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Magnetocaloric (MCE) effect has been studied in the ferromagnetic (FM) GdNisAl, GdNi4Si, and the anti-
ferromagnetic (AFM) NdNiAl; compounds. All the compounds order magnetically between 9 and 30K.
The maximum magnetic entropy change —ASy is in the range of 10-16] kg~! K- for the studied RNigM
compounds. Arrott plots suggest that the phase transition in GdNizAl and GdNisSi may be of a first order-
type. It is ascribed to a field-induced AFM-FM transition. Neutron diffraction experiments on NdNiAl,
show that its magnetic structure is not of a simple AFM-type. Additionally, the specific heat measure-
ments for NdNiAl4 reveal a change of the sign of MCE and very small values of —ASy and the adiabatic
temperature change AT.q.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Lanthanides-based magnetic compounds focus much attention
in the search for materials having a large magnetocaloric effect
(MCE). It concerns both the possible applications in the room
temperature range and at low temperatures. The former pro-
vides the possibility to substitute the gas-based thermodynamic
cycle of the standard refrigerators by the environment-friendly
magnetization-demagnetization processes. The most widely stud-
ied and promising materials consist of the various modifications
of the Gds5Ge,Si, compound [1], which has revealed a giant MCE
(GMCE). On the other hand, the low temperature studies aim to
improve the technique of the cooling in the physical investigations
atthe lowest temperatures or the development of the hydrogen lig-
uefiers [2]. One of the key aspects is the order of the magnetic phase
transition. A first-order transition provides the best MCE proper-
ties reported in literature. It is often accompanied by structural
transformations.
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This paper describes the magnetic and MCE properties in the
ferromagnetic (FM) GdNigAl, GdNi4Si, and the antiferromagnetic
(AFM) NdNiAl4 compounds. All the compounds order magnetically
between 9 and 30 K. DyNi4Al is included in the studies for a verifi-
cation of the sensitivity of the MCE effect to the substitution of Gd
in GdNigAl by another lanthanide ion.

It is instructive to present the MCE result for NdNiAl4, which
is evidently AFM as it helps to understand better the behaviour of
GdNigzM. In the parent compound of the GdNizM series, i.e. GdNis,
the Gd moments (7 .g) induce antiparallel moments of 0.16 g on
the Ni atoms, which can be neglected and this, in principle antiferri-
magnetic compound, can be treated as a ferromagnet [3]. A similar
assumption works also well for the GdNigM compounds; however,
as we show in this paper the AFM interactions can be important to
explain some observations.

The NdNiAl; compound crystallizes in the YNiAls-type
orthorhombic structure and is antiferromagnetic [4-6] with the
Nd moments ordered along the b-axis below Ty=9.5K. A meta-
magnetic phase transition occurs for this compound at 4.4T. The
Ni atoms do not show a noticeable magnetism. For comparison,
the isostructural PrNiAl, and TbNiAl4 compounds reveal ordering
along the a-axis [7,8], which results from the different magnetic
anisotropies of the ions.
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Table 1

The lattice parameters of the compounds discussed within the text.
Compound Space group a(A) c(A) Ref.
GdNis P6/mmm 4.900 3.970 (9]
GdNisAl P6/mmm 4.960 4.037 [10]
GdNigSi P6/mmm 4.904 3.977 Present study
DyNisAl P6/mmm 4.945 4.045 [10,11]
NdNiAl, Cmcm 16 8.1 Present study

The MCE properties studied within the present paper provides
new observations about the phase transitions in the ferromagnetic
RNizM (R - rare earth) and the antiferromagnetic NdNiAl, com-
pounds and itis shown that substitutions in the parent GdNis binary
compound can improve the MCE performance.

2. Experimental

The GdNisAl, GdNi4Si, DyNisAl, and NdNiAl; compounds were prepared in a
polycrystalline form by induction melting of the constituent elements under an
argon atmosphere.

Measurements of the magnetization curves and the magnetic susceptibility
were carried out on the commercial Quantum Design Physical Property Measure-
ment System (PPMS) equipped in the vibrating sample (VSM) option. The magnetic
susceptibility has been obtained in the following modes: ZFC (zero field cooled - the
sample is cooled down without a field, then the field is switched on and the mea-
surement is carried out during heating); FC (field cooled - measurement is carried
out in a magnetic field during cooling); FCH (field cooled heating - measurement is
carried out in a magnetic field during heating just after the FC mode is complete).

The heat capacity data were collected by the relaxation method (two-t model)
using the same PPMS apparatus in the temperature range 2-300K and magnetic
fields up to 9T.

Full-pattern Rietveld refinements (program FULLPROF) of our X-ray diffraction
measurements have confirmed that the studied RNi4M samples crystallize in the
hexagonal CaCus-type structure. Rare earths occupy the 1a site (0,0,0) and Ni(1) is
located in the 2c site (1/3, 2/3, 0). Ni(2) and the M atoms are statistically distributed
over the 3g sites (1/2, 0, 1/2). The lattice parameters are collected in Table 1. For the
antiferromagnetic NdNiAl; compound the neutron diffraction experiments were
additionally performed at the E6 diffractometer of the Helmholtz-Centrum, Berlin.
The neutron wavelength was 2.432 A. The sample was mounted in a cryomagnet
with vertical magnetic fields up to 5T.

3. Ferromagnetic RNizM compounds

Gd-based intermetallic compounds are often investigated from
the point of view of the magnetocaloric effect because they usu-
ally guarantee a small hysteresis of the magnetic properties. We
have previously shown that both GdNizAl and GdNisSi exhibit
similar ferromagnetic behaviour [10,12,13] with the ordering tem-
peratures being in the range interesting for low temperature MCE
applications. Figs. 1 and 2 show the temperature dependence of the
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Fig. 1. Temperature dependence of the magnetic susceptibility for GANi4Al mea-
sured in the ZFC, FC, and FCH modes (see the text). Inset: magnetization curves —
only selected temperatures are displayed for a better legibility.
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Fig. 2. Temperature dependence of the magnetic susceptibility for GdNi4Si in the
ZFC and FC mode. Inset: magnetization curves — only selected temperatures are
displayed for a better legibility.

magnetic susceptibility and the insets display the magnetization
curves for GdNizAl and GdNigSi, respectively. The correspond-
ing temperatures of the ferromagnetic ordering are Tc=28 K and
Tc=25Kif using the Arrott plots for their extraction. In Figs. 1 and 2
one can see a rather sharp drop of the magnetic susceptibility at a
low magnetic field (0.01 T) both for the FC and ZFC measurements.
It becomes rounded (see Fig. 1) after application of a larger mag-
netic field; simultaneously, the split of the FC and ZFC curves is
reduced. The sharp change of x(T) at a low field suggests that the
magnetic phase transition may be of the first order-Type. Addition-
ally, in Fig. 1 the FCH measurement is shown. The thermal hysteresis
between FCH and FC is often treated as a sign of the possibility
of the first order phase transition. This split also disappears in a
higher magnetic field, i.e. all the FC, ZFC, and FCH curves merge in
HoH=0.1T (Fig. 1).

Such atransition seems to be supported by the Arrott plot repre-
sentation of the magnetization curves, i.e. by plotting M2 vs. woH/M.
The corresponding plotis included in Fig. 3 for GdNizAl and it is sim-
ilar for GdNi4Si (not shown). Following the Banerjee criterion [14]
a first order transition is suspected if the slope of the Arrott plot
is negative. The inset of Fig. 3 reveals that the slope change occurs
for small magnetic field values. It coincides with the sharp change
of the magnetic susceptibility measured at a low field. Recapping,
it seems possible that the magnetic phase transition is of the first
order in GdNi4zAl and GdNi4Si; however, it should be borne in mind
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Fig. 3. Arrott plots M? vs. uoH/M for the GdNisAl compound. Similar behaviour is
observed for GdNi,Si (not shown). Inset: Enlargement of the data region for T=46 K
and low values of M2 (the axes titles are identical with the main figure).
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Fig. 4. Magnetic entropy change —ASy determined based on the magnetization
curves M(H) and Eq. (1) for GdNi4Al.

that for the parent isostructural binary compound, GdNis, a second
order phase transition at 31K has been reported [9,15]. The obser-
vation of the features of the first order-type transition only at a low
magnetic field may be due to another reason, e.g. a slight amount of
impurities, however they are not detectable in our X-ray diffraction
measurements. Moreover, in the low temperature neutron diffrac-
tion studies of the isostructural DyNizAl compound [11] we have
not observed any structural transition. Hence, the most plausible
explanation of the Arrott plots appears after recalling that a small
magnetic moment exists on the Ni atoms, which is antiparallel
to the rare earth moment. It was observed for the parent com-
pound GdNis [3] but we found it also for ternary RNigM compounds
by electronic structure calculations and X-ray magnetic circular
dichroism (XMCD) measurements [16,13,17]. Therefore, the slope
change of the Arrott plots can be ascribed to a field-induced first
order type AFM-FM transition. Similar behaviour of the M2 (poH/M)
curves has been observed by Shen et al. [18]. Hence, already a small
magnetic field switches the system to the FM state (Figs. 1 and 3)
and the change from the ferromagnetic to the paramagnetic (PM)
state proceeds via a second order transition.

Next we determine the MCE effect in the studied compounds.
The Maxwell’s thermodynamic relation [2,19,20]:

Hmax Hmax
ASy(T) ~ % [/ M(T + 8T, H)dH—/ M(T,H)dH| (1)
0 0

yields the isothermal magnetic entropy change by simple inte-
gration of the magnetization curves M(H). 6T is the temperature
difference between two isotherms. The temperature dependence
of — ASy for GdNigAl and GdNig4Si is illustrated in Figs. 4 and 5 both
in the Jkg~! K-! and mJ cm~3 K~! units and in magnetic fields used
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Fig. 5. Magnetic entropy change —ASy determined based on the magnetization
curves M(H) and Eq. (1) for GdNi,Si.
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Fig. 6. GdNisAl: the magnetic entropy change —ASy (a) and the adiabatic temper-
ature change AT,q (b) determined based on the heat capacity (Eq. (2)) for various
magnetic field changes.

usually in literature for comparisons of the MCE between various
materials. Both the Gd-based compounds exhibit similar values of
the isothermal entropy change.

Further, we intend to confirm the reliability of MCE obtained
from the magnetization isotherms by measurements of the specific
heat. Apart from —ASy it enables additionally the derivation of
the adiabatic temperature change AT,q. The isomagnetic entropy
is calculated directly from the specific heat data by the integration:

T
S(T),.,:/ %ﬂ 2)
0

Figs. 6 and 7 present the temperature dependence of —ASy; and
AT,q for the GdNigAl and GdNigSi compounds. The values obtained
for —ASy are in good agreement with the calculation based on
the isothermal magnetizations (Figs. 4 and 5). The peaks of these
dependences are relatively narrow comparing with the isostruc-
tural GdNis compound [9,21]. The low temperature hump results
probably from the gradual occupation of the crystal electric field
levels.

Table 2 gathers the main MCE parameters for the compounds
studied and for the parent GdNis. It is evident that a partial sub-
stitution of Ni with Al or Si slightly improves the magnetocaloric
performance of the GdNis compound. To verify the effect of the rare
earth type, the MCE of the DyNi4Al compound has been measured
and is presented in Fig. 8 and included in Table 2. It provides similar
values of the characteristic parameters as GdNigAl and GdNi4Si but
the ordering temperature is significantly reduced [10,11].

4. Antiferromagnetic NdNiAl, compound

It has previously been shown that NdNiAl, is antiferromag-
netic [4-7] with the Nd moments ordered along the b-axis below
Tn=9.5K. A metamagnetic phase transition occurs for this com-
pound at 4.4T. Fig. 9 presents the neutron diffraction pattern
measured at 20K, i.e. in the paramagnetic state and refined
with the program FULLPROF. The low angle parts of this pattern
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Table 2

The maximum magnetic entropy change —ASy, the adiabatic temperature change AT,q4 and the relative cooling power parameters for selected intermetallic compounds.
Where possible, similar parameters for the literature examples have been estimated. RCP/AH does not change much with the magnetic field, hence only values for single

fields are provided.

Compound Tord (K) —ASM (Jkg ' K1) ATad (K) RCP(S) (J/cm?) RCP(T) (K?) RCP(S)/AH (m]/cm? k Oe) RCP(T)/AH (K?/k Oe)
GdNi5 [9] 34

5T 10.5 ~2.5

7T 12.5 ~3

GdNi4Al 28

5T 12.2 7 2.73 263

7T 151 8.6 3.84 376 55 5.37
GdNi4Si 25

5T 12.6 8.4 2.77 210

7T 15.7 10.5 3.81 290 54.4 4.15
DyNi4Al 1

5T 11 8 2.22 182

7T 12.9 9.9 342 251 48.8 3.58
NdNiAl4 9.5

6T 1.7/-33 1.74/-1.4 0.013/-0.019 11.5/-10 0.22/-0.32 0.19/-0.16
TbNiAl4 [22]

4T 27; 35 -5.1 -33 ~0.08 ~40 ~2 ~1
DyC03B2 [23]

5T 22 133 10 535 299

7T 154 11.9 5.44 408 76.4 5.80
TbCo3B2 [24]

7T 28 103 8.6

GdCo3B2 [25]

7T 54 11.6 6.4

measured at 2K and zero magnetic field as well as in 2K and
MoH=5T are shifted upwards in Fig. 9 and the arrows indicate
the magnetic reflections. The location of the magnetic reflections
suggests that the magnetic structure is not of a simple antiferro-
magnetic type. A propagation vector k=(0.076, 0.352, 0.478) has
been proposed [5]. Our rough analysis provides a close result,
k=(0.175, 0.295, 0.434); however, like in Ref. [5] we find that the
weak magnetic intensities cannot be well refined for the powdered
samples and studies on single crystalline samples are necessary.
It seems also that the magnetic contribution due to the Ni atoms
should be included in the analysis.
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Fig. 7. GdNi4Si: the magnetic entropy change —ASy (a) and the adiabatic temper-
ature change AT,q (b) determined based on the heat capacity (Eq. (2)) for various
magnetic field changes.

The top pattern in Fig. 9 presents the neutron diffraction data
collected in 2 K and poH=5T, which is a magnetic field larger than
that for the metamagnetic transition. One can observe a disap-
pearance of some magnetic peaks, growth of the other and the
appearance of a few new peaks. This behaviour cannot be quantita-
tively interpreted due to the difficulty to exclude fully the rotation
of the powder grains towards the direction of the magnetic field.
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Fig. 8. DyNisAl: the magnetic entropy change —ASy (a) and the adiabatic temper-
ature change AT,q (b) determined based on the heat capacity (Eq. (2)) for various
magnetic field changes.
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NdNiAl,

Intensity (arb. units)

30 40 50 60 70 80 90
20 (deg)

Fig. 9. Neutron diffraction pattern of NdNiAl4 at 20K fitted with FULLPROF. The
low angle pattern shifted upwards represents the measurement at 2 K (below the
AFM transition) with the magnetic reflections indicated by arrows. The top pat-
tern corresponds to 2 K and poH=5T. The ticks at the bottom denote the structural
reflections. The bottom curve corresponds to the difference between the calculated
and the experimental pattern measured at 20 K.

It is only evident that not all the non-structural peaks disappear,
hence the sample does not fully switch to the ferromagnetic state
at uoH=5T.

The influence of the magnetic field on the temperature depen-
dence of the specific heat confirms the AFM-type of order. It is
visible in Fig. 10 that the peak decreases and shifts toward lower
temperatures with the increase of the magnetic field value. A mag-
netic field exceeding the value of the metamagnetic transition leads
to a change of the temperature dependence of the specific heat
below the ordering temperature. It is visible in Fig. 10 that for
UoH=6T a hump grows at about 5K, which may be due to an
additional change of the magnetic ordering type.

The MCE effect (Fig. 11) is characterized by small values of the
magnetic entropy change and the adiabatic temperature change.
These parameters reveal a peculiar behaviour, namely they change
the sign, which may stem from the complicated magnetic struc-
ture. Similar behaviour has been observed in Dy3Co [26] but in that
case the sign change has been dumped in magnetic fields larger
than 2 T. For TbNiAly4 an inverse MCE was found by Li et al. [22] but
it was not accompanied by the sign change in spite of the proofed
presence of two magnetic phase transitions [8,22]. von Ranke et al.
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Fig. 10. Temperature dependence of the specific heat for NdNiAl in selected mag-
netic fields.
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Fig. 11. NdNiAls: the magnetic entropy change —ASy (a) and the adiabatic temper-
ature change AT,q (b) determined based on the heat capacity (Eq. (2)) for various
magnetic field changes.

[27,28] found a similar anomalous behaviour in the case of the
binary compounds PrNis and DyAl, and explained the sign change
theoretically using Hamiltonian containing the crystal electric field
(CEF) and the exchange interactions. For the former compound the
effect is due to the CEF levels crossing and for the latter one it is due
to the first order phase transition in the easy magnetic direction.

A quite different temperature dependences of MCE for GdNizM
corroborates that the AFM interactions are not predominant for
those compounds.

All the compounds studied and the comparative literature
results are collected in Table 2 including several parameters com-
monly used for the estimation of the practical applicability of the
MCE material. The first one is the relative cooling power (RCP) [20],
which is a product of the maximum values of AT,q or ASy and
the full width at half maximum of AT,q(T) or ASy(T) curves. It is
also useful to use the normalized magnitudes, i.e. RCP(S)/AH and
RCP(T)/AH; in this case we use kOe as the units of the magnetic
field to facilitate a comparison with the literature data.

5. Conclusions

It has been shown that the compounds GdNizAl, GdNi,Si
and DyNisAl exhibit moderate values of the maximum magnetic
entropy change —ASy and the adiabatic temperature change AT,q
if compared with intermetallic compounds of similar magnetic
ordering temperatures. Arrott plots allow for a possibility of a first
order phase transition between the paramagnetic and ferromag-
netic state but it is at variance with the previous evidence for the
parent GdNis compound. However, it can be reasonable explained
by a field-induced AFM-FM transition considering the antiparallel
alignment of the small Ni magnetic moments in respect the rare
earth moments.
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The antiferromagnetic NdNiAl; compound shows a negligible
magnetocaloric effect; however, it attracts attention due to a pecu-
liar change of the sign of MCE in the neighbourhood of the magnetic
ordering temperature. Our neutron diffraction studies confirm that
the magnetic order is not in the form of a simple antiparallel spins’
alignment and it seems that the inclusion of the Ni magnetism may
be necessary to explain the magnetic structure of NdNiAly,.
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