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Crystallographic superstructures in the deuterides CeCuSiD g4(5) and CeCuGeH| ;5(5) have been
characterized by neutron diffraction. Deuterium atoms are inserted in [CezCu] and [Ce3Si] or
[Ce;Ge] tetrahedral sites available in the hexagonal ZrBeSi-related structure of these deuterides. A
partial but ordered occupancy of these tetrahedra by D atoms induces the occurrence of superstruc-
tures along the c axis, and the CeCuXDy, structures can be described with a ¢ parameter multiplied
by 3 and 7 for X = Ge and Si, respectively, in comparison with the ¢ parameters of the ZrBeSi-type

subcells.
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Introduction

Hydrogenation of cerium-based intermetallics has
attracted much interest in recent years, because it was
found to be an easy way to modify the physical prop-
erties of these compounds. For example, the formation
of the hydrides CeNiSnH; ¢ [1, 2] and CeRhSbHj 5 [3]
leads to a transition from Kondo semiconductivity to
antiferromagnetism.

A strong correlation between the hydrogen in-
sertion sites and the influence on the competition
between the RKKY (Ruddermann, Kittel, Kasuya,
Yosida) interactions and the Kondo effect has been
observed in the CeTX (I = Mn, Co or Ni, X =
p element) series. Hydrogen atoms located in the
[CesNi] sites available in the structures derived from
the AlB,-type favor the localization of electrons
on cerium and the occurrence of magnetic order-
ing [4,5]. By contrast, hydrogen insertion into the
[Ces] planes available in the LaPtSi-type structure
of CeNiSi [6] or into the [Cey4] tetrahedra present
in the CeFeSi-type structure of CeCoX or CeMnX
[7] favors the Kondo effect. These observations con-
firm the necessity to determine accurately the posi-
tion of the hydrogen atoms in the metallic lattice in

order to understand the physical properties of the hy-
drides.

Recently, investigation of CeCuX hydrides (X =
Ga, Si, Ge, Sn) by TEM diffraction experiments high-
lighted the occurrence of superstructures along the
¢ axis of the hexagonal AlB,- or ZrBeSi-type par-
ent structures [8]. According to X-ray diffraction,
both CeCuSiH 3(;) and CeCuGeH, () crystallize
in the ZrBeSi-type structure (space group P6s3/mmec,
No. 194). Nevertheless, electron diffraction showed
that the ¢ parameters have to be multiplied by 5 and
3, respectively [9, 10], to describe more precisely the
structure of these two hydrides. In order to solve
these superstructures, CeCuSi and CeCuGe have been
deuterated and neutron diffraction experiments were
performed. The aim of this paper is to present the re-
sults of the structure determination of these two inter-
metallics and their deuterides.

Results and Discussion

CeCuGe and CeCuGeD,

The neutron diffraction pattern of CeCuGe is shown
in Fig. 1(a). In agreement with previous results
[10, 11], this pattern can be indexed on the basis of a
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CeCuGe

CeCuGeD,

Table 1. Results of Rietveld re-

Space group P63/mmc (No. 194) finements of neutron powder
Cell parameters, A a=4.2911(2) a=4.2290(2) diffraction patterns of CeCuGe
¢ =7.8893(4) c=24.815(2) and CeCuGeDMS(S).
Cel 2a 0,0,0 2a 0,0,0
Ce2 4e 0,0, 1/6
Cul 2d 1/3,2/3,3/4 2d 1/3,2/3, 3/4
Atomic positions, Cu2 4f 1/3, 2/3, 0.0910(4)
(occupancy, if #1) Gel 2c 1/3,2/3,3/14 2c¢ 1/3,2/3, 1/4
Ge2 4f 1/3, 2/3, 0.5809(5)
Dl 4f 1/3,2/3, 0.1618(9) (0.85(2))
D2 4f 1/3, 2/3, 0.5114(5) (0.87(2))
Ce 0.6(1) 0.6(1)
Displacement Cu 1.2(2) 1.2(2)
parameters, A2 Ge 0.22) 0.3(2)
D 1.6(2)
Veenl, A3 125.809(8) 384.35(4)
Pealcs & cm 3 7.3 7.2
Refl. observed 43 139
Param. refined 11 17
R, 0.115 0.148
Rup 0.115 0.132
Conventional R. 0.024 0.015
reliability factors 2 23.8 80.5
Rpragg  0.041 0.078
R 0.042 0.12
CeCuGe 1.28 A - 298 K CeCuGeDx 1.28 A -298 K
80000 T 300000 T T T
(a) (b)
Yobs . Yobs
Z 60000 —  Yeale 4 2 225000 | —  Yeale L
-E —  Yobs Ycalc . -E Yobs-Ycalc
= | Bragg_position = Bragg_position
= &
= 40000 | 4 = 150000 4
g . z
E 20000 |- 4 % 75000 4
5 ¢, :
0k ni o TR R 0 FOERETIE0 DINE LUIMOU 0T 0 LV O mmn
5 15 25 35 45 55 65 75 85 5 15 25 35 45 55 65 75 85
20 (°) 20 (°)

Fig. 1. Refined powder neutron diffraction patterns of (a) CeCuGe and (b) CeCuGeDy ;5(5). (Arrows indicate an impurity

peak).

hexagonal ZrBeSi-type structure with cell parameters
a=42911(2) and ¢ = 7.8893(4) A. The results of the
Rietveld refinement are given in Table 1. It is worth
pointing out that the limited resolution of the detector
(step = 0.2° in 20) as well as the presence of an impu-
rity phase (not detected by electron microprobe analy-
sis but highlighted by an arrow in Fig. 1 at 26 = 28.2°)
do not allow a fine refinement of the profile and are the
reasons for the large values of some reliability factors

(e. g. x?). This remark is also valid for the three other
refinements.

The extinction conditions P-c¢ on the TEM diffrac-
tion patterns of CeCuGeH, () are compatible with
space groups P63/mmc, P63ymc, or P62c, with a ¢
parameter multiplied by 3 in comparison with the
ZrBeSi-type structure [8]. Considering the space group
P63/mmc and the cell parameters a = 4.2290(2) and
c = 24.815(2) A, it was possible to index all the
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Fig. 2. Structure of the CeCuGeDy ;5(5) deuteride (left side)
and its projection onto the (110) plane (right side). (Ce: large
white circles, Cu: dark grey medium circles, Ge: light grey
medium circle, and D: small black circles).
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peaks of the neutron diffraction pattern (Fig. 1(b)) of
CeCuGeD,. Then, the metal atoms could be placed
in the structure according to X-ray results [10] and
the deuterium atoms localized using difference Fourier
maps analysis. Two different 4f (1/3, 2/3, z) sites have
been found to be occupied by deuterium atoms: one
corresponding to a [Ce3Cu] tetrahedral site and another
one, more surprisingly, corresponding to a [CesGe]
tetrahedron. In both cases, and as expected according
to the higher affinity of Ce as compared to Cu for D,
the D atoms are located close to the [Ces] base of the
tetrahedra.

The results of the Rietveld refinement are given in
Table 1. A presentation of the structure and its pro-
jection onto the (110) plane are shown in Fig. 2. The
structure can be described as a stacking of [Ceg¢] trigo-
nal prisms with Cu and Ge atoms distributed in an or-
dered way at their centres. Notably, the refinement of
the z coordinates of Cu and Ge in the 4f sites indicates
a very small shift of these atoms away from the center
of the [Ceg] prisms (z = 0.0910(4) instead of 0.0833
for Cu, i.e. a 0.20 A shift, and z = 0.5809(5) instead
of 0.5833 for Ge, i. e. a 0.06 A shift). The deuterium
atoms are located in the smaller tetrahedra formed by
these displaced Cu or Ge atoms and three Ce atoms.
The slightly larger [Ce3Cu] or [Ces;Ge] sites formed
by these displaced atoms, or those formed by non-
displaced Cu (2d) and Ge (2¢) atoms do not contain

Table 2. Interatomic distances (A) in CeCuSi and its deu-
teride as calculated from the parameters of Table 1.

CeCuGe CeCuGeDy, 55
Ce—6 Ce 4.29 Ce—6 Ce 423
Ce-2 Ce 3.94 Ce-2 Ce 4.14
Ce—6 Cu 3.17 Cel -6 Cu2 3.33
Ce2-3 Cu2 3.08
Ce2-3 Cul 3.20
Ce—6 Ge 3.17 Cel -6 Ge2 3.16
Ce2-3 Gel 3.20
Ce2-3 Ge2 3.24
Cel-6D2 2.46
Ce2-3DlI 2.44
Cu2-1D1 1.76
Ge2-1D2 1.72
D2-3D2 2.51

any D atoms. Interatomic distances in this deuteride
are presented in Table 2.

Deuterium atom D1 located in [CezCu] has a Ce-D
distance of 2.445 A, which is smaller than the dis-
tance reported in CeCuSnDg 33 (2.618(1) A) [12] but
bigger than the Ce-D distances reported in the CeNiX
compounds (e. g. 2.35-2.38 Ain CeNiSiDj » [6]). The
Cu-D distance (1.76 A) agrees with a metallic radius
of Cu of 1.278 A [13] and a D radius of about 0.4 A.

Deuterium atom D2 located in [Ce3;Ge] has a
slightly longer Ce-D distance (2.458 A). The Ge-D
distance of 1.725 A is smaller than the Si-D distance
observed in CeNiSiDj, [6] or the Sn—D distance ob-
served in CeCuSnDy 33 [12], but is compatible with an
atomic radius of Ge of 1.25 A. Relatively short D-D
distances (2.506 10%) are calculated between these D2
atoms, but are still larger than the Shoemaker crite-
rion [14].

The refined occupation rates of the 4f sites by DI
and D2 which are equal to 0.85(2) and 0.87(2), respec-
tively, lead to the composition CeCuGeD; ;5(5) which
is in good agreement, taking into account the accu-
racy of both methods, with the experimental formula
CeCuGeHj () determined by Sievert’s method.

CeCuSi and CeCuSiD,

Fig. 3 presents the neutron diffraction patterns and
the results of the Rietveld refinement for CeCuSi and
its deuteride.

In agreement with previously reported results
[9,15,16], the CeCuSi phase can be indexed in the
hexagonal ZrBeSi-type structure with a = 4.2194(2)
and ¢ = 7.9548(4) A. A second minor phase has been
identified as a disordered version of CeCusSi crystalliz-
ing in the hexagonal AlB;-type structure (space group
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CeCuSi CeCuSiD, Table 3. Results of Rietveld re-
Space group P63/mmc (No. 194) finements of neutron powder
Cell parameters, A a=42194(2) a=4.1803(2) diffraction patterns of CeCuSi
¢ =7.9548(4) ¢ =58.150(3) and CeCuSiD g4(s)-
Cel 2a 000 2a 000
Ce2 4e 0,0,0.0714
Ce3 4e 0,0,0.1428
Ced 4e 0,0,0.2143
Cul 2d 1/3,2/3,3/4 2d 1/3,2/3, 3/4
Cu2 4f 173, 2/3, 0.0368(5)
Cu3 4f 1/3,2/3, 0.1778(6)
Cu4 4f 1/3, 2/3, 0.6042(6)
Atomic positions Sil 2c 1/3,2/3,1/4  2¢ 1/3,2/3, 1/4
(occupancy, if #1) Si2 4f 1/3,2/3, 0.1082(8)
Si3 4f 173, 2/3, 0.6764(9)
Si4 4f 173, 2/3, 0.9692(8)
DI 4f 1/3,2/3, 0.9178(8) (0.61(7))
D2 4f 1/3,2/3, 0.7811(6) (0.87(5))
D3 4f 173, 2/3, 0.4294(7) (0.98(9))
D4 4f 173, 2/3, 0.3599(5) (0.96(6))
D5 4f 173, 2/3, 0.2151(8) (0.93(6))
D6 4f 173, 2/3, 0.849(2) (0.54(8))
D7 4f 173, 2/3, 0.5068(7) (0.83(6))
Ce 0.6(1) 0.3(2)
Displacement Cu 0.62(8) 0.7(2)
parameters, A2 Ge 0.7Q2) 0.02)
D 1.6(2)
Veen, A3 122.65(1) 880.05(7)
Pealcs> & cm™3 6.3 6.2
Refl. observed 62 323
Param. refined 18 36
Ry 0.106 0.115
Ry  0.107 0.102
Conventional R. 0.028 0.020
reliability factors 12 14.6 25.1
Rprags  0.036 0.062
R¢ 0.037 0.085
CeCuSi 1.28 A -298 K CeCuSiDx 1.28 A-298K
65000 T T T T T T T 180000 T T T r T T -
(a) (b)
52000 *  Yobs -1 «  Yobs
3\ . —  Yealc @ 135000 - Yecalc 7
'E —  Yobs-Ycalc -E —— Yobs-Ycalc
= 39000 Bragg_position = | Bragg_position
E g 90000 | g
z 26000 P
g 13000 b | g 45000 | = E
- —~— J‘L l L
o b UL B R Y R T TNT A O 1111 )10 1 ] Y -
' ) ’ X ) - ‘ — :I" . Yot .
5 15 25 35 45 55 65 75 85 5 15 25 35 45 55 65 75 85
20 (°) 20 (°)

Fig. 3. Refined powder neutron diffraction patterns of (a) CeCuSi and (b) CeCuSiD1 g4(5). The second minor phase corre-
sponds to a disordered hexagonal AlB;-type CeCuSi phase. (See text for details).
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Fig. 4. Enlarged area of the experimental CeCuSiD, neutron
diffraction pattern (black line + symbols) and calculated pro-
files for ¢ = k X cx_ray With k = 1 (dashed line), 5 (dashed-
dotted line) and 7 (dotted line). Curves have been shifted ver-
tically for clarity.

P6/mmm, no. 191, random distribution of Cu and Si on
the 2d site) with cell parameters a = 4.1080(4) and ¢ =
4.1887(7) A. The refined parameters for this phase are
included in the total number of refined parameters of
Table 3.

As this last AlB,-type phase absorbs deuterium, the
cell parameters are finally changed to a = 4.1123(5)
and ¢ = 4.2295(9) A (Fig. 3(b)). It is almost im-
possible to get more reliable information about this
deuteride because most reflections show superposition
with those of the major ZrBeSi-derived phase.

Considering the major ordered phase and accord-
ing to TEM diffraction experiments, space groups
P63/mmc, P63mc or P62c, with a ¢ parameter multi-
plied by 5 in comparison with the ZrBeSi-type struc-
ture, can be expected [8]. Fig. 4 presents a zoomed area
of the experimental neutron diffraction pattern (black
line and symbols) from 25° to 28°, as well as 3 fits —
using the Debye method — with different values of the
¢ parameter. A peak occurring at 26.84° is expected
from a single ZrBeSi-type phase and is well fitted by
all three profiles using ¢ = k X ¢x_ray withk=1,5or 7.
A superstructure peak occurs at 26.04°, which is not
calculated for ¢ = cx_ray (dashed line). According to
TEM measurements, ¢ = 5 X ¢x_ray is expected, but the
fitting of the neutron data (dashed-dotted line) shows a
smaller 20 position for the superstructure peak com-
pared with the experimental one. Finally, a structure
with space group P63/mmc and a ¢ parameter multi-
plied by 7 must be considered (dotted line). The reason
for this anomaly is given later.

NS NS

N/

*

N/,

T
0 A VA U VAV VS

S

b

Fig. 5. Structure of the CeCuSiD g45) deuteride (left side)

and its projection onto the (110) plane (right side). (Ce: large
white circles, Cu: medium dark grey circles, Si: medium light
grey circle, and D: small black circles).

D atoms have been localized in the cell by the dif-
ference Fourier method. As for CeCuGeDy ;5(s), two
types of tetrahedral sites, namely [CezCu] and [CesSi],
are occupied (Fig. 5).

The atomic positions obtained by Rietveld refine-
ment are given in Table 3 and the resulting pattern is
shown in Fig. 3(b). Small displacements along the ¢
axis of Cu or Si atoms from the center of the [Ceg¢] trig-
onal prisms are observed: 0.05—0.06 A for Cu2, Cu3
and Si2, 0.13 A for Si3, 0.17 A for Cu4, and 0.28 A for
Si4. These displacements create two tetrahedral sites
in each prism with slightly different sizes. Deuterium
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Table 4. Distances (10%) between D atoms and Ce atoms, Cu-
or Si-atoms and [Ces] planes.

Distance from Ce Cuor Si [Ces]
Atom Distance
DI 2.49 Cu4 1.28 0.63
D2 243 Cul 1.81 0.27
D3 2.41 Cu2 1.97 0.05
D4 242 Si2 1.85 0.16
D5 2.41 Sil 2.03 0.05
D6 2.46 Si3 1.48 0.47
D7 2.45 Si4 1.40 0.40

atoms are found to be systematically located in the
smaller ones. In the case of Cul and Sil, located in
the center of the [Ceg] trigonal prisms, two equiva-
lent tetrahedral sites are available and are both occu-
pied by D atoms. As seen in Fig. 5, the maximum of
available 4f sites are occupied by D atoms with such a
distribution. All other empty tetrahedral sites are shar-
ing a common face with one occupied site and cannot
be filled with a D atom according to the Shoemaker-
Westlake rules [14, 17].

According to the occupation rate of the 4f sites by
deuterium, a composition CeCuSiDj g4(5) is obtained
for this deuteride. The amount of deuterium per for-
mula unit is higher than the amount of hydrogen deter-
mined experimentally (i. e. CeCuSiH 35(;()). This can
be explained by isotopic effects or by slightly differ-
ent experimental procedures (longer deuteration time).
This difference in stoichiometry is probably responsi-
ble for the difference of the superstructure translation
along the ¢ axis observed between TEM and neutron
diffraction.

Table 4 summarizes the distances between each deu-
terium and the Ce, Cu or Si atoms surrounding it, as
well as its distance from the [Ces] planes. The dis-
tances found for D2, D3, D4, D5 are in good agree-
ment with those in CeCuGeD; ;5(5) and in previous
work [6, 12]. In the case of D6 and D7, the distances of
1.48 and 1.40 A to Si3 and Si4, respectively, are much
shorter than those reported in CeNiSiDy 5(q) [6], butare
in the order of magnitude of bond lengths in transition
metal silanes (1.48 10%) [18]. Si—D distances of these
two sites are close to a covalent bond length. More
surprising is the very short distance between D1 and
Cu4 (1.28(1) A). To the best of our knowledge, such a
short Cu—D distance has not been reported so far. The
smallest distance found in the literature is 1.55 A in
(H-CuPH3), complexes [19]. Three hypotheses can be
raised to explain this short distance: (i) this Cu atom is
in an ionic state (+I or +1I) and a strong interaction ex-

ists with the D atom; (ii) the 4f site of D1 is only half-
filled and the refined positions of D1 and Cu4 are mean
values of the positions over the cell, this small distance
thus being an average value of a long (filled 4 fp)—Cu
and a short (empty 4 fp)—Cu distance; (iii) the distance
of D1 from the [Ces] plane is much longer than the
other ones, making a mistake in the refinement of its z
coordinate possible.

Conclusion

The crystal structures of CeCuGeD; 55y and
CeCuSiD; g4(5) have been determined by neutron
diffraction. In both cases, an ordered occupation of the
available tetrahedral sites [CezCu] and [Ce3X] (X = Si
or Ge) by deuterium atoms in the hexagonal ZrBeSi-
type structure induces the occurrence of a superstruc-
ture along the ¢ axis and Cdeyteride = k X CzrBesi With k =
3 for CCCUGCD1_15(5), k =5 for CCCUSiH1_35(10), and
k =T for CeCuSiDj g4(5). Due to the odd values of &,
the two deuterides crystallize in space groups P63/mmc
which are isomorphic subgroups of index 3 and 7 of
P63/mmec. Such superstructures induced by a partial but
ordered occupancy of available sites have already been
reported, for example in the TiMn; 5 hydride [20] and
in the hcp cobalt deuterides at low temperature [21].

With TEM diffraction on CeCuSnHy ;) showing
a similar behavior, it will be interesting to reinvesti-
gate the corresponding deuteride structure by neutron
diffraction.

Energy levels will have to be calculated in order to
understand why the hydrogen atoms in CeCuX (X =
Si, Ge, Sn) are ordered at r. t. while they are randomly
distributed in the corresponding CeNiX phases.

Experimental Section

The ternary intermetallics CeCuSi and CeCuGe were syn-
thesized by arc-melting of stoichiometric mixtures of the
pure elements (purity above 99.8 %) in a high-purity ar-
gon atmosphere. The samples were turned and remelted sev-
eral times to ensure homogeneity. Then, annealing was per-
formed at 1073 K for 2 weeks by sealing the samples in evac-
uated quartz tubes.

Samples were deuterated at 473 K and p(D;) =2 MPa for
48 h, after an activation of the samples at the same tempera-
ture under vacuum.

Neutron powder diffraction was performed on the D1-B
diffractometer at the Institut Laue Langevin (Grenoble,
France). The patterns were measured on powder samples at
r.t. (298 K) with a neutron wavelength of 1.28 A. The data
were analyzed with the Rietveld profile method using the
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FULLPROF program [22]. Difference Fourier calculations
were carried out with the GFOURIER program available as
part of the FULLPROF suite.
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