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AN ULTRASONIC STUDY OF TRAPPED HYDROGEN IN NIOBIUM
Kai-feng Huang, Ph.D.

Department of Physics
University of Illinois at Urbana-Champaign, 1982

The purpose of the present work is to establish a model for the
configuration of hydrogen trapped at interstitial oxygen or nitrogen im-
purities in BCC métals.A Such a model would be important for an understand-

ing of the physical properties of such systems, particularly of the quantum

diffusion effects which occur.

A review of all the available data (specific heat, internal friction,
neutron‘scattering, channeling, thermal.condﬁctivity) on Nb-O-H or Nb-N-H
systems, is first.given. By reexamining the data for clues, an eighﬁ—state
tunnelling model is proposed, and the properties of the system are developed.
A comparison of the predictions of this model with the data is given, and
the four parameters that‘describe the model are determined. A simple po-
tential c&lculation is also performed to demonstraté the qualitative .
feafures of the model.

Measurements have been made of ultrasonic attenuation and velocity in
the Nb-0-H system'as a function of temperature, frequency, polarization and
igotope. In addition to the previously found stable peak, an additional
peak is found when the specimen is cooled rapidly. The peak anneals at the
same temperature as those found by Hanada in their resistivity quenching
experiments, indicating that the quenched-in défect is an UH, compléex. An
extension of the model described in Part A is given to account for the

relaxation.
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PART A

I. INTRODUCTION !

The purpos% of the present work is to establish a model for the
configuration of hydrogen trapped at interstitial impurities in BCC
transition metals. Suéh a médelAwould be important for an understanding
of the phfsical propérties of such systems, particularly of the quantum
diffusion effects which occur.

At high temperatures, it is knownllg/ that impurity atoms like
nitrogep, oxygen and carbon occupy octahedral symmetry interstitial sites,
and thaﬁ hydrogen is 1oéated at tetrahedral-éitesézg/ (Fig. 1). At low
temperatures, the solubility of hydrogen is low, and H precipitates out
in a hydride phase in pure Nb, but becomes trapped at O or N'in impure.Nb.‘
There have been many experiments using many Aiffefent experimental tech-
niques (specific heat, internal friction, neutron and x-ray scattering,
channeling, thermal resistivity), but no generally accepted model for the
configuration has been established. There have heen some models developed
to explain some of the results, but which fail to explain others.

We first review the existing evidence for clues in the next section
(IT). 1In Section III, a model is préposed, and the properties of this
system are developed. In Section IV, a comparison of thé predictioné of
this model with available data.is given,'and the four parameters of the
model are determined. In Part B, ultrasonic studies of rapidly cooied
‘ Nb‘O“HAare given and discussed in termo of an exteuslon of thé model in
Part A in Section ITI. The médel is found to give a reasonable account of

all_available data.



Figure 1. Possible interstitial sites of hydrogen in niobium

@ - Octahedral symmetry
M - Tetraliedial symmetry
A - Triangular symmetry
¢ - lexwhedral eymmetry



"IT. ‘REVIEW OF PREVIOUS -EXPERIMENTS "AND EXISTING MODELS

1. Specific Heat

Measurements of the specific heat of niobium containing hydrogen by '
Sellers, Anderso; and Birnbauméj showed the existence of an excess heat
capacity below 1.5 K. The large'diffefence between the excess heat
capacity due to hydrdgen and deuterium as shown in Fig. 2, suggested
that the effect might be due to quantum mechanical tunneiling of the
interstitial hydrogen in‘tﬁe niobium lattice. This was consistent with
studies of diffusion of hydrogen in niobium which indicated a non-Arrhenius

temperature dependence at low temperatures,—— and a non-classical isotope

effect.g:ig/

2. Thermal‘Conductivity

Thé effect of hydfogen and deuterium upon thé thermal conductivity of
ﬁiobium was investigated by'O‘Hara, Sellers and Anderson.ll/ If there
exists eigenstates which contribute to the heat capacity, theiricoupiing
to phonon modes might be possible. This would produce a minimum in the
phonon mean free path at nearly the‘same temperature as the heat capacity
contributions. Their measurements indicate minima in the phonon mean free
path at 0.8 K for hydrogen and 0.1 K for deuterium (Fig. 3), where the
contribu;ions to the heat capacity occur. Removal of the hydrogen of
deuterium reduced the minima, indicating Ehe connection between phonon
scattering and hydrogen defects.

However, hydrogen in Nb was later shown to precipitate at low tem-

peratures into the beta phase hydride by Westlake and Ockers.lg/ There

should not exist too much a-phase (free) hydrbgen in the lattice, which
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Experimental heat capacities as a function of
temperature for hydrogen and deuterium in niobium
The open circles are for as-received specimens,
while the closed circles are for 3000 ppm
charged specimens. The solid lines represent

the fit of the Birnbaum-Flynn model. 7The energy
level spectra for hydrogen and deuterium are
shown at the lower rlght (From Birnbaum and

Flynn——/)



Figure 3.

Phonon mean free paths, £, in Nb limited by scatter-
ing mechanisms other than the sample surfaces. The
phonon -mean free path attributed to boundary scatter—
ing is indicated by the dashed line. Electrons
dominate the scattering above = 2 K. The symbols
represent: B , annealed and out-gassed Nb; x Nb
with D intentionally added; & Nb with H intention-
ally added; O, Nb with H removed. The additional
scattering caused by the introductien of D can be
seen roughly by comparing the (X) and (0) data.
(From O'Hara, Sellers and Anderso 117y
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was suggested by Sellers, et al.éj as the defects that caused the excess heat
éapacity and the mean free path minima. It was proved later by other ex-
periments that it is the ﬁydrogen trapped by some heavy interstitials like

0 or N, rather than the free hydrogen, that caused the low temperature

quantum effects.

3. Effect of Interstitial Trapping

As early as 1973, Bakér and Birnbaumzfg/ showed that anelastic relaxa-
tions of hydrogen charged‘niobium, which appear around 150 K at 10 MHz,'ﬁere
due to complexes of O-H or N-H pairs. These relaxations are believed to be
caused by reorienfétions.of the hydrogen aroﬁﬁd the trapping interstitial O
or N in the presence of an applied stress.‘

13/

Resistivity measurements By Pfeiffer and Wipf—' verified the trapping
of hydrogen in niobium. Their analysis inditafeg that only oﬂe hydrogen
atom traps at any one nitrogenlinterstitial, with any excess hydrogen pre-
cipitating. A binding energy of 0.12 eV wa§ found, consistent.-with the
result of Baker and Birnbaum.

The heat capacity experiments by Sellers, Anderson and Birnbaum were
redone by Morkei, Wipf and Neumaierli/ to investigate the effect of'nitrogen
trapping; They found that no excess heat capacity was present in nitrogén
- free samples. The introduction of nitrpgen produced excess heat capacities
similar to fhose found previously by Sellers, Anderson and Birnbaum. They

concluded that the excess heat capacity is due to N-H pairs and that below

80 K the concentration of free hydrogen is less than L ppm.

4. Neutron Scattering

) 15
Inelastic neutron scattering experiments by Magerl, Wagner and Stump,—



and also Richter and Shapiro,l§/~revealed the local vibrational spectra
of hydrogen in niobium. It is fqund that the energy spectra have the
following features,

(1) There are two vibrational 1evels centered at 0.11 eV and 0.16 eV
with an intensity ratio of 1:2, which indicates that the higher
vibrational level is doubly degenerate.

(2) The energy levels‘for deuterium are 0.085 eV and 0.12 eV with
fhe same intensity ratio of 1:2. |

Shown in Fig. 4 is the spectra for NbH and NbD. Later experiments by Rush,
et al.lzj showed that there is not much change in the vibrational levels |
for the a-phase hydrogen and the hydrogen trapped at nitrogen or oxygen.

18/

i An inelastic neutron scattering experiment by Wipf, et al.™ was
made at two different temperatures (0.09 K and 5 K) on a polycrystalline
Nb sample containing 1.3 at % of O-H pairs. The results are shown in
Fig. 5. At the lower temperature (0.09 K), the intensity shoulder at
n 0.2 meV on the energy loss side demonstrates the presence of inelastic
scattering processes (energy gain proceéses do not occur at this low
temperature). At 5 K, the iptensity on the energy gain side increases,
whereas it decreases on the energy loss side. This decrease indicates
that the scattering is not due to phonons since, in such a case, the
scattering would increase with temperature. It was then proposed by Wipf,
et al. that the inelastic scattering results from energy transfer to
hydrogen tunnelling states. A tunnelling matrix element ot .19+.04 mev
is found which agrees with the value of 0.14#0.05 meV found by Wipf and
19/ |

Neumaier—=' from the specific heat measurements. (Since major specific

heat contributions for an assumed two level system are expected for
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Figure 5. Inelastic neutron spectra of NbOj,gi3Hp 16 at 0.09 K (2a) and 5 K (b).

At the lower temperature (0.09 K), the intensity shouldzr at % 0.2 meV
on the energy loss side demonstrates the presence of inzlastic scatter-
ing processes (energy gain processes do not occur at this low tempera-
ture). At 5 K, the intensity on the energy gain side iacreases, whereas
it decreases on the energy loss side. This temperature dependence is
typ%gal for neutron scattering on tunnelling systems. (From Wipf, et
al.28/) '
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T 2 0.42 AE (where AE is the smallest energy gap), a value for this AE
between 0.15 and 0.2 meV can be concluded immediately from the specific

heat data.)

]
5. Low Temperature Ultrasonic Results

The thermal conductivity results by O'Hara, et al,ll/

indicates a’
coupling of hydrogen defects to phonons, suggesting that the hydrogen de-

'feéts may affect the elastic constants and also show relaxation effects.
Poker, Setser, Granato and Birnbaumgg/ made measurements of ultrasonic h
attenuation ﬁnd velocity oﬁ Nb-0-H alloys as a function of témperature,
frequency and wave polarizations. The resuiﬁs showed a relaxation peak‘near
2.5 K a£ 10 MHz. The decrement and elastic constant change ére shown in
Fig. 6. The peak was seen only in the C' mode, but not the C44 mode. The re-
laxation time was found to be Arrheniué (Fig. 7);with an acti&ation energy
of 1.8 meV and a frequency éaétor of 3489 x 100, which are too small for a
classical system. It was also found that the relaxation strength deviates
from the classical 1/T temperature dependence (Fig. 8), indicating a low
témpérature quantum depletion of the states which are involved in the
relaxation transition. An energy of 0.4 meV was found for the energy

difference between the ground state and the first excited states which

were assumed to be the states involved in the relaxation transition. The

data require a minimum of 4 tunnelling states, or a configuration of at
least 4 equivalent sites. The deuterium results (Fig. 9) were very differ-
ent from those of hydrogen. Instead of a relaxation peak, a step rise in

the decrement was observed near 2 K.
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The relaxation strength versus temperature. The
solid curve through the data points is the fit
of the eight-state model with the parameter
20/k = 4.5 K. The other curve indicates the
classical relaxation strength which approaches
the same high temperature_i}mit as the eight-
state model. (From Poker22/)
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-as a function of temperature for the C' and Cyy modes.

The solid curve is the fit of the eight-state model’
with a = 0.06 meV and n, = 8x 107",
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6. Existing Models

Birnbaum and Flynngl/ were the first to propose a delocalized model
which was meant to explain the speéific heat result. They assumed that
hydrogen is spread out over the four tetrahedral and four triangular sites
on the face of a unit cell. An offset energy is assigned for the energy
difference between tetrahedral and triangular sites, and only the tunnel-
ling between adjacent tetrahedral and triangular sites is allowed. Some
of the states couple to strains of the lattice. 'Their fit to the heatA
capacity is shown in Fig. 2. The energy level diagrams for both hydrogen
and deuterium corresponding to the best fit are shown in the lower right
corner.

Pokergg/ found that an elaboration of the Birnbaum Flynn model to
take account of the external stress and the trappipg oxygen could explain
their ultrasonic data. 'the first excited states are doubly degenerate
and this degeneracy is lifted when stress is applied. An Orbach process
is proposed to account for the relaxation, since the relaxation time then
has an exponential temperature dependence. This model was criticized by
Wipf, et al.gé/ on the grounds that |

(1) There jis no independent evidence for occupancy of the assumed

triangular sites and

(2) An offset energy for the triangular sites of less than 1.8 meV

is required to obtain the activation energy. This is rather un-
iikely for two inequivalent sties. |

Wipf and Neumaierlg/ proposed instead a two-site tunnelling model,
in which ﬁydrogeﬁ tunnels through two adjaéent tetr;hedral sites. The two
+ E:2)1'/2'

energy levels are separated by (32 , where J is the tunnelling
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matrix element and € is the strain energy. A Lorentzian distribution was as-
sumed and the neutron scattering data and specific heatdata can be explained.
However, in order to account for the rather small specific heat‘and high
concentration of 'N-H pairs, they had to use a very broad strain distribu-
tion so that only'a small ffaption of the total number of N-H pairs could
contriﬁute to the low. temperature specific heat. It is worth noting that
the specific heat data for both hydrogen and deuterium start to level off
at 1.0 K, But the two state model would p;édict thét it is still in-
creasing linearly due to the fact that-there are still states available
at Higher temperatures. A more detailed discussion of the fitting will
be given in Section IV.

To find a.satisfactory model for the trapped hydrogen, it is useful
to reexamine all the experimental data from different sources. First of
all, the low temperature ultrasdnic data proviaes a piece of very important.
information, which concerns the number of sites that hydrogen tunneis
through. The low temperature quantum depletion of the relaxation strength
and also the Orbach process required to explain the relaxation time sug-
gest that there should be at least four tunnelling sites, ground state,
two doubly degenerate states for the relaxation and a fourth state as the
infermediate state for the Orbach process. This suggests. consideration
of a four-state model consisting of the four nearest neighbouring tefra—
hedral sites in a plane around the oxygen impurity (The four tetrahedral
sites marked m in Fig. 10). However, the four states have equal spacings
between the ground.state, first degeneréte excited states and the fourth
state. It cannot explain the two energies 0.4 meV and ;.8 meV obtained

from the ultrasonic data. Therefore a model with more than four tunnelling
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sites is suggested. .One should also be aware of the fact that the presence
of an O or N interstitial defect severély changes the energelic levels

of the surrounding potential tunnelling sites. The strength of the Nb-H
or O-H interaction depends strongly on both the distance and crystal di-
rection. This means specifically that energy differences will exist be-
tween the surrounding sites that cannot be transformed into each other by
symmetry operations around O or N. In other words, one should be looking
only for tunnélling sites that can be transformed into each other by point
group symmetry operations around the trap center. Another important fact
that should be taken into account is that the vibrational frequencies of
the free hydrogen are similar to those of the trapped hydrogen. Rush, et
al.lzj suggest that the trapped hydrogen still occupies tetrahedral sites
just like the free hydrogen, but only‘those tetrahedral sites not too close
to the trap center, and the displaced two nearest neighbour Nb atoms. The
sites thus suggested by them are shown in Fig. 10 marked q. However, the
trapping of hydrogen by oxygen means that there must be an appreciable
interaction between hydrogen and oxygen. Under the effect of trapping, any
regular tetrahedral siFes will not have the same potential property.
Furthermore, channeling experiments on the TaNxDy systemg/ have suggested

a trapping site in between a tetrahedral and an octahedral site. The
system is very similar to the Nb-0O-H or Nb-N-H system, therefore it seems
inappropriate to us to suggest that the trapped hydrogen still occupies a

tetrahedral site.



Figure 10.

Schematic representation of the tetrahedral sites
near an octahedral site occupied by oxygen. The
four nearest neighbor tetrahedral sites around"

the oxygen are marked m. The second nearest
neighbor tetrahedral sites are marked n. The
trapping sites suggested by Rush, et al.lZ/ are
marked q. Wipf and Neumaierl® suggest a two-state
tunnelling model, using the two sites marked p or
the two marked q.

19
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ITI. AN EIGHT STATE MODEL

1. The Eight Tunnelling States

A model of eight equivalent tunnelling sites, with none of them being
a tetrahedral site, is proposed here to account for all the available ex-
perimental data. With the facts that more than four equivalent connected
tunnelling sites are required and that the nearest Nb atoms are heavily
displaced, one can start to search for models. I[ vue luoks only for
symmetrically equivaient sites, it is impossible to find a tunnelling
system with more than fouf equivalent and connécted tetrahedral sites.

The four nearest neighbour tetrahedral sites around the oxygen are the
best one can find. But if one takes into account the fact that the two
niobium atoms which are nearest neighbours of the oxygen are heavily dis-
placed and that some electronic repulsive interaction between the oxygen
and hydrogen exists, it is not sovhard to imagine that the potential minlwa
for these four tetrahedral sites may be removed, and two new potential
minima are created in the neighbourhood of each of the four tetrahedral
sites. The postulated eight new sites, located at the eight corners of a
box, are shown in Fig. 11 and Fig. 12. One then can assume that hydrogen
can tunnel through these eight sites.

Since tunnelling is very sensitive to the distance between two tunnel-
ling sites, it is assumed that only tunnelling along paths approximated by
the box edges is possible, and tunnelling across the box faces or along a
body diagonal 1s prohibited.

From a‘symmetry point of view,'two,tunneling matrix elements are needed

to describe the tunnelling system, with the first one o for tunnelling between



Figure 11.

Schematic representation of the tunnelling sites
for a hydrogen trapped by oxygen on an octahedral
site in a Nb lattice. The eight sites are located
at the eight corners of the box. Thc two necarcst
neighbor niobium atom with respect to the oxygen
are heavily dieplaced.

(:) Nb ‘host lattice atoms

Oxygen trap center

21
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12. The top view and side view of Figure

11.

Figure
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adjacent horizontal sites and the second one B for tunnelling between
adjacent vertical sites. Shown in Fig. 13 are the eight tunnelling sites
labeled a,‘b, c, d, e, £, g and h. If the overlaps of the adjacent local- A
ized wave functions of tﬁe wells are sma%l enough, approximate solutions
can be found for tﬁe eight tunnelling levels of the system in terms of
linear combinations of the ground level local wave functions a, b, ¢, d, e,
f, g, h. A matrix can be established and the problem is reduced to solving

the secular equation shown below:

E o O B o 0 0
S -E o 0 0 B 0 0
0 o -E o 0 0 B 0
a 0 a -E 0 0 0 B , .
g 0 0 0 -E « 0 a0 1)
0 B . 0 O -E o 0
0 0 R 0 o -E o
0 0 0 B o o -E
The eight levels are
31’4’= -8B ¥ 20
Ey3= 7B
' - (2)
E5,8 = B + 20
E = f

6,7



Figure 13.

The eight tunnelling sites marked a,b,c,d,e,f,g,h. A
C' strain represents pushing in along a [100] direc-
tion and pulling out along another [100] direction. It
corresponds to pushing in along ac and eg, pulling out
along bd and fh shown in (a). A C,, strain corresponds
to pulling out along ah and bg, while pushing in along
cf and de (b).

24
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The wave functions can also be obtained

S ' A
wl—/g(a+b+c+d+e+f+g+h)
= 1 - -
wz = —Er(a c+ e g)
Yo=—=(d-b+h-f)
3 2
Y, = ;l—(a -b+c-d+e-f+g-nh)
4 /8 ‘

: . (3
= L —e - f-g =
b = 7 (@a+b+c+d-e-f£f-g-=h)

-———1 — —
w6 =—5(a-c e +g)
Y =—1——(b-d—f+)
7772 &
Yo = —;;{a -b+c-d-e+£f-g+h)
, '8 /8 -

Some interesting features ought to be mentioned about the wave functions.
Shown in Fig. 14 are the wave functions and the nodal planes. .wl’ with no
nodal planes, is the ground state. wz and ¢3 are doubly degenerate, with
one nodal plane; ¢6 and w7 are degenerate too, but with two nodal planes. The
energy levels do not ncccasarily have Lhe same order as they are numbered.
Figure 15 shows the plot of E/B versus a/B; One can see that when B.= 0,

Ej =By <Ey3=E ;B =E>
when B < a, '

B) <Bg < By 3 <Eg 5 <E<Eg,

when B > a

E1< EZ',3 < E4 < E5 < E6,7 < E8 .
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Figure 14.

-d +C 1 -
+

+gﬂ :

+ V2
i

Ve

-

The wave functions of the eight tunnelling states as linear combinations of
the grouni level locail wave functions, a,b,c,d,e,f,g,h. Also shown are the
nodal planes of the wave functions. ¢; is the ground state with no nodal
plane. 1P and wa are degenerate with one vertical nodal plane. ¥, has two
vertical nodal planes; ¥; has only one horizontal nodal plane. Y¢ and ¥,

are degenzrate with one vertical nodal plane and one horizontal nodal plane.

Yg has three nodal planes.

9¢
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E/a

(1)
(2) ¥, ¥
(1) v

Figure 15.

4 -4: ‘ (1) Va
‘6: | N\ (2)'¢é,¢3

(1) ¥y

The eight energy levels normalized to o as a func-
tion of B/a. The energy levels do not neccssarily
have the same order ag they are numbered. It de-
pends mainly on whether 8 > o or B < a. The number
in parenthesis indicates the degeneracy of the energy
level. - :
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To obtain the strain dependence of these energy levels, one needs to
know the strain lambda tensor, which represents ﬁhe distortion of the
lattice by the defect. The detailed calculation of strain interaction
energy using a lambda tensor is given in the Appendix. However, one can
élso here use a simple symmetry argument to show the qualitative result
of strain interactions. Shown in Fig. 13 are the typical C' type and C44
type strain. A C' type strain is pushing in along ac and eg, pulling out
along bd and fh. One may assume that the energy levels of a, c, e, §g
will be raiged by yn and those of b, d, £, h lowered by yn, where n is the
strength of the C' typé strain and vy is the coupling constant. Similarly

aC strain will raise the energy levels of ¢, d, e, f by \IVAUYE and lower

44
those of a, h, b, g by VAUV One can then get new secular equations by

adding the energy changes in the diagonal elements of the matrix. Diagon-

alizing the matrix gives

1/2

B, , =8 % [(a)? +y2n2)"

Ey,3= B Fm

' %)
1

E. .= 8 F [(2u)2 +y2n2]'/?

5,8
Eﬁ’7 = B8 F yn

for a C' type strain.

The energy levels as a function of n and N, are shown in Fig. 16 and
Fig. 17, with B > a. Shown in Fig. 18 are the energy levels as a function
of n, but with o > B. A notable feature of these energy levels is that a
C' type strain splits the two degenerate levels linearly, while a C44

strain splits them quadratically.
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Figure 16.

¥

The energy levels of the eight-state model as a
function of C' strain for 8 > a. The two de-
generate states split linearly when C' strain

1s applied. The energy difference between the
ground state and the first excited states is 2a,.
which determines the temperature at which de-=
population occurs. The energy difference

between y, 3 and ys is 2(B8 - a), which determines
the activation energy of the Orbach process.
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Figure 17. The energy levels as a function of C strain for B > a.

The two degenerate states split quadratically when an
Cyy strain is applied.



»
SN

Figure 18. The energy levels as a function of C' strain for o >

B.

31
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The matrix elements <wm|V|¢n> between wm and wn through the inter-
action V (C' or 044) can also be obtained. Shown in Fig. 19 are the
possible couplings (with nonzero matrix elements) between the states through

]
Cc' or C44. One can see that ¢2’3
T .
wl couples to w4 and ¢4 to ws through C'. The matrix elements»<¢m|V|wn>

couples only with ¢5 and w8 through C44.

between all states due to C' or C44 strain interaction are given in the
Appendix.

With the energy levels as a function of strain known, a strain dic-
tribution is needed. However, there is not much known about how in the
system the strain is distributed; one can assume a simple square distribu-

tion or a Lorentzian distribution. These distributions are shown in Fig. 20.

2. Specific Heat

The specific heat can be calculated from the eight energy levels

using
-4 2 d ’
C = gplkT® 37(1n2)] (5)
8
where Z = z. exp(—Ei/kT) is the partition function. Here the energy levels
i=1

as a function of C' strain are used. For small strains, this should be

a good approximation. For a giv-n strain n, the specific heat C(n) is then

=k 92 secn2(E 1_A() - B() :
Cn) = k (kT Sech (kT) + ) o) 6)
where . ' 5 2 2 1/,_!
A(N) = (4o? + 2v2n2) (14 Cosh XL cosn Li2= X1
T kT
2 2.241/2
B(n) = ZYT\([#OLZ + 'y2n2)1/2 Sinh xn $inh (4a4 + y°n<)
- 1/272
= m (4a? + y2n2) /4]
D(n) [Cosh wr + Cosh o

The first term, which is independent of strain, is a Schottky specific heat.
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\ (1) e — Va

(2) YY

Figure 19.

.. ) (1) . Y \pl

The states with non-zero matrix elements through
C' or C,, mode. Y, couples to Yy, ¥s5 to Yg
through C' phonons. Vs 3 couple to Y5 and Yg,
w6,7 to ¥, and ¥, throuéh Cuu phonons.
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A
11
T 771
] ] >T) |

—,771 7]1
(a)
1
2ﬂ71

7]
" _771 ) 771

®)

Figure 20. The Lorentzian strain distribution (a) and the
square strain distribution (b).
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It increases exponentially at low temperatures, then peaks at T = 0.42
and finally decreases as 1/T2. The second term is strain dependent. At zero
strain, its behavior is similar to that of a Schottky specific heat. With a

strain distribution, it broadens out and the peak gets smaller. The specific

'heat, under the consideration ofa.strain distribution N(n) = %-—5—21—5 y is
nl +n
C(n) = Con J N(n)C(n)dn (7

where COH is the concentration of OH pairs.:

A typical specific heaf as a function of T and ny is shown in Fig. 21.
It can be seen that the first term peaks around .25 K, while the second term
peaks around 0.9 K. Ag a function of inc?easing ny» the second term spreads
out more and more, while the first term stays about the same. A comparison
with the two-state model suggested by‘Wipf,‘et al&lg/ is made here to
demonstrate the main differenpé between the two models. Shown in Fig. 22
is the specific heat as a function of temperature and increasing n, pre-
dicted by the two-state model. It is worth noting that the low temperature
specific heat is notably reduced as n, increases in the two state model,

while it stays about the same in the eight-state model.

3. Ultrasonic Attenuation and Velocity

Before one begins to describe the possible transitions that can be
predicted from this model, it is instructive to review two useful relaxa-
{ - 24/ o o 25/ . -
tion processes, Lhie Orbach proc¢ess— and the direct process.— The
Orbach process involves Llie absorption and emission of two phonons with

the system passing through a real intermediate eigenstate, while the

direct. process consists of only the absorption or emission of one phonon,



Figure 21.

The specific heat as a function of tempercture and increasing n
fcr the eight-state svstem. The first term (a Schortky specific
peak), which is indepesndent of strain, peaks around 0.25 K (B/k
= 0.3 K). Tae sz=cond term, which is strain dependent, peaks
around 0.9 K (20/k = 1 K). Curve A represents zero strain.
Ctrve B, C aad D reprasent n, = 1 x 10 %, 5 x 107%, 1 x 1073
respectively. The overall shape changes as a function of ny -

9¢
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C/Nk

Figure 22.

The specific heat as a function nf temperature for thc two
state model proposed by Wipf and Neumaier.l2/ Curve A
represents the specific heat for zero bias strain and an
energy gap AE/k = 1 K, which is a Schottky specific heat.
Curve B, C and D represent the specific heat for three
different Lorentzian distributions. The broader the dis-
tribution is, the smaller the specific heat is at low
temperaturcs.




39

with the system making a transition between two eigenstates. Both
processes are shown schematicélly in Fig. 23. Hence if a transition
between eigenstates A and C .is desired, both processes can occur, but
ohly the fast on'e dominating. The relaxation times for the two procesées

are given by

2 L
/1, = A £3[<AlV[B>| [exp(A/kT) - 1] (8)
’ 3 . 2 s ’ .
Uty =AS |<A|V[C>_| Coth 5 = 9) .
3
A=——"1T+—+
2mph*y®

where Tor and-'rD are the relaxation times for the Orbach process and the
direct process respectively,‘ﬁ_is Planck's c0nstaﬁt, p is the density of
the solid, v is‘thesvelocitonf sound in the solid and k is -Boltzmann's con-
stént, A and § are the energy differences shown in Fig. 23. The term
<A|V|C> represents the matrix element between the stétes A and C caused
by the interaction V due to the phonon strain field. (For the Orbach
process, <A|VIB> = <A|V|C> has been assumed.) At low temperatures, the
relaxation time for the Orbach process has the form
2 A ' h
/Ty, = A A3|<A|V|B>|  exp(- H)‘ : (10)

which has the appearance of a thermally activated process, while the re-

laxation time for the direct process has the form

1/t

L2
p = A 83| <A|v|c>| (%). T (11)

which depends on temperature linearly.



Figure 23.

(a)

(b)

(b)

The Orbach process. The transition occurs by
the absorption of a phonon with the transi-
tion from state A to state B, followed by the
emission of a phonon with the transition from
state D to state C. The rclaxation time has
an exponential téemperature dependence with an
activation energy A.

The direct process. The transition occurs by
the emission of a phonon with the transition
from state A to state C. The relaxation time
has a .linear temperature dependence at low
temperatures.
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From the energy diagram and the céupling between the states, it is
possible to identify all thevﬁelaxation processes that cah be predicted by
the model. First of all, the C' strain lifts the degeneracy of the first
excitéd states, so that repopulation of the states is expected. Since
these states are not coupled to each other, a direct process‘is not allowed.
However, they do couple to E_. and E8 through a C44 mode, so that an Orbach

5

process can occur. The relaxation time is

1/t = A(‘%ﬁ)2 [Ai exp(—Al/kT) + A% exp(—Az/kT)] (iz)
where
Ay = Eg — E, = 2(8 - a)
b, = E8 - E, = 2(B + a)
<, |8, lve> = <u, 1, [vg> = 78 (see the Appendix)
V2

Transitions can occur through two intermediate states E5 and E8, but only the
faster one will dominate at each temperature.

The decrement A and the elastic constant change are given by the Debye

equations,
Ay T
™ R 1 + w?t?
(13)
aC _ 1

= A\ —
c R 1 + 02¢2
where Ay is the relaxation strength, and w is the angular frequency applied.

A Debye peak is expected in the decrement at wt = 1.

The other possible transition is between El and E&’ or E5 and E8,

through a direct process. These levels are flat for small strains, so that
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no repopulation is expected. However for large internal strains, a direct

process can still be expected. For two levels like E1,4 = -BF(4a? + anz)l/z’
the relaxation strength is givengg/ by

Ay =L @z y2n?_ > (4o? + anz)l/2

R = ¢ G oz + 4207y Sech KT (14)

where C is the appropriate elastic constant. The relaxation time for this

direct process is

2
1/tp = 8kA |<¢1|H'|w4>| (402 + y2n2)T (15)

<¢1|H'Iw4> can be shown to have the form

<p. |H'[p,> = 2 | (16)
1 4 (ha? + y2n2)!/?
So 1/ty = 32kA o?y2 T = BT (17)
with B = :32kA a2y2

Hence the decrement and the elastic constant change can be expressed as

_ wT
a(n) = mhg(n) 1+ w?t?
(18)
LC(n) _ -
C AR(n) 1+ m21.2

With a strain distribution N(n), one can calculate the decrement and Lle

elastic constant change

A Wt
- = l-FwZTZ,J N(n)Ap (n)dn

19
AC 1

< = zj;a§;§'f N(n)AR(n)dn
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The integral J N(n)AR(n)dn can be done numerically, if the strain distri-

bution “function is known.. However, .one can also know the qualitative.behavior

of the decrement-and the elastic constant change by making some approximations.

First of all, AR in Equation 14 can be approximated by

0 ‘ kT < §

A (8) = ,
l_xf_(éz - 4a22 : KT
C kT 82

where 62 = 4a2 + y2n? is assumed.

Secondly a simple square strain distribution function

0 Inl > ng

N(n) =

1

>

(20)

(21)

1 .
Zn, . In] > ny

is used. A corresponding distribution function N(§) can be expressed as

N(§) = Ynl(GZ LISy

The integral then can be evaluated in three regimes:
(a) kT < 2n

For all § > 20 > kT AR =0

Therefore, j N(G)ARdS =0

(b) 20 < kT < 8, = (v2n2 + 4a2)1/2

6 , 20 < § < (ani + 4a2)1/2 =8 (22)

For & > kT Cp = 0
§; (kT - ,
Therefore, N(§)A_d§ = 1y (8 = b ) §ds -
R C kT é 62‘ V2 /
' yn (8% - 4a?)
2a 20 1



kT
_ 1y (62 - 442)'/2
C anl )
20,
-1 _y - 2m2_ 24112
C anl [ (k°T- 4a%)

(c) kT > 61

)
1
1l vy -1 .20
A dS = = - &9
J N(&) R C KTn, [Ynl 20, Cos (61)1
n
T L0

ds

-1 ,20
20, Cos (kT)]

One then can calculate the decrement and elastic constant change

0 kT
A wr 1Y 202 _ 4q2y1/2 _ -1 20 % < KT
- = < 30202 C nlkT [(kéT 4ac) 20 Cos (kT)] o
wTt 1 v _ -1 ,20. "
Th7e7 € nper [Ny 7 2 Cos 7 (] T
(0 KT
AC _ 1 1 v 202 _ 24172 _ -1 20 < kT
= < T ¢ nlkT [ (k4T - 40%) 20, Cos (kT)] o
11y ) -1 20 -
| 1+w?t2 C 1 kT [Ynl 20 Gos (61)]
Two cases wT >> 1 and wT << 1 are considered.
(1) wr>1
__UJ_T_____ = 1_. —_ .B_'E (l/T - BT)

44
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(23)

(24)
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) ' kT < 2a
A 1 vB : 1/2 - ’
L Eﬁzﬂ [(2T2 = 4a2)/? - 24 Cos l( ) 2 <kT <8 (25
1.2 ’
%——YEU—[ynl-ZaCSI(—?-)] : kT>‘§1
[ 0o A ’ . kT < 2o
AC . 202 _ 442 12 _ ' '
c='9%¢ T]—Y-k—mz-[(k'r 40.%) , ( )] 20L<kT<<Sl ) (26)
1 -1 20 '
—Y—z [Yn - 2a Cos ( )] kT > &,
(2) wt << 1
wT W 1 .
= WT = — ) —_— = l . then
1+ w2r2 BT 1 + w2t2
[ o ' KT < 2a
A 1/2
== < %q_ll%uﬁz [(k2T2_ 40.2) /2 _ 2a Cos 1( )] 20 < kT < (51 27)
L - m i@ > s,
(0 kT < 2o
1 )
%= ] %?Yﬁ[(kzﬂ-z;az) /% —ZaCsl( ] 20 < kT <-§  (28)
1 : ' |
1y [yn. - 2a Cos-l_(Z_oc)] kT > 6.
C n kT LS 5, : 1

S
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It can be seen that, when wt >> 1, A behaves like a step function. A
is zero for 0 < kT < 20, then increases almost linearly with T until

kT = § then keeps constant for a long range of temperature until wt = 1.

1’
At wt = 1 the decrement drops to half of the maximum. The elastic constant
change is zero until the temperature reaches 2a/k, then decreases as T2
until T = Gl/k, then decreases slowly as T. A similar discussion can be
applied to the case when wT << 1. One can know how the decrement and
elastic constant change behave from the simple square strain distribution.
However, a more practical strain distribution like a Lorentzian distribu-
tion ought to be used. But the general features of the behavior will not
change much, with only the discontinuity due to the square distribution
smoothed out. Shown in Fig. 24 is a plot of decrement as a function of
temperature for wt >> 1 and wt << 1, with the solid line for a square
strain distribution and dotted line for a Lorentzian distribution. The ny
for both distributions are chosen so that the two curves look alike.

There is another contribution to the elastic constant change which is
from the second derivative of the curved states with respect to the strain.
Since this contribution does not involve any repopulation between eigen-
states, there would not be any decrement change associated with elastic
constant change. For a two state system, this non-relaxing part has a 1/T
temperature dependeﬁce.gé/ Shown in Fig. 25 is a plot of the elastic con-
stant change as a function of temperature for wT >>'1. At low temperature,

it behaves like 1/T. At T = 2a/k, it starts to decrease as T2 until

T = Gllk, then it decreases as T.
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- ey X

-~ CowT>»1

N .
Figure 24. The decrement as a function of temperature for wt >> 1
and wt << 1. The solid curves represent the results
for a square distribution and the dashed curves repre-
sent the results for a Lorentzian distribution.
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Figure 25.

The general feature of the elastic constant change

‘as a function of temperature for a direct process

transition between two eigenstates. At low tem-
peratures, AU has a 1/T temperaiure dependence
arising from the curvature of the eigenstates.

At the takeoff temperature T = 20/k, it decreases

as T2 until the temperature at which all the
states are used up, then it decreases as T.



49

4, Vibrational Levels and Tunnelling Distances

With o and B given, one may estimate the tunnelling distances and the
potential barriers. A one-dimensional approximation to the potential is

assumed .

<

V(x) = 2—° COS(A’;—X) _ ' (29)

where d is the distance between two minima, V0 is the barrier. The fre-

quency of a harmonic oscillator in one of the potential minima is given by

w2 = 272 Vo/md2 (30)

In the case of a deep potential Vov>> hw, the tunnelling matrix element is

given Bygz/
h?  2md2v, 3/4 2 2md2v, 1/2 .
J =85 2 2) exp[- ;(*—EE—Q) ] (31)

It can also be expressed as’

3/4

2 2,.2 .
h2d @00l - @ya?) - (32)

m .n.2h2

J =

In the model, one will have the potential barriers Va’ Vb’ tunnelling
distances a, b and vibrational freduencies wa, wb for the o and 8 tunnelling

matrix elements, respectively.
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IV. INTERPRETATION AND PARAMETER DETERMINATION

1. Low Temperature Ultrasonic Results

The relakation time of the hydr ogen peak has an exponential temperature
dependence, indicating that it is an Orbach process. The slope of the first
excited state energy versus strain, y, determines the relaxation strength. The
energy'differénce between the ground state and the first excited states, 6,
determines the temperature-at which depopulation occurs, which affects the
relaxation strength. The activation energy & in the relaxation time de-
termines the énergy spacing between the first excited states and the upper
state through which the transition occurs. The fitting has been done by
Poker,zzj one may use his results and identify them with our parameters.

The vy, § and A obtained by Poker are y = 90 meV, § = 0.4 meV and A = i.8 meV.
By comparing with our model, one gets a = g—= 0.2 meV and A = 2(B - w),

B = 1.1 meV. Here the dominating transition has been determined to be the
one through E5 but not E8. One can easily verify it by calculating the
relaxation rates for both transitions. Y = 90 meV will be used in the rest
of the fitting.

One can also determine the matrix element <¢2lH44|¢5> from the pre-
exponential factor in the relaxation time. Since 1/1 = 3.89x1010 exp(—1.8/kI)
(with kT in meV), one may compare it with Equation 10 and get <w21H44|¢5>
54 meV, or Y44 = 76 meV (see the Appendix).

For the deuterium step function like decrement result, one knows that.
the relaxation process cannot be an Orbach process. From the discussion
in ﬁhe previous section, one may conclude tﬁat the deuterium result must be
due to a direct process. The fitting for D/Nb = 1800 ppm is shown in Fig. 9.

|

¢
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The distribution function used now is a more practical Lorentzian dis-
tribution. The parameters determined are a = .06 meV and nl = 8 % 10—“.
B cannot be determined here but one realizes that it must be small so that
the Orbach process is not detectable in the temperature range measurements
are taken. There is a factor of two discrepancy between the concentration
used in the fitting and that reported by Poker. This does not seem to be

a éerious problem, since a 50% error in the determination of the concentra-
tion is not unusual.

The elastic constant fitting is shown in Fig. 26. The fit is good at
temperatures below\9 K. There is a discontinuity in slope in the background
near 9 K due to the superconducting effect. This makes tﬁe behaviour of the
velocity curve above 9 K difficult to determine.

The decrement and velocity fitting for another specimen Witﬁ D/Nb =
230 ppm is shown in Fig. 27,' The takeoff temperature is lower in the de-
crement, hence a = 0.048 meV and ny = 6.4 x 10~%. The D/T fit below 2 K is
done by fixing D, WhicH is an independent parameter.

The quantity wT used in the fitting was wt = 21/T, for w = 2m X 107
and T in Kelvin. 'The calculated wt= w/BT, using Equation 17, is only about
2/T. One suspects that the deviation may arise from the accuracy of Equation

9.

2. High Temperature Ultrasonic Results

The high temperature (150-200. K) relaxation peak observed by Mattas and
. 9/ . 28-29/ .
Birnbaum™ and Zapp and Birnbaum—— may correspond to incoherent
hopping through the same sites that would be expected at temperatures high

enough todestroy the coherent tunnelling states. The effective potential
, i .

would not be expected to change much since it should be determined mainly
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Figure 26. The frequency change of the C' mode as a function of

temperature for D/Nb = 1800 ppm. The solid curve is
the fit of the eight-state model with the parameters
o = 0.06 meV and n,= 8 x 10™*. The D/! decrease
below 2 K in the fit is done by fixing D, which is
treated as an independent parameter.



Figure 27.

The decrement per unit concentration and the frequency chénge of the C' mode
as functicns of temperature for D/Nb = 230 ppm. The solid curves are the
fit of the eight-state model with the parameters o = 0.048 meV and

N, = 6.4 X 1074, The 1/T fit below 2 K is 160/T (T in Kelvin).
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by the strongly displaced nearest neighbour niobium atoms with respect to
the oxygen, and less so by lattice relaxation about the hydrogen. One
would therefore expect energy barriers n .3 eV, and both C' (horizontal
jumps) and C4A (vertical jumps) relaxations, as observed. More detailed
studies would be useful connecting the low and high temperature peaks to
see if this is indeed an example of a transition from correlated to uncor-

related motion.

3. Specific Heat

Ait is worth,poiﬁting out first that there remains a large discrep&ncy
. between the Sellers, et al.éj‘data and the.Morkél, Wipf and Neumaierlﬁ/ data;
In the Sellers, ét al. data, the hydrogen responsible for the specific heat
was estimated to be about 50 ppm,_while'in the ﬂorkel, et al. data, the.
concentration of N-H pairs was 2000 ppﬁ, wﬁich.is 40 times larger; however,
the measured specific heat was only 3 times larger. In order to account
for_this large discrepancy, Morkel, et al. claimed that the émount of trap-
ped hydrogen in the samples used by Sellers, Anderson and Birnbaum should
be 350 ppm, which was estimated from the residual resistivity ratio of the
sample.

In our eight-state model, a éoncentration of 50 ppm was needed to ob-
tain a good fit to the Sellers, et al. data. The Scﬁoftky term in Equation
6 was-not used in hydrogen fitting, heﬁce B was not determined for hydrogen.
But in the deuterium data fitting, bofh.a and B were determined. The
Schottky term peaks around .3 K where a little bump is seen. The second
-term in Equation 6 peaks afound 1.2 K, then starts to fall off slowly. The

fitting for both hydrogen and deuterium is shown in Fig. 28, with the solid
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Figure 28.

The specific heat fit of the eight-state model (solid
curve)} and the two-state model (dashed curve) to the
Sellers, Anderson and Birnbau 6/ data. The concentra-
tion used in the eight-state model fit is 50 ppm,
while the concentration used in the two-state model

is 350 ppm. The overall fit of the two-state model

in the deuterium case is had, and the fit at tempera-
tures ahove 1 K in the hydrogen case starts to devi-
ate from data.
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curve representing the calculated specific heat from the eight-state model,
and the dashed curve from the two state model suggested by Wipf, et al.lgj

If one assumes that Morkel, et al. were correct about the concentfation
of trapped hydrogen in the Sellers, et al. data, then in order to account for
the rather small specific heat data, Wipf, et al. would have to use a very
broad strain distribution so that most. of the trapped hydrogen would not make
contributions to the:low temperature specific heat. However, the calculated
specific heat would keep. increasing almost linearly until about'S.K* Figure 27
clearly shows that the two-state model fit deviates from the data axound 1K
for boéh'hydrogen"and deuterium, and the overall fit for deuterium is bad.

One may conclude here that the eight-state model can fit the data well
with a rather small concentration compared with the concentration determined
from resistivity measurements, while the two state model cannot fit the dgta
well with any concentration but can onlylget the magnitude of the measured
specific heat about right, if large strains are assumed.

The parameters determined from ultrasonic and specific heat data are

collected in Table 1.

Table 1. Parameters a, B, n, Determined from Ultrasonic Data
and Specific Heat Data for Hydrogen and Deuteériuii.

. Ultrasonic . . Speciflc Heal
w 0.2 mav 0.14 mev
Hydrogen B 1.1 meV -
n - 2 x 107
1 . X
o 0.06 meV 0.1 meV
Deuterium R - 0.03 meV
ny 8 x 107" 1 x 107"
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One can see that the o and 8 agree rather well from different fittings.
The Ny from the ultrasonic data is eight timés larger than that from the
specific heat data for the Aeuterium case. This is reasonable, because in
the specific heat fitéing, only 50 ppm érapped deuterium .was in the sample,

while in the ultrasonic data, there was 1800 ppm trapped deuterium.

4. Thermal Conductivity

With the ¢ and B known, one may calculate the energy gaps for all the
possible resonance transitions. Table 2 lists all the energies between
the states that have nonzero matrix'elemen;s through C' or C44, with the
upper value for hydrogen and lower value for'deuterium.

-~

Table 2. Energy Difference in meV Between the Levels That
Have Nonzero Matrix Elements ‘Through C' or C44.

El E2 E3 E4 ES E6 E7 E8
c' 0.8 c. 2.6 |c.. 2.6
Ey 0.24 44 518 | %% 0.18
c., 1.8 C.. 2.6
E) 44 5.06 4% 518
c . 1.8 C.. 2.6
Ey 44 5,06 44 .18
¢ 1.8 |c. . 1.8
Ey 44 5.06 | 4% 0.06
' c' 0.8
E, 0.24
Eq
E;
Eg
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One then can expect phonon resonant scattering at a temperature

e 2/
T = 3.8k ° Hence rhe temperatures at which phonon resonant scattering
will be expected are 2.4 K, 5.5 K and 8 K for hydrogen, and 0.18 K, 0.54 K
and .73 K for deuterium. 1In Fig. 3, one can see that the mean free path
minima are at 0.8 K for hydrogen charged sample and 0.1 K for deuterium
charged.sample. In the hydrogen case, it seems that our model does not

30/

predict the temperature observed. However, it has been shown™" thal the
phonons can also be scattered from dislocations in Nb, and this interaction
produces a minimum in the mean free path around .8 K. The preseﬁce of H in
Nb may enhance the dislocation scattering caused by the dislocation loops !
punched out by B-phase hydride as the sample is cooled. Hence it is not
inconsistent with our model. 1In the deuterium case, the model does predict
a phonon resonant scattering at 0.18 K, which is c}ose to the 0.1 K observed.

The other two temperatures 0.54 K and 0.72 K, predicted by the model, will

also be mixed up'with the dislocation scattering, and hard to separate.

5. 1Inelastic Neutron Scattering

The smallest energy gap in the hydrogenzcase is 0.4 meV, which is the
enérgy difference between the ground state and the first excited states.
It seems that it is inconsistent with the energy 0.19+0.04 meV obtained
from the inelastic neutron scattering experiments by Wipf, et al.l§/
However, the sample they used had 1.37 oxygen and 1.67 hydrogen, a large
.internal strain would be expécted. From the energy diagram fo; hydrogen;
one can see that the energy difference between the ground state and the

first excited state will be reduced at large strains. Hence the energy

0.19 meV is not incompatible with our model.
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6. Tunnelling Distances and Potential Barriers

From Equations 30 and 32; the a, B in Table 1, and the neutron vibra-
tional 1eye1s, 0.11 eV-and 0.16 eV, one can calculate Va’ Vb and a, b for
hydrogen. Since the.-vibrational levels for. the trapped . deuterium have pot‘
been reported, it is assumed here.(may not be good) that they are the same as
those of the:free deuterium.- There are two vibrational levels with the high-
er one degenerate, one does not know whiéh levels shduld be used for the a,

‘B -tunnelling. For the present'calculation, we simply_use.the two deéenerate
levels, andAdemonstréte later that it is a reasonable assumptién based on some
potential caiculatiqn. ‘

Tablé 3 lists a, b, Vae Vb’ and r (the O-H or 0-D distance calculated

from a and b) for hydrogen and deuterium.

Table 3. - Tunﬁelling Distances a, b, Energy Barriers

Va’ VB and O-H, O-D Distance r

Hydrogen Deuterium
a ' 1.04 & 0.92 }
[+] [+]
b 0.9 A 0.95 A
r 0.86 & - 0.81 &
Va 340 meV ‘ 300 meV
Vb 260 meV 320 meV
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The O-H distance calculated seems to be small. But if one takes into
account that there might be some off-center displacement of the 0-H C.M.,él/‘
and that the hydrogen wave function is extending out away from the oxygen
(explained in next section), the real distance should be larger than the ®
calculated 0.86 &. This rather small distance also may be due to the elec-
tronic shielding in the‘metal lattice. The deuterium result is based on
the assumption that the trapped and the free deuterluw have the same vi- ®

brational levels, which have not been observed experimentally. One should

not take ‘it too scriously.

7. A Simple Potential Calculation

It remains to be demonstrated that the equilibrium positions assumed
in the model are reasonable and that the energy levels found in neutron
spectroscopy are not incompatible with this model.’

A poténtial for the Nb-H interaction has been proposed by Sugimoto
32-33/

and Fﬁkai, consisting of two Born-Mayer terms, one short-range and
the other long-range. The parameters of this potential were chosen to fit
the neutron spectroscopy energy levels and tbe observed strain field an-—
isotropy of hydrogen. With the potential, they calculated potential maps
and wave functions numerically taking account of lattice relaxation by a
self—consistent procedure for several configurations of free (untrapped)
hydrogen, including the tetrahedral (1T), octahedral (0), and ring of four
tetrahedral (4T) configurations. The shoft range part of the potential

was thé most important part. They found that the tetrahedral configuration

(1T) had the lowest energy with the potential map given in Fig. 29(a). The

ground state wave function is centered at a tetrahedral site, but the
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Figure 29. (a)

(b) -

The equi-potential contour for a self-trapped
hydrogen on a tetrahedral site labeled S.
The potential is given by Sugimoto and Fukai.32:33/

The equi-potential contour for the trapped hydrogen,
using a A/r® potential for the Nb-H interaction

and AR/r® for the O-H interaction. The oxygen is
located on an octahedral site, and the two poten-
tial minimum positions labeled a, e are on the
plane of the face of a unit cell. The potential

is soft along the 0-H direction. '
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excited state wave functions extend out to neighbouring tetrahedral sites.
In spite of this anharmonicity of the potential, the observed excitation
energies seen in neutron spectroscopy were approximatedAwell.

A full calculation of this type for the present model has not been
attempted. An approximate calculation of the potential'has-been made using
a simple potential of the form A/r® for the Nb-H interaétion, with AR/r®
for the O0-H interaction, and assuming a displacement D for the niobiums
which are nearest neighbours to the oxygen. The potential gives a similar
map for the potential along a T-0-T path to -that given by Sugimoto and
Fukai (4-T model) for an assumed (constant) relaxation of 11.6%. It is
not intended here to obtain accurate results, But'only toAsee if the
general features of the modgl can be obtained in a reasonable way.

It was found that the postulated eight minimum positions can be ob-
tainéd by adjusting R and D.. Shown in Fig. 30.are the equi-potential
contours for two planes, oﬁe with the oxygen and two potential minimum
positions a and e on it, and the other one with potential minimum posi-
tions a, e, b and f on it. The potential has been normalized so that the
barrier between a and e is around .4 eV. One could solve the wave equation
to get the energy levels; however, one can easily sece from Fig. 29 that the
two "frequeqcies" in the @ and B tunnelling directions are about the same,
while the "frequency'" in the O-H direction is smaller. Furthermofe, by
comparison with the Sugimoto-Fukai pofential in Fig. 29, it is possible to

imagine that the two high "frequencies' are about the same as for the

. tetrahedral 1T.site.

The fact that the potential is rather soft along the O-H direction

could be used to account for the rather small 0O-H, O0-D distance calculated



Figure 30.

(a}

(b

Equi-potenzial contour on the plane with oxygen and two
potential minimum positions a, e on it.

Equi-potenzial contour on the plane with the four poten-
tial minimum positions a, b, e, f on it.

99
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before, since the hydrogen wave function is expected to extend out much
more in this direction, meaning a larger O-H or 0-D distance.

The parameters R and D used are 5 x 1073 and .18a (a is the lattice
constant). The small R indicates that the O-H interaction is small, com—
pared with the Nb-H interéction. Thé displacement D is bigger than the
-one .142a3 obtained by Blanter and Khachaturyanéé/ using a lattice statics
theory. For D = .142a, we find a second shallower minimuﬁ near the
second nearest neighbour‘tetrahedral site of the oxygen.

Since the real potential is not known, and the approximation used here
is extremely crude, this calculation cannot'Be taken seriously numericélly.
However, we believe that it demonstrates the existence of the main topo-
logical features required, with two high "frequencies'" and one low, so that
one cannot conclude from thg neutron spectroscop& data that the trapped
hydrogen must be on tetrahedrél sites, and that these sites must be far
from the oxygen. The‘calculation suggests instead that the main effect
of the displaced niobium and the oxygen atom is to displace the potential
well, rathef like the familiar rigid displacement of a harmonic oscillator

potential in an external field.

'
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 PART B

V. EXPERIMENTAL TECHNIQUES AND APPARATUS

1. Sample Preparation

Two specimens were used for ultrasonic measurement. One of them,
cubic -and slightly larger than one centimeter dimension, was spark cut
from a six inch section of a single crystal niobium rod one inch in di-
ameter whicﬁ was supplied by Dr. H. K. Birnbaum. The second one of about
the same size, was prepared from a boule of 1/2 inch diameter single
crystal purchased from MRC. The surfaces were all oriented with one set
of (100) faces and two sets of (110) faces. The orientation was done by
the x-ray scattering technique developed by Ochs;ééj The surfaces were
mechanically polished by mounting in a stainless steel polishing disk and
using diamond or aluminum paste as an abrasive.

Tmpurity analysis indicated that the primary impurity was Ta with
soﬁe amounts of N, O and C. The concentrations of these impurities for
both samples are given in Table 4. After a few rums, Nb2 was annealed

at 2500 K in an ultra high vacuum of 10711 Torr for a week. The oxygen

content in this sample was estimated to be around 20 ppm.

Table 4. Impurity(Concentrations in Atomic ppm.

Nbi Nb2

Ta ' 200 . ' 100
C 70 60
49 i 80

0 64 200
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2, Hydrogen and Deuterium Charging

Sample charging with hydrogen or deuterium was done from the gaseous
phase at high temperature. It consisted of heating the specimen to about
800°C in a vactuum of 107° torr; At this temperature, the impermeable
oxide on the sample surfaces would dissolve into the metal and allow
hydrogen to diffuse in. Hydrogen or deuterium which had been purified
by diffusing through é Pd-Ag membrane was introduced irito the sample
chamber at the pressure required to equilibrate the concentration of the
gas in the sample. The thermodynamic relationéhip for niobium-hydrogen

36/

system in equilibrium at low concentration values is given as—

log C = 0.5 1ogP - 2.43 + 1840/T | (33)

where C iﬂ atZ, P in mbar, T in K. As the temperature of the sample was
lowered, the pressure of the gas was correspondingly reduced to maintaiﬂ
equilibrium. At thé end of slow cooling (about 150°C), air was admitted
briefly into the system to reoxidize the niobium surface and so confine

the hydrogen within the sample.

The concentration was checked again by weighing the sample on a micro-
balance before and after charging. It was discoveréd that the concentra-
tion of gas in the sample was always lower than‘the‘value expected from
thermodynamic considerafion. A 50% discrepancy is not unusual for

CH < 500 ppm, but it gets better for higher hydrogen concentrations.

3. Ultrasonic Measurement

The ultrasonic waves were generated by unplated 1/4 inch diameter

10 MHz transducers. The transducers were bonded to the sample with Nonaq
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stopcock grease. Because of the difference in thermal expansion between
~ the quartz and niobium sample, great care had to be taken to insure the
survival of the bond while cooling fast from 230 K to helium temperature.

The procedure for making a good bond is summarized here. First the
sample surface and transducers were cleaned in acetone thern dried and
heated to about 40°C. A drop of Nonaq was outgassed by gently heating
under vacuum for a few minutes. A small amount of the Nonaq was then
applied to the sample surface and the transducer was gently pressed into
place. The quality of the bond can be judged visually through the un-
plated transducér and tested at room temperature using a Sperry Attenua-
tion Comparator.

Attenuation measurements were performed using Matec Models 6600 and
2470A pulse echo generator and attenuation recorder. The pulse generator
was frequenc& variable and generated a pulse about one microsecond in
length. The frequency could be adjusted to any odd harmonic of the
transducer fuﬁdamental frequency, allowing a large variation in the
measurement of decrement versus frequency. The attenuation recorder
measured the logrithmic difference in amplitudes of two echos in units

37/

of decibels. The decrement was obtained by the relation™
A = A/8.68f ' (34)

where A is the attenuation in dB/usec and f is the frequency in MHz.
A detailed description of the attenuation and velocity system is
38/.

given by Hultman—ﬁ/ and Wong.—

The corresponding elastic constant is given by

C = pv? - (35)
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For small change in velocity, the frequency is related to the corresponding

elastic constant by

e . 36)

Measurement of the frequency of the 10 MHz wave is efficient to de-
termine relative change in the elastic constants. It is possible to mea-
sure change in frequency as small as 1 Hz, corresponding to a sensitivity

of 2 x 1077 in the elastic constant.

4. Cryostat ' i

The initial experiments were performed using a He3 refrigerator which
was designed for temperatures ranging from 0.5 K to 60 K. It turned out
later that quenching the sample from 250 K to helium temperatufe was
necessary to prevent hydrogen<from precipitation, and the low cooling
power He3 refrigérator was not good for our experiments. Hence the later
experiments were performed using the other cryostat which was originally
designed for radiation damage experiments. The cryostat and temperature

36/ 38/

measurement and control system are described by Hultman™ and Wong.=—

5. Experimental Procedure

Background‘runs were done on the initial slow cooling (0.5 K/min)
from room temperature to 2 K. A steep drop in attenuation was always
observed in the temperature range from room temperature to about 240 K
probably because of the gradugl freezing of the grease bond. The super-
conducting contribution was predictable and could easily be accounted for.
The contribution by hydrogen to the attenuation therefore was easier to

determine.
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Quenching usually was done after background runs. The sémple-tem—
perature was raised to 240 K for about an hour to, let the precipitated
hydrogen redissolve into solution. fﬁen with the throttle valve all the
way open, the sample was quenched to helium temperature. The quenching
rate was estimated to be about 2 K/sec. Attenuatibn and velocity measure-
ments were made for 10 and 30 MHz from 2 K to 30 K.

The annealing program consisted of a series of linear temperature
ramps from 5 K up to a chosen anneal point followed by a 10 minute anneal
and a linear ramp back to 5 K. After each anneal point, the attenuation
were measured from 2 K to 30 K. The annealing point was chosen to start
from 60 K for hydrogen, since usually below 60 K the 10 minute anneal would

not affect the relaxation peaks.
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VI. ANELASTIC RELAXATION

A crystal containing a dilute concentration of point defect will
produce a distortion of the neighboring atoms to accommodate, the solute
atom. If the atomié configuration of the defect has a symmetry lower than
that of the host crystal, then the defect can take up several equivalent
but distinguishable orientations in the crystal. Under“zero‘stress, the
equilibrium occupation of all the available sites is simply a randomone
in which the défect population is divided equally among the different
orientations. Due to the aﬁility of a given defect to move from one ori-
entation to another by thermally activated jumps, it should be borne -in
mind that the equilibrium state is a dynamic condition which c;n also be
fhought of as the result of each defect spending equal amounts of timé
inveach of the equivalent orientations. Thé appiication of an appropriate
stress can remove the-degenefacy, causing a repopulation of the number of
the defecté in the vafious orientations. Thg stress induced ofdering leads
to the production of an additional lattice_strain due to the correéponding
ordering of the distortion surrounding the defect. This additional strain
is reflected in the elastic constant and internal friction. The process
whereby an applied stress leads to érdering of an internal variable which
produces a change in the elastic constant is referred té as an aneléstic
relaxation.

A good review of anelastic relaxaﬁion is given by Nowick and

39-40/ 41/

Heller—— and Nowick and Berry.—~ The results that are relevant to

the discussion will be presented here.
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Transitions between defect orientations are assumed to occur with a
characteristic time, defined as the relaxation time, T. Wher; an external
stress with an angular frequency w is applied, the response of the decre-
ment, A, and the relative change in the elastic constant, AC/C, are given | ] ®
by the well-known Debye equations (Equation 13 in Part A). The relaxation

strength AR is temperature dependent, and for classical systems is given

by ®
. Bev,
Ag = 7T C(8M) @3N
where B is a dimensionless geometrical constant, <, is the atomic concentra- ®

tions of defects, v, is the mplecular volume, C is the appropriate elastic
const.ant, k is Boltzmann's constant, T is the temperature and 6\ is the
shape factor of the defect derived from differencgs between the principal L
values of the lambda t:ensor.' The lambda tensor describes the strain pro-
duced in the crystal per unit‘l concentration of the defect.
The temperature dependence of the relaxation strength for a quantum [
system can be very different from that given above. 1In general, the re-
laxation strength will approach the classical value at high temperatures,
but can exhibit deviations at low temperatures.
The forms of the response functions are simple whén exprgssed as func-
tions of wt. Since it is usually difficult to vary w by more than one order
of magnitude when measuring any sample to cover various frequencies. It is - ®
usually simpler to vary 1. by varying the temperature. The temperéture 'de—-
pendence of T may take various fun;tion forms, but often the function follows

the Arrhenius equation, : ®

T =T exp (Q/kT) ' (38)
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where Q is the activation energy and k is Boltzmann's constant. The
response functions for this temperature dependence are displayed in:Fig.
31. The decrement shows a peak where wt = 1. The response in the elastic
cohstant is different. At low ﬁemperatures, where t is very large, AC/C
is small because the defect does not move fast enough to make a transition
during a cycle of stress. At higher temperatures, the elastic constant
decreases, the dispersion occurring in the same temperature range as the
peak in the decrement. At still higher temperatures, instead of becoming
constant, the elastic constant rises again to its iow temperature value.

This occurs because of the 1/T temperature dependence of the relaxation
f

strength as seen in Equation 38.
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A\
A\

Figure 31. The decrement A, and elastic constant change, AC/C,
’ for an anelastic relaxation as functions of tem-
perature. The decrement peak and the elastic
constant decrease are centered at a temperature
where wt = 1.
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VII. EXPERIMENTAL RESULTS

1. Hydrogen Results

&
In the present work, measurements of ultrasonic attenuation and
1

velocity in dilute Nb-0-H alloys were made as a function of temperature,
frequency, polarization, annealing temperature and isotope. In addition
to the stable 2.5 K-relaxation peak (peak 1) found by Poker, et al.,gg/
‘an additional low temperature isotope sensitive peak (ﬁeak 2) was found
when the specimen was rapidly cooled to helium temperature.

Sﬁown in Fig. 32 is a plot of decrement versus teﬁperature for a
10 MHz C' mode in a niobium crystal containing about 100 ppm O and 700 ppm
H after a rapid cool down from 240 K, followed by annealing at 70, 80, 90,
100 and 120 K. The decrement is made up of a temperature independenf
background due to bonding and diffraction iosseé, an electronic contribu-
tion proportional to the eléctriéal 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 ati2.5 K inéreases
only a small amount. Both peaks were observed in the C' mode, but not in
the 044 mode.
Figure 33 shows the decrement.versus temperature for three niobium
- specimens with differing oxygen contents after rapid cboling from 240 K.
The hydrogen concentration is much greatér than the oxygen concentration.
The background has been subtracted in this figure. ‘The peak heights scale
with the oxygen concentration, while the electronic contribution decreases

with increasing impurity content. The background attenuation at the Nb

superconducting .critical temperature shows a discontinuity which is
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Figure 32. The decrement versus temperature for a 10 MHz C'
mode in a nioblium crystal containing about 100 ppm
0 and 700 ppm H after a rapid cool down from 240 K,
followed by annealing at 70, 80, 90, 100 and 120 K.
The discontinuity near 9.2 K is due to the transi-
tion from normal state to superconducting state.
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The decrement versus temperature for three niobium
specimens with differing oxygen concentrations
after rapid cooling from 240 K. The superconducting

-drop near 9.2 K is sensitive to the oxygen content.

The height of peak 2 is also related to the oxygen
content.
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sensitive to the oxygen concentration. In the purest sample (after one
week UHV anneal at 2500 K), the discontinuity drop was large but peak 2
was small.A However, in the sample with about 200 ppm oxygen, the drop
was hardly observed and peak 2 was large. After unloading the hydrogen
iﬁ the specimen, a small discontinuity was found. The superconducting
effect in the background attenuation serves as a monitor for the impurity
content.

The decrement as a function of temperature'fof various frequencies,
from 10 MHz to 70 MHz is shown in Fig. 34. The superconducting effect
increases as a function of iﬁcreasing frequency. The shear wave attenua-

42/

tion due to conduction electrons is given—— in the low frequency limit

(electron mean free path << ultrasonic wavelength) by

2 2 . ’
A = (@2_5_) (3“2N)2/3 (B_g) (39)
pVv S5e

where f is the frequency of the sound wave, p is the samplec denoity, v is
the sample veloéity, N is the number of electrons of charge e per unit
volume, and o is thé electrical conductivity (all in Gaussian units). The
decremenf can be obtained by A = A(dB/usec)/8.68£(MHz). Hence the decre-
ment scales linearly with frequency and conductivity. The resistivity due
to oxygen in Nb is 5 uQ°cm/at%,ﬁ§/ 100 ppm oxygen'corresponds'to 5 x 10~2
Cuflecm. ' The calculated decrement for 10 MHz is about 9 x 1073, whicﬁ.is
smaller than the i*asured value 1.6 x 10™*. The figure also shows that the
discontinuity drOp'sgales roughly linearly with frequeﬁcy.

The two peaks shift to highef temperatures as a function of increasing

22/

frequency. The relaxation time of peak 1 has been shown by Poker— to
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have an exponential temperature dependence with an activation energy of
1.8 meV. The relaxation time of peak 2 as a function of temperature is
plotted in Fig. 35. It also has an exponential temperature dependence with
an activation energy of 5.5 meV, and a frequency factor of 2.96 x 1011,

Thé temperature dependence of the relaxation strength of peak 2 was
obtained by plotting the peak heights (with the electronic contribution
subfracted) as a function of inverse temperature, which is shown in Fig. 36.
Due to the large superconducting effects at higher frequencies, the error
is rather large. However, one can still see roughly that it has a 1/T
temperature dependence, and does not show the quantum depletion effect

observed in peak 1.

2. Deuterium Results

Shbwn in Fig. 37 is 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 was buried in peak 2, which appeared near 10.5 K with
a high temperature shoulder. Also shown in Fig. 38 is the same plot but
for a 30 MHz C' mode.

The large attenuation at higher frequencies made it difficult to take
any measurements, therefore only 10 MHz and 30 MHz attenuation measurements
were made for deuterium charged samples. With only two relaxation fre-
quencies, it is hard to determine the temperature dependence of the relaxa-
tion time. But roughly speaking, the péak shifts to higher temperatures -
as a function af increasing frequency. If an Arrhenius dependence of re-
laxation time with temperature is assumed as in the hydrogen case. The

activation energy can be obtained. Shown in Fig. 35 is a plot of relaxation
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Figure 37. The 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 cool down from 240 K, fol-
lowed by annealing at 80, 90, 100, 110, and 120 K.
The peak appears at 10.5 K and has a high temperature
tail. :
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frequency versus 1/T. The activation energy and frequency factor thus

determined are 4.6 meV and 1.79 x‘lOg,respectively.

3. Annealing thavior

The annealing behavior of the hydrogen peaks is interesting. As
mentioned earlier, peak 1 incfeased a litﬁle, while peak 2 annealed out.
To find out whether fhe growth of peak 1 ig correlated with the annealing
of peak 2, one has to decompbse the two peaks. This is difficult due to
the fact that peak 2 is large compared with peak 1 and they are not far
apart. One may assume that each peak.has a fixed shape, during anpealing,
only the peak height is changing bdﬁ not thé shape. The shape of peak 1
can be feadily obtained from the 120 K anneal data, because peak 2 is gone
with only peak 1 left. The shape of peak 2 is uqdetermined. |

If one assumes that peak 2 is a Debye éeak,.then the contribution of
peak 2 tail at peak 1 can be obtained. By subtracting this contribution
f;om peak 1, one gets the real height of peak 1. With the shaﬁe and height
known for both peaks, 6ne can add them up to see if the resultant can fit the
data. Figure 39 shows .the result for the case assuming that peak 2 is a Debye
peak. The dashed curves are the two decomposed peaks. The dotted curve is
the sum of these two peaks. The sélid,curve is the data. It clearly shows
that the fit is bad in the temperature region in betweeﬁ the two peéks.
Different shapes for peak 2 were used uﬁtil a good fit was achieved. Figure
40 shows the example of a good fit, with the dashed curves representing the
two decomposed peaks and the solid curve representing the data. With the
peak shape determined this w;y, the two peaks were decomposed for each an-

nealing temperature.
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Decomposition of the two peaks with .the assumption that
peak 2 is a Debye peak. The two dashed curves represent
the two decomposed peaks and the resultant of the two is
the dotted curve, which is a bad fit to the solid curve
(data). :



Figure 40.

Decomposition of the two peaks. The dashed curves are

the two decomposed peaks and the solid curve is the
data.

89
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The annealing data for the two decomposed peaks are plotted in Fig. 41.

The curves show the normalized magnitude of each peak after a 10 minute
anneal at the.indicated temperature. The first peak increases by about

15% while the second peak anneals out. Shown in Fig. 42 is a plot of peak
heights 1 versus 2 at each annealing temperature. A linear relation can

be observed showing that the defects responsible for peak 2 become the
defects responsible for peak 1 auring annealing. Since peak 2 is‘about

6 times larger than peak 1 and the defect concerntration of peak 2 is only
about 15Z that of peak 1, one may éonclude that the relaxation strength of

peak 2 is about 6/.15 = 40 times greater than that of peak 1.

4. Velocity Measurements

Velocity measurements were made from 0.6 K to 20 K for 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 plotted in Fig. 43.

The 1/T decrease at low temperatures is much stronger than observed by
Poker.gg/ It is understandable because the sample had only 100 ppm oxygen.
The little bump at 2.5 K apparently is due to peak 1, which is present

in both slow cooling and fast coolipg processes. The dispersion around 6 K
is seen only in a fast cooling process, indicating that the second peak is

due to a relaxation process.
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Figure 43. The frequency change versus temperature for a 10 MHz
' C' mode in a niobium crystal containing about 100 ppm
O and 700 ppm H. The so0lid curve represents the result
of a slow cooling process and the dashed curve repre-
sents that of a fast cooling from 240 K. The little
bump near 2 K is seen in both slow and fast cooling
@ _ processes. The .decrease near 6 K is present only in
the fast cooling process.
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VIII. INTERPRETATION AND DISCUSSION

1. Interpretation

Quenching experiments on Nb with dilute concentrations of oxygen and
hydrogen (or deuterium) by Hanadaéé/ and Engelhardﬁﬁ/ showed a resistivity
increase at low temperatures, indicating that hydrogen was.frozen into the
lattice. The annealing data also showed that most of the quenched-in re-
sistivity annealed out between 4;2 K and 100 K. Two major recovery stages
were found, one centefed at 40 K and the other at 80 K.  The 80 K stage was
observed only in the specimen with higﬁ oxygeﬁ content. It was interpreted
asAthe'detrapping of hydrogen freed from oxygen interstitials; However,

since Pfeiffer apd'Wipfléj had shown that:the -0-H pair was rather stable at

BOuK,”ie:was suggested by”Hahadaiil that the quenched-in defects were OHn1
. complexes with n %-2&4; |

Our annealing data showed that peak 2 annealed out at the same tem-
perature, both for HAand D, as those found by Hanada for quenched specimens.
Also from the data measured on differing oxygen contents, one can know
that the defect responsible for peak 2 is associated with oxygen. The
correlation between peak 1 and peak Z during annealing shows that peak

2 arises from an OH, complex. In 'a slow cooling process, one oxygen traps

2
only one hydrogen at low temperatures, and this O-H pair is rather stable.

In a rapid cooling process, some of the oxygen traps more than one hydrogen,
forming an OHZ.*'However, the second hydrogen is less strongly bound than the

first one. During annealing, detrapping of one of the two hydrogens occurs

and an OH2 becomes an OH with the freed hydrogen going into precipitates.
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The simple interpretation can be expressed more properly by rate
theory. First one can assume that hydrogen atoms are mobile in the
lattice with'a migration energy of Em’ and that oxygen atoms are immobile.
As hydrogen is migrating through the lattice, if it sees an oxygen, an OH
may be formed, if it sees-an OH, then an OH2 may be formed. These reactions.
can be expressed as

0O+ H— oH

OH + H =— OHp

The rate equations describing these reactions are

dc

OH _ _ _ _
Tl vCoCHexp( Em/kT) vCOngp[ (E1 + Em)/kT]
+ \)COHZexp[-(EZ + Em)/kT] = vCCopexp (-E_/KT) (40)
dCOH?
== - \)COHZex‘p[—(E?-i- E )/KT] + \)CHCOHexp(—I:.m/k'l) (41)
where CH’ CO’ COH’ COH2 are the hydrogen, oxygen, OH and OH, concentrations,

respectively, Ey is the migration energy of hydrogen, E; is the binding
energy between O and H, E, is the binding energy between OH and H, Vv is
the vibrational frequency of hydrogen in any configuration (H, OH or 0H2).

Conservation of total H and O further requires

(@]
I

g =%yt Cogt? COH2 (42?

C.=C..+C. . +¢

0 OH OH, (43)
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Since in all the experiments, CE >> Cg , one may assume that the

hydrogen concentration can be approximated by that for a pure sample,

which has the form

CH = a exp(-AH/KT) . ’ ; (44)

with the rest of hydrogen precipitating into B-phase hydrides. AH and a
have been determined by Pfeiffer and Wipfléj to be 0.12+0.015 eV and
4.7+0.9, with Cy given in H/Nb ratios.

In thermal equilibrium one has dCOH/dﬁ = 0 and dCOHé/dt = 0, whence

COH2 = CHCOH exp(Ez/kT) | (45)

COH

CH CO exp(El/kT) .” (46)

One then can solve Equations 43, 44, 45 and 46 for C0H2 and COH' The solu-

tions are

Con, a2exp[(E1+ Eo- 28H)/KT] ~
C('J)?. = aZexp[(E1+ E,~ 20H)/KkT] + a exp[(Ej— AH)/kT] + 1 (47)
Con a exp[ (E1- AH)/KT] (48)
C(T) - a?exp[(Ej+ Eyp- 24H)/KT] + a exp[(E;- AH)/KT] + 1

The annealing process is rather complicated. At 80 K the second hydrd—
gen of the quenched-in OH2 may escape and becomes a free hydrogen migrating
in the lattice. It can either precipitate or form another OH, when it sees
an OH. Since the p?ecipitation mechanism is not known, it is difficult to

obtain the binding energy‘E2 from the annealing data. However, E2 cannot
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be greater than El’ otherwise one would get only OHp, instead of OH, at

low temperatures. A rough estimate of 0.07 eV for E, and 0.1 eV for Em

2
was used to calculate the equilibrium concentrations for OH and 0H2.
Shown in Fig. 44 is a plot of these two concentrations versus temperature,

with E. = 0.13 eV, AH = 0.12 eV, E

L = 0.07 eV, a = 4.7 and cg = 100 ppm.

2
It shows that at room temperature, the specimen has certain fractions of
0, OH and OHZ. As the specimen is cooled down slowly, the OH, concentra-
tion decreases and the OH concentration increases. At low temperatgres,
each oxygen traps only one hydrogen, no OH2 remains. lBut if the specimen
is cooled rapidly, a high temperature configuration with some OH2 will be
frozen in. Since the annealing data showed that the quenched-in configur-
ation had a C__/C ratio of 6, the frozen-in temperature could be around

OH' “OH,
130 K.

2. Discussion

A model using the same tunnelling sites described previously is pro-
posed for OHy. The two hydrogen atoms trapped by the oxygen may occupy
two of those eight sites. However, according to Westlake,éé/ the short-
est distance two hydrogen atoms can have in a metal is about 2 R, one then
assumes that the two trapped hydrogen atoms have to stay on the opposite
sides of the oxygen. Both hydrogeﬁ atoms can tunnel but they have to move
togcether to keep H-0-H straight. LEBecause the two hydrogen atoms are iden-
- tical, only four states are expected, i;e., (a,g), (b,h), (c,e), (d4,f),
where (a,g) represents two hydrogen atoms. occupying site a and g respec-

tively, and similarly for the otlers. The state can change from (a,g) to

(b,h) when the hydrogen at a going to b, and the hydrogen at g to h, with
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a tunnelling matrix element o. The state can also change from (a,g) to
(c,e), when the hydrogen at a tunnelling to e and the hydrogen at g tunnel-
ling to c¢ with a tunnelling matrix element B.. A 4 X 4 matrix can be con-

structed with the two tunnelling matrix elements a, B

0 o B o.
a 0 a B

o 0 o
o B o ()

Diagonalizing the matrix, one gets the four energy levels. Similar to the
OH, the energy levels as a function of C' or C44 strains and the coupling
between these levels can belobtained.

4

The energy levels for the C' strain can be expressed analytically
& :

E) , = =B % yn (49)

B34,

BT (4a2§+ y2n2)1/? | (50)

i

and the non-zero matrix elements at n = 0 through C44 are

<y [, ey = b, 8, vy = Yuu!2 (51)
Vol lv> = <yl lv> = 7,172 | (52)

where y and Yy, are the stréin coupling constants (see the Appendix).
Shown in Fig. 45 are the enérgy levels as a function of C' strain. Since
wl and wz are degenerate, an Orbach process can occur when a C' strain is

applied. . A C,, strain splits the degenerate states quadratically, hence
44

no C44 effect is expected.
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Figure 45. The energy levels as a function of C' strain for the
four-state system. The first excited states are

degenerate.” A C' strain will split the degeneracy
linearly.



102

If 8 > a, then the energy d}fference between the ground state anﬁ
the first degenerate excited stakes is 2(B - a). Since the measured
relaxation strength has a 1/T temperature dependence, the energy 2(B - a)
cannot be determined. The only information about o and B one can get is
from the activation energy of the Orbach process, which is 2(8 + o). By
comparing with experimental results, one gets 2(B + o) = 5.5 meV. One
can also estimate y by comparing with the relaxation strengths of OH and
OHy. Since the relaxation strength is proportional to Yz,ggj and the

OH, relaxation strength is about 40 times larger. The y for OHy then is

V40 x 90 meV = 570 meV.
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IX. SUMMARY

A review of all the experimental data on Nb-N-H or Nb-O-H system is

~ first given. The results that need to be explained are

1) .

(2)

3)

(4)

5)

(6)

There is a low temperature specific heat anomaly due to hydrogen
or deuterium in Nb. A large isotope effect is observed.

Phonon mean free path minima are observed at 0.8 K for hydrogen
charged niobium and 0.1 K fof deuterium charged niobium.

The vibrational levels of traPped hydrogenvare about the same

as those of free hydrogen, which are 0.11 eV and 0.16 eV with
the higher one doubly degenerate. |
Inelastic neutron scattering experiments show that there is an
energy transfer to the hydrogen tunnelling system. The energyA
is about 0.19 meV.

A lowftempefature-ultrasonic relaxation peak is observed at 2.5 K

for a 10 MHz C' mode, but not for a C 4 mode, on a'sample charged

4
with hydrogen and oxygen. The relaxation time has an exponential
temperature dependence and the relaxation strength shows a quan-
tum depletion effect. The ultrasonic attenuation for a deuterium
charged sample has a step-like temperature dependence, which is
rathér unusual. The behavior of the velocity is also unﬁsual,
which cannot be explained by any éxisting theory.

High temperature (150&200 K) relaxations are observed for both

C' and C44 mode.

An eight state model then is proposed and the properties of the system

is developed. A comparison of the predictions of this model with the
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available data is made. Four parameters which can be determined separate-
by the specific heat data and the ultrasonic data are sufficient to describe
the properties of the model.

A reasonable fit is made to the low temperature specific heat data
for both hydrogen and deuterium. The fit uses a concentration of 50 ppm
which is much lower than what would be expected from residual resistivity
ratio. A comparison witﬁ the fit based on a two-state model is made. It
appears that the eight-state model can fit the data with a small concen-
tration and the two-state model cannot fit the data for any concentration.

The eight-state model clearly predicts that only a C' relaxation will
be seen at low temperature for hydrogen. An Orbach process is proposed to
account for the relaxation time, and the low temperature depletion of the
relaxation strength is also predicted by the model. Furthermore, a direct
process is proposed to explain the unusual behavior of attenuation and
velocity data, éjSatisfying fit to the data ié obtained.

High temperature (1507200 K) relaxations for both C' and C44 mode are
also predicted, Qith the system making a transition from coherent tunnel-
ling at low temperatures to incoherent hopping at high temperatures.

The model also predicts phonon resonant scattering at 6.18 K for deu-
terium charged specimen, which is close to that observed. The phonon mean
free path minimum observed at 0.8 K might be due to phonon scattering from
dislocations.

A crude calculation fbr the potential is given, using an 1/r6 potential
and taking into account the Nb-H, U-H interaction ana the heavily displaced

two nearest neighbor niobium atoms with respect to the oxygen. It
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demonstrates the existence of the main features of the model, and that
the energy levels found in‘neutron spectroscopy are not incompatible with
the model.

In Part B: ultrasonic studies of rapidly cooled Nb-O-H systems are
given. An additional peak is found at 6.3 K for hydrogen and at 10.5 K
for deuterium for a 10 MHz C' mode, when the specimen is cooled rapidly.
The peak anneals at the séme temperature, for both hydrogen and deuterium,
as those found by Hanada in their resistivity‘quenching éxperiments. An
OHy complex is suggested to be the defect responsible for the peak. A

model in terms of an extension of the model given in Part A is proposed to

account for the relaxation.
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APPENDIX

CALCULATION OF THE STRESS ENERGY USING A TENSOR

To obtain the strain dependence of the energy levels, one needs
to know the strain interaction energies first. Suppose hydrogen is
" localized in site a, then the A tensor expressed in the principal axes

coordinate system (x',y',z'), with x' along the 0-H defect direction

will be
A, O
" _ , .
Yxtytez) T 0 A 0 1
0 0 A

22 can also be expressed in the crystal coordinate system by rotating

the coordinate axes. For =xample, here one needs only to rotate Z'

an angle of 0 to get

X1Cos26 + \,SinZ0 0 (A = Ap)SinACosA
a .
A = 0 A 0 . 2
(x,y,z) 2 ' A (2)
(A3~ A1)Sin6CosH 0 A151n%0 + A3Cos26
g

\

where 6 is the angle between the O-H defect direction and the x-axis

of the ecrystal. Similarly, A° 1%,...., A" can be obtained.

The strain energy is defined as

H=0 * € 3)

where o is the stress tensor and € the strain tensor.
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For a C' type stress in the xy plane, the stress tensor in the
crystal coordinates has only two non-zero elements, Oxx = _cyy = g.

Therefore the strain energy for hydfogen localized at site a is

o * A8

o[ (A;Cos20 + A;5in%0) - A,]

C'n [(A1Cos20 + A3Sin28) - A,]

n )

where C' is the elastic constant and n is the strength of the strain

and y = C'[(X1Cosze + A3Sin26) - Xz]. Similarly one has
(5)
A R R G 2RI ISR ey
For a unit strain, one may write
H']a> = vy]|a>
H|b> =

~y|b> etc. : (6)

For a C44 strain pulling along the crystél body diagonal, 0 can

be expressed as

Co (@)
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Hence
~ t~a—!'_ -— 4 —l - a1
%44 AT = 30 (Aa A1)Sin26 = 3 C44 N4 (A3 X1)Sin26
= Y44 44 (@)
here -Lc 0. - 2,)Sin28
WHEIE Yyq T3 Tagtts T M2MINe
Similarly,
G ~a=~ 'b=~ -.~g=~ 0~h=
Opy” A7 = O = A7 = T4y * AS = 0,0 = AT = YNy
9)
~ .~C_~ .~d=~ L] e=~ .~f=
O A7 = G4 " A = 04y AT T 0t AT = YNy,
or
Hyle> = v,,le
H44|c> = —Y44|c> etc. for unit strain. (10)

With the eight states and the strain-stress interaction, one may
calculate all the matrix elements., Listed below are all the non-zero

matrix elements through C' and Cpsp

<

<¢1|H'lw4> = <¢5|H'|¢8> =
ylHyylvs> = <yl lvgr = v, /2

ol v = <vglu, lvg = v, /72



\

<ty 8y, 106>

= <y lHylvp = v, 172
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(11)

Vliylver = <vyl8,,lv> = v, 072

i

Since Yas = 76 meV, one can calculate (A3 —'Al)/vo from Equation 8.

: ¢ 3y . .
Ay — Ay = =141 x 1072% cod
) C44"Sin26 ‘. .

(g = A /vy = 0.078

NN R ez e v eerpe sty e 3+

e

g o DAL £ S G e e e e e AR RS

i S e

S

where v_ is Nb molecular volume and 6 = 35°. Similarly, from Yy, one

gets

2 s 20 _ '
(XICos o + A381n ] Az)/vo

j

0.014

/

0.7, + 0.3x4 = A3) /v,
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