Chin. Phys. B Vol. 29, No. 10 (2020) 107502

Table-like shape magnetocaloric effect and large refrigerant capacity
in dual-phase HoNi/HoNi, composite*
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Nowadays, magnetic cooling (MC) technology by using the magnetocaloric effect (MCE) has attracted extensive
research interest for its promising practical applications. A constant large/giant MCE covers wide refrigeration temperatures
(denote as table-like shape) is beneficial for obtaining high efficiency performance for MC. In this paper, the HoNi/HoNi,
composite was successfully synthesized by arc-melting method and proved to be composed of HoNi and HoNi, crystalline
phases with weight ratios of 52.4 wt.% and 47.6 wt.%, respectively. The maximum magnetic entropy change (—AS};**)
is 18.23 J/(kg-K), and the refrigerant capacity values RCy, RC,, and RC3 are 867.9 J/kg, 676.4 J/kg, and 467.8 J/kg with
AH = 0-70 kOe, respectively. The table-like shape MCE and large refrigerant capacity values make the composite attractive

for cryogenic MC using the Ericsson cycle.
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1. Introduction

The magnetic cooling (MC) technology by using the mag-
netocaloric effect (MCE) has attracted extensive research in-
terests for its promising practical applications. MCE is an in-
herent property of magnetic solids when changing the exter-
nal magnetic field.!'=3] In the last 30 years, large numbers of
researches have focused on searching for the magnetic materi-
als with outstanding MCE due to their environmental-friendly
and high cooling efficiency.!!! To date, many materials were
found to exhibit excellent magnetocaloric performances, such
as La(Fe,Si)3, Gds(SiGe)4, Ni-Mn—X, MnFeP;_,As, as well
as some rare-earth (RE) based oxides and compounds. 4131
An important indicator for evaluating the MCE of materials
is —AS); (magnetic entropy change) and its maximum value
is generally corresponding to the transition temperature of the
material. Numerous MCE materials with first order magnetic
phase transition(s) were found to exhibit large/giant —ASy,
values.!'*-16] Tt is well known that the limited operating tem-
perature is a drawback of these materials because of their nar-
row magnetic phase transition regions, which hinders their
practical application. Therefore, extensive efforts were made
to explore materials with wider refrigeration temperature re-
gion in recent years.

Among the principal cycles used for MC, the Ericsson
cycle is considered as an optimal mode, for which the —ASy,
of magnetic materials remaining a constant large value over
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a wide refrigeration temperature range (so called table-like
shape MCE) is also required.['”-?3 The parameter of RC
(refrigerant capacity), which is directly connected with the
—ASy™ and 8Trwam (full-width at half maximum value of
ASy—T curve), can be used to measure the refrigeration ef-
ficiency of magnetic materials. Therefore, the most impor-
tant thing is to search for materials that achieve constant and
temperature-independent —AS),. It is difficult to obtain table-
like shape MCE in a single-phase material and only a few
materials with magnetic field-sensitive magnetic transition or
multiple successive magnetic transitions have been reported
so far, such as EusPdMg!'®! and HoPdIn.[?! In contrast, com-
posite materials with two or more materials seem to be easier
to achieve table-like shape MCE. Though the table-like MCE
was found in some multilayered and powder composites, such
as Eu8G316G630/EuO[21] and Feg7Zr6B6Cu1/Fe902rgB2,[22]
but some drawbacks (such as poor thermal conductivity, more
voids and porosities) in these systems make it a challenge
for application. The in situ structure composites with differ-
ent phases in right proportion are more worthy of study, be-
cause they do not have such shortcomings and can greatly en-
hance RC and obtain a table-like shape MCE. Recently, the
dual-phased ErZn,/ErZn composites were successfully fabri-
cated by Li et al.,** a table-like shape MCE was obtained
with —ASy™ of 25.4 J/(kg-K) and large RC of 645 J/kg under
AH = 0-70 kOe.

The RE-Ni system has attracted extensive research in-
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terest due to its magnetic properties and hydrogen sorption.
On the basis of the phase diagram of Ho—Ni system, eight
intermediate phases exist: HoNi, HoNiy, HoNiz, HoszNi,
H03N12, HONis, HOQNi7, and H02Ni]7.[24] The HONi2 com-
pound which crystallizes in MgCu,-type structure was re-
ported to reveal a ferromagnetic (FM) to paramagnetic (PM)
phase transition at Tc ~ 13.5 K.[! Several research groups
have researched the magnetism of HoNi and two magnetic
transitions were found around 13.5 K and 35 K.[?%%71 Zhou
et al.”*! have reported that three eutectic reactions and seven
peritectic reactions can occur in binary Ho—Ni system, among
which HoNi and HoNi, phases can coexist in the way of eu-
tectic reaction in the range from HogoNisg to HossNigs. Thus,
in this paper, we have fabricated the HoNi—-HoNi, composite
with the nominal composition of Hos9Nigy and the magnetic
properties and MCE performance of this composite were stud-
ied.

2. Experimental details

The HoNi/HoNi, composite was fabricated by directly
arc-melting high-purity metals of Ho (99.9%) and Ni (99.95%)
with nominal composition of Ho4oNigo in argon atmosphere.
Four times re-melting ensured to achieve a good homogeneity
of composition in the arc furnace. Then, the annealing process
was conducted at 800 °C for seven days. The phases of HoNi—
HoNi, composite were confirmed by x-ray diffraction (XRD)
using Cu Ko radiation and a 0.02° step size. The FULL-
PROF software was used to conduct the Rietveld refinement
in HoNi—-HoNi; composite. The microstructure and compo-
sition of HoNi—-HoNi, composite were determined by using a
SU8010 scanning electron microscope (SEM) with energy dis-
persive spectroscopy (EDS) attached. The magnetization data
for HoNi—-HoNi, composite were collected by PPMS-9 with
the option of vibrating sample magnetometer (VSM).

3. Results and discussion

The XRD pattern as well as Rietveld refinement analyzed
by FULLPROF software for HoNi/HoNi, composite is de-
scribed in Fig. 1. The refinement result confirms that the com-
posite contains only HoNi and HoNi, phases, which crystal-
lize in orthorhombic FeB-type (Pnma) and cubic MgCu,-type
(Fd3m) structures, respectively. The weight ratio is fitted to
be 52.4 wt.% of HoNi phase and 47.6 wt.% of HoNi, phase,
which is close to the estimated value with the nominal com-
position. The obtained Rietveld factors Ry, Rexp, and x2 are
8.33%, 6.85%, and 1.48, respectively. The refined lattice pa-
rameters are a = 7.011(1) A, b =4.143(1) A, c = 5.435(4) A,
and V = 157.868(2) A3 for HoNi, as well as a = 7.149(3) A
and V = 365.372(5) A3 for HoNi,, which are identical with
the values reported in the literatures.[?>>”] The inset of Fig. 1

shows back-scattered scanning electron (BSE) image of the
as-cast HoNi/HoNi, composite. It can be found that the mi-
crostructure is composed of the grey phase and black phase.
The EDS analysis shows that the compositions of the grey
phase are 49.91 at.% Ho and 50.09 at.% Ni and those of the
black phase are 33.21 at.% Ho and 66.79 at.% Ni, which are
determined to be 1:1 phase and 1:2 phase, respectively.
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Fig. 1. The XRD pattern of HoNi/HoNi, composite along with Rietveld

refinement using FULLPROF program. Inset shows the BSE image of
HoNi/HoNi, composite.

The magnetization M(T) for the HoNi/HoNi, compos-
ite measured in zero-field-cooled (ZFC) and field-cooled (FC)
modes under a magnetic field H = 2 kOe is displayed in the
inset of Fig. 2. A small splitting in FC and ZFC curves is de-
tected at lower temperature, similar behavior can also be found
in other materials,*?3 which can probably be ascribed to the
pinning effect of domain walls. For higher temperature, the
M(T) curves in both modes are consistent with each other,
indicating the absence of thermal hysteresis in HoNi/HoNi;
composite. Three magnetic transitions are found around 13 K,
16 K, and 38.5 K for HoNi/HoNi, composite, which are de-
termined by the dM/dT vs. T curve (displayed in the inset
of Fig. 2). These temperatures are close to the magnetic phase
transition temperatures of HoNi (13.5 K and 35.5 K) (261 and
HoNi, (13.5 K), > respectively. The slight differences in val-
ues could be due to the different preparation processes. The
curves of M(T') and the corresponding reciprocal susceptibil-
ity 1/x(T) for HoNi-HoNi, composite under H of 10 kOe are
shown in Fig. 2. Linearity of 1/ can be found in HoNi/HoNi,
composite in the high temperature region. The paramagnetic
Curie temperature 6p ~ 81.5 K is obtained by extrapolating
the linear part of the 1/x(T) curve to abscissa, which confirms
that the ground state is ferromagnetic in HoNi—-HoNi, com-
posite. The effective moment () of the HoNi—HoNi, com-
posite is 10.65 ug, which is quite near the theoretical value of
free Ho>* ion (10.60 ug) calculated by Hund’s rules.?®!
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Fig. 2. The T dependence of M (left-scale) and 1/x (H /M, right-scale)
at H = 10 kOe for HoNi/HoNi, composite. The inset illustrates M—
T curves measured at H = 2 kOe in ZFC and FC modes as well as
dM/dT-T curve for HoNi/HoNi, composite.
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Fig. 3. (a) The M—H curves under H up to 70 kOe for HoNi/HoNi,
composite. (b) The corresponding Arrott-plots (M2 vs. H /M).

Figure 3(a) displays the magnetic isotherms M-H of
HoNi-HoNi; composite measured at a series of temperatures
up to 70 kOe. At low temperature, M varies rapidly below H =
10 kOe and then increases slightly and almost saturates under
high H, which is typical performance of FM state. At the tem-
perature of 3 K, the magnetic moment in HoNi/HoNi, com-
posite at 70 kOe is estimated to be 7.65 up per Ho, which is
smaller than the theoretical saturation moment My, for Ho’*
ion (10.0 up). It is well known that the 4f shell of rare earths
having nonzero orbital angular momentum (L # 0) and its en-
vironment, known as crystalline electric field (CEF), greatly
influence the magnetic properties of the rare earth system. Due

to the combined effect of spin—orbit coupling and crystal field,
the magnetic anisotropy of the single ion is caused, which re-
duces the saturation magnetization. Similar phenomena have

[20.25.26] j ¢ . the applied H

also been reported in the literatures,
of 70 kOe is insufficient to saturate the magnetization of Ho
atoms, and a higher H is needed to overcome the splitting of
the CEF to reach the saturated moment. For the temperature
above Tc, M increases almost linearly with H, correspond-
ing to the PM state at these temperatures. No magnetic hys-
teresis can be found for all M—H curves, which prompts us
to explore the MCE of HoNi—-HoNi; composite. The Arrott-
plots (M2 vs. H /M) are transferred and plotted in Fig. 3(b) to
evaluate the orders of phase transitions in HoNi/HoNi, com-
posite. Based on Banerjee criterion,”®! only positive slope is
observed, which confirms that the magnetic phase transitions
in HoNi/HoNi, composite are second-order ones.

To characterize the MCE of materials, the —AS), (mag-
netic entropy change) is computed based on the magnetization
data according to Maxwell thermodynamic relation

ASy(T,H) = Sy(T,H) — Sy(T,0)

_ /0 " oM(T.1) /0T HAH. 1)

The magnetization measurement was actually conducted in
small discrete magnetic fields and temperature intervals, the
values of —AS), are computed by the following equation:

ASu (T +Ti11)/2]

~ [/OHM(Ti,H)dH_/OHM(T,.H,H)dH}/(T,-H_n). @)

Figure 4 displays the —ASy—T curves for HoNi/HoNi, com-
posite under different AH from 0-10 kOe to 0-70 kOe. Due
to the contributions of phase transitions of HoNi and HoNi,
phases, two peaks and platform can be found in the —ASy—
T curves. Partial overlap of the two peaks leads to the oc-
curring of a table-like shape MCE. The maximum —ASy
(—ASH™) values of HoNi/HoNip composite are calculated to
be 14.93 J/(kg-K) and 18.23 J/(kg-K) for AH = 0-50 kOe and
0-70 kOe, respectively. Furthermore, the average magnitude
of the platform is estimated to be 11.9 J/(kg-K) for AH = 0—
50 kOe and 15.3 J/(kg-K) for AH = 0-70 kOe, which is com-
petitive with that of other table-like shape MCE materials.

To evaluate the cooling efficiency of MR materials, the
Three methods
are generally employed to calculate the values of RC: (i)
RCy = —AS™ x 8Tpwn: (i) RCy = [ |ASy| AT, Tooiq and
Thot are temperature points at Trwgm; (iii) RC3: the maxi-
mum value of the product of —ASy; x AT below the ASy—T
curve. The calculated values of RCy, RC, and RC3 for HoNi—
HoNi, composite compound are 623.5 J/kg, 469.2 J/kg, and
342.4 J/kg for AH = 0-50 kOe, to be 867.9 J/kg, 676.4 J/kg,

parameter RC is calculated in this paper.
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and 467.8 J/kg for AH = 0-70 kOe, respectively. Table 1
displays several MCE parameters under AH = 0-50 kOe for
HoNi/HoNi, composite to compare with those of other re-
ported compounds as well as some table-like shape MCE ma-
terials. We can see that the comparable or even larger values
of RC; for present HoNi/HoNi, composite making it suitable
for cryogenic MR using the Ericsson cycle.
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Fig. 4. The —ASy—T curves at different AH for HoNi/HoNi, composite
compound. Inset illustrates the RCy, RC,, and RC3 values at different
AH for HoNi/HoNi, composite.

Table 1. The Ty, —ASy*, and RC; for HoNi/HoNi, composite and
recently reported table-like MCE materials, as well as some other MR
materials under the field change of 0-50 kOe.

Materials Tu/K —AST/J kg K~ RC1/J-kg™! Ref.
HoNi/HoNi, 13/16/38.5 14.93 623.5  this work
HoNi 13.5/35.5 16.6 ~ 691 [26]
ErGa 15/30 21.3 ~ 658 [17]
0.4(DyNip )+ 0.6(TbNiy) ~ 21.5/37 12.9 526 [18]
HoPdIn 6/23 14.6 496 [20]
ErZn,/ErZn 9/20 19.5 447 [23]
GdCo,B,C 17.2 10.34 238.1 [30]
Hos3Pd, 9.6 18.6 230 [31]
Gd,NiSis 16 13 233 [32]
Tm,Cu,In 39.4 14.4 331 [33]
Ho,Co,Ga 38.5 11.7 271 [34]
Dy Coglng 37 3.53 128.4 [35]

4. Conclusions

To summarize, the magnetic transitions and MCE perfor-
mances of the biphasic HoNi/HoNi, composite were studied
in detail. Two crystalline phases HoNi and HoNi, have been
identified with the weight ratios of 52.4 wt.% and 47.6 wt.%,
respectively. The magnetization measurements indicated that
the composite undergoes three successive magnetic transitions
at 13 K, 16 K, and 38.5 K, respectively. The table-like shape
MCE was achieved in HoNi/HoNi, composite because of the
proper distribution of transition temperatures and the —ASy,
values with similar magnitude of the phases, which make it
appropriate for the Ericsson type magnetic refrigeration cycle.
The values of —ASy™ are 14.93 J/(kg-K) and 18.23 J/(kg-K)

for AH = 0-50 kOe and 0-70 kOe, respectively. In addition,
for the AH of 0-50 kOe, the RC, RC;, and RC;5 are 623.5 J/kg,
469.2 J/kg, and 342.4 J/kg, respectively.
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