Physica B 174 (1991) 257-261
North-Holland

Neutron spectroscopy of MnH,, .., NiH, 5, PdH, 4, and
harmonic behaviour of their optical phonons
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Inelastic neutron scattering spectra from manganese. nickel and palladium hydrides synthesized under a high pressure of
gaseous hydrogen have been measured in the energy region of 0-500 meV. The positions and intensities of the peaks in the
higher energy parts of the spectra are well described by a contribution from the multiphonon neutron scattering in the

harmonic approximation.

1. Introduction

Vibrational spectra for the hydrides of groups
[II-V transition metals have been extensively
studied for a long time using inelastic ncutron
scattering (INS) techniques, see refs. [1,2] as a
review. As for the group VIII metals, the hy-
drides were thoroughly investigated only for
nonstoichiometric Pd—H [3-7] and Ni-H [8,9].
Recently, Dorner et al. [10,11] have studied
optical hydrogen vibrations in nearly stoich-
iometric NiH, .. and in two hydrides of group VI
elements, CrH, , and MoH, ,. Here we report
the results of the investigation of the vibrational
spectra of MnH, ,, (the first example of a hy-
dride of the group VII transition metals) and
NiH, ,s and PdH,, 4, by the INS method in a wide
range of energy transfer (0-500 meV).

The measurement of the entire phonon spec-
trum was of special interest for the approximate-
ly stoichiometric hydride PdH,,. The Pd-H
system has been extensively studied for the past
two decades because of the discovery of super-
conductivity in it [12] with an inverse isotope
effect (IIE) for T, [13]. Ganguly proposed [14]
that the IIE could be the result of a strong
anharmonicity of the H(D) vibrations in Pd. In
fact, the INS experiments have shown [5, 15]

that the Pd-H(D,T) force constant is lower
when the mass of the hydrogen isotope in-
creases. Further INS studies by Rush et al. [7] on
the «- and B-phases in the Pd-H(D) systems
allowed them to conclude that the potential wells
for H and D atoms in palladium are very similar
and strongly anharmonic. In particular, for
PdH,, ,,, they observed two second excited levels
! =20, and 0!’ =20, +19meV and calcu-
lated the anharmonic parameters. Their data
were then used in ref. [16] where the anharmonic
shape of the interstitial hydrogen—palladium
potential well was reanalyzed within first-order
perturbation theory.

The present investigation has shown that the
fine structure of the *‘higher vibrational har-
monic™ in the INS spectra for all the hydrides in
question could be explained by multiphonon
neutron scattering in an harmonic approxi-
mation.

2. Experiment and treatment of data

Manganese powder and nickel and palladium
plates 0.3 mm thick were hydrogenated in an
atmosphere of high-pressure molecular hydro-
gen, the method is described elsewhere [17]. The
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hydrides obtained are known to have close-
packed metal sublattices, hexagonally closed
packed for manganese hydride and face centered
cubic for nickel and palladium hydrides, with the
hydrogen atoms on octahedral interstitial sites
[18, 19]. The samples (each of about 5g) were
stored in liquid nitrogen to prevent hydrogen
losses: under atmospheric pressure manganese
hydride rapidly begins to decompose at about
320K, while the hydrides of nickel and pal-
ladium decompose at about 250 K and 220K,
respectively.

The INS measurements were carried out on
the inverted geometry time-of-flight spectrome-
ter KDSOG-M [20] installed at the IBR-2 pulse
reactor in Dubna. The incident neutron energy is
determined by the reactor-sample flight path
29.7m long and the energy of the scattered
neutrons by the pyrolitic graphite analyzers
(E;=4.7meV), mounted behind the beryllium
filter. The spéctra were collected at eight angles
ranging from 30° to 140°. The samples were
mounted in a top loading cryostat and experi-
ments were performed at different temperatures
(see table 1). The neutron transmission through
the samples was greater than 90%, so the multi-
ple scattering contributions were negligible. The
background from the sample holder and cryostat
was subtracted from the INS spectra. The spec-
tra from all the scattering angles were summed,
and the generalized vibrational density of states
(GVDS) 6(w) was calculated [1] supposing a
one-phonon mechanism for the scattering
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Estimates have shown the scattering by the
hydrogen to dominate in the INS spectra for the
Mn and Pd hydrides under study, so we assume
that these are the spectra of hydrogen atom
vibrations. In the case of the nickel hydride, the
scattering intensity from the H and Ni atoms is
comparable in the region of the lattice phonons,
and the experimental spectrum was corrected in
order to eliminate the contribution from the Ni
atoms and to obtain 6(w) for the H atoms. For
this purpose we have measured the INS spec-
trum for pure Ni at room temperature.

The contributions from the multiphonon neu-
tron scattering (only two- and three-phonon pro-
cesses were taken into account) were calculated
in a harmonic approximation [21] by the multi-
convolution of the one-phonon spectrum. The
experimental 6(w) in the energy region of the
lattice and hydrogen optic phonons was first
taken as a one-phonon spectrum. On the second
and subsequent steps the one-phonon spectrum
was assumed to be the difference between the
experimental one and that resulting from the
multiphonon processes. For all the spectra the
convergence was reached in three or four itera-
tions.

3. Results and discussion
Figures 1 to 3 show the experimental GVDS

(points) and calculated, as described above, one-
phonon (dashed curves) and multiphonon (solid

process. curves) neutron scattering contributions to the
Table 1
Positions and widths of the peaks of the GVDS of the manganese, nickel and palladium
hydrides.
Second main peak
First main peak —_—
- w, (meV)
Temperature Energy, Width, s
Sample (K) w, (meV) Aw, (meV) Exper. Calc. 2w, (meV)
MnH,, ., 100 111 20 233 231 222
290 110 25 227 227 220
NiH, ,, 15 89 20 196 192 178
230 90 28 192 190 180
PdH, ,, 15 56.0 9.0
200 56.0 14.3
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Fig. 1. GVDS spectra for MnH, ... The dashed and solid
curves are the calculated one-phonon and multiphonon neu-
tron scattering contributions, respectively.
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Fig. 2. GVDS spectra for NiH, ..

spectra for the manganese, nickel and palladium
hydrides, respectively. For lattice vibrations in
the Mn and Ni hydrides, the Debye energy was
estimated by fitting the low-energy acoustic part
of the spectrum by a parabola and equating the
area under the parabola and under the ex-
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Fig. 3. GVDS spectra for PdH, .

perimental spectrum in the region of the lattice
vibrations. The Debye energies obtained are
er, =31*+2meV for MnH,,, (compare with
£, =34.5meV for a-Mn [22]), 26 =2 meV for
NiH, s and 31 =2 meV for Ni (see fig. 4). These
results show that the lattice spectra of mangan-
ese and nickel, as well as that of palladium [23],
become softer after hydrogenation. Moreover, in
the case of PdH, ,, (fig. 5), we would like to
draw attention to the presence of the non-Debye
density of states in the low-energy (2-9 meV)
region.

As one can see from figures 1 to 3, despite the
cubic symmetry of the hydrogen atom positions
in the hydrides, the optical peaks in the spectra
have explicit shoulders at the side of the larger
energies. We think that these shoulders most
probably result from the dispersion of the optical
phonon branches, especially in the case of nearly
stoichiometric NiH, s and PdH,, .

The positions of the first main optical peaks w,
and their widths Aw, at half height as well as the
positions of the experimental second main peaks
and calculated two-phonon peaks are presented
in table 1. It is seen (figs. 1-3) that the positions
and intensities of the peaks in the spectra in the
energy range w > w, are well described by contri-
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Fig. 4. GVDS spectra for Ni and NiH, ,, (in the region of

the host lattice modes). The solid curves represent the result
of a fit with the Debye model.

.
PAH0.99  T=200 K & a
.

—~ | . .
2 N
- l"'?"': Fl « ® L

¥ et %', o °

- .
[} ) 10 ) 20 30
ENERGY, meV

Fig. 5. GVDS spectra for PdH,, ,, in the low-energy region.

butions from the multiphonon neutron proces-
ses. The calculated and experimental positions of
the multiphonon peaks in the manganese and
nickel hydride spectra differ noticeably from the
multiple of w, values (table 1). These differences
arise from the asymmetry of the optical peak.

A fine structure of the multiphonon bands in
the spectra for PdH, 4, is also well reproduced
with the calculations in a harmonic approxima-
tion. Thus, this approximation turns out to be
fairly good even in the case of the noticeably

anharmonic [5, 7, 15] vibrations of H atoms in
Pd and, henceforth, could be considered as a
simple and useful tool for analyzing the INS
spectra for many different hydrides.

As for the origin of the inverse isotope effect
in the T, values of the Pd-H(D) hydrides, it
seems worth pointing out here that along with
the anharmonic effects other contributions to it
are also possible. We mention, for example, the
model of Drechsler et al. [24] that accounts for
the IIE in metastable hydrides as being caused
by the two-level low-energy excitations in these
substances. The observed non-Debye density of
states (fig. 5) in the low-energy part of the
vibrational spectra in our experiments of PdH, 4,
confirms the latter model.
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