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%e report on measurements of the local modes of H in the transition metals V, Nb, and Ta with

particular emphasis on low-concentration alloys. The excitations appear as very broad peaks in the

neutron scattering spectrum even at a level of &1 at. %%uo H, incontras t to th enarro wdensity-of-
states peaks normally expected for such interstitial defects. The lower vibration peak in NbHoooqq

reveals, within the a phase between 295 and 210 K, an unexpected continuous shift from 106 to 118
meV. Several possible mechanisms to explain these unusual observations are discussed and evaluat-

ed.

INTRODUCTION

The local modes of hydrogen (H) absorbed in a metal
provide dirtx;t information about interatomic potentials.
The strength of the force field and its symmetry have
been used as a probe of H-site occupancies. ' In fact, this
spectroscopic evidence can often provide greater sensitivi-

ty than diffraction experiments, particularly for disor-
dered or mixed occupancy systems, or for low H concen-
trations. Recently, improved instrumentation has stimu-
lated an upsurge in studies of the dynamics of hydrogen
in metals and has allowed (1) measurements of higher-
order transitions and the determination of anharmonicity
parameters in the ordered low-temperature phases; (2}
probing of the potential at tetrahedral sites in P-phase Nb
by measurement of the local-mode frequencies for the
three isotopes 'H, H, and H (Ref. 3); and (3) spectros-
copy of H trapped at low concentration by defects such as
0 and Ti in Nb. 4

In spite of this progress, no conclusive explanation has
been given for the intrinsic linewidths of the H modes in
disordered phases. In triple-axis measurements of H vi-
brations in the tz' phase of NbH~, s a pronounced change
of the linewidths with temperature and crystallographic
phase was noted. This technique keeps the wave-vector
transfer Q relatively small, so that multiphonon scattering
is minimized. The energy resolution can be improved at
the expense of increased Q values by using a Be filter as
an analyzer. Such an instrument was used recently to
study the H modes of high-concentration NbH„and
NbD» at the a' —+P phase transition (disorder —+order}.
It was proposed that the large linevadths observed in the
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a' phase reflect locally varying H-H interactions due to
the short-range order in the tz' phase.

In this paper we report on measurements of the local H
modes in V, Nb, and Ta in the dilute a phases. For TaH„
we have also studied the concentration dependence of the
vibrational spectrum, and for NbHo oos5 we have followed
the evolution of the spectrum at low temperatures until
the ordered P phase is reached. These data provide the
first direct information about the microscopic mechanism
leading to the large linewidths in the dilute a phase, and
models proposed earlier can be reevaluated within the
framework of the present results.

EXPERIMENTAL DETAILS

2093

The measurements on dilute H in metals were made
possible by the development of a new Be-filter spectrome-
ter at the National Bureau of Standards (U.S.) research
reactor, which has an excellent signal to bac-kgr-ound ra-
tio. This is achieved by taking advantage of large solid
angles at the analyzer both horizontally and vertically in
combination with a well-shielded detector of 15X 15 cm .
The distance from the sample to the detector is 1.1 m. A
cold Be filter with a cutoff of 5.2 meV serves as analyzer.
The incident energy is varied using a Cu(220) monochro-
mator, with collimations of 40' before and after the mono-
chromator.

Some spurious peaks were originally observed in the
case of a single crystal of NbHoooss. They originated
from neutrons Bragg-scattered by the sample into the fil-
ter. Because of thermalization in the Be some neutrons
could pass the filter, creating misleading peaks which
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reached about half the height of the first H excitation in

NbHoppss at 300 K. This problem was overcoine when

this sample was cut into 50 pieces to effectively create a
polycrystal and the spectra were measured at various
scattering angles between 40' and 100'. Similar difficul-
ties were not encountered with the other specimens mea-
suredd.

The samples contained 40 g V, 25 g Nb, and 70 g Ta,
respectively. Nb and Ta were purified at 2200 and
2500'C, respectively, in a vacuum of 10 ' Torr. Because
of its low melting point, V cannot be purified efficiently
in the same way. The metals were loaded in the usual

way in a H atmosphere of appropriate pressure at 700'C
to VHo oi2, NbHo. ooss NbHo. oso and TaHo isp. These can-
centrations were determined by the weight increases of the
samples. After a first set of measurements, the TaHp iso
specimen was mounted in a furnace on the spectrometer
to partially degas the sample. In this way the H concen-
tration could be monitored continuously via the lattice
constant. The final concentration was TaHo p37 The
measurements at low temperature were performed with
the sample mounted in a controlled temperature cryostat.
Spectral measurement time varied from a few hours for
TaHp is to 2 days for NbHp ooss.

It should be noted that over the energy range scanned
the wave vector varies from approximately 6 to 9 A
However, the observed counts are a very good approxima-
tion to the density of states g (F}for the conditions under
which the spectra are measured, because of a cancellation
of two terms in the one-phonon cross section. There is a
contribution to the scattering from multiphanon process-
es, but this effect has been shown not to seriously distort
the results even in PdHo pps, a system in which the effect
is larger than in the present case.

Figure 1 shows spectra measured at room temperature
for VHo. oi2 NbHo. oso and TaH„with x=0.180 and
0.037, after the fast-neutron background has been sub-
tracted. In all cases the energy widths of both excitations
are considerably broader than the instrumental resolution,
which is 7 and 9 ineV full width at half maximum
(FWHM} for an energy transfer of 110 and 160 meV,
respectively. The vibrational peaks are broadest for
VHp pi 2. The first excitation is centered at about 106
meV, whereas the position of the second maximum can be
indicated only tentatively at about 170 meV. For
NbHo p3Q the vibrational peaks are better defined and their
positions are centered at 107 and 163 meV. Figure 2(a)
shows a spectrum for NbHp opss, again measured at room
temperature. Within the counting statistics there is a lit-
tle difference in the spectra for these hydrogen concentra-
tions. For TaHop37 [Fig. 1(c)t we again find two'-well-

defined peaks, at 114 and 154 meV. Also shown is a spec-
trum for TaHp &so. This spectrum has been measured
with improved statistical accuracy due to the much higher
H concentration, and details of the line shape become
clearly observable, including a shoulder on the low-energy
side of the first peak. This is likely to be due to a
multiphonon-scattering process involving acoustic lattice

modes and will not be discussed further in this paper.
The salient feature in Fig. 1(c) is the fact that the position
of the second peak is shifted to a higher energy of 164
meV, whereas the first mode remains at 114 meV. The
data also indicate a slight difference in the general shape
of peaks, more noticeable at the high-energy end. This,
however, we attribute to multiphonon contributions which
give rise to a smooth and monotonically increasing back-
ground underneath the scattering from the H motions.
This background becomes less important at higher con-
centration, where the scattering from the H dominates the
scattering from the metal.

Figure 2 shows spectra for NbHo ppss between 295 and
78 K. Because of the long counting times necessary at
these low concentrations, only the first excitation peak has
been measured at the intermediate temperatures. The po-
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FIG. 1. Spectra of the local H modes measured at room tem-
perature. The fast-neutron background has been subtracted.
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sition of this peak at 295 K is indicated by an arrow and
it is also marked at the lower temperatures by the open
symbol, whereas the actual peak position is indicated by a
solid symbol. The striking feature we observe is a con-
tinuous shift of the position of the peak between 295 and
210 K from 106 to 118 meV. The highest-energy value is
essentially the same as that measured previously for or-
dered hydride phases at low temperature, as is also
demonstrated by a 78-K spectrum in Fig. 2, at which the
hydrogen must be entirely in the ordered 5 phase. Howev-

NbH 0.0055

er, in NbHo oM5, no H precipitation occurs above 200 K,'
so that down to 210 K the sample remains in the homo-
geneous a phase. Moreover, the peak shape is quite dif-
ferent from that observed for H in the ordered phase.

DISCUSSION

The results shown in Figs. 1 and 2 reveal several novel
aspects of the vibrational spectrmn of hydrogen dissolved
at low concentration in refractory metals: (1) large intrin-
sic linewidths of the observed a-phase peaks even at the
low H concentration studied, (2) an anomalous tempera-
ture dependence of the first excitation in very-low-
concentration NbHo oms, and (3) a different concentration
dependence of the two local-mode frequencies in a-TaH„.
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FIG. 2. Temperature dependence of the local H modes of
NbH000qq. Down to 210 K the sample remains in the homo-
geneous a phase, whereas the H is totally precipitated into an
ordered, high-concentration 5 phase at 78 K. The solid arrow
shows the actual peak position at a given temperature; the open
arrow indicates the peak position at 295 K.

The measured linewidths for these dilute a-phase sam-
ples are much too large to be related to the H diffusion in
these metals; broadened peaks have also previously been
reported for a-phase samples of NbH„at much higher
concentrations. ' An explanation of the width in

NbHooo55 by local variations of the force constants due
to the random occupation of tetrahedral sites in the a
phase is unlikely in view of the low concentration in the
present experiment. Moreover, a reduction of the H con-
centration in Ta from 18 to 3.7 at. %%uo increase s th eaver-
age H-H distance by 70%%uo without a noticeable change in
the line shape. Other tentative explanations have been
given previously for the large linewidths of the H modes,
such as dispersion of the optical branches or electron-
phonon coupling. The first possibility can be rejected in
view of the low concentrations employed in these mea-
surements. The second possible explanation is more diffi-
cult to evaluate because there are no model calculations
for transition-metal hydrides. However, considering the
small changes observed in the phonon spectrum at the a'-
P phase transition in NbH„(Ref. 1) in contrast to the
strong reduction of the width of the H modes at this
phase transition, it is not likely that the widths in a phase
are due to electron-phonon coupling.

As an alternative possibihty it may be speculated that
the linewidths are due to hydrogen delocalization. Tun-
neling of H trapped at low temperature by a heavier inter-
stitial atom is well established now, both by specific-heat
measurements and by neutron spectroscopy. Recently, it
has been shown that the pocket states for the trapped H
resemble closely tetrahedral positions of the pure a
phase. The heavy defect atom mainly prevents H precip-
itation into an ordered hydride structure in which delocal-
ization would be suppressed by the high H concentration.
The measured ground-state splitting for NbO„H„,
x~0.01, amounts to about 0.20 meV. If one assumes a
double-well potential, such a splitting of the vibrational
ground state suggests a splitting of the first and second H
local-mode frequencies of -4 and -6 meV, respective-
ly. ' Indeed, the local modes of trapped H reveal widths
of 5—10 meV, of the same order as the widths observed in
the pure a phase. Anharmonicities can further increase
these splittings, and a delocalization involving more than
two pocket states will result in broad bandlike states, as
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shown in a recent paper. " Furthermore, the use of such a

model to explain the observed vibration bandwidths by

hydrogen delocalization is also consistent with the obser-

vation of significantly larger widths for a-VHooii than

for H in Nb and Ta. The lattice parameter for bcc V is

9% smaller than that for Nb and Ta, so that the H
tetrahedral sites are closer together. Excited vibrational

levels whose widths are due to "tunneling" or delocaliza-

tion ~ould be highly sensitive to the distance between po-
tential minima and would yield relative vibration band-

widths consistent with our observations.
Such tunneling phenoinena are well known for molecu-

lar crystals containing methyl groups or ammonium

ions. '~ In general, the ground-state splittings are much
smaller than for H trapped in Nb and tunneling is only
observable below 50 K. In this temperature range the vi-

brational modes of the tunneling unit become damped due

to coupling to the phonon bath of the crystal Ho. wever,

for metal hydrides the local-mode frequencies are well

above the acoustic-phonon spectrum, so that a delocaliza-
tion may be observable up to considerably higher tempera-
tures. Thus, the observation of broadened vibration peaks
for interstitial H in metals even at low "defect" concentra-
tions ( ~ 1 at. %) is consistent with a delocalization of the
excited states.

Temperature dependence

Perhaps the inost surprising result concerns a gradual

increase of the energy of the first vibrational band of
NbH000s in the a phase between room temperature and

210 K, at which temperature it has reached a peak energy

equal to that observed for the high-concentration ordered

phases. ' Throughout this temperature range the peak
remains very broad T.he measured fractional frequency
shift of 0.13%/deg is far too large to be explained by the
usual lattice anharinonicity of a high-melting-point ma-

terial like Nb. Alternatively, one could assume fluctua-
tions in the hydrogen short-range order with a local struc-
ture resembling the ordering in the low-temperature

phase. Such short-range "ordering" has never before been

directly observed over such a large temperature range

( =40 K). Such fluctuating clusters could lead to a con-

tinuous shift of the average vibrational energy, toward the
value of the P phase, as the phase boundary is ap-
proached. A neutron smaB-angle-scattering study on

NbHO O05 did show some changes in the scattering pattern
close to the precipitation temperature, but these results
did not provide evidence of any large regions (& 10 A) of
H "clusters" growing in size as the phase boundary is ap-
proached. ' On the other hand, at much higher H con-
centrations (a' phase) Burkei et al. identified in an x-ray
experiment diffuse peaks several hundred degrees kelvin

above the precipitation temperature, which they related to
the short-range deuterium arrangements close to that in
the low-temperature phases. '

It is interesting to note that NbH„exhibits other unusu-

al properties in the temperature range considered here.

Around 250 K the activation energy for H diffusion

changes from a high-temperature value of 106 meV to a
low-temperature value of 68 meV. ' The reason for this is

not understood, although, in general, it is associated with

the quantum-mechanical aspects of H diffusion becoining
manifest at this temperature. A recent quasielastic
neutron-scattering experiment indicates that in the same
temperature range hydrogen diffusion can no longer be
described by a jump motion between nearest tetrahedral

sites. ' Although a direct connection between these

unusual features is not obvious at present, their oc-
currence in the same temperature range suggests the ex-

istence of short-range-correlated arrangements of hydro-

gen atoms which exist considerably above the phase

boundary, even at very dilute concentrations in the a
phase.

Concentration dependence

Figure 1(c) shows a change of a local-mode frequency
in a homogeneous phase with H concentration. Although
not reported earlier, the increase of the higher-energy peak
by 6% with increasing H content is perhaps not too
surprising. In an earlier work on TaHO iso and TaDO zoo,

it has been shown that the acoustic modes increase by an
average of 0.3'%/per 1 at. %%uoH. 'Fro m thi spoin t of view

it is more surprising that there is no observable shift for
the first peak, which is due to eigenmodes with a displace-
ment vector in the direction of an octahedral site (the
higher-energy peak is due to the degenerate eigenmodes in
the orthogonal directions). These results clearly underline

the need to describe the H modes by microscopic models
with realistic coupling between the host lattice and the H.
Recently, first calculations for the dynamics of single-H
defects have been presented's and at present the model is
being refined to improve the description of the details of
the experimental results. '

SUMMARY

In conclusion, we have extended measurements of local
H vibrational modes in the transition metals V, Nb, and
Ta to low-concentration alloys ((1 at. %). Even at the
lowest H concentration, the vibrational peaks show large
widths, comparable to those observed for high-H-
concentration compounds. Reviewing various explana-
tions for the widths, we propose that they originate from
a bandwidth of the excited states (excited-state tunneling
transitions). Surprisingly, the energy of the first mode in

NbH0005s increases in the u phase continuously from 106
meV at room temperature to 118 meV at 210 K. The
peak remains very broad over the entire temperature
range. H-density fluctuations with a local symmetry
resembling the ordering of the low-temperature phases are
proposed to account for this unusual feature. Measure-
ments of TaH at concentrations of x=0.037 and 0.180
reveal a shift only for the high-energy excitation with con-
centration, whereas the'widths for both excitations appear
independent of the amount of H.
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