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Hydrogen has the largest gravimetric energy density among all chemical fuels. At the same time, the density
of gaseous H, is extremely low, which makes its compression to high pressures, liquefaction, or solid-state
storage necessary for transport purposes. Liquid hydrogen (LH;) can be transported in a dewar under atmospheric
pressure, but this requires energy-intensive cooling down to 20 K. Magnetocaloric materials have great potential
to revolutionize gas liquefaction to make LH, more competitive as fuel. In this paper, we investigate a series
of Laves-phase materials regarding their structural, magnetic, and magnetocaloric properties in high magnetic
fields. The three compounds HoAl,, Hoy sDy, sAl,, and DyAl, are suited for building a stack for cooling from
liquid-nitrogen temperature (77 K) down to the boiling point of hydrogen at 20 K. This is evident from our
direct measurements of the adiabatic temperature change in pulsed magnetic fields, which we compare with
calorimetric data measured in a static field. With this methodology, we are now able to study the suitability of
magnetocaloric materials down to low temperatures up to the highest magnetic fields of 50 T.
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I. INTRODUCTION

With ever-increasing energy consumption in the world,
modern societies require more and more efficient technologies
for energy production and storage. Hydrogen, as a renewable
energy carrier, has the highest gravimetric energy density
among all chemical fuels of 143MJkg~' (lower heating
value), which is three times more than for gasoline (42 -
44 MJkg™") or diesel fuel (about 43 MJkg~") [1]. Nowadays,
hydrogen fuel cells demonstrate very high efficiencies be-
tween 40-60 % [2]. For mobility and storage reasons, the
volumetric energy density also has to be taken into consid-
eration. Compressed H, at 700 bar possesses only 5.6 MJL ™!
[3], which is far less than petrol (32.4MIJIL™!) or diesel
(36 MIL™!) [4]. In liquid form, hydrogen has a volumetric
energy density of 10MJL™! [5], still being lower than for
fossil fuels but nonetheless relevant for applications. However,
the traditional liquefaction of hydrogen is rather inefficient
consuming about 40 % of the stored energy content [6]. The
development of novel gas-liquefaction techniques can make
the production and storage of liquid H, more sustainable and
competitive compared to other energy carriers.

One of the most perspective alternative approaches is
magnetic refrigeration that utilizes the magnetocaloric ef-
fect (MCE) of metal compounds [7-9]. This phenomenon
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describes a change in temperature or entropy of magnetic ma-
terials, especially high in the vicinity of their magnetic phase
transition temperature, when an external magnetic field is
applied [10,11]. The magnitude of the effect strongly depends
on the magnetic properties of the material. Rare-earth com-
pounds are among the most interesting candidates due to their
large magnetic moments caused by 4f electrons [12,13]. A
well-known example is Gd, which shows a huge MCE around
room temperature [14—18]. However, for the application of the
MCE to hydrogen liquefaction, the transition temperature has
to be tailored to the desired operational window. In intermetal-
lic compounds, for instance, the interatomic distances and the
spin configuration can be tailored, leading to the modification
of the exchange integral and the Curie temperature, 7¢ [19].
The transition temperature and, therefore the maximum posi-
tion of the MCE, can be tuned by the application of external
pressure [20-23] or by chemical substitution [24-29]. This
variation can then be directly optimized for the operating
temperature span for hydrogen liquefaction.

For temperatures below 100 K, Al-based intermetallic bi-
nary Laves-phase alloys with rare-earth elements (R) and the
general formula RAI, show outstanding MCEs. These com-
pounds crystallize in the cubic C15 MnCu,-type structure
with space group Fd3m [30]. The magnetic properties in
RAl, are based on magnetic moments of rare earths, which
order ferromagnetically below the Curie point. In substituted
pseudobinary Laves-phase alloys, the properties strongly de-
pend on changes in the interatomic distances and the resulting
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modification of the magnetic interactions [31-37]. De Oliveira
et al. [36] previously studied the MCE of the Ho,_,Dy, Al,
system by means of first-principles ab initio calculations us-
ing the Hamiltonian model of interacting 4 f spins including
crystalline electrical field (CEF) effect [38]. Because of the
interplay of the different interactions, these alloys have a
large magnetic anisotropy. As suggested in Refs. [39—41],
such compounds can be used in cooling devices based on the
anisotropic MCE .

In these compounds, the reported Curie temperatures are
found to be in the range from 28 to 42 K for HoAl, [38], from
58 to 70K for DyAl, [38], and about 43 K for Hog 5Dy, sAl»
[36,37]. Thus, these three compounds cover the whole tem-
perature region from the liquid-nitrogen boiling point at 77 K
down to the hydrogen boiling point at 20 K and can be po-
tentially used for the final stage of hydrogen liquefaction with
high performance and efficiency. In addition, in the ferromag-
netic state below T, a spin-reorientation (SR) transition was
observed in HoAl, at Tsg =~ 20 K [37,42-45], in DyAl, at
Tsg ~ 40K [38,45,46], and in HOO.SDy0_5A12 at Tsg ~ 5K
[37].

In this paper, we provide a comprehensive characteriza-
tion of the quantities relevant for magnetocaloric cooling for
HoAl,, DyAl,, and Hog sDy sAl, polycrystals. This includes
magnetization, heat capacity, as well as the isothermal entropy
and adiabatic temperature change in high magnetic fields.

II. SAMPLE PREPARATION AND METHODS

Polycrystalline samples were synthesized at South Ural
State University by arc melting of chemical elements with
high purity of 99.998 at. % as described in Ref. [47]. For
DyAl,, the synthesis was optimized at the Technical Univer-
sity of Darmstadt to reduce the formation of secondary phases,
which have a significant influence on the magnetocaloric
properties. An excess of amount 3 % Dy was added to the
melt.

Powder-diffraction measurements were carried out at room
temperature on an x-ray diffractometer using Mo-K, radia-
tion. The data were evaluated with Rietveld refinement using
the FULLPROF SUITE package [48]. Phase-contrast images in
the backscattered electron mode and energy-dispersive x-ray
spectroscopy data were obtained using a scanning electron
microscope. The specific heat in different magnetic fields
was measured in a Physical Properties Measurement System
(PPMS) using the 2t approach between 2 K and room temper-
ature. Magnetization measurements were carried out between
5 and 150 K using the PPMS in magnetic fields up to 10 T.

Adiabatic temperature changes AT,y were measured di-
rectly at the Dresden High Magnetic Field Laboratory of
Helmholtz-Zentrum Dresden-Rossendorf in pulsed magnetic
fields up to 50T [18]. The time to reach the maximum field
was always 13 ms. Each sample was cut into two flat pieces
and a thin type-T thermocouple with a wire thickness of 25
um was fixed between these pieces by a little amount of silver
epoxy. After the samples were fixed on the sample holder,
the insert was evacuated to a high vacuum of 10~ mbar. For
the sample Hop sDy, sAl,, the relative length changes Al/l
parallel and perpendicular to the applied field direction were
studied in pulsed fields simultaneously with AT,4 by using a
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FIG. 1. X-ray diffraction patterns measured at room temperature
for Ho,_,Dy, Al, samples withx = 0, 0.5, and 1 (a)—(c), respectively.
Red points correspond to experimental data, black lines stand for
calculated patterns, and blue lines for the difference between exper-
imental data and calculation. The vertical bars show the positions of
the reflexes from different phases. Black arrows on (a) and (b) show
positions of reflexes from impurities, which have small intensities
compared to the matrix phases and are not described by the Fd3m
space group.

two-directional strain gauge sensor, which was glued on the
flat sample surface. The sensor resistance was measured using
the digital lock-in technique described in Ref. [49].

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction patterns of the
Ho,_,Dy, Al alloys at room temperature and the results of
Rietveld refinement. The narrow peak width of the reflexes
for all samples indicates that the alloys are well crystal-
lized. The HoAl,, Hogy 5Dy, sAl,, and DyAl, alloys show
multiple phases. The most intensive reflexes are described
well by the so-called C15 cubic Laves-phase structure with
the space group F d3m. The lattice parameters are a =
7.826(1) A for ‘HoAl,, a =7.842(1) A for Ho 5Dy, 5A12, and
a=17.857(1)A for DyAl, showing a monotonous increase
with dysprosium concentration x. The presence of some ad-
ditional reflexes indicates the existence of secondary phases
accounting for about 13 % in total for HoAl, (cubic and
hexagonal forms of HoAl;, holmium oxide Ho,O3), and about
7 % for Hog 5Dy, sAl, (cubic and hexagonal forms of HoAl;
and DyAlj;, as well as holmium and dysprosium oxides). For
DyAl,, the amount of dysprosium oxide is less than 1 %.
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FIG. 2. Backscattered electron images for Ho,_,Dy Al, samples
with x = 0, 0.5, and 1. The different phases are marked by arrows:
red and orange for the matrix phase with compositions close to RAl,,
green for RAl;, and blue for oxides. The black spots are pores on the
surface of the samples due to polishing.

We saw further evidence for the presence of secondary
phases by electron microscopy (see Fig. 2). Energy-dispersive
x-ray spectroscopy analysis shows that besides the matrix
phases HoAl,, HogsDy,sAl,, and DyAl, (red arrows in
Fig. 2), these samples contain RAl; impurities (dark regions,
assigned by green arrows) and small amounts of R,O3 oxides
(bright areas, blue arrows). The backscattered electron image
for DyAl, shows two regions with little difference in grey

contrast with similar chemical composition [Dy,, ,gAlg7; and
Dy, ,3Alp.72, red and orange arrows in Fig. 2(c), respectively].
The little white spots are caused by oxides, but the amount is
smaller compared to the other two samples. These results are
in good agreement with the phase composition from Rietveld
refinement. The presence of small black spots can be con-
nected to shadows due to surface topography and little pores
or particles on the sample surfaces. Despite the formation of
secondary phases, the fraction of the targeted Laves phase
(87% and larger) is sufficiently high in all samples to study
the magnetocaloric properties.

Figures 3(a) and 3(b) show the magnetization M of
Ho,_,Dy,Al,, with x =0, 0.5, and 1, as a function of tem-
perature and applied magnetic field, respectively. The isofield
magnetization data were measured by field cooling from
150K down to 5K and subsequent heating under applied
constant magnetic field between 0.02T and 10T in 1T steps.
The data in 0.02T are plotted using the right-axis scales
for better visibility. All curves show a continuous change
of the magnetization around the Curie temperatures, typical
for a second-order phase transition [50]. T¢ shifts toward
higher temperatures with increasing Dy concentration, and
is 29K for HoAl,, 43K for Hog 5Dy, sAl,, and 62K for
DyAl,. These values are in agreement with data reported in
literature [36-38,43-46,51-54]. For the Hop 5Dy, sAl, at 1 T,
an additional increase of the magnetization below 10K is
observed [black arrow in Fig. 3(a)], which we relate to the
spin-reorientation transition [37].

Using the static magnetic susceptibility x = M/H and the
Curie-Weiss law, we describe the magnetic behavior above T¢
and in low fields by

X = ; ey

where 6, is the paramagnetic Curie temperature and C is
the Curie constant. The Curie constant is connected with the
effective magnetic moment per rare-earth ion by the relation

1 |CM3kg
I’l’eff = il
up\ proNa

2

where g is the Bohr magneton, M the molar mass, kg the
Boltzmann constant, p the density, o the permeability of
vacuum, and N4 the Avogadro constant. As can be seen exem-
plarily for HoAl, in the inset of Fig. 3(a), the sample follows
the Curie-Weiss law and the effective moments per rare-earth
ion g extracted from the fits are 10.47 up for x = 0, 10.42
wup for x =0.5, and 11.0 up for x = 1, which are slightly
different than the theoretical values (10.7 up for x = 0 [55]
and 10.1 up for x = 1 [56]).

The field dependencies of M, measured in external mag-
netic fields up to 10T at different temperatures with 5K
steps around T¢, are plotted in Fig. 3(b). The magnetization
at lowest temperatures exceeds 200 Am>kg~' for all three
compounds and is not fully saturated even at 10T, as can be
seen in Fig. 3(b).

On the basis of the magnetization data in Fig. 3(b), we
study the universal behavior further. First, we corrected the
data for demagnetizing effects. The internal field is derived
from H; = Hex, — NM, where N is the demagnetization factor
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FIG. 3. Temperature (a) and field (b) dependencies of the magnetization of Ho,_,Dy Al, with x = 0, x = 0.5, and x = 1. Dashed lines
in (a) show the position of the Curie temperatures, which were determined from the maximum in the first derivative of M(T") of 0.02 T (blue
lines with corresponding right y axis). For HoAl, in (a), the inverse magnetic susceptibility at 1T is presented in the inset. The black arrow
in (a) for x = 0.5 indicates an additional rise in magnetization below 10 K, which is associated to the spin-reorientation transition [37]. The
corresponding modified Arrott plots, constructed from the measured magnetization data, are presented in (c) for the 3D-Ising model with the

critical exponents = 0.3265 and y = 1.237.

N = 1/ xmax that can be approximated by xmax, the maximum
slope value of the isothermal magnetization curves at low
fields [57]. The resulting N values vary for the three samples
that we used for magnetization measurements due to their
slightly different shapes. N is about 0.17 for the sample with
x=0,0.13 forx =0.5,and 0.21 forx = 1.

With this correction, modified Arrott plots are constructed
and shown in Fig. 3(c). These reflect the dependencies of
M/ as function of (H;/M)'/7, with the critical exponents
and y. With properly chosen 8 and y, the isothermal curves
should be parallel with respect to each other for a well-
defined second-order phase transition [58]. The best results
were obtained assuming the universality class of 3D-Ising
spins. However, at low temperatures, deviations from par-
allelism occur due to the influence of secondary phases at
the spin-reorientation transitions. According to Ref. [38], the
exchange interaction in RAl, is anisotropic due to CEF ef-
fects and the nonspherical form of the 4 f shells of rare-earth
atoms. Moreover, it leads to a subtle cubic to tetragonal lattice
deformation around the Curie temperature [38,44]. Recently,
Murtaza et al. [59] studied the similar Laves-phase material
NdCo, with ferrimagnetically ordered Nd and Co magnetic
sublattices, where a temperature-induced symmetry reduction
from cubic Fd3m to tetragonal I4,/amd at the magnetic
phase transition was observed in neutron diffraction. The au-
thors also derived critical exponents using modified Arrott

plots, the Kouvel-Fisher method, and critical-isotherm anal-
ysis and concluded that the resulting values correspond to the
3D-Ising model as well.

Furthermore, we observe an anisotropic length change
Al/ly in Hog 5Dy, sAl, from magnetostriction data parallel
and perpendicular to the applied pulsed fields at 32 K in zero
field (Fig. 4). The parallel component of Al/l, increases with
field and reaches a value of 120 ppm in 20T at 32 K. At the
same time, the perpendicular magnetostriction is negative and
decreases linearly down to —300 ppm in 20 T. This indicates
the presence of a symmetry reduction from cubic to tetrago-
nal, as was observed for NdCo,, and supports the hypothesis
of a 3D-Ising-like behavior.

Specific-heat data, C, are presented in Fig. 5. The
data measured in the absence of magnetic field (black
squares) show a lambdalike anomaly around the transition
temperatures. The application of external magnetic fields
suppresses the phase transition. Such behavior is typical
for materials with a second-order phase transition, as vis-
ible as well in the M(T) curves [Fig. 3(a)]. Below T¢,
additional anomalies are observed for all three samples,
which are associated with the mentioned spin-reorientation
transition (7sr) [37]. For HoAl,, there are two kinks occurring
below 20 K for zero field. The anomaly around 15 K, we relate
to the spin-reorientation transition [Fig. 5(a), black arrow]
[37,45]. The anomaly around 9 K, [Fig. 5(a), violet arrow] can
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FIG. 4. Maximum values obtained for the parallel (a) and per-
pendicular (b) component of the relative length changes Al/l, for
Hoy 5Dy, sAl at various to the applied magnetic fields as function of
the initial temperature. (c) Magnetic-field dependence of Al/ly for
different magnetic-field pulses at an initial temperature of 32 K.

be related to the Neél temperature (7y) in HoAls [60]. For
Hogp 5Dy, sAl,, Tsg & 5 K, as shown in the inset of Fig. 5(b).
This agrees well with results reported in Ref. [37]. In the
case of DyAl,, we find no clear anomaly in zero field, but
at 5T a kink appears below 30 K [Fig. 5(c), black arrow]. The
reported value in zero field is Tsg &~ 40 K [37,45,46].

From the specific-heat data, we determined the total en-
tropies of the magnetic material under constant applied field
using the thermodynamic equation [61],

T
SCH.T) — So = / CH.1) 7, 3)

Ty T

where S is a constant entropy at 7y = 2 K. The resulting
S — T diagrams are shown in Figs. 5(d)-5(f). From these
diagrams, it is possible to calculate the isothermal entropy
changes, ASy =S(Hy,T)— S(H;,T), in a magnetic field
change AH = H| — Hj as the vertical distance between the
S(Hp) and S(H;) curves at constant temperature [orange ar-
row in Fig. 5(d)]. In a similar way, the adiabatic temperature
changes, AT,4, are obtained from the horizontal difference
between the S(H) curves.

On the other hand, ASt can also be determined from mag-
netization measurements using the Maxwell relation [62]:

H,
AS7 (T, AH) = / Mcﬂ‘[. “4)

b T

In Figs. 6(a)-6(c), the calculated AS7 from specific heat is
plotted as solid lines, together with the values calculated from
magnetization (symbols). Figures 6(d)-6(f) show the ATy
results calculated from specific heat (lines) in comparison
with the values measured directly in pulsed fields up to 50 T
(symbols). There is excellent agreement between the results
obtained from specific heat and magnetization. Furthermore,
also the AT,y values extracted from the S — T diagrams are
very close to the directly measured adiabatic temperature
changes in pulsed magnetic fields. The positions of the max-

TABLE I. Maximum values of ASr and AT, in Ho,_,Dy Al,,
with x =0, 0.5, and 1, obtained for field changes from 0 to 5T.
Results from the present work (PW), calculated from specific-heat
data, are provided in comparison with literature data from references
[44-46,51-53,63].

Sample Tc (K) ASy J kg 'K ATy (K) Ref.
29 215 8.6 PW
32 —25.1 _ [44]
32 274 - [45]
HoAl, 29 ~19.6 - [51]
32 251 - [52]
299 _28.8 - (53]
43 ~18.8 6.8 PW

Hoy 5Dy, <Al
P0N0sBR s -21.6 - [53]
62 ~16.6 6.2 PW
58 ~18.0 - [46]
DyAl, 60 185 _ [52]
59.1 ~18.5 - (53]
60 “17.1 - [63]

ima in AS7y and AT, are located close to T¢, as expected for
second-order phase transitions.

In the case of HoAl, and DyAl,, the AS7(T) and AT,q(T)
curves, calculated from the S — T diagrams, show shoulders
below T¢ [see Figs. 6(a), 6(c), 6(d) and 6(f)]. In the case
of HopsDy,sAl, additional peaks are present, marked in
Figs. 6(b) and 6(e) with black arrows. These anomalies are
associated with the spin-reorientation transitions.

As mentioned, Ty increases with Dy concentration and,
therefore, the temperature of the maximum MCE also shifts
with x. However, the magnitude of the MCE decreases with
x, at least for fields up to 20 T. This effect can be explained
by considering Eq. (4). According to the Maxwell relation,
the entropy change is proportional to the derivative dM/0T,
which is largest for the alloy with the lowest Curie tempera-
ture. Interestingly, for fields of 40 and 50 T, this trend changes
and Hog 5Dy s Al, shows the largest ATyq: 26.9 K and 30.7 K,
respectively. For HoAl,, the values are 26.1 K at 40T and
27.6K at 50T, for DyAl,, 23.6K and 27.8 K, respectively
(Fig. 6).

Table I gives a summary about the maximum values of ASy
and AT, for field changes from 0 to 5T for all three samples
at T, together with reported data for comparison [44-46,51—
53,63]. There is some scatter in the Curie temperatures and
also in the size of the effect when considering the literature
data. That could be related to different material syntheses
and heat treatments or difference between poly- and single-
crystalline samples.

Permanent magnets are typically used as the field source
for magnetic cooling devices for domestic purposes. However,
when it comes to a large-scale production plant for liquid
hydrogen, superconducting magnets can make perfect sense.
In Fig. 7, the temperature dependencies of ASy and ATy for
field changes from O to 10 T for the three samples are shown.
These data nicely demonstrate that the MCE in the three
samples covers the whole temperature range from 77 down
to 20K as required for the last stages of magnetic hydrogen
liquefaction.
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FIG. 5. Specific-heat data for Ho,_,Dy Al for (a) x =0, (b) x = 0.5, and (c) x = 1 measured in zero field, 5, and 10 T. Black arrows
indicate the temperature-induced spin-reorientation transition. The violet arrow in (a) shows 7y for the HoAl; impurity phase in the HoAl,
sample. (d)—(f) Calculated total entropy as function of temperature determined from the specific-heat data for the samples with x = 0, 0.5,
and 1, respectively. In (d), the orange vertical and green horizontal arrows between the entropy curves correspond to isothermal entropy and
adiabatic temperature changes for a field change of 10 T.
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FIG. 6. Isothermal entropy changes calculated from magnetization (symbols) and specific heat (lines) as a function of temperature for
Ho,_,Dy,Al, with x = 0 (a), x = 0.5 (b), and x = 1 (c) for magnetic field changes of 2, 5, and 10 T. Adiabatic temperature changes measured
directly in pulsed fields up to 50 T (symbols) are shown in (d)—(f), together with the values calculated from the specific-heat data (lines). Black
arrows in (b) and (e) show separate AS7 and AT,4 peaks associated with the spin-reorientation transition in Hog sDy, sAl, at Tgg &~ S K.
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FIG. 7. ASr (a) and AT,, (b) for magnetic field changes from 0
to 10T for Ho;_,Dy, Al,, with x = 0, 0.5, and 1. Solid lines corre-
spond to values calculated from specific heat and symbols to ASr
calculated from magnetization data (a) and AT,y measured directly
(b). The green area indicates the temperature window between the
boiling points of liquid hydrogen at 20 K and liquid nitrogen at 77 K.

IV. CONCLUSION

In this paper, we provide a comprehensive experimental
MCE study of Ho;_,Dy Al, compounds with x =0, 0.5,
and 1. From x-ray powder diffraction and energy-dispersive
x-ray spectroscopy data analyses, we could show that all three
samples were synthesized in the target Laves phase with some
amount of impurities. The variation of the dysprosium-to-
holmium ratio allows tuning of 7¢ in a broad temperature
range. Our magnetization data suggest that the 3D-Ising
model is the most reasonable to describe the magnetic proper-
ties in the alloys. Measurements of the magnetic-field-induced
relative length changes in pulsed fields confirm the tetragonal
distortion of the lattice and the corresponding symmetry re-
duction, which is another argument for interacting 3D-Ising
spins. From our specific-heat data, we found anomalies at the
spin-reorientation transitions. Especially for Hop 5Dy, 5Al,
where Tsg =~ 5K, this transition is clearly separated from 7¢.
ASr(T) was calculated from both magnetization and specific
heat data, when AT,y(T) was derived from C(T), which fits
nicely to experimental data measured directly in pulsed mag-
netic fields. This paper shows that the Ho,_,Dy, Al, system is
very promising for magnetic H, liquefaction.
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