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Abstract

Unit cell parameters and macroscopic densities were measured for gadolinium-rich (x,<2/3) and hydrogen-rich compositions

(x,>2/3) of the dihydride GdH

2+x

(defect CaF,, type). The experimentally determined values of the number of atoms in the unit cell are
consistent with the results of earlier work on some dihydrides REH

isotypical with CaF,. It was concluded that for the hydrogen-rich

compositions, the excess hydrogen atoms occupy the Wyckoff (octahedral) position (b) of the space group Fm3m, whereas for the
gadolinium-rich compositions vacancies occur on the hydrogen sites (c). The gadolinium sites (a) remain occupied fully by gadolinium
atoms in the homogeneity range of the gadolinium dihydride. A set of powder diffraction data was obtained for GdH,. 0O 1998 Elsevier

Science S.A. All rights reserved.
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1. Introduction

The incomplete phase diagram of the binary system
Gd—-H shows a large solubility of hydrogen in a-Gd (Mg
type) (up to hydrogen mole fraction x,,=0.35 at 1275 K)
and two intermediate phases: the dihydride GdH, (0.64<
X,<0.70, below 875 K) and the trihydride GdH, (0.74<
X,<0.75, below 875 K) [1]. The structure of GdH, is
isotypic with CaF, (Pearson code cF12, space group
Fm3m, a=5.303 A) [2].

A linear increase of the GdH,_ , unit cell parameter with
temperature was observed for the compositions 0.667<
X,;<0.686 in the temperature range 90 K < T <300 K [3].
The high-temperature X-ray measurements of the GdH,,
unit cell parameter showed linearity up to 525 K; a
deviation from the linear dependence was observed in the
temperature range 550 K—775 K [4]. On the other hand, a
non-linear dependence of the unit cell parameter on
temperature was measured for compositions Gd,; ;Hgg g
and Gd; gHeo» [3]-

The unit cell parameter of GdH,,,, as measured at
room-tempereature, decreases linearly with increasing hy-
drogen content; but at 90 K a change in the slope Aa/Ax,,
occurs at the hydrogen-rich compositions Gd,, ;Hgg o and
Gdy gHeo» [3]- Neither density nor powder diffraction
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data have been reported for the dihydride GdH,_ , in the
literature [5,6].

This study has been made as a part of an investigation
on the structural effects of interstitially dissolved elements,
like hydrogen, boron, carbon and nitrogen in transition
metals, rare earth metals and their alloys.

2. Experimental

The GdH,,, compounds were prepared starting from
gadolinium  (purity 99.9%; Rhone—Poulenc). Bulk
gadolinium ingots were hydrogenated by exposing them to
an H, atmosphere (99.999%; Messer Griesheim) of 0.13
MPa at 775 K for 16 hours which yielded the composition
GdH,, 56(5)- Another compound of composition GdH,; g5,
was prepared by partial desorption of a GdH,, 54, Sample
in high vacuum. The hydrogen concentration of the
samples was determined by means of a desorption method
as follows [7]. The samples are placed in a high vacuum
system which can be heated up to 975 K at the position of
the sample using a radiation furnace. The vacuum system
is operated by a turbo molecular pump having a constant
pumping rate at pressures between 10°° and 107 ° Pa
Hydrogen desorbs from the sample and is detected by a
computer controlled mass spectrometer. A calibration of
this device showed that the hydrogen concentration can be
determined with a maximum relative error of 3%.
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Bulk specimens were ground in a mortar and passed
through a sieve (mesh size: 0.05 mm); the particles which
passed the sieve were used for the powder diffraction
analysis. Powder diffraction patterns were recorded in a
Guinier transmission camera (Enraf—Nonius FR552) using
CuK_, (A=1.540562 A) and/or MoK, (A=0.70930 A)
radiation. Silicon (99.9999999%; Ventron) was used as an
internal calibration standard. The powdered specimens
were put on a piece of adhesive band and were protected
by a fine collodion film to prevent sample decomposition
by atmospheric humidity. For comparison, diffraction
measurements were also made using the airtight Guinier
capillary technique. Both protection methods yielded pow-
der diffraction patterns of the gadolinium dihydride. Single
coated CEA Reflex 15 film was used for the Guinier
photographs. The unit cell parameter was refined by least
squares fitting of Bragg's equation to diffraction lines in
the range 29°<<26<61°. Integrated intensities of diffraction
lines recorded in the Guinier patterns were densitometrical-
ly analysed on the Line Scanner LS 20 (KEJ Instruments).

The density of GdH,, , was measured by means of a gas
pycnometer ACCUPYC 1330 (Micromeritics Instrument
Corporation) using helium (99.999%; Messer Griesheim)
as gas medium.

3. Results

Guinier patterns of the GdH, 43, Specimen showed
diffraction lines of the CaF, type structure (Fm3m, cF12).
The unit cell parameter a of GdH, g5, (X,,=0.659(7)<2/

Table 1

Powder diffraction data for the dihydride GdH,

hki d, (A) d, (A) I, I
111 3.0617 3.066 100 100
002 2.6515 2.651 51 49
022 1.8749 1.875 43 38
113 1.5989 1.5989 50 44
222 1.5308 1.5306 11 12
004 1.3258 1.3257 4 6
133 1.2166 1.2161 18 16
024 1.1858 1.1852 11 14
224 1.0825 1.0824 10 10
333 1.0206 1.0203 9 3
115 1.0206 1.0203 9 8
044 0.9374 0.9365 2 3
135 0.8964 0.8960 8 9
244 0.8838 0.8833 3 4
026 0.8385 0.8388 2 3
335 0.8087 0.8088 1 3
226 0.7995 0.7995 1 3
155 0.7426 0.7424 2 2
117 0.7426 0.7424 2 2
046 0.7354 0.7350 1 2
246 0.7086 0.7084 3 3
355 0.6904 0.6904 2 1
137 2

3; CuK_, radiation, silicon calibration) equals 5.303(1) A.
The density D,, was determined as 7.07 Mgm >,
Similarly, for the hydrogen-rich composition GdH,, ¢,
(x4 =0.693(7)>2/3; CuK,, radiation, silicon calibration)
the following results were obtained: a=5.284(1) A, D,,,=
7.09 Mgm™>. Hence, with increasing hydrogen content,
the unit cell parameter decreases and the density increases.
To produce a comprehensive set of powder diffraction
data for GdH,, Guinier patterns were also recorded with
MoK, radiation to have access to lattice spacings, d,
corresponding to the range of 34°<<9 <62°. Powder diffrac-
tion data thus determined for GdH, o5, have been given
in Table 1. For calculation of the powder diffraction
intensities, 1., the program LAZY-PULVERIX was used

(8].

4, Discussion

Many crystalline dihydrides of early transition elements,
as well as of rare earth elements and actinides, exhibit the
CaF, structure. Compared with the CaF,-isotypical inter-
metallic compounds (eg. AuAl,, PtAI, [9]), the dihydrides
of the rare earth elements show a relatively large homo-
geneity range, especialy at higher temperatures [1]. This
region of solid solution formation ranges at high tempera
ture from the rare earth element-rich side (x,<<2/3) up to
the hydrogen-rich side (x,,>2/3) of the phase diagram. At
low temperatures the region of homogeneity ranges from
the stoichiometric composition (x,,=2/3) up to hydrogen-
rich compositions. Similar remarks can be made for the
4d-element containing binary system Y-H. In the 3d-
element containing binary system Sc—H, the hydrogen-rich
phase boundary of ScH, is not sufficiently known yet. The
scandium-rich phase boundary extends up to x,,~0.5 at a
temperature of 1400 K [1].

4.1. Unit cell parameter of RE-dihydrides as function of
atomic number

The unit cell parameters of the rare earth element
dihydrides (REH,) as well as of the dihydrides ScH, and
YH, are shown, for the stoichiometrical composition, x,,=
2/3, in Fig. 1 (data from Ref. [10]). Corresponding
promethium and europium dihydrides of structure type
CaF, are unknown. Clearly, for the rare earth elements, the
unit cell parameter decreases with increasing atomic
number. A similar observation concerning the increase of
the X-ray density of some REH, with atomic mass as well
as the decrease of the interatomic bond length, dge,, with
atomic mass was reported in Ref. [4]. The decrease of the
unit cell parameter a with atomic number may be under-
stood recognizing that the atomic radius of the rare earth
elements, r,, decreases with atomic number (i.e. also with
atomic mass).
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Fig. 1. Unit cell parameter a of the dihydrides ScH,, YH, and REH,
(RE=rare earth element) as function of the atomic number Z (data from
Ref. [10]).

An exception is observed for the dihydride YbH,
showing a unit cell parameter significantly larger than that
of the ‘neighbouring’ dihydrides, TmH, and LuH, (r+,=
1.746 A and r ,=1.734 A; data according to Ref. [11]).
Within this context it is remarked that two atomic radii
have been reported for ytterbium in Ref. [11]: r,,=1.940
A for the bivalent ytterbium, and r{,=1.749 A for the
trivalent ytterbium. Hence, it is suggested that bivalent
ytterbium occurs in the dihydride YbH,.

Considering the dihydrides of the 3d-element scandium
and the 4d-element yttrium, the unit cell parameter in-
creases with atomic number (Fig. 1) as an immediate
consequence of the corresponding increase of the atomic
radius (rg.=1.641 A and r,=1.801 A [11]).

4.2 Lattice parameter and density of the dihydride
GdH,. ,, as function of hydrogen content

The observation that the GdH,,, unit cell parameter
decreases with increasing hydrogen content [3] is con-
firmed by the measurements presented in Section 3.
Comparing the diffraction lines of both specimens,
GdH, g36) (X,<2/3) and GdH, 566, (X,>2/3), the dif-
fraction lines of the hydrogen-rich specimen (x,,>2/3) are
significantly more diffuse. Similar observations were made
before for the dihydrides LaH,.,, CeH,, ., NdH,,,,
LaH,,,, CeH,,,, PrH,,, and NdH,,, [12-14].

The average atomic volume V* is shown as function of
the mole fraction x, in Fig. 2 for the system gadolinium—
hydrogen. The following structure data were taken into
consideration for this plot: Gd (Mg type) [15], GdH,,,
(CaF, type, data from this study; Section 3), GdH, (HoH,
anti-Cu,As type) [16,17] and solid H (Mg type) [18].
Clearly, the average atomic volumes of GdH,, , and GdH,
are much smaller than those corresponding to a mechanical
mixture of gadolinium and solid hydrogen. This may be
related to the high negative values of the enthalpy of
formation measured for the rare earth element containing
dihydrides [19]. Measurements of the unit cell parameter

—~~
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Fig. 2. The average atomic volume, V*, as function of the mole fraction
of hydrogen, x,,, for the binary system Gd—H. Data presented correspond
to Gd [15], GdH,, , (see Section 3), GdH, [16] and solid H [18].

2+X

as function of the hydrogen mole fraction (0.64<x,,<0.73)
reported for LaH,,, ., PrH,_,, NdH,_, [13] and for CeH,, ,
[14] show also a relatively strong negative slope Aa/Ax,,
in the composition range 0.667<x,,<0.706 for LaH,,,,
PrH,.,, NdH,,, and, in the composition range 0.667<
X,<0.697, for CeH,_,.

The number of atoms in the unit cell can be calculated
straight forwardly from the unit cell volume, the density
and the composition. Thus, using the data obtained in this
work, the dependence of the number of atoms in the unit
cell of GdH,,,, N§, is shown as function of the mole
fraction, x,,, in Fig. 3. Now consider the unit cell of the
stoichiometric GdH,, (cF12, CaF, type). The space group
is Fm3m (Nr. 225) and the atomic positions of both
components are: 4Gd (a) 0,0,0; 8H (c) 1/4,1/4,1/4; 1/4,1/
4,3/4 [20]. The lattice points of the CaF, structure are
shown in Fig. 4, additional with the lattice point 1/2,1/
2,1/2 of the Wyckoff position (b), showing the multiplicity
4. Referring to the Wyckoff position (a) occupied by
gadolinium, the Wyckoff position (b) is an octahedra
position.

Three kinds of the mole fraction dependence of the
number of atoms in the CaF, unit cell are shown in Fig. 3:

(i) For the case of complete substitution of hydrogen by
gadolinium (x,<2/3) and gadolinium by hydrogen
(x,>2/3): N§=12 (horizontal dotted line in Fig. 3).

(ii) For the case of filling of the octahedral Wyckoff
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Fig. 3. The number of atoms in the GdH,, , unit cell, N, as function of
the mole fraction of hydrogen, x,,, (i) for the case of substitution of
hydrogen by gadolinium for x,,<2/3 and gadolinium by hydrogen for
X,,>2/3: N$=12 (horizontal dotted ling); (ii) for the case of occupation
of the lattice sites (b) (Fig. 4) by hydrogen for x,,>2/3 and vacancies on
the hydrogen lattice sites (c) (Fig. 3) for x,<2/3: N5=4/(1—x,) (full
lineg); (iii) for the case of occupation of lattice sites (b) (Fig. 4) by
gadolinium for x,,<2/3 and vacancies on the lattice sites (a) for x,>2/3:
N =8/x,, (dashed line).

position (b) by hydrogen (x,,>2/3) and for the case of
vacancies in the Wyckoff position (c) occupied by
hydrogen (x,<2/3): N5=4/(1-x,), (i.e. the partial
strijcture of hydrogen is defective; see full line in Fig.
3).

(iii) For the case of vacancies in the Wyckoff position
(@) occupied by gadolinium (x,,>2/3) and filling of the
octahedral position (b) by gadolinium (x,,<2/3): N5 =

Fig. 4. Lattice points of the CaF, structure (space group Fmgm). The
additional lattice point 1/2, 1/2, 1/2 of the Wyckoff position (b),
showing the multiplicity 4, has been indicated.

*Number of atoms in unit cell=N$=4Gd+8H—8H vacancies on sites
(©)+aH on sites (b)=12+(a—p). As x,={8+(a—B)}/{12+(a—B)}, it
straight forwardly follows N5 =4/(1-x,,).

8/x,, (i.e. the partia structure of gadolinium is defec-
tive; see dashed line in Fig. 3)?

As follows from the experimental data of this study (N§=
11.69 for GdH, g3, and N$=12.88 for GdH, 566)) and
the calculated curves in Fig. 3, the compositional variation
in the GdH,, structure is realised by maintaining of a full
occupation of the atomic position (a) by gadolinium, while
for x,>2/3 the hydrogen atoms are positioned in the
octahedral position (b), as also suggested earlier by the
neutron diffraction data [12], and for x,<<2/3 vacancies
occur at the hydrogen lattice sites (c) (see full line in Fig.
3).

It is striking to note that the occupation of the octahedral
position by excess hydrogen in GdH,, is accompanied with
a decrease of the lattice parameter. From a topological
point of view thisis difficult to understand. In this context
reference can be made to earlier work [9] on PtAl, that
also is of CaF, structure type. In that case excess au-
minium occupies also the octahedral position (b), but this
is associated with an increase of the lattice parameter [9].
Apparently the type of bonding is rather different for GdH,,
and PtAl,. This is also suggested by the different en-
thalpies of formation: —86 kJ/g-atom for PtAl, [21] and
of the order of —200 kJ/g-atom for the dihydrides of the
rare earth elements [22].

An attempt to explain the anomalous decrease of the
unit cell parameters with increasing occupation of the
octahedral positions (b) by hydrogen involved assumption
of a change in bonding upon increasing x,, in REH,
phases was made earlier [14]: instead of the preferred
bonding RE-RE for x,,=<2/3, the bonding RE-H becomes
relatively significant for x,,>2/3.

5. Conclusions

(i) The unit cell volume of the rare earth element
dihydrides (REH,) decreases with the atomic number
of RE, reflecting a corresponding decrease of the atomic
radius of RE.

(if) The unit cell volume of GdH,,, decreases with
increasing hydrogen content, while the density of
GdH, ., increases with increasing hydrogen content.
(iii) Compositional variation in GdH,,, (defect CaF,
structure, space group Fm3m) is realized by hydrogen
atom occupation of the octahedral interstitial positions
(b) (for x,>2/3) and by vacancies on the atomic
positions (c) occupied by hydrogen (for x,<<2/3). The
gadolinium sites (a) remain occupied fully by
gadolinium atoms (both for x,,=2/3 and for x,,>2/3).

*Number of atoms in unit cell=N$=4Gd—yGd vacancies on sites

(@+38Gd on sites (b)+8H=12+(3—v). As x,=8/{12+(y—3)} it fol-
lows: N§=8/x,,.
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