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ABSTRACT
For cryogenic temperature magnetic refrigeration, we focused on materials containing Eu®" ions and synthesized sintered composite materials &
comprising Eu,TiO4 and Eu;Ti,0;. Eu;Ti,O; and Eu,TiO, exhibited second-order phase transitions between the paramagnetic and fer- g
romagnetic states at 7 and 8 K, respectively. The magnetocaloric effect was evaluated from magnetization and specific heat. It was shown &
that Eu®* ions behave similarly to free ions with J = 7/2. The maximum magnetic entropy change per unit volume exceeded 0.3 J/cm’K at §
a magnetic field of 5 T. The Carnot cycle at the hydrogen liquefaction temperature was evaluated using the obtained entropy temperature %
diagram. It was found that the cooling capacity is several times higher than that of known materials such as Gd3GasO1,, (DyosGdg2)3A15015, &
and GdTiO;. It was also shown that the present composite materials are useful for extending the operating temperature range of the adiabatic &
demagnetization refrigerator. These results indicate that Eu,TiO4 and Eu;Ti,0; composites are promising magnetic refrigerants for cryogenic
magnetic refrigeration.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0278479
I. INTRODUCTION utilization of this technology serves to mitigate the release of green-

Magnetic refrigeration has emerged as a leading candidate to house gases and 'poﬂgtants in.to t,he atmpsphere. Liqgid hydrogen,
replace conventional gas expansion refrigerators. This approach uti- characterized by its high dc?nsr% is considered an optimal medium
lizes the magnetocaloric effect (MCE), a phenomenon in which a f9r storage and transp ortation. Although ]oule—Thom.son expan-

> mag . . sion remains the prevailing standard for hydrogen liquefaction,

change in an externally applied magnetic field causes a correspond- . . . . :
) A . A . magnetic cooling has garnered considerable attention due to its
ing temperature Va_rlla.tlon in a magnetic rgaterlal (the .refrlgeram.). ability to improve energy efficiency.
The concept of utilizing 1the MCE for szohd-state cooling was ini- Significant advancements in the field of hydrogen liquefaction
tially proposed by Debye and Giauque.” Since that time, the field  pave been achieved through the development of magnetic refrigera-
has undergone substantial advancements. The potential benefits of  jon technology. Numazawa et al,”'’ Matsumoto et al,'' and
high efficiency, reduced environmental impact, compact size, and Ohira et al.'” have demonstrated successful hydrogen liquefaction
silent operation have prompted substantial research in novel mag- using the Carnot cycle. In the recent study, Kamiya et al? reported
netic materials and refrigeration system architectures, spanning a the successful implementation of liquefaction using an active mag-
wide temperature range.g‘(’ netic regenerator (AMR) cycle.

Hydrogen, a clean and environmentally benign energy carrier, In the liquefaction stage, the Carnot magnetic refrigerator
offers a promising solution to growing energy demands. The (CMR) was utilized, employing a heat pipe to condense the
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hydrogen gas directly on the surface of the magnetic material. This
method has been demonstrated to achieve significantly higher
thermal efficiency in comparison with the conventional approach
that utilizes the Joule-Thomson valve. The magnetic refrigerant
employed in this CMR design must exhibit a substantial magneto-
caloric effect (MCE) coupled with robust chemical stability against
hydrogenation. To meet these criteria, Ohira used a single crystal
gadolinium gallium garnet, Gd;GasO;, (GGG)"? and our group
selected a ceramic Dy-substituted gadolinium aluminum garnet,
(Dyo.5Gdg.2)3A1501, (DGAG)’ as the magnetic refrigerant.

The operation of astronomical instruments, such as the transi-
tion edge sensor (TES), requires cooling methods that can attain
sub-Kelvin temperatures to ensure optimal sensitivity. In order to
facilitate continuous cooling at these temperatures, the cryogenic
group at NASA’s Goddard Space Flight Center (GSFC) has devel-
oped a multi-stage continuous adiabatic demagnetization refrigera-
tor (ADR).'*"” The capabilities of the technology have been
demonstrated by a four-stage cascaded ADR (CADR) operating
between 50 mK and 4.5 K. In the higher temperature stages of these
ADRs, GGG is typically employed as the magnetic refrigerant.
Gadolinium lithium fluoride (GdLiF,, GLF) has also been explored
as a potential alternative in these stages because of its attractive
magnetic characteristics." "

Numerous magnetic materials have been investigated as
potential refrigerants for cryogenic temperatures.”>'®'* The selec-
tion of appropriate materials that have large magnetic entropy
change (AS,,) and proper transition temperature (T.) is crucial for
magnetic refrigeration.

Gadolinium (Gd**) ions are of interest due to their substantial
magnetic moment (J=7/2). The absence of spin-orbit coupling in
Gd™ generally leads to highly degenerated localized magnetic
moments within the crystal lattice, allowing these moments to be
maintained even at low temperatures.”’ GGG is used as a standard
magnetic refrigerant in cryogenic temperatures.'””'"** A series of
Fe-modified gadolinium gallium garnets (Gds(Ga;_,Fe,)sO1,,
GGIG) was demonstrated to exhibit a larger AS,,, than that of GGG
at 20 K.*>* Polycrystalline plates and spheres composed of GGG,
DGAG, and GGIG were synthesized and examined in magnetic
refrigerators. ' "

Furthermore, the MCE has been extensively studied in perov-
skite oxides such as GdTiO; (GTP),” GdAlO; (GAP),"”
DyTiOs,”" HoTiOs,”' TmTiOs,”* and EuTiO5 (ETP).”

In this study, we investigated the potential of divalent euro-
pium (Eu®") compounds as magnetic refrigerants. The 4f” electron
configuration (J=7/2) of Eu?* ions has been shown to minimize
crystalline electric field effects and magnetic anisotropy, thereby
promoting a large and isotropic MCE. The ferromagnetic chalco-
genides EuO (T.=69 K)*° and EuS (T.=18K), both with NaCl
structures, have been previously studied for their substantial
MCE.36_38

In the ternary Eu-Ti-O system, McCarthy et al. identified
several compounds.” ETP, a multiferroic with a cubic perovskite
structure (a =3.90 A) exhibits G-type antiferromagnetic ordering at
5.5K, and its magnetic properties have been studied.”’™*’ The large
MCE has also been reported.™

Eu,TiO, and EusTi,O; are distinguished by their layered
perovskite structures, which are characteristic of the Ruddlesden—
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Popper phases. The general formula for these phases is written as
A, ;A" B, X5, + 1, where A, A’, and B represent cations, X is an
anion, and n designates the number of octahedral layers in the
perovskite-like stack. The crystal structure of Eu,TiO; (n=1)
exhibits a K,NiF,-type structure (space group I4/mmm) with a
tetragonal unit cell (a=3.883 A and c=12.523 A) containing two
formula units. That of Eu3Ti,0; (n=2) also exhibits a tetragonal
structure (space group I4/mmm, a=3.90 A, c=20.28 A) and con-
sists of alternating layers of EuTiO; and Eu,TiO,, with two non-
equivalent Eu sites. The number of Eu,TiO, sites is twice that of
EuTiO; sites."""” The crystal structures of Eu,TiO4 and EusTi, O,
are depicted in Fig. 1.

Magnetization (M) studies of ETP, Eu,TiO,, and EusTi,O,
have been conducted.” Eu,TiO4 and Eus;Ti,O, were found to be
ferromagnetic with T. of 9 and 8.5K, respectively. In addition,
IEy Mossbauer spectroscopy further revealed Eu,TiOy4 to be fer-
romagnets with a T, of 7.8 K, suggesting a ferrimagnetic ordering
due to positive exchange interaction between inequivalent EuTiO;
and Eu,TiO, sublattices.*”"”

Eu,TiO4 and EusTi,O; were identified as promising magnetic
refrigerants for cryogenic applications due to their suitable transi-
tion temperatures and ferromagnetic interactions. Consequently,
composite ceramic materials comprising Eu,TiO, and Eu;Ti, O
were synthesized. The MCE of these composites, as evaluated from
M and specific heat (C) measurements, exhibits a substantial
increase compared to that of other oxide materials. Furthermore,
the volumetric cooling capacity of our composites in a Carnot cycle
for hydrogen liquefaction was found to be several times larger than
that of GGG and DGAG. These materials also exhibit potential for
extending the operating temperature range of ADRs to higher
temperatures.

Il. EXPERIMENTAL PROCEDURE

The synthesis of ceramic composite materials was conducted
as follows: Eu,O; and TiO powders were weighed out in several
ratios near 1:1. Subsequently, the raw powders were meticulously
milled in isopropyl alcohol using a ball mill. Subsequent to milling,
an organic binder was incorporated into the mixture, and the
mixture was granulated while volatilizing the isopropyl alcohol.
The granulated mixture was subsequently pressurized and molded
at 147 MPa to yield disk-shaped pellets with a diameter of 12 mm
and a thickness of 3 mm. The preparation of the ceramic samples
was conducted with the heating of the pellets at two distinct tem-
peratures: 1400 °C for samples 1 and 3 and 1500 °C for sample 2.
Samples for magnetization and specific heat measurements were
cut from these sintered pellets.

Due to difficulties in acquiring a single-phase material, the
decision was made to synthesize composite samples. Three distinct
compositions were prepared: sample 1, composed of Eu;Ti,O; and
Eu,05; sample 2, composed of Eu,TiO4 and EusTi,07; and sample
3, composed of Eu,TiO4, Eu3Ti,0;, and Eu,0;. As illustrated in
Fig. 1, the powder XRD pattern of sample 3 reveals the presence of
three crystalline phases. As shown in Table I, the composition
ratios for each sample are determined by means of Rietveld
refinement.
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FIG. 1. (Left) crystal structures of Eu,TiO4 and EusTi,O; drawn using VESTA.*® (Right) x-ray powder diffraction pattern of the composite (sample 3). Vertical bars repre-

sent diffraction angles of Eu,TiO4, Eu3Ti;O7, and Eu,03.

The synthesis of high-density sintered pellets with low poros-
ity was successfully achieved. The bulk densities of the sintered
samples were determined using Archimedes’ principle. The mea-
sured bulk densities are also presented in Table I.

The temperature dependences of magnetization (M-T) were
measured using a Quantum Design SQUID magnetometer MPMS
in applied magnetic fields ranging from 0.1 to 5 T. Rectangular rod-
shaped samples with dimensions of 0.55 x 0.55 x 3.30 mm> were
used for these measurements. The magnetic field was applied along
the longitudinal direction of the rods to minimize demagnetization
effects.

Specific heat measurements were conducted using a thermal
relaxation method with a Quantum Design PPMS. Plate-shaped
samples with dimensions of 2.0 x 2.0 x 1.1 mm® were used for the
measurements in the temperature range of 2-300 K.

Ill. RESULTS
A. Specific heat and entropy

Figure 2 shows the temperature dependence of C for three
samples in the zero magnetic field. The sharpness of these peaks

TABLE I. Composition ratios of Eu,TiO,, EusTi;O7, and Eu,03 constituting samples
1, 2, and 3. Bulk density is also shown for each sample.

Eu,TiO4 Eu;Ti,0, Eu,0; Bulk density
Sample (wt. %) (wt. %) (wt. %) (g/cm?)
1 0.0 80.0 20.0 7.05
56.2 43.8 0.0 6.99
3 44.4 37.6 18.0 7.01

indicates the high quality of the synthesized materials. In Eu,0s,
europium exists as Eu>* ion, which has a significantly smaller mag-
netic moment compared to the Eu** ion. Consequently, the mag-
netic specific heat of Eu,O3 is considered negligible, and its total
heat capacity is primarily attributed to the lattice contribution.*””’
Sample 1 is mainly composed of Eu;Ti,0;, so the specific heat
peak at 7K is attributed to Eu3Ti,O;. Two different peaks are

1 00 L] L] L] L] L]
EusTi207
‘ —— Sample 1
—— Sample 2

80 EuzTiO4 ——Sample 3 1
.
=
2 60F
k]
5]
L
£ 40f
3}
@
o
(%]

2F

0
0 5 10 15 20 25 30
Temperature (K)

FIG. 2. Temperature dependence of specific heat for samples 1, 2, and 3 in the
zero magnetic field. The dashed line shows the lattice specific heat C obtained
from a Debye model fit.
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FIG. 3. Temperature dependence of entropy for samples 1, 2, and 3 in the zero
magnetic field. Horizontal arrows indicate the theoretical S, caused by Eu,TiO4
and EuTi,O; for each sample. Vertical arrows indicate T. of Eu,TiO4 and
EusTi,O;. The inset shows magnetic entropy S;,, per Eu" ion for each sample.
The dashed line in the inset represents the theoretical S, for a free ion with
J=17/2 (see text for details).

observed in samples 2 and 3, which have Eu;Ti,0; and Eu,TiO,.
Therefore, we consider that the specific heat peak at 8K is
attributed to Eu,TiO,4. The transition temperatures attributed
to EusTi,O; and Eu,TiO, are both lower relative to those in the
literature,*® respectively, but the high-low relation of the T, is
the same. Therefore, the specific heat peaks at 7 and 8 K are
identified as those of Eu;Ti,O; and Eu,TiO,4 respectively.
The slight difference in the T, values from the literature may be
due to sample dependence on oxygen deficiency or other factors.
The relative magnitudes of the peaks are qualitatively consistent
with the compositional ratios of the samples. Above 20 K, the C
of each sample increases with temperature and converges, indi-
cating that the lattice heat capacity becomes the dominant con-
tribution in this temperature range.

The total entropy (S) was calculated by integrating C/T with
respect to temperature in a constant magnetic field (H) as

T/C
AS(T,H):J (T) dar. (1)
0 H

Figure 3 presents the S of all the samples in the zero field
calculated using Eq. (1). The C data below 2K were smoothly
extrapolated to 0 at absolute zero before integration. A clear release
of magnetic entropy (S,,) is observed below 10K for each sample.
As discussed earlier, the increase in S above 20K is attributed to
the lattice contribution. The total S appears to correlate with
the amount of Eu,TiO4 and EusTi,O; in each sample. The total
amount of Eu®* ions (Ng,,,) was determined from the composition
ratio in Table I, yielding values of 3.62 x N4, 4.68 X N4, and
3.84 X N4 (N4, the Avogadro constant) per kilogram for samples 1,
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2, and 3, respectively. The theoretical magnetic entropy S, for
1 mol of ions with spin J is given by R In (2] + 1), where R is the
ideal gas constant. Then, this theoretical value for each sample
(NEw2+ x R In(2] 4+ 1)) is indicated as a horizontal arrow in Fig. 3
for each sample. The measured S, values are in good quantitative
agreement with these theoretical predictions.

In order to isolate the magnetic contribution of the Eu®" ion
to the total S, we fitted C above 20 K using the Debye model. This
allowed us to extract the lattice specific heat (Cy) and subsequently
determine the magnetic specific heat. The inset in Fig. 3 shows
the temperature dependence of S, per Eu®" ion. The dashed line
represents the theoretical value of kzIn (2] + 1) for a free ion with
J=7/2, where kg is Boltzmann’s constant. The Eu®* ions release
almost 100% of their theoretical magnetic entropy during the mag-
netic transition for each sample. The ionic valence of the Ti atom
is inferred to be in the tetravalent state, which has less contribution
to magnetic ordering.

B. Magnetization and entropy change

Figure 4 shows the temperature dependence of M for samples
1, 2, and 3, respectively, in applied magnetic fields up to 5T. In
each constant field, the M increases rapidly around 10K with
decreasing temperature. Higher M values were observed for
samples with the lower Eu,0; content. However, while two distinct
peaks were observed in the C data in Fig. 2, the two corresponding
ferromagnetic transitions of Eu,TiO, and Eu;Ti,0O; are not clearly
observed in the M-T curves. No stepwise increase in M was
observed. This is probably due to the smooth increase in M charac-
teristic of the second order phase transition, coupled with the close
proximity of the two T.. A comparison of the temperature deriva-
tive of the magnetization (24) at 0.1 T shown in Fig. 5 reveals a
single dip for each sample, with the dip temperature varying
according to the composition ratio. The magnetic moment of
Eu,0; is considered negligible compared to that of Eu,TiO, and
EU3Ti207.49)5()

Figure 6 shows the inverse magnetic susceptibilities of our
composite samples at 0.1 T. Above T, the inverse susceptibilities
increase linearly with increasing temperature, consistent with the
Curie-Weiss behavior. Then, using a rough approximation that
assumes two close phase transitions as a single transition, we
applied a Curie-Weiss fit to this high temperature region to esti-
mate the effective magnetic moment per Eu®* ion and the para-
magnetic Curie temperature. The obtained effective magnetic
moments per Eu®* ion were 7.8, 7.9, and 8.0 (Bohr magneton)
for samples 1, 2, and 3, respectively. The corresponding paramag-
netic Curie temperatures were 7.6, 9.2, and 8.6 K. These effective
magnetic moments are in reasonable agreement with the theoretical
value of 7.9up expected for a J=7/2 spin state. This agreement
further supports the conclusion that the Eu®" ion has a J=7/2
magnetic moment and the ionic valence of the Ti atom is in the
tetravalent state, which has no magnetic moment under this rough
assumption.

At low temperatures and high magnetic fields, M tends to sat-
urate. The saturation magnetization for an ion with spin ] is given
by gug/, where g is the Landé g-factor. The electron configuration
of Eu’" ion results in g=2. Assuming that the saturation
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FIG. 4. Temperature dependence of the magnetization in applied fields of 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 T. Arrows indicate the calculated satura-
tion magnetization for Eu?* free ions (see text for details).

magnetization is primarily due to the Eu** ions present in Eu,TiOy4 The magnetic entropy change (AS,) was evaluated from a
and Eu;Ti,O, the theoretical saturation magnetization values were series of the M-T curves according to the Maxwell relation

calculated as Ng,+ x gupJ. These values are indicated by arrows in R
Fig. 4. The measured saturation magnetization values are in good H /oM e
quantitative agreement with these theoretical predictions, confirm- ASw(T, H) = J (W) dH, (2) s
ing the important role of Eu®" ions in the magnetic properties of 0 H z
. (=3
these materials. ) ] ) ) S
where H is the applied magnetic field. Figure 7 shows —AS,,, of our g
composites. The —AS,, curve exhibits a characteristic caret-like &
s
(&)

shape, consistent with second order magnetic phase transitions.
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FIG. 7. Magnetic entropy change —AS;, as a function of temperature for the composite samples in various applied magnetic fields (0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 2.5, 3,

3.5,4, 4.5, and 5T), calculated from magnetization data.

Figure 8 shows the —AS,, at 5T for all three samples. —AS,,
shows a peak near the respective T, of each sample. The maximum
—AS,, values of samples 1 and 3 are nearly identical, which is con-
sistent with their similar total content of Eu,TiO, and Eu;Ti,O,.
The peak temperature for sample 1 is lower than that of sample 3,
reflecting the presence of Eu;Ti,O, in sample 1, which has a lower
T.. As observed in M, the magnitude of the —AS,, correlates with
the amount of Eu,O;. Sample 2 without Eu,O; exhibits the largest
—AS,,, reaching a maximum value of 43.8 J/kg K. At the hydrogen
liquefaction temperature 20.3 K, the —AS,, for sample 2 is still

50 T T T T
5T

—<+— Sample1 1
—+— Sample2
—<+— Sample3

-ASm (J/kg K)
8

significant value of 19.4 J/kg K. These results demonstrate that our
composite materials exhibit giant MCE and are promising materials
among oxide magnetic refrigerants. The data confirm that Eu,TiO,
and EusTi,0; are responsible for the observed MCE and that mini-
mizing Eu,0; is crucial for maximizing performance. The differ-
ence in —AS,, between samples 1 and 3 in Fig. 8 suggests that
Eu,TiO, exhibits a greater entropy change at high temperatures
compared to Eu;Ti,07, which is consistent with its higher T.

C. Entropy temperature diagram and adiabatic
temperature change

Figure 9 shows the entropy-temperature diagram for composite
sample 2, which exhibits the largest MCE among our composites. The
entropy at various magnetic fields S(T, H), was calculated by adding
AS,(T,H) (determined in Sec. III B) to the zero field entropy S(T;0)
(from Sec. III A), using the relation S(T, H) = S(T, 0) + ASw(T, H).
An example of a Carnot cycle is shown as a solid rectangle. Further
discussion follows in Secs. IV B and IV C.

The adiabatic demagnetization process can be evaluated using
an entropy-temperature diagram. As illustrated in Fig. 9, during
adiabatic demagnetization, the temperature of the material
decreases from an initial temperature (T;) to a final temperature
(Ty) as the magnetic field is reduced from an initial field (H;) of 5T
to zero. The Ty values obtained under various conditions are
plotted on the left side of Fig. 10. The adiabatic temperature
changes (AT,; = T; — Ty) are shown on the right side of Fig. 10.

0 . . L 4 AT,4 exhibits a peak value of 15.5K when T; is 25.5K under a 5T
0 10 20 30 40 50 field, resulting in a final temperature of 10 K. A final temperature
Temperature (K) of 20 K can be achieved from a T; of 29.5K using a 5T field. These

FIG. 8. Temperature dependence of —AS,, at 5T for the composite samples.

results suggest that composite sample 2 has significant potential as
a refrigerant material for hydrogen liquefaction and produces sub-
cooled liquid hydrogen.
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120 T T T T T . . perovskites. Due to the limited available volume in high magnetic
Sample2 field applications, a comparison based on volumetric entropy
100 } y Z change is particularly important. Figure }1 shows _the tempelrgglllgg
== dependence of —AS,,, at 5T for several oxide materials: GGG,

— DGAG,”"” GTP,” ETP,”* GAP,”** and our composite sample 2.
80 FAS OLK, -] . Our composite sample 2 exhibits the largest —AS,, in the tempera-
< y ture range from 7 to 26 K, demonstrating a significant advantage
g 60 F J over these other oxide refrigerants. The maximum volumetric
2 Ty Ti —AS,,, achieved by sample 2 exceeds 0.3 J/cm’K. It is worth noting
» - ﬁ that the bulk density was used to calculate the volumetric —AS,, for
4 r —o7 1 sample 2, reflecting its composite sintered nature. For the other
—3T materials, theoretical densities derived from their crystal structure

20} :g . were used.
Our composite sample 2 exhibits a significantly higher MCE
) . . . . . . than the garnet refrigerant GGG, which is a common benchmark
00 5 10 15 20 25 30 35 40 material in cryogenic magnetic refrigeration applications. DGAG
Temperature (K) has also been used in experimental magnetic refrigerators for

hydrogen liquefaction.”'’ Above 4K, sample 2 outperforms both
GGG and DGAG. At 20K, a key temperature for hydrogen lique-

FIG. 9. Temperature dependence of entropy S(T;H) of composite sample 2 in 0, faction, the —AS,, of sample 2 is about 3.7 times greater than that

1,2, 3,4, and 5T. The solid rectangle represents an example of the Carnot

cycle operating between T, =20K and Ty =22 K. The area of the rectangle rep- of GGG.

resented by the dashed lines corresponds to the amount of heat @, absorbed Perovskite oxides have been considered candidate refrigerants
during the isothermal demagnetization process. The solid arrow represents an for hydrogen magnetic refrigeration due to their higher percentage
example of the adiabatic demagnetization process from T;=15K and H;=5T to of magnetic elements, potentially higher T. compared to garnets,
Trand 0T and chemical stability against hydrogenation. While GAP is an

antiferromagnet whose MCE has been studied,”™”” our composite
samples exhibit a significantly larger MCE than GAP over nearly
the entire temperature range. ETP, which belongs to the same
Eu-Ti-O system, exhibits an antiferromagnetic transition at 5.5 K.
Our composites with Eu,TiO4 and Eu;Ti,0; exhibit much larger
—AS,, than that of ETP** above the T. of EuTiOs. In particular, the
—AS,,, of our sample 2 is approximately two times larger than that
of ETP™ at 20 K. This superior performance is attributed to the
higher T, and ferromagnetic interactions present in our composites.
IV. DISCUSSION GTP, with a T, (33 K) near the boiling point of hydrogen (20 K),
was also studied for its MCE.”” GTP undergoes a second order
paramagnetic—ferrimagnetic transition involving Gd** and Ti**
ions. As shown in Fig. 11, the —AS,, of GTP peaks at 33 K, but its

It is important to note that evaluating entropy necessitates
integrating specific heat and magnetization data, which inherently
introduces some integration-related errors. In Sec. IV, we will
compare the entropy of various materials. A certain degree of error
is unavoidable because these calculations rely on entropy changes,
specific heats, and other values derived from the existing literature.

G#:65:60 G20z 1snbny g1

A. Comparison of magnetic entropy change with other
oxide magnetic refrigerants

In this section, we compare the performance of our composite value at 20 K is about half that of our sample 2. These comparisons
material with other oxide magnetic refrigerants such as garnets and clearly demonstrate the superior performance of our Eu,TiO, and
40 T T T T T T T 16 T T T T T T T
Sample2 Sample2
35 E 14 E
— 1T —1T
L —2T 4 —2T J
of I 12 —2
25F 5T : 10 *gl
3 20 I 3 FIG. 10. (Left) T¢ in adiabatic demag-
= I ) ,_?- 8r netization process as functions of T;
15} / I < 6l from various H; of 1,2, 3,4, and 5T to
zero. (Right) AT, as functions of T;.
10 F - 4t
5F - oL
0 'l 'l 1 1 : | ' 'l o 2
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Ti (K) Ti (K)
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FIG. 11. Volumetric magnetic entropy change (—AS,,) at 5T for sample 2 com-
pared with those of GGG, DGAG, GTP, ETP, and GAP.

Eu;Ti,0; composite compared to other oxide magnetic refriger-
ants. This superiority results from their relatively high T (close to
10 K) and the presence of ferromagnetic interactions.

The —AS,, of our sample 2 is comparable to that of GLF at
5K and more than twice as large as that of GLF above 10 K."” This
suggests the potential for using our material in ADRs to extend
their operating temperature range to higher temperatures, as will be
discussed in Sec. IV C.

B. Cooling capacity in Carnot cycles for hydrogen
liquefaction

A Carnot cycle is represented by a rectangle on an entropy-
temperature diagram. As illustrated in Fig. 9, a Carnot cycle for
hydrogen liquefaction between T =20K and Ty =22K is shown
as a rectangle represented by solid lines. The area of the rectangle
represented by the dashed lines corresponds to the amount of heat
(QL = Ty x |AS|) absorbed during the isothermal demagnetization
process.

The heat absorbed per unit volume by the magnetic refrigerant
during a Carnot cycle was calculated from the entropy-temperature
diagram for our composite sample 2 and several other oxide refriger-
ants (GGG, DAGA, GTP, GAP, and ETP). Data were obtained from
the literature and our own measurements for GGG, ””** DGAG,”"”
GTP,”” GAP,”*” and ETP.” Two Carnot cycle scenarios were
considered: one with a heat absorption temperature (71) of 20 K
and a heat rejection temperature (Ty) of 22 K and the other with
Ty =20K and Ty=25K. The resulting cooling capacities are
compared in Fig. 12.

A comparison of the Qp in Carnot cycles (Fig. 12) and the
—AS,, (Fig. 11) highlights the crucial role of the temperature depen-
dence of the zero-field entropy in achieving a wide temperature
span and large cooling capacity. As shown in Fig. 9, the size of the
Carnot cycle rectangle on the S-T diagram decreases significantly

ARTICLE pubs.aip.org/aip/jap

QL (J/em?)

0.0 0.50 1.0 1.5 2.0 2.5

Sample 2

GGG
(Poly)

DGAG
(poly)

GTP
(single)

GAP
(poly)

ETP
(single)

FIG. 12. Cooling capacity Q_ in a Carnot cycle for the composite sample 2 in
comparison with GGG, DGAG, GTP, GAP, and ETP. Two cases were calculated:
one with a heat absorbing temperature (T,) of 20 K and a heat rejection temper-
ature (Ty) of 22K, and the other with T, =20 K and Ty =25K.

when the zero-field entropy increases rapidly due to lattice specific
heat and/or Schottky specific heat from crystal field splitting, even
though the —AS,,, is large. GTP is an example in which the zero-
field entropy plays an important role. Our composite sample 2
demonstrates approximately four times the cooling capacity of
GGG. This superior performance highlights the advantage of mag-
netic refrigerants containing Eu,TiO4 and EusTi,O, for Carnot
cycle operation compared to other oxide magnetic refrigerants.

Recently, the use of subcooled liquid hydrogen has been pro-
posed to reduce transfer loss of liquid hydrogen.”' In this concept,
liquid hydrogen is cooled below 20 K. As shown in the S-T diagram
(Fig. 9), our composite shows that the refrigeration capacity increases
with decreasing operation temperature. The temperature dependence
of refrigeration capacity will be discussed in Sec. IV C. In addition to
chemical stability against hydrogen, our composite offers an advan-
tage over metal-based magnetic refrigerants.

C. Characteristics of the composite material for the
high temperature stage of adiabatic demagnetization
refrigerator

The S-T diagram shown in Fig. 9 suggests that the tempera-
ture range with the highest refrigeration capacity for the composite
material is close to the T.. To evaluate the potential of our compos-
ite as a material suitable for the high temperature stage of ADR, we
analyzed the temperature dependence of —AS obtained in a Carnot
cycle. Figure 13 shows the volumetric —AS as a function of the heat
absorption temperature (7). For comparison, data for standard
materials such as GGG'”*"** and GLF'®'” are also shown. Solid
and dashed lines represent —AS values at 5T calculated for Carnot
cycles with temperature spans (AT) of 2 and 5 K, respectively.

Our composite material exhibits the largest —AS at tempera-
tures slightly above T.. GLF exhibits a significantly larger —AS
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FIG. 13. Magnetic entropy changes in Camnot cycles with a temperature span
of 2 and 5K as functions of heat absorbing temperature (T,) for the composite
sample 2 in comparison with GGG and GLF. The applied magnetic field is 5 T.
Solid and dashed lines show the cases of temperature span with 2 and 5K,
respectively.

compared to GGG at temperatures below about 10 K. The —AS of
our composite material decreases below T.. However, it remains
larger than that of GLF and GGG at temperatures above about 5 K.
This crossover temperature exhibits a slight variation with the
applied magnetic field strength. These results indicate that the com-
posite material is promising as a magnetic refrigerant for the high
temperature stage of ADR, enabling an increase in the heat rejec-
tion temperature. Furthermore, as shown in Fig. 8, —AS tends to
increase at lower temperatures with the increasing Eu;Ti,O,
content. This suggests that the material properties can be tailored
by adjusting the composition ratio.

Magnetic refrigeration systems typically use bulk materials in
various shapes (plates, cylinders, and spheres). Ceramic materials
offer the advantage of easy fabrication into various shapes, as dem-
onstrated in previous studies.””'"'” We have successfully synthe-
sized ceramic samples of our composite material with a high
relative density. This ease of processing makes the materials devel-
oped in this study particularly promising for practical applications.

While single-phase materials of Eu,TiO, and EusTi,O; were
not synthesized in this study, the individual MCE contributions of
each phase remain an open question. The magnitude of exchange
interactions (both nearest neighbor and next nearest neighbor),
crystal field effects, and lattice specific heat in each phase are differ-
ent so that further investigations are needed to understand their
MCE behavior in detail. This study has demonstrated that oxide
ferromagnets containing Eu®" ions exhibit large MCE in the cryo-
genic temperature range and are promising magnetic refrigerants.

V. CONCLUSIONS

This study investigated the MCE in magnetic oxides contain-
ing Eu,TiO, and EusTi,O; focusing on the large magnetic

ARTICLE pubs.aip.org/aip/jap

moment of Eu** ions. Specific heat measurements revealed distinct
peaks at 8 and 7 K, corresponding to the transition temperatures of
Eu,TiO, and EusTi, 0, respectively. The relative peak magnitudes
were consistent with the Eu,TiO4/EusTi,O; ratios in the samples.
The observed magnetic entropy release was in good agreement with
the theoretical value for Eu** ion in a J=7/2 free spin state and no
magnetic moment of Ti*" ions. Similarly, the saturation magnetiza-
tion was in agreement with the expected value for Eu** ions and
Ti*" ions. The maximum volumetric magnetic entropy change of
our composite exceeded 0.3 J/cm®K, which is significantly higher
than that of established oxide magnetic refrigerants. The entropy
change of our composite was about 3.7 times larger than that of
GGG at the hydrogen liquefaction temperature of 20 K. The spe-
cific heat and magnetization results were combined to obtain an
entropy-temperature diagram. Analysis of the entropy-temperature
diagram revealed that our material exhibits a cooling capacity
several times higher than that of other oxide refrigerants (GGG,
DGAG, GTP, GAP, and ETP) when implemented in a hydrogen
liquefaction Carnot cycle. Our composite materials also show
potential for extending the operating temperature range of ADRs to
higher temperatures.
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