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Tunneling of H and D trapped by O(N) in niobium by anelastic relaxation measurements
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Deuterium trapped by oxygen (nitrogen) in niobium gives rise to two anelastic relaxation processes
at 1.5 and 4 K at 20 kHz. The process at higher temperature and the analogous one observed in

Nb-O(N)-H have been interpreted in terms of a two-level tunneling system (TLS) interacting with

phonons or electrons. Two-phonon and electron interactions in the superconducting state give near-

ly equivalent fits to the data. In both cases the tunneling matrix element is found to be about 0.9
meV without appreciable isotope effect; the coupling parameters of the TLS to electrons and pho-

nons have also been estimated.

I. INTRODUCTION

The recent extension below 4 K of the measurements of
the thermal conductivity, ' specific heat, ultrasonic at-
tenuation, internal friction, ' ' neutron spectra' and
sound velocity' in metal-hydrogen (deuterium) systems
has displayed evidence for the tunneling of hydrogen at
very low temperatures. Hydrogen is confined around
heavier interstitial or substitutional impurities, which act
as trapping centers inhibiting its precipitation, and it is
accepted that it is delocalized in tunnel systems constitut-

ed by trapping sites coordinated with the impurity trap.
At present there is disagreement on the configuration of
the tunnel systems. It was first proposed that a tunnel

system in Nb-O(N)-H(D) is constituted by a ring of four
tetrahedral sites near the O(N) atom, ' and transitions be-

tween the different levels occur via two-phonon processes.
In contrast, it has been pointed out' that such a geometry
is unlikely to form a four-level system due to the large
difference between the site energies (100 meV) with
respect to expected splitting (1 meV). The authors of
Refs. 13 and 15 propose a two-level system (TI.S) in
which H tunnels between two equivalent sites symmetri-
cally arranged around the oxygen trapping center. Subse-
quent ultrasonic attenuation measurements have shown
that the relaxation peak disappears upon application of a
magnetic field which destroys the superconducting state;
the authors conclude that electronic interactions are
operative and directly influence the relaxation rates of the
TLS.

In view of the existing controversy and the lack of data
at low frequency, ihe present authors have extended the
experiments on the superconducting Nb-O(N)-H(D) sys-

tems in the kHz range; the results have been analyzed and
compared with existing data.

II. EXPERIMENTAL AND RESULTS

The specimen was a polycrystalline disc (30 mm in di-
ameter and 2.5 mm thick) of 99.9%%uo pure Nb supplied by
MRC, containing 0.13 at. % 0 and 0.015 at. %%uo N, ases-
timated by the height of the Snoek peaks. Dislocation an-
nealing was performed at 1500'C in a vacuum better than
10 mbar, and doping was made at 550 C in an atmo-
sphere of 99.9%%uo pure deuterium. The deuteriuin concen-
tration co, as estimated by the weight variation both after
doping and vacuum extraction, was 0.14 at. %%uo.

The internal friction measurements in the deuterium-
charged specimen were carried out at two vibration fre-
quencies (20 and 73 kHz) from room temperature to 1.2
K. It was checked that deuteride precipitation never oc-
curred, as it was expected, since eD ——co+cN. The relax-
ation curves of the same hydrogenated specimen have al-
ready been reported in Ref. 11.

On cooling, a peak around 100 K was first observed (re-
sult not reported here), which is attributed to the stress-
induced reorientation of D around O(N) a small max-
imum due to traces of hydrogen was superimposed to that
peak. Below 8 K two more peaks were observed and la-
beled as P1 and I'2 at lower and higher temperature,
respectively. Figure 1 presents the experimental data and
the estimated contribution of hydrogen (solid and dashed
lines) which has been subsequently subtracted; the correc-
tion is not significant. The peak temperature rises with
increasing frequency for both processes and correspond-
ingly the height of P 1 remains unchanged, whereas that
of P2 markedly increases.
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lowing that the data are adequately explained by a TLS,
the theory of which has been developed for the amor-
phous materials without considering the particular tunnel-
ing species (for the theory of the TLS's see for example
Ref. 17). The two levels may arise from two traps
symmetrically arranged around oxygen, as proposed re-
cently. ' ' The tunneling splits the energy levels of the
two sites and the splitting is given by the tunneling matrix
element 50. %hen interactions between the various de-
fects are operative the two trap sites may differ in energy
by 6; in this case the energy splitting E is given by:

( g2+ g2)1/2

0
0

H —P2

5
T (K)

'Al hh h

I (
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The application of an external stress to the sample may
change this splitting, giving rise to anelastic relaxation.
In the theory of TLS it is found that the change in E with
strain e is the following:

FIG. 1. Internal friction of Nb-O(N)-D at two vibration fre-
quencies. The solid and dashed lines represent the estimated
contribution of hydrogen traces which has been subsequently
subtracted.

The relative variations of frequency referred to an arbi-
trary frequency are reported in Fig. 2. It is important to
note that the relative frequency change associated with
P2 is about equal to the value of the peak height, and this
indicates that the process is characterized by nearly a sin-

gle relaxation time. Instead, peak P 1 does not seem to be
single, as displayed by the magnitude of its modulus de-
ect.

III. DISCUSSION

A. Anelastic relaxation due to a two-level system

The data presently obtained will be interpreted in terms
of tunneling of hydrogen or deuterium in sites coordinat-
ed with the O(N) trapping centers. It is shown in the fol-

10-

r

dE ~o d~o 6 db, ho b.

Eq. (1) implies that in the tunneling anelastic relaxation
can occur even if the two site energies are equally per-
turbed by the external stress for symmetry reasons (y =0).
In fact, in this case the variation in E is supplied by b,o,
which does not require symmetry conditions to be influ-
enced. On the contrary, in the classical case where E=h
and ho ——0, the nonequivalence of the sites with respect to
the applied stress is a prerequisite for relaxation to occur.
Generally it is assumed that yo is negligible with respect
to y according to an argument which is not convincing
because it seems to neglect the effect of strain on the
height of the energy barrier between the two sites. Fur-
thermore, it will be shown in subsection D that the as-
sumption of yo ——0 leads to inconsistencies with our re-
sults.

The relaxation strength of such a TLS is the following:
r

5( T) = PEsech (2)=5oPE sech' PE
2

where c is the stiffness, n the concentration of the TLS's,
and p= 1/kT. The relaxation peak is given by the Debye
formula:

Q '(T) =5(T)
1+(cor)

(3)

being (o the angular frequency of vibration and r(T) the
relaxation time of the TLS. The relaxation time can be
governed by interactions with phonons and/or electrons,
and both cases will be discussed in what follows.
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B. Interaction with phonons

For one-phonon transitions one obtains (see for example
Ref. 17);

r, ph
—— g I M(2 I, , cot(a) 2

E' pE
4 Apu

FIG. 2. Relative variation of the vibration frequencies refer-
ring to the same measurements of Fig. 1.

=~o coth
2

(4)
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where the sum is extended over the three acoustic phonon
modes, p is the density, u the sound velocity of the materi-
al, and M'&z' is the coupling of the TLS to the phonons of
the a mode for a transition between the first two levels.
Taking into account the variation of bo with strain, M'&z'

is given by:

1

mph
aa' n

M 'M
1n n2 (P/2)

2(4m.2' p) O'U ~

At high temperature ~~~h depends linearly on temperature.
For two-phonon transitions we can apply the results of

Orbach' who calculated the rate of phonon-assisted tran-
sitions for the spin-lattice relaxation in rare-earth salts:

the crystal (24 meV for Nb). In a TLS like that supposed
here the levels above the first two originate from the ex-
cited states of the Harmonic oscillator associated to the
H(D) atom vibrating in one site. In niobium the energies
of the excited sites of hydrogen and deuterium exceed
those of the ground state of about 100 meV therefore
the condition E„)ED is fully satisfied here. When pE
tends to zero the relaxation frequency approaches:

ralph-0. 0437ro '(PE/2)

C. Interaction with electrons

The interaction with the conduction electrons is also
possible considering the inelastic scattering of the
conduction electrons by the TLS, one obtains the follow-
ing relaxation in the normal state:

)& cosh
2

00

dx
sinhx Ul ~ (~F)

~

E coth +0
7T PE ( PE

4A' 2 2

(x +PE/2)
sinh(x +PE/2)

'pp~h=ro (PE/2) cosh(PE/2)I(PE/2)

where M'~„'M„'2'/E„ is the effective matrix element for a
transition between the first two levels through a third
state n of energy E„. Equation (6) is obtained under the
condition that E„ is greater than the Debye energy ED of

I

(7)

where U~ is the off-diagonal coupling of the TLS to elec-
trons, and n(eF) is the electronic density of states at the
Fermi level. It is worth noting that the temperature
dependence is identical to that of the one-phonon process.

The extension to the case of a superconducting system
has been worked out by Black and Fulde. ' The expres-
sion for the relaxation frequency is the following:

'r
I I

Uin(eF)
I

' I dpi f de2g(ei)g(e2)4'
Q2

f(e&)f( —e2)[5(e2 —e~ —E)+5(e2—e~+E)],
E'16'2

(8)

where b,,(T) is the Bardeen-Cooper-Schrieffer (BCS) ener-

gy gap, g(e) =
~

e
~

/(e' —b,, )'~' for
~

e
~
) b,, and g(e) =0

otherwise is the density of states of the electrons (quasi-
particles) in the superconducting state, f(e)=1/(e~ +1),
and 5 is the Dirac function. In the normal state, when

6, =0, Eq. (8) becomes Eq. (7), while for b,,&0 Eq. (8)
has to be numerically evaluated.

The relaxation frequencies of the described phonon and
electron processes normalized with respect to ~0 ', are
plotted in Fig. 3; the relaxation rates used in Fig. 3 and in
all the fits to our data have been numerically calculated
from Eqs. (6)—(8) without any simplification. The curves
for the phonon processes are valid for all values of E,
while that for the electron interaction has been plotted for
a TLS with an energy splitting E/k~=10 K in Nb

[T,=9.2 K and b,,(0)=17.7 K]. In the normal state the
latter curve coincides with the one-phonon curve and has
a discontinuity when 2b„(T) =E, because the creation and
annihilation of quasiparticles by the TLS becomes impos-
sible when 2A, & E.

D. Analysis of the experimental data

In order to analyze I'2, the contribution of I'1 has been
subtracted interpolating its experimental points by a De-

y4

E/2kgT

FIG. 3. Relaxation frequencies of a TLS vs E/2k~T assum-
ing one-phonon, two-phonon, and electron interactions normal-
ized with their respective ~o*s. The curves for the phonon pro-
cesses are valid for all values of the parameters, while that for
electron transitions below the critical temperature are plotted for
the case of a TLS with an energy splitting E=0.86 meV
{E/k =10 K} in Nb {T,=9.2 K, 6,{0}/k&——17.7 K}.
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bye function with a relaxation time following the law
'=(TM/T)". The best fit resulted from the values

n =3.7, TM ——l.52 K at 20 kHz and n =3.0, TM ——1.85 K
at 73 kHz (solid lines of Fig. 4). At present we do not at-
tribute any physical meaning to the function used to
describe process P1. After subtraction, the experimental
points for both frequencies have been plotted in Fig. 5.
Figure 6 reports the experimental data (without any
correction) of the analogous relaxation reported in the
same specimen doped with H." Attempts have been
made to interpret peak P2 in terms of one- or two-phonon
processes or electron interactions. %hile one-phonon
transitions [Eq. (4)] give curves exceedingly broad with
respect to the measured peaks, two-phonon [Eq. (6)] and
electron [Eq. (8)] interactions better fit the experimental
data. From this fit the values of 50, E, and 7O

' have been
derived for both mechanisms, and the results are reported
in Table I.

Peak I'2 seems to be a process with a single relaxation
time, as already reported for H, "and this is confirmed by
the magnitude of the modulus defect associated with the
process (Sec. II). It means that all TLS's in the sample
have nearly the same values of the parameters ro

' and E.
Consequently, the asymmetry b, which would be zero for
noninteracting TLS's, must be negligible with respect to
bo, and E=ho,' thus the values reported in Table I are
also indicative for 60.

Due to the large mass ratio, the values of the tunneling
matrix element of D are expected to be remarkably lower
than those of hydrogen. Instead it is seen from Table I
that there is no appreciable isotope effect on b,o, indepen-
dently of the relaxation mechanism assumed; on the other
hand, within the framework of the TLS model, the experi-
mental data clearly show that E must have values close to
those given in Table I because: (i) a lower limit of about
0.6 meV for E is imposed by the fact that the maximum
of 5(T), which occurs at k&T=0.65E [Eq. (2)], must lie
at a temperature higher than those of the peaks, since they
grow with rising temperature at the frequencies tested; (ii)
the values of the energy splitting in Table I can be con-
sidered as an upper limit because a higher value of E

20
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FIG. 5. Peak P2 in Nb-O(N}-D after subtraction of the con-
tribution of the H traces and of P1. The solid and dotted lines
are the best fits assuming two-phonon and electron interactions;
the values of the parameters used for the fit are given in Table I.

would further broaden the theoretical curves with respect
to the experimental points (Figs. 5 and 6).

Apart from the isotope effect the reported values of b,o
are of the same order of magnitude as those theoretically
estimated for the H tunneling in Nb, but remarkably
different from those reported by specific heat and neutron
scattering experiments ' and tentatively attributed to the
mechanisms originating peak P 1. Those measurements
reveal the presence of TLS's with energy splitting of 0.19
and 0.02 meV in Nb-O-H and Nb-O-D, respectively. This
suggests that there exist at least two different microscopic
mechanisms giving rise to tunneling systems and in fact
the relaxation spectrum displays two main peaks.

From the values of ra of Table I it is possible to esti-
mate the coupling parameters of the TLS to the phonons
or electrons. In the case of electron interaction, using the
definition of rq given in Eq. (7), it is derived that

Nb-0 [N j

cH = 0.2a
two p
e lect

4 k-

O. a 0.5
T (K

FIG. 4. Internal friction of Nb-O(N}-D after subtraction of
the H contribution. The solid lines, which are fits to peak P1,
have been subtracted to analyze peak P2.

FIG. 6. Peak P2 in Nb-O(N}-H (measurements of Ref. 11}.
The increase below 2 K is due to the process at lower tempera-
ture (P1}. The solid and dotted lines are the best fits assuming
two-phonon and electron interactions; the value of the parame-
ters used for the fit are given in Table I.
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TABLE I. Parameters of the TLS derived from the fit of peak I'2 assuming two-phonon or electron interactions.

6o
(10-')

Deuterium
F./kg

(meV) {K) (Hz)
60

(10 )

Hydrogen
E/kg

(meV) (K)

—1

+0

(Hz)

Two phonons
Electrons

1.0
0.86

12
10

7.0g10'
1.0g 10'

14
18

0.78
0.86

1.9 X 10'
1.7 && 10'

Ui. &(er)=1.3X10 and 3.1X10 ~ for H and D, respec-
tively. In metallic glasses, where the nature of the TLS's
is still unknown, a typical value of Ui n (e~) is 0.1.

The case of two-phonon interactions is less straightfor-
ward because ~0 contains a sum over the phonon modes,
but taking into account the fact that ultrasonic measure-
ments on Nb-0-H(D) single crystals show relaxation only
in the c' mode ' ' (whose sound velocity is 2.6X10'
cm/sec) and assuming that only the first pair of excited
states (n =3,4) are involved as intermediate states, we have
only two terms in the sum and obtain

4

g M)„M„2/E„=35 eV
1l =3

for H and 8 eV for D. Taking Ei„—0. 1 eV (R—ef. 19) and
assuming Mi„——M„z we get Mi„-1.3 eV for H and 0.63
eV for D.

In what follows we will show that the TLS model with
the tunneling matrix element ho independent of strain

(yo ——0) is inconsistent with our data. In fact from the
values of 50 it is possible to estimate D [Eq. (2)]; then as-
suming relaxation of only the c' mode and introducing in
Eq. (2) a geometrical factor of value 0.5 to take into ac-
count that we have flexural vibrations of a polycrystalline
plate, we find that D=730 K for H and 510 K for D.
Now, if yo

——0, it is necessary to introduce a distribution
function for 5 which is so narrow not to affect the shape
of the peak but yields a finite D [Eq. (1)]. If this distribu-
tion is a Gaussian of width 0~, then
((D ) )' =~2yoq/E and a lower limit for y is imposed,
because it must be o.~ &&E=10 K; even choosing o~ ——5
K one obtains y )800 K. If this value of y is introduced
in Eqs. (4) and (5), one finds that the one-phonon relaxa-
tion would be the predominant one, with a transition rate
(r~~h~ 5X10 sec ') which is much higher than the vi-
bration frequency of the specimen, and therefore is in con-
trast with the experimental relaxation curves. If, on the
contrary, yo&0 the need of choosing high y to obtain the
correct relaxation strength is removed and there can be a
partial cancellation of the contributions of y and yo in
Mi2 [Eq. (4)], which further reduces the one-phonon re-
laxation rate.

Figure 7 displays the vibration frequencies as a function
of the reciprocal peak temperature in hydrogenated and
deuterated niobium from various contributors. The data
from both the kHZ and the MHz ranges display two peaks
and it is likely that the peaks at higher frequency corre-
spond to those at low frequency labeled as P 1 and P2.
The process P 1 for H at low frequency is not reported in
Fig. 7 because only its tail could be observed. " Two
mechanisms have been proposed to explain Pl: (i) an

Orbach-type two-phonon relaxation of the tunnel system
constituted by the 0 trap and the H delocalized over four
trap sites; (ii) a relaxation via conduction electrons of a
two-site tunneling system; support to this hypothesis is
considered the fact that the peak disappears when the
sample is forced to the normal state by a magnetic field.
It must be noted that the former mechanism is different
from the two-phonon process considered here, because it
has four low-energy levels originated froin the ground
states of the four sites; therefore the energy of the inter-
mediate level E does not satisfy the relation E„~ED and
this leads to a different expression of ~

We tried to analyze our data of P 1 for deuterium and
found that the peak is too narrow to be due to one-phonon
transitions and too wide for two-phonon or electron relax-
ations. However, Pl does not seem to arise from a
single-time relaxation, as indicated by the magnitude of
the modulus defect (see Sec. II). So, it cannot be excluded
that two-phonon or electron interactions may adequately
describe the experimental curves, if distributions for the
values of the TLS parameters are considered.

The high-temperature side of Fig. 7 presents the data
for H and D referring to P2 by us and Ref. 9. In the
same Fig. 7 are data that are also plotted on a relaxation
process observed in deformed niobium and attributed to
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FIG. 7. Vibration frequency versus reciprocal maximum

temperature of the peaks observed in Nb-0-(N)-H(D) by various
authors at low temperature. The solid and dashed lines are the
theoretical curves obtained assuming two-phonon and electron
interactions of the TLS using the parameters of Table I. The
dashed lines relative to H-P1 and 0-I'1 are only guides to the
eye.
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dislocations. Because the features of that peak are strik-
ingly similar to those of process P2 reported for hydro-

genated niobium, " it should be concluded that their sam-
ples contained unwanted quantities of hydrogen, and the
peak is the same as P2. The same authors of Ref. 23 re-
ported an abrupt shift of the peak to lower temperature
under the application of a magnetic field establishing the
mixed state.

The solid and dashed lines of Fig. 7 are the theoretical
curves obtained assuming two-phonon and electron in-
teractions of a TLS with the parameters of Table I. The
curves relative to the electron interactions are interrupted
near the critical temperature of Nb (T, =9.2 K) because
the discontinuities of the relaxation time in that region in-
troduce distortions in the internal friction curves and
make the definition of the maximum temperature of the
peak meaningless.

It must be noted that in Nb-O-D the two-phonon pro-
cess cannot explain the shape of the peak measured by
Huang et al. at 10 and 30 MHz, even if the correspond-
ing theoretical curve in Fig. 7 satisfactorily fits their max-
imum temperatures.

IV. CONCLUSION

The Nb-O(N)-H(D) system displays two anelastic relax-
ation processes at liquid-helium temperature. The peak at
higher temperature has been analyzed in terms of relaxa-
tion of a TLS via interactions with phonons or conduction
electrons. The shape of the peak can be accounted for by
two-phonon or electron interactions; in both cases the tun-
neling matrix element is estimated to be about 0.9 meV,
without appreciable isotope effect. Although the two-
phonon process gives a slightly better fit, it cannot explain
the shape of the peak measured at 10 and 30 MHz in Ref.
9, which should correspond to our peak.

If the measured peaks are interpreted in terms of TLS,
then the usual assumption of a tunneling matrix element
independent of strain cannot be made, because the one-
phonon relaxation rate deduced from the intensity of the
peaks would be much higher than the observed relaxation
frequency.
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