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The crystal structure of the ternary compounds GdNi,X,
(X = Al, Ga, or Sn) obtained by melting (M-sample) and sub-
sequent annealing at 1273 K (A1-sample) or 1073 K (A2-sample)
has been investigated by means of X-ray powder diffraction and
transmission electron microscopy. GdNi;Sn, crystallizes at all
temperatures, in the hexagonal HoNi,Ga, ,-type. GdNi;Ga,
presents two varieties: the high-temperature form (M-sample)
adopts the hexagonal CaCus-type, whereas the HoNi, Ga, ,-
type is observed for the A2-sample. The structural properties of
GdNi,;Al, (M- and Al-samples) are more complicated; the elec-
tron diffraction patterns suggest the occurrence of a new super-
structure of the hexagonal CaCus-type. The study of the
electrical and magnetic properties of these compounds shows
that GdNi;Ga, is ferromagnetic (7. = 18.0(5) K), GdNi,Sn,
orders antiferromagnetically (7y =19.5(5) K), and GdNi,Al,
(M- or Al-sample) presents a ferromagnetic behavior
(T = 20.0(5) K). Moreover, the hydrogen absorption properties
of the Al-based intermetallic are dependent on its synthesis
COHditiOHS. © 2000 Academic Press

Key Words: gadolinium intermetallics; transmission electron
microscopy; magnetism; hydrogenation.

1. INTRODUCTION

The binary compound GdNis orders ferromagnetically
below T¢=293K and crystallizes in the hexagonal
CaCus-type structure (P6/mmm space group) (1), Ni-atoms
occupying two nonequivalent sites, 2¢ (1/32/30) and 3g
(1/2 0 1/2). The structure can be described as a stacking of
two atomic planes along the c-axis: one at z = 0 is formed
by Gd (site 1a (0 0 0)) and Ni (2¢)-atoms, whereas the second
one located at z = 1/2 contains only Ni (3g)-species. The
substitution of an X p-element such as Al, Ga, or Sn for Ni
involves, versus composition range, a structural transition

'To whom correspondence should be addressed. Fax: 33-5-56842761.
E-mail: chevalie@icmcb.u-bordeaux.fr.

0022-4596/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.

62

in the GdNis_ X, systems (2-5). For instance, the ternary
compounds GdNi;Ga, and GdNi;Sn, adopt the hexagonal
HoNi, ¢Ga, 4-type structure (P6/mmm space group) (6),
which derives from the CaCus-type. The unit cell para-
meters of these two structures are related as follows:
AHoNi, (Ga,, — aCaCus\/§5 and CHoNi, (Ga,, — CCaCus- A repres-
entation of these two crystallographic structures is given in
detail in Refs. (2, 4, 5). The occurrence of the HoNi, «Ga 4-
type is connected with a steric effect: the substitution of
a larger X-element for Ni leads to a shift of some of the
Gd-atoms along the c-axis to the z = 1/2 plane. In this
structure type, Gd-atoms occupy two sites, 1a (0 0 0) and 2d
(1/3 2/3 1/2), whereas Ni species are located, for instance in
GdNi3Sn;, (3), on the 6/-site ((0.178 0.356 0); 100% occu-
pancy) and on the 3f-site (1/2 0 0) and 6k-site (0.272 0 1/2)
(statistically distributed with Sn). Here, the Gd-atoms are
distributed on the two atomic planes perpendicular to the
c-axis at z =0 and 1/2.

Recently we have shown that the solid solutions
GdNis - ,Al,, obtained by melting and subsequent anneal-
ing at 1073 K, exhibit the compositional structural
transition described above: the alloys with 0 < x < 1.74
crystallize in the hexagonal CaCus-type, whereas for
201 <x <3.07 a larger hexagonal unit cell of the
HoNi, ¢Gay . 4-type is observed (5). A decrease of the hydro-
gen absorption properties of these intermetallics accom-
panies the structural change since a drastic decrease of the
maximum hydrogen content (2.6(1) — 1.3(1)), in number of
H-atoms (GdNis - ;Al, formula unit), appears for x of about
1.7 to 2 (5).

In order to extend our knowledge of this system, we have
prepared GdNiz;Al, with different heat treatments with
melting only or additional annealing, respectively, at 1273
and 1073 K, and studied the influence of the annealing on its
structural properties. In this paper, we discuss these proper-
ties, investigated by means of both X-ray powder diffraction
and electron transmission microscopy and compare them
with those of GdNizGa, and GdNizSn, obtained by the
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same routes. The electrical and magnetic properties of these
three intermetallics are also presented. Moreover the hydro-
gen absorption properties of GdNizAl, are investigated.

2. EXPERIMENTAL DETAILS

The samples GdNiz X, (X = Al, Ga, or Sn) were syn-
thesized by arc-melting a stoichiometric mixture of pure
elements in an argon atmosphere. They were remelted four
times in order to ensure their homogeneity then divided into
three parts: one (M) was kept after melting, and the two
other were vacuum annealed, respectively, at 1273 (A1) and
1073 K (A2) for one month. The phase purity of each sample
was checked by electron microprobe analysis with a
CAMECA SX-100 instrument. The determination of the
chemical composition of the various phases was performed
on the basis of intensity measurements of GdLo;, NiKo;,
AlKay, GaLoy, and SnLay X-ray emission lines, which were
compared with those obtained for Gd,Ni, X (X = Al, Ga,
or Sn) used as reference compounds. The samples were
characterized by X-ray powder diffraction (Guinier camera,
CuKuo; radiation). The lattice parameters were determined
by a least-squares refinement method using 5 N silicon
(a = 0.54307 nm) as internal standard.

For the investigations with a transmission electron
microscope (JEOL 2000FX), parts of the samples were
crushed in ethanol, and the small crystal fragments were
placed on a copper grid covered with an amorphous holey
carbon film.

Hydrogen absorption measurements were performed at
room temperature using the apparatus and the procedure
described previously (5). Magnetizations of the initial and
the hydrogenated samples were determined between 4.2 and
300 K in fields up to 5T using a SQUID magnetometer.
Electrical resistivity measurements were carried out by
a standard four-probe dc-technique in the range 4.2-290 K.

3. RESULTS AND DISCUSSION
3.1. Microprobe Analysis

Table 1 summarizes the chemical analysis of the three
intermetallics GANi; X, (X = Al, Ga, or Sn) obtained under
the different heat treatment conditions.

Concerning GdNisAl,, this analysis shows that M- and
Al-samples are practically a single phase, having, respec-
tively, GdNi3_10(4)A11_90(4) and GdNi3_05(2)A11_95(2) chem-
ical compositions. The first one contains Gd,Ni,Al and
NiAl as impurities phases (<3-4% in mass) while the
second one contains only some traces of NiAl. The
A2-sample is a mixture of two compositions,
GdNi3.1()(2)A11_90(2) and GdNi2,97(1)A12,03(1), ShOWil’lg the
thermal instability of this intermetallic. It is interesting to
note that the chemical composition of the Al-sample
(GdNis.05(2)Al1.95(2)) is intermediate between those found in

TABLE 1
Chemical Composition, Determined by Microprobe Analysis,
of the Samples GdNi,X, (X = Al, Ga, or Sn)

Microprobe analysis

Thermal

Sample treatment Major phase Impurities phases
GdNi;Al, M GdNi; 100)Als o0 Gd,Ni,Al, NiAl

Al GdNij 0502)Al1.95(2) NiAl

A2 GdNi3 1002)Al1.90(2) NiAl

GdNi2.97(1)A12.03(1)

GdNi;Ga, M GdNi; 01(1),Gay.00(1) none

Al GdNi; 951)Ga2.02(1) NiGa

A2 GdNi; 991)Ga2.01(1) none
GdNi;Sn, M GdNijz 01(1)Sn1.091y  GdNi,Sn, , NizSn,

Al GdNi; 99¢1)SN; 01(1) Ni;Sn,

A2 GdNis 013511 .99(4) NizSn,

Note. “M” indicates obtained by melting only and “A1” or “A2” indicates
after additional annealing at 1273 or 1073 K, respectively.

A2; confirming the decomposition of this Al-based inter-
metallic at 1073 K.

The analysis performed on GdNizGa, and GdNizSn;
does not reveal a similar decomposition of the A2-samples.
GdNi;Gay, is obtained as a single phase after melting (M) or
after additional annealing at 1073 K (A2); some traces of
equiatomic binary gallide NiGa are detected in the Al-
sample. It is difficult to prepare the ternary stannide
GdNi;3Sn, without any impurities; for instance NizSn,
(< 2% in mass) is still present in the different samples.

3.2. X-Ray Powder Diffraction and Transmission Electron
Microscopy

3.2.1. X-Ray Powder Diffraction Patterns

The X-ray powder pattern of GdNizSn, obtained by
melting (M) or after additional annealing (A1, A2) can be
completely indexed with a hexagonal unit cell having
the structure type HoNi»¢Ga, s (Table 2). The
lattice parameters are comparable to those determined
previously (3).

The structural properties of GdNizGa, are dependent on
the sample preparation procedures: obtained by melting
and quenching (M-sample), it adopts the hexagonal
CaCus-type, but after an annealing at 1073 K (A2-sample) it
adopts the HoNi, ¢Ga, 4-type (Table 2). These results indi-
cate that GdNiz;Ga, has two polymorphic forms: the high
temperature one is reported here for the first time. It is
interesting to note that the Al-sample, mainly constituted
by one single ternary chemical composition (Table 1), con-
tains these two polymorphic forms (Table 2). So we may
conclude that the structural transition CaCus-type —
HoNi, ¢Ga,_ 4-type appears for this ternary gallide around
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TABLE 2
Crystallographic (¥, = Unit Cell Volume) and Magnetic Data Relative to the Ternary Compounds GdNi;X; (X = Al, Ga, or Sn)

Crystallographic data

Magnetic data

Sample Thermal treatment Type structure a (nm) ¢ (nm) Ve (am)®  peer (1p/Gd) 0, (K) Tinae (K) Ref.
GdNizAl, M unknown 0.8762(1)  0.8126(2) 0.54027(8) 8.53(10) 18(1) T¢=20.0(5) this work
Al unknown 0.8761(2)  0.8158(2) 0.54228(12) 8.16(10) 18(1) Tc=20.0(5) this work
A2 unknown 0.8768(1)  0.8156(1) 0.54301(6) 8.27(10) 14(1) Tc=20.4(5) this work
HoNi, ¢Ga, 4 0.8769(2)  0.4113(2) 0.27390(9) T, =11.1(5)
T, =3.9(5)
ann. 1100 K CaCus 0.5067 0.4083 0.09078 4)
GdNi;Ga, M CaCus 0.5086(8)  0.4051(1) 0.09075(30) 8.36(10) 15(1) Tc=17.5(5) this work
Al CaCus 0.5070(4)  0.4052(3) 0.09020(21) this work
HoNi, (Ga, 4 0.8717(8)  0.4131(5) 0.27184(28)
A2 HoNi, ¢Ga, 4 0.8737(1)  0.4132(1) 0.27316(4) 8.09(10) 16(1) Tc=18.0(5) this work
Al HoNi, (Ga, 4 0.8748 04111 0.27246 )
GdNi;Sn, M, A1, A2 HoNi, (Ga, 4 0.9175(1)  0.4259(1) 0.31049(5) 8.23(10) —17(1) Tx=19.55) this work
HoNi, ¢Ga, 4 0.9207 0.4280 0.31420 8.0 -9 3)

1273 K. Since the date our work was submitted, similar
results were reported by Blazina et al. (7).

The examination of the X-ray powder diffraction pattern
of GdNi3Al, (Al-sample) indicates (Fig. 1): (i) that the major
peaks can be indexed on the basis of a hexagonal unit cell
having CaCus-type with parameters a = 0.5058(2) nm and
¢ = 0.4079(2) nm; (ii) the presence of cubic NiAl (8) as an
impurity phase in agreement with the results obtained by
microprobe analysis (Table 1); and (iii) the occurrence of
weak reflections near 20 = 15.9° and 25.8° which could not
be indexed with the hexagonal CaCus or with the
HoNi, ¢Gay. 4 unit cell. The additional reflections suggest
that the crystal structure of this compound is not a simple
CaCus-type. Similar comments can be made concerning the
X-ray powder diffraction pattern of the M-sample of this
intermetallic. The investigation of the A2-sample reveals the
presence of two majority phases, one adopting the hexag-
onal-type similar to that observed in the M- or Al-sample
and the second the HoNi; ¢Ga, 4-type with the unit cell
parameters as indicated in Table 2. In this case also, addi-
tional peaks are detected at 20 = 15.9° and 25.8°. We recall
that this sample contains two ternary compositions (Table
1); perhaps the occurrence of the phase crystallizing with the
HoNi, ¢Ga, 4-type gives evidence of the presence of the
aluminum-rich ternary compound GdNi; 97(1)Alz.03¢1). Un-
like GdNi3Ga,, the existence of two polymorphic forms for
the Al-based intermetallic is ambiguous.

In order to obtain more information concerning
GdNizAl,, we have investigated its crystal structure by
transmission electron microscopy. The results are analyzed
in comparison with those obtained for the two polymorphic
forms of GdNi3zGa,. Unfortunately, in spite of our attempt,
no single crystal of GdNi3Al, has been obtained in order to
determine its structural properties by X-ray diffractometry.

3.2.2. Transmission Electron Microscopy (TEM)

GdNi;Ga,.  In the TEM investigation, the most signifi-
cant diffraction patterns of GdNizGa, (M-sample) are those
along the [001] and [010]-zone axis. The selection area
electron diffraction pattern (SAED) along the [001]-zone
axis (Fig. 2a) consists of a hexagonal arrangement (a =
0.5086 nm) of spots. On the SAED pattern along the [010]-
zone axis (Fig. 2b) the reflections are indexed with the
unit-cell parameters a = 0.5086 nm and ¢ = 0.4051 nm cor-
responding to the hexagonal CaCus-type structure. For
GdNiz;Ga, (A2-sample), on the SAED patterns (Fig. 3)

along the [001] and [010] directions, the spots are
14000 T | T T T T | —
12000 |— GdNiAl, (Al - sample) - 1. CaCu; type —
- 2.NiaAl
10000 |~ —
S
= g000 |- _ -
3 3
2 =
.§ m — —
g 4000 | g
= 1 8 g 2
2 L8y
2000 | T v B - N S g
t il l JU )
0 A, A A
1 I i T ERENE
N S LA N N M M M A
15 20 25 30 35 40 45 50 55 60 65
2 Theta (%)
FIG. 1. X-ray powder diffraction pattern of GdNi;Al, (Al-sample).

The vertical ticks labelled 1 and 2 are, respectively, relative to the CaCus-
type phase ((hkl) indices are given) and NiAl. The additional peaks are
indicated by the symbol V.
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(a) (b)

FIG. 2. Electron diffraction patterns of GdNizGa, (M-sample) along the [001] (a) and the [010] (b) zone axes. Indexation is given on the basis of the
CaCus-type (a = 0.5086 nm and ¢ = 0.4051 nm).

compatible with a hexagonal unit cell (¢ = 0.8737 nm and for GdNi;Ga, (A2-sample) (Fig. 3a) in that all the spots
¢ = 0.4132 nm) having the structure type HoNi, ¢Ga; 4. form a hexagonal array with a = 0.8761 nm; (i) for the

GdNi;Al,.  The examination of several SAED patterns [010]-zone (Fig. 4b) an extra row of spots orthogonal to the
corresponding to the Al-sample reveals that: (i) the [001]- c¢*-direction appears compared to the equivalent SAED
zone (Fig. 4a) exhibits some similarities to those observed pattern of GdNi;Ga, (A2-sample) (Fig. 3b); (iii) in addition,

. 4 (a) (b)

FIG. 3. Electron diffraction patterns of GdNi;Ga, (A2-sample) along the [001] (a) and the [010] (b) zone axes. Indexation is given on the basis of the
HoNi, ¢Ga, 4-type (a = 0.8737 nm and ¢ = 0.4132 nm).
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{a)

(D)

FIG. 4. Electron diffraction patterns of GdNizAl, (Al-sample) along the [001] (a) and the [010] (b) zone axes. Indexation is given on the basis of

a hexagonal unit cell (¢ = 0.8761nm and ¢ = 0.8158 nm).

the comparison of the spot intensities reveals very impor-
tant differences between some of them. The hexagonal unit
cell corresponding to this unknown-type has a = 0.8761 nm
and ¢ = 0.8158 nm as parameters. We observe the following
metric relation to the CaCus-type and HoNi, ¢Ga, 4-type:
a= GCaCusﬁ = UHoNi, (Ga, 4 and c= 2CcaCu; = 2CHoNi, (Ga, 4
Considering this result, the small reflections observed at
20 = 15.9° and 25.8° (Fig. 1) can be indexed as 101 and 201
peaks.

Remark. For GdNizAl, (Al-sample), if we take into
account the very important differences between the spot
intensities of the SAED pattern, we can suggest another
description for the unit cell. We can describe this structure
as a superstructure of the CaCus-type with the unit cell
parameters a = 0.5058 nm and ¢ = 0.4079 nm and the com-
mensurate modulation vector q = 3a* + 3b* + 3 ¢*. With
this description the symbol of the (3 + 1) dimensional Bra-
vais class is 6/mmm P(1/3 1/3 1/2)).

Two crystalline phases have been identified by electron
diffraction on GdNi;Al, (A2-sample): one of them is the
unknown structure noticed in the M- or Al-sample while
a hexagonal structure having the HoNi, (Ga, 4-type has
been observed for the second one (Table 2).

3.2.3. Discussion of the Structural Properties of GdNi; X,
(X = Al, Ga, or Sn) Compounds

Our results allow us to make several comments about the
evolution of the structural properties of these intermetallics.

For Al-based compounds the observed structural
transition hexagonal unknown-type — HoNi, ¢Ga, 4-type
could correspond to the existence of two ternary composi-
tions identified in the A2-sample. Each of these two composi-
tions situated on both sides of the stoichiometric GANi;Al,
composition (Table 1) could be associated to one of these two
structural types. Only a structural determination performed
on a single crystal could confirm this hypothesis.

For GdNi;Ga, (Al-sample) both the high-temperature
form (CaCus-type) and the low-temperature one
(HoNi, ¢Ga, 4-type) coexist. Each of them has been ob-
tained in the M- and A2-samples, respectively.

On the other hand, the CaCus-type has never been ob-
served for GdNi;Sn,.

This result can be explained from the interatomic distan-
ces calculated in GdNi;Ga, (M-sample). In the CaCus-type
unit cell of this compound (Ni in the 2¢-site (1/3 2/3 0) and
(1/3 Ni + 2/3 Ga) in the 3g-site (1/2 0 1/2), the interatomic
Ni-Ga (0.2502 and 0.2543 nm) and especially the Ga-Ga
(0.2543 nm) distances are shorter than the sum of the atomic
radii (ry; = 0.1246 nm and rg, = 0.141 nm). This result sug-
gests that the compounds GdNi;Al, and GdNi;Sn, with
the CaCus-type structure cannot exist since the aluminum-
atom (r5; = 0.143 nm) and tin-atom (rg, = 0.1623 nm) are
larger than those of gallium.

3.3. Electrical Resistivity and Magnetization Measurements

The binary compounds NiAl, NiGa, and Ni;Sn, detected
as impurity phases in the sample are, respectively, Pauli
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paramagnets (NiAl and NiGa) (9) and a ferromagnet below
5 K (NizSn,) (10).

3.3.1. GdNi;Ga;

The thermal dependence of the reduced electrical resistiv-
ity p(T)/p(230 K) of GdNi;Ga, (M- and A2-samples) is
shown in Fig. 5. (Owing to the presence of microcracks in
the polycrystalline samples, absolute values of p(T) could
not be determined accurately; for this reason, reduced resis-
tivity is reported.) In the temperature range 230-25 K, the
reduced resistivity of these two samples decreases with tem-
perature, but more rapidly for the A2-sample. The difference
in these behaviors could be due to the structural transition
CaCus-type » HoNi, ¢Ga, 4-type and to the annealing
treatment which reduces the mechanical stress. A sudden
change of slope is detected at 18 and 19 K on the reduced
resistivity curves of these two samples, suggesting the occur-
rence of a magnetic transition. Above this temperature, the
resistivity increases continuously but deviates from the lin-
ear temperature dependence which characterizes the normal
metals. This deviation observed in many compounds based
on rare earth elements (11) is attributed to their high value
of the resistivity; the mean free path is short, of the order of
a few interatomic distances.

Above 25 K, the magnetic susceptibility of this gallide
follows a Curie-Weiss law having a positive paramagnetic
Curie temperature 8, (Table 2) which indicates the predomi-
nance of the ferromagnetic interactions. The thermal de-
pendence of the magnetization of M- and A2-samples,
measured in low-field B = 0.025T, is characteristic of

1.0

0.9

p(T) / p(230K)

e
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06 GdNi,Ga,

1 ) 1 A ] . ]
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FIG. 5. Thermal dependence of the reduced electrical resistivity of
GdNi;Ga, (M- and A2-samples).
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FIG. 6. Temperature dependence of the magnetization of GdNi;Ga,
(M- and A2-samples) measured with a magnetic field B = 0.025 T.

ferromagnetic behavior (Fig. 6). The Curie temperature
T determined from the inflection point of the curve is equal
to 17.5(5) and 18.0(5) K for the M- and A2-samples, respec-
tively. The magnetic properties of GdNi;Ga, are then neg-
ligibly on their structural properties. At 5K, the
magnetization of the A2-sample takes a value of
7.3(1) ug/mol in B = 4.8 T (Fig. 7). This value is close to the
expected one (7 up) for a Gd** ion. Previous investigation of
GdNi;Ga, reported a ferromagnetic behavior without in-
dication of the Tc-temperature (12).

3.3.2. GdNi3Sl’12

The magnetization versus temperature curve of
GdNi;Sn, (A2-sample), measured in field B = 0.025 T, ex-
hibits a shoulder at T = 19.5(5) K (Fig. 8) (the increase of
magnetization occurring below Ty can be attributed to
traces of NizSn, detected by microprobe analysis). This
behavior, together with an abrupt decrease of the resistivity
in this temperature range (13), indicates that this ternary
stannide is magnetically ordered. Below Ty, its magnetiz-
ation varies linearly with the field (Fig. 7), suggesting an
antiferromagnetic type of ordering. This result agrees with
the negative value of its Curie paramagnetic temperature
0, = —17 K (Table 2).

3.3.3. GdNi;Al,

The thermal dependence of the reduced resistivity of
GdNizAl, is given in Fig. 9. The observed behavior is



68 PECHEV ET AL.

[ T=5K

—e— GdNi,Ga, (A2)
—o— GdNiSn, (A2)

Magnetization (i , / mol)

B(T)

FIG. 7. Field dependence at 5 K of the magnetization of GdNi;Ga,
and GdNi;Sn, (A2-samples).

dependent on the thermal treatment of the compound: (i)
the reduced resistivity of the Al-sample decreases more
rapidly than that of the M-sample, confirming that anneal-
ing at 1273 K reduces the mechanical stress induced by the

0.016 ———r———————————————

GdNiSn, (A2) |
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T, =19.5(5) K
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FIG. 8. Thermal dependence of the magnetization of GdNi;Sn, (A2-
sample) measured with a magnetic field B = 0.025 T

p(T)/ p(230K)
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FIG. 9. Thermal dependence of the reduced electrical resistivity of
GdNizAl, (M-, Al-, and A2-samples).

melting process; (ii) the reduced resistivity of the A2-sample
decreases more weakly with temperature because it is main-
ly constituted by two ternary alloys (Table 1). But in all
cases, a slight slope change of the thermal dependence is
observed below 19(1) K, suggesting a decrease of the spin
disorder accompanying a magnetic transition.

In field B = 0.025 T, the magnetization of the M- and Al-
samples increases rapidly around T« = 20.0(5) K, indicating
the occurrence of a ferromagnetic ordering (Fig. 10). We
observe for both samples a positive paramagnetic Curie
temperature 0, (Table 2). The smaller magnetization of the
A2-sample shows three anomalies, an increase around
T =20.4(5) K and two kinks appearing at T, = 11.1(5) K
and T, = 3.9(5) K (Fig. 10). As the sample is a mixture of
two phases, we could ascribe the ferromagnetic transition
(T¢) to the phase adopting the unknown hexagonal-type
and the two other transitions (T; and T,) to the second
phase crystallizing in the HoNi, ¢Ga, 4-type. This last be-
havior suggests a change of the magnetic structure in the
ordered state as observed in other Al-based intermetallics
such as GdNiAl (16).

We have also measured the magnetization of these three
samples at 5 K and in magnetic fields up to 4.8 T (Fig. 11).
The curve relative to the Al-sample shows a tendency
toward saturation with a moment of 7.15(5) pg/mol, close to
that calculated for a Gd3* ion (7.0 ug). The values obtained
for the M- and A2-samples are smaller because in one case
the sample contains a greater amount of impurity
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FIG. 10. Temperature dependence of the magnetization, measured
with a magnetic field B = 0.025 T, of the three GdNizAl, samples.

(M-sample) (Table 1) and in the other case two phases
are present (A2-sample). In all cases, no remanence is
detected, in agreement with the isotropic character of the
Gd** ion.
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FIG. 11. Field dependence of the magnetization, measured at T = 5 K,
of the three GdNi;Al, samples.

3.3.4. Discussion of the Structural and
Magnetic Properties of GdNi; X, Compounds

Considering the compounds which adopt the CaCus-
type, we observe a decrease of the Curie temperature T
following the sequence GdNis (T=293K) (1)—
GdNi;Ga, (M-sample; T¢ = 17.5(5) K). Such a tendency
can be related to the increase of the interatomic Gd-Gd
distance. In this structure type, each Gd-atom has eight
nearest neighbors, two along the c-axis and six in the basal
(a, b)-plane. In the considered compound sequence, the
average Gd-Gd distance increases from 0.467 to 0.483 nm
for GdNis and GdNi;Ga,, respectively. This fact leads to
a enfeeblement of the ferromagnetic interaction taking into
consideration the RKKY (Rudermann-Kittel- Kasuya-
Yoshida) model which governs the magnetic properties of
the compounds based on rare earth.

The observation of an equivalent Curie temperature for
the two polymorphic forms of GdNi;Ga, is surpriing. In-
deed, Gd-Gd distances are affected by the structural
transition  CaCus-type » HoNi, ¢Ga, 4-type: in  the
CaCus-type (M-sample), each Gd-atom has eight nearest
neighbors (2 at 0.4051 nm and 6 at 0.5086 nm), whereas in
the HoNi, ¢Ga, 4-type (A2-sample) the Gd species has four-
teen neighbors (2 at 0.4132 nm and 12 at 0.5451 nm for the
la-site (0 0 0) and 2 at 0.4132 nm, 6 at 0.5044 nm, and 6 at
0.5451 nm for the 2d-site (1/32/31/2)). If the average
Gd-Gd distance increases, when the HoNi, ¢Ga, 4-type is
adopted, so does the number of neighbors.

The occurrence of an antiferromagnetic ordering in
GdNi;Sn, could be explained by the oscillatory character of
the RKKY interactions versus the interatomic distances. In
comparison to those existing in GdNi;Ga, (A2-sample), the
Gd-Gd distances in GdNi3Sn, (2 at 0.4259 nm and 12 at
0.5709 nm; 2 at 0.4259nm, 6 at 0.5297 nm, and 6 at
0.5709 nm) are much larger and cause a change of the sign of
the magnetic coupling.

3.4. Hydrogen Absorption Properties of GdNi;Al, and
Their Influence on Its Magnetic Properties

After a suitable activation procedure at 573 K, as de-
scribed previously in Ref. (5), the powdered M-, Al-, and
A2-samples of GANi;Al, absorb hydrogen at room temper-
ature under a gas pressure of 5 MPa. The maximum hydro-
gen concentration ny by mol is maintained at 1.9(1) for
the M- and Al-samples but at only 1.2(1) for A2. These
behaviors confirm that the phases crystallizing in the
HoNi, ¢Ga, 4-type (approximately half of the A2-sample)
have a smaller hydrogen absorption capacity. Our results
agree with the recent study performed on the formation of
the hydrides in the YNis_,Al, system (14). In this case, the
compounds with x = 2.5, 2.75, and 3 which have the hexa-
gonal HoNi, ¢Ga, 4-type are inert toward hydrogen. We
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note also that YNizAl,, having the CaCus-type structure,
absorbs 1.85 hydrogen by mol, a value close to that deter-
mined here for M- and Al-samples of GdNisAl,.

The hydrogenated GdNi3;Al, samples were characterized
by X-ray powder diffraction. The patterns of these com-
pounds obtained from M- and Al-samples can be indexed
on the basis of a hexagonal unit cell as the starting material:
the lattice parameters are a =0.8970(2)nm and c=
0.8318(2) nm for these hydrides. The insertion of hydrogen
leads to the expansion of the wunit cell volume
(Vi = 0.5796(6) nm*) by 7.3%. Two hydrides coexist after
the gas treatment of the A2-sample.

The magnetization of hydrogenated M- and Al-samples
increases continuously with decreasing temperature (Fig.
12). The magnetization does not tend toward saturation at
low temperature as observed for starting materials (Fig. 10).
We note also that the magnetization takes a lower value at
the same temperature and B = 0.025T: for instance, at
T = 5 K, the magnetization of the M-sample decreases from
0.68 to 0.12 ug/mol after hydrogenation. No magnetic or-
dering can be detected from the investigation of the mag-
netic properties of the hydrogenated M- and Al-samples.
This behavior is confirmed by the field dependence of the
magnetization of hydrogenated the Al-sample (Fig. 13),
which is weakly field dependent. Certainly, the spacial dis-
tribution of hydrogen in this alloy induces a distribution of
the number of H-atoms surrounding each gadolinium atom;
this leads to the presence of some disorder on the scale of
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FIG. 12. Temperature dependence of the magnetization, measured
with a magnetic field B = 0.025 T, of the three hydrogenated GdNisAl,
samples.
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FIG. 13. Field dependence of the magnetization, measured at various
temperatures, of the hydrogenated GdNizAl, (Al-sample).

few atomic Gd-Gd distances and favors the formation of
the spin-glass states, for instance.

Generally, hydrogen absorption induces a decrease of the
magnetic ordering temperature of the Al-based intermetal-
lics; e.g., the Curie temperature of Gd;NigAl, decreases
from 118 to 69 K after hydrogenation (15) as does the
T relative to GANIAI (T« = 56 K), which changes from 30
to 20 K (16-18). This behavior can be understood by consid-
ering the characteristics of the RKKY magnetic interac-
tions: (i) the increase of Gd-Gd distances in the
hydrogenated samples induces a diminution of the magnetic
interactions; (ii) the insertion of hydrogen modifies the num-
ber of electrons in the conduction band of the intermetallic
and changes the density of states at the Fermi level.

The influence of the hydrogen absorption on the mag-
netic behavior of the A2-sample can be summarized as
follows (Fig. 12): the ferromagnetic transition (T¢ =
20.4(5) K; see Fig. 10) associated with the unknown hexa-
gonal-phase dissapears; the magnetic transitions (T; and T5)
of the HoNi, ¢Ga, 4-phase are unchanged. This last phase,
which absorbs only a small amount of hydrogen, keeps its
initial magnetic properties.

4. CONCLUSION

We have synthesized at different heat treatments the
ternary intermetallics GdNi3; X, with X = Al, Ga, or Sn.
The structural properties are dependent on the sample prep-
aration procedure: GdNi;Sn, adopts at all temperatures the
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hexagonal HoNi, (Ga, 4-type, whereas GdNi;Ga, exhibits
two hexagonal polymorphic forms having, respectively, the
CaCus-type and the HoNi, (Ga, 4-type. GdNizAl, pres-
ents an original behavior, adopting an unknown hexagonal
structure after melting and quenching or after annealing at
1273 K. A structural determination on a single crystal is
necessary in order to solve the structure of GdNizAl,.
The nature of the X-element governs the magnetic prop-
erties of GdNi3; X, compounds. GdNi;Ga, and GdNi;Al,
(melted sample or annealed samples at 1273 K) order fer-
romagnetically below 17.5(5) and 20.0(5) K, respectively. An
antiferromagnetic ordering is detected below 19.5(5) K for
GdNi;Sn,. This evolution from ferromagnetism to antifer-
romagnetism seems linked to the oscillatory character of the
RKKY interactions efficient in these intermetallics.
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