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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 inters~itial oxygen or nitrogen im-

iii 

purities in BCC metals. 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 conductivity) on Nb-O~H or Nb-N-H 

systems, is first given. By reexamining the data for clues, an eight-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 d~scribe the model are determ~ned. A simple po-

tential calculation is also performed to demonstr~te the qualitative 

features 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 

isotope. 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 defect is an UH2 complex. Art 

extension of the model described in Part A is given to account for the 

relaxation. 
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PART A 

I. INTRODUCTION 

The purpose of the present work is to establish a model for the 

configuration of hydrogen trapped at interstitial impurities in BCC 

transition metals. Such a model would be important for an understanding 

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

diffusion effects which occur. 

A h . h . . k bl_/ h . . l"k t 1g temperatures, 1t 1s nown t at 1mpur1ty atoms 1 e 

nitrogen, oxygen and carbon occupy octahedral .symmetry interstitial sites, 

and that hydrogen is located at tetrahedral· ~ites 3-S/ (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 0 or N in impure Nb • 

There have been many experiments using many different 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 been 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 

(II). In Section III, a model is proposed, and the properties of this 

system are developed. In Section IV, a comparison of the predictions of 

this model with available data is given, and the four parameters of the 

model are determined. In Part B, ultrasonic studies of rapidly cooled 

Nb-0-H are given and CliRcussed in termo of an exteu::;lun of the model in 

Par~ A in Section III. The model is found to give a reasonable account of 

all available data. 



Figure 1. Possible interstitial sites of hydrogen in niobium 

e - Octahedral symmetry 
• - Tetrahec.hal symmetry 
A- Triangular symmetry 
t - nc,ruhcdr al gymmi! tr.y 
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II. REVIEW OF· PREVIOUS -EXPERIMENTS 'AND EXISTING MODELS 

1. Specific Heat 

Measurements of the specific heat of niobium containing hydrogen by 

S 11 And d B. b 6/ h d h . f h e ers, erson an 1rn aum- s owe t e ex1stence o an excess eat 

capacity below 1.5 K. The large difference between the excess heat 

capacity due to hydrogen and deuterium as shown in Fig. 2, suggested 

that the effect might be due to quantum mechanical tunnelling of the 

interstitial hydrogen in the niobium lattice. This was consistent with 

3 

studies of diffusion of hydrogen in niobium which indicated a non-Arrhenius 

d d 1 
7~81 d 1 . 1 . . temperature epen ence at ow temperatures,--- an a non-e ass1ca 1sotope 

ff t 9-10/ e ec .----

2. Thermal Conductivity 

The effect of hydrogen and deuterium upon the thermal conductivity of 

niobium was investigated by O'Hara, Sellers and Anderson. 111 If there 

exists eigenstates which contribute to the heat capacity, their-coupling 

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 capftcity 

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 

contributions to the heat capacity occur. Removal of the hydrogen or 

deuterium reduced the minima, indicating the connection between phonon 

scattering and hydrogen defects. 

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

12/ 
peratures into the beta phase hydride by Westlake and Ockers.-- There 

should not exist too much a-phase (free) hydrogen in the lattice, which 
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Figure 2. 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 Bi.rnbaum-Flynn model. 'l'he energy 
level spectra for hydrogen and deuterium are 
shown at the lower right. (From Birnbaum and 
Flynnill) 
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Figure 3. Phonon mean free paths, Q., in Nb. limi.te.d by scatter­
ing mechanisms other than the sa~ple surfaces. The 
phonon mean free path. attributed to boundary scatter­
ing is indicated by the das·hed line. Electrons 
dominate the scattering above "' 2 K. The symbols 
represent: II , 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 introduction of D can be 
seen roughly by comparing the (x) and (0) data. 
(From O'Hara, Sellers and Andersonll/) 
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6/ 
was suggested by Sellers, et al.- as the defects that caused the excess heat 

capacity and the mean free path minima. It was proved later by other ex-

periments that it is the hydrogen trapped by some heavy interstitials like 

0 or N, rather t;han the free hydrogen, that caused the low temperature 

quantum effects. 

3. Effect of Interstitial Trapping 

As early as 1973, Baker ancl Birnba~/ showed that anelastic relaxa-

tions of hydrogen charged niobium, which appear around 150 K at 10 MHz, were 

due to complexes of 0-H or N-H pairs. These relaxations are believed to be 

caused by reorientations of the hydrogen around the trapping interstitial 0 

or N in the presence of an applied stress. 

Resistivity measurements by Pfeiffer and Wipf13 / verified the trapping 

of hydrogen in niobium. Their analysis indi'cates that only one hydrogen 

atom traps at any one nitrogen interstitial, with any excess hydrogen pre-

cipitating. A binding energy of 0.12 eV was found, consistent. ·with the 

result of Baker and Birnbaum. 

The heat capacity experiments by Sellers, Anderson and Birnbaum were 

redone by Markel, Wipf and Neumaier14 / to investigate the effect of nitrogen 

trapping. They found that no excess heat capacity was present in nitrogen 

free samples. The introduction of nitrogen produced excess heat capacities 

similar to those 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 1 ppm. 

4. Neutron Scattering 

Inelastic neutron scattering experiments by Magerl, Wagner and Stump,ll/ 
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and also Richter and Shapiro, 161 ·revealed the local vibrational spectra 

of hydrogen in niobium. It is found that the energy spectra have the 

following features, 

(1) There are two vibrational levels 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. 

(~) The energy levels for deuterium are 0.085 eV and 0.12 eV with 

the same intensity ratio of 1:2. 

Shown in Fig. 4 is the spectra for NbH and NbD. Later experiments by Rush, 

et al.li/ showed that there is not much change in the vibrational levels 

for the a-phase hydrogen and the hydrogen trapped at nitrogen .or oxygen. 

A . 1 . t . . b . f 1 18 / n 1ne ast1c neu ron scatter1ng exper1ment y W1p , et a .-- was 

made at two _different temperatures (0.09 K and 5 K) on a polycrystalline 

Nb sample containing 1.3 at % of 0-H pairs. The results are shown·in 

Fig. 5. At the lower temperature (0.09 K), the intensity shoulder at 

~ 0.2 meV on the energy loss side demonstrates the presence of inel~stic 

scattering processes (energy gain processes do not occur at this low 

temperature). At 5 K, the intensity on the energy gain si.de 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 .1Y±.U4 mev 

is found which agrees with the value of 0.14±0.05 meV found by Wipf and 

Ne~maie~/ from the specific heat measurements. (Since major specific 

heat contributions for an assumed two level system are expected for 

• 

• 
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.......... 
(/) -c 
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(.) ......... 

NbHo.a2 

T= 300K 
NbDo.e5 

Figure 4. Spectra obtained on NbDo.as and NbHo.a2 at room 
temperature. The width of the second peak is 
about i~wice that of the first peak for· both 
hydrogen and deuterium, indicating that the 
higher level is· doubly degenerate. There is 
an isotope effect. The energy values of these 
peaks for deuterium are reduced by a factor of 
1.4. The arrow indicates the position of the 
second harmonic o~ the lower deuterium vib~a­
tional level. (From Richter and Shapir~l) 
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300-

(/) 

(a) 
0.09K 

(b) 
5K 

1/20 

Figure 5. Inelastic: neutron spectra of Nb0o.Q13Ho.Ol6 at 0.09 K (::t) and 5 K (b). 
At thE lower temperature (0.09 K), the intensity should~r at"' 0.2 meV 
on: the energy loss side demonstrates the presence of in~lastic scatter­
ing pr·::>ce:sses (energy gain processes do not occur at this low tempera­
ture). At 5 K, the intensity on the energy gain side i~creases, whereas 
it decreases on the energy loss side. This temperature dependence is 
typical for neutron scattering on tunnelling systems. (From Wipf, et 
al.ill) _ 
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T ~ 0.42 bE (where bE is the smallest energy gap), a value for this bE 

between 0.15 and 0.2 meV can be concluded immediately from the specific 

he~t data.) 

I 

5 . Low Temperature Ultrasonic Results 

The thermal conductivity results by 0 'Hara, et al.ll/ indicates a· 

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

fects may affect the elastic constants and also show relaxation effects . 

Poker, Setser, Granato and Birnbaum~/ made measurements of ultrasonic 

attenuation and velocity on Nb-O~H alloys as a function of temperature, 

frequency and wave polarizations. The resu1ts showed a relaxation peak near 

2.5 K at 10 MHz. The decrement and elastic constant change are 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 Arrhenius (Fig. 7)-with an activation energy 

of 1.8 meV and a frequency factor of 3';.89 x 1010 , 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 

temperature 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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Figure 6. The decrement per unit concentration for H/Nb = 200 ppm 
and frequency change for H/Nb = 160 ppm as functions 
of temperature for a 10 MHz C' mode. The dispersion 
lu Lhe fre4ueucy cliauge uccurs .i.n the same temperature 
range as the peak in the decrement. (From Poker~) 
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Figure 7. The relaxation frequency as a function of inverse 
temperature. The solid line through the data points 
is the fit to the theory, with an activation energy 
of 1.8 meV an<l a frequency factor of 3.89 x 1010. 
(From Pokerlli) 
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Figure 8. The relaxation strength versus temperature. The 
solid curve through the data points is the fit 
of the eight-state model with the parameter 
2a/k & 4.5 K. The other curve indicates the 
cla::ss.ical r~laxatiqn strength which approaches 
the same high temperature l~mit as the eight­
state model. (From Pokerlll) 
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0/Nb = 1800 ppm 

C44 
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T 

Figure 9. The decrement per unit concentration for D/Nb = 1800 ppm 
. as a function of temperature for the C' and c

44 
mndP-s. 

The solid curve is the fit of the eight-state model· 
with~= 0.06 meV and n

1 
= 8 x lo-4 • 
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6. Existing Models 

Birnbaum and Flynn211 were the first to propose a delocalized model 

which was meant to explain the specific 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 heat 

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. 

Poke~/ found that an elaboration of the Birnbaum Flynn model to 

take account of the external stress and the trapping 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 

23/ 
Wipf, et al.-- on the grounds that 

(1) There is 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-

likely for two inequivalent sties. 

W. f d N . 19 / d . d . 11" d 1 1p .. an euma1er-- propose 1nstea a two-s1te tunne 1ng mo e , 

in which hydrogen tunnels through two adj~cent tetrahedral sites. The two 

energy levels are separated by (J2 + t:. 2 ) l/
2

· , 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 fraction of the total number of N-H pairs could 

contribute to the low temperature specific heat. It is worth ~oting that 

the specific heat data for both hydrogen and deuterium start to level off 

at 1.0 K. But the two state model would predict that 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 dafferent sources. ·First of 

all, the low temperature ultrasonic data provides a piece of very important. 

information, which concerns the number of sites that hydrogen tunnels 

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 

intermediate state for the Orbach process. This suggests. consideration 

of a four-state model consisting of the four nearest neighbouring tetra­

hedral sites in a plane around the oxygen impurity (The four tetrahedral 

sites marked min Fig. 10). However, the four states have equal spacings 

between the ground state, fir&t degenerate excited states and the fourth 

state. It cannot explain the two e~ergies 0.4 meV and 1.8 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 0 or N interstitial defect severely changes the energetic levels 

of the surrounding potential tunnelling sites. The strength of the Nb-H 

or 0-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 0 or N. In other words, one should be looking 

only for tunnelling sites that can be transformed into each other by point 

group symmetry operations around che 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 

a1.12/ 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 sites will not have the same potential property. 

Furthermore, channeling experiments on the TaNxDy syste~/ have suggested 

a trapping site in between a tetrahedral and an octahedral site. The 

system is very similar to the Nb-0-H or Nb-N-H system, therefore it seems 

inappropriate to us to suggest rhat the trapved hydrogen still occupies n 

tetrahedral site. 

• 

• 
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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 Ru!1h, et · al.l11 are . 
marked q. Wipf and Neumaier~/ suggest a two-state 
tunnelling model, using the two sites marked p or 
the two marked_ q. 
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III. 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 model~. If uu~ looks only for 

symmetrically equivalent sites, it is impossible to find a tunnelling 

system with more than four equivalent and connected 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 so hard to imagine that the pot:ent:ial miulma 

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 hox edges is possible, and tunnelling across the box faces or along a 

body diagonal is prohibited. 

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

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

• 

• 

• 
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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. The two ncarcat 
neighbor niobium atom with respect to the oxygen 
~re heavily displaced. 

<::} Nb host Tattice atoms 

~ Oxygen trap center 
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• 
Figure 12. The top view and side view of Figure 11. 
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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, f, g and h. If the overlaps of the adjacent local-

I 

ized wave functions of the wells are small enough, approximate solutions 

can be found for the eight tunnelling levels of the system in terms of 

linear combinations of the ground level local wave functions a, b, c, d, e, 

• f, g, h. A matrix can be established and the problem is reduced to solving 

the secular equation shown below: 

-E a 0 a 8 0 0 0 

a -E a 0 0 8 0 0 

0 a -E a 0 0 8 0 

a 0 a -E 0 0 0 8 

0 0 0 
- 0 (1) 

8 0 -E a a 

0 8 0 0 a -E a 0 

0 0 8 0 0 a -E a 

0 0 0 s a 0 a -E 

• 

The eight levels Ar.~ 

El,4 .= -8 -=F 2a 

E2,3 = -8 

(2) • E5,8 8 + 2a 

E6,7 = 8 



(a) 

h 

(b) 

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 p4shing in along ac and eg, pulling out 
along Dd and fh shown in (a). A c44 strain corresponds 
to pulling out along ah and bg, while pushing in along 
cf and de (b). 
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The wave functions.can also be obtained 

1 
~l = /8 (a + b + c + d + e + f + g + h) 

1 
~ 2 = -zr<a - c + e - g) 

~3 = -t-<d - b + h - f) 

'1 
~4 = I:B (a -. b + c - d + e - f + g - h) 

~5 = --1--(a + b + c + d - e - f - g - h) rs 
1 

~ 6 = --2--(a - c - :e + g) 

1 
~7 = --2--(b - d - f + g) 

1 
~8 = I:B (a - b + c - d ~ e + f - g ~ h) 

25 

(3) 

Some interesting features ought to be mentioned about the wave functions. 

Shown in Fig. 14 are the wave functions and the nodal planes. ~1 , with no 

nodal planes, is the ground state. ~ 2 and ~ 3 are doubly degenerate, with 

one nodal plane; ~ 6 and ~ 7 are degenerate too, but with two nodal planes. The 

energy l~vels do not necessarily havt: Lhe same order as they are numbered. 

Figure 15 shows the plot of E/S versus a/B. One can see that when 8 = 0, 

when S < a, 

when S > a 



'1'1 

Figure 14. The wave functions of the eight tunnelling states as linear combinations of 
the groun.:. level local v1ave functions, a,b,c,d,e,f,g,h. Also shown are the 
nodal planes of the wave functions. 1/1 1 is the ground state with no nodal 
plane. 1/1£ and 1/1 3 are degenerate with one vertical nodal plane. 1/1 4 has two 
vertical :wdal planes; w5 has only one hor.i.'zontal nodal plane. 1/1 6 and 1Ji} 
are degenerate with one vertical nodal plane and one horizontal nodal plane. 
1/Ja has three nodal planes. 
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E/a 

Figure 15. The eight energy levels normalized to a as a func­
tion of f!>/a.. The energy levels do not nec~ssarily 
have the sam.e order as they are numbered. It de­
pends mainly on whether f!> > a or S < 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 the 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 

also here use a simple symmetry argument to show Ghe 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 raised by yn and those of b, d, f, h lowered by yn, where n is the 

strength of the C' type strain and y is the coupling constant. Similarly 

a c44 strain will raise the energy levels of c, d, e, f ~Y y44n44 , and lower 

those of a, h, b, g by y44n44 . One can then get new secular equations by 

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

alizing the matrix gives 

E2,3 = -s ~ yn 

1/2 (4) 

E5,8 = e ~ [(2a)2 + y2n2] 

E6,7 = B ~ yn 

for a C' type strain. 

The energy levels as a function of n and n
44 

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 q > 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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E 

2/3 

---------------+------4---------------------~~' 

Figure 16. The energy levels of the eight-state model as a. 
function of C' strain for B > a. The two de­
generate states split linearly when C' strain 
is applied. The energy difference between the 
ground st~te and the first excited states is 2a,. 
which determines the temperature at which de~ 
population occurs. The energy difference 
between 1/; 2 , 3 and 1/Js is 2(B - a),. which determines 
the activation energy of the Orbach process. 
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,---.. ____ +-~~-___t 
2{3 

-----------4------+-----------------~~44 

Figure 17. The energy levels as a function of c
44 

strain for 8 > a. 
The two degenerate states split quadratically when an 
C44 strain is applied. 

• 
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Figure 18. The energy levels as a function of C' strain for a> B. 
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The matrix elements <~ lvl~ > between ~ and ~ through the inter-
m n m n 

action V (C' or c44 ) can also be obtained. Shown in Fig. 19 are the 

possible couplings (with nonzero matrix elements) between the states through 

C' or c44 . One can see that ~2 , 3 couples only with ~5 and ~8 through c44 . 

~l couples to ~4 and ~4 to ~8 through C'. The matrix elements <~ lvl~ > m n 

between all states due to C' or c
44 

strain interaction are given in the 

Appendix. 

With the energy levels as a funr.tinn of strain known, a strain dio-

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 

c d d 
dT[kT2 dT(lnZ)] (5) 

8 
where Z = L· 

·i=l 
exp(-E./kT) is the partition function. 

~ 
Here the energy levels 

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

a good approximation. For a giv.·n str,ain TJ, the specific heat C (n) is then 

C(n) 

wlHoiH::! 

A(n) 

B(n) 

D(n) 

= k (k6T./ Sech2 (k6T) + _1_ A (n) - B (n) 
kT2 D(n) 

vn (4a2 + y2n2)1/~ 
(4a2 + 2y2n2) (1+ Cosh k:f Cosh kT ) 

= 2Yn(4~2 + y2n2)1/2 Sinh .Y!!. Sinh (4a2 + y2n2)1/2 
. kT kT 

Cosh ~ + Cosh a Y n 
[ 

(4 2 + 2 2)1/2]2 
kT kT . 

(6) 

The first term~~ which is independent of strain, is a Schottky specific heat. 

• 
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( 1) 

(2) 

( 1) 

(1) 

(2) 

( 1) 

---,....--- 'i'a 

'i's,"'7 
---,---- "'5 

- - "'4 
o/2,'1'3 

"'1 
C44 

Figure 19. The states with non-zero matrix elements through 
C' or c44 mode. ~ 1 couples to ~4, ~5 to ~8 
through c' phonons. ~2,3 couple to ~5 and ~8' 
~ 6 , 7 to ~ 1 and ~4 through c44 phonons . 
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(b) 

Fig1.1:rP. 20. The Lorentzian strain distribution (a) and the 
square strain distribution (b). 
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28 It increases exponentially at low temperatures, then peaks at T ~ 0.42 ~, 

and finally decreases as l/T2 • The second term is strain dependent. At zero 

strain, its behavior is similar to that of a Schottky specific heat. With a 

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

1 ni heat, under the consideration ofa strain distribution N(n) =- ·- , is 
n n2 + n2 

1 

C(n) = c0~ J N(n)C(n)dn (7) 

where C is the concentration of OH pairs. 
OH 

A typical specific heat as a function of T and n
1 

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. As a· function of increasing n1 , the second term spreads 

out more and more, while the first term stays about the same. A comparison 

with the t:wo-state model suggested by'Wipf, et ar. 191 is made here tci 

demonstrate the main difference between the two models. Shown in Fig. 22 

is the specific heat as a function of temperature and increasing n
1 

pre­

dicted by the two-state model. It is worth noting that the low temperature 

specific heat is notably reduced as n
1 

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-

. 1 b h 24/ . . . 25/ t1on processes, L te Or ac process-- and the direct process.-- The 

Orbach process involves Llte abl:;orptionand 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 temperc..ture and increasing n 
fer the eighlt-state system. The first tem (a Scho;:tky specifi~ 
pe.ak). which is independent of strain, peaks around 0.25 K (f3/k 
= 0.3 K). T.-:te second term, which is strain dependent, peaks 
around 0.9 K (2a/k = 1 K). Curve A represents zero strain. 
Ct:.rve B, C cn.d D represent n1 = 1 x 10-4 , 5 x 10-4 , 1 x 10-3 

re3pectively. The overall shape changes as a function of n1 • 
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T (k) 

The specific heat as a function nf temperature for the two 
state model proposed by Wipf and Neumaier.l11 Curve A 
represents the specific heat for zero bias strain and an 
energy gap ~E/k = 1 K, which is a Schottky specific heat. 
Curve B, C and D re~re~ent ~he specific heat for three 
different Lorentzian distributions. The broader the dis­
tribution is, the smaller the specific heat i~ at low 
temperatures. 
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with the system making a transition between two eigenstates. Both 

processes are shown schematically in Fig. 23. Hence if a transition 

between eigenstates A and C is desired, both processes can occur, but 

only the fast on'e dominating. The relaxation times for the two processes 

are given by 

2 . -1 
=A t~. 3 I.<AiviB>I [exp(ll/kT)- 1] 

3 
A=-~-=-

2 ~4- 5 1TPn v 

0 
Coth 2kT 

where 'or and 'n are the relaxation times for the Orbach process and the 

direct process respectively, 1i. is Planck's consta~t, p is the density of 

(8) 

(9) 

the solid, v is the. velocity of sound .in the s·olid and k is· Boltzmann's con-

stant, fl. and o are·the energy differences shown in Fig. 23. The term 

<AIVIC> represents the matrix element between the states A and C caused 

by the interaction V due to the phonon strain field. (For the Orbach 

process, <AIVIB> = <Aivlc> has been assumed.) At low temperatures, the 

relaxation time for the Orbach process has the form 

(10) 

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

laxation time for the direct process has the form 

(11) 

which depends on temperature linearly. 



8------------~~~~---~-~----~--

(a) 

(b) 

Figure 23. (a) 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 stattd C. The relmrat:ion time has 
an exponential temperature dependence with an 
activation energy ~. 

(b) The direct process. The trans1t1on occurs by 
the emi~~ion 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 cbupling between the states, it is 

possible to identify all the relaxation processes that can be predicted by 
I 

the model.· First of all, the C' strain lifts the degeneracy of the first 

excited states, so that repopulation of the states is expected. Since 

these states are not coupled to e~ch other, a direct process is not allowed. 

However, they do couple to E
5 

and E
8 

through a c44 mode, so that an Orbach 

process can occur. The relaxation time is 

1/T (12) 

where 

~1 E5 - E2 2(8 - et) 

~ = E - E2 = 2(8 + et) 2 8 

·<ljJ2IH44lljJs> = <ljJ2l H44,ljJ8> 
y44 

=12 (see the Appendix) 

Transitions can occur through two intermediate states E
5 

and E8 ,. but only the 

faster one will dominate at each temperature . 

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

equations, 

(13) 

~c -= c 

where ~R is the relaxation strength, and w is the an·gular frequencY applied. 

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

The other possible transition is between E1 and E4 , 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. 

•. h 1 . h . . 26 ' b t e re axat1on strengt 1s g1ven-- y 

(14) 

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

direct process is 

. 
• • 

2a.y 

Hen~E' thP. decrement and the elastic constant change can be expressed as 

b.(n) 

With a strain distribution N(n), one can calculate the decrement ami Llu:~ 

elastic constant change 

b. WT 

J N(n)b.R(n)dn 
1T 1 +w2-r 2 . 

J N(n)b.R(n)dn 
b.C 1 
-- = 

l+w2T2 c 

(15) 

(16) 

(17) 

(18) 

(19) 

• 
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The integral J N(n)~R-(n)dn can be done numerically, if the strain distri­

bution ·function is know.· Howev.er, .one c.an also kriow the qualitative- behavior 

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

First of all~ ~R in Equation 14 can be approximated by 

{ : r_ (02 - 4a2) 
C kT 82 

kT < o 
(20) 

kT > o 

Secondly a simple square strain distribution function 

N(n) = { 

0 

k 
(21) 

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

(22) 

The integral then can be evaluated in three regimes: 

(a) k.T < 2~ 

For all 0 > 2a > kT ~ = 0 

Therefore, I N(oMRdo = 0 

(b) 2a < kT < o
1 = (yznz + 4az)l/2 

For o > kT ~ = 0 

r r Therefore, N(o)~"Rdo l X. Co 2 4a2) ado = 4u2)IJ2 C kT 0 yn (o 2· -
2a 2a 1 



(c) kT > o1 

_.!__y_ 
- c kTn
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J
kT 

2a. 

One then can calculate the decrement and elastic constant change 

kT < 2a. 

11 
- = 2a. < kT < o

1 7T 

J 
0 kT < 2a. 

IJ.C 1 1 y [(k2T2- 4a.2)1/2 - 2a. -1 2a.)] kT < 01 -= l+w2T2 
--- Cos (kT a. < 

c c n1kT 

1 .!__y_ [ yn
1 

- /..rv. -1 (2a.) l kT > <\ 1+w2T2 C n
1

kT Cos ·6 
1 

Two cases WT >> 1 and WT << 1 are considered. 

(1) WT » 1 

WT 1 BT 
(1/T = BT) =-=-

1 + w2t2 WT w 

1 1 B2T2 

1 + w2T2 = w2T2 = ~ 

• 

• 

• 
(23) 

• 

• 
(24) 

• 
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6 
- = ,. 

0 

6C 1 yB2T 
-= C n

1
kw2 c 

1 yB2T 
c n kw2 

1 

[ (k2T2 1/2 - 4ct 2 ) . - 2ct 

[yn1 - 2ct -1 2ct 
Cos (8)] 

1 

-1 (2CL ) Cos kT) 

-1 (2CL 
Cos kT)] 

(2) WT « 1 

1 
1 then 

0 

- = ,. 1 yw 2 2 4,. 2) 1 I 2 _ 2,. -1· ( 2a) ] --'---...,.... [ (k T - .... '"" Cos kT C n1kBT2 

0 

6C -= c 
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kT < 2ct 

kT < 2ct 

2ct < kT < 01 

kT > o
1 

.kT < 2ct 

kT < 2ct 

2a < kT <·o 

kT > o. 
1 

(25) 

(26) 

(27) 

(28) 
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It can be seen that, when WT >> 1, ~ behaves like a step function. ~ 

is zero for 0 ~ kT ~ 2a, then increases almost linearly with T until 

kT = o1 , then keeps constant for a long range of temperature until WT ~ 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 = o1/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 sol.id line for a square 

strain distribution and dotted line for a Lorentzian distribution. The n
1 

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 

. 26/ 
temperature dependence.-- Shown in Fig. 25 is a plot of the elastic con-

stant change as a function of temperature for wT >> 1. At low temperature, 

:l.t behaves iike 1/T. At T = 2a/k, it starts to decrease as T2 until 

T = o
1

/k, then it decreases as T. 

• 
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-----------
WT>> 1 

WT<< 1 

-----•£.:..&., _ __;__; ______ ......; __ ~~~--~--~-------...._... 
T 

' 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. 



~c 

T ... 

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, t.t.; has a 1/T t:emperaLun! Jependence 
arising from the curvature of the eigenstates. 
At the takeoff t~mperature T = 2a./k, it decreases 
as T2 until the. temperature at. which all the 
states are used up, then it decreases as T. 

48 
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4. Vibrational Levels and Tunnelling Distances 

With a and 8 given, one may estimate the tunnelling distances and the 

potential barriers. A one-dimensional approximation to the potential is 

assumed 
I v 

0 27TX 
V(x) = Z Cos(d) 

where d is the distance between two minima, V is the barrier. The fre­
o 

(29) 

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

(30) 

In the case of a deep potential V » hw, the tunnelling matrix element is 
0 

. b 27 I g1ven y--

J . (31) 

It can also be expressed as· 

(32) 

In the model, one will have the potential barriers Va, Vb, tunnelling 

distances a, b and vibrational frequencies wa' wb for the a and 8 tunnelling 

matrix elements, respectively. 

·'·•' 
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IV. INTERPRETATION AND PARAMETER DETERMINATION 

1. Low Temperature Ultrasonic Results 

The relaxation time of the hydrogen 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. difference between the ground state and the first excited states, a, 

determines the temperature·at which depopulation occurs, which affects the 

relaxation strength. The activation energy 6 in the relaxation time de-

termines the energy spacing between the first excited states and the upper 

state through which the transition occurs. The fitting has been done by 

Poker,~ one may use his results and identify them with our parameters. 

The y, a and ~ obtained by Poker are y 90 meV, o = 0.4 meV and ~ = 1.8 meV. 

By comparing with our model, one gets 0 
n = 2 = 0.2 meV and 1:!. = 2(13- n), 

13 = 1.1 meV. Here the dominating transition has been determined to be the 

one through E5 but not E
8

. 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 <~ 2 jH44 !~ 5> from the pre­

exponential factor in the relaxation time. Since 1/T = 3.89xl010 exp(-1.8/kT) 

(with kT in meV), one may compal':'e it with Equation 10 and get <~2 !H44 !~ 5> = 

54 meV, or y
44 

= 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 the previous section, one may conclude that 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 n = 8 x 10-4 • 
1 

8 cannot be determined here but one realizes that it must be small so that 

the Orbach pr6cess 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 serious problem, since a 50% error in the determinat-ion 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 the behaviour of the 

velocity curve above 9 K difficult to determine. 
) 

The decrement and velocity fitting fo~ another specimen with D/Nb 

230 ppm is shown in Fig. 27. The takeoff temperature is lower in the de-

crement, hence a= 0.048 meV and n
1 

= 6.4 x 10-4 • 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 = 2n x 107 

arid 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 MB.ttas and 

9/ . 28-29/ Birnbaum- and Zapp and B1rnbaum 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 chang~ much since it should be determined mainly 
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0/Nb =1800ppm 

-

0 

2 4 

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 
ex = 0. 06 meV and nl = 8 x 10-4 The U/'1' decrease 
below 2 K in the f1t is done by fixing D, which is 
treated as an independent parameter. 
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Figure 27. The decrement per unit concentration and the frequency change 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 a = 0.048 meV and 
n

1 
= 6.4 x 10-4 • The 1/T fit below 2 K is 160/T (Tin 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 ~ .3 eV, and both C' (horizontal 

jumps) and c44 (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 

It is worth pointing out first that there remains a large discrepancy 

between the Sellers, et al.E../·data and the.Mork~l, Wipf and Neumaier14/ data. 

In the Sellers, et al. data, the hydrogen responsible for the specific heat 

was estimated to be about ·56 ppm, while in the Markel, et al. data, the 

concentration of N-H pairs was 2000 ppm, which is 40 times larger; however, 

the measured specific heat was only 3 times larger. In order to account 

for this large discrepancy, Markel, et al. claimed that the amount 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 concentration of 50 ppm was needed to ob-

tain a good fit to the Sellers, et al. data. The Schottky term in Equation 

6 was.not. used in hydrogen fitting, hence 8 was not determined for hydrogen • 

But in the deuterium data fitting, both a and 8 were determined. The 

Schottky term peaks around .3 K where a little bump is seen. The second 

·term in Equation 6 peaks around 1.2 K, then starts to fall off slowly. The 

.fitting for both hydrogen and de~terium 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 BirnoaumY 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 bad, nnci the fit at tempera­
tur~s a'bovl::' 1 K in thP hyilrogen 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 a1. 19 / 

If one assumes that Morkel, et al. were correct about the concentration 

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 

spe~ific heat would keep,. increasing· almost· lineatly untii about '8 Y1.1. Figure 27 

clearlY l;>hows· that th~·two-state model fit deviates from the data around 1 K 

for both 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 data 

well with any concentration but can only get the magnitude of· the measured 
I 

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, n1 Determined from Ultrasonic Data 
and Spec.ific Heat Data for Hydrogen and Deuterium. 

.. Ultrasonic. Specif.tc .Heal 

Lt 0.2 m~V 0.14 mcV 
Hydrogen B 1.1 meV --

nl -- 2 X 10-4 

a 0.06 meV 0.1 meV 
Deuterium B 0.03 meV 

nl 8 X 10-4 1 X 10'""4 

• 

• 

• 

• 

• 
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One can see that the a and B agree rather well from different fittings • 

The n1 from the ultrasonic data is eight times larger than that from the 

specific heat data for the deuterium case. This is reasonable, because in 

I 

the specific heat fitting, only 50 ppm trapped deuterium was in the sample, 

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

4 . Thermal Conductivity 

With the a and B known, one may calculafe the energy gaps for all. the 

possible resonance transitions. Table 2 lists all the energies between 

the states that have nonzero matrix elements through C' or c
44

, with the 

upper value for hydrogen and lower value for deuterium • 

El 

E2 

.... 

Table 2. Energy Difference in meV Betw.een the Level.s That 
Have Nonzero Matrix Elements ·Through C' or c

44 
• 

I Ej El E2 E3 E4 Es E6 

C' 0.8 c44 2.6 c 44 2.6 
0.24 0.18 0.18 

c44 1.8 
·0.06 

- . . -

E . 
·3 

c44 1.8 
0.06 

E4 
c 44 1. 8 

0.06 
c44 1.8 
. 0.06 

. 
E· 

5 

E6 

E7 

E8 

E8. 

c44 2.6 
0.18 

c
44 

2.6 
0.18 

c' 0.8 
0.24 
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One then can expect phonon resonant scattering at a temperature 
~E 30/ 

T = 3.8k . Hence the 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. In 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 

predict the temperature observed. However, it has been shown1Q./ lhal 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 presence of H in 

Nb may enhance the dislocation scattering c~used by the dislocation loops 

punched out by 8-phase hydride as the sample is cooled. Hence it is not 

inconsistent with our model. In the deuterium case, the model does predict 

a phonon resonant scattering at 0.18 K, which is close to the 0.1 K observed. 

The other two temperatures 0.54 K and 0.72 K, predictec.l by the model, will 

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

5. Inelastic Neutron Scattering 

The smallest energy gap in the hydrogen case is 0.4 meV, which is the 

energy difference between the ground state and the fin;L e.~tc:ited 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.lB/ 

However, thP. sample they used had 1.3% oxygen and 1.6% hydrogen, a large 

internal strain would be expected. From the energy diagram for 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, S in Table 1, and the neutron vibra-

tiona! levels, 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 not 

beenreported, 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 which levels sho'uld be used for the a, 
. 

·S tunnelling. For the present·calculation, we simply use. the two degenerate 

levels, and demonstrate later that it is a reasonable assumption based on some 

potential caiculation. 

Table 3 lists a, b, Va~ Vb' and r (the 0-H or 0-D distance calculated 

from a and b) for hydrogen and deuterium. 

Table 3. · Tunnelling Distances a, b, Energy Barriers 
V , Vb· and 0-H, 0-D Distance r a . 

Hydrogen Deuterium 

a 1.04 A 0.92 A 
0 

b 0.9 A 
0 

0.95 A 

r 0.86 X 0.81 A 

v 340 meV 300 meV 
a 

vb 260 meV 320 meV 
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The 0-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., 31/. 

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 A. 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 artd the free deuterium hav~ Lhe same vi-

brational levels, which havenot been observed experimentally. One should 

no~ take ·;i.t too acriouoly. 

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 potential for the Nb-H interaction has been proposed by Sugimoto 

d F .k . 32-33/ . . f M h d an u a1, cons1st1ng o two Born- ayer terms, one s art-range an 

the other long-range. The parameters of this potential were chosen to fit 

the neutron spectroscopy energy levels and the observed strain field an-

isotropy 9f hydrogen. With the potential, they cal~ulated 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 (lT), octahedral (0), and ring of four 

tetrahedral (4T) configurations. The short range part of the potential 

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

(lT) 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) 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/ 

(b) The equi-potential contour for the trapped hydrogen, 
using a A/r6 potential for the Nb-H interaction 
and AR/r6 for the 0-H i~teraction. The oxygen is 
lo.cated 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 approximated well. 

A full ~lculation 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/r6 for the Nb-H interaction, with AR/r6 

for the 0-H interaction, and assuming a displacement ~ 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 to see if the 

" general features of the model can be obtained in a reasonable way. 

It was found that the postulated eight minimum positions can be ob-

• tained by adjusting Rand D. Shown in Fig. 30.are the equi-potential 

contours for two planes, one 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 see from Fig. 29 that the 

two "frequencies" in the a. and S tunnelling directions are about the same, 

while the "frequency" in the 0-H direction is smaller. Furthermore, by 

comparison with the Sugimoto-Fukai potential in Fig. 29, it is possible to 

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

tetrahedral IT-site. 

The fact that the potential is rather soft along the 0-H direction 

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



• 

®Oxygen 

(b) ' 

(a) 

Figure 30. (a~ Equi-poten~ial contour on the plane with oxygen and two 
potential minimum positions a, e on it. 

• 

(b:· Equi-poten:::ial contour on the plane with the four poten­
tial minimum positions a, b, e, f on it. ··· . 

• • • • 



• 

67 

before, since the hydrogen wave function is expected to extend out much 

more in this direction, meaning a larger 0-H or 0-D distance. 

The parameters R and D used are 5 x 10-3 and .18a (a is the lattice 

constant). 
I 

The small R indicates that the 0-H interaction is small, corn-

pared with the Nb-H interaction. The displacement D is bigger than the 

34/ one .142a obtained by Blanter and Khachaturyan-- using a lattice statics 

theory. ForD= .142a, we find a second shallower minimum 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 numerically. 

However, we believe that it dftrnonstrates the existence of the main topo-

logical fee1tures required, with two high "frequencies" and one low~ so that 

one cannot conclude from the neutron spectroscopy data that the trapped 

hydrogen must be on tetrahedral 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, rather like the familiar rigid.displacernent of a harmonic oscillator 

potential in an external field . 



68 

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 which was supplied by Dr. H. K. B.irnbaum~ The second one of about 

the same size, was pr~pared 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 

35/ the x-ray scattering technique developed by Ochs.-- The surfaces were 

mechanically polished by mounting in a stainless steel polishing disk and 

using diamond or aluminum paste as an abrasive. 

Impurity analysis indicated that the primary impurity was Ta with 

some amounts of N, 0 and C. The concentrations of these impurities for 

both samples are given in Table 4. After a few runs, Nb2 was annealed 

at 2500 Kin an ultra high vacuum of 10-11 Torr for a week. The oxygen 

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

Table 4. Impurity'Concentrations in Atomic ppm. 

Nbl Nb2 

'!'a 200 100 

c 70 60 

N 49 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 vacuum of 10-6 torr. At this temperature, the impermeable 

oxide on the sample surfaces would dissolve into the metal and all0w 

hydrogen to diffuse in. Hydrogen or deuterium which had been purified 

by diffusing through a Pd-Ag membrane was introduced into the sample 
. 

chamber at the pressure required to equilibrate the concentration of the 

gas in the sample. The thermodynamic relationship for niobium-hydrogen 

36/ system in equilibrium at low concentration values is given as--

log C 0.5 logP - 2.43 + 1840/T 

where C in at%, P in mbar, T in K. As the _temperature of the sample was 

lowered, the pressure of the gas was correspondingly reduced to maintain 

equilibrium. At the end of slow cooling (about 150°C), air was admitted 

briefly into the system to reoxidize the niobium surface and so confine 

the hydrogen l..:rithin the sample. 

(33) 

The concentration was checked again by weighing the sample on a micro-

balance before and after charging. It was discovered th~t the concentra-

tion of gas in the sample was always lower than the value expected from 

thermodynamic consideration. 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 then 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 transducer 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 frequency variable and generated a pulse about one microsecond in 

length. The frequency could be adjusted to any odd harmonic of the 

transducer fundamental 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 

of decibels. The decrement was obtained by the relation37 / 

6 = A/8.68f 

where A is the attenuation in dB/llsec and f is the frequency in MHz. 

A detailed description of the attenuation and velocity system is 

"b . 26/ d u 38/. given y Hultman-- an wong.--

The corresponding elastic constant is given by 

• 

• 

(34) 

• 

(35) 
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For small change in velocity, the frequency is related to the corresponding 

elastic constant by 

r:,c 
2 

r:,f 
-c= f 

Measurement of the frequency of the 10 MHz wave is efficient to de-

. (36) 

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 10-7 in the elastic constant. 

4. Cryostat 

The initial experiments we~e 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 temperature was 

necessary to prevent hydrogen from precipitation, and the low cooling 

power He3 refrigerator 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 

t d t 1 t d ·b d by Hultman36 / and Wong. 38/ measuremen an con ro sys em are escr1 e 

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 gradual 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 sample tem­

perature was raised to 240 K for about an hour to, let the precipitated 

hydrogen redissolve into solution. Then 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. Attenuation 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 
I 

atom. If the atomic 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 random '·on~ 

in which the defect population is divided equally among the different 

orientations. Due to the ability 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 can also be 

thought of as the result of each defect spending_equal amounts of time 

• in each of the equivalent orientations. The application of an appropriate 

stress can remove the ·degeneracy, causing a repopulation of the number of 

the defects in the various orientations. The stress induced ordering leads 

to the production of an additional lattice strain due to the corresponding 

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 ordering of an internal variable which 

produces a change in the elastic constant is referred to as an anelastic 

relaxation . 

• A good revie~ of anelastic relaxation is given by Nowick and 

39-40/ . 41/ Helle and Now1ck 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. When an external 

stress with an angular frequency w is applied, the response of the deere-

ment, 11, and the relative change in the elastic constant, 11C/C, are given 

by the well-known Debye equations (Equation 13 in Part A). The relaxation 

strength 11R is temperature dependent, and for classical systems is given 

by 

11 = 
R 

Sc v 
0 0 

kT 
c (c;\) (37) 

where S is a dimensionless geometrical constant, c is the atomic concentra~ 
0 

tions of defects, v is the molecular volume, C is the appropriate elastic 
0 . 

constant, k is Boltzmann's constant, Tis the temperature and c;\ is the 

shape factor of the defect derived from differences between the principal 

values of the lambda tensor. The lambda tensor describes the strain pro-

duced in the crystal per unit: concentration of the defect. 

The ~emperature dependence of the relaxation strength for a quantum 

system can be very different from that given above. In 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 when expressed 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 T. by varying the temperature. The temperature de-

pendence of T may take various function forms, but often the function follows 

the Arrhenius equation, 

T = T exp(Q/kT) 
0 

(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 show.s a peak where WT = 1. The response in the elastic 

constant is different. At low temperatures, where T is very large, 6C/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 low temperature value. 

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

strength as seen in Equation 38 • 



~c 
c 

WT =I 
T 

Figure 31. The decrement ~. and elastic constant change, ~C/C, 
for an anelastic relaxation as functions of tem­
perature. The decrement peak and the elastic 
constant decrease are centered at a temper.ature 
where WT = 1. 
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VII. EXPERIMENTAL RESULTS 

1. Hydrogen Results 
~ 

In the present w~rk, measurements of ultrasonic attenuation and 

77 

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., 20 / 

an additional low temperature isotope sensitive peak (peak 2) was found 

when the specimen was rapidly cooled to helium temperature. 

Shown in Fig. 32 is a plot of decrement versus temperature for a 

10 MHz C' mode in a niobium cryst~l contain~ng 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 decrement is made up of a temperature independent 

background due to bonding and diffraction losses, an electronic contribu-

tion proportional to the electrical conductivity which decreases below the 

superconducting transition temperature, and two peaks due to hydrogen. 

The peak at 6.3 K anneals out near 80 K, while the peak at 2.5 K increases 

only a small amount. Both peaks were observed in the C' mode, but not in 

the c
44 

mode. 

Figure 33 shows the decrement versus temperature for three niobium 

specimens with differing oxygen contents after rapid cooling from 240 K. 

The hydrogen concentration is much greater 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 niobium 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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Figure 33. The decrement versus temperature for three niobium 
specimens with differing oxygen concentrations 
after rapid cooling from /.~0 K. The superconducting 
drop near 9.2 K is sensitive to the oxygen content. 
The height of pe.:~k 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. However, in the sample with about 200 ppm oxygen, the drop 

was hardly observed and peak 2 was large. After unloading the hydrogen 

in 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 for various frequencies, 

from 10 MHZ to 70 MHz is shown in Fig. 34. The superconducting effect 

I 
increases as a function of increasing frequency. The shear wave attenua-

. d . d t. 1 . . 421 . h 1 f li . t tJ.on ue to con uc l.on e ectrons l.S gJ.ven- l.n t e ow requency ml. 

(electron mean free path << ultrasonic wavelength) by 

(39) 

where f is the frequency of the sounrl w;:n.rf:', p is the sample dcnoity. v is 

the sample velocity, N is the number of electrons of charge e per unit 

volume, and a is the electrical conductivity (all in Gaussian units). The 

decrement can be obtained by~= A(dB/~sec)/8,68f(MHz). HPn~~ the decrs-

ment scales linearly with frequency and conductivity. The resistivity due 

to oxygen in Nb is 5 }lQ•cm/at%, 431 100 ppm oxygen'corresponds to 5 X lo-2 

~Q·~m.. The calculated decrement for 10 MHz is about 9 X lo-s' which. is 

smaller than the n:::asured value 1.6 x 10-4 . The figure also shows that the 

discontinuity drop scales roughly linearly with frequency. 

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

frequency. 
22/ The relaxation time of peak ·1 has been shown by Poker-- to 

• 

• 

• 

• 
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Figure 34. The decrement as a function of temperature for various 
frequencies. The positions of both peak 1 and peak 2 
shift to higher temperatures as a function of increas­
ing frequency. The superconducting drop near 9.2 K is 
proporticna'! to the frequency. 
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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 • 

The temperature dependence of the relaxation strength of peak 2 was 

obtained by plotting the peak heights (with the electronic contribution 

subtracted) as a function of 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 

Shown 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 peak shifts to higher temperatures 

as a function of 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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16 18 

Figure 35. The logari.thm of relaxation frequency as a function 
of inverse temperature. The solid curve is the fit 
to the data points of the OHz relaxation, with an 
activation energy of 5.5 meV. The dashed curve is 
the fit to the data points of the 002 relaxation, 
assuming that the relaxation ft·equency has an 
exponential temperature dependence. 
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Figure 36. The relaxation strength of the .second peak as a 
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Figure 37. The decrement versus temperature for a 10 MHz C' mode 
in a niobium. crystal containing about 100 ppm 0 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 a·t 10.5 K and has a· high temperature 
tail. 
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Figure 38. The decrement versus temperature for a 30 MHz C' mode 
in a niobium crystal containing about 200 ppm 0 and 
2000 ppm D after a rapid cool from 250 K, followed by 
annealing at 80, 90, 100, 110, and 120 K. 
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frequency versus 1/T. The activation energy and frequency factor thus 

determined are 4.6 meV and 1.79 x 109 respectively. 

3. Annealing Behavior 
I 

The annealing behavior of the hydrogen peaks is interesting. As 
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mentioned earlier, peak 1 increased a little, while peak 2 annealed out. 

To find out whether the growth of peak 1 is correlated with the annealing 

of peak 2, one has to decompose 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 annealing, 

only the peak height is changing b~t not the shape. The shape of peak 1 

can be readily obtained from the 120 .K anneal data, because peak 2 is gone 

with only peak 1 left. The shape of peak 2 is undetermined • 

If one assumes that peak 2 is a Debye peak, then the contribution of 

peak 2 tail at peak 1 can be obtained. By subtracting this contribution 

from peak 1, one gets the real height of peak 1. With the shape and height 

known for both peaks, one 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 solid curve is the data. It clearly shows 

that the fit is bad in the temperature region in between the two peaks. 

Different shapes for peak 2 were used until 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 way, the two peaks were decomposed for each an-

nealing temperature. 
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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 during annealing. Since peak 2 is about 

6 times larger than peak 1 and the defect concentration of peak 2 is only 

about 1~% that of peak 1, one may conclude 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 

22/ 
Poker.-- 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 cooling 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 41. Annealing behavior of the·two peaks. The solid and 
dashed curves represent 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 . 
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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 
0 .and 700 ppm H. The solid curve repre~ents the result 
of a slo-;.r cooling process and the da.shed 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 • 



-N 
:r: 
-600 
"f-

<J 

0 

,, ... , . 

I . \ 
I \ 

'I I 
I 

' ' ' ' ' ' . 

' ' ' ,- .... 
\ , ', 
\ I ' 

' I ' \ I \ 

"" ' ' 

H-700ppm 
0-100 ppm 
C'-10 MHz 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

-- Slow Cooling \ 
---- Quench from 240K \ 

\ 
\ 

' 

94 

• 

• 

• 
24 

• 



95 

VIII. INTERPRETATION AND DISCUSSION 

1. Interpretation 

Quenching ~xperiments on Nb with dilute concentrations of oxygen and 

43/ 44/ 
hydrogen (or deuterium) by Hanada-- and Engelhard-- 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, cine centered at 40 K and. the other at 80 K. The· so K stage was 

-· observed only in the specimen with high oxygen content. It was interpreted 

as. the ·detrapping of hydrogen freed from 9xygen interstitials. However, 

since rfeiffer and. Wipf131 had shown that· the 0-H pair was rather stable at 
. .. 43/ 

·80 K, ·it• was suggested by Haitada-- that the que~ched-in defects were OHn 

.. complexes with n, ,;, 2'V4 •· 

Our annealing data showed that peak 2 annealed out at the same tern-

perature, both for H and D, as those found by Hanada for quenched sp~ci~ens. 

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 2 during annealing shows LhaL peak 

2 arises from an OH2 complex. In a slow cooling process, one oxygen traps 

only one hydrogen at low temperatures, and this 0-H pair is rather stable. 

In a rapid cooling process, some of the oxygen traps more than one hydrogen, 

forming a:n OH2. ··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. 



96 

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 .ene:rgy of Em' and that oxygen atoms are immobile. 

As hydrogen is migrating thr:ough 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 

0 + H~ OH 

The rate equations describing these reactions are 

(40) 

(41) 

where CH, c0 , COH' c0H
2 

are the hydrogen, oxygen, OH and OH2 concentrations, 

respectively, Em is the migration energy of hydrogen, E1 is the binding 

energy between 0 and H, E2 is the binding energy between OH and H, v is 

the vibrational frequency of hydrogen in any configuration (H, OH or OH2). 

Conservation of total H and 0 further requires 

(42) 

(43) 

• 

• 
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T T 
Since in all the experiments, CR >> c0 , one may assume that the 

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

which has the form 

CR = a exp(-~R/kT) 

with the rest of hydrogen precipitating into B-phase hydrides. ~R and a 

have been determined by Pfeiffer and Wipf131 to be 0.12±0.015 eV and 

4.7±0.9, with CR given in R/Nb ratios. 

In thermal equilibrium one has dC0R/dt ~ 0 and dC0R
2
/dt 0, whence 

(44) 

(45) 

(46) 

One then can solve Equations 43, 44, 45 and 46 for CORz and c0R. 

tions are 

The solu-

(47) 

a exp[(El- ~R)/kT] 
(48) 

The annealing process is rather complicated. At 80 K the second h.ydro-

gen of the· quenched-in OR
2 

may escape and becomes a free hydrogen migrating 

in the lattice. It can either precipitate or form another OR2 when it sees 

an OR. Since the precipitation mechanism is not known, it is difficult to 

obtalu the binding energy E2 from the annealing data. However • E2 qmnot 
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be greater than E1 , otherwise one would get only OH2, instead of OH, at 

low temperatures. A rough estimate of 0.07 eV for E2 and 0.1 eV for E 
m 

was used to calculate the equilibrium concentrations for OH and OH2• 

Shown in Fig. 44 is a plot of these two concentrations versus temperature, 

with E1 = 0.13 eV, ~H = 0.12 eV, E2 = 0.07 eV, a= 4.7 and C~ = 100 ppm. 

It shows that at room temperature, the specimen has certain fractions of 

0, OH and OH2• As the specimen is cooled down slowly, the OH2 concentra-

tion decreases and the OH concentration increases. At low temperatures, 

each oxygen traps only one hydrogen, no OH2 remains. But 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 c0H/c0H
2 

ratio of 6, the frozen-in temperature could be around 

130 K •. 

2. Discussion 

A model using the same tunnelling sites described previously is pro-

posed for OH2· The two hydrogen atoms trapped by the oxygen may occupy 

two of those eight sites. However, according to Westlake, 451 the short-

0 
est distance two hydrogen atoms can have in a metal is about 2 A, one then 

assumes that the two trapped hydrogen atoms have to stay on the opposite 

sides of the oxygen. Both hydrogen atoms can tunnel but they have to move 

together to keep H-0-H straight. Hecause the two hydrogen atoms are iden-

tical, only four states are expected, i.e., (a,g), (b,h), (c,e), (d,f), 

where (a, g) represents two hydrogen atoms. occupying site a and g respec-

tively, and similarly for the others. 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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Figure 44. The ~oncentrations c
0
H/c6, c

0
H

2
!c6 ~nd C

0
/c6 versus 

temperature. 
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a tunnelling matrix element a. 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 8~ . A 4 x 4 matrix can be con-

structed with the two·tunnelling matrix elements a, 8 

0 8 

8 

8 0 

Diagonalizing 1the 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 be!obtained. 
! 

i 

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

(49) 

(50) 

and the non-zero matrix elements at n = 0 through c44 are 

<1/'1' H44j ~'3 ~ = c:1J.12IH44ll)i3:- - y 44//2 (51) 

<1jJljH44ll/J4> <l)i2jH44jl)i4> y 44//2 (52) 

where y and y 1 ~ are the strain coupling constant$ (see the Appendix). 
I I 

Shown in Fig. 45 are the energy levels as a function of C' strain. Since 

ljil and 1/.1 2 are degenerate, an Orbach process can occur when a C' strain is 

applied •. A c 44 strain splits the degenerate states quadratically, henc~ 

n~ c44 effect is expected. 

• 

• 



E 

2(a-{3) 

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. 
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If 8 > a, then the energy difference between the ground state anft 
\ 

the first degenerate excited stabes is 2(8- a). Since the measured 

102 

relaxation strength has a 1/T temperature dependence, the energy 2(8 - a) 

cannot be determined. The only information about a and 8 one can get is 

from the activation energy of the Orbach process, which is 2(8 +a). By 

comparing with experimental results, one gets 2(8 +a) = 5.5 meV. One 

can also estimate y by comparing with the relaxation strengths of OH and 

2 22/ OH2 . Since the relaxation strength is proportional to y ,-- and the 

OH2 relaxation strength is about 40 times larger. The y for OH2 then is 

/410 x 90 meV = 570 meV. 

• 
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IX. SUMMARY 
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A review of all the experimental data on Nb-N-H or Nb-0-H system is 

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

(1) . There is a low temperature specific heat anomaly due to hydrogen 

or deuterium in Nb. A large isotope effect is observed. 

(2) Phonon mean free path minima are observed at 0.8 K for hydrogen 

charged niobium and 0.1 K for deuterium charged niobium. 

(3) The vibrational levels of trapped hydrogen are about the same .•. 
as those of free hydrogen, which are 0.11 eV and 0.16 eV with 

the higher one do~bly degenerate. 

(4) Inelastic neutron scattering experiments show that there is an 

energy transfer to the hydrogen tunne~ling system. The energy 

is about 0.19 meV. 

(5) A low temperature ultrasonic relaxation peak is observed at 2.5 K 

for a 10 MHz C' mode, but not for a c44 mode, on a sample charged 

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 

rather unusual. The behavior of the velocity is also unusual, 

which cannot be explained by any existing theory. 

(6) 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 with 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 f1t 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, a. $atisfying fit to the data is obtained. 

High temperature (15~200 K) relaxations for both C' and c44 mode are 

also predicted, with 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 0.18 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 for the potential is given, using an l/r6 potential 

and taking int:o account the Nb-H, U-H interaction and 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-0-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 same temperature, for both hydrogen and deuterium, 

-
as those found by Hanada in their resistivity quenching experiments. An 

OH2 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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APPENDlX 

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 

local·ized in site a, then the A tensor expressed in the principal axes 

coordinate system (x',y',z'), with x' along th8 0-H defect direction 

will be 

Al 0 

u ~<'! = 0 :~ (1) 
(x' ,y', z;) 2 

0 0 

Aa 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 & to get 

A1Cos2a + A3Sin2e 0 (A3 - :>. 1 )SinAC:or-:A 

A a 
(x,y,z) 0 A2 0 (2) 

(A3- Al)Sin8Cos8 0 A1Sin28 + A3Cos2e 

where 8 is the angle between the 0-H defect direction and the x-axis 

of the crystal. !Jimilarly, Ab c 
A ' •••• ' Ah can be obtained. 

• The strain energy is defined as 

- -H = cr • e: (3) 

where cr is the stress tensor and e: 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, cr = -cr = cr. 
XX YY 

Therefore ~he strain energy for hydrogen localized at site a is 

yn (4) 

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

A2 ]. Similarly one has 

a 0 ~a = a 0 ~c = a 0 ~e = a 0 ~g = yn 

(5) 

a 0 ~b = a 0 ~d = cr . ~f = cr ~ ~h = ~yn 

For a unit strain, one may write 

H' I a> y I a> 

H' lb> = -y lb> etc. (6) 

For a c
44 

strain pulling along the crystal body diagonal, cr can 

be expressed as 

I ) (7) 
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Hence 

- Y44n44 (8) 

where 1 
- ~i)Sin2.A y44 = 3 c44(~s 

• 
Similarly, 

0 44 
. ~a = 0 44 

. ~b = 0 44 
. ·~g = 0 44 

. -h A Y44n44 

(9) 

0 44. ~c = 0 44 
. -d A 0 44 

. ~e = 0 44 
. -f A = -y 44 n44 

• or 

H441 a> Y44la> 

H44lc> -Y44Ic> etc. for unit strain. (10) • 
With the eight states and the strain-stress interaction, one may 

calculate all the matri~ elements, Listed below are all the non-zP.r.o 

matrix elements through C' and c44 . 

<IJ! I H' liP > = <IJ! I H' liP > = y 1 4 5 8 • 

• 



• 

;l 

·1 • .; 
·; 

~ 
{ 
! 
~ 
} 

~ 
i 

l 

• l !j 
;.; 
~ 
,. 

Since y 44 = 76 meV, one can calc,ulate (X
3 

- ·:>t
1
)/v

0 
from Equation 8. 

c 44 • Sin2e 

··., 

where v is Nb molecular volum~ and e· "' 35°. Similarly, from y ,. one 
0 

gets 

= 0.014 

...... ! 

i ..... 

.--
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