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V. Lottner and H. R. Schober
Institut fur FestkorPerforschung der Kernforschungsanlage Julich, D 517-0 tu'lich, Germany

and

W. J. Fitzgerald
Institut Lame-Langevin, Grenoble, I'-38042 Grenoble, I"rance

(Received 27 November 1978)

A calculation of the frequency spectrum of the band modes of hydrogen located at a
tetrahedral interstitial site shows a strong resonantlike peak with very little isotope ef-
fect. This mode was observed by neutron scattering in NbHp pp at 8.8 THz. The band
modes provide a mechanism for classical diffusion with low activation energies.

In recent years the dynamics of H in the bcc
transition metals Nb, Ta, and V have been stud-
ied extensively by means of neutron-scattering
experiments. ' These experiments have been con-
cerned mainly with the high diffusivity of H, its
high-frequency localized modes, and its influ-
ence on the acoustic-phonon spectrum of the host
lattice. Qnly little attention was paid to the vibra-
tions of the H atom itself within the range of the
acoustic-phonon frequencies (band modes). Pre-
vious neutron-scattering experiments' could not
show whether the spectrum of the band modes
merely mirrors the phonon density of states of
the metal or if there are some favored vibration
modes with an H amplitude different from that of
the metal atoms. Theoretical calculations of the
H vibrations have been restricted to the local-
ized modes. ' The purpose of this Letter is to
report the results of both theoretical and experi-
mental investigations of the frequency spectrum
of the band modes which give an important con-

tribution to the thermal mean-square displace-
ment of the H and lead to activation energies for
a classical jump diffusion process distinctly
smaller than the excitation energies of the local-
ized modes.

We have calculated the local vibrational spec-
trum of the single H atom by standard Green's-
function techniques for inter stitials. These
methods have the advantage that all properties
are expressed in terms of the ideal lattice Green's
function, g(v), and the coupling changes, y,
with respect to the ideal host lattice. The Green's
function g was calculated by a modified Gilat-
Raubenheimer method from Born-von Klrmkn
fits to the ideal phonon spectra. The local spec-
trum, Z,. (v), of the vibrations of the H in direc-
tion i is given in terms of the hydrogen Green's
function G,, "(~) as

Z, (v) = 2nZ, ((u) =4m (uimG„- "((u)

with

HH( ) ( H 2 HH . HL[I LL( ) LL]-z LL LHj -1
(2)

where the superscripts H and L denote the hydro-
gen and host lattice subspaces, respectively, and
m" is the hydrogen mass.

The dimensions of the matrices in Eq. (2) are
reduced by decomposing them into their irreduc-
ible parts. The tetrahedral site has D,„symme-
try with subspaces A» A» B1 B2 and F.. For
the evaluation of the H vibration one has to con-
sider only the subspaces B, (for the z vibration)
and E (for the degenerate x and y vibrations).

In the simplest model which can be treated ana-
lytically and which is consistent with the observed
frequencies of the localized modes the H atom is
coupled only to its nearest-neighbor metal atoms
by a purely longitudinal spring f. In this model
the matrices in Eq. (2) are reduced to scalars

for each direction:

q, " = ', f, y, '=-(2/—~5f, V. '"=f,
, L L ppp g 111 ~ 111 + 200 + 200

gz -g» +, g» + 58'» 5g» 5g'zz

for z vibrations and

HH gf HL (8)1/2f ~ LL

~ L L 000 ~ 20o ~ 20p~x ~xx + 5 gxx 5 gzz

for x and y vibrations. Equation (2) then reduces
to

H(

= 4m H&u Im[m Hu)' —y, "'/(I g, '"f)] '. (3)-
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FIG. 1. Spectrum of the band modes divided by mass
for H in Nb. Short-dashed line, Z,H(v) for simple model;
solid line, Z, "(v) for general model;dash-dot, Z„H(v)
for general model;long-dash, Z(v) of pure Nb. Inset:
coupling of the hydrogen z vibration to the host lattice
(filled circle, 8 atom; empty circle, nearest-neighbor
Nb atoms).

Because of the large spring constant f (70000
dyn/cm, approximately 3 times the nearest-
neighbor host spring) and the small mass m

the term m "w' can be omitted to a good approxi-
mation for the band modes. The resulting ex-
pression is independent of the spring constant f,
and the band part of the H spectrum is deter-
mined solely by geometry and host-crystal prop-
erties. In Fig. 1 the spectrum, in the z direction,
for this model applied to H in Nb is shown togeth-
er with the host spectrum for Nb. The spectra
were divided by the respective masses in order
to be proportional to the vibration amplitudes of
the H and the metal atoms. Although only 1.4%
(z component) of the total H spectrum appears in
the band modes, the vibration amplitudes of H
have the same order of magnitude as the metal
atoms. A striking feature of the spectrum is the
pronounced peak at 3.8 THz for the z vibration.
The position of the peak coincides with that of
the phonon density of states of the pure metal,
emphasizing the importance of the coupling of the
z vibration to the [110]TA, zone-boundary phon-
ons. The H atom vibrates with an enhanced am-
plitude in phase with the surrounding host-lat-

7r 1 —exp(-a(u/k T)

~rz ((u,)
'm [((u' —(u, ')'+((ur)'] ' (4)

where Z" is the orientational average of Z, ".
We assume that the damping constant I is equal

tice atoms so that the strong coupling constant
f is not strained; see inset Fig. 1. In order to
be able to describe more experimental data (lat-
tice parameter change, absence of Snoek effect,
i.e., isotropy of the long-range displacement
fields, and qualitatively the change of elastic con-
stants') the calculations were repeated for a
more general model which included an additional
transverse coupling of the H and longitudinal and
transverse coupling changes between its four
neighbors (six parameters). Such a model seems
to be appropriate in order to take into account
changes in the electronic structure' and in the
dispersion curves' induced by the H. Qualitative-
ly the structure of the spectra is unchanged; how-
ever, a change in peak position and intensity re-
flects the local coupling changes. In Fig. 1 the
spectra for the x and z vibrations are shown for
the best fit. Because of their strong coupling to
the host-lattice vibrations the H band modes
show only a very small isotope effect.

In order to confirm the existence of the reso-
nantlike mode in the spectrum we carried out a
neutron-scattering experiment with the triple-
axis spectrometer IN2 at the Grenoble high-flux
reactor. Measurements performed in NbHp p5

and VH, » single crystals at constant Q (scatter-
ing vector) and constant Ef (final energy) allow
direct comparison of the calculated spectra with
the measured intensities. The measurements
were performed at 57'C and 101'C in the n phase
of the metal hydrides. Several energy scans at
different Q values with Ez= 30 meV and Ez= 38
meV were recorded.

Figure 2 shows a typical energy spectrum in

NbH, » together with the curves obtained from
the calculated spectra. There is clear evidence
of a prominent mode at 3.8 THz. It should be
noted that Nb itself has only negligible incoherent
scattering. The energy spectra were analyzed in
terms of a one-phonon approximation. ' The
quasielastic scattering was calculated for a mod-
el involving jumps between neighboring intersti-
tial sites; for the one-phonon term we suppose
the scattering law of a damped harmonic oscilla-
tor of mass m",
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FIG. 2. Measured energy spectrum for NbHO p5 at
57 C (curve 1, simplified model; curve 2, general mod-
el). The peak LA stems from a host-lattice phonon.

to the jump rate 1/~ = 6D/d' (D is the diffusion
constant, d= v 2 a/4= jump distance). The calcu-
lated spectra were convoluted with the energy res-
olution (Gaussian of full width at half maximum
= 0.5 THz) and normalized in the frequency range
between 1.0 and 3.0 THz. The measured spectra
are well reproduced over the entire energy range.
The general model shows a substantially better
agreement.

Because of the higher mobility of H in V (1/T
-4 THz), a direct observation of the resonantlike
mode which according to our calculations should
lie at about 3 THz was not possible. However,
an increase in scattering intensity at low fre-
quencies was observed which we think is due to
the presence of such an overdamped mode.

The band modes have important physical impli-
cations. As shown in Fig. 3 the mean-square dis-
placement can be split into a nearly temperature-
independent part due to the localized modes and
the contribution of the band modes which is
strongly anisotropic and temperature dependent
even at low temperatures:

(u, ')b,~= Jdu&-,'m u)) coth(h~/2kT)Z, "((u) ib,~
=k TG, , ((u = 0) .

The calculated values (u, ')H are in good agree-
ment with Debye-Wailer-factor data determined
recently from quasielastie neutron-scattering ex-
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FIG. B. Mean-square displacement of the H calculated
with the general model ((u,2)s) and of the host atoms
((u; )N ). The bar denotes orientational averaging. Al-
so shown are the contributions from the band and local-
ized modes of the spectrum ((u; )b»d", (u, )i ~ ) and
the thermal displacement in z direction ((u, ') b~d) due
to the band modes.

periments. '
The strong temperature dependence related

with large values of G, ,
" (0) suggests the possi-

bility of a classical jump mechanism for the diffu-
sion. In such a picture the interstitial is im-
agined as moving in an effective potential which
includes lattice relaxations. If we assume a
smooth shape (e.g. , sinelike) of this potential the
activation energy E, can be estimated in terms of

the static Green's function: F.,=(d'/2v')[G„„" (0)
+ G„H~(0)] '. Such an estimate holds in the case
of heavy interstitials. " The static Green's func-
tion G (0) is essentially determined by the ba, nd
modes emphasizing the importance of in-phase
vibrations of the H with the host-lattice atoms.
The formula yields values of 65, 37, and 73 mev
for Nb, V, and Ta, r espectively, with the gener-
alized model and 76, 60, and 86 meV for the
simplified model. These values agree remark-
ably well with the low-temperature experimental
values. Because of the coupling to the host
modes there will be only very little isotope ef-
fect for this jump mechanism.

Future investigations will have to show how the
low-frequency modes are shifted with concentra-
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tion and phase and whether the low-frequency
excitations observed recently by Shapiro e$ al."
in Nb and earlier by Chowdhury" in Pd-Ag alloys
have, in fact, the same origin.
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The possible existence of a Kosterlitz- Thouless vortex-antivortex dissociation transi-
tion in thin superconductirg films is discussed. It is found that in practice the situation
should be closely analogous to that predicted for superfluid-helium films. A simple rela-
tionship is found between the Kosterlitz-Thouless transition temperature and the sheet
resistance. This relationship is compared with the observed broade»~t of the resistive
transition of superconducting films with. high sheet resistance.

Kosterlitz and Thouless' have predicted that in
two-dimensional neutral superfluids a thermo-
dynamic instability should occur in which vortex-
antivortex pairs, bound at low temperatures,
spontaneously dissociate into free vortices at a
characteristic transition temperature TKT . Sim-
ilar ideas have also been discussed by Berezin-
skii. ' At this transition Nelson and Kosterlitz'
have established a universal relation between
the Kosterlitz-Thouless transition temperature
T KT and the superfluid sheet density. Experi-
ments on superfluid-helium films apparently con-
firming this prediction have been reported by
several groups. '' Some objections to the inter-
pretation of these experiments have been raised,
however. ' Because of the importance of these
theories to the questions of the nature of phase

transitions and long-range order in two-dimen-
sional systems generally, additional systems
suitable for testing the proposed theories are of
considerable interest. In this Letter we argue
that if these theories are correct, a situation
closely analogous to that expected in helium films
should arise in very thin superconducting films,
and we discuss the conditions under which such
effects should be observable. A particularly sim-
ple relationship is found between T KT and the
sheet resistance of the film.

The existence of the predicted vortex-antivor-
tex dissociation instability in helium films is in-
timately connected with the fact that in such films
the interaction energy between vortex pairs de-
pends logarithmically on the separation between
them. As first shown by Pea,rl, ' vortex pairs in
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