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cts in charge–spin–lattice
coupled transition-metal oxides
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The caloric effects of solids can provide us with highly efficient and environmentally friendly energy

systems. Exploring novel caloric materials is challenging but critically important in developing future

technologies. Typical solid caloric effects are magnetocaloric, electrocaloric, and barocaloric effects

induced respectively by magnetic fields, electric fields, and pressure, and materials showing large caloric

responses through the effects attract lots of recent attention. In this perspective article, novel transition-

metal oxides that show giant caloric effects are highlighted. The compounds are NdCu3Fe4O12 and

BiCu3Cr4O12 containing unusually high valence states of transition-metal ions and show charge

transitions to relieve the electronic instabilities. The charge, spin, and lattice degrees of freedom in the

compounds are strongly correlated and the primarily induced charge transitions cause unusual first-

order magnetic phase transitions that provide significant latent heat. Importantly, the large latent heat

can be utilized through the caloric effects in multiple ways. The details of the giant caloric effects in the

charge–spin–lattice coupled transition-metal oxides are summarized and the mechanism of the effects

is discussed.
10th Anniversary Statement

Effective thermal management is one of the critical issues that need to be resolved if we are to achieve the United Nations Sustainable Development Goals
(SDGs). Fundamental science to address this issue is of main interest to the Journal of Materials Chemistry A, and the journal has contributed a lot for the
development of novel materials in this research eld. We celebrate the 10th anniversary of the Journal of Materials Chemistry A and are sure that the journal will
have a large inuence on energy- and environment-related research all over the world.
Introduction

Materials showing caloric effects attract lots of recent attention
because of their potential for highly effective and environmen-
tally friendly thermal control applications.1–5 The caloric effects of
solids can provide refrigeration systems that are innovative
compared to the widely used conventional vapor compressive
cooling systems, which account for a large amount of the current
world's energy consumption.6,7 Multiple ways of controlling
thermal properties by the caloric effects are known and the
representatives are magnetocaloric, electrocaloric, and bar-
ocaloric effects induced respectively by applying magnetic elds,
electric elds, and pressure.8–12 The magnetocaloric effects have
been intensively studied for decades, and materials containing
atoms with large magnetic moments show large effects.13–16 The
electrocaloric effects are found in ferroelectric and pyroelectric
compounds.17–19 Some of the materials showing the magneto-
caloric or electrocaloric effect are also reported to show the bar-
ocaloric effect.11,20,21 Large barocaloric effects were also observed
iversity, Gokasho, Uji, Kyoto 611-0011,
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f Chemistry 2023
in plastic crystals.22 The effects are of great interest in recent years
and much of this interest has been focused on the development
of materials that show large caloric effects.

Large caloric responses are expected to occur in the vicinity
of phase transitions of the rst order.3,4,23 When temperature
changes, some materials exhibit a rst-order transition
accompanying large latent heat. If the large latent heat can be
accessed by driving an external eld, the giant caloric effect can
be achieved. Although solid–liquid phase transitions like
solidication or liquefaction oen provide large latent heat,
handling of liquid-phase materials is difficult.24,25 Solid–solid
phase transitions, on the other hand, are attractive in terms of
safety and chemical stability when the materials are used in
devices. Exploring solid materials showing large caloric effects
is challenging, but nding and developing new solid caloric
materials are strongly demanded.

We here focus on the caloric effects of phase transitions in
solids, especially phase transitions in charge–spin–lattice
coupled transition-metal oxides. In some transition-metal
oxides, the d orbitals of transition-metal ions are strongly
hybridized with the 2p orbitals of coordinated oxygen ions, and
as a result, the charge, spin, and lattice degrees of freedom are
J. Mater. Chem. A, 2023, 11, 12695–12702 | 12695
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strongly correlated.26–29 In such a transition-metal oxide, elec-
tric, magnetic, and structural transitions can occur concomi-
tantly, and as a result, the entropies of the order parameters of
the charge, spin, and lattice degrees of freedom could combine
to produce a signicant latent heat. Interesting examples were
recently found in oxide materials containing unusually high-
valence-state transition-metal ions.30,31 A phase transition was
primarily induced by relieving the electronic instability of the
unusually high valence state of the constituent transition-metal
ion, and drastic changes in electronic, magnetic, and structural
properties occurred concomitantly. Signicant latent heat
associated with phase transition was observed, and more
importantly, the observed large latent heat was accessed by
applying external elds. Therefore, giant caloric effects were
conrmed. The details of the giant caloric effects found in A-
site-ordered perovskite structure oxides containing the unusu-
ally high-valence Fe or Cr are highlighted and themechanism of
the effects is discussed.
Giant barocaloric effect in
NdCu3Fe4O12

NdCu3Fe4O12 is synthesized by a solid–state reaction under high-
pressure and high-temperature conditions, which are typically
9 GPa and 1050 °C.30,32 The resultant compound crystallizes in an
A-site-ordered quadruple perovskite structure and contains the
unusually high-valence Fe3.75+ ions at the B site of a fundamental
perovskite structure.32–34 (see a schematic model of the crystal
structure in Fig. 1a.32,35,36) Compared to typical stable valence
states for Fe in oxides like 2+ (Fe2+) in FeO and 3+ (Fe3+) in
Fe2O3,37–40 a valence state more than 3+ is unusually high and not
readily stabilized.41,42 The Fe3.75+ state in the present compound is
conrmed by 57Fe Mössbauer spectroscopy and bond-valence-
sum results. Because the Fe3.75+ state is unusually high and
unstable, when temperature decreases, a charge transition is
induced to relieve its electronic instability. The high-temperature
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Nd3+Cu3
2+Fe4

3.75+O12 phase changes to the low-temperature
Nd3+Cu3

3+Fe4
3+O12 phase by the intersite charge transfer transi-

tion (3Cu2+ + 4Fe3.75+/ 3Cu3+ + 4Fe3+). The details of this charge
transition are given in previous papers.42–44 An important point is
that the low-lying d orbitals of the unusually high-valence Fe ions
are signicantly hybridized with the 2p orbitals of octahedrally
coordinated oxygen ions, giving rise to strong correlations in the
charge, spin, and lattice degrees of freedom. At the intersite
charge transfer transition in the compound, signicant changes
in electronic transport, magnetic, and lattice properties occur
concomitantly. With decreasing temperature, as shown in
Fig. 1b–d, rst-order-type metal-to-insulator transition,
paramagnetism-to-antiferromagnetism transition, and transition
of unit-cell expansion are observed. Importantly, signicant
latent heat, 25.5 kJ kg−1, is also observed to be provided by the
intersite charge transfer phase transition (Fig. 1e). The corre-
sponding entropy change associated with the transition is esti-
mated to be 84.2 J K−1 kg−1, which is larger than the largest
entropy change near room temperature reported in the inorganic
caloric material (MnNiSi)0.62(FeCoGe)0.38 (62 J K−1 kg−1).45

The large latent heat associated with the intersite charge
transfer transition in NdCu3Fe4O12 is also accessible by
applying pressure. In other words, the large entropy change can
be utilized through the barocaloric effect. As shown in Fig. 2a,
the heat ow peak in differential thermal analysis (DTA)
measurements shis to a lower temperature. The peak signal
decreases with increasing pressure, suggesting that the rst-
order transition slightly weakens due to a missing latent heat
under pressure.46–48 The corresponding entropy changes S(T, p)
and the pressure-induced isothermal entropy changes, DSp =

S(T, p) − S(T, 0), as a function of temperature at various
measured pressures are also respectively shown in Fig. 2b and c.
When 5.1 kbar pressure is applied the maximum isothermal
entropy change reaches 65.1 J K−1 kg−1 at 293.9 K, which
corresponds to 77% of the total entropy change associated with
the intersite charge transfer transition under ambient
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Fig. 1 (a) Crystal structure of A-site-ordered perovskite NdCu3Fe4O12. Nd and Cu ions are ordered at a ratio of 1 : 3, and B-site Fe ions form FeO6

octahedra. The compound shows an intersite charge transfer transition at 305 K. Temperature dependences of the (b) resistivity, (c) magnetic
susceptibility, and (d) unit-cell volume of NdCu3Fe4O12. (e) Heat flow of NdCu3Fe4O12 measured by differential scanning calorimetry (left axis)
and corresponding entropy change DS referred to the value at 360 K (right axis).
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conditions. The value is much larger than those reported in
known giant barocaloric materials like the NiMnIn alloy (24.4 J
K−1 kg−1) and Mn3GaN (22.3 J K−1 kg−1),11,12 and is comparable
to the largest barocaloric change reported in (MnNiSi)0.62(-
FeCoGe)0.38 (74 J K−1 kg−1).45 The pressure-induced adiabatic
temperature change, as estimated from the relationship DT =

T(S, 0) − T(S, p), reaches 13.7 K at the intersite charge transfer
phase transition temperature. The values are quite large and
therefore the giant barocaloric effect is indeed realized in
NdCu3Fe4O12 with intersite charge transfer phase transition.
Giant barocaloric and magnetocaloric
effects in BiCu3Cr4O12

The analogue A-site-ordered quadruple perovskite BiCu3Cr4O12

(Fig. 3a), which is synthesized by a solid–state reaction under
Fig. 2 (a) Heat flow curves divided by the cooling rate dq/dT, (b) correspo
changes of NdCu3Fe4O12 under various applied pressures.

This journal is © The Royal Society of Chemistry 2023
high-pressure (9 GPa) and high-temperature (1000 °C) condi-
tions, contains the unusually high-valence Cr3.75+ ions at the B
site.31,49 In contrast to the intersite charge transfer transition in
NdCu3Fe4O12, the compound shows charge disproportionation
transition of Cr3.75+ to Cr3+ and Cr4+ (4Cr3.75+ / Cu3+ + 3Cr4+) at
190 K to relieve its electronic instability. The high-temperature
Bi3+Cu3

2+Cr4
3.75+O12 phase thus changes to the low-temperature

Bi3+Cu3
2+Cr3+Cr3

4+O12 phase, and the rst-order-type transi-
tions in electronic transport, magnetic, and lattice properties
are observed, as respectively shown in Fig. 3b–d. The phase
transition behaviors conrm that the charge, spin, and lattice
degrees of freedom are strongly correlated in the compound.
Similar to NdCu3Fe4O12, signicant latent heat is associated
with the phase transition, as shown in Fig. 3e. Differential
scanning calorimetry measurement gives a latent heat of 5.23 kJ
kg−1 and the corresponding entropy change of 28.2 J K−1 kg−1.
nding entropy as a function of temperature, and (c) isothermal entropy

J. Mater. Chem. A, 2023, 11, 12695–12702 | 12697
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Fig. 3 (a) Crystal structure of A-site-ordered perovskite BiCu3Cr4O12. Bi and Cu ions are ordered at a ratio of 1 : 3, and B-site Cr ions form CrO6

octahedra. The compound shows a charge disproportionation transition at 190 K. Temperature dependences of the (b) resistivity, (c) magne-
tization, and (d) unit-cell volume of BiCu3Cr4O12. The resistivity data were taken from ref. 49. (e) Heat flow of BiCu3Cr4O12 measured by
differential scanning calorimetry (left axis) and corresponding entropy change DS referred to the value at 210 K (right axis).
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The latent heat associated with the charge disproportion-
ation transition in BiCu3Cr4O12 is also accessible by applying
pressure, as in the case of the barocaloric effect in
Fig. 4 (a) Heat flow curves divided by the cooling rate dq/dT, (b) correspo
changes of BiCu3Cr4O12 under various applied pressures. (d) Specific
magnetization as a function of applied field between 170 and 210 K, a
changes measured under magnetic fields from 0 to 50 kOe.

12698 | J. Mater. Chem. A, 2023, 11, 12695–12702
NdCu3Fe4O12. The calorimetric curves can be shied to a lower
temperature by applying pressure, as shown in Fig. 4a. The
entropy changes as a function of temperature at various
nding entropy as a function of temperature, and (c) isothermal entropy
heat capacity curves under various magnetic fields, (e) isothermal
nd (f) isothermal entropy changes obtained from the magnetization

This journal is © The Royal Society of Chemistry 2023
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pressures are also shown in Fig. 4b. The maximum isothermal
entropy change is found to be 27.2 J K−1 kg−1 at 189 K under
a pressure of 4.9 kbar (Fig. 4c). The 4.9 kbar-pressure-induced
adiabatic temperature change reaches 4.8 K.

An important difference from the charge-transferred anti-
ferromagnet NdCu3Fe4O12 is that the charge-disproportionated
BiCu3Cr4O12 is a ferrimagnet. Because the ferrimagnetic tran-
sition is accompanied by the charge disproportionation tran-
sition due to strong charge–spin–lattice coupling, the latent
heat associated with the charge disproportionation transition
can also be accessed by driving magnetic elds as well as
pressure. As shown in Fig. 4d, specic heat-capacity curves
recorded under magnetic elds shi to higher temperatures,
indicating the magnetocaloric effect in the compound. Because
the specic heat capacity measured with a relaxation method
shown in the gure oen underestimates the actual latent heat
for a rst-order transition,50 the magnetic entropy change DSM
is evaluated from isothermal magnetization measured in
various magnetic elds (Fig. 4e) with the following relationship:

DSM ¼ m0

ðH
0

�
vM

vT

�
H

dH:

With the data measured with a temperature difference of 1 or 2
K, the DSM as a function of temperature is obtained as also
shown in Fig. 4f. Themaximummagnetic entropy change under
50 kOe reaches 22.6 J K−1 kg−1. The maximum adiabatic
temperature change caused by the magnetocaloric effect rea-
ches 3.9 K at 189 K. Therefore, the present BiCu3Cr4O12 exhibits
both barocaloric and magnetocaloric effects. The latent heat
produced by the charge disproportionation phase transition
can be accessed by multiple ways of applying pressure and
magnetic elds.

Although the barocaloric and magnetocaloric effects in
BiCu3Cr4O12 are experimentally demonstrated separately, the
“multicaloric effect”, where the entropy change is accessed by
applying both pressure and a magnetic eld simultaneously,
can also be achieved because the charge, spin, and lattice
degrees of freedom are strongly correlated. Actually, the charge
disproportionation transition temperature can be modied by
Fig. 5 (a) Heat flow curves of CaFeO3 showing a charge disproportiona
transfer transition at 305 K. (b) Temperature dependence of the refined B
moments with an S= 5/2 Brillouin function is also shown in a dashed curv
dashed curve represents the fitting for the total magnetization with Brillo
3Cr4+ ([: S = 1) moments to the ferrimagnetization are shown in dotted

This journal is © The Royal Society of Chemistry 2023
applying both pressure and a magnetic eld simultaneously.
The results further lead to an idea of triple ways of controlling
the caloric effects, i.e., barocaloric, magnetocaloric, and elec-
trocaloric effects in the charge–spin–lattice coupled compound.
Even for an antiferromagnetic compound like NdCu3Fe4O12,
whose thermal properties cannot be controlled by applying
magnetic elds, a multicaloric effect comprising both bar-
ocaloric and electrocaloric effects is possibly observed.
Giant caloric responses in the charge–
spin–lattice coupled system

The charge transitions induced by relieving the electronic
instabilities, like the intersite charge transfer transition in
NdCu3Fe4O12 and the charge disproportionation transition in
BiCu3Cr4O12, give large latent heats that can be utilized as
caloric effects. However, not all charge transitions give enough
latent heat to be a practical caloric effect. Fig. 5a displays the
result of a specic heat measurement for the perovskite CaFeO3,
which shows a charge disproportionation transition of the
unusually high-valence Fe4+ (2Fe4+ / Fe3+ + Fe5+) at 290 K.51,52

Although the charge disproportionation transition temperature
is close to the intersite charge transfer transition temperature
(305 K) of NdCu3Fe4O12, the observed latent heat 3.67 kJ kg−1 is
much smaller than that observed in NdCu3Fe4O12 (25.5 kJ kg

−1).
The latent heat is even small compared to that caused by charge
disproportionation transition of BiCu3Cr4O12 at 190 K (5.23 kJ
kg−1). It is noted that in CaFeO3 the antiferromagnetic transi-
tion, which stabilizes a helical magnetic structure, occurs at 115
K and is not accompanied by the charge disproportionation
transition.53 Note also that the structural changes at the charge
disproportionation transition temperature are small. Thus, the
correlation of the charge, spin, and lattice degrees of freedom in
CaFeO3 does not seem to be so strong, in contrast to the cases of
NdCu3Fe4O12 and BiCu3Cr4O12.

An important common feature in the phase transitions in
NdCu3Fe4O12 and BiCu3Cr4O12 is that the charge, spin, and
lattice properties change concomitantly. The most prominent
tion transition at 290 K and NdCu3Fe4O12 showing an intersite charge
-site Fe magnetic moment in NdCu3Fe4O12. The fitting for the refined
e. (c) Temperature dependence of magnetization for BiCu3Cr4O12. The
uin functions. Contributions of 3Cu2+ (Y: S = 1/2), Cr3+ ([: S = 3/2), and
curves, respectively.

J. Mater. Chem. A, 2023, 11, 12695–12702 | 12699
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Fig. 6 Schematic models of magnetic order. (a) An “intrinsic” magnetic transition temperature is higher than an “actual” magnetic transition
temperature induced by the charge transition. The magnetic order abruptly appears at the charge transition temperature. (b) A typical second-
order magnetic transition driven by the usual magnetic interactions. The magnetic order develops gradually below the transition temperature.
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feature concerns the rst-order-type magnetic transitions
induced by the charge transitions.30,54 When we see the
magnetic transitions of the compounds, the behaviors are
completely different from a typical second-order transition
driven by the usual magnetic interactions and observed in many
magnetic materials. In NdCu3Fe4O12 the development of the Fe
magnetic moment, which is obtained from the analysis of
temperature-dependent neutron magnetic diffraction data, is
rst order as shown in Fig. 5b. The projected magnetic transi-
tion temperature extrapolated from the tting with a Brillouin
function to the temperature-dependent rened magnetic
moments (643 K) is more than twice as high as the charge
transition temperature (305 K). Note also that the projected
magnetic transition temperature is comparable to the magnetic
transition temperatures due to Fe3+–O–Fe3+ superexchange
magnetic interaction of simple perovskite-structure antiferro-
magnets LnFe3+O3 (Ln = lanthanides).55,56 The magnetic tran-
sition behaviour observed in BiCu3Cr4O12 is similar, as shown
in Fig. 5c. A large ferrimagnetic magnetization of about 5mB
f.u.−1, which originates from the antiferromagnetically coupled
A-site Cu (Cu2+ with S= 1/2) and B-site Cr (Cr3+ with S= 3/2 and
Cr4+ with S = 1) spins, is observed below the charge dispro-
portionation transition temperature of 190 K. A t to the
temperature-dependent magnetization data with a Brillouin
function gives an extrapolated magnetic transition temperature
of about 450 K.

In both cases “intrinsic” magnetic transition temperatures
are much higher than the “actual” magnetic transition
temperature induced by the charge transitions. This implies
that the energy gain caused by the charge delocalization is
larger than that caused by the magnetic order, and as a result,
the actual magnetic transition is suppressed to the temperature
at which the charge transition occurs. The charge transition,
where the charges are localized to relieve the electronic insta-
bility, seems to cause a change like one in which the magnetic
moments abruptly appear and simultaneously order themselves
(see Fig. 6). The magnetic entropy, which intrinsically has to be
gradually changed below the magnetic transition temperature,
is thus abruptly yielded by the very sharp rst-order magnetic
(=charge) transition. If we assume a simple order–disorder
12700 | J. Mater. Chem. A, 2023, 11, 12695–12702
transition model in the antiferromagnetic NdCu3Fe4O12, for
example, the magnetic entropy change DSM of the Fe3+ (S = 5/2)
moment is expected to be R ln(2S + 1) = 79 J K−1 kg−1, which is
more than 90% of the observed total entropy change (84.2 J K−1

kg−1). Most of the magnetic entropy seems to change at the
charge transition temperature. It is therefore reasonable to
conclude that the magnetic entropy change plays an important
role in giving rise to the observed large latent heat in the present
charge–spin–lattice coupled systems.

The above key feature of the rst-order-like magnetic tran-
sition induced primarily by the charge transition gives us an
idea for designing novel materials with large caloric responses.
An unusual valence state of the constituent transition-metal
ions in a charge–spin–lattice coupled system is important to
induce a charge transition to relieve its electronic instability.
The transition-metal ions at the ground state should be
magnetic, and the strong magnetic interaction between the
magnetic ions would make the material's intrinsic magnetic
transition temperature high. The large magnetic moment of the
ions would also be advantageous for contributing the large
entropy change. If this magnetic transition is suppressed by the
delocalized charge instability, the magnetic transition would be
induced primarily by the charge transition in a rst-order form.
An essential point is that the intrinsic magnetic transition
temperature should be higher than the charge transition
temperature. At the rst-order magnetic transition induced by
the charge transition, the magnetic entropy, which intrinsically
has to be changed gradually below the intrinsic magnetic
transition temperature, would thus be abruptly yielded. The
lattice entropy change caused by the structural change due to
the charge change of the constituent ions would additionally
contribute to the total entropy change caused by the phase
transition.

Conclusions

The caloric effects of novel charge–spin–lattice coupled
transition-metal oxides, NdCu3Fe4O12 and BiCu3Cr4O12 con-
taining respectively unusually high-valence Fe3.75+ and Cr3.75+,
are highlighted. In the compounds, the charge, spin, and lattice
This journal is © The Royal Society of Chemistry 2023
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degrees of freedom are strongly correlated, and the charge
transitions, which are induced primarily by relieving the elec-
tronic instabilities, cause unusual rst-order phase transitions.
A signicant latent heat of 25.5 kJ kg−1 and the corresponding
large entropy change of 84.2 J K−1 kg−1 are observed to be caused
by the intersite charge transfer transition of NdCu3Fe4O12. The
large latent heat is accessed by applying pressure through the
barocaloric effect. The maximum isothermal entropy change
reaches 65.1 J K−1 kg−1 when 5.1 kbar pressure is applied, and
the pressure-induced adiabatic temperature change is estimated
to be 13.7 K at the intersite charge transfer phase transition
temperature. BiCu3Cr4O12 shows a latent heat of 5.23 kJ kg−1

and the corresponding entropy change of 28.2 J K−1 kg−1 caused
by the charge disproportionation transition. The compound
shows both barocaloric andmagnetocaloric effects, i.e., multiple
caloric effects. The adiabatic temperature changes reach 3.9 K
for the 50 kOemagnetic eld and 5.4 K for the 4.9 kbar pressure,
and thus practical thermal controls are achieved in multiple
ways.

In the phase transitions in NdCu3Fe4O12 and BiCu3Cr4O12,
the charge, spin, and lattice degrees of freedom are strongly
correlated, and the rst-order-type magnetic transitions are
induced primarily by the charge transitions. The magnetic
transition behaviors are completely different from a typical
second-order transition driven by the usual magnetic interac-
tions and observed in many magnetic materials. The “intrinsic”
magnetic transition temperatures are much higher than the
“actual” magnetic transition temperatures induced by the
charge transitions. The magnetic transitions are suppressed to
the temperatures at which the charge transitions occur. The
magnetic entropy, which intrinsically has to be changed grad-
ually below the magnetic transition temperature, is thus
abruptly yielded by the rst-order magnetic (=charge) transi-
tion. This unusual magnetic entropy change plays an essential
role for the giant caloric responses in the charge–spin–lattice
coupled oxides.
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