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Magnetic properties and magnetocaloric effects (MCEs) of the HoPdAl compounds with the hexagonal ZrNiAl-type and the 
orthorhombic TiNiSi-type structures are investigated. Both the compounds are found to be antiferromagnet with the Néel tem-
perature TN=12 and 10 K, respectively. A field-induced metamagnetic transition from antiferromagnetic (AFM) state to ferro-
magnetic (FM) state is observed below TN. For the hexagonal HoPdAl, a small magnetic field can induce an FM-like state due 
to a weak AFM coupling, which leads to a high saturation magnetization and gives rise to a large MCE around TN. The maxi-
mal value of magnetic entropy change (SM) is 20.6 J/kg K with a refrigerant capacity (RC) value of 386 J/kg for a field 
change of 0–5 T. For the orthorhombic HoPdAl, the critical field required for metamagnetic transition is estimated to be about 
1.5 T, showing a strong AFM coupling. However, the maximal SM value is still 13.7 J/kg K around TN for a field change of 
0–5 T. The large reversible SM and considerable RC suggest that HoPdAl may be an appropriate candidate for magnetic re-
frigerant in a low temperature range. 
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1  Introduction 

Magnetic refrigeration based on the magnetocaloric effect 
(MCE) is expected to be a promising alternative technology 
to the conventional gas compression refrigeration due to its 
higher energy efficiency and friendly environment. In order 
to obtain the magnetic refrigerant materials with a large 
magnetic entropy change (SM), the MCEs in magnetic ma-
terials have been investigated extensively [1–4]. Giant SM 
around the transition temperatures has been observed in 
many materials, each of which experiences a first-order 
phase transition [1–9]. From the viewpoint of practical ap-
plications, the rare earth (R)-based intermetallic compounds 
exhibiting large MCEs at lower temperatures are potential 
magnetic refrigerants for the gas liquefiers. Recently, much 
attention has also been paid to the R-based compounds with  

low-temperature phase transitions. Some intermetallic 
compounds, such as RCoAl [10], HoNiAl [11], DyCuAl 
[12], HoCuSi [13], Er3Co [14], DyNi2 [15], ErGa [16], etc., 
have been found to exhibit giant MCEs around their transi-
tion temperatures.  

The ternary rare-earth compounds with the RPdAl com-
position have been investigated extensively in the past few 
decades due to their interesting physical properties. It was 
found that the crystal structure of RPdAl was sensitive to 
the history of its treatment process. The rapidly cooled and 
high-temperature (1050C) annealed samples crystallize in 
a hexagonal ZrNiAl-type structure (metastable high-tem- 
perature modification (HTM)), while the low-temperature 
(750C) annealed sample has an orthorhombic TiNiSi-type 
structure (stable low-temperature modification (LTM)) [17]. 
An isostructural phase transition from a high temperature 
modification HTM I phase to a low temperature modifica-
tion HTM II phase in the metastable HTM of GdPdAl and 
TbPdAl was found [18, 19] for the samples crystallizing in 
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the hexagonal structure. However, the measurements of the 
lattice parameters, the electrical resistivity and the magnetic 
properties for DyPdAl and HoPdAl show no isostructural 
transition [20, 21]. For GdPdAl and TbPdAl, the strong 
molecular field produced by Gd and Tb both act on the Pd 
atoms and may polarize them. It is accompanied by an in-
significant depletion of the occupied narrow Pd 4d band 
[22]. The density of states at the Fermi level increases and 
the magnetic moment is enhanced. However, an increase of 
magnetic moment is observed neither for DyPdAl nor for 
HoPdAl, indicating that Pd is non-magnetic and does not 
contribute to the density of states at the Fermi level [21]. 
The RPdAl compounds exhibit complex magnetic structures 
and possess different magnetic-phase transitions at low 
temperatures [18–25], which induce interesting magneto-
caloric properties [26, 27]. In this paper, we report on the 
magnetic properties and the MCEs of HoPdAl compound. 
Large SM and considerable refrigerant capacity (RC) 
around the Néel temperature (TN) are observed in HoPdAl.  

2  Experimental 

Polycrystalline HoPdAl was prepared by arc melting in a 
high-purity argon atmosphere. The purities of starting mate-
rials were better than 99.9%. The ingot was turned over and 
remelted several times to ensure its homogeneity. The me-
tastable HTM was prepared by annealing as-cast material at 
1080C for 12 days and rapidly quenching to room tem-
perature. The stable LTM was prepared by annealing as-cast 
material at 750C for 50 days. X-ray diffraction (XRD) 
measurement on powder sample was performed by using Cu 
K radiation to identify the crystal structure. Magnetization 
was measured as a function of temperature and magnetic 
field by using a superconducting quantum interference de-
vice (SQUID) magnetometer. The temperature dependent 
magnetizations were measured in both zero field-cooled 
(ZFC) and field-cooled (FC) processes in order to determine 
the magnetic reversibility and the magnetic transition tem-
perature. With the sample cooled down to 2 K in a zero 
field, the heating curve from 2 to 300 K was measured in a 
magnetic field of 0.01 T and the cooling curve from 300 to 
2 K was measured also in the same field. The Néel tem-
perature of the sample was defined as the temperature at 
which the maximum of M-T curve occurs. In order to de-
termine the ∆SM, the isothermal magnetization curves were 
measured by the SQUID magnetometer with magnetic 
fields up to 7 T at different temperatures.  

3  Results and discussion 

The powder XRD patterns of HoPdAl compounds were 
measured at room temperature. The Rietveld fitted results 
show that both the sample annealed at 1080C for 12 days 

and the as-cast sample have a hexagonal ZrNiAl-type 
structure with space group 62P m  (metastable HTM), 
while the samples annealed at 750C for 50 days exhibit an 
orthorhombic TiNiSi-type structure with space group Pnma 
(stable LTM). Figures 1(a) and (b) show the Rietveld fitted 
XRD patterns of the hexagonal and the orthorhombic 
HoPdAl, respectively. As can be inferred from the differ-
ence in plot between the observed and the calculated pat-
terns, both the samples are of single phase, and no impurity 
phase is observed. From the refinement result, the lattice 
parameters are determined to be a=7.1857(5) Å and 
c=3.9320(9) Å with the remaining factors being Rp=7.56%, 
Rwp=10.51%, and Rexp=1.59% for the hexagonal sample, 
and a=6.8527(4) Å, b=4.4037(9) Å and c=7.7242(8) Å 
with Rp=10.77%, Rwp=13.97%, and Rexp=5.84% for the 
orthorhombic sample, which are almost the same as those 
in ref. [17]. 

Figures 2(a) and (b) show the temperature dependences 
of zero-field-cooling (ZFC) and field-cooling (FC) mag-
netizations for the hexagonal and the orthorhombic HoPdAl 
under a magnetic field of 0.01 T. The results in Figure 2(a)  

 

 

Figure 1  Rietveld refined powder X-ray diffraction patterns of (a) the 
hexagonal HoPdAl and (b) the orthorhombic HoPdAl at room temperature. 
The observed data are indicated by crosses and the calculated profile is the 
continuous line overlaying them. The short vertical lines indicate the angu-
lar positions of the Bragg peaks of the hexagonal and the orthorhombic 
HoPdAl, respectively. The lower curve shows the differences between the 
observed intensities and the calculated intensities. 
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Figure 2  Temperature dependences of magnetization for (a) the hexago-
nal HoPdAl and (b) the orthorhombic HoPdAl in both zero field-cooled 
and field-cooled processes under a magnetic field of 0.01 T. The inset 
shows the reciprocal magnetic susceptibility ( 1) as a function of tem-
perature at 0.01 T magnetic field.  

show that the hexagonal HoPdAl undergoes two successive 
magnetic phase transitions at TN=12 K and Tt=4 K, respec-
tively. The change in magnetization around TN is believed to 
be an indication of a second-order antiferromagnetic 
(AFM)-paramagnetic (PM) phase transition as temperature 
increases. The phase transition at Tt, which is not observed 
in the thermomagnetic measurements of previous work [21], 
is associated with the AFM structure transition as the case 
observed in TbPdAl [26]. It is clearly observed from Figure 
2(b) that the orthorhombic HoPdAl has only an AFM-PM 
phase transition at TN=10 K. There is a small difference in 
TN between the hexagonal HoPdAl and the orthorhombic 
HoPdAl, which is different from those observed in TbPdAl, 
where both the hexagonal and the orthorhombic TbPdAl 
undergo two successive magnetic phase transitions with the 
same TN=43 K and Tt=22 K [19]. One can find that the 
heating and cooling M-T curves show a reversible behavior 
above TN and they are not accompanied with thermal hys-
tereses, indicating a nature of the second-order phase transi-
tion. Figures 3(a) and (b) show the temperature depend-
ences of the magnetization at different magnetic fields. For 
the hexagonal HoPdAl, it is observed that the values of TN, 
which depend on applied magnetic field, decrease with field  

 

Figure 3  Temperature dependences of magnetization for (a) the hexago- 
nal HoPdAl and (b) the orthorhombic HoPdAl in different magnetic fields. 

increasing. However, the values of Tt remain almost un-
changed. It is noticeable that the magnetization in AFM 
region below TN for the hexagonal and the orthorhombic 
HoPdAl increase greatly with the increase of magnetic field, 
revealing the occurrence of a field-induced AFM-FM tran-
sition. When the applied magnetic fields are higher than 
about 0.2 and 1.5 T for the hexagonal and the orthorhombic 
HoPdAl, respectively, the magnetization as a function of 
temperature exhibits stepwise behavior above TN, which 
corresponds to the FM-PM transition. An analogous behav-
ior was also observed in other compounds, such as HoCuSi 
[13] and DySb [28].  

The reciprocal magnetic susceptibility (1) of the hex-
agonal and the orthorhombic HoPdAl are plotted as a func-
tion of temperature at 0.01 T magnetic field in the insets of 
Figures 2(a) and (b), respectively. It is found that for the 
hexagonal HoPdAl, the magnetic susceptibility at tempera-
tures above 40 K perfectly follows the Curie-Weiss law. 
The PM Curie temperature (p) is estimated to be 15.1 K. 
The value of the effective magnetic moment (eff) per Ho 
ion for the hexagonal HoPdAl is obtained from the linear 
temperature dependence of 1 at 40–300 K to be 10.63 B, 
which is close to eff =

 10.61 B for the free Ho3+ ion. For 
the orthorhombic HoPdAl, the values of PM p and eff are 
4.3 K and 10.4 B, respectively, and the eff value is slightly  
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smaller than that of the free Ho3+ ion. 
Figure 4(a) shows the isothermal magnetization as a 

function of magnetic field for the hexagonal HoPdAl around 
TN with different temperature steps in the range of 2–70 K. 
One can find that the isothermal M-H curves exhibit typical 
FM nature at temperatures lower than TN and a linear rela-
tion in the PM state for temperatures much higher than TN. 
However, the isothermal magnetization curves obtained 
well above TC show strong curvatures at low fields as 
shown in other intermetallic compounds [11, 14, 29]. The 
curvatures in the M-H curves probably indicate the exis-
tence of short-range FM correlations in the PM state, which 
is in accordance with the result of positive p (see the inset 
of Figure 2(a)). The positive value of p implies the pres-
ence of FM interaction in the hexagonal HoPdAl compound 
because p reflects the collective exchange interactions in 
the compound. The isothermal M-H curves were also meas-
ured respectively in the field increasing and decreasing 
modes around TN in order to observe the reversibility of the 
magnetic transitions. There is no magnetic hysteresis in each 
curve, indicating that the magnetization of the hexagonal 
HoPdAl around TN is perfectly reversible. Figure 4(b) shows 
the Arrott plots of the hexagonal HoPdAl compound at 
temperatures ranging from 2 to 35 K. According to the 
Banerjee criterion [30], a magnetic transition is expected to 
be of the first-order when the slope of Arrott plot is negative,  

 

 
Figure 4  (a) Isothermal magnetization curves of the hexagonal HoPdAl 
around TN under the magnetic fields up to 7 T and (b) Arrott plots of the 
hexagonal HoPdAl. 

whereas it will be of the second-order when the slope is 
positive. The positive slope above TN indicates a character-
istic of field-induced second-order PM-to-FM transition. 
However, it can be clearly seen from Figure 4(b) that the 
Arrott plots for the hexagonal HoPdAl exhibit obviously a 
negative slope below TN, which confirms the occurrence of 
the first-order AFM-to-FM metamagnetic transition. From 
the isothermal M-H curves of the hexagonal HoPdAl below 
TN (see Figure 4(a)), the critical field (Bc) required for 
metamagnetic transition is estimated. The value of Bc, de-
fined as the maximum of dM/dH-H curve, is found to be 
about 0.15 T. The low Bc indicates that the hexagonal 
HoPdAl exhibits a weak AFM coupling, that is, the 
metamagnetic transition from AFM-to-FM state can be 
achieved by applying a very low field. Thus, the magnetiza-
tion of the hexagonal HoPdAl is easily saturated below TN. 
In fact, a high saturation magnetization is observed and the 
saturation moment in a magnetic field of 7 T at 2 K is found 
to be 8.9 B/f.u. 

Figure 5(a) shows the magnetic field dependence of 
magnetization for the orthorhombic HoPdAl around TN in 
the temperature range of 2–40 K. It is found that the mag-
netizations of the orthorhombic HoPdAl below TN increase 
slowly with the increase of magnetic field in a low field 
range owing to the existence of AFM ground state. How-
ever, it is found that the magnetization exhibits a sharp  

 

 
Figure 5  (a) Isothermal magnetization curves of the orthorhombic HoP-
dAl around TN under the magnetic fields up to 7 T and (b) Arrott plots of 
the orthorhombic HoPdAl.  
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increase at Bc, indicating that the field-induced metamag-
netic transition from AFM to FM state occurs. The Arrott 
plot of the orthorhombic HoPdAl (see Figure 5(b)) exhibits 
obviously a negative slope below TN, confirming the exis-
tence of the field-induced first-order AFM-FM transition. 
Based on the isothermal M-H curves below TN (Figure 5(a)), 
the BC value is estimated to be 1.5 T at 2 K and has a small 
decrease with temperature increasing. The BC values are 
much larger than those of the hexagonal HoPdAl, indicating 
a stronger AFM coupling in the orthorhombic HoPdAl than 
in the hexagonal HoPdAl. The large BC makes the magneti- 
zation not so easy saturate even in an applied magnetic field 
of 7 T as shown in Figure 5(a). 

In an isothermal process of magnetization, the SM of the 
material can be derived from Maxwell relation SM= 

0
( ) d .

H

HM T H   To derive the temperature dependence 

of SM, the following numerical approximation of the inte-
gral is usually adopted under increasing and decreasing 
fields:  
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where Mi and Mi+1 are the experimental values of the mag-
netization measured at Ti and Ti+1 in an applied magnetic 
field Hi, respectively. The SM for HoPdAl was calculated 
based on the isothermal magnetization data according to 
expression (1). Figure 6 shows the temperature dependence 
of ∆SM around TN for different magnetic field changes. For 
the hexagonal HoPdAl, it is observed from Figures 6(a) and 
(b) that both the heights and the width of ∆SM peaks depend 
on the magnetic field applied externally, and they increase 
obviously with filed increasing. The ∆SM peak is found to 
broaden asymmetrically toward high temperatures with the 
increase of magnetic field as shown in the metamagnetic 
La(Fe, Si)13 compounds [6], resulting in a large MCE at 
temperatures above TN. It can also be seen from Figures 6(a) 
and (b) that each of SM-T curve exhibits a slight bulge 
around Tt, which is associated with the frustrated AFM 
structure [24–26]. A large SM, which results from the 
field-induced AFM-FM metamagnetic transition, is ob-
served in the hexagonal HoPdAl around TN. The maximal 
values of SM reach 12.8, 20.6 and 23.6 J/kg K for the 
sample annealed at 1080C for 12 days (see Figure 6(a)) 
and 11.4, 22.8 and 27.4 J/kg K for the as-cast sample (see 
Figure 6(b)) under magnetic field changes of 0–2 T, 0–5 T 
and 0–7 T, respectively. It is found that the ∆SM value of the 
hexagonal HoPdAl is comparable to those of HoCoAl [10], 
HoNiAl [11], Er3Co [14], and DyNi2 [15] compounds with 
a similar magnetic transition temperature and it is also much 
larger than those of DySb [28], DyNi5 and ErNi5 [31].  

It is also found from Figure 6(c) that the values of SM of 
the orthorhombic HoPdAl are positive at temperatures be-
low TN and under lower magnetic fields, but they change  

 
Figure 6  Temperature dependences of magnetic entropy change ∆SM for 
(a) the as-cast sample of the hexagonal HoPdAl, (b) the hexagonal HoPdAl 
prepared by annealing as-cast sample at 1080C for 12 days and (c) the 
orthorhombic HoPdAl annealed at 750C for 50 days for different mag-
netic field changes. 

into negative values with applied field increasing owing to 
the field-induced AFM-FM transition. The negative values 
of SM in the FM and the PM states result from magneti-
cally more ordered configuration, with a magnetic field ap-
plied externally [32]. However, the positive value of SM in 
the AFM ordering is attributed to the disordered magnetic 
sublattices antiparallel to the applied magnetic field [33]. A 
positive value of SM for the orthorhombic HoPdAl indi-
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cates a dominance of AFM ordering at low temperatures. 
When the temperature is increased to TN, the field-induced 
AFM-FM transition leads to a large negative value of SM. 
The maximum value of SM is found to increase monotoni-
cally with the increase of applied magnetic field and reaches 
a value of –13.7 J/kg K around TN for a magnetic field 
change from 0 to 5 T. The SM value is smaller than that of 
the hexagonal HoPdAl owing to a stronger AFM coupling 
in the orthorhombic HoPdAl. 

The value of RC for the hexagonal HoPdAl is estimated 
by using the approach suggested by Gschneidner et al. [34]. 

The RC is defined as RC=
2

1

d
T

MT
S T , where T1 and T2 are 

the temperatures corresponding to both sides of the 
half-maximum value of ∆SM peak, respectively. Calcula-
tions show that the maximal value of RC for the hexagonal 
HoPdAl is 386 J/kg with T1=6.8 K (temperature of the cold 
reservoir) and T2=31 K (temperature of the hot reservoir) 
for a magnetic field change of 0–5 T. It is evident that the 
large RC of HoPdAl is due to the large SM and the rela-
tively wide SM peak. 

4  Conclusion 

The hexagonal and the orthorhombic HoPdAl compounds 
are found to exhibit a second-order AFM-PM transition at 
TN =12 and 10 K, respectively, and to undergo a field-in- 
duced metamagnetic transition from AFM state to FM state 
below TN. The critical field required for metamagnetic tran-
sition is estimated to be about 0.15 T, indicating that the 
hexagonal HoPdAl has a weak AFM coupling. Large re-
versible MCE is observed around TN. The maximal value of 
SM is determined to be 20.6 J/kg K with a considerable 
RC value of 386 J/kg for a field change of 0–5 T. It is inter-
esting that for a field change of 0–2 T, which can be sup-
plied by a permanent magnet, the SM value for HoPdAl is 
as high as 12.8 J/kg K. The good magnetocaloric proper-
ties in the hexagonal HoPdAl compound result from the 
high saturation magnetization caused by the field-induced 
AFM-FM transition below TN. 
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