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tetragonal LaPtSi-type structure
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Abstract

Hydrogenation of isostructural RENiSi (RE = Ce, Nd) intermetallic compounds has been performed. Neutron diffraction experiments on
CeNiSiD, 5 mdicates that D-atoms fully oceupy the [Ce;Ni,]- and partially fill the [Ce;S1,]-bipyramidal sites. The strong hybridisation
between Ce and D 1n these sites can explain the observed increase of the cerium valence after deuterium insertion. The magnetic phase diagram
of NdNiSi has been established and highlights two antiferromagnetic transitions at Ty;; = 6.8(2) K and Ty =2.8(2) K. which disappear after

hydrogenation.

Keywords: Hydrogenation; Rare-earth-based intermetallics; Nevtron diffraction: Magnetic phase diagram

1. Introduction

The physical properties of CeTX (T = transition element,
X =p element) ternary intermetallic compounds are strongly
dependent on the hybridisation strength J.; between 4f(Ce)
and conduction electrons. As highlighted by Doniach [1],
Jos governs the competition between RKKY indirect mag-
netic mteractions [2] and the demagnetising Kondo effect
[3]. Hydrogenation, which induces changes both on the
mteratomic distances and on the density of states at the
Fermu level, has been proved to be an efficient way to mod-
ify Jor and the physical behaviour of CeTX compounds.
For example, i CelrAlH;, cerium is mn a trivalent state
while the pristine CelrAl is a valence fluctuating compound
[4].

Considering the family CeNiX (X=Al, Ga, In, Sn), hy-
drogenation leads to transition from intermediate valence
state to trivalent state of certum [5] with possible magnetic
ordering 1n the case of CeNilnHj sy [6] and CeNiSnH,

* Corresponding author. Tel.: +33 5 4000 6336; fax: +33 5 4000 2761.
E-mail address: chevalie@icmebu-bordeaux] fr (B. Chevalier).

(v=1.0(1) or 1.8(1)) [7-9]. In the case of CeNiGeHis(1).
the mtermediate valence state remains but the Kondo effect
1s strongly decreased [10]. In these examples, hydrogena-
tion acts like a negative pressure and similar modifications
of physical behaviour are obtamed by substituting nickel by
a larger element as Pt or Pd. For example, CeNiSnH; g(y)
[7.9] and CeNig4PtpsSn [11] are antiferromagnets (both
T =4.5(2)K), while the mitial CeNiSn is a well-known
Kondo semiconductor [12].

Recently, an anomalous mcrease of the Kondo effect was
observed after hydrogenation of the ternary silicide CeNiS1
[13] crystallizing in the tetragonal LaPtSi-type structure. A
different site occupancy by H-atoms than the usually admitted
[CesNi] tetrahedrons was hypothesized to justify both the
lack of significant molar volume increase (A ¥y, /¥, =+0.1%)
and this unusual magnetic behaviour.

The first amm of this paper i1s to verify this hypoth-
esis. We report the structural analysis of the deuteride
CeN1S1D1 31y by neutron diffraction. The second aim 1s to
report for the first time the magnetic properties of NdNiSi
and NdNiSiH; gq1) which crystallize in the same structural

type.



2. Experimental

The synthesis of intermetallic compounds and their hy-
drides (or deuterides) has been described in details in previous
papers, as well as analysis methods (X-ray diffraction, elec-
trical resistivity and magnetic susceptibility measurements)
[5.9.13,14].

Nevertheless, the temperature used for the deuteration of
CeNiSi (I'=523K) is higher than that reported to obtain
CeNiSiHp gy (T=323K) [13]. The quantity of deuterium
absorbed, determined by a gravimetric method, indicates the
formation of CeNiSiD1.2¢1).

Neutron powder diffraction experiments were performed
at the Orphée reactor (CEA/Saclay, France), on the two-
axis diffractometer 3T2 (lugh-resolution powder diffraction;
A=0.1225nm) at 300K. The data were analysed with the
Rietveld profile method using the Fullprof program [15].

3. Results and discussion
3.1. Structural determinations on CeNiSiDj 51

The neutron diffraction patterns obtained on CeNiS1i and
CeN1S1Dy 3(y) are reported mn Fig. 1 and the results of the
structural refinements m Table 1.

CeNiSi has been reported to crystallize in the tetragonal
LaPtSi-type structure (space-group /41md, no. 109) with all
atoms located in 4a sites (0 0z). This structural type leads
to a quite good refinement of its neutron diffraction pattern
(Table 1).

The deuterium localization m CeNiSiDj 3¢y has been
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Fig. 1. Refined powder neutron diffraction patterns of (a) CelNiSi and (b)

performed by both methods of Fourler difference and CeNiSiD; a1-
Table 1
Results of Rietveld refinement of CeNiSi and CeNiSiD a0y
CeNiSi CeNiSiDy oy
Space group I4ymd (no. 109)
Cell parameters a=4.0709(1) A, a=4.0411(1) A,
c=14.0158(3) A c=1423532) A
Aromic positions (occupancy if different of 1) Ce 0.0, 0.000 0.0,0.000
Ni 0, 0. 0.5862(3) 0.0, 0.5821(6)
Si 0.0, 0.4178(4) 0.0,04171(4)
DI (8b) 0. 0.0790(8). 0.8343(6) (0.48(1))
D2 (4a) 0.0, 0.1663(7) (0.27(1))
Thermal displacement parameter Ce 0.68(3) A2 0.79(5) A2
Ni 0.85(2) A2 B11=0.028(2) A2, B12=0A2, B22=0.009(2) AZ,
B13=0A% B33=0.0005(4)A2 B23=0A2
si 0.63(4) A2 0.65(6) A2
D1 133(7A?
m 133(7) A2
Number of observed reflections 129 125
Number of refined parameters 13 31
Conventional reliability factors Ry 0101 0.109
Fop 0.100 0.108
R 0.0561 0.0408
¥ 345 528
Rirses 0.0363 0.0400
R 0.0246 0.0305
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Table 2
List of equivalent positions for D1 located in 8b site for CeNiSiDy 2y
D1 (0. 0.0720, 0.8343) (1/2. 04210, 0.3343) (0.9210. 1/2, 0.0843) (0.5790. 0. 0.5843)

(0. 09210, 0.8343)

(1/2,0.5700, 0.3343)

(0.0790, 1/2, 0.0843) (04210, 0, 0.5843)

The two positions of a same column cannot be occupied simultaneously.

simulated annealing available with the Fullprof software.
Both methods indicate the presence of deuterium atoms
(D1) located in the [Ces3Niz] bipyramidal sites available
m this structure. The refinement based on this hypothe-
sis smoothly converges but some intensities remain unexp-
lamed.

Smce the multiplicity of this site is equal to 4, the full oc-
cupation of the centre of the [Ce3;N13] bipyramid cannot alone
explain the experimental deuterium stoichiometry. From an
examination of the structure, an additional site for deutermum
atoms, mside the [Ce3;Siz] bipyramids, has been hypothe-
sized. A large improvement of the refinement results from the
introduction of this D2 atom. In the structure of CeNilnDy 45
(hexagonal ZrNiAl-type structure), Yartys et al. [16] reported
a small displacement of the deuterium atoms from the cen-
tre of the [Ce3Ni2] bipyramids. The D1 atoms had then been
allowed to shift from the 4a site to a 8b (0 y z) site. The experi-
mental shift (y=0.0790(8)) 1s of the same order of magnitude
than that reported by Yartys et al. Therefore, D1 atoms are
located in a [Ce3Ni] tetrahedral site, very close to the [Ces]
basis. Obviously, from an interatomic distances point of view,
only half of the equivalent positions can be filled, as summa-
rized in Table 2.

The final refinement (Table 1) has been made considerng
anisotropic displacement parameters for Ni-atoms. A Hamil-
ton test [17] between this hypothesis and the previous one
with 1sotropic displacement parameters for all atoms vali-
dates the sigmficance of the improvement of the refinement.

A projection of the structure along the [1 0 0]-direction is
shown in Fig. 2 and highlights the sites occupied by deu-
tertum atoms in this structure type as determined by neutron
diffraction experiments.

Concerning the cell parameters, the a parameters of
CeNiSiand CeNiS1Dj (1) are in perfect agreement with those
reported previously [13], while the ¢ parameter 15 —0.1%
smaller, both for CeNiSi and the deuteride. The difference
between the concentrations in hydrogen or deuterium do not
seem to mfluence the cell parameters.

The interatomic distances between certum and deuterum
atoms (2.35-2.38 &) (Table 3) are close to those reported
previously in hydrides based on cerium. For example,
dcep =2.371(2) A in CeNiInD1 24 [16] and dceg=2.410A
in CeH, [18].

The shift from the mnitial 4a position to an 8b position leads
to two nickel—deuterium distances. The smallest one (1.70 ‘&)
1s of an order of magnitude as those reported in intermetallic
hydrides. For example, dii—p=1.622 A in TbNiSiD; 75 [19],
dyiip = 1.694(6) in CeNiInDy 43 [16] and dy;_p=1.619(2) A
in LaNiSnD; [20]. The shift of the D1 atom from 4a to 8b
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Fig. 2. Projection of the CeNiSiDy 2y structure along the [1 0 0]-direction,
as determined by neutron diffraction (Ce: white large circles. Ni: light grey
medium circles, Si: dark grey medium circles, D: black small circles).

'

position may explain the anisotropic displacement parameter
of mickel which tends to stabilize the structure in shightly
shortening the Ni-D1 mteratomic distance.

Considering the refined occupancy rates of D1 (0.48(1))
and D2 (0.27(1)) sites, one can conclude that the [CezNiz]

Table 3
Interatomic distances in CeNiSi and its deuteride calculated from results of
Table 1

CeNisi CeNiSiDy 2y

Interatomic distances (4) Ce4Ce 405 404
Ce4Ce 407 400
Ce4Si 310 3.00
Ce2Si 311 312
Ce—4Ni 312 300
Ce-2Ni 307 313
Ce-2D1 237
Ce-1D1 238
Ce2D2 235
Ce-1D2 237
Si-2D2 202
Ni-2D1 1.79 or 2.34




triangle-based bipyramids are close to be entirely filled by
D1-atom while less than one-third of [Ce;Si;] bipyramids
are occupied. The concentration in deuterium deduced from
these rates is CeNiSiD; 23(3), i perfect agreement with the
experimental value.

The magnetic susceptibility of CeNiSiD; 5(;; measured
at 300K (ym=6.5 x 10~* emu/mol) is comparable to the
value reported for the hydride (ym=5.9 x 1074 emu/mol)
highlighting no strong influence of hydrogen concentration.
Both these susceptibilities are lower than that of CeNiS1
(#m=1.28 x 10~° emwmol). This study confirms the in-
crease of the Kondo effect in CeNiS: after hydrogenation
which seems to be linked with the unusual site occupancy by
H-atoms. They are located close to three certum atoms and
must be strongly hybridised with them, resulting in an m-
crease of the Kondo effect. This result can be compared with
hydrogenation of CeCoGe [21] where H-atoms are located in
[Ce4] pseudo-tetrahedral sites and induce a demagnetisation
of the compound. When H-atoms are strongly hybridised with
Ce-atoms, the chemical effect could prevail over the “nega-
tive pressure” effect.

3.2. Magnetic behaviour of NdNiSi and NdNiSiH] g1

The magnetization of NdNiS1 as a function of tempera-
ture in different applied magnetic fields 1s reported in Fig. 3.
For j1pH =2.4T, two magnetic fransitions are clearly evi-
denced at Ty =6.8(2)K and 5 =2.8(2)K (for ngH=0.1T).
The transition occurring at T corresponds to a maximum in
the curve M=f(T) which could be attributed to an antiferro-
magnetic ordering of the Nd** moments. This correlates with
the decrease of T7 when poH increases (from I =68(3)K
for pgH=0.1Tto T, =6.0(2)K for ugH=2.4T). The second
transition 1s characterized by a sharp decrease of the magne-
tization with temperature. 75 15 deternuned by the inflection
point of the curve. This last result suggests a spin reorienta-
tion occurring 1n the antiferromagnetic state of thus ternary
silicide. Such a result has already been observed, for example,
in NdNi4Snz which exhibits two transitions at Ty =13.0(5) K
and T; =10.0(5) K [22].

For higher magnetic fields (juoH = 2.8 T), only the high-
temperature transition is still observed and T; decreases while
(oM mereases. Moreover, the magnetic field is opposite to the
antiferromagnetic ordermg and the maximum observed in the
curve slowly vanishes when jLoH increases and the magnetic
transition only induces a change 1n the slope of M'=f(T) for
woH=40T.

These results agree with the behaviour of the magneti-
zation as a function of applied magnetic field at different
temperatures (Fig. 4). At T=8K, M=f{j10H) 15 represented
by a straight line, corresponding to the paramagnetic state of
NdNiS1. At T=6K, a small deviation to this linearity is ob-
served for poH = 1.8(2) T and can be explained by an upturn
of some moments that align with the magnetic field. Far be-
low T7 (I'=4K), the magnetization of NdNiS1 first increases
linearly with the magnetic field. with a smaller slope than
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Fig. 3. Thermal dependence of the magnetization of NdNiSi in
different magnetic fields applied: (a) 01T <pA=12T and (b)
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Fig. 4. Field dependence of magnetization of NdNiSi at different tempera-
tures. The measurements have been performed by decreasing .
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Fig. 5. Magnetic phase diagram of NdNiSi. The marks have been deduced
from the curves: (M) high-temperature transition of M=AT); () low-
temperature transition of M=fT):. (») M=fH). (®) lugh-temperature
transition of ' =7 T); () low-temperature transition of " =f{T).

the previous one. according to the antiferromagnetic order-
g Then, at wpH=3.1(2) T (determined by the inflection
point of the curve), a strong increase of the magnetization
occurs, corresponding to a metamagnetic transition probably
due to a spin-flip of the Nd*~ moments. Finally, below T
(T=2K). for low magnetic fields, the slope of the linear evo-
lution of M=fjH) 1s the smallest one observed, according
to the antiparallel alignment of Nd** moments. A small in-
crease m this curve at pigH =1.1(2) T could correspond to the
transition between the two antiferromagnetic states. Then,
around ppH =3.1(1) K, the spm-flip occurs, inducing a sharp
mcrease of the magnetization with the applied field.

Using all these results and measurements of a.c. suscep-
tibility (not presented in this paper), the magnetic phase di-
agram of NdNiSi has been established and is presented in
Fig. 5. The PM phase corresponds to the paramagnetic state,
the AF1 and AF2 phases to the antiferromagnetic states. It
1s to be noted that the small differences observed between
the Tj temperature transition (PM — AF1) determined by
d.c. and a.c. methods are mainly attributed to the precision
(AT=0.2K) of each measurement. The error bars have not
been plotted on the graph for clarity.

The magnetization of NdNiSiHion) has been mea-
sured and the results are reported in Fig. 6 (Inset high-
lights the behaviour of the reciprocal susceptibility in the
high-temperature region.) NdN1S1Hj gy) perfectly follows a
Curie-Weiss behaviour 1/y =(T+6,)/Cy, with 6,=-75K
and Cm=175emuKmol™! giving an effective moment
Mese=3.751up close to the value expected for a free Nd°~ ion
(pesr=3.62ug). In the low-temperature region, no magnetic
ordering 1s observed down to T=2K on the curve M=fT).
Hydrogenation of NdNiS1 mnduces an increase of mteratomic
distances, in particular dygng, Which leads to a disappear-
ance of the magnetic ordering. This result can be compared
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Fig. 6. Low-temperature dependence of magnetization of NdNiSiH; gy in
an applied field ppA=0.1 T. The inset shows the thermal dependence of the
reciprocal susceptibility in the paramagnetic region.

with those obtained on Nd;Fey4B [23] where hydrogenation
decreases the contribution of neodymium to the magnetisa-
tion of the compound.

4. Conclusion

Neutron diffraction performed on CeNiSiDy 31y confirms
that D-atoms are inserted in [Ce;Ni;] but also partially in
[CesS1;] bipyramids available in this structure deriving from
the LaPtSi-type. The hybridisation of D-orbitals with those
of certum seems to be more pronounced than the usual case of
[Ce3Ni] tetrahedrons occupancy. This chemical effect seems
to prevail over the “negative pressure” effect and must be
responsible for the mncrease of the Kondo effect after hydro-
genation.

In the case of NdNiSi, the magnetic phase diagram,
donunated by antiferromagnetic interactions has been es-
tablished. Hydrogenation mereases the nteratomic distances
and NdNiSiH] g1y does not show any magnetic ordering
down to 2K. Low-temperature neutron diffraction exper-
ments have to be performed to solve the magnetic structure
of the two magnetically ordered phases of NdNiS1L.
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