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Isotope Dependence of Hydrogen Tunneling in Niobium
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We present ultrasonic experiments on the low-temperature tunneling of H and D interstitials in Nb.
Strong isotope effects are observed in the sound velocity and the attenuation. From the temperature
dependence of these quantities we determine tunneling matrix elements and relaxation rates for both iso-

topes. We demonstrate that this isotopic behavior is adequately described by present theories on nonadi-

abatic interaction of tunneling systems with conduction electrons in the weak-coupling regime.

PACS numbers: 66.30.Jt, 63.50.+x, 74.30.Gn

Low-temperature tunneling of trapped H interstitials
in Nb has been intensively investigated by specific-
heat, ' acoustic, and neutron spectroscopic' "mea-
surements. In these measurements H was trapped by 0
or N impurity atoms under formation of 0-H or N-H
pairs. The results are well explained by the H atom oc-
cupying a double-well potential consisting of two near-
est-neighbor tetrahedral interstitial sites. Tunneling of
the H gives rise to two-level systems with energy split-
ting E =(60+6 ) 'I . Ao is the tunneling matrix element
and 6 is an energy shift between the two potential wells

arising from lattice strains caused by neighboring 0-H
or N-H pairs. The dynamical properties of the H tun-
neling systems are dominated by nonadiabatic interac-
tion with conduction electrons.

The two-level systems formed by trapped H exhibit a
close similarity to the intrinsic tunneling system in

glasses. ' There are, however, two important differences.
First, the tunneling matrix elements in glasses are broad-

ly distributed whereas they are nearly identical for all

the H atoms in Nb as a consequence of the crystallinity
of the metal host. Second, hydrogen allows a detailed in-

vestigation of isotopic effects with the highest possible
atomic mass ratio. Both facts make trapped hydrogen a
discriminative model system for an experimental test of
theoretical predictions on the dynamical properties of
tunneling systems. Although these properties can be
studied by both neutron spectroscopy and acoustic mea-
surements, only acoustic experiments presently allow the
investigation of isotope effects.

In this Letter, we report on results of ultrasonic exper-
iments in which we specifically investigated the isotopic
behavior of the tunneling systems formed by N-H and
N-D pairs in Nb. The measured quantities, sound veloc-
ity and attenuation, reflect the resonant and the relaxa-

tion processes characteristic of the interaction between
tunneling systems and sound waves. For both isotopes
we determine the tunneling matrix elements from the
sound velocity and the relaxation rates from the attenua-
tion. We demonstrate for the first time experimentally
that the relaxation rate obeys the theoretically predicted
isotope effect for a dominant interaction with conduction
electrons.

Our ultrasonic experiments were carried out between
0.01 and 20 K. Below the superconducting transition
temperature of Nb (T, =9.2 K) they were performed in
both the superconducting state and the normal conduct-
ing state retained by a magnetic field of 1 T. We applied
a pulse-echo method with phase-sensitive detection. Ab-
sorption and relative change of sound velocity were mea-
sured with resolutions of 0.01 dB/cm and (10, re-
spectively. We studied longitudinal sound waves gen-
erated by a sputtered ZnO transducer and propagated in
the [100] direction of the Nb single crystal. The crystal
was doped with 0.15 at.% N and 0.3 at.% H. After the
first part of the measurements H was extracted and the
sample was subsequently doped with 0.24 at.% of the
heavier isotope D. This procedure guarantees an identi-
cal N content and thus the same distribution of strain
fields for the investigation of both hydrogen isotopes.
Details of the doping procedures were described previ-
ously.

Figure 1 shows our results for the sound velocity.
Above 10 K the sound velocity decreases due to anhar-
monicity of the host lattice. The data of the doped sam-
ples merge at higher temperatures with those of an un-
doped sample. Below 10 K we observed a strongly
isotope-dependent reduction of the sound velocity rela-
tive to pure Nb. The temperature-dependent reduction
is the result of two different interaction processes be-
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FIG. 1. Temperature dependence of the sound velocity of
NbNppp&sHppp3 at 90 MHz (a) and NbNppp|5Dppp24 at 980
MHz (0) and 110 MHz (&). Broken 1ines represent data of a
hydrogen-free sample. The data are shifted for clarity so that
the sound velocities of the hydrogenated and the deuterized
sample are equal for T 0. The material is superconducting
below T, 9.2 K. The solid line is a fit including resonant and
relaxation processes and the lattice anharmonicity.

tween sound waves and tunneling systems: a relaxation
process as discussed below and a resonant process. The13

resonant process causes a reduction of the sound velocity
proportional to the temperature-dependent population
diA'erence of the two levels. The relative change Av/v of
the sound velocity is given by '

2 2
Av no/ ~o 1

h
E

v pv2 E E 2kgT

where no is the concentration of tunneling systems, p is
the density, and v is the sound velocity of the material.
y=bh/be is the variation of the asymmetry energy d,

with respect to the strain e. For a double-well potential
consisting of two nearest-neighbor tetrahedral sites y is
determined by the anisotropy A —8 of the double force
tensor of a H or D on these sites of tetragonal symme-
try. ' For longitudinal sound waves in the [100] direc-
tion as in our experiment y =2(A 8) /3. Equation—
(1) applies only if the phase coherence time of the tun-
neling particle is much longer than h/E which holds for
temperatures well below the superconducting transi-
tion. ' ' Recent measurements on Nb doped with 0
and H were analyzed with Eq. (1) and actually provided
the first values for the energy splitting of H tunneling
systems. For a more precise analysis, however, we have
to consider a distribution function n(A) for the asym-
metry energy 6, which is caused by lattice strains from

FIG. 2. Temperature dependence of ultrasonic attenuation
in NbNp, ppi5Hp, pp3 at 90 MHz: (0), superconducting; (e), nor-
mal conducting. Solid lines are data of a hydrogen-free sam-
ple.

the randomly distributed neighboring N trap centers.
The tunneling matrix elements ho for both hydrogen iso-
topes are assumed to be single valued, reAecting the crys-
tallinity of the host lattice. For the distribution of h, we
choose a Lorentzian ' with a characteristic width h, :

non(A)-
4 +h,

(2)

From our sound velocity data we determine the tun-
neling matrix elements for both hydrogen isotopes as the
result of a fit according to Eq. (1) in which we substitut-
ed n(d, ) for no and integrated over A. Up to 2.5 K for
the H-doped and up to 3 K for the D-doped sample the
resonant process of Eq. (1) is sufficient to describe excel-
lently our sound velocity data. For the tunneling matrix
elements of H and D we find Ao(H) =1.4~0. 1 K and
Ao(D) 0.18~0.01 K in good agreement with recent
specific-heat experiments. We point out that our anal-
ysis allows an extremely precise determination of the
tunneling matrix element since the distribution in the en-
ergy splitting E has a singularity for E =ho and is addi-
tionally weighted with (Ap/E) . Above 2.5 K in the H-
doped sample and above 3 K in the deuterized material a
decrease of the sound velocity is observed which is
caused by relaxation of the tunneling systems in the
sound field. We would like to discuss this process in the
next paragraphs in more detail together with our at-
tenuation measurements. A complete fit (solid line in
Fig. 1) of the sound velocity including both processes
yields 6, =3 K for both hydrogen isotopes and values of y
equal to those obtained from the relaxation absorption.

Figure 2 shows our results for the ultrasonic attenua-
tion in the superconducting and normal conducting states
of the H-doped sample together with data of a sample
containing no hydrogen. The dominant absorption
mechanism is the electron-phonon coupling' causing a
temperature-independent attenuation in the normal state
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when the electron mean free path becomes constant at
low temperatures. In the superconducting state this
mechanism freezes out because the conduction electrons
condense into Cooper pairs. We observe, however, in the
H-doped sample an absorption peak approximately 3.5 K
which is absent if the material is normal conducting.
This behavior has been found previously and was dis-
cussed as a proof of the existence of a nonadiabatic in-
teraction of H tunneling systems with conduction elec-
trons. Figure 3 shows, for three different ultrasonic fre-
quencies, this attenuation peak in the superconducting
state after subtraction of the background determined in
the H-free sample. The figure also shows attenuation
data of the D-doped crystal measured at 110 MHz.
These data will be discussed later.

The attenuation maximum is caused by relaxation of
the tunneling systems in a sound field due to strain-
induced modulation of the asymmetry energy 5,. ' The
relaxation attenuation is given by

2

lloyd

a=
pv' kaT E

2

sech (3)1+Q) g 2kaT

As usual Eq. (3) has a maximum when the tempera-
ture-dependent relaxation rate i ' becomes equal to the
ultrasound angular frequency m. According to the
theory developed for metallic glasses' nonadiabatic in-
teraction of tunneling systems with conduction electrons
results in a relaxation rate which in the superconducting
state is

z ~0 kaTi '= —2K
E 1+exp(As/kg T)

(4)

The dimensionless constant K describes the electron-
tunneling system coupling and h~ is the BCS supercon-
ducting gap parameter. Equation (4) is valid for E
«kaT, . The freezing of the relaxation rate in the su-
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FIG. 3. Ultrasonic attenuation of superconducting Nb
doped with H at (a) 30 MHz, (+) 90 MHz, (0) 150 MHz, or
with D at (5) 110 MHz. Damping due to electron-phonon
coupling is subtracted from the data. Lines show calculations
described in the text.

perconducting state has already been verified experimen-
tally for aroorphous metals. ' Note the quadratic depen-
dence of the relaxation rate on ho which gives a key to
the isotopic effect. In the normal conducting state the
relaxation rate of the tunneling systems due to their cou-
pling to conduction electrons is high enough to provide
co~&&1 down to T=O K, thus resulting in a negligible
absorption contribution.

Our objective now is the determination of the coupling
constant K from a fit to the attenuation data of the H-
doped sample in Fig. 3. The fit has been carried out by
integrating Eq. (3) over 5 after insertion of Eqs. (4) and
(2). The fitted curves resulting for the three ultrasonic
frequencies are indicated in Fig. 3 by solid lines. For the
tunneling matrix element we use the value Ao(H) =1.4 K
as determined from the sound velocity. For the width of
the distribution of asymmetry energies we take h, =3 K
as for our fit to the sound velocity. From the absolute
value of the absorption we derive the deformation poten-
tial of the H tunneling system yH=0. 023 eV assuming
that no is given by the nominal concentration of trapping
centers. The fit finally yields the value K =0.07 for the
dimensionless coupling constant of the interaction be-
tween H-tunneling systems and conduction electrons.

Our present result for K agrees with that reported in

previous neutron scattering experiments. ' " K is con-
siderably smaller than its limiting value of 0.5 and thus
indicates a weak-coupling situation. It is theoretically
expected to be essentially isotope independent. This al-
lows a presently unique test of the validity of the theoret-
ical concepts for the nonadiabatic coupling between tun-
neling systems and conduction electrons by a consistent
description of the isotope dependence of the acoustic
properties. In fact, we can quantitatively predict the
temperature dependence of the ultrasonic attenuation for
the D-doped sample using hn(D) =0.18 K as determined
from our sound velocity measurements. With values K
=0.07 and h, =3 K as for the H-doped sample the result
of this calculation is shown by the dashed line in Fig. 3.
For the deformation potential we use the value yD
=0.032 eV—again under the assumption that no is
given by the concentration of N traps. We consider the
deformation potential to be the only adjustable parame-
ter in calculating the attenuation. It enters only as a
constant multiplicative factor.

It is seen from Fig. 3 that the calculated (dashed)
curve represents a fair description of the measured at-
tenuation of the D-doped sample. This proves that the
theoretical concepts above do indeed adequately predict
the experimentally observed isotopic behavior. Because
of its ho dependence the relaxation rate of the dominant-
ly contributing tunneling systems (which have F. —A

))hn) decreases by almost 2 orders of magnitude when

going from H to D. Thus the agreement between theory
and experiment must be regarded as remarkably good.
Considering the fact that appreciable differences exist in

the vibrational amplitudes of the investigated hydrogen
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isotopes we can actually not exclude a small isotope
dependence of the coupling constant E. This may ex-
pLain why the calculated attenuation is slightly shifted to
higher temperatures as compared to the experimental
data. The different vibrational amplitudes of H and D
can also possibly explain the measured isotope dif-
ferences in y.

In summary, we studied the isotopic behavior of hy-
drogen tunneling systems in Nb with ultrasonic experi-
ments. We determine the tunneling matrix elements of
the two isotopes H and D from the temperature depen-
dence of the sound velocity which is—below 2.5 K—caused by resonant interaction of the sound wave with
the tunneling systems. From the ultrasonic attenuation
due to relaxation of the H tunneling systems we obtain
K=0.07 for the dimensionless constant describing the
nonadiabatic coupling between the tunneling systems
and conduction electrons. Finally we predict quantita-
tively the experimentally observed attenuation for the
isotope D from our results for EC and the tunneling ma-
trix element. This proves that the present theoretical
concepts for the interaction between a tunneling particIe
and conduction electrons describe the isotopic behavior
adequately.
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