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Rare-earth (R)-based materials with large reversible magnetocaloric effect (MCE) are attracting much attention as
the promising candidates for low temperature magnetic refrigeration. In the present work, the magnetic properties and
MCE of DyNiGa compound with TiNiSi-type orthorhombic structure are studied systematically. The DyNiGa undergoes
a magnetic transition from antiferromagnetic (AFM) to paramagnetic state with Néel temperature 7y = 17 K. Meanwhile,
it does not show thermal and magnetic hysteresis, revealing the perfect thermal and magnetic reversibility. Moreover, the
AFM state can be induced into a ferromagnetic state by a relatively low field, and thus leading to a large reversible MCE,
e.g., a maximum magnetic entropy change (—ASy) of 10 J/kg-K is obtained at 18 K under a magnetic field change of
5 T. Consequently, the large MCE without thermal or magnetic hysteresis makes the DyNiGa a competitive candidate for

magnetic refrigeration of hydrogen liquefaction.
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1. Introduction

In recent years, magnetic refrigeration based on magne-
tocaloric effect (MCE) has emerged as a green cooling tech-
nology, which shows a promising future due to its advan-
tages of energy conservation and environmental protection
in comparison with the traditional gas compression refriger-
ation. The MCE is one of the fundamental thermodynamic
effects of magnetic materials, which can induce temperature
change by exposing the MCE material to a changing mag-
netic field.['-%) The magnitude of MCE is generally charac-
terized by the adiabatic temperature change (AT,q) and/or the
isothermal magnetic entropy change (ASym) under the change
of magnetic field.[”*! According to their working tempera-
ture ranges, magnetocaloric materials are usually divided into
low temperature zone (below 20 K), medium temperature zone
(20 K-77 K), and high temperature zone (77 K300 K).°! The
materials working at high temperature especially around room
temperature show their potential applications in air condition-
ers and storage cabinets. On the other hand, the magnetic re-
frigeration materials at medium and low temperatures are also
important for the high demands of gas liquefaction and sci-
entific research. Therefore, much attention has been paid to
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the search for low temperature magnetic materials with large
MCE.

Although the paramagnetic salts, such as Gd3GasOg2,
GdLiF,4, and GdF;, have been successfully used to obtain
ultra-low temperature, their MCEs decrease remarkably with
temperature increasing, which limits their application. What
is worse is that the thermal conductivity of paramagnetic salts
is relatively low, and so it is very disadvantageous for their
working in magnetic refrigeration. In contrast, recently rare-
earth (R)-based materials have been found to exhibit larger
MCEs, higher thermal conductivities, and less temperature de-
pendence, thus becoming the promising candidates for low
temperature magnetic refrigeration.

As one of the typical R-based material families, the RTX
(R = rare earth, T = transitional metal, X = main group ele-
ment) ternary intermetallics have been studied widely due to
their high MCE at low temperatures.!!%13 In addition to the
large MCE reported in ferromagnetic (FM) RTX compounds,
such as RFeSill*13)] and RCoAL 010! jt jg interesting to find
that some antiferromagnetic (AFM) RTX compounds, such
as RNiSil'7l and RCuSi,!'>!8! also show high MCEs due to
the field-induced metamagnetic transition from AFM to FM
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states. Meanwhile, it is found that no hysteresis loss ap-
pears during the first-order AFM-FM metamagnetic transi-
tion, and so this excellent magnetic reversibility is desirable
for the magnetic refrigeration cycle.[! These results expand
the research scope of MCE materials, and also impel people to
search for novel AFM materials with large MCE.

In previous studies, Canepa et al. reported that the
GdNiGa exhibits FM ground state and shows a large MCE
around the Tc = 30.5 K.["1 On the contrary, the HoNiGa
has been found to behave an AFM ground state, and then
presents a large reversible MCE induced by metamagnetic
transition.['3 In order to study its magnetic and magne-
tocaloric properties varying with the change of R element, we
further study the magnetic properties and MCE of DyNiGa
systematically in the present work.

2. Materials and experiments

The elements Dy, Ni, and Ga each with a purity of
99.9 wt% were chemically weighed after the oxide layer on
the surface had been polished. Then, the starting materials
were melted in a tungsten non-consumable electric arc fur-
nace with high purity argon gas protection. In order to obtain
a single phase DyNiGa compound, the sample was melted five
times and then annealed at 850 °C for 1 week. Before be-
ing annealed, the obtained sample was sealed in a quartz tube
filled with high-purity argon gas. The crystal structure and
phase of the sample were examined by x-ray diffractometer
(D8, Bruker) through using a Cu target and refined by using
the LHPM Rietica software. The magnetic properties were
measured by SQUID-VSM superconducting quantum magne-
tometer (SQUID, Quantum Design).

3. Results and discussion

Figure 1 shows the experimental and refined powder XRD
patterns of DyNiGa compound at room temperature. The
Rietveld refinement based on the XRD pattern reveals that
the DyNiGa crystallizes into a pure TiNiSi-type orthorhom-
bic structure (space group Pnma), and no impurity phase can
be found in the DyNiGa compound. The lattice parame-
ters a, b, ¢, and unit cell volume are determined to be a =
6.8520(4) A, b =4.2834(3) A, c =7.3438(4) A, and cell vol-
ume = 215.54(2) A3, respectively, which are consistent with
the earlier reported results.?%! It is noted that the lattice param-
eters of DyNiGa are smaller than those of GdNiGa but larger
than the ones of HoNiGa,'3191 and this result is attributed to
the lanthanide contraction.

Figure 2 displays the curves of magnetization versus tem-
perature (M-T) of the DyNiGa compound under 0.01 T in the
zero-field cooling (ZFC) and field-cooling (FC) processe, re-
spectively. A A-type peak around 17 K appears separately in

both ZFC and FC curves, indicating that the DyNiGa under-
goes a typical AFM-PM transition around the Néel tempera-
ture Ty = 17 K. Meanwhile, it is noted that the magnetization
does not approach to zero even at 150 K. Considering the fact
that no impurity phase has been identified by XRD study, this
result implies the possible presence of short-range magnetic
correlation above Ty.[2! In addition, the ZFC and FC curves
overlap with each other perfectly, suggesting the absence of
thermal hysteresis. This fact is desirable for the applications
of this material in magnetic refrigeration.
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Fig. 1. Powder XRD patterns of DyNiGa compound at room temperature.
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Fig. 2. Temperature-dependent magnetizations under 0.01 T measured in

ZFC and FC modes for DyNiGa compound.

The inverse DC susceptibility (1/y) is derived from the
ZFC M-T curve under a low field of 0.01 T, and then the
temperature dependence of 1/ fitted to the Curie-Weiss law
X' = (T —6,)/Cm (Cn is the Curie-Weiss constant) is plot-
ted in Fig. 3. The paramagnetic Curie temperature (6,) and ef-
fective magnetic moment (LLg) can be obtained by the Curie—
Weiss fit based on the 1/x—T curve. It is clearly seen that the
1/x matches well with the Curie~Weiss law in the paramag-
netic region far above Tn. The Ueg value is determined to be
10.00 pp, which is slightly lower than the theoretical magnetic
moment of Dy>* free ion (10.63 ug). This lower L is prob-
ably attributed to crystalline electric field (CEF) effect, which
causes it to slightly deviate from the Curie-~Weiss behavior at

low temperatures. >3

! In addition, the Gp value is obtained to
be —12.5 K by extrapolating the fitting line to 1/ = 0 as in-

dicated in Fig. 3. As is well known, the 6, value represents the
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sum of all magnetic interactions in magnetic materials, and
the AFM material will exhibit a negative 6, value while the
FM material shows a positive 6,. Thus, the negative 6, of
DyNiGa under 0.01 T further confirms the AFM ground state
of DyNiGa compound.
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0.6

0.4k petr = 10.00 up

0.2

(1/x)/(T-kg/A-m?)

0 50 100

150 200 250 300
T/K

Fig. 3. Variation of inverse dc susceptibility with temperature under 0.01 T
fitted to the Curie—Weiss law.

Figure 4 displays the isothermal magnetization curves (a)
below Ty and (b) above Ty with magnetic fields going up to
5 T. It can be obviously seen from Fig. 4(a) that the magneti-
zation at 5 K first increases slowly with magnetic field increas-
ing, and then sharply increases around a critical magnetic field
(HoH.r) of 0.6 T, indicating the occurrence of field-induced
metamagnetic transition from AFM to FM states. Below the
UoH,, the magnetization increases with temperature increas-
ing, which is corresponding to the characteristic of AFM state,
while it decreases with the increase of temperature above the
UoH.r, indicating the behavior of FM state. This uoH is
larger than that (0.5 T at 2 K) of HoNiGa, suggesting that the
AFM exchange interaction of DyNiGa is stronger than that
of HoNiGa.!'3 Figure 4(b) shows that the magnetization de-
creases gradually with temperature further increasing above
TN, which corresponds to the PM state induced by the ther-
mal disturbance. Meanwhile, it is also found that the M-H
curves still show obvious curvatures at temperatures far above
Tn. This result further proves that the short-range magnetic
correlations appears above Ty. Moreover, the M—H curves
are measured in the magnetic field increasing and decreasing
mode in order to study the magnetic reversibility of DyNiGa,
and magnetic hysteresis is found in none of these magneti-
zation isotherms. As is well known, the thermal and mag-
netic hysteresis will reduce the efficiency of magnetic refriger-
ation through the hysteresis loss.[>>* Therefore, the absence
of thermal nor magnetic hysteresis is highly favorable to the
magnetic refrigeration cycle.

Figure 5 presents the Arrott-plots (M? versus H /M) for
DyNiGa compound (a) below Ty and (b) above Ty, respec-
tively. According to the Banerjee criterion, the magnetic tran-

sition is considered to be of first-order nature if the Arrott

plot shows a negative slope or an inflection point, while it
is of second-order nature when the Arrott plot exhibits pos-
itive slope.>>) The Arrott plots below Ty show distinct neg-
ative slopes as shown in Fig. 5(a), and thus confirming the
nature of the first-order field-induced metamagnetic transition
from AFM to FM state. In contrast, figure 5(b) shows that the
Arrott plots present positive slopes above Ty, suggesting the
second-order field-induced PM-FM transition.
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Fig. 4. M—H curves of DyNiGa compound (a) below and (b) above Ty with
magnetic fields increasing from 0 to 5 T for various temperatures.
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Fig. 5. Arrott-plots of DyNiGa (a) below and (b) above Ty in field increasing
process for various temperatures.

The isothermal magnetic entropy change ASy can be es-

timated based on the isothermal magnetization data by using
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Maxwell’s relationship
H
Ay = / (OM /3T )y dH. (1)
0

The plots of ASy of DyNiGa versus temperature (ASy—T1') for
different magnetic field changes are shown in Fig. 6. The
positive values of ASy, so called “inverse MCE”, are found
to change below 7y under low magnetic field. This phe-
nomenon corresponds to the AFM ground state of DyNiGa.
With magnetic field increasing higher than 1 T, the sign of
ASym changes from positive to negative, which is due to the
field-induced AFM-FM metamagnetic transition. For a mag-
netic field change of 5 T, a maximum —ASy value of 10 J/kg-K
can be obtained at 18 K, very close to the liquid hydrogen
temperature (20.3 K).!'#] This relatively large MCE is at-
tributed to the field-induced AFM—FM metamagnetic transi-
tion, which results in the enhanced magnetization and large
variation of magnetization with temperature. The —ASy value
of DyNiGa is comparable to those of other top-quality MCE
materials, such as DyCuAl, RSi, and RNis in a similar temper-
ature range.?%-28] Therefore, the large MCE without thermal
or magnetic hysteresis suggests that DyNiGa can be potential
candidate for the low temperature magnetic refrigeration of
hydrogen liquefaction.

TR W+

2 20 40 60 80 100
T/K

Fig. 6. Plots of magnetic entropy versus temperature for DyNiGa com-
pound under various magnetic field changes and different temperatures.

4. Conclusions

In this work, the DyNiGa compound with TiNiSi-type
orthorhombic structure is prepared, and its magnetic proper-
ties and magnetocaloric effect are studied systematically. The
DyNiGa compound experiences an AFM-to-PM transition at
Tx = 17 K. Neither thermal hysterisis nor magnetic hystere-
sis is observed, indicating the perfect thermal and magnetic

reversibility existing. Moreover, the AFM state can be tran-
formed into FM state by a relatively low field, and then leading
to a large —AS\ of 10 J/kg-K around 18 K for a magnetic field
change of 5 T. Therefore, large magnetocaloric effect with no
hysteresis loss suggests that DyNiGa can be a promising can-
didate of magnetic refrigeration material for magnetic refrig-

eration of hydrogen liquefaction.
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