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The elastic constants and attenuation of niobium containing low concentrations of oxygen and hy-
drogen (deuterium) have been measured between 0.5 and 15 K, as a function of temperature, fre-
quency, polarization, and hydrogen isotope. Two relaxations were observed for the C' mode. No
observable relaxations appeared in Cy4 or the bulk modulus. At 10 MHz the relaxations occurred at
2.5 and 5.5 K for H, shifting to higher temperature for D. The relaxation strength of the low-
temperature process is linear in H concentration, while the higher-temperature process is nonlinear.
The low-temperature process exhibits an apparent activation energy of 1.8 meV, with a nonclassical
temperature dependence of the relaxation strength. The constraints which these results place upon

a delocalized-wave model are discussed.

INTRODUCTION

Evidence for tunneling of H in Nb was obtained by Sell-
ers, Anderson, and Birnbaum' from measurements of
specific heat showing a large isotope effect below 1 K. It
was found by Morkel, Wipf, and Neumaier’ that the
specific-heat anomaly was caused by hydrogen trapped at
interstitial impurities. Many other measurement tech-
niques have also been applied to this system (internal fric-
tion,>~1? x-ray scattering,13 neutron scattering, channel-
ing, muon-spin relaxation,'*~2! thermal,®>~2?* and electri-
cal resistance?®), but as yet no generally accepted model
for the defect configuration has resulted.

We report here’> measurements of ultrasonic attenua-
tion and velocity at low temperatures in dilute Nb-O-H
single-crystal alloys as a function of temperature, frequen-
cy, polarization, and isotope and impurity concentration.
A relaxation peak near 2.5 K at 10 MHz is found with an
unusual isotope dependence. The properties of this peak
provide important clues and restrictions for any model for
the configuration, particularly concerning the symmetry
and number of eigenstates required.

EXPERIMENTAL TECHNIQUE

Cubic samples slightly larger than 1 cm were spark-cut
with one set of (100) faces and two sets of (110) faces.
The faces were mechanically polished using diamond
paste abrasive and were measured to be flat to within one
wavelength of sodium light with opposite faces parallel to
within 3 107> rad. Mass-spectrographic analysis indi-
cated the following impurity concentration in at. ppm be-
fore the final anneal: Ta, 200; C, 70; O, 64; N, 40; Cl, 9;
all others, less than 3.

One sample was annealed at 1800 C in an atmosphere of
0.1 mPa oxygen to remove carbon and nitrogen impuri-
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ties. The pressure was increased to 0.26 mPa for a period
of 5 h to introduce approximately 1000 ppm of oxygen.
Hydrogen and deuterium were introduced by gas-charging
at about 800C. Measurement of H concentrations by
vacuum-outgassing after completion of the experiments
provided a check of the concentration.

Ultrasonic pulses were generated and detected with 10-
MHz quartz transducers cut for shear and longitudinal
modes of propagation. The transducers were bonded to
the sample using Nonaq stopcock grease. Measurements
were made of the elastic constants C;;, Cyy, and C’ by
varying the orientation and polarization of the transduc-
ers.

Attenuation was measured using a Matec model-6000
pulse-echo generator and model-2470A attenuation recor-
der. Velocity was measured using a pulsed-echo superpo-
sition system?® having a sensitivity of one part in 10’. The
relative change in velocity Av /v is proportional to the fre-
quency change Af/f which is related to the elastic-
constant change AC/C=2Af/f.

ANELASTIC RELAXATION

The introduction of a defect into a lattice produces a
distortion in the positions of the neighboring atoms with
the distortion reflecting the symmetry of the site in the
lattice. The distortion can be represented by a strain ten-
sor

9E;;
W'=3c M

where €; are the components of strain introduced by the
defect and C, is the concentration of defects in the pth
orientation. The change in decrement 8 and elastic con-
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stant 8C/C due to the defect is given by the Debye equa-
tions

d=morA/(14+0*P), 8C;/Cy=A/(1+o*7) )

where  is the frequency of the applied stress, 7 is the re-
laxation time for the defect, and the relaxation strength A
is given by

A=BQC,Cy(81)*/kgT , 3)

where B is a dimensionless geometric constant of order
unity, C, is the total concentration of defects, ) is the
atomic volume, kp is Boltzmann’s constant, and T is the
temperature. Cj; is the corresponding elastic constant,
and SA is the difference in the A tensor between defect
orientations.?’

EXPERIMENTAL RESULTS

Specimen Nbl was charged with oxygen to a concentra-
tion of approximately 1000 ppm and experiments were
conducted using various concentrations of hydrogen and
deuterium. Nb2 was not charged with oxygen, but
analysis showed a concentration of about 200 ppm of oxy-
gen, carbon, and nitrogen combined. Relaxations were ob-
served in the C' mode in samples charged with oxygen
and hydrogen, but were not observed in the same samples
charged only with oxygen. No relaxations were observed
in the Cy mode under any conditions for specimens
charged with either hydrogen or deuterium.

LOW-CONCENTRATION RESULTS

The C’ mode velocity and decrement per unit concen-
tration at 10 MHz for low concentrations of hydrogen and
deuterium in Nbl are shown in Fig. 1. Curve A4 represents
the low-temperature velocity change of uncharged Nb,
and is characteristic of most metals. The curve ap-
proaches the vertical axis with zero slope, while at higher
temperatures it decreases with terms proportional to T2
and T*.

The effect of adding 160 ppm of hydrogen upon the
velocity is shown by curve B, while the effect of 200 ppm
of hydrogen upon the decrement is shown by curve C.
The velocity change due to hydrogen is negative and de-
creases as 1/T at high temperature. Between 3 and 2 K
the velocity increases, while a peak in the decrement
occurs, the normal behavior for a relaxation. However,
below 2 K the velocity again starts to decrease with no
corresponding effect in the decrement. The change in
velocity is quite small, amounting to a change of 20 ppm
at the lowest temperature.

The effect of adding 230 ppm of deuterium upon the
velocity and decrement per unit concentration is shown by
curves D and E, respectively. The relaxation is shifted to
a higher temperature compared to hydrogen, but is much
broader in temperature than the hydrogen relaxation. The
velocity decreases below 2 K, as with hydrogen, but at
higher temperatures the dispersion in the velocity contin-
ues through the superconducting transition around 9 K.
The shift of the deuterium relaxation to higher tempera-
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FIG. 1. Frequency change and decrement per unit concentra-
tion vs temperature for hydrogen and deuterium in niobium for
a 10-MHz C’ mode elastic wave.

tures compared to hydrogen suggests that the deuterium
relaxes more slowly than hydrogen in this temperature
range as with the isotope effects in diffusivity measured at
higher temperatures.* However, the width of the relaxa-
tion suggests that the deuterium relaxation frequency
changes more slowly with temperature than does hydro-
gen, unlike the diffusivity results. The increased relaxa-
tion strength of deuterium allows more accurate measure-
ments of Cy; and C’, so that the bulk modulus can be cal-
culated. If the bulk modulus change is zero, then
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FIG. 2. C’, Cy;, and B-mode frequency changes as functions
of temperature for [D]/[Nb]=575 at.ppm. C’ data are plotted
against the upper left scale, while B data are plotted against the
lower left scale. Cy, data are plotted against the right scale. C’
and C; scales are in a ratio of 3:1 showing that parallel C’ and
Cy; scales give no B relaxation. Origins of the C’ and C, scales
are offset to permit easier viewing.
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SB=38C11—48Cl:0, (4)
8C,,/Cy1=0.328C"/C" , (5)

so the change in C; should be about one-third the relative
change in C’. The curves in Fig. 2 show C' and C;; with
a factor-of-3 difference in scale, offset slightly to allow
easier viewing. The bulk modulus is also shown, with no
observable relaxation occurring above 1 K.

These results for low concentrations of hydrogen and
deuterium indicate the presence of a relaxation occurring
at 2.4 K at 10 MHz for hydrogen and at about 5 K at 10
MHz for deuterium. The deuterium relaxation has a
larger strength for comparable concentrations and is much
broader in temperature than for hydrogen. The relaxation
strength for both isotopes is small, typically 0.1 ppm for 1
ppm of defects. This is 2—3 orders of magnitude smaller
than is typical for point defects, but the sensitivity of the
measurements is sufficient to measure the effects accu-
rately.

HIGH-CONCENTRATION RESULTS

The concentration and polarization dependence of the
hydrogen relaxation in Nbl can be seen in Fig. 3. The
curve representing the C’ mode at a hydrogen concentra-
tion of 200 ppm is the same as curve C of Fig. 1. Increas-
ing the concentration of hydrogen to 2150 ppm produces
little change in the relaxation peak at 2.5 K per unit hy-
drogen concentration, indicating that the relaxation
strength for the process is linearly dependent upon hydro-
gen concentration. However, a second relaxation, which
can be seen as only a shoulder on the low-concentration
curve becomes a separate peak on the high-concentration
curve. With the use of the two concentrations for which

T T I I T T | T T T T

ole- " C' 2150 at. ppm H 7
o.laf .- ‘
. - 4 A -
.
0.2 . ot “ 4
[ ] as
o.of aaat . ]
(8] A (]
S oosf- . 4
. .
006 a . R .
004k ..y, i
C'200at.ppm™
0.021- [] . .
Cq4 2150 at.ppm H g A,

0.00} {"’o..oooooooooo ceeoe s : ] : i #

! 1 | m 1| 1

O 3 4 5 6 7 8 9 10 Il

T(K)

FIG. 3. Decrement of the C’ mode per unit concentration as
a function of temperature for [H]/[Nb]=200 and 2150 at. ppm.
Low-temperature peaks match, indicating a linear temperature
dependence. High-temperature peak has a concentration depen-
dence which is nearly quadratic. Also shown is the decrement
of the C4 mode per unit concentration for [H]/[Nb]=2150
at. ppm, indicating the relative absence of a relaxation in that
mode.
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FIG. 4. Decrement of the C' mode per unit concentration as
a function of temperature for [H]/[Nb]=2150 at. ppm at 10, 30,
50, 70, and 150 MHz. Horizontal axis of each successive curve
has been displaced upward by 0.15 to permit easier viewing.

data is available, it is possible to calculate that the relaxa-
tion strength of the high-temperature relaxation depends
upon hydrogen concentration to the 1.9 power, assuming a
power-law dependence. This suggests that the relaxation,
which appears near 6 K at 10 MHz is due to hydrogen
pairs, which are either isolated or trapped at an interstitial
oxygen solute.

The measurement of the decrement per unit concentra-
tion for the Cy4 mode is also indicated in Fig. 3 for com-
parison. No relaxation peak is evident, restricting the
maximum Cy relaxation strength to 2 orders of magni-
tude below the C’ value.

The effect on the C’ relaxation of varying the ultrasonic
frequency can be seen in Fig. 4. Both relaxation peaks
shift to higher temperatures and become broader with in-
creasing frequency.

Sample Nbl was vacuum-annealed to remove any hy-
drogen, and then was charged with 1800 ppm of deuteri-
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FIG. 5. Decrement of the C’ and C44 modes per unit concen-
tration as functions of temperature for [D]/[Nb]= 1800 at. ppm.
Two relaxations appear in the C’ mode, while none occurs in the
Cy44 mode.
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FIG. 6. Frequency change of the C' mode as a function of
temperature for [D]/[Nb]= 1800 at. ppm.

um. A comparison of both C’- and Cyy-mode results is
shown in Fig. 5. Here, as in the case of hydrogen, no re-
laxation is seen in Cyy, but there is a relaxation in C’
which has a larger relaxation strength than the C' relaxa-
tion with hydrogen. The decrement curve is extremely
broad, as in the low-concentration case.

The velocity of the C’' mode with the high concentra-
tion of deuterium is indicated in Fig. 6. In contrast to a
high-concentration hydrogen velocity curve (not shown),
where two distinct dispersions are obtained, there appear
to be a single broad dispersion due to deuterium. Upon
close examination it can be seen that one dispersion occurs
between 2.5 and 5 K. Above 5 K the slopes of the veloci-
ty curve appear to be decreasing before increasing sharply
again around 8 K. The discontinuity in slope between 9
and 9.5 K is due to the superconducting effect, and makes
the behavior of the velocity curve above 9 K difficult to
interpret. As in all other velocity measurements, there is a
decrease in the velocity below 2 K with no corresponding
decrement effect.

EFFECT OF COOLING RATE

In the process of data reduction, it was noticed that the
relaxation strength of various modes would vary by as
much as 50% between seemingly identical experiments.
Since the relaxation strength is proportional to concentra-
tion by Eq. (3), a variation of the defect concentration
from experiment to experiment would explain the anoma-
ly. It has been suspected that the amount of hydrogen as-
sociated with oxygen would depend upon the cooling rate
between 200 and about 70 K. To test this hypothesis, the
following experiment was performed. The C’ decrement
in Nbl containing 2150 ppm hydrogen was measured after
cooling at the normal rate, about 1 K/min. The relaxa-
tion strength measured was typical of this type of experi-
ment, as shown by the circles of Fig. 7. The sample was
warmed to 150 K for 1 h to allow hydrogen to dissociate
and precipitate as a hydride. It was then cooled rapidly,
about 10 K/min to helium temperature. The decrement
was then a factor of 2 lower, as shown by the squares of
Fig. 7. The sample was then warmed to about 250 K,
which was above the hydride solvus, for 1 h to allow the
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FIG. 7. Decrement of the C' mode per unit concentration as
a function of temperature for [H]/[Nb]=2150 at.ppm after
various quenches. Circles—1 K/min from room temperature.
Squares—warmed to 150 K, followed by quench to 4 K.
Triangles—warmed to 250 K, followed by quench to 4 K.

hydride to revert to solid solution. The sample was again
cooled rapidly, about 10 K/min, and the decrement,
represented by the triangles of Fig. 7, had regained most
of its former magnitude. These results are interpreted as
an indication that the concentration of oxygen-hydrogen
pairs is variable, and depends upon the cooling rate. Since
the concentration of hydrogen, which remains paired to
oxygen and therefore contributes to the relaxation is not
known, it is not possible to use Eq. (3) to derive the A ten-
sor elements which characterize the elastic interaction.

EFFECT OF OXYGEN CONCENTRATION

To determine the effect of the oxygen concentration
upon the relaxation, the second sample Nb2, having a
combined concentration of oxygen, carbon, and nitrogen
of about 200 ppm, was charged with hydrogen to a con-
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FIG. 8. Decrement of the C' mode per unit concentration as
a function of temperature for two trap concentrations. Solid
line under the low-temperature 10-MHz peak represents the ex-
pected shape of a relaxation with no broadening and with the
observed activation energy.
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centration of about 700 ppm. The objective of using
smaller concentrations of these impurities was to reduce
the internal strains produced by them, and to investigate
the concentration dependence of the relaxation strength.
The result can be seen in Fig. 8 for the C’' mode at 10 and
30 MHz, compared to the previous results at higher oxy-
gen concentration.

The most striking difference is the decrease in width
and the higher values of the decrement per unit concentra-
tion for the relaxation peaks at a lower concentration of
oxygen. This is consistent with a reduction in the width
of the distribution of relaxation times. For comparison,
the solid line in the lower curve near the 2.4-K peak indi-
cates the expected result for a single relaxation with no
broadening and with an activation energy equal to that ob-
served for the low-temperature relaxation. The peak cor-
responding to the low trapping concentration conforms
much more closely to the line than the peak for the higher
trapping concentration. The temperature of the low-
temperature peak is not significantly different for the two
trap concentrations.

The high-temperature peaks do appear to be shifted to
higher temperature with lower concentration of oxygen.
Most of this shift is explained by the width of the peaks.
In the high-oxygen-concentration curves, the low-
temperature peak is broad enough to overlap the high-
temperature peak. The falling tail of the low-temperature
peak appears to shift the high-temperature peak to lower
temperatures. Decreasing the oxygen concentration
sharpens the peak, reducing the overlap, shifting the
high-temperature peaks towards higher temperatures, and
does not affect the temperature of the low-temperature
peak. These results indicate that the strain fields due to
adjacent oxygen solutes have the primary effect of
broadening the spectrum of relaxation times but have no
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FIG. 9. Relaxation strength of the C’ mode vs temperature
for hydrogen.
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FIG. 10. Logarithm of relaxation frequency as a function of
inverse temperature. Straight line is a fit to the data with an ac-
tivation energy of 1.8 meV.

significant effect on the energy levels, which take part in
the relaxations.

DISCUSSION

We confine ourselves here to the hydrogen-
concentration-independent peak observed at 2.5 K at 10
MHz and will further discuss the higher-temperature peak
in a subsequent publication. From the height and position
of the peak, the temperature dependence of the relaxation
strength and relaxation time can be obtained from Egs. (2)
and (3). These are shown in Figs. 9 and 10. The loga-
rithm of the inverse of the hydrogen relaxation time

FIG. 11. Schematic diagram of an n-state tunnel system in
which a degenerate first excited state is split by the strain 7.
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versus inverse temperature fits a straight line with an ap-
parent activation energy of 1.8 meV (Fig. 10).

Figure 9 shows the relaxation strength as a function of
temperature. Above 3 K the strength decreases with in-
creasing temperature, which is consistent with the classi-
cal inverse temperature dependence in Eq. (3). However,
below 3 K the strength also decreases, a departure from
classical behavior. An interpretation of this effect in
terms of a classical activation over a potential barrier can-
not explain these observations. A model is needed which
considers the properties of quantum-mechanical tunneling
and can account for the interactions due to elastic strain.

The configuration of the O-H tunneling system is not
known, nor is the number of equivalent sites making up
the tunneling system known. These data, however, pro-
vide important clues and restrictions on the possible con-
figuration. This can be illustrated by reference to Fig. 11,
which is a schematic diagram of the strain dependence of
an n-state tunneling system. The energy levels are given
by

E\(n)=—[E{(02+y**]'/%,
Ey3M=1yy, (6)
E;()=[E;(02+y*p*1'?, i=4,n,

where E;(0) is the energy of each level in the absence of
strain and 7 is the strain.
The isothermal elastic change 6C;; is given by

__OF
a"7i5"7j ’

where F= —nkgT InZ, n is the number of tunneling sys-
tems and Z is the partition function given by

Z= exp| —E;(1)/kpT] . (8)

Cy )

In general, the elastic-constant change consists of two
parts, called relaxational and resonance parts, or paraelas-
tic and diaelastic effects.?® In the former case, an ul-
trasonic strain changes the energy levels so that the
thermal-equilibrium distribution changes. If transitions
can occur, the equilibrium is restored, and in the latter
case an elastic-constant change occurs without transitions,
for #iw < E;—E,, because C;; measures the curvature of
the eigenstates, according to Egs. (7) and (8).

For a two-state system consisting only of the levels E
and E,, only the diaelastic effect occurs for a small-
amplitude ultrasonic strain about a zero-static-strain bias.
This is because 3E;/dn=0 for low strains and a small
strain leads to no redistribution. At zero temperature only
the ground state is occupied, so the elastic constant is
given by the curvature of the ground state, which is nega-
tive. For higher temperatures, this negative contribution
is decreased as the ground state is depleted at the expense
of the higher state with positive curvature, and the effect
disappears at high temperature. A redistribution, and
therefore a relaxation, is possible for small ultrasonic
strains about a static bias strain 7, but such a relaxation
would have to be a direct transition with a relaxation rate
which varied linearly with temperature, and could only

occur if the ultrasonic strain coupled with the two states
to give a nonzero matrix element between them.?

For a four-state system the levels E; —E,, a relaxation
could occur between the degenerate excited states E, and
E;. If the transitions were direct, the rate would be linear
in temperature. An indirect process is possible by absorp-
tion of a phonon to a higher state (E,), followed by emis-
sion of a phonon to the state degenerate at n=0. This is
known as an Orbach process®® and occurs with a rate
given by

1=l 2T R 9)

where A is the energy difference between the higher state
and the degenerate relaxing state. Also the relaxation
strength for the process would drop below the classical
value at low temperatures when the excited state becomes
depopulated. Most often, for a four-state system
| E4(0) | = | E1(0)| so that the characteristic energy & for
the disappearance of the relaxation strength would be the
same as that A for the relaxation rate.

If the measured energy A is not E;,—Ej;, then an Or-
bach process might still proceed through a higher state E,
(n>4). It has been shown’® that an elaboration of the
Birnbaum-Flynn®! eight-state tunneling model to take ac-
count of the strain dependence leads to an energy-level
structure which can be fit to the results found in the ul-
trasonic measurements. There are, however, still difficul-
ties’? with the underlying configuration leading to this
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FIG. 12. Relaxation strength as a function of temperature for
the system depicted in Fig. 10. A is the relaxation strength, & is
the energy difference between the ground and first excited states,
v is the molecular volume, C, is the molar concentration of de-
fects, and ¥ is the energy change of the first excited state with
strain. Curve A4 represents the relaxation due to transitions be-
tween the degenerate first excited states (paraelastic). Curve B
represents the contribution from the curvature of the ground
state (diaelastic). Curve C is the sum of curves 4 and B.
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energy-level structure, which will be discussed in a subse-
quent publication as well as another eight-state model
which is consistent not only with the ultrasonic data, but
with data from other sources. In the present we simply
note that the relaxation strength at low temperatures will
be mainly determined by the ground state and first excited
states, given by Eq. (6), and characterized by the parame-
ters § and y, while the relaxation time will be determined
by A. The results of a calculation of the relaxation
strength are seen in Fig. 12.

Curve A4 represents the contribution to the elastic con-
stant due to the transitions between the degenerate states
alone. At high temperatures it decreases as 1/7, the same
as a classical relaxation. As T approaches 5/k, the excit-
ed states begin to depopulate. This lowers the relaxation
strength, which eventually goes to zero at T=0. This de-
crease of the relaxation strength due to depopulation is
unique to quantum-mechanical systems and is not seen in
classical relaxations.

Curve B is also unique. This contribution is derived
from the second derivative of the ground-state energy
with respect to C’ strain. As seen in Fig. 11 the ground
state has a negative second derivative with respect to
strain. Since this contribution is not due to a relaxation
between eigenstates, it is not a true relaxation. As long as
the time required for the ground state to respond to ap-
plied stress is much shorter than one period of stress, the
response will be in equilibrium and the calculation is
valid. The total response is indicated by curve C, the sum
of curves 4 and B. When the transition time between ex-
cited states is considered, the elastic-constant change is re-
lated by

where A, and Ay are the functions represented by curves
A and B. At high temperatures, where wr is small, the
elastic-constant change is given by curve C. At lower
temperatures, where w7 increases, the elastic-constant
change falls below curve C and approaches curve B, which
it follows to the lowest temperature.

The ultrasonic measurements thus provide evidence that
the configuration for Nb-O-H can be described as follows.

(i) There are sites equivalent by symmetry making up a
quantum-tunneling system. This follows from the fact
that the relaxation strength decreases below the classical
1/T dependence and a diaelastic effect appears in the elas-
tic constant.

(i) The relaxation appears in a degenerate excited state
which lies 0.4 meV above the ground state. The degenera-
cy of this state is lifted by a C’-type, but not a Cy,-type,
strain.

(iii) The Arrhenius temperature dependence of the re-
laxation rate shows that an Orbach process occurs
through an excited state at an energy A=1.8 meV. These
results taken together show that the configuration consists
of a minimum of, but probably more than four equivalent
sites.

29

For Nb-O-D the relaxation is unusually broad and cannot
be described by a single relaxation time. The relaxation
rate appears to vary more slowly with temperature than
for Nb-O-H.

SUMMARY AND CONCLUSIONS

The most important experimental results are the follow-
ing.

(1) An anelastic relaxation due to hydrogen-oxygen
complexes exists in niobium at temperatures near 4 K.

(2) The relaxation is absent in the C, and bulk-
modulus modes over an order of magnitude in hydrogen
concentration.

(3) The relaxation is present in the C’' mode at 2.4 K at
10 MHz for hydrogen with an apparent activation energy
of about 1.8 meV.

(4) The deuterium relaxation is not of the Debye type,
but shows a broad plateau with temperature. In addition,
there exists a decrease in the elastic constant without a
corresponding peak in the attenuation below 2 K.

(5) A second relaxation appears at higher hydrogen con-
centrations in the C' mode. The concentration depen-
dence of the relaxation strength indicates a hydrogen pair
defect, either isolated or possibly bound to an oxygen.
The relaxation appears at 5.5 K at 10 MHz with an ac-
tivation energy of 4 meV.

(6) The dependence of hydrogen concentration on cool-
ing rate makes the concentration determination difficult.
The relaxation strength remains the product of concentra-
tion and A tensor. The relaxation strength is 2 or 3 orders
of magnitude smaller than typical values for other defect
systems.

(7) The relaxation strength of the hydrogen relaxation
does not follow a normal 1/7 dependence, but begins to
decrease at the lowest temperatures.

The effects which are unusual for a relaxation, and
which produce the most severe test for a model are the
low temperature decrease in the elastic constant without a
corresponding peak in the attenuation, the decrease of the
hydrogen relaxation strength at low temperature, and the
broadening of the deuterium peaks relative to the hydro-
gen peaks.

The measurements provide evidence that the configura-
tion for Nb-O-H is a tunneling system consisting of a
minimum of four equivalent sites. The symmetry is such
that a C'-, but not a Cy-type, strain lifts the degeneracy
of the first excited state.
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