X-Ray Diffraction Study of Amorphous CeFe,H; and GdFe,H;

Alloys Produced by Hydrogenation

E. Matsubara, Y. Ohzora, and Y. Waseda

The Research Institute of Mineral Dressing and Metallurgy (SENKEN), Tohoku University,

Sendai 980, Japan
K. Aoki, K. Fukamichi, and T. Masumoto

The Research Institute for Iron, Steel, and Other Metals, Tohoku University, Sendai 980, Japan

Z. Naturforsch. 42a, 582—586 (1987); received November 18, 1986

The structure of amorphous CeFe,H; and GdFe,H; alloys produced by hydrogenation is
investigated and compared with that of amorphous CeFe, and GdFe, produced by high-rate
DC sputtering. Distinct different structural features, characterized by an almost resolved first

peak of the RDF of the former were found.

Introduction

Amorphous alloys can be produced by rapid
quenching from the melt or by vapor deposition at
rates sufficient to bypass crystallization. On the
other hand. Yeh, Samwer and Johnson [1] reported
in 1983, the formation of amorphous alloys by solid
state reactions. In these methods, the amorphous
alloys can be formed more slowly than by the
conventional techniques. In [1] it was found that
amorphous hydrides can be formed by the reaction
of crystalline intermetallic compounds with gaseous
hydrogen. Subsequently it has been demonstrated
[2, 3] that inter-diffusion among thin multi-layers of
binary alloys can produce a single phase amorphous
film.

Unlike rapid quenching from melts or vapor de-
position, there is no restriction as to the dimensions
of the amorphous samples produced by solid state
reactions. Several amorphous alloys have already
been produced by these new techniques [4, 5]. How-
ever, to the best of our knowledge the structure of
such amorphous alloys has not yet been extensively
studied.

In this paper we describe our systematic x-ray
diffraction study on amorphous CeFe,H; and
GdFe,Hj alloys produced by hydrogenation.

Reprint requests to Dr. E. Matsubara, Research Institute of
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Experimental

The amorphous CeFe,H; and GdFe,H; alloys
were synthesized by exposing pulverized crystalline
CeFe, and GdFe, (Laves phases), respectively, to
high purity hydrogen gas (7N) of 5 MPa in a stain-
less steel reactor 300 K and 573 K, respectively. The
samples obtained measured 30 to 80 pm in diam-
eter. The amorphous CeFe, and GdFe, alloys were
prepared by high-rate DC sputtering in the form of
plates about 0.4 mm thick. For the x-ray measure-
ments, their faces were mechanically polished with
a MgO—H-O0 slurry. Details of the sample prepara-
tion are described in [5] and [6].

The x-ray scattering intensities from the samples
were measured using a diffractometer whose x-ray
tube and detector rotate at the same angular veloc-
ity in opposite directions about the horizontal axis.
For details of this technique cf. [7, 8].

A molybdenum x-ray tube and a singly-bent
pyrolytic graphite monochromator in the diffracted
beam were used. The intensity profile was obtained
from 3° to 60°, which corresponds to a wavevector
Q=4nsin6/; from 9 to 153nm™!, where / is the
wavelength and 260 is the angle between the in-
cident and diffracted x-rays. In order to obtain the
same statistical error for every measured point, a
fixed-count mode was applied and at least 20,000
counts were collected. It took at least a couple of
days to measure a whole intensity profile. The
samples except CeFe,H; were measured in air while
CeFe,H; was maintained in argon gas with 7%
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hydrogen in order to prevent its oxidation, which
mainly results from the high chemical reactivity of
Ce. Some oxidation could still occur during a
measurement for a couple of days. Therefore the
measurements on CeFe,H; were performed during
about 12 hours only and repeated four times. In
each measurement, at least 7000 counts were col-
lected. The average was about 10,000 counts. Con-
sequently, the statistical counting error was * 4.8%
at most, which is worse than the error £0.5%
obtained for the other amorphous alloys, where the
measurements lasted about four times longer. In this
way, if any oxidation did occur, it would have been
detected by comparing the four intensity profiles
obtained. Systematic changes of the intensities
could not be found, the variations of the intensities
having been at most *0.9%. This is within the
statistical counting error. Therefore the sum of the
intensities of the four measurements was used in the
data analysis of CeFe,Hj.

The polarization correction for an ideal mono-
chromator has been applied, and the Compton
scattering was corrected using the values reported
by Cromer and Mann [9] and the so-called Breit-
Dirac recoil factors. In order to convert the observed
intensities into electron units, the generalized
Krogh-Moe-Norman method [10] was used with
atomic scattering factors tabulated in [11] including
the anomalous dispersion corrections [12]. In this
work, the observed intensity data at Q values
<10nm~" have been smoothly extrapolated to
0O = 0. The effect of the extrapolation and the trunca-
tion up to @ = 153 nm™' is known to give no critical
contribution in the calculation of the radial dis-
tribution function (RDF) by the Fourier transfor-
mation [7, 8]. The RDF is evaluated from the total
structure factor S(Q) for a non-crystalline system
containing more than two kinds of atoms by the
equation

dnrio(r)=4nr’o

+%§Q[S(Q>—l]sin(gr)dQ, (1)
0

S(Q) =[S (Q) — S+ YL, 2)

where 19" (Q) is the coherent x-ray scattering in-
tensity in electron units per atom, which is directly
determined from the scattering experiments. { ) is
the average atomic scattering factor and { f2) is the
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average of its square. o(r) is the averaged radial
density function and gy is the average number den-
sity of atoms.

Results and Discussion

Figure 1 shows the x-ray scattering intensity pat-
tern of amorphous CeFe,H;. The profile cor-
responds to a typical non-crystalline structure and
consists of a relatively sharp first peak followed by
small diffuse peaks. As seen in Fig. 1, many “spikes”
appear on the broad peaks. In order to identify
these, x-ray scattering measurements on pulverized
crystalline CeFe, were carried out (cf. Figure 1). The
resulting diffraction pattern is a mixture of Bragg
peaks from CeFe, (Laves phase) and CeO,. By
comparing the two profiles in Fig. 1, it is found that
most of the small “spikes™ on the CeFe,H; profile
are due to CeO,. This may imply that, because of
the high chemical reactivity of Ce, the formation of
CeO; is unavoidable in the production process of
the mother alloy CeFe, from pure Ce and Fe, and
this oxide is unchanged by the hydrogenation, so
that the peaks corresponding to CeO, are still

/ Peaks of Ce02
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(Produced by hydrogenation)

Intensity (arbitrary units)

Crystal CeFe,
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Fig. 1. X-ray diffraction patterns for amorphous CeFe,H;
and the crystalline Laves phase CeFe,. Lines on the
amorphous profile indicate positions of Ce oxide peaks.
Peak positions of the crystalline Laves phase are indicated
below the abscissa.
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present in the diffraction pattern of the amorphous
CeFe,H;. Evidently the original Bragg peaks from
the crystalline CeFe, (Laves phase) are substantially
reduced by the hydrogenation but can still be
noticed in some cases. This suggests that the hydro-
genation, depending upon time and temperature,
was not complete. Therefore, the x-ray scattering
intensity data of the pulverized crystalline CeFe,
mother alloy were used in the background sub-
traction process for the amorphous CeFe,Hjs alloy,
so that the sharp Bragg peaks corresponding to the
CeFe, phase were excluded.

In this way the x-ray scattering intensity from
pure amorphous CeFe,H; was obtained. Similarly,
a small amount of Gd,O3 and the crystalline Laves
phase of GdFe; existed in the amorphous GdFe,H;
alloy, and the corresponding intensities were sub-
stracted to obtain the profile of the pure amorphous
GdFe,H;. The resultant structure factors S (Q) of
CeFe,H; and GdFe,H; as well as of CeFe, and
GdFe, are given in Figs. 2 and 3, respectively. The
present results for amorphous sputtered CeFe, and
GdFe, are in good agreement with the work re-
ported by Matsuura et al. [13]. The CeFe,- and
GdFe,-structure factors in Fig. 3 show only a first and
second peak, however no third, fourth and so on
peak and also no splitting up of the second peak.
Thus these patterns are rather unlike those which
normally are obtained with amorphous binaries.

1 =L i . 1 1 B 1
0 20 40 60 80 100 120 140 160
Q (1/nm)

Fig. 2. Total structure factors S(Q) of amorphous CeFe,H3
and GdFe,H;.
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Fig. 3. Total structure factors S(Q) of amorphous sput-
tered CeFe, and GdFe, alloys.
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Fig. 4. Radial distribution functions of amorphous CeFe,H;
(Density = 5.40 g/cm’) and CeFe, (Density = 8.98 g/cm?).
Arrows indicate positions of Fe—Fe, Fe—Ce, and Ce—Ce
distances calculated from a crystalline hydride phase
CeH,, from Goldschmidt radii, and from a crystalline
Laves phase CeFe,, respectively.
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Fig. 5. Radial distribution function of amorphous GdFe,H;
(Density = 6.19 g/cm?) and GdFe, (Density = 7.84 g/cm’).
Arrows indicate positions of Fe—Fe, Fe—Gd, and Gd—Gd
distances calculated from a crystalline hydride phase
GdH,;, from Goldschmidt radii, and from a crystalline
Laves phase GdFe,, respectively.

The same conclusion stands for the structure factors
of amorphous CeFe,H; and GdFe,H; as shown in
Fig. 2 where the oscillations are still distinct in the
high Q region while the structure factors of CeFe,
and GdFe, are damped more rapidly. This qualita-
tively indicates that a certain short range order,
different from that obtained in typical amorphous
alloys, is present in the amorphous CeFe,H; and
GdFe,H; alloys, indicating the presence of species
with definite bond lengths and angular relations [14].
The radial distribution functions (RDFs) calcu-
lated by (1) are shown in Figs. 4 and 5. The nearest
neighbour distances, as evaluated from the Gold-
schmidt radii [15], from the crystalline Laves phases
CeFe, and GdFe, [16], and from the crystalline
hydride phases CeH, and GdH, [16] are indicated
in Figs. 4 and 5. The spurious ripples in the small
r region are meaningless: the RDF is essentially
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Table 1. Comparison of coordination numbers, N, and
interatomic distances, r, for amorphous sputtered CeFe,
and GdFe, obtained in this study with those calculated
from crystalline Laves phase data [16]. Nge_re, Npe—ces
and Nc._c. are experimental values. Nc._g. Was calculated

CFe
. . CCC . .
the atomic fractions. The corresponding calculation was
done for NGd—Fe-

according t0 Nge_pe = )NFQ_CC. Cg. and Cc. being

CeFe,
Atomic Pair Amorphous Phase Laves phase
N r (nm) N r(nm)
Fe—Fe 9.6 0.258 6 0.258
Fe—Ce 49 0.309 6 0.303
Ce=Fe 9.9 0.309 12 0.303
Ce—Ce 42 0.350 4 0.316
GdFeg
Atomic Pair Amorphous Phase Laves phase
N r(nm) N r(nm)
Fe—Fe 7.4 0.258 6 0.261
Fe—-Gd 3.6 0.307 6 0.307
Gd-Fe 73 0.307 12 0.307
Gd-Gd 4.8 0.349 4 0.320

zero inside the atomic diameter. The peak positions
were determined from the position of the apex
parabolas through three points near the correspond-
ing peak maximum. The first three neighbour dis-
tances in amorphous CeFe, are considered to be
due to the Fe—Fe-, Fe—Ce-, and Ce—Ce-pairs. The
same stands for amorphous GdFe;; one only has to
replace Ce by Gd. For the evaluation of the co-
ordination numbers the shape of the peaks was
assumed to be Gaussian. The results are summarized
in Table 1, together with the values calculated from
the crystalline Laves phases [16].

Taking into account that the determination of the
first coordination number is uncertain with an error
of £10% we only learn that the atomic arrange-
ment in the Laves phase and the corresponding
amorphous phase is different. In ternary systems
there are six kinds of pairs. Since in the present case
one of the components, namely H can be neglected
because of its very poor scattering power for X-rays,
only the Fe—Fe-, Fe—Ce-, and Ce—Ce-pairs in the
case of CeFe,H; as well as only the Fe—Fe-,
Fe—Gd-, and Gd—Gd-pairs in the case of GdFe,H;
can contribute to the RDF. In both cases the first
peak is caused by Fe—Fe-pairs, as suggested in
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Figs.4 and 5, and the coordination number is
estimated to be about seven in both cases. The
following structural features can be derived from
the present results for amorphous CeFe,H; and
GdFe2H3.

As seen in the RDF curves of Figs. 4 and 5, the
peak at 0.4 nm is higher than the first and second
ones in RDFs for amorphous CeFe,H; and GdFe,H;.
The oscillations rapidly decay and the RDF shows
no structurally significant deviations from the aver-
age value of 4nr?g, at r>=0.65nm in both
systems. This type of atomic configuration in non-
crystalline systems corresponds to distinct local
nearest neighbour correlations, as seen in semicon-
ducting liquids (Te and Se) and oxide glasses [§],
accompanied by a complete loss of correlation
between such units at larger distances. The Ce—Ce-
and Gd— Gd-distance at 0.4 nm, which also occurs in
CeH, and GdH,, forms the dominant feature in
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