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Abstract

The present paper considers two unique volume effects associated with the formation of intermetallic hydrides, anomalously high linear
and volume expansion (CeNi→CeNi D ) and unusual volume contraction (HoNiSn→HoNiSnD ). The crystal structures of both3 3 2.8 0.67

deuterides were solved on the basis of powder neutron diffraction data. The hexagonal CeNi anisotropically expands on hydrogenation3
˚along 00z (30.7%). In orthorhombic CeNi D (space groupPmcn (No. 62);a54.8748(3);b58.5590(5);c521.590(2) A) this expansion3 2.8

proceeds within the CeNi slabs only (63.1%), with a ‘shrinking’ of the CeNi parts (22.8%). All D atoms are located inside the CeNi2 5 2

part and on the border of CeNi and CeNi . In sharp contrast to the known crystal structures of intermetallic hydrides, in CeNi D2 5 3 2.8

deuterium atoms do not fill initially existing interstices but, instead, attract cerium atoms into their surrounding and form new D-occupied
sites, Ce Ni and Ce Ni . The hydrogenation of HoNiSn causes a transition from TiNiSi to the ZrNiAl type of structure. Transformation3 3 3

of the metallic sublattice into the ZrNiAl type results in a ‘shrinking’ of the Ho Ni tetrahedra filled by D. Their occupation in3
¯ ˚HoNiSnD (space groupP62m (No. 189); a57.24197(10);c53.93514(7) A) proceeds with a formal ‘negative’ volume expansion0.67

effect and leads to the formation of strong Ho–H bonds.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction study the hydrides where this feature is even more
pronounced.

Formation of intermetallic hydrides is typically accom- The most interesting example of ‘anisotropic’ structures
3˚panied by a volume expansion equivalent to 2.5–3.0 A represents hexagonal (trigonal) hydrides formed on the

per absorbed hydrogen atom. The most frequent situation basis of RT intermetallics in the binary systems of rare3

is associated with a unilateral expansion in the so-called earth metals with nickel and cobalt. During hydrogenation,
‘isotropic’ structures. In contrast, a pronounced linear an anomalously large expansion occurs in the [001]
expansion along a sole crystallographic direction takes direction. It reaches 32% and has been observed for
place in ‘anisotropic’ structures. In the recently studied (La,Ce,Pr,Nd)Ni H and CeCo H [2–4]. In HoNi D3 3–4 3 4 3 1.8

new type of intermetallic hydrides, RE Ni In D [1], a [5], RCo D (R5Y, Er) [6] and (Y,Ce)Ni D [7,8] so far3 3 3 4 3 4 3 x

pair of hydrogen atoms with unusually short H–H sepa- studied by powder neutron diffraction, the anisotropic
˚ration of |1.6 A was found. From a structural point of expansion effect is relatively small in comparison with

view, in RE Ni In D the appearance of short H–H (La,Ce,Pr,Nd)Ni H and CeCo H .3 3 3 4 3 3–4 3 4

distances correlates with an anisotropic uniaxial lattice The other extreme case associated with volume changes
expansion on hydrogenation (16%). Thus, it is important to on hydrogenation is observed in the series of RNiSn

intermetallics and their corresponding hydrides. Here the
expansion effects gradually decrease from 7.9 vol.%
observed for LaNiSnD [9] to 2–3% for the compounds of*Corresponding author. Tel.:147-6380-6453; fax:147-6381-2905. 2
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become negative values for (Ho,Er)NiSn [11]. The reasons (both four per unit cell), which can be filled by H atoms
for such unusual behavior need to be established. (maximum composition of 2 at.H/ f.u.HoNiSn will be

This work was based on studies by means of high reached). These sites are too large (Ho Ni tetrahedron:3
˚ ˚resolution powder neutron diffraction of two unusual r50.59 A; Ho triangle:r50.72 A) to accommodate H3

effects on hydrogenation: anomalous expansion and vol- atoms, so a significant deformation of the metal sublattice
ume contraction considering cases of CeNi D and can be expected with hydrogenation.3 2.8

HoNiSnD . The structural studies revealed the existence0.67

of new, previously undescribed phenomena in the metal–
3 .2. Crystal structure of CeNi Dhydrogen systems. 3 2.8

The crystal structure of the initial hexagonal inter-
metallic alloy CeNi (space groupP6 /mmc; a52 . Experimental 3 3

˚4.96461(8); c516.5213(3) A) refined from the PND
showed good agreement with the reference data [13].CeNi and HoNiSn intermetallic alloys were prepared3

X-ray diffraction study of CeNi D shows a pro-from the high purity constituent elements by arc melting 3 2.8

nounced linear expansion of the hexagonal unit cell alongunder argon gas atmosphere. CeNi was subsequently3

c, Dc /c530.7%. At the same time, lattice contracts in theannealed at 9008C for 3 weeks and water-quenched after
basal plane by 0.5–1.8% and undergoes an orthorhombicthe annealing. HoNiSn was used in as-cast condition.
deformation (a54.8748(3); b58.5590(5); c521.590(2)Deuteration was performed at room temperature and D2 ]ŒÅ; a 5a ; b 5a * 3; b /a 51.756;Da /a±pressures not exceeding 10 bar (CeNi ), or at 3–4 bar D orth hex orth hex orth orth3 2 ]Œpressures and temperatures of 400–4508C (HoNiSn). Db /a * 3). From group–subgroup relations and ob-hex

Powder neutron diffraction (PND) data of CeNi D (the served extinctions, the space group of symmetry was3 2.8

sample was sealed in the quartz autoclave) were collected deduced asPmcn (P6 /mmc → Cmcm → Pmcn (Pnma)).3

at the high resolution diffractometer D1A, Institut Laue Rietveld plot of powder neutron diffraction data for
˚Langevin (ILL), using the wavelength 1.911 A. The PND CeNi D is shown in Fig. 1. Crystal structure data for3 2.8

data for HoNiSnD (sample was sealed under argon in CeNi D are presented in Table 1.0.67 3 2.8

the 5-mm vanadium sample holder) were measured on the In orthorhombic CeNi D the lattice elongation3 2.8
˚D1B instrument (l52.52 A), ILL. The step increments of proceeds within the CeNi slabs only (63.1%), with a2

the diffraction angle 2u were 0.058 (D1A) and 0.28 (D1B). ‘shrinking’ of the CeNi parts (22.8%). Such extremely5

The refinements of the data were performed with the large expansion as for the CeNi part is uniquely high.2

GSAS software [12] using the neutron scattering lengths Similar effects have not been reported in publications on
taken from the GSAS library. XRD characterisation of the metal hydrides so far. As a result, a complete rebuilding of
alloys and their hydrides was performed using a Siemens the metal sublattice takes place. This rebuilding is easily
D 5000 diffractometer (Cu Ka radiation). Synchrotron seen if one compares the modifications of the chains of Ni1 4

XRD data were collected at high resolution diffractometer and CeNi tetrahedra aligned along [001]. In the CeNi3 3

at the Swiss-Norwegian Beam Line, ESRF (mono- intermetallic compound the Ni tetrahedra are nearly4
˚chromatic X-rays withl50.50056 A). regular. In contrast, after the expansion to form CeNi D3 2.8

some of these tetrahedra become so expanded that they do

3 . Results and discussion

3 .1. Crystal chemical analysis of the intermetallic
compound CeNi and HoNiSn3

The crystal structure of CeNi (own structure type) can3

be considered as a stacking of the CaCu - and MgZn -type5 2

slabs along [001]. Combination 1*RT12*RT provides5 2

the overall stoichiometry 3*RNi . CeNi structure contains3 3

12 types of tetrahedral sites with three kinds of surround-
ing, Ce Ni , CeNi and Ni . A non-uniform expansion of2 2 3 4

CeNi and CeNi slabs is the most probable scenario5 2

following an anisotropic expansion of the unit cell in the
Fig. 1. Powder neutron diffraction pattern for CeNi D (D1A instru-3 2.8[001] direction. ˚ment, l51.911 A) showing observed (dots), calculated (line) and

Orthorhombic HoNiSn crystallises with TiNiSi-type difference (line at bottom) pattern. Positions of the peaks are marked.
2structure. The unit cell of intermetallic alloy contains two R 54.78%;R 56.35%;x 54.94. Diffuse background originates fromp wpr

types of interstices, Ho Ni tetrahedra and Ho triangles the quartz sample container.3 3
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Table 1
Crystal structure data for CeNi D3 2.8

Atom Site x y z D surrounding

1
]Ce1 4c 0.430(3) 0.2514(9)4
1
]Ce2 4c 0.378(2) 0.0575(6)4
1
]Ce3 4c 0.087(4) 0.9364(8)4
1
]Ni1 4c 0.755(1) 0.5297(4)4
1
]Ni2 4c 0.929(2) 0.3348(6)4
1
]Ni3 4c 0.748(1) 0.2461(6)4
1
]Ni4 4c 0.086(1) 0.2555(5)4
1
]Ni5 4c 0.938(1) 0.1564(5)4

Ni6 8d 0.005(2) 0.8219(10) 0.8392(3)
Ni7 8d 0.497(2) 0.1774(11) 0.3532(3)

1
]D1 4c 0.726(2) 0.8894(8) Ce2 Ce3Ni2Ni62 24
1
]D2 4c 0.080(1) 0.1120(5) Ce2Ce3 Ni5Ni62 24
1
]D3 4c 0.916(1) 0.4962(7) Ce2 Ni134
1
]D4 4c 0.233(1) 0.6498(5) Ce1Ce2Ni624

D5 8d 20.030(2) 0.169(1) 0.0094(4) Ce2Ce3 Ni12
1
]D6 4c 0.771(3) 0.1007(5) Ce3 Ni1Ni5Ni72 24
1
]D7 4c 0.971(2) 0.4180(10) Ce2 Ce3Ni2Ni72 24

a 1
]D8 4c 0.478(1) 0.1514(8) Ce1Ce2Ni724

˚Space groupPmcn (No. 62). Unit cell parameters:a54.8748(3);b58.5590(5);c521.590(2) A.T5300 K. Data recorded on the D1A diffractometer.
a Occupancy 0.30 (3).

not exist any more (Fig. 2a and b). The same conclusion is eight sites are completely occupied, this will cause stoi-
chiometry to increase to D/CeNi53.0.reached for the CeNi sites aligned along [001]: Ce–Ni 33

In sharp contrast to the known crystal structures ofbonding is broken in the 00z direction.
intermetallic hydrides, in CeNi D deuterium atoms doOccupancy/vacancy of the CeNi and CeNi parts by 3 2.82 5

not fill initially existing interstices but, instead, attractdeuterium is in agreement with the observed values of
cerium atoms into their surrounding and formnew D-volume expansion. All D atoms are located inside the
occupied sites, Ce Ni and Ce Ni (Fig. 3a and b). InCeNi part and on the border of CeNi and CeNi leaving 3 3 32 2 5

addition, the ‘regular’ Ce Ni and Ce Ni sites are filled.CaCu -type part empty. Deuterium atoms occupy eight 2 2 2 45

From eight D sites two have surrounding Ce Ni, threedifferent sites, with seven of eight (D1–D7) being com- 3

Ce Ni , two Ce Ni and one Ce Ni . In CeNi D Dpletely filled. Observed stoichiometry is CeNi D . If all 2 2 3 3 2 4 3 2.83 2.765

sublattice is completely ordered with all D–D distances
˚exceeding 1.80 A. This sublattice can be presented as a

stacking of the coordination polyhedra of two types,
polyhedra with 12 vertices and polyhedra with seven
vertices formed by D around Ce2 and Ce3 atoms from the
CeNi slab (Fig. 4).2

Fig. 2. Framework of Ni and CeNi tetrahedra aligned along [001] in4 3

the structures of CeNi (a) and CeNi D (b). CeNi (MgZn -type) and Fig. 3. Deuterium atoms formally located inside the Ni (a) and CeNi3 3 2.8 2 2 4 3

CeNi (CaCu -type) slabs are shown. For comparison, CeNi : hexagonal: (b) tetrahedra bring three cerium atoms into their surrounding changing D5 5 3
˚ ˚ ˚a54.96461(8); c516.5213(3) A; d 52.54 A; d 53.14 A; coordination to Ce Ni . Ni and CeNi tetrahedra do not exist any more,Ni–Ni Ce–Ni 3 3 4 3

˚ ˚CeNi D : orthorhombic:a54.8748(3);b58.5590(5);c521.590(2) A; because of extremely large elongation of the Ni–Ni (2.54→4.34–4.45 A)3 2.8
˚ ˚ ˚d 54.34–4.45 A;d 54.60–5.08 A. and Ce–Ni (3.14→4.60–5.08 A) interatomic distances.Ni–Ni Ce–Ni
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Fig. 5. Crystal structure of HoNiSnD .0.67

Fig. 4. Hydrogen sublattice in the structure of CeNi D shown along TiNiSi structure with respect to insertion of interstitial3 2.8

[001] as a stacking of the polyhedra (Ce2D and Ce3D ) formed by D12 7 atoms causes its transformation to the ZrNiAl-type struc-
atoms around the Ce atoms inside the CeNi slabs. Ce1 atoms inside the2 ture. The latter RNiX structure contains trigonal
CeNi slabs are weakly bound to hydrogen.5 bipyramids R Ni which are occupied by D in the struc-3 2

ture of TbNiAlD [17]. PND study of HoNiSnD0.54 0.67

showed that at similar deuterium concentration in the
intermetallic lattice deuterium atoms are shifted from the

The hydrogenation behavior of the constituent parts of centers of these sites into the side-connected Ho Ni13
CeNi , CeNi and CeNi , reveals differences in com- tetrahedra which share a common triangular Ho face (Fig.3 5 2 3
parison with corresponding binary intermetallic com- 5, Table 2). The radii of these occupied Ho Ni1 sites are3
pounds. CeNi cubic Laves phase becomes amorphous on ˚much smaller (0.46 A) compared to the original structure.2

hydrogenation [14] while CeNi -based hydride at room As shown by thermal desorption spectroscopy studies, this,5

temperature decomposes at pressures below 48 bar [15]. Inin turn, allows the formation of strong Ho–D bonds. These
contrast, CeNi parts stabilise the CeNi parts in CeNi , bonds are broken in vacuum at temperatures above 5008C,5 2 3

and a good crystalline CeNi D hydride is formed. In which are unusually high for the intermetallic hydrides.3 2.8

turn, CeNi parts in CeNi become involved in the Because of short separation between the centers of the5 3

hydrogenation process at the rather low pressure of 1 barHo Ni1 tetrahedra they are half-occupied at maximum. A3
D , as a result of the influence of the CeNi parts shift of D atom from the center of bipyramid into the2 2

connected to them. ˚tetrahedron increases Ho–D distance to 2.23 A, while
Volume effects, which are observed on the transforma- ˚Ni1–D distance (1.66 A) falls into the range typical for

tion CeNi →CeNi D , do not seem to be associated with such distances in the structures of Ni-containing inter-3 3 2.8

the changes of the valence state of cerium on hydro- metallic hydrides.
genation. This conclusion is based on the similarities Volume contraction is known to take place in the binary
between CeNi D (Dc /c530.7%; DV /V527.7%) and M–H systems with a substantial degree of ionic bonding3 2.8

LaNi H (Dc /c532.0%;DV /V529.7%) [16]. In the latter between metals and hydrogen. However, in the case of3 4

case, no valence changes during the hydride formation takeHoNiSn and HoNiSnD , both compounds exhibit similar0.67
place, however the observed effects resemble the behaviormagnetic properties [18] indicating absence of significant
of the CeNi –H system. modifications of the electronic structure on H absorption.3 2

3 .3. Crystal structure of HoNiSnD0.67

Table 2A completely opposite situation with respect to volume
Crystal structure data for HoNiSnD0.67changes is observed in the system HoNiSn–D . Here SR2
Atom Site x y z D surroundingXRD study of HoNiSnD showed that deuterium ab-0.67

1
]Ho 3g 0.5984(3) 0sorption is accompanied by a volumecontraction of 0.64% 2

Ni1 2c 1/3 2/3 0(HoNiSn at 293 K: space groupPnma; a57.0682(9);
1
]Ni2 1b 0 03 2˚ ˚b54.4396(6); c57.6433(9) A; V5239.85 A ; Sn 3f 0.259(2) 0 0

a¯HoNiSnD at 293 K: space groupP62m; a57.2420(2); D 4h 1/3 2/3 0.58(2) Ho Ni10.67 33˚ ˚c53.93514(7) A; 4/3V5238.31 A ). This contraction is ¯ ˚Space groupP62m (No. 189).a57.240(2);c53.936(1) A.T5230 K.
associated with structural phase transition from TiNiSi to Data recorded on the D1B diffractometer.

athe hexagonal ZrNiAl-type structure. The instability of the Occupancy 0.50 (–).
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