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The magnetic properties and magnetocaloric effects (MCE) of HoNiGa compound are investigated systematically.
The HoNiGa exhibits a weak antiferromagnetic (AFM) ground state below the Neel temperature Ty of 10 K, and the AFM
ordering could be converted into ferromagnetic (FM) ordering by external magnetic field. Moreover, the field-induced FM
phase exhibits a high saturation magnetic moment and a large change of magnetization around the transition temperature,
which then result in a large MCE. A large —ASy of 22.0 J/kg K and a high RC value of 279 J/kg without magnetic hysteresis
are obtained for a magnetic field change of 5 T, which are comparable to or even larger than those of some other magnetic
refrigerant materials in the same temperature range. Besides, the uoHZ/ 3 dependence of \ASK,IH well follows the linear
fitting according to the mean-field approximation, suggesting the nature of second-order FM—PM magnetic transition under
high magnetic fields. The large reversible MCE induced by metamagnetic transition suggests that HoNiGa compound could
be a promising material for magnetic refrigeration in low temperature range.
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1. Introduction

The magnetic refrigeration based on magnetocaloric ef-
fect (MCE) is superior to the conventional gas compression-
expansion refrigeration technique due to its higher energy
transfer efficiency and environmental friendliness.!!! In re-
cent years, the environmental degradation and the demand of
new energy technique have aroused the passion of scientists
to develop this advanced refrigeration technology and search
for high-performance magnetocaloric materials, which exhibit
large MCE, high refrigerant capacity (RC), and negligible hys-
teresis loss. (%)

In the past few decades, large MCEs have been reported
in many materials with magnetic transition from ferromag-
netic (FM) to paramagnetic (PM) states, in which a negative
magnetic entropy change ASy; (conventional MCE) is obtained
by applying a magnetic field. On the other hand, the anti-
ferromagnetic (AFM) material exhibits positive magnetic en-
tropy change ASy (inverse MCE) with applying a magnetic
field due to the disordering of AFM sublattices antiparallel to
the magnetic field.!'>!!] However, recently some AFM mate-
rials have also been found to exhibit large conventional MCEs,
which are associated with the first-order field-induced metam-
agnetic transition from AFM to FM states. U2.131 Moreover, the
AFM-FM metamagnetic transition shows perfect magnetic re-
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versibility, so it is favorable for the practical application in
magnetic refrigeration. These results hint us that large re-
versible MCE could be found not only in FM materials but
also in AFM materials.

As one of the important rare-earth (R) based series, the
ternary intermetallic RTX compounds (R = rare earth, T =
transitional metal, X = p-block metal) have been investigated
systematically in the past decades.!!*'®! Tt is interesting to
note that although the X atoms hardly contribute the mag-
netic moments, the crystallographic structure would vary with
the change of X atoms, thus leading to the different mag-
netic and magnetocaloric properties of RTX compounds. ']
For example, the HoNiSi compound crystallizes in the or-
thorhombic TiNiSi-type structure and experiences an AFM—
PM transition,[!3 while the HoNiAl compound crystallizes in
the hexagonal ZrNiAl-type structure and undergoes successive
AFM-FM and FM-PM transitions. !”! Moreover, the HoNiln
compound also crystallizes into ZrNiAl-type structure as Ho-
NiAl, but it shows successive spin-reorientation-like transition
and FM—PM transition.!'8! In order to further understand the
effects of different p-block metals X on the magnetic and mag-
netocaloric properties in RT X compounds, in present work, we
study the magnetic properties and MCE of HoNiGa compound
in detail.
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2. Experiment

The polycrystalline HoNiGa compound was prepared by
arc-melting appropriate proportion of constituent components
with the purity better than 99.9 wt%. The ingot was flipped
over and melted several times to ensure homogeneity. The
as-cast sample was wrapped in tantalum foil and annealed
in a high-vacuum quartz tube at 1223 K for 3 weeks, and
then quenched in ice water. The crystal structure was inves-
tigated by powder x-ray diffraction (XRD) at room tempera-
ture through using Cu Ko radiation, and the structure param-
eters were determined by Rietveld refinement!!®! through us-
ing GSASPY/EXPGUI softwares.>!] The XRD investigation
confirmed that HoNiGa compound crystallizes into a single
phase with TiNiSi-type orthorhombic structure (space group
Pnma). The lattice parameters obtained from Rietveld refine-
ment as shown in Fig. | are a = 6.8161(3) A, b =4.2737(2) A,
and ¢ = 7.3242(3) A, respectively, which are in good agree-
ment with the data reported in previous literature.>?! The mag-
netic properties of the compound were measured by using a
superconducting quantum interference device (model MPMS
SQUID VSM) from Quantum Design, Inc.
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Fig. 1. (color online) Observed (dots) and calculated intensities (line
drawn through the data points) of the fully refined x-ray diffraction
pattern of HoNiGa compound at room temperature. The short vertical
lines indicate the Bragg peak positions of the orthorhombic TiNiSi-type
structure. The lower curve shows the difference between the observed
and calculated intensities.

3. Results and discussion

The temperature (7) dependences of zero-field-cooling
(ZFC) and field-cooling (FC) magnetization (M) for HoNiGa
compound under a magnetic field of 0.01 T are shown in
Fig. 2(a). It is found that the HoNiGa compound undergoes
a magnetic transition from AFM to PM states around the Neel
temperature Ty = 10 K with the increase of temperature. In
addition, it is worth noting that neither thermal hysteresis nor
discrepancy between ZFC and FC curves can be observed,
indicating the perfect thermomagnetic reversibility of mag-
netic transition, which is beneficial to the practical applica-
tion of magnetic refrigeration. The temperature dependence
of the reciprocal of magnetic susceptibility (y ~') under 1 T is

also displayed in Fig. 2(a), and the relation between y ~!' and
temperature obeys the Curie-Weiss law in PM section. The
paramagnetic Curie temperature (6) and effective magnetic
moment (Uefr) of HoNiGa compound, determined by Curie—
Weiss fit of x‘l—T curve, are 13.3 K and 10.43 ,uB/H03+, re-
spectively. This calculated s value is close to the theoreti-
cal magnetic moment of holmium cation (Ho**: 10.60 ug),
indicating that the magnetic moments of HoNiGa originate
from Ho* while the Ni atoms hardly contribute the magnetic
moments. This fact is consistent with many previous results

13.23.24] In addition, as is well known,

about RTX compounds.!
the 6, value represents the sum of all magnetic interactions
in system, and usually an AFM material exhibits a negative
6, value.*>! However, here the positive 6, value indicates
the presence of predominant FM interaction in HoNiGa com-
pound under 1 T, so it suggests that the AFM ground state in
HoNiGa is unstable and could be converted into an FM state

by external magnetic field.
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Fig. 2. (color online) (a) Temperature dependences of ZFC and FC mag-
netizations for HoNiGa under a magnetic field of 0.01 T and the inverse dc
susceptibility (x~!) as a function of temperature fitted to Curie~Weiss law
in a magnetic field of 1 T; (b) temperature dependences of magnetization for
HoNiGa under various magnetic fields.

In order to further understand the effect of magnetic field
on the phase transition, the temperature dependences of mag-
netization for HoNiGa compound under various applied fields
are measured as shown in Fig. 2(b). The M-T curves at low
magnetic fields each exhibit a typical A-type peak around Ty,
revealing that HoNiGa experiences an AFM-PM magnetic
transition at low magnetic field. With the increase of mag-
netic field, the magnetization below 7y increases obviously,
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indicating the occurrence of the field-induced metamagnetic
transition from AFM to FM states. When the magnetic field is
larger than 0.8 T, the HoNiGa compound shows a step-like be-
havior of M—T curve, corresponding to the typical characteris-
tic of FM—PM magnetic transition.?%2”) Meanwhile, the mag-
netic transition becomes gentle with increasing magnetic field
and the magnetization is still at high value in PM region under
high magnetic fields. This fact implies the possible presence of
field-induced short-range FM correlations in PM region.!!7->]

Figure 3(a) shows the magnetization isotherms of
HoNiGa compound under applied fields up to 5 T in a tempera-
ture range of 2 K— 8 K. It is seen from the inset of Fig. 3(a) that
the magnetization under low magnetic field increases with the
increase of temperature, revealing the characteristic of AFM
ground state. With the increase of magnetic field, a sharp jump
of magnetization occurs when the field reaches a critical value
(e.g., 0.5 T at 2 K), which leads to a crossover of magnetiza-
tion isotherms. Then, the magnetization decreases gradually
with increasing temperature, corresponding to the character-
istic of FM state. This result confirms that the AFM ground
state in HoNiGa exhibits a weak stability and can be converted
into FM state by applying an external field, which is consistent
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with the discussion of positive 8, value. In addition, the sat-
uration magnetic moment (s ), obtained by extrapolating the
M-1/uoH curve to 1/uoH — 0 through using M—poH curve
at 2 K, is 9.56 uB/Ho3+, which is close to the theoretically
calculated gJ value of 10.00 ug/Ho’*. This large ug value
is attributed to the field-induced metamagnetic transition from
AFM to FM states. On the other hand, it is seen from Fig. 3(b)
that the magnetization changes remarkably around 7y = 10 K.
Therefore, the high g of field-induced FM phase and the large
change of magnetization around the transition temperature im-
ply the possibility of high MCE in HoNiGa compound.!-?*! Tn
addition, the magnetization isotherms at temperatures higher
than 7Ty (up to 33 K) still show distinct curvatures as shown in
Fig. 3(b), further confirming the presence of short-range FM
correlations in PM region. As is well known, the magnetic
hystereses in the magnetizing and demagnetizing processes
will reduce the effective refrigerant capacity (RC) of magnetic
material.[?8] Here, the M—1oH curves are measured in the field
increasing and decreasing modes, and no magnetic hysteresis
is observed. This perfect reversibility of magnetic transition is
desirable for practical applications in magnetic refrigeration.
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Fig. 3. (color online) Magnetization isotherms of HoNiGa compound in the temperature regions of (a) 2 K-8 K and (b) 10 K-60 K, respectively.
The inset of Fig. 3(a) shows the magnetization isotherms under relatively low magnetic fields. The Arrott plots of HoNiGa compound are in
the temperature regions of (c) 2 K-8 K and (d) 10 K-18 K, respectively.

The Arrott plots are derived from the M—uoH curves and
are presented in Figs. 3(c) and 3(d). According to Banerjee
criterion, a magnetic transition is expected to be of first-order
when the Arrott plot exhibits negative slope or inflection point;

otherwise it is considered as second-order when the slope of

Arrott plot is positive.[>?! Tt is seen that the Arrott plots below
Tn show obvious negative slopes, confirming that the field-
induced AFM-FM metamagnetic transition is of first-order.
On the other hand, the positive slope of Arrott plot above Ty

proves the characteristic of a second-order magnetic transition
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from PM state to FM state.
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Fig. 4. (color online) (a) Temperature dependences of magnetic en-
tropy change —ASy for HoNiGa compound under different magnetic
field changes from 0.1 T to 1.8 T. The inset shows the —ASy; through
value below Ty as a function of magnetic field change. (b) Temperature
dependences of magnetic entropy change —ASy; for HoNiGa compound
under different magnetic field changes increasing from2 Tto 5 T.

The ASwm values for different magnetic field changes are
calculated from magnetization isotherms by using Maxwell re-
lation:

H
ASw (T, H) = o /0 (OM /3Ty dH, (1)

and the obtained results are plotted in Fig. 4. It is found from
Fig. 4(a) that small negative —ASy; values (inverse MCE) can

be observed below Ty for relatively low magnetic field change,
which is due to the presence of AFM state at low temperatures.
The inset of Fig. 4(a) shows the —ASy; trough value below Ty
as a function of magnetic field change. It is clearly seen that
at first the —ASy; trough value decreases with the increase of
magnetic field and reaches a minimum value of —1.33 J/kg for
a field change of 0.7 T, which is due to the more disordered
AFM magnetic sublattices antiparallel to the applied magnetic
field. Then, the negative —ASy value starts to increase when
the AppH > 0.7 T, and it gradually changes to positive value.
Such a sign change of —ASy; value is due to the field-induced
metamagnetic transition from AFM to FM states. 3]

With the further increase of magnetic field, a large posi-
tive —ASy peak (normal MCE) of —22.0 J/kg K can be found
around the transition temperature for a field change of 5 T
(Fig. 4(b)). This giant MCE is related to the high saturation
magnetic moment of field-induced FM phase and the rapid
change of magnetization around the transition temperature. >4
Meanwhile, it is interesting to note that the —ASy; peak broad-
ens asymmetrically towards higher temperatures with increas-
ing field, which is likely to be related to the presence of field-

induced FM correlation in PM region. 3!}

As another impor-
tant parameter to quantify the heat transferred from hot to cold
sinks during an ideal refrigeration cycle, the RC value is esti-

mated from the following formula:
T,
RC = |ASm|dT, (2)
i

where T; and 75 are the temperatures corresponding to both
sides of the half maximum —ASy; peak. The RC reaches a
value as high as 279 J/kg for a magnetic field change of 5 T.
For comparison, Table 1 summarizes the MCEs of HoNiGa
and some other magnetocaloric materials with similar mag-
netic transition temperatures. It can be seen that the —ASy
and RC values of HoNiGa are comparable to or even larger
than those of some other magnetic refrigerant materials in the
same temperature range.

Table 1. Magnetocaloric properties of HoNiGa and some other magnetocaloric materials with similar transition temperatures.

*ASMmax/U/kg'K)

Materials Te/Tn/K RC/(J/kg) (5 T) Refs.
2T 5T
TbCuSi 11 2.7 10.0 246 [32]
EugGa,Gesg 13 4.5 - 400 [33]
Dy.9Tmg Ni;B,C 9.2 4.05 14.7 220° [34]
ErNis 9 - 15.0 2322 [35]
ErNiln 9 10.1 15.1 229 [18]
DyNi;B,C 10.5 4.4 17.6 186% [36]
HoCoAl 10 12.5 21.5 437* [37]
HoCuAl 11.2 17.5 30.6 486 [38]
DyCusSi 10 10.5 24.0 381 [39]
HoNiGa 10 8.4 22.0 279 This work

2The RC values are estimated from the temperature dependence of ASy; in the literature.
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According to the mean-field approximation, despite the
diversities in the shape of —ASy—T curve for different mate-
rials, the field dependences of —ASy for all the materials with
second-order magnetic transition can be expressed as

|ASPK| o H”, 3)

where the local exponent n is 2/3 at the transition tempera-
ture. 4% Therefore, it is considered to be an effective method
to investigate the nature of magnetic transition. The poH?>/3
dependence of |AS§/II(| value and the linear fitting are plotted
in Fig. 5. It is clearly seen that the poH2/? dependence of
\AS{H well follows the linear fitting with a fit index of 0.9934.
The slight deviation of |AS§,‘; | at 1 T might be related to the
presence of a small number of AFM components under rel-
atively low magnetic field.[*!! This result indicates that the
field dependence of ASy for HoNiGa can be expressed well
by the mean-field approximation, thus further proving that the
HoNiGa undergoes a second-order FM-PM magnetic transi-
tion under high magnetic field.
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Fig. 5. (color online) The \AS% value as a function of ;LOHZ/ 3 and the
linear fitting to it.

4. Conclusions

In summary, the HoNiGa compound undergoes an AFM—
PM magnetic transition under low magnetic field in the vicin-
ity of Ty = 10 K. However, the AFM ground state can be con-
verted into FM state due to its weak stability, and thus the
HoNiGa undergoes a second-order FM—PM magnetic transi-
tion under high magnetic field. Moreover, perfect thermal and
magnetic reversibility are observed in HoNiGa, and it is de-
sirable for the practical applications in magnetic refrigeration.
The field-induced FM phase exhibits a high saturation mag-
netic moment and a large change of magnetization around the
transition temperature, thus leading to a large MCE. Besides,
the field dependence of \ASII\’/II(| for HoNiGa can be expressed
well by mean-field approximation, and thus it confirms the na-
ture of second-order FM—PM magnetic transition under high
magnetic field. Consequently, the large MCE without thermal
and magnetic hysteresis makes HoNiGa compound a promis-
ing candidate for magnetic refrigeration materials in low tem-
perature range.
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