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Ultrasonic relaxation from trapped hydrogen in rapidly cooled niobium
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A relaxation in the ultrasonic response of rapidly cooled niobium containing hydrogen and oxygen
is found. Measurements of attenuation and velocity as a function of temperature, frequency, polari-
zation, hydrogen isotope, and annealing temperature are made. Evidence is obtained that the
quenched-in defect is an OH, complex with tetragonal symmetry.

1. INTRODUCTION

Ultrasonic measurements on Nb-O-H alloys by Poker,
Setser, Granato, and Birnbaum! showed an attenuation
peak near 2.4 K at 10 MHz with a large isotope effect.
The defect responsible for the peak was identified as hy-
drogen trapped at an oxygen interstitial. Similar relaxa-
tion phenomena have been reported by several other inves-
tigators.2~*

Quenching experiments on Nb with dilute concentra-
tions of O and H by Hanada® showed a resistivity increase
at low temperatures, which was interpreted as indicating
that hydrogen interstitials were frozen into the lattice by
the quench. Most of the quenched-in resistivity annealed
out between 4.2 and 100 K with two major recovery
stages, one centered at 40 K and the other at 80 K. The
80-K stage was observed only in specimens with high oxy-
gen content. The data were interpreted in terms of de-
trapping of hydrogen from oxygen interstitials. However,
since Pfeiffer and Wipf® had shown that the O-H pair was
rather stable at 80 K, it was suggested by Hanada that the
quenched-in  defects were OH, complexes with
n=~2—4,

In the present work, measurements of ultrasonic at-
tenuation and velocity in dilute Nb-O-H alloys were made
as a function of temperature, frequency, polarization, con-
centration, annealing temperature, and hydrogen isotope.
In addition to the stable relaxation peak near 2 K (peak 1)
observed by Poker et al.,! an additional low-temperature
peak (peak 2) was found when the specimens were rapidly
cooled to helium temperature. In this paper, the charac-
teristics of this new relaxation effect are described and the
defect responsible is identified.’

II. EXPERIMENTAL PROCEDURE

Measurements were carried out on large single crystals
of Nb purified by UHV annealing (2500 K at about 10~°
Pa) and having flat and parallel {100} and {110} faces.
These faces were prepared using standard techniques and
allowed acoustic measurements to be made to frequencies
above 70 MHz. The major impurities in these specimens
were as follows: Ta, ~ 100 at. ppm; C, 65 at. ppm; and N,
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65 at.ppm. The O interstitial trap concentration was
varied by controlling the O, partial pressure during the
UHV annealing after the initial purification. Hydrogen
or deuterium charging was carried out from the gas phase
using gases purified by diffusion through a Pd-Ag mem-
brane and the amount of H (D) charged was determined
from the pressure-temperature-concentration (P-7-C)
data and by weighing the crystals after charging.

Ultrasonic attenuation and velocity measurements were
carried out using quartz transducers and standard tech-
niques.® A frequency change of 1 Hz, corresponding to a
sensitivity of 2% 10~ in the elastic moduli, could be mea-
sured. The acoustic measurements were carried out in a
cryostat which allowed rapid cooling of the specimens
from 250 to 4 K at an average rate of about 2 K/s.

III. EXPERIMENTAL RESULTS

A. Hydrogen

Figure 1 shows a plot of decrement versus temperature
for a 10-MHz C’ mode in a niobium crystal containing
about 100 ppm O and 700 ppm H after a “quench” from
240 to 4 K, followed by annealing at 70, 80, 90, 100, and
120 K. The decrement consists of a temperature-inde-
pendent background due to bonding and diffraction losses,
an electronic contribution proportional to the electrical
conductivity, which decreases below the superconducting
transition temperature, and two peaks due to hydrogen.
The peak at 6.3 K anneals out near 80 K, while the peak
at 2.4 K increases only a small amount. Both peaks were
observed in the C’ mode, but not in the C4 mode sug-
gesting that the defect responsible for peak 2 has a tetrag-
onal symmetry.

Figure 2 shows the decrement versus temperature for
three niobium specimens with differing oxygen contents
after rapid cooling from 240 K. The hydrogen concentra-
tion is much greater than the oxygen concentration in
each case. The background decrement has been subtract-
ed in this figure. The peak heights scale with the oxygen
concentration, while the electronic contribution decreases
with increasing impurity content. The background at-
tenuation at the Nb superconducting critical temperature
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FIG. 1. Decrement versus temperature for a 10-MHz C’

mode in a niobium crystal containing about 100 ppm O and 700
ppm H after a rapid cooldown from 240 K, followed by anneal-
ing at 70, 80, 90, 100, and 120 K. The rapid change of attenua-
tion near 9.2 K is due to the transition from the normal to the
superconducting state.

shows a decrease below T, that is sensitive to the oxygen
concentration. In the purest sample, the sharp decrease
below T, was large but peak 2 was small. However, in
the sample with about 200 ppm oxygen, the decrease
below T, was hardly observed and peak 2 was large.
After outgassing the hydrogen from the specimen, only a
change in attenuation near T, was found for each speci-
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FIG. 2. Decrement versus temperature for three niobium
specimens with differing oxygen concentrations after rapid cool-
ing from 240 K. The magnitude of the attenuation change asso-
ciated with the superconducting transition near 9.2 K is sensi-
tive to the oxygen content. The heights of peak 1 and peak 2 are
also related to the oxygen content.
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men. The superconducting effect in the background at-
tenuation near T, serves as a monitor for the impurity
content.

The decrement as a function of temperature for various
frequencies, from 10 to 70 MHz, is shown in Fig. 3. The
magnitude of the attenuation decrease below 7 increases
as a function of increasing frequency. The shear-wave at-
tenuation due to conduction electrons is given’ in the
low-frequency limit (electron mean free path << ultrason-
ic wavelength) by

hlo

(37TZN)2/3 >
Se

= , (1)
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where f is the frequency of the sound wave, p is the sam-
ple density, v is the sound velocity, N is the number of
electrons of charge e per unit volume, and o is the electri-
cal conductivity (all in Gaussian units). The decrement
can be obtained by A= A(dB /u sec)/8.68f (MHz). Hence,
the decrement scales linearly with frequency and conduc-
tivity. The resistivity’ due to oxygen in Nb is 5
uQcm/at. %; 100 ppm oxygen corresponds to 5X 1072
uQecm. The calculated decrement for 10 MHz is about
0.9x 1074, which is smaller than the measured value
1.6 10~* Figure 3 also shows that the change of decre-
ment below T, scales about linearly with frequency.

The two peaks shift to higher temperatures as a func-
tion of increasing frequency. The relaxation time of peak
1 has been shown by Poker et al.,! to have an exponential
temperature dependence with an activation energy of 1.8
meV. The relaxation time of peak 2 as a function of tem-
perature is plotted in Fig. 4. The data can be fit with an
apparent activation energy of 5.5 meV, and frequency fac-
tor of 3 10! s~ 1,

The temperature dependence of the relaxation strength
of peak 2 was obtained by plotting the peak heights (with
the electronic contribution subtracted) as a function of in-
verse temperature, and is shown in Fig. 5. The uncertain-
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FIG. 3. Decrement as a function of temperature for various
frequencies. The position of both peak 1 and peak 2 shift to
higher temperatures as a function of increasing frequency. The
attenuation change associated with the superconducting transi-
tion near 9.2 K is proportional to the frequency.
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FIG. 4. Logarithm of relaxation frequency as a function of

inverse temperature. The solid curve is a fit to the data points
for the specimen quenched with hydrogen, while the two points
connected with a dashed line are for deuterium.

ty in the relaxation strengths is due to the large supercon-
ducting effects at higher frequencies. The relaxation
strength has a 1/7 temperature dependence as expected
for a classical relaxation, and does not show the quantum
depletion effect observed for peak 1.

B. Deuterium

Figure 6 shows a plot of decrement versus temperature
for a 10-MHz C' mode in a niobium crystal containing
100 ppm oxygen and 2000 ppm deuterium. Peak 1 and
the sharp decrease of decrement below T, are not evident
due to the magnitude of peak 2, which appeared near 10.5
K with a high-temperature shoulder. Results for a 30-
MHz C’' mode are shown in Fig. 7. Extensive measure-
ments were made only at 10 and 30 MHz due to the large
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FIG. 5. Relaxation strength of peak 2 as a function of in-
verse temperature. The solid line is a 1/ T fit.
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FIG. 6. Decrement versus temperature for a 10-MHz C’
mode in a niobium crystal containing about 100 ppm O and
2000 ppm D after a rapid cooldown from 240 K, followed by
annealing at 80, 90, 100, 110, and 120 K. Peak 2 appears at
10.5 K and has a high-temperature tail.

attenuation at higher frequencies. With data from only
two relaxation frequencies, the temperature dependence of
the relaxation time cannot be unambiguously determined.
However, the peak shifts to higher temperatures as a
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FIG. 7. Decrement versus temperature for a 30-MHz C’
mode in a niobium crystal containing about 200 ppm O and
2000 ppm D after a rapid cooldown from 250 K, followed by
annealing at 80, 90, 100, 110, and 120 K.
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function of increasing frequency (Fig. 4) and if an Ar-
rhenius dependence is assumed, the apparent activation
energy and frequency factors are 4.6 meV and 1.8 10!!

s~ 1, respectively.

C. Annealing behavior

As shown in Figs. 1, 6, and 7, annealing after the
quench decreased the relaxation strength of peak 2 and re-
sulted in a small increase in the height of peak 1. A de-
tailed analysis of the annealing behavior required decon-
volution of the two peaks, which was difficult due to the
disparity of heights and their overlap. This deconvolution
was carried out for each annealing temperature assuming
that each peak has a shape which does not change during
annealing. :

Figure 8 shows the normalized magnitude of each peak
after a 10-min anneal at the indicated temperature. Peak
1 increases by about 15% while peak 2 anneals out. The
linear relation between the peak heights of peak 1 (h)
versus those of peak 2 (H) at each annealing temperature
indicates that the defects causing peak 2 convert to the de-
fects causing peak 1 during annealing (see Fig. 9). Since
peak 2 is about 6 times larger than peak 1 and the defect
concentration of peak 2 is only about 15% that of peak 1,
the relaxation strength of peak 2 may be estimated to be
about 6/0.15=40 times greater than that of peak 1.

D. Velocity measurements

Acoustic velocity measurements were made from 0.6 to
20 K after slow cooling and quenching from 240 K on a
sample with 100 ppm oxygen and 700 ppm hydrogen.
The frequency change as a function of temperature is
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FIG. 8. Annealing behavior of the two peaks. The solid and
dashed curves represent the normalized magnitude of each peak
after a 10 min anneal at the indicated temperature. Peak 1 in-
creases by about 15% while peak 2 anneals out.

2181

0 10 20 30 40 50
H/107%
FIG. 9. Height of peak 1 (4) versus that of peak 2 ( H) at an-
nealing temperatures 60, 70, 80, and 120 K.

plotted in Fig. 10. The magnitude of the decrease below 2
K is larger than that observed by Poker et al.! due to the
fact that this sample had only 100 ppm oxygen and hence
had less internal strain; the modulus defect below peak 1
is expected to decrease with internal strain. The disper-
sion at 2.5 K is apparently due to peak 1, which is present
in both slow- and fast-cooling processes while the disper-
sion around 6 K is seen only in a fast-cooling process.
The dispersion associated with peak 2 suggests that it is
due to a relaxation process.
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FIG. 10. Frequency change versus temperature for a 10-
MHz C’ mode in a niobium crystal containing about 100 ppm O
and 700 ppm H. The solid curve represents the result of a
slow-cooling process and the dashed curve represents that of a
fast cooling from 240 K. The small dispersion near 2 K is seen
after both slow- and fast-cooling processes. The dispersion near
6 K is present only in the fast-cooling process.
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IV. DISCUSSION

Peak 2 annealed out at the same temperature, for speci-
mens containing H and D, as did the resistivity annealing
stages found by Hanada® for quenched specimens; thus,
suggesting that the same defect is responsible for the resis-
tivity and anelastic behavior. The dependence of the data
on oxygen concentration suggests that the defect respon-
sible for peak 2 is associated with oxygen interstitials.
Since these peaks are observed only in specimens contain-
ing H or D, the relevant defect is an O-H(D) complex.
Peak 1 has been shown' to be caused by a single H (D) at
an O. The correlation between peak 1 and peak 2 during
annealing suggests that peak 2 arises from an OH, com-
plex. In a slow-cooling process, one oxygen traps only one
hydrogen at low temperatures, and this O-H pair is rather
stable.® In a rapid cooling process, some of the oxygen
may trap more than one hydrogen, forming an OH,.
However, the second hydrogen is less strongly bound than
the first one and during annealing, detrapping of one of
the two hydrogens occurs, converting the OH, to an OH
with the freed hydrogen adding to the precipitated hy-
dride formed by the untrapped H.

This simple interpretation can be supported quantita-
tively using rate theory. In the temperature range of in-
terest, hydrogen atoms are mobile in the lattice with a mi-
gration energy of E,,, and oxygen interstitials are immo-
bile. Interactions of hydrogen with the O traps results in
formation of OH and OH, as expressed by

O+H<=0H ,
OH-+H=0H, .
The rate equations describing these reactions are

dCon

a =vCoCuexp(—E,, /kT)
—’VCOHCXP[ _(El +Em )/kT]
+’VCOHZCXP[ —(Ez +Em )/kT]
—VCHCOHeXp( _Em /kT) s (2)

dCopn,

d[ Z—VCOﬂzeXp["‘,'(Ez +Em )/kT]

+vCyConuexp(—E,, /kT) , (3)

where Cy, Co, Con, Con, are the hydrogen, oxygen,
OH, and OH, concentrations, respectively, E,, is the mi-
gration energy of hydrogen, E; is the binding energy be-
tween O and H, E, is the binding energy between OH and
H, and v is the vibrational frequency which, as a simplify-
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FIG. 11. Calculated equilibrium concentrations of Cop/C3,
COHz/ cZ, and Co/CY versus temperature.

ing approximation, is taken to be the same for hydrogen
in any configuration (H, OH, or OH,). Conservation of
total H and O further requires

Chi=Cn+Con+2Con, » “
C5=Con+Con,+Co » Q)

where C }TI and CJ are the total hydrogen and oxygen con-
centrations exclusive of any precipitated hydride.

Since C} >>CJ in all the experiments, the hydrogen
concentration is determined by equilibrium with the 3 hy-
dride which results in

Cy=aexp(—AX/kT) . (6)

A7 and a have been determined® to be 0.12+0.015 eV
and 4.7+0.9, with Cy as the ratio of the hydrogen con-
centration to the niobium concentration [H]/[Nb].

In thermal equilibrium one has dCgy/dt=0 and
dCopn,/dt =0, whence

COHZZCHCOHeXp(EZ/kT) N 7
COH ZCHCOCXP(El/kT) . (8)

Then, one can solve Egs. (5)—(8) for Con, and Coy. The
solutions are

Con, a2exp[(E, +E, —20%)/kT] )
Cl  alxp[(E,+E,—2A%)/kT]+aexp[(E,—AH)/kT]+1
COH _ a exp[(E1 —A%)/kT] (10)

cl  a’exp[(E\+E,—2A9)/kT]+a exp[(E, —A#)/kT]+1
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These equilibrium concentrations depend sensitively on
the values of E, E,, and A% and these are not all
known. Values for A% and E| may be obtained from the
resistivity measurements of Pfeiffer and Wipf.5 The bind-
ing energy of the second H to the O, E,, must be less than
E,, since after slow cooling Coy (associated with peak 1)
is larger than Coy, (associated with peak 2). No signifi-

cant peak-2 amplitude is observed in slow-cooled speci-
mens. The equilibrium values of Con and Cop, were cal-
culated (Fig. 11) for E;=0.13 eV, E,=0.07 eV, A"
=0.12 eV, a=4.7, C5=100 ppm, and C{; > C3&.

At 300 K, Cou/C§~0.55, and Copn,/CE~04. As
the temperature is decreased the OH, concentration de-
creases and the OH concentration increases. At 4 K, only
OH complexes would be expected with the excess hydro-
gen forming 3 hydride in agreement with the observation
that only peak 1 is observed after slow cooling. During a
quench, however, a distribution characteristic of an
elevated temperature will be frozen in and a significant
Con, Will be retained. During subsequent annealing, the

equilibrium concentrations will be attained and peak 2
should decrease as is observed. The rate-limiting step in
this annealing is the dissociation of OH,, OH,—OH + H,
with an activation enthalpy of (E,-+E,,). Since E,, is
about 0.1 eV the annealing out of peak 2 is characterized
by a process having an enthalpy of about 0.17 eV and
hence should occur in the 80-K temperature range ob-
served. A concomitant increase in peak 1 is expected as
the OH concentration increases. Since the annealing data
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(Fig. 8) showed that the quenched-in configuration had a
Con,/ Con ratio of 6, the “freeze-in” temperature may be

estimated from Fig. 11 to be about 170 K.

V. SUMMARY

An ultrasonic relaxation has been observed in speci-
mens of rapidly cooled niobium containing oxygen and
hydrogen at 6.3 K at 10 MHz. This relaxation is closely
related to the previously reported OH relaxation observed
at about 2 K at 10 MHz. The rapidly changing ultrasonic
attenuation background is strongly dependent on the O
concentration and can be used to monitor the purity of the
specimens. The 6.3-K relaxation corresponds to a defect
having tetragonal symmetry and a strong isotope effect.
The annealing behavior of the relaxation provides evi-
dence that the relaxing defect is an OH, complex, formed
at some of the oxygen interstitial trapping centers during
rapid cooling. The second hydrogen is less strongly
bound to the oxygen interstitial than the first. During the
annealing, detrapping of one of the hydrogen occurs and
the OH, converts to an OH defect with the freed hydro-
gen adding onto the 8 hydride precipitates.
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