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From an isotopic mixture of dysprosium with zero neutron scattering length and an isotopic
mixture of nickel with zero neutron scattering length ribbons of the amorphous alloy Nis¢Dy,, were
produced by melt-spinning and loaded with 59 at% deuterium. A neutron diffraction experiment
yielded directly the deuterium-deuterium partial structure factor Spp and the partial pair correlation
function Gpp. The incorporation of the D-atoms into the amorphous matrix shows an ordering up
to five coordination shells at least. The main peak of Gpp is split up into a contribution at 2.36 A

with 5.4 nearest neighbours and a contribution at 2.76 A with 4 neighbours. The D-atoms are located
preferentially in Dy,-tetrahedra, where the occupation of two neighbouring face-sharing tetrahedra

is avoided.

1. Introduction

In previous studies [1 - 3] the structure of amor-
phous NigDy,,, loaded with 59 at% hydrogen, was
investigated using X-ray- and neutron diffraction.
The metal-metal and the metal-hydrogen correlations
could be well characterized with the result that the
hydrogen atoms occupy preferentially the centers of
Dy,-tetrahedra. For the hydrogen-hydrogen correla-
tions only a shoulder at a H-H distance of 2.78 A,
sitting on a strong Dy-H peak, was discernible. In
the present work the hydrogen-hydrogen correlations
in amorphous Nis,Dy,, + 59 at% hydrogen were de-
termined by neutron diffraction. In fact, the isotope
deuterium was employed because of its much smaller
incoherent scattering length and larger coherent scat-
tering length. The principle of the procedure is to
produce the amorphous alloy from zero-scattering
isotopic mixtures of nickel (°Ni) and of dysprosium
(°Dy), respectively, which is possible because for
both elements a stable isotope with a negative neu-
tron scattering length is available. A °Ni56°Dy44—alloy
yields no coherent signal from nuclear scattering but
only the incoherent and the paramagnetic scattering
contributions which are treated as a background dur-
ing the data reduction. After loading the “Nis,’Dy,,-
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specimen with deuterium, a diffraction experiment
will yield the coherent scattering from the deuterium
atoms alone from which the deuterium-deuterium-
correlations can be evaluated.

For the definitions and equations used in the present
paper we refer to the review [4].

2. Experimental

2.1. Preparation of Amorphous °Nis’Dy,, Ribbons

The zero-scattering mixture of nickel-isotopes,
ONi, was recycled from Ni-Dy-alloys already investi-
gated previously [1 - 3]. Nickelhydroxide was isolated
by wet chemistry and then oxidized. Finally, metallic
nickel was obtained by reduction of the oxide un-
der hydrogen. X-ray fluorescence analysis, electron
beam microprobe analysis, and X-ray diffraction did
not show any impurities. The °Dy material was pro-
duced by alloying the isotope '>Dy (Fa. Chemotrade,
Diisseldorf; Certification number 171541, isotopic
enrichment 96.17 %) and a corresponding amount of
natural Dy. From °Ni and °Dy the °Ni."Dy,,-alloy
was prepared.

An amount of 3.6 grams of amorphous “Ni’Dy -
ribbons was produced by melt-spinning under vac-
uum. X-ray diffraction proved that the ribbons were
fully amorphous.
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2.2. Loading the °Nis(’Dy,,-specimen with
Deuterium

After the neutron diffraction run with the
ONis°Dy,,-sample it was loaded with 59 at% deu-
terium (purity 99.9 vol%) using a pressure hydrogen
loading apparatus [1]. The absorption of deuterium
by amorphous NiscDy,, took place only after grind-
ing the surface of the specimen. Loading was car-
ried out at a maximum D,-pressure of 39.8 bar and
a maximum temperature of 90 °C during 15 hours.
The amount of deuterium absorbed by the sample
was determined from the drop of the D,-pressure in
the loading cell. This yielded a deuterium content of
59 at %, i.e. the specimen finally had the composi-
tion (*Nis,°Dy,,),, Ds,- Additional analysis by means
of gas-chromatography and the measurement of the
weight of the sample before and after D-loading con-
firmed the value of the D-concentration, ¢, = 0.59
+ 0.02.

The densities were determined by the Archimedean
method, which yielded for the atomic number densi-
ties of the blank sample and the D-loaded sample the
values p, = 0.0555 A= and p, = 0.130 A—3, respec-
tively.

2.3. Neutron Diffraction

A neutron diffraction run with the °Nig°Dy,,-
sample was done, which provided the magnetic and
incoherent scattering contributions from the Ni- and
Dy-atoms. After loading the sample with deuterium it
was measured under the same conditions. The ribbons
were filled into a cylindrical vanadium cuvette (outer
diameter 11.7 mm, wall thickness 0.1 mm, height
45 mm). The diffraction experiments were performed
with the 7C2 diffractometer at LLB, CE-Saclay, us-
ing the wavelength A = 0.70 A. The scattering data
were recorded over the range of momentum trans-
fer Q from 0.63 A=! up to 15 A~!. In addition to
the measurement of the sample the following runs
were done: Empty vessel, empty vanadium cuvette,
vanadium rod, and cadmium rod. The corrections for
counter efficiency and the absorption and background
corrections according to [S] and conversion into ab-
solute scattering units, employing the vanadium stan-
dard, finally yielded the differential cross section of
the sample.
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3. Evaluation of the D-D Correlation Function

3.1. Separation of the Scattering Signal from the
Deuterium Atoms

Because of the zero scattering lengths of the Ni- and
the Dy-atoms, two ways are possible to perform the
data evaluation. One might treat the Ni-Dy-D system
as a three-component one, where the atomic number
density, p, = 0.130 A3, includes all types of atoms,
and evaluate the D-D correlation function as a partial
function. Or one might treat the system as a single
component system, consisting of D-atoms only, p,
= cp'py = 0.077 A-3, and evaluate the D-D correla-
tion function as a total function. In the following the
second route is described, however we note that both
routes yielded the same structural results.

Figure 1 presents the differential cross sections
do/df21,(Q) (curve 1) and do/df21,(Q) (curve 2) for
the blank sample and for the D-loaded sample, re-
spectively, normalized to the number of D-atoms.
do/df21,(Q) shows no structural features, but only
the gradual decay due to the paramagnetic scattering
of the Ni- and the Dy-atoms, which falls down to the
constant level of the incoherent scattering in the range
around @ = 10 A-1.dg/dn ,(Q) exhibits the oscilla-
tions due to the D-D correlatlons The decay of this
curve with increasing @) extends to larger Q-values
than that for the blank sample, up to the maximum
Q-value, which is due to the inelastic scattering ef-
fect from the D-atoms in addition to the magnetic

do(Q)/dQ [barn/atom]

QA"
Fig. 1. Neutron scattermg Cross sections do/d.Q(Q) per D-
atom. Curve 1: °Nis’Dy,,, curve 2: (°Nise® DyM)MDSg,
curve 3: difference of curve 1 and curve 2, - - - F|(Q)
according to (1), describing the inelastic effect by an expo-
nential function.
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scattering. The difference do/d(2ly, ,(Q) of the two
curves (curve 3) yields the scattering cross section
(coherent plus incoherent) from the D-atoms alone.
This approach, however, is based on the assumption
that the magnetic scattering is not altered after loading
the sample with deuterium. If this assumption does not
hold strictly, as is to be expected, da/d2l;, |(Q) will
contain a remaining smoothly varying background
(see below). The multiple scattering, estimated to be
of the order of 4% of the total scattering [6], was
assumed to cancel out in the difference function.

3.2. Correction for the Inelastic Scattering Effect

The difference function do/d (2l ,(Q) in Fig. 1 still
exhibits the inelastic scattering effect from the light
D-atoms to be corrected for in the next step. As this
correction can be done only in an empirical way,
the conventional routes of extracting structure fac-
tors from neutron scattering cross sections, involving
the analytical expression for the Placzek correction
[71, cannot be followed. It is known that the inelastic
scattering from hydrogen and deuterium atoms can be
well described by an exponential decay in the range
of large Q-values. Therefore do/df2Ip, | (Q) was fitted
by the function

Fi(Q) =a - exp[-bQ*] +¢ (1)

in the Q-range @ > 7.8 A-!, where a, b and c are the
fitting parameters. In practice, this was done by sub-
tracting a constant contribution ¢, which was chosen in

ln[do/dQlD'l(Q) -c]
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250
Q'[A%)
Fig. 2. Neutron scattering cross section of the D-atoms,

do/df2lp 1 (Q), after subtraction of a constant contribution
c. - -- Fi(Q) — caccording to (1).
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do/dQ, Q) [barn/atom]
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Fig. 3. Neutron scattering cross section of the D-atoms,
do/df2lp »(Q), after correction for the inelastic effect ac-
cording to (2). - - - F,(Q), describing a remaining inelastic
effect.

such a way that the plot of log(da/dQlD (@) —c) ver-
sus Q2 in Fig. 2 follows a straight line (dashed line).
The constant contribution ¢, whose physical origin
is not specified, was subtracted, and the exponential
F(Q) was used as an empirical correction function
for the inelastic effect according to

do/d2|p(Q) — ¢
(F1(Q)—0)/a

Figure 3 shows the corrected cross section
do/df2l ,(Q). The level at large Q-values, 0.6 barn,
agrees quite well with the sum of the squared coher-
ent and incoherent scattering lengths of the D-atoms,
benp” + bigep” = 0.607 barn. However, towards
smaller Q-values, say below 10 A~ the curve still ex-
hibits an increase, which indicates that the description
of the inelastic scattering behaviour by an exponen-
tial function (1) does not hold at smaller Q-values.
This feature has been observed already with hydro-
gen loaded amorphous Ti-Si and Al,O5 [8], and it re-
quires a further correction step. The dot-dashed func-
tion F,(Q) in Fig. 3 was obtained by Fourier-filtering,
which allows to separate long-wavelength variations
from the structural oscillations, and was employed as
a multiplicative term to correct do/d{2lp, ,(Q).

do/d2|p2(Q) =

2

3.3. Evaluation of the Structure Factor and the
Correlation Function

The evaluation of the structure factor Sy (@), ac-
cording to
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Fig. 4. Structure factor Spp(Q) according to (3). --- experi-
mental data, — spline fit.
Spp(Q) = [do/d2(Q) — mc D]/bcoh D> 3

involved the following steps: i) the correction with
F,(Q), ii) renormalization, using the criterion that
the Fourier-transform Gpp(R) of Spp(Q) oscillates
reasonably around the —4mp, , R line at distances R
below the first physical peaks, and iii) smoothing by
a cubic spline fit. Sy (Q) is shown in Figure 4.

The reduced pair correlation function Gpp(R), ob-
tained by Fourier-transformation of Spp(Q),

sinQR
QR

2
Goo(R) = 2R / QSop@ - 13998 45 ()

is plotted in Figure 5.

4. Discussion

The pair correlation function Gpp(R) shows that
the D-atoms in the amorphous Nig¢Dy,,-matrix are
well ordered. We observe at least five coordination
shells around a centra] D- atom at the dlstances (center
of gravity) 2.56 A,448A,6.4A, 84 A, and around
10 A. The first shell is splitted into two subshells at
2.36 A and 2.76 A, and the second shell is composed
of three subshells. Also the higher coordination shells
seem to be composed of subshells which, however, are
blurred by the superimposed non-physical Fourier-
ripples.

Figure 6 shows a fit to the first two maxima of the
correlation function

gop(R) = 1+ Gpp(R)/4mRpo p, %)
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Table 1. Comparison of amorphous (NisgDy44)4;Dso () and
crystalline DyH, (c). Rpp: distance between D-atoms, Zpp:
coordination number. The numbering of shells refers to
the amorphous alloy where (i) denotes a peak in the range
between the first two shells.

No. of shell 1 @) 2 3 4 5
@ RDD 236,276 328 406,448,490 64 84 10
Zpp, 5440 38 56,2112
©Ry, 26 367 4.50
Zoy 6 12 8
3
2F

G,,(R) [A7]
(=]

R[A]

Fig. 5. Reduced pair correlation function Gpp(R) according
to (4) SR —47rp0'D -R.

2.5

0.5F VA
0.0l 4 )(I R,
4
R[A]
Fig. 6. Pair correlation function gpp(R). -+ experimental
according to (5), — fit with Gaussians, - - - Gaussians for

the individual peaks.

using for each subshell an asymmetric Gaussian. The
structural parameters from the fit are listed in Table 1.
The two Gaussians for the first coordination shell have
the same width of about 0.4 A :and the same asymme-
try with a half width of 0.17 A at their left flank and
0.22 A at their right flank. The corresponding coordi-
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Fig. 7. Packing of three Dy,-tetrahedra T', (1-2-3-4), T, (2-
3-4-5) and T'; (3-4-5-6). The face-sharing tetrahedra 7'; and
T', do not accommodate a hydrogen atom at the same time.
Nearest hydrogen neighbours are found in the edge-sharing
tetrahedra 7', and T';.

nation numbers are Zpp, ; = 5.4 and Zpp ; =4.0, i.e.
the D-atoms are surrounded by 9.4 D- nelghbours on
the average.

In the previous studies [1-3] on hydrogenated
amorphous Ni-Dy alloys some structural similarities
with the crystalline hydride DyH, have been found,
such as a tetrahedral surrounding of the hydrogen
atoms by Dy-atoms. In Table 1 the D-D distances and
coordination numbers for amorphous NiscDy,4 + 59
at% H and for the crystalline hydride DyH, are com-
pared. In the cubic DyH, phase (cF12 structure) the
hydrogen atoms occupy the tetrahedral sites in the
fcc-matrix of the Dy-atoms. The mean value of the
positions of the two subpeaks of the first shell for the
amorphous alloy, o256 A, agrees well with the dis-
tance Rpp = 2.60 A in crystalline DyH,, and also the
distance around 4.5 A is found in the glass as well as
in the crystalline hydride. However, the distance Rpp,
=367 Ain DyH, does not occur in the amorphous al-
loy, and the coordination numbers are different. This
indicates that the packing of hydrogen-centered Dy,-
tetrahedra differs in the amorphous phase from that in
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the crystalline phase, which is not surprising because
of the cubic symmetry of the DyH, phase.

The distance between the centers of two face-
sharing Dy,-tetrahedra, as sketched in Fig. 7, where
Rpypy = 3.77 A [1-3],is 1.54 A. Although the D-
D correlatlon function in Fig. 5 is disturbed by the
Fourier-ripples at small R-values, the existence of
a substantial peak at this distance can be excluded,
which means that the D-atoms do not occupy the near-
est centers of tetrahedra. But the average D-D distance
for the first shell, Rpp = 2.56 A, agrees well with the
distance, 2.51 A, between the centers of two edge-
sharing tetrahedra which have a tetrahedron between
them (see Figure 7). Noting that around a central tetra-
hedron 6 positions for such edge-sharing tetrahedra
are possible, the average coordination number Zp, =
9.4 appears rather high. On the other hand, it is well
known that the structures of real metallic glasses do
not consist of a packing of ideal tetrahedra. Descrip-
tions of the structure of metallic glasses in terms of
tetrahedra require a high degree of distortions.

5. Conclusions

By neutron diffraction with an amorphous zero-
scattering NiscDy,, alloy, containing 59 at% deu-
terium, the direct observation of the D-D correlation
function was possible. The positional correlations be-
tween the deuterium atoms exhibit a high degree of
order. The D-atoms avoid to occupy face-sharing Dy, -
tetrahedra, but are found in neighbouring tetrahedra
which have a common edge and a tetrahedron in be-
tween. The first coordination shell of about nine D-
neighbours is split up into two subshells with five and
four neighbours.
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