ions often exhibit charge transitions to relieve the elec-
tronic instabilities. A-site-ordered quadruple perovskites LnCu3Fe4O12 with the unusually high-valence Fe3.75+,
which are synthesized under high-pressure conditions, show intermetallic-charge-transfer transitions. In this
review article, novel thermo-related functional properties induced by the charge transitions in LnCu3Fe4O12 are
highlighted. A large negative-thermal-expansion behavior was observed at the intermetallic-charge-transfer
transition temperature. The negative-thermal-expansion property is primarily caused by the size effect of constit-
uent ions by the charge changes. The property is useful for developing materials to compensate the normal posi-
tive thermal expansion. Significant latent heat was also found to be provided by the intermetallic-charge-transfer
transition in LnCu3Fe4O12. The large latent heat is considered to be related with unusual first-order magnetic
entropy change induced by the charge transition. The large entropy change can be utilized for thermal control
through a caloric effect, which can make effective energy systems for thermal energy storage and refrigeration.
©2023 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Transition-metal ions in oxides often adopt various
valence states. In iron oxides, Fe ions typically show 2+
and 3+ valence states as seen in FeO and Fe2O3, respec-
tively. Higher valence states of Fe like Fe4+ can also be
stabilized in some oxides, which are synthesized under
strong oxidizing conditions.1)3) Such unusually high
valence states of Fe are intrinsically metastable and often
exhibit charge transitions to relieve the electronic insta-
bilities.4)7) Two representative charge transitions of the
unusually high-valence Fe ions, i.e., charge-disproportio-
nation and intermetallic-charge-transfer transitions, are
known. The charge-disproportionation transition of Fe4+

was discovered in 1977,2) followed by many related
charge-transition phenomena.8)12) Since then the transi-
tion behaviors driven by the charge changes have been
extensively studied in solid-state chemistry and condensed
matter physics research fields for nearly 50 years.

In the charge disproportionation transition of the unu-
sually high valence Fe, a uniform charge state changes to
distinct ones. Typical examples are 2Fe4+ ¼ Fe3+ + Fe5+

found in perovskite structured CaFeO3 and CaCu3-
Fe4O12.2),11) The metastable Fe4+ changes to the stable

Fe3+ and Fe5+, which are ordered in rock-salt type manner
in the perovskite-type crystal structures.11),13),14) In the
intermetallic-charge-transfer transition, on the other hand,
another transition-metal cation involves and changes its
valence state as well as the Fe valence state. An exam-
ple was found in LaCu3Fe4O12, in which the transition
described as 3Cu2+ + 4Fe3.75+ ¼ 3Cu3+ + 4Fe3+ occurs
to relieve the instability of the unusually high valence
Fe3.75+.12) Although the ilmenite FeTiO3 and the perovsk-
ite BiNiO3 were reported to exhibit the pressure-induced
intermetallic-charge-transfer transitions,15),16) LaCu3Fe4O12

was the first example to show the temperature-induced
transition at an ambient pressure condition. Because two
distinct transition-metal ions are involved and changed
the valence states concomitantly with each other, drastic
changes in the crystal and electronic structures by the tran-
sitions are often observed. Interestingly and importantly,
some of the property changes can be utilized as functional
properties. In this article, novel thermo-related functional
properties, negative-thermal expansion and a caloric effect
found in intermetallic-charge-transfer transitions of LnCu3-
Fe4O12, are highlighted.

2. Material synthesis

During a solid-state reaction process applying pressure
expands area of metastable compounds and increase possi-
bility for discovering new materials. High-pressure synthe-
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sis thus provides access to novel compounds, which can-
not be formed with conventional thermodynamic methods,
and can be a powerful technique for seeking novel func-
tional materials.17)

In synthesizing transition-metal oxides under high pres-
sure, dense crystal structures like the perovskite, which
consists of close packing of oxygen and alkaline-earth-
metal ions, are often stabilized. Another advantage of the
high-pressure synthesis concerns that reaction atmosphere
can be tuned within a confined condition. When an oxi-
dizing agent KClO4 is included with raw materials in a
sample cell, strong oxidizing conditions can be provided.
Perovskite-related structure oxides including cations with
the unusually high valence states can often be obtained by
the high-pressure synthesis with KClO4.

In the present study we use a cubic anvil-type high-
pressure apparatus.18),19) The anvils are made of a super-
hard sintered tungsten carbide alloy. The six anvils syn-
chronously compress a sample cell through a pyrophyllite
medium in a quasi-isostatic pressure condition (Fig. 1).
Compared to a high-pressure device known as diamond
anvil cell, large amount of samples can be easily obtained.
Raw oxide materials with KClO4 are packed into a plati-
num or gold capsule. Heating is achieved using a cylin-
drical graphite heater and monitored using a thermocouple
between the sample capsule and anvil faces. Typical con-
ditions for the synthesis of LnCu3Fe4O12 are 615GPa and
8001300 °C for 30min. After the synthesis reaction the
sample is quenched to room temperature followed by
releasing pressure. The resultant sample is washed with
distilled water to remove the remaining KCl.

3. Crystal structure and intermetallic-
charge-transfer transition

LnCu3Fe4O12 crystalizes in an A-site-ordered quadruple
perovskite structure, which is derived from a 1:3 ordered
arrangement of the A-site ions in the simple perovskite
structure ABO3. [See the crystal structure in Fig. 2(a).]19),20)

By synthesis in a strong oxidizing atmosphere, all oxygen
sites are fully occupied, indicating stoichiometric compo-
sitions of the compounds. Significant in-phase cooperative
octahedral tilting of the corner-sharing BO6 octahedra

(a+a+a+) makes the 2a © 2a © 2a unit cell (a represents
the unit cell of the ABO3 simple cubic perovskite struc-
ture.), giving Im3 space group symmetry.21)23) While the
A site in AAB3B4O12 accommodates relatively large cat-
ions such as alkaline metal, alkaline-earth metal, or lantha-
nide, similar to the A site in ABO3, the AB site can accept
transition-metal ions like Cu, forming square-coordinated
units that align perpendicular to each other. Therefore, this
structure type oxides include two kinds of valence-variable
transition-metal ions at the AB and B sites, Cu at the AB site
and Fe at the B site in LnCu3Fe4O12, and the intermetallic
charge transfer between them can be induced.
Compounds with Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, and

Bi were reported to show the temperature-induced inter-
metallic-charge-transfer transitions.24)26) The transition is
describes as a nominal-ionic-formula change from the high-
temperature Ln3+Cu2+3Fe3.75+4O12 to the low-temperature
Ln3+Cu3+3Fe3+4O12. The changes in the valence states
of both Cu and Fe respectively at the AB and B sites
(3Cu3+ + 4Fe3+ ¼ 3Cu2+ + 4Fe3.75+) were confirmed by
bond-valence-sum analysis from the refined crystal struc-
tures and X-ray absorption and Mössbauer spectroscopy
results.5),12),27) As shown in the results for LaCu3Fe4O12

(Fig. 3), almost temperature-independent low resistivity
increases abruptly below the intermetallic-charge-transfer

TC anvils

Pyrophyllite pressure 
medium 

Pt (Au)
sample capsule Graphite heater

Fig. 1. Schematic picture of a cubic anvil-type high-pressure
apparatus. Samples are reacted in a platinum or gold capsule.
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Fig. 2. Crystal and magnetic structures of A-site-ordered
quadruple perovskites LnCu3Fe4O12. The phase changes from
(a) the high-temperature Ln3+Cu2+3Fe3.75+4O12 to (b) the low-
temperature Ln3+Cu3+3Fe3+4O12 by the intermetallic-charge-
transfer transitions. The Fe3+ magnetic moments in the low-
temperature Ln3+Cu3+3Fe3+4O12 are G-type antiferromagneti-
cally ordered.
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transition temperature, suggesting a metal-to-insulator
transition. A peak in the temperature-dependent magnetic
susceptibility indicates an antiferromagnetic transition
accompanied with the intermetallic-charge transfer tran-
sition. A G-type antiferromagnetic order, where each Fe3+

magnetic moment is antiparallel to the six nearest neigh-
bors, was revealed from the magnetic structure analysis
with powder neutron diffraction data. [See also the mag-
netic structure in Fig. 2(b).]28),29) This magnetic ordering
is ascribed to the B-site Fe3+OFe3+ antiferromagnetic
superexchange interaction.

The intermetallic-charge-transfer transition temperature
of LnCu3Fe4O12 increases from 233K (Ln = Tb) to 428K
(Ln = Bi) with increasing the ionic radius of the A-site
Ln ion, as shown in Fig. 4.12),24)26) The observed nearly
linear change suggests that variation in the transition tem-

perature is primarily determined by the size effect of con-
stituent ions in the oxides.

4. Negative-thermal expansion

Thermal expansion is a normal behavior of solids upon
heating. When a solid material is heated, constituent atoms
and molecules vibrate and move to increase the distances
between themselves. The thermal expansion in solids often
causes problems in many technology fields, and a well-
known example is difficulty in precise position control in
optical devices under various temperature conditions. It is
thus demanded to develop materials with negative thermal
expansion properties that can compensate the normal posi-
tive thermal expansion.30)32)

When temperature decreases across the intermetallic-
charge-transfer transition temperature, LnCu3Fe4O12 (Ln =
La, Pr, Nd, Sm, Eu, Gd, Tb, or Bi) undergoes an iso-
structural transition and the unit cell volume (a3) abruptly
increases at the transition temperature.12),24)26) In seeing
this change in a reverse way, the sample volume of the
compound decreases significantly with increasing temper-
ature, and thus the change can be regarded as a negative-
thermal-expansion-like behavior. The unit-cell volume
change for LaCu3Fe4O12 with the intermetallic-charge-
transfer transition temperatures of 393K is shown in
Fig. 5(a), and the negative thermal expansion by µ1.0%
was observed.12)

The observed negative-thermal-expansion-like unit-cell
volume change is well explained by a simple ionic-bond
model of the program SPuDS.33),34) Temperature-
dependent unit-cell volumes of La3+Cu2+3Fe3.75+4O2¹

12

Fig. 3. Temperature dependence of (a) normalized resistivity
and (b) magnetic susceptibility of LaCu3Fe4O12.
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Fig. 4. Intermetallic-charge-transfer transition temperature as a
function of ionic radius of the A-site Ln ion in LnCu3Fe4O12

(Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, or Bi).

Fig. 5. Temperature dependence of unit-cell volume of LaCu3-
Fe4O12 with the intermetallic-charge-transfer transition at 393K.
(a) The unit-cell volumes of experimentally observed and (b)
those of La3+Cu2+3Fe3.75+4O2¹

12 and La3+Cu3+3Fe3+4O2¹
12 cal-

culated with the SPuDS program.
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and La3+Cu3+3Fe3+4O2¹
12 calculated with the SPuDS

program are presented in Fig. 5(b). In the calculation
temperature-dependent bond-valence-sum parameters for
the constituent cations were used.35) At a given temper-
ature, the high-temperature La3+Cu2+3Fe3.75+4O2¹

12 phase
has a smaller unit-cell volume than the low-temperature
La3+Cu3+3Fe3+4O2¹

12 phase. Provided that the
intermetallic-charge-transfer transition between the phases
occurs at 393K, the negative-thermal-expansion-like vol-
ume change of about 1.8% is predicted.26) The calculated
change qualitatively reproduces well the experimentally
observed negative-thermal-expansion behavior of LaCu3-
Fe4O12. Because the ionic radius of Fe4+ with octahedral
oxygen coordination (0.585¡) is smaller than that of
Fe3+ (0.645¡),36) the rigid octahedra get smaller due to
decrease in the FeO bond lengths, which would drive
contraction of the cubic-perovskite unit cell by the
intermetallic-charge-transfer transition. An elastic energy
term in the intermetallic-charge-transfer transition plays an
essential role for the volume change. It is thus concluded
that the observed negative-thermal-expansion property is
primarily caused by the size effect of constituent ions in
the charge-transition oxides.

It is noted, as displayed in Fig. 4, that the intermetallic-
charge-transfer transition temperature of LnCu3Fe4O12

linearly changes by the chemical substitution at the A
site. Fine control in the transition temperature with A-site
solid-solution compounds can be made.24)26) Interestingly,
the SPuDS calculations predict that the volume difference
between the high-temperature Ln3+Cu2+3Fe3.75+4O2¹

12

and low-temperature Ln3+Cu3+3Fe3+4O2¹
12 phases de-

creases from 2.9% (Ln = Tb) to 1.9% (Ln = La) with in-
creasing the ionic radius of Ln.26) The trend was exper-
imentally seen and indeed the µ1.7% huge negative-
thermal-expansion-like change at 310K was reported in
NdCu3Fe4O12.25),37) Therefore, precise tuning of the oper-
ating temperature and the volume change for the negative-
thermal-expansion property becomes possible near room
temperature, which is a preferable feature for applications.

5. Caloric effects

Materials showing caloric effects can be used to make
effective energy systems for thermal energy storage and
refrigeration, and thus have potential for highly efficient
and environmentally friendly thermal control applica-
tions.38)42) Typical three ways of controlling thermal prop-
erties by the caloric effects are known; magnetocaloric,
electrocaloric, and barocaloric effects induced respectively
by applying magnetic fields, electric fields, and pres-
sure.43)47) Development of solid materials that show large
caloric effects are of great interest in recent years.

When the intermetallic-charge-transfer transition occurs
in LnCu3Fe4O12, significant latent heat was found to be
provided. For NdCu3Fe4O12 latent heat of 25.5 kJ kg¹1 on
cooling and the corresponding entropy change of 84.2
JK¹1 kg¹1 were observed at the intermetallic-charge-
transfer-transition temperature near room temperature
(Fig. 6).33),48) This entropy change is comparable to the

largest entropy change reported in the inorganic
(MnNiSi)0.62(FeCoGe)0.38 alloy.49) Importantly, the large
latent heat associated with the intermetallic-charge-transfer
transition was accessible by applying pressure. The en-
tropy changes S(T, P) as a function of temperature under
various pressure is shown in Fig. 7(a). As shown in
Fig. 7(b), the maximum value of pressure-induced iso-
thermal entropy change ¦Sp was found to reach 65.1
JK¹1 kg¹1 at 5.1 kbar and 293.9K, which correspond to
77% of the total entropy change associated with the
intermetallic-charge-transfer transition under an ambient
pressure condition. The pressure-induced adiabatic tem-
perature change reached 13.7K at the intermetallic-charge-
transfer-transition temperature. It was therefore demon-
strated that NdCu3Fe4O12 showed the giant barocaloric
effects by the intermetallic-charge-transfer transition.
The giant barocaloric effects with the large entropy

changes under pressure are considered to be related with
unusual magnetic entropy changes induced by the charge
transitions. In NdCu3Fe4O12 development of the Fe mag-
netic moment, which was obtained from the neutron mag-
netic diffraction data, was first order as shown in Fig. 8.
The behavior is completely different from those observed
in normal second-order magnetic transitions induced by
usual magnetic interactions between the constituent
spins.33),50),51) The projected magnetic transition temper-
ature extrapolated from the fitting with a Brillouin function
to the temperature dependent refined magnetic moment is
643K, which is much higher than the actual magnetic
transition temperature induced by the intermetallic-charge-
transfer-transition occurring near room temperature. Given
a simple orderdisorder magnetic transition model of the
S = 5/2 (Fe3+) spins, the magnetic entropy change is

Fig. 6. (a) Heat flow of NdCu3Fe4O12 measured by differential
scanning calorimetry on cooling and heating. (b) Corresponding
entropy change ¦S on cooling referred to the value at 360K.
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expected to be RIn(2S + 1) = 79 JK¹1 kg¹1. The value is
more than 90% of the observed total entropy change, and
thus, most of the magnetic entropy is concluded to be
responsible for the total entropy change. In normal second-
order magnetic transitions the magnetic entropies are grad-
ually changed below the magnetic transition temperatures.
In the present NdCu3Fe4O12, in contrast, the magnetic
entropy is abruptly yielded by the unusual first-order
magnetic transition induced by the intermetallic-charge-
transfer transition.

Because the intermetallic-charge-transfer transition tem-
perature of LnCu3Fe4O12 is changed by the chemical sub-
stitution at the A-site,24)26),33) similar fine control of the
effective operating temperature for the thermal control by
the caloric effect is also possible.

6. Conclusions

Novel thermo-related functional properties, negative-
thermal-expansion and a caloric effect, induced by
intermetallic-charge-transfer transitions in A-site-ordered
quadruple perovskites LnCu3Fe4O12 were highlighted. The
compounds were synthesized under high-pressure condi-
tions and contain the unusually high-valence Fe3.75+ ions,
whose electronic instabilities were relieved by the charge
transitions. The negative-thermal-expansion property was
well explained by the size effect of constituent ions by the
charge changes. The large barocaloric effect with the sig-
nificant latent heat was caused by the unusual first-order
magnetic entropy change induced by the charge transition.
In the compounds, charge, spin, and lattice degrees of
freedom are strongly correlated, and the primarily charge
transitions cause unusual changes in the crystal and elec-
tronic properties, some of which can be utilized as func-
tional properties.
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