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ABSTRACT

This study presents an experimental investigation of the coupled caloric effect driven by dual-fields in
metamagnetic alloy ErCo; with strong magneto-structural coupling. Magnetic measurements were
conducted under different pressures, revealing that the application of hydrostatic pressure stabilizes a
small volume of paramagnetism (PM) phase, resulting in a shift of the phase transition temperature
towards the low-temperature region. This shift is opposite to the temperature associated with the
magnetic field-driven phase transition. As pressure increases, the metamagnetic transition in ErCo; is
suppressed, and the hysteresis disappears. However, the produced cross-coupling caloric effect com-
pensates the decrease in entropy change caused by the disappearance of the metamagnetic transition. As
a result, a reversible giant magnetocaloric effect of 46.2 J/(kg-K) without hysteresis is achieved at a
pressure of 0.910 GPa. Moreover, we propose that the temperature span of ErCo, can be significantly
widened by optimizing the thermodynamic pathway of the magnetic and pressure fields, overcoming the
defect of a narrow temperature range.
© 2024 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights are reserved, including those
for text and data mining, Al training, and similar technologies.

1. Introduction

Solid-state refrigeration using the thermal effect of solids has
attracted wide attention due to its high efficiency and extremely
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low greenhouse potential, and is poised to displace current refrig-
eration technologies that rely on the compression and expansion of
environmentally harmful fluids. Solid-state thermal effects can be
divided into magnetocaloric,' > elastocaloric* and mechanocloric
effects.”~® These effects correspond to the changes in magnetic
ordering degree, electric dipole moment ordering degree, and lat-
tice ordering degree, respectively, under external field influence.
Additionally, the mechanical thermal effect can be classified into
elastocaloric®'? and barocaloric effect, ® based on the different
methods of applying stress fields.

Since the initial report by Pecharsky and Gschneidner on the
giant magnetocaloric effect in the first order phase transition
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(FOPT) material GdsSipGe, with magnetic-structure c:oupling,1
extensive research has focused on the FOPT system involving
magnetic-structure transition. Due to their magnetic-structural
coupling phase transition properties, these materials typically
demonstrate significant magnetocaloric effects and respond to both
magnetic and mechanical fields. Examples of such materials
include La(Fe,Co,Si)13'>'* and Ni-Mn based Heusler alloy®'"” sys-
tems. As a result, researchers have extensively studied the thermal
effect of multi-field driving, or the multicaloric effect, during the
recent years. Based on the ErCo; alloy, de Oliveira provided the first
theoretical discussion that pressure and magnetic field can function
as both driving and adjusting fields for the first-order magnetic-
structure coupling phase transition materials.'® Further, re-
searchers have theoretically explored the thermal effects of multi-
field coupling through Landau phase transition theory'”'® and
thermodynamic analysis.”> Compared to single-field driven ther-
mal effects, the multicaloric effect boasts several advantages in: (1)
expanding the temperature range of the phase transition and
achieving the thermal effect at a wider temperature range'?; (2)
larger adjustment space with multi-field regulation, allowing lower
fields to activate the phase transition’?; (3) increasing the entropy
change of the phase transition process and improving the refrig-
eration efficiency.”!

At the Curie temperature (Tc), ErCo, undergoes a FOPT with
magnetic-structure coupling.?>?> The crystal structure changes
from cubic (space group Fd-3m) to hexagonal (space group R-3m)
simultaneously with a shift from paramagnetism (PM) to ferri-
magnetism (FIM).?>~?* Additionally, this transition causes a sig-
nificant magnetocaloric effect.”>?® Meanwhile, as a model material
for the study of the itinerant electron metamagnetism,””-*® ErCo is
particularly sensitive to external fields, especially pressure. While
numerous studies have examined the effects of pressure on the
magnetic properties and phase transition of ErCoy,>>*° and have
theoretically proposed that pressure and magnetic field can be used
as driving fields to achieve higher magnetocaloric effect over a
wider temperature range,'® however, the thermal effect caused by
the coexistence of pressure and magnetic field is still not well un-
derstood and there is a lack of experimental research. In this paper,
we report the coupled caloric effect driven by the magnetic field
and hydrostatic pressure in the ErCo, alloy, which shows a first-
order magnetic-structure coupling transition. The application of
hydrostatic pressure stabilizes a small volume of PM phase, causing
a shift of the phase transition temperature towards the low-
temperature region, in the opposite direction to the magnetic
field-driven phase transition temperature. The coupled caloric ef-
fect by magnetic and pressure field was analyzed using the ther-
modynamic theory of coupled caloric effect. With increasing
pressure, the metamagnetic transition in ErCo, is suppressed and
the hysteresis disappears. However, the reduction in thermal fluc-
tuation resulting from the decrease of T¢ and the contribution from
cross-coupling thermal effect of magnetic field and pressure field
ensures that the entropy change in the 0—5 T magnetic field does
not decrease. A challenge in solid-state refrigeration is regulating
the operating temperature while maintaining thermal effect
strength. Based on the multicaloric effect contributed from coupled
term, we propose that the temperature range of ErCo, can be
widened significantly by combining magnetic field with pressure
field, which provides a feasible strategy for solid-state phase
change refrigeration.

2. Experimental
The ErCo; alloy with a nominal composition was fabricated

using the arc-melting method in an argon atmosphere, incorpo-
rating a 3% excess of Er to compensate for volatilization. The
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commercial purities of Er and Co are 99.9% and 99.97%, respectively.
Homogenization was attained by remelting the ingots four times,
subsequently sealed in quartz ampoules under an argon atmo-
sphere, and annealed at 1273 K for 50 h, followed by quenching in
liquid nitrogen. X-ray diffraction (XRD) was performed on
powdered sample with Cu Ka1 from 20° to 100° at the temperature
of 5 and 300 K. Magnetic properties were measured using a
superconducting quantum interferometer device (SQUID, MPMS-7
T). Hydrostatic pressure was applied by a Be—Cu pressure cell, with
Daphne 7373 serving as the pressure transferring medium. The
pressure inside the cell was calibrated using shifts in the super-
conductive transition temperature of Pb, which was placed along-
side the specimen during measurements. Given the varied
hysteresis effects exhibited by the specimen during the FOPT con-
cerning temperature, magnetic field, and pressure, the testing
procedure involved decreasing pressure, increasing temperature,
and decreasing magnetic field. This approach aimed to mitigate
potential inaccuracies in the measured results.

3. Results and discussion

The XRD patterns and Rietveld refinement of ErCo, compound
at 5 and 300 K from 20° to 100° are shown in Fig. 1. The patterns
indicate that the sample consists primarily of a single phase char-
acterized by the MgCuy-type cubic Laves phase structure (space
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Fig. 1. XRD patterns of the ErCo, compound at 5 K (a) and 300 K (b) with corre-
sponding Rietveld refinement.
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group Fd-3m). While at 5 K, the crystal structure changes to
rhombohedral structure (space group R-3m). Impurities are Er,03
with several different structures and a total content of less than 3%.
These rare earth oxides are antiferromagnetic at temperature of
3.4 K3' As a result, there is no contribution to the magnetic
behavior of the samples studied in the temperature range of
interest.

Fig. 2(a) shows the curves of normalized magnetization versus
temperature (M-T) for magnetic fields of 0.01, 1 and 5 T under
ambient pressure. It is evident that the ErCo, sample undergoes a
first-order magnetic phase transition (Fig. 2(b)), with the magnetic
characteristics transforming from a PM state to a magnetically or-
dered state. Based on the temperature dependence of dM/dT as
shown in the inset of Fig. 2(a), the Curie temperature, Tc = 28 K
(noH = 0.01 T), increases with applied field at 1.42 K/T. This phe-
nomenon is a result of the magnetic field stabilizing the FIM phase,
which in turn increases the magnetic ordering temperature.
Fig. 2(b) illustrates the normalized curves for the field-cooled (FC)
and zero-field-cooled (ZFC) measurements taken at different hy-
drostatic pressures, ranging from 0 to 1.066 GPa (atmospheric
pressure considered as 0 GPa), using a 0.01 T magnetic field. At
various hydrostatic pressures, the FC curves experience sharp rise,
which can be attributed to the magnetic phase transition from the
FIM to the PM state, while the ZFC curves exhibit peaks, and the
significant difference between the FC and ZFC magnetization curves
originates from the domain wall pinning effect. In the ZFC curves,
domain walls are pinned at low temperatures, and the magneti-
zation increases as the temperature increases, reaching a peak near
Tc. However, in the FC curves, the magnetic field prevents the
pinning of domain walls during cooling, resulting in the magneti-
zation increase as the temperature decreases.’” In general, for
materials undergoing negative thermal expansion, the pressure
tends to stabilize the smaller phase, thus driving the phase tran-
sition temperature towards the low temperature region.>>>* Thus,
at a magnetic field of 0.01 T, pressure drives the Tc of ErCo, at a rate
of —5.6 K/T towards the lower temperatures, according to the inset
of Fig. 2(b). This effect shows contrasts with the opposite impact of
the magnetic field on the magnetic structure transition of ErCoy,
which is also present in FesoRhs;'® and NisgMn3sIngs.>>

It is important to note that the itinerant electron metamagnetic
transition caused by the transition group elements is responsible
for the enormous magnetic entropy change in FOPT.>®~38 Fig. 3(a)
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accompanied by a significant hysteresis as shown by the shaded
area. Nonetheless, the metamagnetic transition in ErCo, progres-
sively subsides at higher pressure. Fig. 3(b) illustrates the
magnetization-field (M-H) curves at varying pressures and a tem-
perature of 3 K above T¢. The S-shaped metamagnetic transition
curve transforms into the magnetization curve of the PM phase
through gradual transition as pressure increases. Furthermore, the
magnetization and demagnetization curves gradually coincide,
which means that the hysteresis disappears. For FOPT materials
exhibit metamagnetic transitions, typically accompanied by hys-
teresis and resulting in irreversible changes in magnetic entropy.
Common practice involves modulating the nature of the phase
change through elemental substitution to eliminate the invari-
ability of the magnetic transition. However, this approach often
leads to a notable decrease in magnetic entropy change.>* ! Here,
as pressure increases from O to 1.066 GPa, the peak of magnetic
entropy change (—ASy) under 0—5 T magnetic field change remains
almost constant. The difference is that the peak of —ASy; shifted by
6 K from 30 to 26 K towards the low-temperature region, as shown
in Fig. 3(c). In addition to the positive contribution to the magnetic
entropy change resulting from the reduction of thermal fluctuation
due to the reduction of T¢,*? the coupled caloric effect of pressure
and magnetic field counterbalances the decrease in magnetic en-
tropy change due to the vanishing of the metamagnetic transition.

Thermal effects in magneto-structurally coupled materials un-
dergoing phase transitions driven by multiple fields can be
analyzed simply from a thermodynamic perspective.” Entropy,
being a state function, remains independent of the order and path
of the driving fields.?° In a phase transition process driven by a
magnetic field changing from 0 to ugH and a pressure change from
0 to p, the entropy change (AS) can be represented by the following
path:

AS[(0,0) — (p, uoH)] = AS[(0,0) — (p, 0)] + AS[(p, 0) — (P, uoH)]
(1)

The first term on the right denotes the entropy change when
altering the pressure from 0 to p while maintaining the external
magnetic field at 0. This change is attributed to the barocaloric
effect resulting from the applied pressure. In principle, the calcu-
lation of the barocaloric entropy change requires data on the
pressure and temperature dependence of the specific volume.
However, it can also be calculated from magnetization data as a
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Fig. 2. (a) Normalized M-T curves for magnetic fields of 0.01, 1, and 5 T, and the inset shows dM/dT-T curves for the corresponding magnetic fields; (b) ZFC/FC curves (uoH = 0.01 T) at
0, 0.092, 0.382, 0.612, 0.910 and 1.066 GPa, the inset shows the pressure dependence of T¢, which were calculated by dM/dT of FC curves.
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Fig. 3. Isothermal magnetization curves in ErCo, near T¢ at 0 GPa (a) and above 3 K of T¢ at pressure of 0, 0.092, 0.382, 0.612, 0.910 and 1.066 GPa (b) (the area shaded in (a)
represents the hysteresis); (c) Entropy changes as a function of temperature calculated by Maxwell equation for a magnetic field range from 0 to 5 T at various pressures: 0, 0.092,

0.382, 0.612, 0.910 and 1.066 GPa.

term signifies the entropy change resulting from the alteration of
the magnetic field from 0 to uoH while keeping the pressure p
constant. These two terms can be expressed as follows:

P ToM
8510.0) = (ot = [ 57| oy

p/-,/'tUH*O
0 P«,ﬂol 1

where M is the magnetization. The second term on the right-hand
side of Eq. (2) can be expanded into the following two terms:

d(poH") (2)

p aM} (toH TaM
Gr)  dwor)= [ [5F]  dio)
JO [GT p«ﬂOH, 0 aT p,,U«OH/
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According to Eqgs. (1)—(3), the entropy change AS
[(0,0)— (p,uoH)] can be expressed as follows:
P oM
850.0) = (ot = [ (57| ap
0 P’ uoH=0
(4)
+ J%H % d(g H')+J'p JAMOHaXJdp’d(u H')
o LT ,um 0 oo oT 0

The first term on the right-hand side of Eq. (4) represents the
entropy change of the pressure-driven barocaloric effect (in the
absence of a magnetic field); the second term represents the en-
tropy change of the magnetic field-driven magnetocaloric effect (in
the absence of a pressure); and the last term is the thermal effect of
the cross-coupling term of the magnetic lattice, i.e., the coupling
thermal effect, AScp:

P ioH
ASCP:J J“ 12
0lJo

/ !
a7 dp'd(uoH’)

(5)
where, x12 is the cross-susceptibility that quantifies the response of
p to the nonconjugated field poH.

X12= [GM (6)

p.

T,uoH

It indicates the strength of the interaction between ferroic
properties, i.e., pressure and magnetic field. Therefore, due to the
interaction between ferroic properties p and ugH, the multicaloric
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effect is not a simple sum of the caloric effects associated with each
one alone, but also includes the AScp.

Current research into the multicaloric effect concentrates on the
effects of pressure on magnetocaloric or electrocaloric effects. Few
studies have investigated the cross-coupled term of the magneto-
mechanical or electro-mechanical coupled caloric effects. The
multicaloric effect has been well understood theoretically through
previous efforts.'®!®43 Experimentally, Enric et al.'® and Liang
et al>> studied the magnetic field and pressure-driven cross-
coupled term in FesgRhs; and NisgMnssings alloys, respectively,
providing detailed experimental analysis. For present ErCo,, the M-
p curves for the continuous phase transition region were derived by
nonlinear numerical simulation utilizing experimentally measured
magnetization data obtained at various pressures, as depicted in
Fig. 4(a). Thereafter, the coupling term coefficient x12 and coupled
caloric effect AScp were calculated consecutively using Egs. (6) and
(5). The findings demonstrate that the thermal effect driven by the
magnetic field at a certain pressure is the magnetocaloric effect
under the ambient pressure regulated by the coupled caloric ef-
fect.!”>° That is to say:

b uoHaX12 ’ U
ASocrall.0 — o]+ | | ™ 12ap/d(uoH") = ASIT.p.0 — o]
(7)

Therefore, the AScp at different pressures was calculated using
Eq. (7), based on analysis of the 5 T magnetic entropy change curves
illustrated in Fig. 3(c) and presented in Fig. 4(b) for clarity. Fig. 4(c)
further depicts a two-dimensional plot of Fig. 4(b). The coupling
term gives rise to a negative peak with width and depth increasing
gradually between 30 and 35 K, while simultaneously a positive
peak emerges in the low temperature region. When the pressure
reaches approximately 0.6 GPa, the negative peak steadily increases
and shifts to lower temperatures. Although the rising tendency is
weakened, there is no sign of saturation, even at a pressure of
1 GPa. Conversely, the positive peak progressively rises but satu-
rates and moves towards lower temperatures. These behaviors
reflect the evolution of the magnetic volume coupling coefficient
x12 with pressure and temperature. Absence of applied pressure
results in x12 and —AScp[T, p, 0—5 T] being 0 at 0 GPa. As pressure
increases, —AS shifts towards the low-temperature region. The
coupling term —AScp creates a negative peak close to Tc = 35 K to
counterbalance the entropy change at 0 GPa, leading to a minimal
entropy change at 35 K. Conversely, —AScp generates a positive peak
in the low-temperature area, and with increasing pressure, it
moves towards lower temperatures, indicating the shift in Tc
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Fig. 4. (a) Magnetization as a function of pressure in the transition temperature region at a magnetic field of 5 T; Three-dimensional (b) and two-dimensional (c) plots of the
—AScp[T, p, 0—5 T] as a function of pressure and temperature under a magnetic field change of 0-5 T.

towards the low-temperature area. The coupling term continues to
increase at pressures below 0.6 GPa to compensate for the loss of
the magnetic entropy change due to the disappearance of the
metamagnetic transition. However, the metamagnetic transition is
mostly suppressed at pressures greater than 0.6 GPa, whereas the
coupling term tends to saturate. Therefore, although the disap-
pearance of the metamagnetic transition causes a significant
decrease in the magnetic entropy change, the decrease in Tc leads to
the reduction of thermal fluctuation and the contribution of the
coupled caloric term to the entropy change can keep the entropy
change constant with the increase of the pressure in a 5 T magnetic
field.

While the magnetic field and hydrostatic pressure induce con-
trasting effects on the magnetic structure transition of ErCop,
selecting the appropriate thermodynamic routes can surmount the
inherent constraints of the monocaloric effect and significantly
broaden the range of the cooling operating temperature. Here, we
propose that the cooling of ErCo, over a wider temperature range
can be accomplished by a method in which the magnetic field and
hydrostatic pressure are applied and removed in a sequential
manner, as indicated by the solid line 1 in Fig. 5. We begin at a high
temperature under ambient pressure conditions and vary the

50

V) w N
(=] (=] (e
T T T
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Fig. 5. Isothermal entropy change —ASy for magnetic field from 0 to 5 T at O pressure
and pressure linearly increasing from 0 GPa at 30 K to 0.910 GPa at 24 K (solid curve 1).
Dashed lines indicate —ASy for a magnetic field varying from 0 to 5 T at a fixed
pressure p = 0 (dashed curve 2) and —ASy for p = 0.910 GPa (dashed curve 3).

magnetic field from 0 to 5 T. Gradually, we decrease the tempera-
ture while retain the constant ambient pressure and magnetic field
variation of 0 to 5 T until reaching the magnetic ordering temper-
ature at 30 K. In the temperature range between 30 and 23 K, we
maintain the same magnetic field variation and linearly increase
the applied pressure from 0 at 30 K to 0. 910 GPa at 23 K. The
pressure remains constant at 0.910 GPa at temperatures below
23 K, and the magnetic field is adjusted between 0 and 5 T. For the
sake of comparison, Fig. 5 also illustrates the —ASy; values obtained
under constant pressures (ambient pressure and p = 0.910 GPa) and
when the magnetic field is altered from 0 to 5 T (dashed curves 2
and 3, respectively). By contrast, path 1, which combines a changing
magnetic field with a changing hydrostatic pressure, can achieve a
wider refrigeration operating temperature range than paths 2 and
3, which are fixed pressures. This further highlights the enormous
advantage of multicaloric effect over monocaloric effects.

Hydrostatic pressure can enhance the magnetocaloric perfor-
mance and create a tunable refrigeration operating temperature
region in ErCo,. However, due to its low ordering temperature
(close to 30 K), ErCo; cannot be used for room-temperature (RT)
magnetic refrigeration, but it may be used for gas liquefaction. The
multicaloric refrigeration strategy, which combines pressure and
magnetic field, is generally applicable for refrigeration materials
with magneto-structural coupling.** The multicaloric effect has
been reported in various RT magnetic refrigeration materials,
including La(Fe,Si);3 alloys,*> FeRh alloys,” and Ni-Mn based
Heusler alloys."”” Therefore, this strategy can also be used for
refrigeration materials near room temperature. Although magnetic
field and pressure variations at high frequencies are still chal-
lenging as far as current experimental techniques are concerned,
the multi-calorimetric cooling techniques at mild frequencies
should be optimistic, noting the recent developments in caloric
materials and devices, as well as the advent of multicaloric cooling
schemes.**

4. Conclusions

In summary, we investigated the coupled caloric effects of ErCo,
under magnetic field and pressure by magnetic measurements
under hydrostatic pressure. Our findings indicate that the magnetic
and pressure fields exert opposite influences on the phase transi-
tion temperature. With the increase of pressure, Tc moves to lower
temperature, and the positive peak of coupled term —AScp gradu-
ally increases and tends to saturate at about 0.6 GPa. On the other
hand, pressure causes the vanishing of the metamagnetic transition
in ErCoy, leading to a decrease in entropy change and
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disappearance of hysteresis. However, the entropy change is
partially compensated by —AScp. As a result, a reversible giant
magnetocaloric effect of 46.2 ]J/(kg-K) without hysteresis is ach-
ieved at a pressure of 0.910 GPa for magnetic field variations be-
tween 0 and 5 T. In addition to the extra coupled caloric effect, the
magnetic field and pressure field can also widen the refrigeration
temperature range by proper combination. This work proves that
the multi-field driving can improve the calorics of first-order
magnetic-structure coupled magnetocaloric materials, and solve
the limitation of narrow working temperature range of FOPT
refrigeration materials, providing a practical and feasible scheme
for solid-state refrigeration applications.
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