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Abstract

The magnetic properties and magnetocaloric effects of the intermetallic compounds R3;Pd, (R = Nd and Pr) were investigated.
The results show that the ground state of the Nd;Pd, compound is weakly antiferromagnetic below the Néel temperature 7 of
9.4 K, which can be induced to be ferromagnetic state with a small applied field. For the Pr;Pd4 compound, it does not show any
magnetic order-disorder transition down to 5 K. In the paramagnetic region, the reciprocal magnetic susceptibilities x ' for both
compounds obey the Curie-Weiss law. The values of the effective magnetic moment for R;Pd, (R = Nd and Pr) are determined to
be 3.83 1up/Nd** and 3.51 pup/Pr’™, respectively, and the corresponding paramagnetic Curie temperatures were determined to be
6.5 K and — 17 K. For a magnetic field change of 0-5 T, the maximum magnetic entropy changes (-ASy) for Nd;Pd, and Pr;Pd,
are found to be 7.8 J/kg K and 6.9 J/kg K, respectively. The corresponding value of refrigerant capacity (RC) for the Nd;Pd,

compound is estimated to be 74 J/kg.

Keywords R;Pd, (R =Nd and Pr) compounds - Metamagnetic transition - Magnetocaloric effect

1 Introduction

The temperature of material increases or decreases when ap-
plied or removed an external magnetic field adiabatically, and
this phenomenon is called the magnetocaloric effect (MCE).
Magnetic refrigeration based on the MCE is expected to be a
promising cooling technique, which might replace the conven-
tional gas compression refrigeration due to its higher energy
efficiency and greater environmental friendliness [1-4]. The
MCE is an intrinsic property of magnetic materials, which
can be characterized by the magnetic entropy change in an
isothermal process (ASyy) and/or the temperature change in
an adiabatic process (AT,q) [5, 6]. Besides, the refrigerant ca-
pacity (RC), which is characterized by the amount of the heat

< Y. J. Wang
wang_wangyj@163.com

>4 Y.S.Du
duyusong @guet.edu.cn

Key Laboratory of Impact and Safety Engineering, Ministry of
Education, Ningbo University, Ningbo 315211, China

School of Materials Science and Engineering, Guangxi Key
Laboratory of Information Materials, Guilin University of Electronic
Technology, Guilin 541004, China

transfer between the hot and cold sinks in an ideal refrigeration
cycle, is considered to be another important and meaningful
parameter to evaluate the magnetocaloric properties [7]. In the
past decades, a great number of ferromagnetic (FM) materials
with first-order magnetic transition (FOMT) from FM to para-
magnetic (PM) states have been found to show large MCE
around their transition temperatures [8, 9], such as Mn;._
FeAs [10], ErCo, [11, 12], Gds(Si;_Gey)s [13, 14], and
Heulser alloys Ni-Mn-Sn [15]. However, the majority of them
are usually accompanied by thermal and magnetic hysteresis
losses and result in the irreversibility in -ASy; and AT,q4 curves,
which may greatly reduce the effective RC of the magnetic
refrigerant materials in a cooling cycle [1, 16, 17]. Therefore,
it is of great importance to acquire magnetic materials with a
large reversible MCE. Up to now, some antiferromagnetic
(AFM) materials have been investigated theoretically and ex-
perimentally, such as DyCuSi [1], DySb [18], ErRu,Si, [19],
and GdCo,B; [20]. It was found that these materials possess a
giant MCE associated with the first-order magnetic field—
induced order-to-order metamagnetic transition from AFM to
FM states accompanied by quite small magnetic and thermal
hysteresis losses [19, 21, 22]. Consequently, it is desirable to
explore the AFM-FM metamagnetic transition material for the
practical application in magnetic refrigerant.

The R;Pd, compounds (R = rare earth) have been known
for many years. Palenzona and Iandelli firstly reported the
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Fig. 1 The unit cell of R3Pd,. 1, -
3a, and -3b Wyckoff sites are
occupied by Pd atoms and 1f site
by R atoms

structure and lattice constants of R3Pd,; (R =La-Nd, Y, Sm and
Gd-Lu), determining that all the compounds crystallize in a
rhombohedral PusPd,-type (space group R-3) [23]. The crys-
tal structure of R3Pd, is exhibited in Fig. 1 where the rare earth
atoms R occupy only one crystallographic site (1f), while the
Pd atoms take up three crystallographic sites: (1f), (-3a) and (-
3b). Preliminary magnetic measurements of the R3Pd4 com-
pounds were carried out by Yakinthos et al., and they found
that the compounds of Nd;Pd,, Tb;Pd,, Dy;Pd,, and Ho;Pd,
order antiferromagnetically with the Néel temperatures
below 20 K [24]. However, a literature survey shows that
apparently the MCEs of the R3;Pd4 compounds have not
been studied in detail. In this paper, the Nd;Pd, and
Pr;Pds compounds were chosen as the object of study
and the magnetic properties and magnetocaloric behavior
of them were investigated. The observed considerable
magnetocaloric effects indicate that Nd;Pd, and Pr3Pd,
may be two suitable candidates for magnetic refrigerant
in low temperature range with no thermal loss.

2 Experimental

The intermetallic R3Pd; (R = Nd and Pr) compounds were
synthesized by arc-melting the constituent elements (ingot,
Yosoc Science & Technology Co. Ltd., Beijing, China) with
the purity better than 99.99 wt% in a high-purity argon atmo-
sphere on a water-cooled copper crucible. The ingots were
turned over and remelted four times to ensure homogeneity.
The weight loss less than 0.5 wt% during melting was accept-
able. And then both ingots were sealed in the evacuated quartz
tubes for isothermal heat treatment at 800 K for 7 days.
Subsequently, the samples were quenched to room tempera-
ture in ice-water mixture. A portion of each ingot was ground
to powder for X-ray diffraction (XRD, PANalytical
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Empyrean) measurement by using Cu K« radiation (A=
1.54056 A) at room temperature to identify the single-
phase nature of the R3Pd; (R = Nd and Pr) compounds.
The remaining ingot samples were used to the magnetic
measurement by the vibrating sample magnetometer
(VSM) option of the physical property measurement sys-
tem (PPMS-9, Quantum Design, Inc.).

3 Results and Discussion

The XRD patterns at room temperature for Nd;Pd4 and Pr;Pd,
with 26 =20-90°are illustrated in Fig. 2. The vertical bars at
the bottom are the calculated Bragg diffraction peaks of the
Pr;Pd, phase. Since the characteristic diffraction peaks of the
adjacent rare earth elements (Nd and Pr) are basically the
same, only Pr;Pd, Bragg diffraction peaks are used to com-
pare in our study [23]. It is clearly observed that the
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Fig. 2 Powder XRD patterns of Nd;Pd, and Pr;Pd, at room temperature.
The calculated diffraction peaks (bottom) of the Pr;Pd4 phase with the
PuzPd,-type hexagonal structure
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Fig. 3 (color online) Temperature dependences of ZFC and FC
magnetizations for a Nd;Pd4, b Pr;Pd4 under the magnetic field of
200 Oe; the inset are temperature variation of the inverse dc
susceptibility fitted to the Curie-Weiss law, respectively

experimental peaks are consistent with the calculated ones and
no redundant peaks are evident, which suggests that both the
compounds crystallize in a single phase with the PusPd,-type
hexagonal structure. The inset of Fig. 2 presents the

—o— cooling
—o— heating

(a) Nds3Pd4

at 200 Oe

0.00 . ——

0 50 100 150 200 250 300
T (K)

enlarged main characteristic diffraction peaks of Nd;Pd,
and Pr;Pd,. It is clear that the positions of the diffraction
peaks of Nd;Pd, shift to a higher angle (e.g., in the vicin-
ity of 20=35°) compared with those of Pr;Pd4, which
suggests the lattice constants of R3;Pd, compounds de-
crease due to the lanthanide contraction [23].

Figure 3a shows the temperature dependence of zero-
field-cooled (ZFC) and field-cooled (FC) magnetizations
for the Nd;Pd, compound in a field of 200 Oe. A typical
A-type peak is observed both in the ZFC and FC curves,
revealing that Nd;Pd,4 experiences an AFM-to-PM magnet-
ic transition at the Néel temperature Ty =9.4 K, which is
consistent with the previous report of Yakinthos et al. [24].
The insert of Fig. 3a is the temperature dependence of the
inverse of magnetic susceptibility y ' derived from the FC
curve under the field of 200 Oe. In the PM region, the
susceptibility shows a Curie-Weiss behavior. The calcula-
tion result of the effective magnetic moment (pes) is ob-
tained to be 3.83 yp/Nd**, which is slightly larger than the
theoretical value of Nd>* (3.62 ug)- A similar enhancement
of the ps is also observed in the RNiAl compounds [25,
26] and may be attributed to the polarization of the con-
duction band, which is termed as magnetic polaronic effect
[27, 28]. The paramagnetic Curie temperature (6p) is deter-
mined to be about 6.5 K, which is smaller than the value of
8 K reported by Yakinthos et al. [24]. Here, it is of interest
to note that the observed value of @p that represents the sum
of all magnetic interactions in system is positive, which
seems contradictory to the result derived from the M-T
curves. Usually, an AFM material exhibits a negative 6p
value and similar phenomenon also has been observed in
some AFM compounds, such as R,PdSi; (R = Tb, Dy)
[28], HoNiGa [29], and HoNiAl [25]. The positive fp
values indicate the presence of the dominating FM interac-
tion in these compounds, and the AFM ground state in
these compounds is unstable and can be easily induced into
a FM state by an applied magnetic field [29].
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Fig. 4 (color online) Temperature dependences of the magnetizations for a Nd;Pd4, b Pr;Pd, measured on heating and cooling processes in applied

magnetic fields of 200 Oe
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The temperature dependence of magnetization in the FC
and ZFC models for the Pr;Pd; compound in a temperature
range of 5-200 K was measured and shown in Fig. 3b. It is
observed that the magnetization decreases greatly with in-
creasing temperature indicating there exists a magnetic transi-
tion, however, it does not show any magnetic ordering state
down to 5 K. Yakinthos et al. [24] studied Pr;Pd, with the
temperature as low as 4.2 K, but the ordering state was still not
observed. The inset of Fig. 3b is the temperature dependence
of the magnetic susceptibility y ' of Pr;Pd, measured under
an applied field of 200 Oe as well as the Curie-Weiss fit. By

fitting the high temperature range in the PM region, it is found
that the susceptibility mainly obeys the Curie-Weiss law
Xfl = (T — 0p)/C with an effective magnetic moment of 3.51
up and a paramagnetic Curie temperature fp of —17 K. The
calculated effective magnetic moment 3.51 up is close to
the theoretical value of Pr’* (3.58 pp) indicating that the
Pd atom in the Pr;Pd, compound is probably non-display
magnetism. The obtained negative value of 6p is equal to
that of —17 K reported by Yakinthos et al. [24], which
suggests the possible presence of AFM interaction cou-
pling in the Pr;Pd, compound.
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Fig.5 (color online) Field-dependent magnetizations of a and b Nd;Pd,, d Pr;Pd,. The inset of a shows the magnetization isotherms under low magnetic
fields. ¢, e Arrott plots of those compounds in the temperature regions of 5-30 K and 5-31 K, respectively
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Fig.6 (color online) Temperature dependence of magnetic entropy change of a Nd;Pd, and b Pr;Pd, compounds under different magnetic field changes

increasing from 1to 5 T

In order to investigate whether there is thermal hyster-
esis near the magnetic transition temperature, the magne-
tizations versus temperature curves of Nd;Pd4 and Pr;Pdy
under an applied magnetic field of 200 Oe on heating and
cooling processes were recorded and shown in Fig. 4a and
4b, respectively. It is found that the heating and cooling
curves completely overlap and show a reversible behav-
ior, which is beneficial for the efficiency of the magnetic
refrigeration.

Figure S5a displays the magnetization isotherms of
NdsPd, in a temperature range of 5—-10 K under applied
fields up to 5 T. The inset of Fig. 5a is the magnetization
isotherms under low magnetic fields, where it is observed
that for the curves below the 7y, the magnetizations in-
crease linearly at first and the values of magnetization at
high temperature are greater than that at low temperature,
indicating the nature of the AFM ground state in Nd;Pd,.
With increasing the magnetic field, the magnetization in-
creases quickly in a step-like jump way leading to a cross-
over among the magnetization isotherms. This result con-
firms that the AFM ground state in Nd;Pd, is not stable
and can be induced to be the FM state by applying a field,
which is in agreement with the positive fp value
discussed above. Besides, the magnetization isotherms of
Nd;Pd,4 above Ty are shown in Fig. 5b. An upward bend-
ing of the M-H curves can be observed, indicating the
presence of short-range FM interaction induced by an ex-
ternal magnetic field in the PM state [25, 28] and the M-H
curves become more and more linear with increase of the
temperature. To further confirm the nature of the magnetic
transition for NdsPd, compound, the slopes of M*-H/M
(Arrott) curves are shown in Fig. 5c. According to the
Banerjee criterion [30], the character of the magnetic tran-
sition is expected to be of the first order when the curve
shows negative slope or inflection point in the Arrott plot;
otherwise, it will be of the second order when the slope is
positive. It can be seen from Fig. 5c that the Arrott plots

below Ty exhibit negative slopes, confirming that the
metamagnetic transition from AFM to FM state is of first
order. Besides, the positive slope of Arrott plot above Ty
indicates the characteristic of a second-order transition
from FM to PM states.

The isothermal magnetization curves (M-H) for Pr;Pd,
were measured in the temperature range from 5 to 31 K cor-
responding to the PM state and shown in Fig. 5d. Just like the
Nd;Pd, above Ty, there also exist curvatures in the isothermal
curves indicating the short-range FM correlations in the PM
state induced by the applied field. With increase of the tem-
perature, the curves get more and more linear and the magne-
tization decreases obviously. Figure 5S¢ presents the Arrott
plots of Pr;Pdy,, it is observed that there only exists positive
slope in the PM range, suggesting the nature of a second-order
transition from FM to PM states.

The temperature dependence of -ASy; under the applied
field change of 0—5 T are shown in Fig. 6a and 6b, which were

Table 1 The main parameters about the MCE for R3Pd4 (R = Nd and
Pr) and other representative magnetic refrigerant materials in the similar
working temperature range. A blank column with “—~” mark indicates that
the value is not revealed in the literatures

Alloys Tm(K) ASyv (J/kg K) RC(J/kg) Refs.
0- 0- 0-5T
2T 5T
Nd;Pd, 9.4 33 7.8 94 Present
Pr;Pd, - 35 6.9 - Present
Pr;Pd; 15 - 5.5 65 [37]
PrNi 20 24 6.1 43 [38]
NdCo,B, 27 45 7.1 80 [39]
Dy;sGey 46 - 6.8 161 [40]
TbCo,B, 15 - 6.2 - [41]
TbNiln 71 24 53 191 [42]
PrCo,B, 16 49 8.1 - [43]
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evaluated from the M-H data by using the thermodynamic
Maxwell relation [31] as given in Eq. (1).

SM (T, H)
P ar 1)

where 7 and H are the absolute temperature and the ap-
plied field, respectively. To derive the numerical of mag-
netic entropy change, the approximation of the integral
can be adopted [32]:

ASy (T, AH) = I3y (

MM,

ASu(T, AH) =¥ .t

AH; (2)
where M; and M, are the experimental magnetization
under the temperature 7; and 7}, in an applied magnetic
field H;. For the Nd;Pd4 compound, it can be seen from
Fig. 6a that the maxima values of the -ASy, reach to 3.3 J/
kg K and 7.8 J/kg K under the applied magnetic fields of
2 T and 5 T, respectively. The maximum occurs around
11 K, and the maxima values of -ASy; increase with the
increasing field change. For the Pr;Pd, compound, due to
the limited temperature range of our experimental condi-
tions, the magnetic entropy curve is not fully displayed in
Fig. 6b and the maxima values of -ASy; reach to 3.5 J/
kg K and 6.9 J/kg K for the magnetic field changes from 0
to 2, and 5 T, respectively.

Another important parameter for magnetic refrigerant
material is RC, which represents the amount of heat
exchange between the cold and hot parts in a thermody-
namic cycle. According to the calculation suggested by
Gschneidner et al. [33], the values of RC are integrated
by using the temperatures at the half-maximum of the
peak as the integration limit [34-36]. The RC is defined
as Eq. (3).

Thot

RC = [ |ASyldT (3)

T cota

Thot and T4 are the temperatures corresponding to the
two sides of the half-maximum values of peak, respective-
ly. The values of RC for Nd3;Pd, are calculated to be 25 J/
kg and 74 J/kg for a field change of 0-2 and 0-5 T,
respectively. Due to the incomplete -ASy-T curve, the
values of RC for Pr3Pd, are not given in the present work.
For comparison, the MCE parameters of the R;Pd, (R =
Nd and Pr) compounds and some other refrigerant mate-
rials with a similar magnetic transition temperature are
summarized in Table 1. It is evident that the values for
the R3Pd4 (R = Nd and Pr) compounds are comparable to
or larger than those magnetic refrigerant materials with a
similar temperature region, indicating that the R;Pd; (R =
Nd and Pr) compounds could be a candidate for the mag-
netic refrigerator in low temperature range.

@ Springer

4 Conclusions

In summary, the magnetism and magnetocaloric effects of the
R5Pd4 (R = Nd and Pr) compounds have been investigated
experimentally. The Nd;Pd, compound undergoes a magnetic
transition from AFM to PM states at the Néel temperature
Tn=9.4 K. However, the AFM ground state shows a weak
stability and can be easily induced to be FM state by an ap-
plied field. The Pr;Pd, compound does not show any ordering
under our experimental conditions. In the PM region, the re-
ciprocal susceptibilities for both the compounds obey the
Curie-Weiss law and the paramagnetic Curie temperatures
(fp) for Nd;Pd, and Pr;Pd, were determined to be 6.5 K
and — 17 K, with the corresponding effective magnetic mo-
ment (peg) of 3.83 pp/Nd and 3.51 up/Pr, respectively. For a
field change of 5 T, the maximum values of -ASy; for Nd;Pd,
and Pr;Pd, are determined to be 7.8 J/kg K and 6.9 J/kg K,
respectively. The value of RC for Nd;Pd, is evaluated to be
74 J/kg under the magnetic field change of 05 T.
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