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The structural and magnetic properties of GdNiln intermetallic compound and its hydride have been
studied. The GdNiln compound crystallizes in the ZrNiAl-type structure. The structural study indicates
that after hydrogenation the crystal structure remains the same and suggests that hydrogen atoms likely
occupy 4h and 2d interstitial sites; meanwhile the unit cell expands in ~2%. The magnetic characteriza-
tion shows that the presence of hydrogen modifies the magnetic properties of the host compound. Two
main effects have been observed: a decrease of the magnetic moment per formula unit and a reduction of
the ferromagnetic Curie temperature (Tc). The decrease of the magnetic moment has been speculatively
interpreted as follows. The entrance of hydrogen atoms into the intermetallic lattice induces a magnetic
moment in Ni atoms. Therefore, the effective magnetic moment determined for GdNilnHp 5 comes from
Gd and Ni atoms, which magnetic moments are oriented antiparallel to each other. On the other hand, the
increase of interatomic distances leads to weakening of the coupling constant of Gd-Gd atoms, resulting

Keywords:

Rare earth alloys and compounds
Hydrogen absorbing materials
X-ray diffraction

Magnetic measurements

in a decrease of T after the hydrogen absorption.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Neither storage of hydrogen as a compressed gas nor as a cryo-
genic liquid appears suitable and economical for most uses as a
fuel for many types of energy converters. However, the hydrogen
storage in the form of a metal hydride is a promising alternative
with many attractive features [1,2]. Over the past few decades
and until now, a major challenge is to identify optimal candidates
based on intermetallic compounds for such hydrogen storage.
Rare-earth based ternaries are found to be promising alternatives
as hydrogen-storage media offering safety advantages over the
other types of hydrogen storage. Rare-earth based ternary interme-
tallic compounds with formulae R-T-X, where R = rare earth, T =
transition metal and X = p-electron element, are interesting sys-
tems. They are attractive candidates due to their high hydrogen
capacity per unit volume and their ability to absorb hydrogen
under moderate conditions [1,3].

RNiln compounds crystallize in the ZrNiAl-type hexagonal crys-
tal structure (space group: P62m) and show interesting crystallo-
graphic features. R atoms occupy positions that form a triangular
structure (R3) in a similar way as a Kagomé lattice does. That trian-
gular coordination symmetry of R atoms can provide the ideal sce-
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nario for a geometrical frustration if antiferromagnetic interactions
are present. However, the physical properties of those RNiln com-
pounds have been very little studied so far [4,5]. It is known that
GdNiln, TbNiln, DyNiln, HoNiln and ErNiln show ferromagnetic
order with T¢ at 96, 70, 30, 20 and 9 K, respectively [4,6]. When
Gd atoms are substituted by Nd atoms in GdNiln or when Ni atoms
are substituted by Pd atoms to form NdNiln and NdPdIn com-
pounds, the ferromagnetic properties remain [7]. However, antifer-
romagnetic order has been reported for the GdCuln compound [8].
Moreover, when Gd atoms are substituted by Ce atoms to form the
CeTIn compounds different magnetic properties are observed [7]. It
is known that the CeNiln compound is a valence-fluctuating sys-
tem having a Kondo temperature of 94 K, but when Ni atoms are
replaced by Au or Pd an antiferromagnetic order is observed with
Neel temperatures of 5.7 K or 1.8 K, respectively [9].

However, the magnetic properties of those compounds after the
hydrogen absorption are scarcely reported. The hydrogen absorp-
tion introduces drastic modification in the properties of those com-
pounds. After the hydrogenation to form the CeNilnH; g hydride,
the crystalline structure remains the same, but a pronounced
anisotropic expansion of the unit cell is observed. The insertion
of hydrogen favors the transition from a Kondo behavior in the
CeNiln compound to a ferromagnetic behavior in the hydride with
a Tc~7K [10,11]. To the best of our knowledge, there are no
reports about the structural and/or magnetic properties of GANilnH,
hydride.
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In this work, the study of the structural and magnetic properties
of polycrystalline GdNiln is presented. Besides that, the effects on
those properties due to the absorption of hydrogen to form the
GdNilnHg 5 hydride are reported for the first time.

2. Experimental

The polycrystalline GdNiln samples were prepared by arc melting high-purity
elements (99.9% Gd, 99.99% Ni, and 99.99% In) under argon atmosphere. The sam-
ples were re-melted several times to ensure homogeneity. After arc-melting, the
samples were annealed in vacuum at 800 °C for 48 h. The hydrogenation was car-
ried out using a process based on the Sievert’s method with a high purity
(99.9999%) hydrogen gas. Prior to hydrogenation, the sample was activated under
a hydrogen atmosphere for 30 min at 800 °C. Subsequently, the sample was cooled
to room temperature while keeping the hydrogen pressure constant (1.2 bar). The
hydrogen absorption results in the formation of GdNilnHos compound. Powder
X-ray diffractograms were obtained by using Cu Ko radiation, with 0.05° steps in
the 20° <20 <90° range. Magnetization measurements were carried out using a
commercial Physical Properties Measurements System (PPMS) from Quantum De-
sign and conventional Foner-type vibrating sample magnetometer. The measure-
ments were obtained by applying magnetic fields up to +9 T and at temperatures
between 4.2 and 300 K.

3. Results and discussion
3.1. Structural properties

The X-ray powder diffraction (XRD) pattern of GdNiln is shown
in Fig. 1a. The observed reflections correspond to the hexagonal
structure with a space group: P62m. The XRD data were additionally
analyzed by the Rietveld refinement method. This analysis confirms
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Fig. 1. X-ray diffraction patterns of (a) the GdNiln intermetallic compound and (b)
its hydride. The calculated curves are obtained from the Rietveld refinement. The
reliability factors are also included.
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the formation of a single phase (no additional Bragg reflections were
determined within the resolution limits). Structural parameters
obtained from the refinement are presented in Table 1. Values of
the isotropic thermal parameters (B= 81‘[2Ueq) were obtained
from Ref. [4] and they are kept fixed during the refinement. The
lattice constants obtained from the fit (a=b=7.4771(1)A and
c=3.8341(1) A) are in good agreement with values reported in the
literature [4]. Although the hexagonal crystal structure remains
the same after the hydrogen absorption, as observed in Fig. 1, some
structural modifications were determined as shown in Table 1.
Larger lattice constants are obtained for the hydride (a=b=
7.5422(4) A and c = 3.8443(2) A), which provide a larger volume of
the unit cell. The unit cell expansion after the hydrogen absorption
is estimated to be AV/V = 2.02% with anisotropic expansions along
the a and b axes (Aaja ~ 0.9%, Ac/c ~ 0.3%). This anisotropic expan-
sion has also been observed in LaNiIlnDg 45 [12]. Due to the low level
of hydrogen absorption, the compound studied in this work is con-
sidered as a “lower” hydride [12], where hydrogen atoms are ran-
domly located in the crystal lattice as in a “solid solution”.

When hydrogen atoms enter the lattice structure they are ex-
pected to occupy interstitial sites. Size calculations based on inter-
atomic distances (see Table 2) suggest that the hydrogen atoms
likely occupy the trygonal bipyramidal (2d) interstices and the tet-
rahedral (4h) interstices depicted in Fig. 2. Although for lower deu-
terium or hydrogen contents an isotropic expansion of the unit cell
is expected in RENilnDH, with x < 0.8 [12-14], the anisotropic
expansion determined in GdNilnHg 5 could be an evidence for the
preferential occupation of interstitial sites such as 2d sites, which
can favor the significant enlargement along the a (and b) axis. This
finding requires more detailed studies to confirm that preferential
occupation.

3.2. Magnetic properties

Fig. 3 shows the magnetization as a function of the magnetic
field for GdNiln and GdNilnHgs compounds obtained at T=5K.
As observed in the figure both compounds show ferromagnetic
features, although the saturation magnetization of the system
becomes smaller when hydrogen absorption happens. Using the
law of approach to saturation: M = Ms(1 —a/H +...) + ,H, where
a is a constant related to non-magnetic inclusions and y is the
high field susceptibility, a saturation magnetization value of M=
130.9(1) and 88.5(1) emu/g have been determined for the interme-
tallic and hydride compounds, respectively. The saturation magne-
tization value of the intermetallic compound provides an atomic
magnetic moment of p,. =7.70 ug and a 5.25 pp for the hydride.
On the other hand, no hysteretic behavior is shown by the interme-
tallic even at the lowest temperature (T =5 K), i.e. magnetization
and demagnetization curves coincide. The presence of hydrogen
atoms does not modify this anhisteretic behavior. This finding sug-
gests the presence of a strong magnetic anisotropy or a high mag-
netic texture [15,16] which could favor alignment of the magnetic
moments perpendicular to the applied field.

In order to estimate the ferromagnetic Curie temperature (Tc),
several M vs. H curves were obtained at different temperatures
and the Arrot’s plots [17] were mounted. Fig. 4 shows the Arrot’s
plot for the GdNiln. At each temperature, the linear region of the
M2 vs. H/M curves (not steep tangent) was extrapolated towards
the M? axis to provide the intercept. The plot of the intercept as
a function of the temperature is shown in the inset of Fig. 4. As
the value of M? = 0 provides the temperature at which the inverse
of the susceptibility (1/y = H/M) goes to zero (i.e. the ferromagnetic
Curie temperature), the linear fit of the intercept values provide a
Tc = 85.4(1) K for the GdNiln compound. Similar analysis were car-
ried out for GdNilnHg 5 and this provides a Tc = 53.3(8) K.
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Table 1
Compilation of the structural parameters determined from the Rietveld refinement analysis for both GdNiln and GdNilnHg 5 compounds.
GdNiln GdNilnHg s
Atom Gd Ni(1) Ni(2) In Gd Ni(1) Ni(2) In
Site 3g 1b 2c 3f 3g 1b 2c 3f
x/a 0.5898(8) 0 13 0.2548(10) 0.6010(8) 0 1/3 0.2560(9)
y/a 0 0 23 0 0 0 23 0
z/c 1/2 1/2 0 0 1/2 1/2 0 0
B (A%) 0.83 0.80 0.87 0.81 0.83 0.80 0.87 0.81
a=b(A) 7.4771(1) 7.5422(4)
c(A) 3.8341(1) 3.8443(2)
V (A%) 185.636(7) 189.385(17)
Table 2 M+
Selected interatomic distances in the hexagonal structure of GdNiln and GdNilnHg s.
Gd atoms occupy the 3g site and Ni(2) atoms occupy the 2c site (see Fig. 2).
dca-ca (A) dga-nicz2) (A) dni2)-ni2) (A) 120-
GdNiln 3.9153 2.9639 3.8341
GdNilnHg 5 3.9953 3.0026 3.8443
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Fig. 2. Schematic representation of the crystal structure of GdNiln compound. The 0 10 20 30 40 50 60
interstitial sites likely occupied by H atoms are indicated in the illustration. H (kOe)

Magnetization measurements as a function of the temperature
were carried out in a magnetic field of H=1000 Oe and the curves
are shown in Fig. 5. Both compounds show features of a ferromag-
netic behavior, but the ferro-paramagnetic transition happens at
lower temperature for the GdNilnHgs compound in agreement
with the previous results. The magnetic susceptibility of both
compounds follows the Curie Weiss law y = y, + C/(T — 0) in the
high-temperature region, where y, is the temperature-indepen-
dent susceptibility, C is the Curie constant and 0 is the paramag-
netic Curie temperature. The ' vs. T plot is shown in the inset
of Fig. 5 and the linear fit provides a 6 = 79.6(3) K and an effective
magnetic moment of g =8.05(5) up for GANiln. However, lower
values of 0=62.3(5)K and pesr=6.93(5) ug has been determined
for GdNiInHg s.

The effective magnetic moment determined for GdNiln is con-
sistent with the calculated magnetic moment of Gd>* free ion
(Ucal, = 7.94 ug) and this result is in agreement with those obtained
from saturation magnetization experiments. This finding suggests
that the magnetic contribution to the effective magnetic moment
of the intermetallic comes only from Gd atoms and implies that
the magnetic contribution of Ni atoms to the effective moment is
very small or negligible.

Two main effects are determined after the entrance of hydrogen
atoms into the lattice structure: both the magnetic moment per Gd
atom and the ferromagnetic Curie temperature notoriously
decrease. The reduction in the magnetic moment must be related
to the electron transfer from the host lattice to H placed in intersti-
tial sites to establish a H~ with a paired s? state [18,19]. It is

Fig. 3. Plot of the magnetization (M) as a function of the magnetic field (H) obtained
at 5 K for the GdNiln and its hydride. The inset shows the absence of hysteresis in
both compounds.

reported that the electronic states of R atoms forming the triangu-
lar Rz structural units hybridize with the electronic states of H
atoms. This hybridization seems to be stronger when the full occu-
pation of 4h sites occurs, since the repulsive interaction between
neighboring H-H atoms located in neighboring 4h interstitial sites
is compensated by the shield carried out by R atoms forming the R3
units [20-23]. This R-H hybridization must modify the background
electronic state of R atoms in the hydride with respect to that one
in the intermetallic compound. Other effect produced by the en-
trance of H atoms is the conformation of H-Ni-H linear chains
which provides Ni-H bonds, strongly covalent-like in nature
[18,19]. Those H-induced modifications must provide the adequate
scenario for an effective reduction of the magnetic moment per
formula unit.

Speculatively, one might consider a change in the electronic
configuration of Ni atoms in order to explain the magnetic moment
reduction. In this scenario, Ni atoms with negligible magnetic
moment in the intermetallic become Ni atoms or Ni-H units with
finite magnetic moment in the GdNilnHgs compound. These H-
induced magnetic moments should have an antiparallel orienta-
tion with respect to the Gd magnetic moments, in which case a
reduced magnetic moment per formula unit is expected.

On the other hand, the entrance of hydrogen expands the unit
cell and increases the interatomic distances of Gd atoms. Since
the T¢ depends on the exchange coupling constant (J) and this
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Fig. 4. Arrot's plot obtained at the indicated temperatures for the GdNiln
compound.
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Fig. 5. Magnetization as a function of the temperature curves for the intermetallic
and the hydride compound obtained by applying a magnetic field of 1000 Oe. The
inset shows the x~! vs. T curves and their linear fits.

constant varies inversely with the interatomic distance, it is expect
that the entrance of hydrogen leads to the decrease of the ferro-
magnetic Curie temperature in agreement with what is experimen-
tally observed for the GdNilnHy s compound studied in this work.

4. Conclusions

A single-phased GdNiln intermetallic compound has been syn-
thetized. The entrance of hydrogen to occupy 4h and 2d interstitial

sites does not modify this crystalline structure, but it expands the
unit cell in ~2% instead. The magnetic measurements reveal that
the hydrogen presence modifies the magnetic properties of the
GdNiln compound. It has been determined that the effective mag-
netic moment of the intermetallic compound comes uniquely from
the Gd atoms. However, the magnetic moment per formula unit
decreases after the hydrogenation. This decrease has been specula-
tively interpreted as the result of the rising of a magnetic moment
in Ni atoms induced by the presence of hydrogen. These H-induced
magnetic moments must have an antiparallel orientation with
respect to the magnetic moments of Gd atoms in GdNilnHgs. The
increase in the interatomic distances must weaken the coupling
constant of Gd-Gd atoms and that weakening results in a decrease
of the ferromagnetic Curie temperature after the hydrogen
absorption.
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