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We have studied by neutron spectroscopy the concentration (1.5X10 '~x ~ l.1x10 ') and
temperature dependence (0.5 K» T~ 10 K) of H tunneling in Nb(OH)„. For T ( 5 K a narrow
inelastic line is observed for x =1.5x10 which changes into a broad peak at higher concentra-
tions. This shows that interactions between the defects lead to a distribution of both the asymmetry
of the potentials and the matrix element. Between 5 and 10 K the data reveal a renormalization of
the matrix element and an increased damping due to a Korringa-type coupling of the tunnel system
with conduction electrons.

PACS numbers: 61.12.Ex, 61.40.+ b, 63.20.Kr, 63.20.Mt

We report on the first spectroscopic measurements
of both the concentration and temperature dependence
of the tunnel splitting of the H vibrational ground state
in Nb(OH)„. The inelastic scattering at low tempera-
tures shows the progressive influence of distortions
with increasing defect concentration and a detailed
analysis of the line shape allows us to distinguish
between distortions of the tunnel system which lead to
a purely energetic shift of the pocket states and distor-
tions which cause a change of the matrix element.
The evolution of the inelastic scattering with tempera-
ture is strongly indicative for the interaction of the
tunnel systems with conduction electrons. This causes
both different matrix elements for the superconduct-
ing and normal conducting states and a dynamical
damping of the tunnel state, from which the electron-
defect coupling constant can be determined.

Tunneling in Nb(OH) has been observed by specif-
ic heat, ' 3 ultrasonic or inelastic studies, 9 and
neutron-scattering' " measurements. It is likely the
best-known example for H tunneling in the solid state
and it represents a unique model system ~ith atomic
transfer studies relevant for quantum diffusion
theory. ' ' A t~o-site model as commonly used to
account for low-temperature anomalies in amorphous

where Jo is the matrix element and e is an energetic
shift between the two sites due to (elastic) defect-
defect interaction. In view of the statistical spatial ar-
rangement of the defects a distribution Z (e) of
Lorentzian shape'7 needs to be taken into account:

Z(e) = sr '&e/[(&e)2+e2], (2)

where Is.e is the average value for the energy shift.
Similarly, a distribution Z(J) with

Z(J) = ~ 'I2J/[(~J)2+-(J- J,)']
can be assumed for the matrix element. The widths of
both distributions will increase with increasing defect
concentration when interactions become more impor-
tant.

Equation (4) is a generalization of the cross section
for the inelastic scattering from a tunnel system [see
Eq. (4) in Ref. 10], which includes the distribution
functions for both the energy shift and the matrix ele-
ment:

substances's'6 has been proposed to describe the
phenomenon. The energy difference E between the
two lowest eigenstates of the H is then given by

(J2 + 2)1/2

d 0
d 0 d (lt co );„,i
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O(hco) = vr 'I'E2/[(ltco)2 —E2)2+I"tco)2], (4b)
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where o'"' is the incoherent neutron-hydrogen cross
section, g = k; —

k&, where ki and k; are the wave vec-
tors of the neutron before and after the scattering pro-
cess, e is the Debye-%aller factor, d is the dis-
tance between the pocket states, k&T gives the tem-
perature, and tee is the energy transfer of the neutron.

The distributions in Eqs. (2) and (3) yield quite dif-
ferent scattering patterns. The inelastic intensity from
systems with well-defined Jo but with a distribution in

e has a steep onset at the energy Je and it extends to
higher energy transfers (trailing edge). However, this
scattering becomes rapidly reduced for increasing e,
while the elastic intensity from distorted potentials be-
comes correspondingly stronger. In contrast, the ine-
lastic scattering from symmetric tunneling systems
(5~ =0) reflects the distribution Z(J) and this results
in a line broadening at both the low (leading edge) and

high energy-transfer side (trailing edge) with respect
to the peak position at Jp.

In Eq. (4) a dynamical coupling of the tunneling sys-
tem to the environment is taken into account by the
damped oscillator function O(tee) which is deter-
mined by the resonance frequency F. and by the damp-

ing constant I". For small damping I' the response
function O(Ace) becomes equivalent to 5 functions lo-
cated at positions + E.

The measurements were performed at the spectrom-
eter IN6 at the Institute Laue-Langerin, Grenoble,
with an elastic energy resolution of 0.055 meV
(FWHM). Three sets of samples with defect concen-
trations x= 1.1x10 2, 2.2X 10 3, and 1.5X10 "were
used. Each was made out of three cylinders with a di-

ameter of 10 to 12 mm and 60 mm high. More details
will be given in a forthcoming paper.

The spectra observed between scattering angles of
60' and 120' were added together and a background
from an empty cryostat run was subtracted. The data
were fitted with the scattering law according to Eq. (4)
for the inelastic scattering and a 8 function for the
elastic scattering, both convoluted with the measured
resolution function. First, the dynamical damping was
set equal to I = 0 to fit the spectra at 1.5 K for all three
concentrations and the data were parametrized with
respect to Jo, 5J, and h~ and intensity parameters for
elastic and inelastic scattering. Subsequently, the tem-
perature dependence of the scattering measured for
the sample with x=2.2X 10 3 was considered. Now
AJ was held constant at the fitted value for 1.5 K,
while I was introduced as a free parameter.

Figure 1 shows concentration dependence of the
inelastic scattering measured at 1.5 K. Although the
fits also included the positive-energy side, only the
neutron energy-loss side is shown for increased clarity.
The bold solid lines, the thin solid lines, and the
dashed lines in Figs. 1 and 2 represent the fitted curve
for the total scattering, the inelastic contribution, and
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the elastic scattering, respectively.
For x = 1.5 x 10 " a well-defined inelastic peak is

observed which reaches 2.5% of the elastic-peak inten-
sity. As the best-fit values we obtain De=0.06+0.02
meV, indicating that interactions are appreciable even
at this low concentration, although the mean value for
the asymmetry 4» is smaller than the tunnel splitting
Jz ——0.170+0.005 meV. Within the accuracy of the
data there is no indication of an intrinsic width of the
leading edge which shows that all tunnel systems have
the same matrix element (hJ ( 0.005 meV).

For x=2.2X10 3 the peak value of the inelastic
scattering has decreased to 0.5'/o of the elastic peak in-
tensity and the trailing edge has become much more
pronounced. The matrix element has shifted to a
higher value of Jo ——0.230+0.005 meV in reasonable

-05
Energy transfer (rneV}

FIG. 1. Concentration dependence of the inelastic scatter-
ing measured at 1.5 K. See text for details. Note the dif-
ferent scales of the ordinates.
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FIG. 2. Temperature dependence of the inelastic scatter-
ing for the sample with x = 2.2 && 10 '. See text for details.

agreement with earlier measurements on samples with
similar concentration {0.21+0.03 meV by neutron
spectroscopy" and 0.19 + 0.02 meV by specific heat3).
A fit with Eq. (4) yields two problems. First, for
4& && Jo, which is the case for this concentration, the
peak shape changes only insignificantly with b.e,
whereas the ratio between clastic and inelastic intensi-
ties remains sensitive to 4e. This has already been
noted earlier" and will not be discussed further here.
Second, wc find some broadening of the leading edge
of the inelastic peak and a distribution of the matrix
element with AJ =0.015+0.008 meV is required to
describe its shape.

For x =1.1&10 we observe both a further de-
crease of the inelastic peak intensity and a further
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FIG. 3. Temperature dependence of (a) the tunnel split-
ting Jo and of (b) damping I' for the sample with
x = 2.2 x 10 . The arrow marks the superconducting transi-
tion temperature for pure Nb.

broadening of the leading edge. A fit yields again an
increase of the tunnel splitting to Jo= 0.27 meV and a
distribution b,J =0.10 meV. The fitted curve around
—0.2 meV shows the leading edge somewhat broader
than the experimental data, indicating that for this
high concentration the Lorentzian distribution func-
tion in Eq. (3) no longer describes the details for Z (J)
accurately. Nevertheless, the essential feature is that
both the largely broadened leading edge (dsitribution
in J) and the weak inelastic intensity distributed over a
wide energy range {distribution in e) show the de-
cisive influence of interactions between the tunnel sys-
tems which will eventually at even higher concentra-
tions result in a glasslike behavior with a very broad
distribution in J and ~.'s

We now address the discussion of the temperature
dependence of the inelastic scattering. Figure 2
demonstrates with some spectra the evolution between
0.5 and 9.8 K for the sample with x = 2.2x 10 '. Up
to 5 K, only the intensities for neutron energy loss and
energy gain vary in accordance with thc detailed bal-
ance factor. At higher temperatures, the line shape of
the inelastic scattering changes and the separation
from the elastic scattering becomes less pronounced.
Figure 3 summarizes the results from the fits.
Although the error bars become large for the higher
temperatures the data above 5 K reveal an increase in
the damping and a decrease of the energy splitting
which likely is due to a renormalization of the matrix
element Jo by the conduction electrons.

To appreciate the strong damping of a tunnel motion
already observable between 5 and 10 K, we note that
Nb is a superconductor with a transition temperature
of 9.2 K and the results in Fig. 3 suggest indeed a sen-
sitivity of the tunnel system to the electronic state.
This is also supported by recent ultrasonic measure-
ments: A change in the damping pattern was observed
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when a magnetic field was applied to a Nb(NH)„sam-
ple to destroy the superconducting state. s

If we assume a Korringa-type relaxation due to the
interaction of the tunnel systems with the electrons,
then the damping I for a BCS-type superconductor is
given by'9

I'= (n/t)(NV)2k T/{ I+ exp[A( T) kaT]I, (5)

where X is the electronic density of states per atom at
the Fermi level, V is the matrix element for the
scattering of electrons by the phonons, and b, (T) is
the superconducting gap energy. The solid line in Fig.
3(b) has been calculated from Eq. (5) with the zero-
temperature gap energy of 5(T=Q) =1.5 meV and
with NV =0.4. The agreement with the measured
temperature dependence of the damping I provides
strong evidence that the observed relaxation originates
indeed from the interactions with conduction elec-
trons. Moreover, the value of XV=0.4 is similar to
the value of the A. parameter ( A. = 0.55) for the
electron-phonon interaction in Nb. This shows that
the interactions of the electrons either with the pho-
nons in Nb or with the delocalized H are of compar-
able strength.

In this context we propose that an activation energy
of 1.8 meV derived from ultrasonic measurements9 at
temperatures T (4 K is not a feature of the level
scheme of the tunnel system, but represents the super-
conducting gap energy measured via the electron-
defect interaction. An extrapolation of the ultrasonic
data into our temperature range by Eq. (5) reveals
similar relaxation rates as observed in this work. This
shows that the same tunnel systems were investigated
in the ultrasonic measurements and in this investiga-
tion.

In summary, our neutron-spectroscopic study of H

tunneling in Nb(OH)„shows that the inelastic intensi-
ty below 5 K is temperature independent except for
the detailed balance factor. For x = 1.5 X 10 4 the in-
teractions between the defects are weak and all tunnel
systems are practically equivalent. %ith higher con-
centrations the inelastic line becomes smeared out in
energy and the inelastic peak height compared to the
elastic peak is reduced as a result of increasing interac-
tions between the defects. From a detailed analysis of
the line shape the effect of these interactions on the

distortions e and on the matrix element Jo have been
separated. In the approach to the normal conducting
state the data above 5 K reveal both a reduction of the
matrix element and a strong intrinsic damping. The
latter effect is attributed to a Korringa relaxation due
to the interaction of the tunnel systems with conduc-
tion electrons. A value for the interaction strength has
been obtained.
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