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HoBi single crystal and polycrystalline compounds with NaCl-type structure are successfully obtained, and their
magnetic and magnetocaloric properties are studied in detail. With temperature increasing, HoBi compound undergoes two
magnetic transitions at 3.7 K and 6 K, respectively. The transition temperature at 6 K is recognized as an antiferromagnetic-
to-paramagnetic (AFM-PM) transition, which belongs to the first-order magnetic phase transition (FOMT). It is interesting
that the HoBi compound with FOMT exhibits good thermal and magnetic reversibility. Furthermore, a large inverse and
normal magnetocaloric effect (MCE) is found in HoBi single crystal in the H||[100] direction, and the positive ASy; peak
reaches 13.1 J/kg-K under a low field change of 2 T and the negative ASy; peak arrives at —18 J/kg-K under a field change of
5 T. These excellent properties are expected to be applied to some magnetic refrigerators with special designs and functions.
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1. Introduction

Magnetic refrigeration technology based on the magne-
tocaloric effect (MCE) has proven to be an alternative to tra-
ditional gas cycle refrigeration. In recent years, this technol-
ogy has shifted from basic research to application develop-
ment. Magnetic refrigeration technology can be used not only
in domestic and industrial refrigeration fields that are closely
related to human production and life, but also in many high-
precision fields, such as space science, medical treatment, and
low-temperature gas energy-efficient liquefaction.[!=3]

According to the positive or negative value of the mag-
netic entropy change, the magnetocaloric effect is divided into
normal MCE (ASy < 0) and inverse MCE (ASy > 0). In
general, the normal MCE occurs in magnetic materials with
the second-order phase transitions, for example, many fer-
romagnetic (FM)-to-paramagnetic (PM) second-order phase
transition materials were reported to exhibit large normal
MCEs.[*81 On the contrary, some materials with the first-
order magnetic transitions (FOMTSs) such as martensitic tran-
sition in Heusler alloys!>!°! and antiferromagnetic (AFM)—
FM transition in rare earth-transition metal compounds,!!~13]
were found to present the inverse MCEs. Generally speak-
ing,achieving the temperature change of magnetic material

usually requires applying or withdrawing an external magnetic
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field adiabatically. For common MCE materials, thermal phe-
nomena can be observed only through this process. Recently,
Liu et al. proposed that the properties of successive inverse and
normal MCEs can be used to make a thermostat.!!!! Further-
more, the inverse MCE can be used to realize adiabatic mag-
netization, rather than adiabatic demagnetization, during the
cooling cycle.!'¥ This will greatly facilitate the improvement
of work efficiency. At the same time, it can also be used in a
reverse refrigeration cycle, which seems to be useful in multi-
stage refrigeration. In summary, the inverse MCE has a poten-
tially important role in studying and developing the magnetic
refrigeration technology. However, most of the inverse MCE
materials reported so far, especially low-temperature magnetic
refrigeration materials, exhibit small entropy changes,!">! and
the vast majority of FOMT materials are accompanied by ther-
mal hysteresis, which will cause a certain loss of energy con-
sumption. Therefore, it is of great significance to find a class
of material with large successive inverse and normal MCEs
without hysteresis.

In this work, successive inverse and normal MCEs in
HoBi compound with nonhysteretic first-order phase transi-
tion are reported. The experimental details of preparing high-
quality HoBi single crystals and polycrystals are also de-

scribed.
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2. Experimental details

It is difficult to obtain high-purity HoBi polycrystalline
compounds by arc melting because of the volatile metal Bi
at high temperatures, so the sintering method was doped in
the preparation of polycrystalline samples in this work. The
high-purity metals Ho and Bi with an atomic ratio of 1:1 was
uniformly placed in a cylindrical alumina crucible, and then
the crucible was sealed in an argon-filled quartz tube. After
keeping the quartz tube at 800 °C for 5 days, the HoBi poly-
crystalline samples were obtained.

In our experimental preparation, high-quality HoBi sin-
gle crystals were obtained by the Bi flux method. The first
step was to do the preparatory work: the high-purity elements
Ho and Bi with an atomic ratio of 1:10 were evenly placed into
a cylindrical alumina crucible covered with quartz wool, and
then the alumina crucible was sealed in a vacuum quartz tube.
The next step was to implement the heat treatment process for
single crystal growth: the sealed quartz tube was heated from
room temperature to 950 °C, held for 5 h, and then slowly
cooled to 400 °C at a rate of 4 K/h. Finally, the sample were
separated from the Bi liquid centrifugally. In this way we ob-
tained crystals with sizes between 3 mm and 5 mm.

Powder x-ray diffraction (XRD) using Cu K« radiation
was employed to identify the crystal structure. Magnetizations
were carried out on a commercial SQUID VSM magnetometer
(Quantum Design).

3. Results and discussion

The powder XRD data of polycrystalline samples mea-
sured at room temperature are analyzed by the Rietveld refine-
ment method, almost all the diffraction peaks can be indexed
to a cubic NaCl-type structure (space group Fm-3m; No. 225,
Z = 4) as shown in Fig. 1(b). The standard error R, and Ry
are 2.1% and 2.8%, respectively. The lattice parameters of
polycrystalline are determined to be a = b = ¢ = 6.234 A. Only
two diffraction peaks along the (100) plane of the single crys-
tals are displayed in Fig. 1(b) in the case of extinction. The in-
set of Fig. 1(b) shows the optical image of single crystal sam-
ple of HoBi. The side length of each small square in the inset
is 1 mm. The inset of Fig. 1(a) displays that green spheres and
relatively small orange spheres represent the Ho and Bi ions of
the crystal structure. The lattice parameters of polycrystalline
(single crystals) are determined to be a = b = ¢ = 6.234 A
(6.228 A). Owing to the grain size and measurement factors,
the lattice parameters of polycrystalline and single crystal are
slightly different from each other.

The temperature dependence of magnetization in the
zero-field-cooled (ZFC) mode and in the field-cooled (FC)
mode for HoBi polycrystalline compounds are measured un-
der the field of 0.01 T as shown in Fig. 2. With temperature

increasing, the HoBi compound undergoes two magnetic tran-
sitions at 3.7 K and 6 K, respectively. The peak position at
6 K has been recognized as an ordinary antiferromagnetic-to-
paramagnetic (AFM-PM) transition.[!%!7] Generally speak-
ing, the metamagnetic transition from AFM ground state to
FM state belongs to the first-order transition. However, the
ZFC curve and the FC curve are in good consistence with
each other, suggesting an excellent thermal reversibility. As
is well known, the first-order phase transition is accompa-
nied by thermal hysteresis. Recently, a non-hysteretic first-
order phase transition was found in EuyIn compound.!'® Tt
leads an interesting fundamental question to be raised, that
is, whether a magnetoelastic FOMT occurs in HoBi without
changing the symmetry. We will use the experimental re-
sults of first-principles and variable temperature XRD to ex-
plain the hysteresis-free phenomenon of HoBi in the future.
The peak position at 6 K has been recognized as an ordinary
antiferromagnetic-to-paramagnetic (AFM-PM) transition. In
addition, another transition temperature at 7; = 3.7 K can be
an antiferromagnetic-to-antiferromagnetic (AFM—-AFM) tran-
sition. Of course, there will be field-induced metamagnetic

(MM) transitions with the magnetic field increasing./1%!7]
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Fig. 1. (a) Rietveld-refined powder XRD pattern of HoBi compound at room
temperature, with hollow circles representing the experiment data, continu-
ous red line: the calculated profile, lower green curve: the difference be-
tween the measured and calculated intensity, short vertical lines: the Bragg
peak positions of cubic NaCl-type structure, and inset: the crystal structure
of HoBi compound. (b) XRD pattern along (200) plane of HoBi single crys-
tal, with inset showing the optical images of single crystal sample of HoBi
and side length of each small square being 1 mm.
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Fig. 2. ZFC and FC temperature dependence of magnetizations for HoBi
compound under 0.01 T, where inset displays the y ~'—T curves transformed
from the measured FC curves. The solid line reaching inverse susceptibility
shows the Curie—Weiss fit under 0.01 T.
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The inverse susceptibility 1/ as a function of tempera-
ture under 0.01 T is plotted in the inset of Fig. 2. The effec-
tive magnetic moment is estimated at 10.6 up by fitting the
inversed susceptibility versus temperature curve to the Curie—
Weiss law at temperature above 20 K. The fitted value is the
same as the free Ho>* ion value (10.6 ug), indicating that the
magnetic behavior of HoBi stems from the Ho ions. Fitting to
the Curie-Weiss law gives 6, = —8.9 K. This negative value
is usually due to AFM coupling.

Figure 3 exhibits the magnetic hysteresis loops at 2 K of
HoBi single crystal and polycrystalline. The magnetic hys-
teresis loop of A || [100] direction is measured in a field range
from —7 T to 7 T. Three field-induced metamagnetic (MM)
transitions on the MH curve are revealed at 1.7 T, 2.3 T, and
3.0 T, respectively, which are consistent with those reported
previously.!'®! The magnetization reaches saturation at 4.1-T
field, and the saturation magnetic moment value is 150 emu/g.
The saturation magnetic moment per Ho atom is calculated to
be 10.1 ug, which is close to the expected value of the free
Ho3* ion (saturated moment 10.6 ug). However, the mag-
netization of HoBi polycrystalline at 2 K is still increasing
even at 5 T as shown in the insert of Fig. 3. This may result
from the crystalline field effect, which leads to the anisotropy
of HoBi. The critical field of metamagnetic transition deter-
mined by the maximum value of dM/JH is 1.3 T, which is
lower than the first metamagnetic transition (1.7 T) of HoBi
single crystal with the magnetic field parallel to the [100] axis.
It indicates that the [100] axis is difficult to magnetize due
to a strong antiferromagnetic coupling effect. The magnetic
structure and magnetization curves below Ty with H[110] have
been reported in Ref. [17]. It is found that the first magnetic
transition in the [110] direction occurs at about 1.3 T, and the
magnetization reaches saturation with the magnetic field in-
creasing to 2.5 T.['7] Since the local f-moments on Ho atoms

are parallel within each [111] plane and antiparallel between

alternating planes, the magnetization is easier to implement in
the [110] direction under low magnetic field. To better un-
derstand the array of magnetic moments, a magnetic structure
diagram of HoBi is indicated in the inset of Fig. 3. Here, we
pay more attention to the magnetization behavior in the [100]
direction, because it has the potential to lead to a larger posi-
tive MCE than in the [110] direction.
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1§ 40
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Fig. 3. Magnetic hysteresis loops of Hobi at 2 K with H || [100] direction,
in a field range from —7 T to 7 T, with upper-left inset showing magnetic
hysteresis loops of HoBi polycrystalline at 2 K in a field range from 0 T to
5 T, and bottom-right inset describing magnetic structure of HoBi.

The isothermal magnetization curves for HoBi com-
pounds are measured in applied fields up to 5 T in the vicinity
of Ty as indicated in Figs. 4(a) and 4(b). The magnetization of
HoBi polycrystalline is lower than the counterpart in the [100]
direction under high filed. Below the temperature Ty, the mag-
netization curve of HoBi polycrystalline linearly increases and
then suddenly jumps with the increase of magnetic field, in-
dicating the metamagnetic transition from AFM to FM phase.
With temperature increasing to 7y, the AFM state changes into
PM state completely. It is also worth noting that the negative
slope of Arrott plot shown in the inset of Fig. 4(a) implies the

occurrence of a first-order phase transition.

160
-2 K 120 ~ (a) (b)
L -3 K B |
A4K 1154
120 <8k o & B
<«+T7K 1 =
= | I
&0 % -t
E 80 0.2 0.2 :% % B 2K
a poH /M (10-* T-g-emu-?) A 1K | 3 K
= v 5K 4K
= 46K 5 K
B <+ 7K [ 6 K
L 7K
ol H||[100] HoBi polycrystaline
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5
poH (T)

Fig. 4. Magnetization isotherms in the vicinity of 7y from 0 T to 5 T field of (a) HoBi single (H || [100]) and (b) HoBi polycrystalline.
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Fig. 5. (a) Temperature-dependent ASy; at 0 T-2 T and O T-5 T field changes
for HoBi single crystal (H || [100]) and polycrystalline, respectively, and (b)
field and temperature-dependent exponent n for HoBi single crystal.

Magnetic entropy changes in different magnetic fields are
calculated from the Maxwell relation ASy = f({{ (%)H dH
based on the magnetization isotherms. The temperature de-
pendence of ASy for HoBi compounds under O T-2 T and
0 T-5 T field changes are shown in Fig. 5(a). Positive val-
ues of ASy are found at low temperatures. For the HoBi poly-
crystalline compound, the positive values of ASy; can be found
only under a low field change, then disappears with the field
change increasing to 5 T, which indicates that the AFM ground
state below Ty is relatively weak. The same phenomenon
has been found in many Heusler alloys.!'”l However, the in-
verse MCE can be found in HoBi single crystal even in a field
change of 5 T due to the strong AFM coupling in the [100]
direction. This property is found in a few rare earth based al-
loys, such as DyNiSi and HoFeSi.[?%-?!l The maximal positive
ASwm reaches 13.1 J/kg-K for a field change —2 T. It is ben-
eficial to practical application, because the magnetic field of
2 T can be provided by a permanent magnet. The maximal
negative ASy reaches 18.0 J/kg-K for the field change 0 T—
5 T. From the above analysis, single crystals outperform poly-
crystals, but polycrystals also show objective magnetocaloric
properties. It is also worth mentioning that the ASy values
above Ty broaden asymmetrically towards high temperature
under the action of an external field. It may be attributed to the
existence of short-range FM interactions above Ty.?%! The ex-
ponent n dependent on magnetic field change exhibits a maxi-
mum value 7 > 2 only for first order phase transitions. >3 As
shown in Fig. 5(b), the peak n is higher than 2 at temperatures
close to Ty, followed by a trend towards n = 2 at higher tem-

peratures. It proves exactly that FOMT occurs in HoBi, which
is consistent with the previous speculation in this paper. The
unusual behavior of n at 4.5 K is due to the magnetic entropy
changing from negative to positive, and another peak near T;
corresponds to the maximum value of the inverse MCE.

4. Conclusions

In this work, single-phase HoBi single crystal and poly-
crystalline with cubic NaCl-type structure are successfully
prepared. The magnetic properties and MCEs are investi-
gated by magnetic measurements. The HoBi compound with
FOMT exhibits good thermomagnetic reversibility and succes-
sive large inverse MCE and normal MCE. For the HoBi single
crystal, the ASy peak near T; reaches 13.1 J/kg-K for a low
field change of 2 T and the peak near Ty reaches —18 J/kg-K
for a field change of 5 T. These excellent properties are ex-
pected to be used to design some special magnetic refrigera-
tors.
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