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A LOW TEMPERATURE ULTRASONIC,STﬁDY OF HYDROGEN IN NIOBIUM
| David Brian Poker, Ph.D. |
o Department of Physics g
Unive;sity of Illinois at Urbana—Champaigp,‘lQ?Q
A Measuremehts.were4made.of the velocity and étténua;ion of ultrasonic
waves in niobiqm{con;ainiﬁg'lOOO ppm oxygen with additionél concenfrations
of hydrogen, to'défermine the properties of a relaxation of tﬁe'hydrogen
whicﬁ apéears bélow 10 K. Measufements.were made as é‘fuﬁction of tempéfa—
ture, fréquéﬁéy, polarization of the ultrasohic Qave,_hydrogen isotope, aﬁd
' épncentrafion of hydrogen and oxygen. -

The BirnbéhmfFlynn model of hydrogen tUnneiling i;_modified to takg
into account the tfapping of hydrogen by interstitial impurities. An Orbach
précess is.propOSea for a relaxation between -the degenérate first excited
'sté;es, Three pargmeters which are determined by théiﬁydtogen ultraspnic
éttenqatioh data:are'éufficient to describevthe propertié; bflthis,mbﬂel.

The ﬁodél'cofrectly predicts the'presence of unﬁsual‘featufes-éf thé*4
rélaxﬁtionAwhichiare not contained in a classical model:of‘hydrogen motion
éver é'potentiéi bafrier; the decréase of the hydrogen tglaxation strength
at low tempefaturés, the decrease in velocity below the.réiaxation tempera-
tdre wiﬁhéut a ébrréspondiné effect in the attenuation, and the broadness of -
‘fhe deuterium décrement peak combared to that for hydrogég;

| A re;sonéble fit to the velocity data for low concentration of. hydrogen
is made by the model with no adjusfable parameters. A fitAto the heat éapacity
' cén be made with the éddition §f parameters representing the strain effects of

~ the oxygen trappiﬂg.
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CHAPTER 1.

~"REVIEW OF THEORY AND PREVIOUS EXPERIMENTS

The investigation of the properties‘of interstitiai hydrogen in metals
has produced interesting results in a number of.areas.»»The embrittlement
of metals by stress induced'precipitation of the metallhydride (Birnbaum
1976 Birnbaum, Grossbeck and Amano 1976 Cotterill 1961) is a very 1mportant
technical problem. 0f a more fundamental nature is the interest in the de-

localized nature of the hydrogen.point defect (Alefeld et -al. 1975; Birnbaum ‘

~and Flynn 1976; Lankford et al. 1978).

1.0 Two Gap Sdperconductivitz

Some early work of Suhl, Matthias andWalker(1959) suggested the
existence of a. second superconducting energy gap in transition metals
Heat capacity (Shen, Senozan and Phillips 1965; Sung and Shen 1965), electron
tunnelling (Hafstrom and MacVicar 1970), ultrasonic attenuation (Lacy and
Daniel 1971), and thermal conductivity (van der Hoeven-and.Keesom 1964;
Carlson and Satterthwaite 1970) measurements supported:tne<existence of a
second gap. However, other results (Anderson, Satterthwaite and Smith
1971; Almond, Lea: and Dobbs 1972 Forgan and Gough 1973 Frommer et al.
1973) disputed the existence of a second gap. Further WOrk was necessary to

explain these contradictory results.




2.0 Effect of Hydrogen Impurities
Sellers, Anderson and Birnbaum (1973, 1974) measured - the heat capacities

of Nb, V and Ta at temperatures below 1 K. Prompted by an earlier suggestion

~.by Granato (Sellers 1975) that the anomaly might be due ‘to vibrating disloca-

tions, they investigated the effects of strain and dislocations on the heat
capacity. However, they discovered that neither the two gap theory nor dis-

locations could,explain their results. Cold working the specimens decreased

- the size of the anomaly, consistent with the two gap model, since the damage

: produced'by cold work was expected to destroy the second energy gap. However,

when the same sample was vacuum annealled, the anomaly did not return. This
was,inconsistent with the two gap model, as the annealling would have removed

the damage which destroyed the second gap. The anomaly was not consistent

' with dislocation ‘vibrations, since bending the sample, which increased the

number ' of dislocations as indicated by thermal conductivity results, d1d
not increase‘the anomaly. Rather, the anomaly decreased in size after bending.
Hence, some other mechanism must be responsible for producing the effect.

The fact that.the,size of the anomaly was reduced by vacuum annealling
suggested that.interstitial impurities might be responsible. Hydrogen,
because of its(high solubility in niohium, was suspected;’ By charging
théir specimens to'about 3000 ppm atomic, with hydrogeniorvdeuterium, they

were able to reproduce the anomalies seen earlier, indicating that it was

‘dissolved hydrogen which was responsble for the effect.' Results of Faber

and. Schultz (1972) indicated that it was possible for even ultra-hlgh-vacuum

annealled samples to contain relatively large amounts of dissolved hydrogen
Most of the 3000 ppm of hydrogen present in the sample would be expected

to precipitate at low temperatures into the_beta'phase hydride (Westlake:




and Ockers 1975~‘Whitton et al. 1975). Sellers, Anderson and Birnbaum
'(1974) suspected that the anomaly was due to hydrogen left in the alpha
phase, since the anomaly changed in magnitude by only about a factor of two
for a factor of 100 variation in hydrogen content. The entropy obtained from
the heat capacity'curves indicated that only about SO,ppm atomic hydrogen was -
responsible'for the effect. This is‘consistent with theiassumption that{"
only the alpha phase-hydfogen contributes to the effect,fand that most of
'the-hydrogen is ‘precipitated into the beta phase.

The difference between the excess heat capacity due to hydrogen and
" deuterium as shown by Figure 1, suggested that the effect may be due to
Aquantum mechanical tunnelling of the interstitial hydrogen inside the niobium
1attice This was. ‘consistent with studies of diffusion of hydrogen in niobium ’
‘ which indicated a non—Arrhenius temperature dependence at low’ temperature
(Baker and Birnbaum 1973), and a nonclassical isotope effect (Mattas and
Birnbaum’ 1975' Matusiewicz and Birnbaum 1977). Theoretical treatments had
attributed these effects to quantum tunnelling of the interstitlalr(Flynn
and Stoneham 1970 Sussmann and Weissman 1972). Sellers, Anderson and
Birnbaum (1974) concluded that the heat capacity anomaly could be caused
by a localized mode of the lattice associated with hydrogen tunnelling in-
the alpha phase. N |

The effect'of'hydrogen and deuterium upon the thermal conductivity of
niobium was investigated by o' Hara, Sellers and Anderson (1974). Iffthere
exist eigenstates which contribute to the heat capacity, their coupling to
'phonon modes might also be possible. This would produce a minimum in the
phonon mean free:path at nearly the same temperatures as the heat capacity

contributions.




Figdré 1. Excess heat capacity divided by temperaturé;versus tempera-

_ ture;&ue to hydrogen and deuterium inﬁerstitiais in niobium;
" (From Sellers 1975).
‘ Curve:C'- 3000 ppm Hydrogen

Curvé'ﬁ‘- 3000 ppm Deuterium .
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,Their measurements indicate minima in the phonon mean free path at
}0 8 K for hydrogen and 0.1 K for deuterium, where the contributions to the
heat’ capacity occur. Removal of the hydrogen or deuterium eliminates the |
'minima, indicating the connection between phonon‘scattering and the defects.
| The coupling‘of.hydrogen defects to phonons suggests the possibility
that the defects7may affect the elastic constants and also show relaxation
effects. We decided to look for evidence of elastic constant changes and
' relaxations caused by defect-phonon c0upling.- Whileﬂthe thermal-conductivity
results indicated the possibility of a relaxation, there was no detailed
model of hydrogen motion available to predict the behavior of the elastic
constants,
| While this investigation was being pursued, a model was proposed by
Birnbaum and Flynn (1976) ‘which described the behavior of a delocalized
hydrogen defect which underwent quantum tunnelling between interstitial
sites;' The splitting of the energy eigenvalues by the tunnelling provided
'a-mechanism which could explain the heat capacity results. The existence
of this model made it possible to think more specifically and quantitatively
about the‘types.of effects which would occur in the elastic constants. Since
their model makes use of several types of interstitial‘positions, it would be
instructive to investigate those positions before attemoting to discuss the"

model.

. 3.0 Hydrogen.Interstitial Positions

Neutronvscattering (Somenkov et al. 1968), electron.microscopy (Schober
et al. 1973) aﬁd“éngropy of solution measurements (Magerl et al. 1973)
indicated the‘occupation‘of tetrahedral sites by hydrogen at room temperature
(Figure 2). Other:results in neutron scattering (Stump et al. 1977; Kistner

et al. 1971) and Gorsky effect measurements (Gissler and Rother 1970;




Figure 2. PoéSible interstitial sites of hydrogen' in niobium.
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~'Schaumann et alf 1970) suggested that other sites might also be occupied,

especially heXahedral sites.
Channelling measurements (Carstanjen and‘Sizmann’l972; Shakun et al.

1975) confirmed-the tetrahedral site occupation, but did not rule out the

.possibility of.other additional sites.

BN

- Diffuse nentron'seattering results of Fender (1976) showed that the -
tetrahedral sitesiare occupied by hydrogen, and that triangular sites have

occupation probabilities almost as large as those for the tetrahedral sites,

at,least at room temperature. They also indicate at most a very low occupa-

tion probability for octahedral sitesr

Quasi-elasticpneutron scattering from hydrogen ano deuterium inter-
stitials in niopium (Gissler et al. 1973; Wakabayashi_et al.‘1974) indicate
that deviations fromAa harmonic Debye-Waller broadening are best explained-
using two r.m.ssAamplitudes of vibration; 0.14 and about .l angstrom. The
lattice.distortion:surrounding the'interstitials is seen to nave.almost

cubic symmetry-(Bauer, Seitz et al. 1975).

4.0 The Birnbaum-Flynn Model

Birnbaum and Flynn began by assuming that hydrogen localizes itself -

by. self trapping at low temperatures (Flynn and Stoneham 1970) They

2 included the possibility of the hydrogen wave function overlapping onto

neighboring interstitial sites. Several systems made of-tetrahedral,
triangular, and'octahedral sites were considered (Figuref3). They compared

the properties of each system to the experimental observations These ob-

,servations are: (a) Debye-Waller factors indicate two r.m.s. amplitudes




10,

Figure 3.

Intersfitial systems considered by Birnbauh“end Flynn'(1976)

to explain heat ‘capacity of hydrogen in niobium. Orbital

,systems are centered on octahedral (a), tetrahedral (b),

and tr;angular (c) sites.







of vibration, 0.14 and 1 angstrom (Gissler et al. 1973; Wakabayashi et al.

1974); (b) non-¢lassical isotope effects exist in heat capacity (Sellers,
Anderson.and Birnhaum 1975) and thermal conductivity (Sellers 1975) anomalles;
(c).neutron structure analysis (Petrunin et al. 1970)‘and‘diffuse scattering
(Fender l976) indicate that tetrahedral sites are occupied; that triangular
sites have 51m11ar occupation probablllty at room temperature, and that
octahedral 51tes have a small occupation probabillty,‘and (d) lattice dis-
tortions surrounding hydrogen interstitials possess almost cubic symmetry
(Bauer, Seitz et al., 1975; Buchholz et al; 1973; Bauer and Schmatz 1975).

The neutron scattering results are consistent with all three models
if the octahedral-sites are constrained to be unoccupied.l The 0.14 angstrom

Debye-Waller factor corresponds well with the value of 0 12 angstrom expected’

‘for a harmonic oscillator with the observed proton energy (Pan et al. 1969;

. Chernoplekov et a1 1970) The mean ‘ring radius of model (a) of 0.7 angstrom

compares favorably with the larger Debye—Waller contribution, while models
(b) and (c), be1ng smaller in size, compare less favorably.

To compare the heat capac1ty results, energy - levels of the quantum e1gen—

" states of models (a), (b) and (c) ‘were calculated. Armatr;x method was used,

a351gn1ng diagonal energles € and zero to tetrahedral and tr1angu1ar sites
respectlvely, and an off-diagonal term V represent1ng transitions between
adjacent sites. Diagonalization of the 8 x 8 matrix gives for model (a)

. - 2 - .
E,, Eg = 2Viw + /w + 1‘]_ o (1.1)

E, o= 2v[w ¥ /v’ +1/21 . , (1.2)

By 35 Eg g



Model (b) gives, .

. [ '
E), Bg = 2V[w ¥ /w’ + 1] S ¢ )

E

29 E3, E, =0 > A . ) (1.5

.4
aﬂd similarly,:mOQel (c) gives, | |

El, Eq = zv[wi /w2.+ 1/2] ‘ N | (1.6):
E,=0 | IR | (1.7

whéré w = ¢e/4v.

The heat'éapécity‘is calculated from these energy-levels using
- ¢ = a{xr?(@/dn) [1n | exp (-E/kD)1}/AT. . (1.8)

None of the modelg'presented before rgproduces thé §bsérved heat qapacity
anomaly; bﬁt (a) :15 closest, so it was used thfoughogtithe rest of the
célculgtions. 4It§'energy levels are shown as fdnctionéﬁof w in Figure 4.
The two dodbléts E2’3 anq E6,7 couple to strains‘df ﬁhe lattice. -
This coupling produces static distortions similar to thoge produced in
Jahn-Tellgr-systems. Random internal strains produced ﬁy hydride‘precipi;

_tates,-neighboringAdefects, etc., can also couple to these.states, producing



14

Figure 4;.

Energy eigenvalues of octahedral centered'tuﬁnelling system -
are shown as a function of w = e/4v, where €.is the energy

difference between tetrahedral and triangular sites, and V

: is'théldff—diagohal overlap integral. (Froﬁ»Birnbaﬁm and

Flynn 1976).



eVt (D) (2)
| /)




a distribution‘in the density of states as a function of energy. Birnbaum
and Flynn acknowledged that the strain coupling parameters and strain field
d1stributions are unknown, so they assumed a uniform distribution of doublet
energy splittings;from zero to an where Vd is the deuteron overlap integral.
They assumed that the strain coupling parameters for hydrogen and deuterium
were nearly identieal, so the energy splitting‘would also be the same.
However, the'tunnelling is different, so they aSSumed the hydrogen everlap

integral V. was related to V, by B =V /V

h

Their fit to the heat capacity is shown in Flgure 5. The tempetature
and heat capacity have been normalized to 1 relative to the values at the
deuterium peak temperature T = 1.42 K. The two adjustaBle parameters have
values B8 = 3 and a = 0.5. The fit was insensitive to the offset energy w
and did not'sttongly‘dependtupon a. The energy level diagrams for both
hydrogen and deutetium corresponding to the best fit arefshown in the lower
right corner of Flgure 5.

B1rnbaum and Flynn attr1bute the success of the model in dupllcatlng
the heat capac1ty results to three featureS'l (a) the f1rst excited state
ds a degenerate doublet, (b) the strain splitting 1owers some of the excited
states close to the ground state for deuterium, but not for hydrogen, because
of the isotope'effeetvin V; and (c) there exist more states above the first
excited etates'td account for contributions to the heet‘capacity at still
higher temperature} lney conclude thattothet tunnel-split systems could
possibly reprodnce these results, but that it is unlikely.

Finally, the-euthors treat the subject of the near—cutic nature of the

observed lattice strain surrounding the defects. They sum the contributions
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Figure 5.

Experimenta1~heat eapacitiesAas a function df temperature for
hydregen and deuterium‘in niobium. The open eircles are for
as-reeeiVed specimens, while the closed circles:are for 3000
ppm'eharged specimens. ' The solid lines-represent the fit of
the ﬁirnbaum;Flynn~model for « = 0.5 and B = 3. The broken
curve represents the deuterium calculation for a = 1. 5 end
8 3 (displaced vertically for clarity) The energy level

spectra for hydrogen and deuterium are shown at the lower

fright.: (From Birnbaum and Flynn 1976).
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tohtheAlatticevstrgin from all eight interstitial éites to obtain an average
‘sgrain field. Thig strain field turns out to be nearly cubic due‘to cancel-
lation of the'nén;éubic terms in the sum.

The'Birnbaﬁm-Flynn model, as presented, describes the behavior of a
delécalized, unbound hydrogen atém. The possibility of .binding the hydrogen
.to another defeét,has not been cbnsidered. This effect of binding, or

trapping, of the ﬁydrogen will become very important, in view of recent

discoveries.

5.0 Effect of Interstitial Trapping

As mentioned‘previously, the low temﬁerature limit of the solubility
of hydrogen in niobium is expected to be quite small (Wﬁitton et al. 1975;
Westlake and Ockers 1975). As early as 1973, Baker and Birnbaum showed
that anelastic feiaxatiéns of hydrogen charged niobium'which appear around
iSOK at 10 MHz Werg due to cpmﬁlexés of hydroéeh with-nitrogén and oxygen
(Baker énd Birhbéum 1973; Mattas and Birnbaum 1975). Reiaxations of hydrogen
pairs were glso seen, but no evidence was seen of isolated, indivdual hydr&gen
relaxations. These relaxations are believed to be caused by reorientation
of the hydrogen arpund the trapping intqrsfipial in the presence of the
applied stress. Separate relaxations were seen for differenf poiarizationé
of the ultrasoﬂié'wave, indicating that more than one symmetry of the
hydrogen-trap sfétgm exists. ‘

_ Resistancevmeésurements by Pfeiffer and Wipf (1976) verified the
trapping of hydrogen in nitrogen iﬁ niobium. Their.analysis indicates that
onionne hy@rogeh atoﬁ traps at any one nitrogen'interstitial witﬁ a binding

energy of 0.12 eV, consistent with the results of Baker and Birnbaum.




The heat capacity. experiments by Sellers, Andersbn, and Birnbaum

(1973, 1974) wére.redone.by Morkel, Wipf, and Neumaier (1978) to investigate A
the éffett of.nitrogen trspping. They found that no exsess heat capacity
Awas:sressnt in nitrogen ftee samplés. ,Ihe introduction of nitrogen produced
_-éxcess Heat‘capacities;similar to those seen previously by Ssliers, Andsrson
and Blrnbaum (1973 1974) for both hydrogen and deuterium. They conclude
‘that the excess heat capacity can be accounted for by assuming that the
hydrogen traps into a lqcalized site near a nitrogen interstitial without
undergoing delocalized tunnelling. There exist various orientations of

the H—ﬁ defsct which are degenerate by symmetry. This degenetacy‘can bs
1ifted by the intsrastion dt the defect strain fields due to other-neigh—
boring defects. They estimate tﬁat a concentration of‘about 3000 ppm of
nitrogen, which was used as the trapping defect, could cause- sp11tt1ngs as
“large as 10 -3 eV. This is more than the amount required to exhlbit the
observed heat qspacity effect. The splitting is dependent upon the trapping ..
concentration, so that the temperature dependence as well as the size of the
heat capacity effect:would be affected by the trapping concentration. This

behavior will bétreferred to as the localized bound model.

6.0 Effects Upon'Elastic Constants

There exist. two msdels of hydrogen motioq in niobium, thé: Birnbaum- |
Flynn delocalized'qnbound model; and the localized bound model of Morkel;
Wipf and Neumaier;' Both models allow for the existence of elastic coﬁstaﬁt 3
changes and a relaxation. The Bitnbaum~F1ynn model provides a more specific
basis for predictions than~the Morkel, Wipf and Neumaier model. However)‘

neither model qan'adequately account for all the available experimental
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data. It was héped that a study of the ulprasonic relaxation would provide
Sufficieﬁtly détailed results tb decide between the existing models, or to -
feqhire the c;eation of a'newbmodel. As will be seen, a mo&ification of the
Birnbaum—Flynh'model to take account of hydrogen trapﬁing caﬂ be used‘to-

explain the ultrasonic data as well as other results.



CHAPTER 2.

. EXPERIMENTAL TECHNIQUES AND APPARATUS

rd

1.0 Sémple Préparation

Two éubiélspécimens slightly larger than one centimeter dimension were
spark'cuf from a six inch section éf a single crystal niobium rod one inch in
diameter which was supplied by Dr. H. K. Birnbaum. The surfaces were oriented
witﬁ one éet 6f (100) faces and two sets of (110) faces. The orientationAwas
done by X-ray Qiffraction to within 1/2 degree using the double exposure |
mefhod of Ochs (1968). The surfaces were mechanically.pdlished by mounting
in stainless steel polishing disks and uslug diamond paste as an abraeive.

The surfaces were-méa§uréd to be flat within one wavelength'of sodium light
and parallel to 3 x-10-5 radians.

Impurity analysis indicated that the primary impurity was Ta with large
amounts of N,'O‘and C. ‘Concentrations of these and other impurities -are
listed in Table‘l.f

One éample‘was'returned to the ultra high vacuum sjsteﬁ for oxygen treat-
ment . It was ﬂe;téd to 1800 C in an atmosphere of 10_6 Torr oxyéen to remove

: ; . s : . -6
carbon and nitrogen impurities. The pressure was then increased to 2 x 10

Torr for a period of five hours to introduce approximately 1000 ppm of oxygen.

2.0 llydrogen and Deuterium Charging

Sample charging with hydrogen and deuterium was done from the gaseous
phase at high temperature. Two methods of gas charging were used, a thermo-

dynamic equilibrium method and a measured volume method.
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TABLE 1.

IMPURITY CONCFNTRAfION IN PARTS PER MILLION BEFORE FINAL ANNEAL.

Ta 200 o Na <1 V Zn < 0.06
c 0 w - 0.8. } Fe 0.05
0 64 In’ < 0.3 h 1 Cca . < 0.04
N w AL - 0.2 . cr < 0.04
Cl. < 9 - : Pb 0.1 : | Ti < 0.04
si 3 s Mo <0.1 : N 0.04
Ca 3 o éb < 0.1  ‘ “Mn < 0.03

K 2 Au < 0.08 v < 0.03
Se | 2 g Re < 0.08 . As | < 0.03
Mg, 1 7r < N.,06

\

': Originaliy the equilibrium method was used. It consisted of_heatingl
the specimen to about 600 C in é vacuu@ of 10_8 Torr. Hydrogen or deuterium,
which had been purified by passing through a palladium cell, was introduced
to. the vacuum éﬂamber at the preSsure required to equilibraté the concentration
of the gas in thé.éample to the desired value. As the temperature of the
sample was lowéred; the pressure of the gas was correspondingly reduced to
maintainAequilibriumf‘ When the sample had cdoled to about 100 C, air was
intréduced into;the chamber,_forming an oxide 1ayef on the sample and sealing
the surface agai;st further_hy&roéen paésage. |

+ After the experiments were performed, the sample was outgassed at high

temperature and the. evolved gas was collected into a known volume. The
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original concen£rétion of gas in the sample could then be calculated. After
sevepal chargings it was discovered that the concentration of gas iﬁ the
gaﬁplg was begiﬁning to fall below the value expected.from thermodynamic con-
sideration. It was felt that this could possibly be caused by Surface con-
tamination -of fhe sample which interferred with the equilibration of gas
concentration. Hence it was deéided to use a measured volume method for
charging, which woﬁld-give an immediate indication of'propef charging.

| In the meésuped volﬁme method, the amount of hydfogen or deuterium
;equire@'fo-achieve the desired concenfration in the éampie‘was calculated(
This amount was ﬁeasured intb a calibrated volumé, ana was then bled ipto
Fhe sample chémbgf;‘ The sample was heated, absofbihg aimést all of the gas
before equilibri;m-was achieved. Much better success was obtained with this
method, except when éharging’to very high concentrations, around 1000 ppm.‘
The sampie chambef'then had to be pressurized to a ﬁigher pressure, with the
copcentration of gas in the sample calculated from the differencé between

initial and final pressures.

3.0 . Ultrasonic Measurement

Measurements were made‘bn two samples, designated Nbl and Nb2. All
experiments but one were‘conducted with Nbl. This sample was initially
cﬁarged with oxygeﬁ to a concentration of approkimately 1000 ppm. Experi-
ments were condgcted using various additional concentrations of hydrogenvand
‘deuterium. The pufpose of the oxygen doping was to provide trapping centers
for the hyarogen; and to reduce precipitation infé the béta phase (Westlake
and Ockers 1975;'Whitton, et al. 1975). Nb2 was not chargéd with oxygen,

but analysis showed an inherent concentration of about 200 ppm of oxygen,
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carbon and nitrogen, combined. Polarization of the ultrasonic. wave was
adjusted by choosing longitudinal or transverse transducers and mounting

upon the appropriate face. Table 2 lists the elastic constant measured for

each polarization.

TABLE 2.

ELASTIC CONSTANT VERSUS POLARIZATION

;Polafization : S Elastic Constant:
{100] Longitudinal C11 = (B + 4C')/3
- [100] Transverse CAA
[110]. Transverse along [100] o CAZ
[110] Transvérse along [IIC] c' = (C11 - Clz)/ZA

Therefore‘the‘ée;s of (100). and (110) faces allow measurement of the
three independent elastic constants c', C44’ and B, the bulk modulus.

C can be measuréd by two different polarizatioms, allowing a check of the

44

défa. ‘B, the Bulklmodulus, cannot be measured directly to the accuracy
required, but it éan be derived froﬁ the measurements of Cll and C'.

The sound was generated and dectected by 3 MHeg and 10 MHz quartz trans-
ducers cut for shea? and lbngitudinal modes of prbpagafion; The transducers
were bonded to tﬁe sample using Nonaq stopcock'grease. Due to the difference
"in thermal expénsion btetween the quartz and niobium samblé, great care had
to be .taken to insure the survival of‘fhe bond wﬁile cooling from room
temperature to hélium tempefature. The cooling rate had to be adjusted so

as not to‘excéed 1 K/min. A good quality bond could survive cooling rates




as high as 10 K/min, but aé'this sometimes led to irreversible.changes in
bond charactefiétics, it was avoided except during queﬁching experimeﬁts.

The procedgre for prqducing a good bohd is of such importance that it
will be'sﬁmmarized~here.' The sample surface ahd transduper were cleanéd in
acetoné, and fhe sample was heated to about 40 C by placing'upon a warm block’
of alﬁminum;“A drop of Nongq was placed under vacuum and warmed slightly to
'evapprate'any-copdensed water. A very small drop of the Nonaq was trans-
ferred'to the sawple surface. The transducer was placed over the drop and
'wrung down using:the eraser end of a. pencil. Wrinéing continued in.a circular
and flgure elght pattern to remove as much Nonaq as possible from beneath
the transducer. Eventually,  the bond would noticeably stlffen and seize to
fhe surface.“.The sample could then be removed from the aluminum block and
cooled to room temberature. .The bond was immediately tesgéd using a Sperry
Attenuation Comparétor to determine the quality. The bond could be immediately
_remade if.it was not of sufficient quality to use.

Mcasurement of decrement Was'performed using‘Matec Models 6000 and
2470A pulse eécho generator and attenuation recorder. Thé pulse generator was
frequency'variablg'énd generated a.pulse about one miéroéeéoﬁd'invlength.
The:frequency'could be adjusted to‘any odd harmonic of the transducer funda-

mental frequency, allowing a large variation in the measurement of decrement

versus frequency. The attenuation recorder measured the logarithmic difference

in amplitude of two echoes in units of decibels. Dividing by the transit
time between echoes gave the attenuation in décibels/usec. The decrement

was obtained by the relation (Truell, Elbaum and Chick 1969)
§ =a/8.68 £ I (2.1)

where a is the attenuation in db/usec and f is the frequency in MHz.



Velocity was measured with a pulse superposition system (Holder 1970).

Stability is determined by the frequency synthesizer (Figure 6). The output

frequency, usually 10 MHz, is divided by an integer D and triggers a pulse
generator. The pulse generator controls the gated ampl1f1er, whlch passes a
1 microsecond segment of the 10 MHz wave on to the dr1v1ng transducer mounted
on the sample. The receiving transducer detectb the echoes, which are
amplifled.and rectified by the RF amplifier. The amplitude of the echoee.

depends upon the phase relationship between the applied pulse and. the echoes.

" When the ratio D/f is equal to an integer multiple of the round trip tran51t

time, constructive interference occurs, and the echoes have maximum amplltude.
A low frequency (35 Hz) reference signal from the lock-in amplifier is used

to frequency modulate the 10 MHz wave. The frequency modulation of the 10

MHz produces a'corresponding amplitude modulation ‘of the echoes. The output

of the lock-in amplifier:is proportional to the amount by which the modulatlon
ie displeCed from the center of the amplitude maximum; The output of the
lock-in, when integrated, is used to provide the error,slgnal‘to correct the
'frequency syntheeizer and maintain the relationehip between D/f and tne transit

time. The velocity'is determined by
= 2 nLf/D ’ | ;’ (2.2)
»'.cv/v - st/¢ | _. (2.3)
where & is the‘length of the sample and n is tne number of round trip transits

per driving pulse.. The corresponding elastic constant Cij is related to the

velocity by
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Figure 6.

Thelﬁulse'sdperposition velocity system. The synthesizer

'.prOdQCes a 10 MHz continuous wave which is frequency modulated

by the lock-in reference signal. A digi;al'frequency divider
triggerS'a pulse generator every D cycles of the 10 MHz wave,
which’tﬁfns on a}gated amplifier for 1 ﬁicrdsecoﬁd, delivering
the'pulsé to a transducer mounted oh‘the sémplé. The 1ock—in
meés@reé the echoes from'the RF amplifier, providing an error
signal which is inteérated to provide a corfecﬁibn to ;he

frequeﬁcy synthesizer.
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2 S ' - .
Cij — pv . (2.4)
For small changes in velocity and at low temperature, where the thermal

4expansion is small, the frequency is related to the corresponding elastic

constant by
§c/C = 2 SE/f . : o (2.5)

Measurement of the frequency of the 10 MHz wave is sufficient to
determine relative changes in the elastic constants. With materials having
'vlow background decrement, such as niobium, it is possible to measure changes
'in.frequency,esbsmall as 1 Hz, corresponding to a sensitivity of 2-x 10_7 in
the elastic constant.

The use of 'separate transducers for driving and detecting was prompted
by the need to investigate theﬂlow temperature behavior.of the velocity, and
so required the use of very small amplitude pulses to prevent acoustic heating
of‘the,sample. When the same transducer is used for driving and detecting, an
overload'of-the‘RF'emplifier occurs, which reduces-the maximum gain.available.
Using'seperate'trensducers eliminates]the 0verload,.allowing higher gainsi

from the RF amplifier, endAthe use of‘smaller'emplitude pulses.

4.0 Cryostat
It was decided that the meesurements of velocity and attenuation should
extend to‘temperatures comparable_to those used in the heat cepacity'experi—
ments, 0.1 to 1 K. A He3 refrigerator fit this-requirement and had the -
4

'advantage of being much simpler to build and operate than a He3—He dilution

refrigerator.



The 1nsert shown in Figure 7 is .immersed in 11qu1d Hea. An outer can

(A) compresses the inner can (B) against an indium O—rlng, creatlng a vacuum
tight cryogenic seslf' The inner can is evacuated to about 2 x 10 -6 Iorr for
thermal insulétlon. ‘A valve (C) operated msnually from outside the cryostat
is opened to allow 1iqu1d Hea to fill the He4 pot (D). The valve is closed
and the He pot is evacuated with a mechanieal pump hav1ng a pumping speed of
500 liters/min.A This lowers the temperature of the Hea pot to 1.3 K. He3
gas is introduced into the He3 chamber (F). The He3 gas condenses on the
insideAwall oﬁ_the He4 pot and drops down the tube to collect at the bottom
of the He3 chemher.' The He3-chamber is then pumped using a 300 11ter/see,
high throughput.dlffusion pump, lowering the temperature of the copper. cold
. plate (G) at the bottom of the He3 chamber to 0.3 K. A radiation shield (E)
hung from the Hea pot prov1des additional thermal isolation for the sample
.VOlume.l |

hlthermal'impedance'is introduced between the cold plate and the sample
olate (H). A heater and thermometers are mounted on the sample plate along
with the sampleA(I). The thermal 1mpedence allows the sample to be held at
temperatures hlgher.than'0.3 K without rapidly vaporizing all the liquid He3.
The thermal impeoenee was designed to give a cooling tlme.constant of about
‘one second in the range of He3 temperatures. This was short enough to give
: _éood coupling wheh the lowest temperathres were desircd,.but largc cnough to
give.some isolstioh at higher temperatures. v: -

The sample is held against the semole plate to méiﬁtéln good thermal
- contact mith theiheater and thermometers. ‘Provision is left for mOUntihg
‘a bellows (J) below the sample for applying bias stresses to the sample.

lhe'bellows was pressur1zed with He4 gas. At temperatures below 1 K

and'pressures above about 25 bars, the Hea solidifies. Also, the maximum
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rated préssure,of'fhe bellows was 7 ba:s, Therefore,. the pressure of He4

was kept below 6 bars -at all times. The sample cross section was considerably
smaller than thé bellows cross section, whiqh allowed the applied stress on
the sample to,ﬁeéch about 28 bars. - At these pressures and temperatures the

He4 in the bellows and supply tube were liquified, so great care had to be

taken when changing the bias temperature and pressuré;'_Instability in the

pressure occurred above 8 K, so no experiment was_attemptedlabove that

temperature with the use of -bias stress.

5.0 Temperature Measurement and Control

Temperature measurements were done with two germanium resistance ther-

. mometers (Scientific Instruments) and a platinum resistance thermometer

~(Rosemount Inc.): . One of the germanium thermometers was»designed for use with

a-He3 refrigeratér and was calibrated from 9000 ohms at 0.3 K to 50 ohms at

"3 K. The other germanium thermometer was more useful at higher temperatures,

varying'ff;m 20,606uohms at 1.5 K to 2 ohms at 100 K. .Thé platinum thermometer
was usefdlufroh.éd‘K to room temperature, varying f;om 5 ohms to 100A9hms in-
this ‘interval. |

.A fOuf terminal AC measurement was utilized, with<a.b;idge‘design
developed by Anderson (1972).. The sensitivity was better than-a part in
104, to the limit qf the thermometer calibration. A PAR 113 preamp and PAR
120 lock-in amplifier ﬁére'used to improve sehsitivitf and>noise immunity.
A referencé freéuenc&‘of 25 Hz was chosen to minimize-the effect of lead
capacitance and'iﬁddctance.

The éutput of the lock-in amplifier, proportional tbAfhe bridge imbalance,
was used for fempératureltontrol. Voltages-which wefe the. integral of,

differential of,.énd'propprtional to the error signal were summed. The
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heater voltage‘was.deriwed‘from this sum.” The time constants of the integral
and’differential signals and the gain of all three signals were variable.
A variable resistance'injseries with the heater allowed thé controller to
_ be'used from 0;3'K where microwatts of heater power were required, to room
temperature, where several watts of power were necessary to make temperature
changes at a reasonable rate. The temperature controller was able to maintain
',thewtemperature'tO‘within one millikelvin over a temperature range from 0.3 K
to over 20 K. From 20 K to 50 K none of the thermometers had sufficient
.sen51tiv1ty to ma1nta1n the temperature stability to better than 1 m1111ke1v1n.
However, since most of the.measurementsvof velocity and attenuatlon were made
,from 0. 3 to 15.K no problem w1th temperature control occurred
| The . germanlum thermometers, as 3upp11ed were mounted inside small
. copper cyllnders 0 093 by 0.1875 inches, which were soldered to-a small
plate.' The plate ‘was then . screwed to the sample plate. The copper cylinder
"contained Hea'as thermal exchange gas. However, at the;lowest temperatures,
the He4 condensed, reducing the thermal conductivity through the case. The
‘lowest.thermal'1mpedence was then through the electrical leads. Hence, at
the lowest temperatures, if the electrical leads were not well thermally
grounded to the sample plate, large errors in temperature measurement were
possible. Thls became a_ severe problem below 0.5 K.

To improve thermal conduct1v1ty through the electrical leads, the copper
cylinder containing the-thermometer was removed from the'mounting plate. A
copper rod was-threaded on one end to mount into a holelin the sample plate.
lhe thermometergwas inserted'into a snugly fit hole in‘the'opposite end of
the rod, vacuum;grease being used to improve thermal contact. A layer of

rice paper.was cemented around the rod using GE 7031 varnish. The paper




 provided electrlcal insulation while its small thickness (0 0005 1nch) d1d

not adversely affect ‘thermal conductiv1ty The electrical leads were replaced
with O. 005 1nch manganin wire and wound around the rod. Another layer of

varnish was,useduto cementfthe leads to the rod. This provided excellent

A thermal contact between the‘thermometer, electrical leads, and the sample

_plate. This technique has been used on thermometerszwhich operate'down to ..

o

" 0.3 K with very good results.
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CHAPTER 3.

ANELASTIC RELAXATION

The introduction of a substitutional or interstitial defect into a
ﬂlattice produces a distortion of the neighboring atoms to accommodate the
'solute atom. The anlsotropy of the distortion w111 reflect the symmetry
' of the defect 51te; For some defect symmetries there will exist more than

one orientation or p051t10n of the defect having the same energy. 'The

‘application of the appropriate external stress can remove the degeneracy,
'.cau51ng a redistribution of the number of defects in the various orienta-
_tions.‘ Thls ordering of defect concentrations leads - to the production of-

an additional latt1ce strain due the corresponding ordering of the distortion

"'surroundlng the defect. This additional strain is reflected in changes in

the elastic constants and internal friction. The process whereby anuapplied
jstress leads to.ordering of "an 1nterna1 variable which produces a change
in the elastlc constants is referred to as anelastic relaxation.

An excellent review of anelastic relaxation is provided by Now1ck and
Heller'(l963,19§5) and Nowick and Berry (1972). The results that are

relevant to this discussion will be presented here.

1.0 Relaxation as~a Function of Frequency

Transitions‘between defect~orientations are assumed' to occur with a
characteristic t1me, defined as the relaxation time, r; When an external

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




'8, and the reiative.change in the elastic constant, 6C/C, are given by

" the Debye equations:

s ‘ wr' ' S s

e S » (3.1)

;]" 1+ w2T2 o

-. % - p—1 12 = . R S (3.2)
' 1 +wt” o ‘ .

‘where 4 is the relaxation strength. - The relaxation strength is temperature

_ dependent, and for classical systems is given by

o B V%0 . 2 ' L : |
A = _-IET_- .C(G}‘) . o (3.3)
where B is atdimensionless geometrical constant of order‘unity, c, is the

atomicnconcentration of defects, v is the molecular'volume,-C is the

appropriate elastic constant, k is Boltzmann's COnstant;‘T‘is the temperature,

. and SA represents the difference in the lambda tensor between the defect
' orientations.‘ The lambda tensor represents the distortion of the lattice

by the defect and is defined as the strain produced per unit concentration

of defects in the same orientation.

“The temperature dependence of the relaxation strength for a quantum :

‘-_mechanical system can be different from that given above. 1In general he

relakation strengthfwill approach the classical value at high temperatures,

* but can exhlbit dev1ations at 1ower temperatures. ‘The comparison of the

claSS1cal and quantum mechanical behaviors will be made in the discuss1on.
The behav1or of the decrement and elastic constant are displayed in

Figure 8 as‘functions of the product wt. The decrement 1s ‘seen to peak
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,Figuré 8. The‘dégrement,' §, and elastic constant changeé 8C/C, due
‘to‘éﬁ anelastic relaxation'as function of wt.§ is the

relaxation strength. tmris'represénted by .a log scale.
. ) _ bl .







at a frequency where wt = 1, where a dispersion in the elastic constant occurs.
The decrement peaks at a value of nA/2 while the relative change in the

elastic constant, 8C/C is. equal to A for- small values of wT.

2.0 Relaxation as a Function of Temperature

'The forms of the response functions have been shown to be simple when
' erpressed as functions'of WwT . :The independent variable was assumed to be w,
~with T kept constant. SinceAit is usually difticult to vary w by more than
onelor‘two ordersdof magnitude when measuring any one_sample,'this usually
means the preparatlon of several samples to cover various frequencies. It
_is usually 31mp1er to vary 1 by varying the temperature. The temperature
dependence of ‘T may take various functional forms, but often the function

follows the Arrhenius equation,

_where Q is.theiactivation energy and k is Boltzmann's#constant. The responsep.
functions for this temperature dependence'are similar to those shown in .
‘Figure 9. The decrement response is again a single peak at a temperature
where WT equals one.- The response in the elastic constant is qualitatively
'different. At low temperature, where T is very large, 6C/C is small because
the defect does not move‘fast enough to make a tran51tion.during a cycle of
‘stress. :At higheritemperatures, the elastic constant decréases, the disper-
'sion occurring in the same temperature range as the peak'in the decrement. At
Stlll higher temperatures, instead of becoming constant the elastic constant

. Trises again to 1ts 1ow temperature value. This occurs because of ‘the 1/T

temperature dependence of the relaxation strength as seen in Equation (3:3).




Figure 9{::

The decfement, s, and elastic coﬁStant'changé; 6C/C, for

_an anelastic relaxation as functions of temperature. The

decrement peak and elastic constant decrease are centered

at a temperature where wt = 1.
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Thls 1/T temperature dependence of the relaxation strength helps to identify
a relaxation, 81nce the 1/T temperature dependence is not common in the

'elastic constant for other physical processes.



" CHAPTER &.

EXPERIMENTAL RESULTS

The obJective of this work was to determine. whether there existed
relaxations wh1ch were associated with the motlon of hydrogen at low
temperatures,<and_to explain the results with a model which would also be
consietent withimeasurements of other properties of this and related systems.

Measuremente‘uere made of attenuation and velocity in niobium containing
various concentrations of oxygen and hydrogen’as a function of temperature,
frequency, polarization of the ultrasonic wave, and hydrogen isotope.
Measurement of{the velocity could be done with greaterfeensitivity than
measurement:of attenuation, but the dependence of the attenuation on tempera-
ture made it more-yaluable in determining the characteristics of relaxations.
The velocity couid:be measured with akrelative accuraconf one part in 107,
but the behaviorﬁof the velocity in the hydrogen freelspecimen was complicated
by the superconductlng tran51t10n and a strong temperature dependence. This
made it d1ff1cu1t to accurately measure differences between the velocities
of hydrogen'charged and hydrogen free samples. ”

The attenuatlon could not be measured to ae grcat an accuracy as the
velocity, butlthe temperature dependence of the attenuatlon in the uncharged
sample was much simpler. The superconducting contrlbutlon was predictable
' and could ea511y be accounted for. The attenuation of the normal metal was
nearly 1ndependent of temperature through the range’ of 1nterest. The con~-

tribution of hydrogen to the attenuation therefore was easier to determine.



The initial experiments were performed on Nbl charged to a low con-

centration of hydrogen. At this time an accurate attenuation recorder was

not available.» The low concentration also indicated that the relaxation

- would be “too small to be seen in the attenuation.

-veloC1ty measurements were performed originally.

For these reasons, only

The relaxation strength was larger than first expected and with the

1mprovement 1n accuracy of the available attenuation recorder, attenuatlon

' measurements were,attempted.~ ‘Hence, the later experiments, especially the ones

with high concentrations of hydrogen, included both velocity and attenuation

'4measurements, while the experiments with low concentrations of hydrogen

occasionally included only velocity measurements.

The various concentrations of hydrogen and deuterium, along with the con-

centrations of trapping defects such as oxygen, n1trogen,lor carbon for both

samples are indicated in Table 3.

TABLE 3.

- DEFECT CONCENTRATIONS

iSamplé Trapping‘Concentration Hydrogen Concentration

Isotopei

Nbl . "1000 ppm 0 - 160
‘ o : 200
2150

200

575

1800

N62 . 200 ppm O,N,C _ 700

ppm
ppm
ppm
ppm
ppm

Ppm .

ppm

oouo@mm @

=]




1;0 Temperature Dependence of Background Velocity

'Measuremente were made of the velocity and attenuation in uncharged‘-
samples to determine the background behavior. The temperature dependence of

the normal elastic constant at low temperatures contains both T2 and T4 terms),

~ = - oT" = BT .

The coefficients a and B could be determined by fitting the’abcve equation to

the velocity datauabove the superconducting temperature, 9.1 K. The coef-

_'ficients for-the'three modes are listed in Table 4.

. TABLE 4.
T% and T COEFFICIENTS
Elastic Constant A o ' B
' _ ‘ -8 3 -10.
o , 8.2 x 10 7.6 x 10
Cuty - B 2.4 x 107° . g - 2.1 x 1070
¢t 4.4 x 1077 e 1.3 x 1077

2.0 Low Concentration Hydrogen Results

Measurements of the frequency change at 10 MHz of”the C' mode versus
temperature for Nbl,,contalning 1000 ppm oxygen,.w1th and without 160 ppm of
‘hydrogen are 1nd1cated in Flgure 10. The relative change in the velocity is
equal to the frequency change divided by the measuring frequency, 10 MHz,

from Equat10n42;4. The relative elastic constant change is equal to twice
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Figure 10.

The.f:équéncy change of the C' mode as a function of
teﬁpératufe{A The uppef curve represents data taken .on

a hydfpgeh'free sample. The lower curve represents data

taken-pn é'sample charged with 160'ppm of hydrogen{ The

two éupﬁes have been drawn so that the diffgfence be-

. tween .them decreases as 1/T at higﬁ tempera;uré.‘




ST T T 1 T T T T 1 T T

O soronuxxxXXXX xXxXXXXXXx x o




‘the relatlve change in velocity, from Equation 2.5. Theirelative changes'in

both the veloc1ty and elastic constant are therefore proportional to the
changes in}frequency. The upper curve represents the velocity change with no
'hydrogen and ls characteristic of most metals. The curve.ls flat at 1ow,
‘ temperatures,.anproaching_the vertical-arisvwith zero<slope. Above a few
degrees the‘velocity decreases, with a discontinuity in slope at the super-
conductingutransltion temperature, 9.1 K. This is difflcult to see in
Figure 10‘because‘o£ thelsmall size of<the superconductlngAcontrdbution to
C', but can be more.easily seen 1aterAin the C44 mode, At higher temperatures,
the uelocltyrdecreases rapidly, with the second and fourth powers of tempera-
ture.’ | | | |

The lower curve represents the vclocity change when'the sample was charged
with l60'ppm ofghydrogen. Since the relative accuracy-of the velocitylmeasure-
ments is much greater than'the absolute accuracy,‘the-relative positions'of
the two curves is d1fficu1t to determine. These curves1were positloned so
as to- c01ncide at the highest temperatures of measurement. For this case, it~
is seen that the charged curve falls below the uncharged curve, the veloc1ty
defect becoming” greater with lower temperatures. »Below 3 K the velocity
‘1ncreases until about 2 K, -where it again starts to decrease._

" This behav1or is a. strong indicatlon of a relaxation when compared to the
expectedrbehavior as .shown in Figure 9. Above 3 K, the velocity defect de-'
creases monotonicallf. "Below 2 K and13 K, there is a disnersion in the
velocitf. The,normal behavior for'airelaxation.is that;the velocity at .
utemperatures below the d1spers1on approaches the value in the absence of the

relaxation. Here it 1s ‘seen that the velocity instead begins to decrease below




2 X down to the lomest temperature, about 0.4 K. Possible reasons for this

unusual»behaviorbmill.be considered later.

To ver1fy whether the effect seen is due to a relaxation, the decrement
was also measured. The results are shown in Figure 11 along with the fre-
quency defect'from'Figurenlo.' The upper curve represents the decrement
‘.change per unlt concentration of hydrogen. The decrement peaks at the
‘temperature where;the velocity is undergoing dispersion,'dropping off at
higher and lower~temperatures. The relaxation strengths predicted by each

=3, This is exactly the behavior expected

curve are similar;.ahout 2 x 10
from a relaxation{ Thete is also evidence of'a much smaller peak.in the
decrement.at about 6 K.

Measurements of the velocity for the Caa mode are shomn in Figure 12.
The behavior of this mode is markedly different from. that of C'. Note the
. large superconducting effect which was not present in C'. . Above 9 K, the
velocity’ decreases with the second and f0urth powers of temperature. Below-
" this temperature the velocity also sharply decreases before 1eve111ng off,
approaching the’Vertical axis with zero slope. This behav1or is common in
‘superconductlng metals, as indicated by Alers (1966) | |

Not1ce that the addition of 160 ppm hydrogen produces changes' in velocity
of less than 1 ppm. Th1s absence of a relaxatlon<in the C44 mode is valuable
for thepinterpretation of various models for the relaxation and indicates. the
usefulneSs of'ultrasonic methods in determining symmetry properties of defectsr

The third-independent elastic constant is the bulk modulus, B. Measure—.
ments of the bulk modulus directly are not possible to thlS accuracy, but it

is seen in Table 2 that the bulk modulus can be obtalned from measurements of

c' and Cll' Nowick,and Berry (l972)(indicate that no relaxatlon is expected



Figure 11.

‘ThéAdQCremept ﬁer unit concentration for H/Nb .= 200-ppm.

, an&ff;eQuency change for H/Nb = 160 ppm as functions of

‘temﬁerétufe for the C' mode. The frequency éhange data

rep;ééents'the difference between the. two curves in

Figure 10.
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S

: fFigure 12. ‘Thefffequency change of the 044 mode as a function of
temﬁeréture for H/Nb = 0 and 160 ppm. The discontinuity

inislope at 9 K is due to the suberconductingltransition.
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in- the bulk moduluS'for a defect which undergoes position changes without a

4change of the defect species. That is, a transition between symmetrically
equ1valent 1nterstitia1 sites does not change the defect species, and so does
‘not lead to a bulk modulus relaxation. 'A‘transition to an inequivalent site
or a tran31t10n wh1ch changes the atom1c identity (e.g., an H2 defect which
dissociates into'separate H defects duringva tran81tion) can in general lead
to a hulk,modulus‘relaxation. These measurements at low concentration were

not accurate enough to rule out a B relaxation, but later results were.

3.0 Low Concentrat1on Deuterium Results

The sample Nbl was also used for measurements of-the isotope effect.
fhe hydrogen was removed by vacuum annealling and 230 ppm of deuterium was
introduced The reSultlng velocity and decrement curves are shown in Figure
137 The veloc1ty ‘curve was very difficult to match to the uncharged curve,
so the maximum velocity, occurring at 2 K, was used as‘the_reference-point
for measurrng changes.

The decrementfbeak.is much broader than the peak caused by hydrogen,
and occurs at higher temperature. The relaxation strength is also greater
for deuterium by about a factor of 2 for comparable concentrations. The
veloclty decreases below 2 K as it does with hydrogen.. Above -2 K the velocity
~also decreases, but the dispersion continues‘through the superconducting
temperature. The width of the dispersion in temperature:is_reflected in
the width of the decrement peak. | |

Measurements.of C44 with deuterium charglng 1nd1cate no relaxation
as_in the case,of hvdrogen. The increased relaxation strength of deuterlum §
-allows more accurate measurements of C1 and C', so that'the bulk modulus

can be‘calculated,A,If the bulk modulus change is zero, then




Figure 13.

The decrement per unit concentration and. the frequency
chéhgé of the C' mode as functions of temperature for
D/Nb =-230 ppm. The frequency change data'isireferenCed

tdfthe:frequency at 2 K.
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= - ' = . ‘ . .
6B = 3cc11 46C 0 3 | (4.2)

6C11/011 = 0.32 &c'/c’ : | (4.3)
~so the. change inl011 should he about one third: the relatiVe change in c'.
The curves in ngure 14 show c' and_C11 with a factorjof three difference in
bscales, offsetAslightly to allow easier viewing. The bulk modulus is also
shown; nlth no observable relaxation occurring above 1 K.

These results for low concentrations of hydrogen and deuterium indicate
the presence of a relaxatlon occurring at 2.4 K at 10, MHz for hydrogen and at
about 5. K at 10 MHz for deuterium. The deuterium relaxatlon has a larger
‘strength for comparable concentrations and is much broader in temperature
than for hydrogenﬁﬂ Thelrelaxation strengths for both isotopes is small,

typically 0.1 ppm for 1 ppm of defects.

" 4.0 High: Concentratlon Hydrogen Results

In ‘an effort to obtain better accuracy, the hydrogen concentratlon of
‘Nbl was increased to 2150 ppm. ihe correspondlng decrement is shown 1n
Figure'15, asha function of temperature for various frequencies_from 10'to
150 MHz. Instead of a single peak in the decrement, two peaks are now seen.
The 1ow temperature peak occurs at the same temperature as the single peak
at low hydrogen concentratlons, but another peak appears at hlgher temperature.
As a functlon of 1ncrea51ng frequency, the two peaks shift to higher tempera—
tures and become hroader. |

An important'feature of the low temperature peak is the temperature
dependence of its'relaxation strength., The normal behavior of the relaxation

strength is to vary-as the inverse of temperature (Equation 3.3). However,



vfigure‘lé;

The C' 11 and B mode frequency changes as functions of

,temperature for D/Nb = 575 ppm. The C' data are ‘plotted

agains; the upper left scale, wﬁile the B data ere plotted
agéinst the lower left scale. The C11 data are plotted
agaiﬁst’the right scale. The C' and C11 scales are in a

ratlo of 3 1, show1ng that parallel C' and C11 curves give

no B.relaxatlon. The orlglns of the C' and C11 scales are

‘Ashifﬁed slightly to permit easier viewing.
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" Figure 15..

The decrement of‘the.C' mode per unit concentration as a

: fuhétioﬁ of temperature for H/Nb = 2150 ppm at 10, 30, 50,

70, an& 150 MHz. The horizontal axis of each successive

‘curve ‘has been displaced upward by 0.15 along the vertical

axis to permit easier viewing.
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'the peak heights of the low temperature relaxation in Figure 15 do not vary
‘:much while the. peak position changes in temperature by 50%. This unusual
behav1or of the relaxation strength will be considered in the discussion

of the theoretical models. -

If an Arrhenius dependence of transition time with temperature is
assumed as in Equation 3.4, then the activation energies of both peaks can
"be calculated.p:The low temperature peak has an activation energy of-l.8
mev while that of the high temperature peak is about 4 meV.

The appearance of the new peak can be seen in-Eigure 16. The vertical

axis,representsfdecrement per unit concentration. The curves are measure-

ments taken with hydrogen concentrations of 200 and 2150 ppm. The.two curves'

'overlap very - well around the lower temperature peak at 2, 4 K, indicating that
the peak is due to.a relaxatlon‘whose strength varies 11nearly with concen-
tration. The high temperature peak is very different. lhe low concentration
- curve exh1b1ts only a slight excess decrement at 5. 5 K whereas the h1gh

“concentratlon curve has a high temperature peak which is equal in 51ze to the‘
low temperature—peak. This suggests that the defect which gives rise to the’

high temperature peak has a nonlinear dependence on the'hydrogen concentration.

A 11kely candidate for the defect type which gives rise to the high temperature

relaxation would be a hydrogen atom cluster, where two ‘or. more hydrogen atoms

..combine:to form a'51ngle defect. The concentration of clusters conta1n1ng

n atoms, Cn,'is easily derived. in terms of the hydrogen concentratlon:
n . . C i
~ Cn =f CH exp (B/KT) - (4.4)

where'CH is the_total hydrogen concentration, B is a geometric constant, and
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Figure 16.

AT

~Théldééremeﬁtjof the C' mode per unit concentration as a

1'funqtion.of'temperature'for H/Nb = 200 and 2150 ppm. The

low' temperature peaks match, indicating a linear concen-

fraiidn dependence. .The high temperature;beak has a

‘ concentrétion.dependence which is stronger than linear.
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B is theybinding'enthalpy. This equation is valid as long as Cn is much less
than the'totai;hydrogeniconcentration. At a conStant temperature, the con-
centration‘of“defects containing n hydrogen atoms is proportional to the nth
power of hydrogen concentration. Using the‘tmo concentrations for which data

is ava11ab1e,,a value of 1.9 is derived for n. This indicates that the most
1ihe1y‘candidate for the high temperature relaxation is a defect consisting
jof a hydrogen pair. "No information is available to determine whether the pair
is also assoc1ated with an oxygen atom, or whether it ex1sts as an 1solated
defectu

A comparison‘of the results for the C' and C44~m0des can be seen in
Figure 17. Decrementlper un1t hydrogen concentratlon versus temperature is
.p]otted for C' and C44 modes~for a hydrogen concentration of 2150 ppm, Back-

}ground decrement for both curves has already been subtracted The size of
the C' relaxation can ea311y be seen. The maximum decrement is equal to
n/2 times the relaxation strength (Equation 3.1), which 1nd1cates a relaxation
strength per unit concentration of about 0:1 at 2.4 K.‘ The C44 curve gives no
evidence of a_relaxatlon., The accuracy of the data 1nd1cates that the upper
limit on the relauation strength‘of the C44 mode is thirty times less than the
' relaxation strength of the C' mode. This would'give a maximum reiaxation
strength per unit concentration of 0.003 for the C44.mode.

The'velocity of the C' mode was also meaSured with the higher concen-
tration of hydrogen. The results are shown in Figure 18‘ The correspondence
between the veloc1ty and decrement can be seen by comparing with Figure 17.

The two d1sper51ons in the veloc1ty, centered at 2.5 K and 5.5 K, agree with
‘peaks which(occur in the decrement. There also exists the drop in veloc1ty

below 2 K which‘was seen at lower hydrogen concentration, but which does not



Figufe 17.

The decrement of the C'Aand C44 modes pef.unit concentration

as functions of temperature for H/Nb = 2150 ppm; Two relaxa-.

tion peaks appear in the C' mode, while none occur in the
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Figure 18.

Thé.frequency.change of the C' mode as a funétipn of

témpetaturé for H/Nb = 2150 ppm. The défaApoints are
'iﬁdicaced:by'the x's. Tuwn dispersinns can be seen, at

'2.5 and 5.5 K. The solid curve will be diséussed in

terms of a theoretical model in Chapter 6...
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have a corresponding effect upon the decrement. The solid line drawn in

Figure 18 will be cOnsidered'in the discussion of the theoretical models.

5.0 High Concentration Deuterium Results

Sample‘Nbl Was vacuum annealled to remove any hydrogen, and then was

charged with 1800-ppm of deuterium. In Figure 19 are plotted'the results

. of decrement measurements of the C' mode at 3. and 9 MHz. MeaSurements were

‘ attempted at 30 MHz and hlgher, but the results were such that subtractlon

of the background decrement was not possible. The decrement curves contain
some similarities to the corresponding hydrogen results. Two peaks are

observable, especially in the 3 MHz data. A low temperature peak appears at

4,75 K. at 3 MHz w1th a h1gh temperature peak at about 8 5 K. The broadness

of the peaks in temperature and the inab111ty to Subtract the background

'decrement at higher frequencies makes it impossible to calculate a possible

activation energy. ‘This subject will be dealt with in the discussion of
theoretical‘models.f ,
The comparison of C' and C44 mode results~are shown in Figure 20. - Here,

as in the case of hydrogen, no relaxation is seen in C&A’ w1th a relaxation’

in C' which’ has a- larger relaxation strength than the C' relaxation with

“hydrogen.

The velocityfof the C' mode with the high concentration of deuterium |
is lndicated'in Flgure 21. In contrast to the hydrogen“kelocity curve where
two distinct dispersions were seen, there appears to be a single broad dis-
perslondueto deuterium. AUpon close examination, it can be seen that one

dispersion occurs:betmeen 2.5 K and 5 K. Above 5K the'slope of the velocity

" curve appears to be decreasing before increasing sharply again around 8 K.




“ Figure 19. The decrement of the C' mode per unit concentration as a

,'funétion of temperature for D/Nb = 1800 ppm at 3 and 9

) MBZ'.
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Figure 20.

Théidecrement of the C' and C44 modes per unit concentration
as ‘functions of temperature for D/Nb = 1800 ppm. Two relaxa-
tions'appéar in the C' mode, while none occur, in the C44

mode.
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Figure 21. The‘fréquency change of the C' mode as a function of

: teﬁpérature for D/Nb = 1800 ppm.
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These dispersions correspond to the positions of the peaks in the decrement.

Just as the broadneSS of.the decrement peaks makes it difficult to separate
them,~the'broadness of the dispersions also makes it difficult to determine‘

A where each dispersion occurs. The discontinuity in‘slope between 9 and 9;5

‘ K.is'due to the superconducting effect; and makes the behavior of the velocity
curve above 9 K'difficult to interpret. -As in all the other velocity measure-
ments, there isja,decrease in the velocity below 2 X with no_corresponding

decrement effect.

6.0 The Effect. of Cooling Rate

In the process of data reduction, it was noticed that-the relaxation
strength of various modes would vary by as much'as 50% between seemingly
1dent1cal experiments. It was noted in Equation 3.3:that the relaxatluu
strength is proportional to concentration. If the concentration varied
from erperiment to experiment this would explaln the anomaly. It is doubt;

ful that the total concentration of hydrogen and deuterlum would vary at room
'temperature by’ escape‘from the sample. Faber and Schultz (1972) showed that -
niobium forms a very durable surface oxide at room temperature which is im-
perv1ous to hydrogen. Secondly, comparable concentrations of hydrogen were
<vusua11y calculated from both charging and discharging data, 1nd1cat1ng no change
in concentration between those times. |

The p0351b111ty of a variation of the amount of hydrogen in solution
. was: considered’ prev1ously by Sellers, Anderson, and Birnbaum (1974) Below
200 K, hydrogen precipitates into beta phase niobium hydride which presumably
_does not contribute'to heat.capac1ty or ultrasonic effects.' The b1nd1ng 4

.energy of hydrogen'to oxygen was measured by Mattas and Birnmbaum (1975) at



3.3 to. der1ve the .lambda tensor elements which characterlze the elast1c inter-

.Aabout.O.l eV, This would - suggest that hydrogen can dissociate from oxygen

down to at least nitrogen temperature, 77 K. Therefore the amount of hydrogen

which is associated with oxygen would depend upon the cooling rate between

1200 K and'about'77 K.

To test thlS hypothesis, the following experiment was attempted The
c’ decrement of 2150 ppm hydrogen was measured after cooling at the normal
rate, about 1 K/mlnute. The relaxation'strength measured-was typical of this’

type of experiment as shown- by the open circles of F1gure 22. The sample

‘was warmed to'lSO‘K for one hour to allow hydrogen to dissociate and precipitate.”
. It was then cooled rapldly, about 10 K/minute, to hel1um temperatures The |
-;decrement was then a factor of two lower as shown by the squares of Figure 22
'The sample was then warmed to about 230 K for one hour.  Since thlS was above

" the. prec1p1tat10n temperature, some hydrogen would be expected to redlssolve

The sample was again cooled rap1d1y, about 10 K/mlnute, and the decrement
represented by the tr1angles of F1gure 22, had rega1ned ‘most of its former
magn1tude.' These results are 1nterpreted as an 1nd1cat10n that the concen- .

tration of oxygen hydrogen pa1rs is variable, and depends upon the coollng rate.’

S1nce the concentrat1on of hydrogen whlch remains pa1red to oxygen and therefore

contrlbutes to the relaxatlon is not known, it is not poss1ble to use Equation %

action.

7.0 EffectAof Bias Stress

The 1nclu31on of a bellows in the cryostat insert allowed the investigation

of the effects.ofvblas stress upon the relaxation. The sample Nbl, with a
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| Figufe 22. Thé}décrement of the C' mode per unit‘conégﬁtrafion as a
fgnétidn of”temperéture for ﬁ/Nb'= 2150'ppm éfeer various
qdeﬁéﬁés,

- HC)if—ml K/min from room temperature
VCT - ﬁarmed to 150 K, followed by quencﬁlto helium
:-i;temperature | . o |
& - Warmed to 250 K, followed by quench to helium

.. 'temperature.




o T — T 1 T T 1 T T -
S Ol6 - e L c! H/Nb=2|50 ppm

C
O|2— 80 % ‘A - —

o008 ANA .o - o - | S

3
D>




hydrogen concentration of 160 ppm, was used to measure the velocity of the

C11 mode. Application of the bias stress was done in several ways. A stress

Aof:7zbars, corresponding to a strain of about 3 x 10f6, was applied at room

temperature and was maintained while cooling to.helium temperature. The
sample was warmedfto 115 K, where the stress was increased to 27 bars while

cooling to.helium‘temperature. The sample was warmed to 77 K, the bias stress

"was removed, and the sample was again cooled to helium temperature. No change

in the relaxatiqn was detected due to any of the applications of bias stress.
The hinding ef the hydrogen to an cxygen interstitial would be expected
to 1ntroduce local strains of several percent.. The application of additional

strains. three orders of magnitude smaller due to the external bias stress would

'not be expected to produce large perturbatlons of the system. For this reason,

the lack of any effect of bias stress would be expected., The appllcatlon of

bias'stresses which are comparable to those produced by the oxygen was not

~ possible, so no further'bias.stress experiments were attempted.

8.0 Effect of Oxygen Concentration

To determine~the effect of the oxygen concentraticnfupon the relaxation,

. the Second sample,‘NbZ was charged with hydrogen to a'ccncentration.of‘about

700 ppm. Impurlty analysis showed a combined concentratlon of oxygen, carbon
and n1rrogen to be about 200 ppm. The ob1ect1ve of u31ng smaller concentra—‘

tlons of these 1mpur1t1es was to reduce the internal stra1ns produced by them,

and to investlgate the concentratlon dependence of the relaxatlon strength

The result can be seen in F1gure 23 for the C' mode at. 10 and 30 MHz, compared

to the previous results-at higher oxygen concentration.



‘Fiéﬁré 23..

The decrement .of the C' mode per unit concentration as a

funé;idn of temperature for two trap concentrations: The
soli& line under the low temperature 10 MHz peak répresents
the expected peak -shape for a relaxation with no broadening

and with the observed activation energy.
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The most striking difference is the sharpening of thé relaxation peaks

at lower concehtration of oxygen. The width of the peaks_is narrower in
temperature and,they peak at higher values of decrement;_ This ie consistent
4with‘a reductioh:ih the width of the distribution in relaxation time. For
comparison, the eolld line in the lower curve near the 2.4 K peak indicates
the expected result for a single relaxation with no broadening and with an
actlvatlon energy equal to that observed for the low temperature relaxatlon.
The peak correspondlng to the low trapping concentratlon conforms much more
closely to the 11ne than the peak for the higher trapplng concentration.
The high temperature peaks also appear to be: shifted to hlgher temperature

"with lower conceutration of oxygen. Most of this shift is explained by the
w1dth of the peaks. In the high oxygen concentration'eurves, the low tempera-
ture peak is broad enough to overlap the high temperature peak The falling

tail of the 1ow temperature peak appears to shift the hlgh temperature peak

. to lower temperatures. Decreasing the oxygen concentration sharpens the peaks, -

reduc1ng the overlap, and sh1ft1ng the high temperature peaks towards higher

4temperatures.

9.0 Summary of Experimental Results

The most important experimental results, which will be used in the
interpretation,'arca
1) . An anelastic relaxation due to hydrogen—oxygen~eomplexes exists
in'niopium;
2) The reiamation is absent in the C["4 and bulk modulus modes over
an orderxof magnitude in hydrogen concentration.
3) The relaxatlon is present in the C' mode at 2.4 K at 10 MHz for

hydrogen, with an apparent activation energy of about 1.8 meV.
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The déutériuﬁ relaxation has a frequency of 3 MHz at 4.75 K with
an undetérmined.actiyation ehergy. In addition, there exists a
decreasé’in the elastic constant without a corrésponding peak in
the ét#énﬁation below 2 K. .

4) A seépﬁd'relaxation appears at highér hydrogen concentrations in
the Ci ﬁode. The concentration dependence of ﬁhe reléxétion strehgth.
-iﬁdiCAtes»a hydrogen pair'défect, eithe;-isolétea or possibly bopnd
td aﬁ oiygen. The relaxation appears at S.S_K at 10 MHz with an
aptivétidh énergy of 4 meV for hydrogen and at 8 K at 3 MHz for
AaeuteriUmw |

S) Tﬁe deuféfium relaxation occurs atla higher'temperature, the peak
ié wi&gf-in temperature, and it has a larger relaxation strength
than’thé hydrogen relaxation. At the highest frequencies measured,
the deuté;ium decrement does not decrease with_ihéreasing temperature
aboveAthe peak temperature, but remains elevapéd;

6) The léw'fémperature relaxation is too broad inatémperature to be due
to a Sinéie relaxation time. ‘The broadening'iS;decreased'by decreasing
the trépping defect concentration.

7) The déﬁénQence of hydrogen concentration on.cooling‘rate makes the
cpncéﬁffaéion determination difficult. The feléxation strength
remaiﬁsnthe product of concentration and lambda tensor.

8) The relaﬁaﬁién sﬁrength of the hydrogeﬁ relaxatién does not follow
a normg; 1/T.dependence, but begins to decreésé at the lowest
tempefatures.

Theleffecﬁstwhich are unusual for a relaxation, and thch produce the

most severe. test- for a model are the broadening of'the'déuterium peaks



relatlve to the hydrogen peaks, thellow temperature decrease in the elastlc
constant w1thout the correspondlng peak in the attenuatlon, and the decrease
of the hydrogen relaxation strength at low temperatures.

Any model for the behavior of hydrogen at low temperatures must be
consistent with these results. The next-two chapters will include an explana-

tion of these:resplts in terms of a delocalized bound hydrogen model.



CHAPTER 5.

" - A DELOCALIZED BOUND HYDROGEN MODEL

The-delocaiized unbound model of Birnbaum and Fiynn (1976) provided an
excellentvdescription of the contribution of hydrogen and deuterium inter-
stitials to theiheat capacity of niobium. However, no allowance‘Was made
.for the binding of hydrogen to other interstitials to prevent precipitation.
Slnce no appreciable quantities of free hydrogen are present at the tempera-
tures undet con31deration, and since trapping interstitials produce internal
strains which affect the properties of the bound hydrogen; modifications are
required to be‘made to theAdelocalized model to account for trapping.

The localized bound model of Morkel, Wipf and Neumaier (1978) includes
the effect of hydrogen trapping. However, the lack of a detailed, quantita-
tive calculatlon of the interaction makes difficult the comparison to experi-
Amental data.. The properties of the localized bound model are very dependent
upon 1nteract10ns with other nelghboring defects, and so should be sensitive
to trapping concentration. As this sensitive concentration dependence is not
seen 1n the heat capacity (Morkel Wipf and Neumaier 1978) or in the e1ast1c
constants, it would be difficult to conform this modelﬂto the experimental
resuits. Other comparisons which indicate inconsistencies of this model
mith the experimental results will be discussed in the next chapter.

»The-delocaiiaed model,’in the form given by Birnbaum and Flynn, does
not‘proyide expiicit expressions for the strain interactions. These can
be included hy consideriné a hindered rotator calculation, which while not

giving analytical solutions, does allow more detailed numerical calculation




of the.strain.interaction than can be done with the matrix method used by

Birnbaum and Flynn.

1.0 The Hindered kotator

anmination of the eight interstitial sites which make up the delocalized
model of B1rnbaum and Flynn (Figure 3(a)), suggests a ring structure. The
sites are coplanar and are approximately ‘equidistant from the octahedral site.
It would be reasonable to assume that the essential characteristics would be
contained in~a nindered rotator model. The hindered rotator consists of a
single particle constrained to move in a plane in a ring of constant radlus.

The only coord1nate of motion in the cylindrical coordinate system is the angle

9. The localization of the wave function into the triangular and tetrahedral

sites is accomplished by using a barrier potential

=% (1 - cos 80) . (5.1)

ThisrpotentialAcontains eight minima, with the first minima at ¢-= 0, and

" will set the bottom of each minima at V = 0.

The.offset between triangular and tetrahedral sites, €, can be included

by adding another‘term

v=_E

5 (1 - cos 4¢) . ‘:. _ (5.2)

Strains can be included by adding terms such as

V ,=a,e' cos 2¢ s V644 A€ss 51n.2¢l . (5.3)




In cubicocrystals, the strain C' represents a symmetric'distortion,of the

-lattice-in which~a [100]-direction is compressed, while“another (1001

direction is extended the same amount. The stra1n C44 representS'a symmetric

distortion of the lattice in which a [110] direction is compressed while the

perpendicular [110] direction is extended the same amount.

" While these potentials are not the exact potentials seen by the hydrogen

atom, they are the first terms of the expansion of the potential as a function

of ¢ for the;various symmetries, and should be adequate for this calculation.

Eigenfunctions and eigenvalues are obtained from Schroedinger's equation,

using exponentials as the basis functions.

Y= z Am exp (im¢) . »:‘-f (5.4)

=0

In practice, values of m between -40 and 40 are used, since the coefficients

' Am become vanishingly small for higher values of m.

Without including strain terms in the potential the energy 1evels
obtalned for large values of the barrier height agree w1th the values obtalned
by the matrix method, as expected (Equations 1.1-1.3). Including the strain
terms gives the:dependence of the_energy levels upon strain. A C' strain |
splits the lower degeneracy as seen in Figure 24(a)Ql These are the only
states wh1ch conta1n a linear energy dependence upon C' straln. The upper

degeneracy is not sp11t by a C' strain. These and the other energy levels

contain second ‘and higher order dependences upon the C' strain.

- The. energy levels are numer1ca11y derived by the hindered rotator

'calculatlon, whlch does not give analyt1ca1 results. -However, a very good

,approximation can,be made to the numerical solution. The,result has an



‘ Figufe'24. The energy levels bf the hydrogen system as a function of

Cf;straiﬁ.
(a).. ‘The enérgy levels of the hydrogen s?étéﬁ’alone in
'.'faé presence of C' strain.
(b). The pctentials for the solution of the.energy ievels
| 'of the hydfogen—niobiﬁm 1o¢a1 ﬁode ﬁsiﬁg tﬁe Born-
Oppenheimer approkimation. The energy-lévéls of the
local mode are shown at the top of (bf. -The anbérs
"“to the righﬁ of the eqefgy levels inéicate the

'_degeneraéy of the energy level.

»
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especially simple formula when the energies are measured with respect ‘to the

energy of the lower degeneracy in the absence of strain. In this case, the

result is

‘. Ell(?) _ »41(0)2 + 22 | - (5.5)
'FZ’S(E) =+ ae : : ‘ | - (5.6).
B o) = /B 2 + ae? i41,2,3 (5.7)

where E}(O) is:the'energy of each level in the absence'of'strain. The
parameter a determ1nes the slope of the- energy of the lower degeneracy. It
also determlnes the relaxation strength and is related to the lambda tensor
(Equation 3.3).

The'behavior of the'energy levels under a 044 strain.is similar, except

Athat the upper degeneracy is now split while the lower degeneracy is not.:

These results depend upon the offset € being of the same order or

larger ‘than the energy~1eve1 splitting in the absence of offset. For small

Hoffsets, both degenerac1es are split by both C' and C44 strains.

These calculatlons were performed w1th the assumptlon that the potentlals

used_were due to 1nteract10ns with a rigid lattice. The motion of the lattice, -

especially local modes-around the defect, will add coordinates of motion. As
long as the motion of the hydrogen is faster than the motions of theineighboring
lattice atoms, the Born-Oppenheimer approx1mat10n can be used -to separate the

coordinates of motlon of the hydrogen and neighbor atoms (Se1tz 1940) For

instance, a local}mode with Cf symmetry will add quadratlc.and higher order

. strain terms to the energy levels due to the elastic’ energy of the neighbors



(Figﬁre 24(b));{,These curves now become the potentials for finding the

' 'énergy'leveiéidf the entire system. These ngw.energyflgvels can be seen '
near the topqu'Eigure 24(b). The energy levels retain the same features

as the énergyAlevels of the hydrogen alone. A Jahq-féilér tfpé sp;itting
Mof”the lower dégeperacy qccu;s,'bUt the new energy levels remain degenerate;
and ‘are 1owered‘withlrespect'to'the surrounding«levels; A'§imp1e calcdlétion
of the ekpectéa‘sizé of thé energf shift indic;tés that it will be small -

" compared to th¢ éca1e of the energy splitting. Since including thé motion

of the neighbors does not intraduce new featﬁ;es and doeé not drastically

change the energy levels,.this discussion will no longer include that motion.

2.0' Tfapping'Origntations

The effectAoflﬁias strains due to tfapping can now be considered.
Baker.and Birnbéum (1973) suggest three oriengations.of<the 0-H complex'from'
.their measuremeﬁts of relaxation arouﬁd 150K (Figure 25).

The first-éfiéﬁtétion places the hydrogen ring in the nearest neighbor
position with fespéCt to the oxygen. This is shown.iniphe lower diagram of
Figure 25 and is designated as a [100] orientation. By symmetry it can be

seen that no CA strain due to the oxygen can exist, but a large C' strain,

4
designated €55 ié‘ptesent. The effect of this combination‘of strains is seen
at the right o%‘ﬁﬁe diagram, showing how the lower degéﬁeracy has been split.
The secondAofientation has the ring in the next nea;est neighbor position
" as shown byvthe ﬁ§§d1e diagram of Figure 25. Again, no 044 strain is present,
by ;ymmetry. A:C'sprain, designated €15 is étill presénf, but because of fhe

increased distahcevbetween the hydrogen and oxygen and because the oxygen is

not in the plane of the hydrogen ring, the strain is exﬁected to be smaller.




. %

Figure 25.

The;three orientations of the O-H complex. The oxygen

1is tep;esented by the large circle on the edge of each

i

unit cell. The Splittings of the degenerécies is

» indicated to the right of each complex. The number in

- parenthesis indicates the degeneracy of the energy

level.f:'
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The effect'ubon the energy levels is shown to the right.of the diagram,

,similar‘to the [100] results, but with less splitting;l
The third orientation moves the ring to the third nearest neighbor
[111] position shown in the top diagram of Figure 25 No C' strain is
present by symmetry,‘but a C44 strain is present. The energy level diagram
.shows that the lower degeneracy is not split, while the upper degeneracy is
split.
In summary, there is a. large c' bias strain for the [100] orientation, -

a smaller c' bias strain for the [110] orientation and - no C' bias strain
- for the [111) orientation; 'Furthermore, a distribution of ‘additional strains
from other neighboring defects.provide additional Splittings.. These addi-
tional,'random strains should be smaller in magnitude‘than,the'strains due
to the trap‘defect because of the greater distance between the hydrogen and
'the defect. ThiS<distribution of bias strains sunerimposed upon the trapping
strains produce”a distribution of strains and energy levels as shown in
Figure 26. The additional strains produced by the other defects do not
4 depend upon the orientation of the_O-H complex, so the w1dth of the distribu—
tion of strains‘forgeach orientation, &¢, should be equal., Since the dis-
tribution of random strains is dependent upon other defects than the trapping
defect, burer samples would be expected to have narrower distributions of the’
.bias strains. |

| The splitting of the lower degeneracy varies the. energy difference
between the ground state and first excited state. As the splitting increases,
-the‘heat capacityuat low temperatures increases. The heat capacity is calcu-
lated'using'Equation l.8.r The energy levelsti“are known as functions of w

(Equations l:l-l;3), along with their strain dependence (Equations 5.5—5.7).



Figure 26. The éhergy levels of the hydrogen systém‘ihdicating bias
strains of [lli], [110] and [100]’orientatioﬁé. The
straih broadening, 8¢, is indicated by thg'sﬁading and

is the same for each orientation.
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A:value of 0.5 was assumed for w, and the resulting curves for values ae/k
equal to 0, 1.5 K and 4 K are sﬁown in Figure 27.

AFor.zero”splitting (Curve A), the heat capacity first peaks due to

activations to the lower three excited states. The chVe peaks again at
. higher temﬁeratdréé-dhe to excitations to the upper four excited states. A
slight éplitting‘df the lower degeneracy (Curve B, ae/k ='1.5 K) moves the

‘first excited state closer to the ground state, inéreasiﬁg the heat capacity

at lower temperatures and lowering the first peak, but not drastically changing
the shape of the.curve. A large éplitting (Curve C, ae/k = 4 K) moves the

first excited state quite close to the ground state, proddcing a sharp peak

at lower temperatures. The rest of the states have much higher activation

‘energies compared to the first state, and so produce a'large, broad peak at

highér tempéraidreé.

A_distribﬁtion'of population in the three orientations discuséed before
can thefefofe préduce heat capacity contributions ovér_é wide range in
temperature, the behavior being very dependentluponAthefsﬁlifting of thé lower
degeneracy. Thggefihreé-brientations contain degénefate energy 1evels-whiCh
will cause'relaxatipnlunder the appropriate stress. In the [111] defect, the
lower degeneraéy réﬁains,andwwill cause a C' relaxatibh. 'The [110] and. [100]
defecfs'have-upper dégéneraqiés and will ;auée C;A relangioﬁs.

The déscriﬁtiqn'qf the relaxation which would be'expeqted from this
mbdél depeﬁds up;n the process by which transitions occur between fhe.
degenerate éigehsﬁé;es. This determines the aependen¢é>qf.the relaxation
time upon temperétdre.

A direct transition between the eigenstates with the emission of 'a phonon

whose energy is equal to the enérgy difference between -the. eigenstates is a
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Figure 27.. The'heat capacity of the hydrogen-oxygen coﬁpiex as a
’funétioh of tempefature for various C' bias strains.” The
ene:gyflevels correspond to a value for w of 0.5. Curve A

represents zero bias strain, curve B represents ae/k =

l.S.K@Aénd curve C represents ae/k-= 4 K.
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possible process‘(Orbach 1961; Sussmann 1964; Stoneham 1975). Howéver, the
relaxation frequénéy has a linear temperature dependencevfor such a érocess.
The‘expe#imentalldata indicates that the relaxation frequency has an

‘ éXponentiai tempefature dependence. There is much evidence to indicate that
the exponentiai-temberature dependence is not due to a classical activation
" process. Hencé a ﬁfocess in&élvihg quantum mechanical eigenstafes which

produces an exponential dependence of the transifion frequency on temperature

".is needeéd.

3.0 The Orbach Proéegs

The Orbach'proée354is a- process which invélves thélébsorption‘and
emission of two ﬁhpnohs with'thé system passing tﬁrough é_feal»intermediate
eigenétate (O;Bach 1961; Sussman 1964). ''he process is éhown scheﬁatically
at the top.of Figure 28. A transition between"eigens;étes A and C is desired.
The stétes A‘and C.are almost degénerate,-the splitting being préduced by an
applied st;eSS.f_If there”exists a state B such that the energy differencé A
between'sta;e‘B and states A and C is much greater than the difference in
energy bétween}A(aﬁd C, then the Orbach pfocess procegdslby the absorption of -
a phonon with énetgy‘just less than A, causing a transition from A to B,
followed by the'émiésioh-of,a phonon with energy just éreater than A, caﬁéing
aAtransition from:B to C.

The relaxation time is given by

1/t ;.AAB[exp(A/kT) - 1]—1 ' ‘“  o | (5.8)

. | <-alv,|B > < BlV,|c SES
3 i .

.3 . . — (5.9
2nph®® | [T <alv B> |2+ ] < B|v,|c>]?
’ , i i

A
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Figure 28..

The Orbach activation process.- The tranéitioﬁ océurs by

the’absbrption of a phonon with the tiansition from state

A‘§§‘6€ate B, followed by the emission of a phonon with the

_transition from state B to state C. The relaxation

frequency versus inverse temperature is indicated by curve-

B. Increasing isotopic mass shifts the curve to A.
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whére‘ﬁ is Plank;sAconstant, p is the density of the solid, v is the velocity
of sounq in the solid, ahd'k is Boltzmann's constant. The terms < A|Vi|B >
répresent matrii}glements between the initial and final states for each
transition ca#ééd by the interaction V due to the phonon strain field.

The tempefature dependénce is contained in the [exp(A/KT) - l]_1 factor.
The log of this -function is sketched as curve B at the.bottom of Figure 28
versué inverse tgﬁperature. At low temperatureé,'ﬁhe éxponential dominates
the faétor,.but at high temperatures, the difference causes a curvature away'
from a straigﬁt'line. Hence at low temperatures the trénsition time has the

form
1/t = AA3 cxp(-A/KkT) A ' (5.10)

which has tﬁe appearancé of a thermally activated process. . However, the
_preexponential factorscontain some very ihtereétiﬁg featureé, especially for
isotope effects; which are not contained in a cléssical activation process.
Increasing mass gends to decrease the tunnelling overlap, causing a'decrease

in the energy level splittings, and a decrease in A. The decrease in A causes

. the slope of the curve in Figure 28 to decrease. However, because of the A3

factor in the preexponential, the entire curve is lowered. These two effects
~ are combined ih'Curve A of Figure 28. 1If the factor A in Equation 5.10 is

assumed to be constant, then two processes with activation energies Al and

A, will have curves which intersect at a temperature

2

A2_— Al

BT/ (5.11)
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Usuélly ;ﬁé-factor A is not consfant for changes in isotopic mass,
beéadse of the>dependence upon the matrix elements. Since the wavefunctions
are mass depeﬁdént, the matrix elements should also be mass dependent. - The
decreage in tunﬁélling ovetlap wi;h increasing mass might be expected also
té decreasé'the matrix elements. The ﬁindered rotator_médel can be used to
éalculate,the:éigeﬁfunctions and the matrix elements:ggplicitly, while the
matrix method cannot. These explicit calculatiohs showing thé decrease in

the matrix elements for increasing isotopic mass will be considered in the

next chapter.

4.0 The Relaxétion Strength

The‘dependénée of the energy levels upon strain can be used to calculéte
~ the relaxation strength as a function of temperature.»‘The depeﬁdence of the
energy leveis'éan Be cﬁaracterized with two parameteré.. The first derivative
~of the firét excited state energy with respect to C' strain is denoted by a.
- The différence #n<energy befweeﬁ the ground and'first excited sfates is denoted
by vy.

A thefmodynamic calculation is used to determine:;ﬁe relaxation strength.

The partition funétion

z = ] exp(~ E,/kT) o (5.12)
i : )

is calculated from the energy levels derived earlier (Eduations 5.5-5.7).

The elastic cohstant change dcij is derived from the‘f:ee energy F,

"F =-%kT 1In 2 ‘ _ (5.13)
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. '
6Cy; = 9°F/3e 3¢, ’ 4 (5.14)

whefe € repfesénts,the elastic strain. The resﬁlts of this calculation are
seen in Figurei29.' The curve A represents the contribution to the elastic
constant dﬁe'tb‘;he transitions between the degenerate stétes alone. 'At
high.teméeratﬁrés.it decreases as 1)T,‘the éame as a cléssical relaxation.

As T approachés‘§/k, the excited states begiq to depopuiate. This léwers the
relaxation strength, whiéh'eventually gqés to.zero af T = 0. This decrease

‘of the relaxatidq,éttengfh due to depopulatibﬁ is unique to quantum mechaniéal
systems'énd is potjseen in classical relaxations.

- The‘curve_B is also unique. This contribution is dérived from the second
derivative of thé ground state energy with respéét to C"strain. As seen in
'Figure 24(a), tge ground étate has a negative second‘deriyatiye with reséect'
,t&Astrain.' Sin§e chis contribution is not due to a relaxation ﬁefween eigen-
stétes, it is’nét a true relaxation. As lﬁng as‘ﬁhe timeAreduirgd for ‘the
ground state to. respond té applied stress is mﬁch-shortef.than one period of
stress, . the résboﬁse will be iﬁ equilibriumAgnd the’c&lcﬁlation is valid.
The‘total resﬁonsg:is'indicated by curve C; the sum of‘cﬁfves A and B. When
the transipion‘fime between excited states is ébnsidéred; the elastic constant

change is related by

-8C =47 4+ —22 . (5.15)
. where AA and AB are the functions represented by curves A and B. At high
temperatures, where wt is small, the elastic constant change is given By

curve C. At lower temperatures, where wT increases, the elastic constant




Fighre 29.

o

Theffglaxation strength as a function of'temperature. Co
is the molar. concentration of defects, y is the energy
difference between the ground and first excited stateé,_

while o is the energy change of the first<exéited state

:pei hnit straln. A is Lhe relaxation stiength and v is

the molecular volume.
Curve A represents the relaxation due to transitions

between the degenerate first excited states.

Curve B repfesents the contribution from the curvature of

the ground state.

Curve C is the sum of curves A and B.




.',

- Coa2 |
06

04}

0.2+

111.

| Q87'
- -AC¥u |

1 ]

1.0~

20
KT/8)



éhange falls belpw curve C and approaches curve B, which it follows tb the

ipwest temﬁeréfufes. L

The threé figﬁres showing relaxation time, rela#atign strength and heat
capacity as fﬁnctions of ;émperature (Figures 28, 29; 27)vallow.the fitting
of the experimentél data with eésentially three new paraﬁeters. The slope
of the first egciﬁéd state energf versus strain, a, WHicﬁ is reléted éo the -
laﬁbda tensor geeﬁ.in Equation 3.3, determines the strength of the relaxation.
The activation energy A, equal to fhe'energf spacing between the lower
.degeneraﬁe staﬁe'and the excited state'throughiwhich théA;ransition occurs,
determines the temperature dependence of the relaxatioﬁ,time and algé the
shapes and positions of the relaxations. The energy difference between ground
‘and first ekcité&IStateg, Ys détermines at what tempera;ureAdepopulation
occurs; which affects the relaxation strength, and determines the character-
iéciés of the heét capacity contribution. There are other less significant
parémeters which wiil be used to fit the experimental data;. The bias straiﬁs
due to trapping,‘éi and €95 the strain broadening dué'tp.other defects,‘de
and the conceﬁtratioh of.déféété in each brientatioﬁ, aré,used in the fit
to the heat ca?ééigy. These strain effects also influence the relaxation,
because of the:dépendence of the energy levels upon Sffain. The strain
broadening has é direct effect in changiﬁg the temperathre:dependence of the
relaxation, as wiil'be seen. While these other parametefs are not unimportant °
'3 to the model, theAghree parameters a, A, and.y will .be found to be critical

factors in the test of the delocalized bound hydrogen model.
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CHAPTER 6.

THE DISCUSSION

:Iu the.preyion chapter, the effect on the deloealiied model of hydrogen
' binding_to'other:ihterstitials'waslaccoUnted for by‘oOnsidering the bias |
strains at thedhydrogenbsites due to the trappiné defett.~ The expected
oontrihutions~6f this delocalized bound model to the-heatlcapacity and an-
elastlc relaxatlon were calculated in terms of three main parameters. The
comparlson of the experlmental results of Chapter 4 w1th the model of Chapter 5,
along with the.determlnation of the values for the various parameters, remains.
s The high jtemperature relaxation will not be»eoheidered in great detail
- in this discuséioh,,except where it codtributes to the'uhderstanding~of the
‘low temperature relaxation.’ The high temperature relaxationlwas identified aé
being due to h&drogen pairs. Sihce»no allowance was made in the theoryjto

accommodate these pairs, this relaxation will not be discussed further here..

1.0 Model Parameters

_ There are. three -main parameters which determine the propertles of the
delocalized bound hydrogen model. The d1fferent methods of calculating the
properties of the model each have separate parameters whlch are most convenient
to use with that method. These parameters are not all”independent. This die—
cussion will uselthe parameters which are most conveniehtdfor interpreting the
,ultrasonic.datai:dﬁ.A andy. The parameter a representsfthe derivative of the
first excited atate energy with respect.to C' strain. .The activation energy

of the Orbach prodeés is represented by A, The energy'difference between



114

the groundlstaﬁe_ahd first excitédlstate iﬂ the abéencé sf strain is
represented'by Y. |

| A'Thé hiﬁdgrgd ;otator calculation uses the same parametér a. Howéver,
‘ the'other twotbafaheters are the energy offset betweéﬁ tetrahedral and tri-
aﬁgular sites,4;5.énd the potential barfief between'sités; B. The matrix
-Amethod of Birnbaﬁm gnd Fiynn uses the éame parametersiqfandAe, but uses a
different‘thifd?péfameter,lv, which represents the ovérléﬁ integral(of wave-
fﬁnctions 1oca£éd'on adjacent interstitial sites. Of these six parameters,
only three are'indgpendent, and can be coﬁvertedvto ﬁhé other sets.

' Thejproceduré for this discussion will be as>folié§é:' (a) the ultra-
sonic decreméng.da;a showing pe;k positiOn‘and relakatién:strength as a
‘function of témﬁéééture will be used to determine tﬂélpafameters o, A and Y3
(b) these parémgters will be converted to the hindered;rotatér ﬁarameters
o, € and B, aﬁd~phe métrix method paraméters a, € ;nd‘V‘for.calculating
additional propéyties of the model; and (c) tq4check tﬁé'validity of the
parameters,'theQretical fits will be made to the heap'caéacity, the deuterium

deérement and thev‘hydrogen velocity.

2:0 The Polarizatibn Dépendence

The expefiﬁental results indicate thg presence of éfre1axation»in‘the
C' mode, with tHe:;bsence of a C44 or B méde,relaxatiép (figures 1Z; 14).-
The splitting §f the lower deéeneracy by é c' ;traiﬁ préviées the bééis for
a relaxafion in~fhatAmode. .However, the splitting of fhé:ﬁpper degeﬁerécy

by a C strain is also expected to lead to a relaxatioﬁ‘in that mode. Also,

44

when the offset ¢ between triangular and tetrahedral sites is much smaller

than the energy splitting between levels, both degeneracies give rise to
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' relaxat1ons in both c' and'C44 modes. In order to remain consistent with
exper1menta1 results, the offset € must be comparable to or 1arger than the
splitting betneen Jevels. This eliminates any C44 ‘relaxation from the 1ower
'degeneracy. If'the activation energy from the ground‘State to the upper
degeneracy is 1arge'compared to kT in the temperature range of 1nterest, then
the populatlon of the upper degeneracy would be too small to glve a visible
relaxathn. Because the ‘background veloc1ty of the CQQ mode.has such a large'
4temperature dependence near the superconducting transitien temperature and
above (Figure.iéi,"a small relaxation hould be'diffienit to observe except at

lower temperatures.

3.0 The Determlnatlon of A, y and a

The actlvatlon energy of the relaxation process is determlned by plotting
the log of relaXatlon frequency versus inverse temperatureras in Figure 30.
Curve A passea threugh the data for the hydrogen relaxation. . The functional
form of curve A is given by
1 3.89 x 10"

V= 5o = Texp(L.8/KD-1] R (6.1)

where kT is meaSured'in'mev. The~activation energy,‘A;hié thus. determined
to be 1.8 mev{-;_ ’ . | o h N
While the actlvatlon energy has been determined,’ the transition has not
been identlfled ~ There are five states which have h1gher ‘energy than the
lower degeneraey,.two of which are also degenerate. 'Transitions can occur
to each of theaeiercited states, but the transitiqn which.dominates is expected

to be the one with the strongest coupling with the lower degeneracy. The matrix
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. Figure 30.

TheAIogarithm of relaxation frequency as a'fdnetidn of

"invefse'temperature. Curve A is the,fit‘tpﬂfhe data

~

points of the hydrogen relaxation, with an’activation

energy .of 1.8 meV. Curve B is the fit to the'deuterium

'dataipdint‘with the same activation energy. Curve C is

the fit. to the deuterium data point with the activation

energy determined by the hindered. rotator calculation,

1.0 meV.
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~ elements due toibhonon coupling between -the 10WerAdegeneracy and each excited

state can be calculated. While these matrix elements have been calculated, in’

the Appendix, .a simpler argument using the éymmetry.of the eigenstates

.identifies the correct transition.

Inspectioﬁ.of'the wavefunctions derived by the hindered rotator model

(Figures 32, 33)-ox‘the wavefuncfions obtained from the matrix method indicates

- that the wavefunétions of the lower degenerécy have odd-symmetry.' That is,

the inversion operation yields the negative of the origiﬁal wavefunction. |
The phonon interaction which causes the transition is due to a strain, which

has even syﬁmetfy.-lThis provides selection rules for the matrix elements

<AIVIB>. Since ‘A is odd and V is evén, the matrix element will be non-zero

only for stétes‘B which also have odd symmetry. The uppéf degenerate states

and ¥, are the 'only other states which have odd symmetry, and so are the

¥e 7
only states which ‘allow transitions due to phonon interactions. Therefore,

the activation energy A = 1.8 meV corresponds to the énefgy difference between

the lower degeneracy, EZ and E3 and the upper degeneracy E6 and’E7.

The activation enefgy was used to determine the energy difference be-
tween the two sets of degenerate states. It was seen in Figure 29 that the
relaxation strength is a function of the energy difference between the ground

state and the lower degenerate states. It was noted in Figure 15 that the

" relaxation stréngth for the various frequencies did not follow a classical 1/T

temperature dependence. This data is shown in Figure 31. The solid line

. through the data points is the fit of curve A for a'value.bf 4.5 K for y/k.

. The relaxation_strehgth is also determined from this data, at least in prin-

ciple, However, as pointed out in the experimental data Chaptér, the concen-

tration of trapped hydrogen has not been determined. Therefore, the product



"Figure 31.

The relaxation strength versus temperature. . The solid line

thﬁﬁﬁgh the data points is the fit of the'delocalized bound

"hyd;qgeh model with the parameter y/k = 4.5 K. The other

lineziﬁdicétes the classical relaxétion étrength which -
apptoéches the-same high temperature limit ;s,the'delocalized '

boundiﬁodel.
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of concentratiqn end.a2 cannot be sepereted with confidenee. The data gives .

a value for Codz-equaiAho 1.0 x 10_29 ergz. The concentration of hydrogen

in the sample was. 2150 ppm.' However, only.iOOO ppm of bkygen was present, soO
the makimum emounh'of hydrogen which did not precipitahe was 1000 ppm.  The
quenchlng experlments indicated that even the concentration of bound hydrogen
could vary, depending upon the cooling rate, due to the dlssoc1at10n of O-H
pairs and the pre01p1tat10n of the hydrogen. Therefore an estimate of 500
ppmlwlll he used for the hydrogen concentratlon, half uflthe maximum possible

’ velue._'Since‘thelerrof inerodueed into a hy an incurrece value.of concentration
'uaries with-the square fuut of concent?ation, this should give the vaiue of o |
to withinl40%75‘This value for a is 90 * 40 meV. TheAthree parameters deter-
mined by’ the ul;reednie data are collected in Table 5, aieng with hhe equivelent
parameters used by the other methods.

Measurements:by Buchholz, Volkl and Alefeld (1973)}9f the elastic con-
stants of tantalum charged with 1% hydrogen found no‘evidence of a 1/T depend-
A:ence of the'eiaecic constant due tbAa relaxation. The maximum possible value
of A cuneistenﬁ uith their data is 0.03. The value of 90 nev forla derived

for ﬁbH corresnonds'te 82 = 0.013. This is less thanxhalf the upper limit
'placed unonwﬁth-hheif experiment,-and is consistent uith their conclusion
‘thac‘theustrain due to a hydrogen defect is neariy isoenepicf'

. The uelue‘of';he barrier potential B used in the hindered rotator ealcu—
1ation,'0.8 eV,:may-seem quiteAlarge. As mentiOned nreviuusly,hhhe'potentials>
"are assumed tn.be sinusoidal. The barrier height -is edjueted to give the
proper enetgy-ieuei spacing determined by hhe ul;rasonic deta. If the actuai
potential'barriewaere wider than a sinusoidal barrierA then the barrier helght

could be greatly reduced and still give a reasonable f1t to the data.
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TABLE 5.

.. DELOCALIZED BOUND HYDROGEN PARAMETERS

Calculatioh- ' Parameter Values.
Ultrasonic Data ‘ ' a = 90 * 40 meV A = 1.8 meV Yy = 0.4 meV
Matrix Method : a =90 * 40 meV € =1.0 meV V = 0.5 meV
= 90 % 40 meV € = 1.0 meV ‘B = 0.8 eV

Hindered Rotator a

The matrix method of calculation uses the tunnelling_overlap integral Vv,

which.is isotope dependent. The hydrogen overlapAVH can‘be determined from the

values of:A and Yy, which ‘gives VH = 0.5 meV. The deuterium .overlap VD’ thaihed

from the energy levels of tﬁe hindered rotator calculation, is found to be 0,028
meV. This giveé a value for B % VH/VD of 18, which is much greater thap thé
valug of 3 derived. by fhe:Birnbaum—Fiynn caltula;ion. However, the calculation
of the heat capacity due to hydroéen and deuterium will show that even this

larger value of B-Will'fit the experimental data, using the delocaiized‘bqund

hydrogen model.

4.0 The Deuterium Ultrasonic Results

Because the‘deuterium decrement peak was so broad aé a function of
temperature, aﬁd ovgrlapbed the superéonducting transitién, the determination
of the peak position‘in-temperature was impossible exéept for the 3 ﬁHz data.
For this réasop,»only one data point is available, as‘shoﬁn in‘Figure 30 at
the intersectionlbf:éurves B aﬁd C. In a classical pracesé, the activation
eﬁergy is isotqpé ihdépéndent. This is indicated by cgrve.B, which has the
same activatioﬁ:énergy as ;he hydroéen curve A. Howe?ér; since-this is a

quantum mechanical system, the activation energy should be isotope dependent.
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Using the hiﬁ&ered'rothtor calculation (quations'S.l—S.h), plus the aﬁpro;
ﬁriage parameters from Table 5, the deutefium activatiqn energy and matrix
elements caﬁ be §a1¢ulated, along with the eigenfunctiohs'for both hydrogen
aﬁd deuterium;. |

" The aqtivﬁtion energy is found to be approximately equal to the level

A offset.e, which is 1.0 meV. This is about one half of the activation energy

- of the hydrogeh énd is indicated by curve C in Figure 30. This is represented

by

, | | , L
3,45 x 10 | - (6.2)

V' = Texp (1.0/KT)-1]

Qhefe kT ié measured in meV. It can be seen thatAgufve>C intersects curve A
at about 1.2 K.  Therefore, at 1.2 K the hydrogén and dgﬁterium'rela£ation
frequéncies éhduid be.gqual, and below 1.2 K; deutériuﬁ shouldlrelax faster
than hydrogen. The Orbach process requires that if the, preexponential factor
A in'Equatién 5,8_is isotqpe“independent,-then the curves will intersect at
5.4 K (Equatidh 5;11). _Therefore.the factor A musﬁ be isotope dependent;:

The only pafts of the factor A which can have an isotope dependence are

.the matrix elements. The matrix elements are derived from the eigenfunctions,

which are showﬁ‘iﬁfFigures'32 and 33 for hydrogen andudéutérium. The matrix
eleﬁenﬁs <A|VIB} between all the states due to C' or Caa'strain interaction
(Equétion‘5.3)'aré~displayed:hmtheAppendix. As mentioﬁed-earligr, the eigen- .
states Wé and Wg'have non—zéro matrix.elements only‘with the states W6 and’

w?. Fo?lhydrogen; ;He matrix elements are equal to 0.46 a while for-deuterium,
they,qre only O;Oé'a. This gives a ratio of matrix elements due to the isotope

change of about 8. The preexponentials of curves A and C are in a ratio of




Figure 32. ‘Thé.hydfogen wavefunctions determined by the hindered

N rotatdr calculation. The lower degeneracyvcénsists of
states Wz and W3. The upﬁer degeneracy consists of .

states ?6 and'W7.







-4

Figure 33. Thé déhteridm wavefunctions determined by‘thé_hindered
rotator calculation. The lower degengraéy consists of
stétesfwz and‘W3. The upper degeneracy'cohéists of

state§~W§ and W7.
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.;100. Taking.inté account thé activation enérgy changé? the. ratio of matrix

'eiemen;s required to fit the experimental data is 14. While fhis is not an g
excélléng égréément, it doeé'indicate that the modelAi§ éapable of obtaining

‘_reaéohabiebisb;qpe'effectsb which a classical mddel Wiilﬂnot produce. Further-
more, theimatfig‘eiementslare sensi;ive tq‘the tunnelling overlap bétﬁeen
adjacent siteé; thch has an exponentiai dependenée upon the barrier height.

Sméll changeSAiﬁ.the barrier potential mentioned before could therefore affect

the matrix element ratio.

5.0 The Deuterium Decrement

The results @f the hindered rotator calculétionﬁha?e determined the
deuteriuﬁ reiaxatibn frequency as a function ;f temperatufe. A qualitative
comparison can'beihgdé of the decrement expected from a qiassical result
:(Cﬁrve B of Figufe 30) and the hindered rotator result (éur?e C of Figure 30)
with the experiﬁental data. This is shown in Figure.34L‘:The'data‘taken at
3 aﬁd IQ ﬁHz are normalized and drawn by the solid linés@- The clas;ical
'results,arg iﬁdiéatéd by the dasﬁed lines labeled_Zl,k? while the hindered .
rotator résults.é;e}indicated by the dashed lines 1abe1e& 12 K. |

, . On the 3 MHz data, it can be seen that the hindered rotator result produces
a wider ﬁeak which‘more élosely fits the data than.the ciassical result. éimi—
lafly, at 10 ﬁHzéi;he hindered rotator produces a much wider peak. Especially
on fhe 16 MHz a;£a?‘the hindered rotator resﬁltvkeéps the decrement elevated
on the high ﬁempeféture side of the peak. The high femﬁerature relaxation.
whiqh occurs aroﬁﬁd 9 K aléo contributes to thé decreﬁent to keep the curve

elevated at high. temperatures.
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 Figure 34. Tﬁghfit éf fhe delocalized.bpund model to ;hé deuterium
‘déqf;meht for D/Nb = 1800 ppm at 3 and 10 ﬁHi? The solid
-liﬁéé:fepréseht the experimental data. fﬁe:dashedAcurves
rép;eséhf the expected results for a cléSsical activation
engféy, 21 K, aﬁd the activation energy &erivéd by the
-  hiﬁ&éréd rotator calculation, 12 K. The effeéts of strain
brbadéﬁing have not been taken into account in the

theoretical fits.
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The effect of the strain broadening will also ¢ontribute fo the width

of the decfemeanpeak. Curve C of "Figure 30 shows the relaxation time versus

- inverse temperature. Strain broadening will produce a distribution of curves

with' different slopes andApreexponentials, which makes.a band of curves in
Figure 30 centered around curve C. A horizontal line at the measurement

frequency determines the width of the peak by the temperature where it passes

through the band of curves. Because the curves are plotted versus inverse

temperature, a relaxation at a high temperature will have a wider decrement

‘peak<than a relaxation at a lower temperature, and any.broadening on the high

temperature side of the curve will produce a greater widéning of the decrement

peak than broaQening on the low temperature side. AIéo; a curve which has a

_lower activation energy will produce a wider decrement peak than a curve with

a higher activation energy for the same broadening. These are all reasons
why the. deuterium peaks are wider than the hydrogen peaks and remain elevated

at high temperature.

6.0 .The Heat Capacity Fit
The matrix method parameters in Table 5 can be used to predict the con-

tribution of the hydrogen systems to the heat capacity.'thile these three

" parameters determine the main characteristics of the heat capacity, other

parameters which‘Qere defined in Figure 26 are necessary to complete the
calculation. The:parameters el-and €y represent the biasAstrains experienced
by the't110] and [100]‘fings, respectively, while §¢ febrésents phe strain
broadening around éaéh,strain. In addi;ion, the parameters NO’ Nl’ and N2
represent the cbhéentration.of defects in the [111], [1101land [100] orienta-

tions, reépectively.
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..The parahetéfs €, VH and B were‘inserted as constants. The other'
péfameters were varied to obtain the best qualitative fit. Because of the
lérge nuaber of parameters and the complexity of the nuﬁerical calculation,
a 1east'squares-fit was not attempted. A fit to the exﬁefimental data is
"shown in Figuré:35. The data points were obtained from Sellers (1975), and
‘nqrmalized. 'Théudaﬁa from several experiments are cdmbined in the graph,
‘which contribuféé:fo the scatter in the data ﬁoiﬂts., ThéAsolid lines are
the fit to the dété, usiﬁg the parameters.listed-in Tablé_6.

The-parametef_Y determines the activation ené;gy_frdm the ground state
to the first gkcited state. For the hydrogen‘fit, thié determines at what
teﬁperature tﬁe héat capacity will peak.'_The efféct,of fhe bias strains is
to dgtermine<the'$pecific temperature dependence of théfheat capacity below
thé ﬁeak temperafure.'.ln'the case of deﬁterium, the heat capacity fit is
more difficult té éﬁalyze in terms of the parameters. Thé_bias strains
deferming'at'which:temperature the contributién from thé3various orientations
will peak, while the étraiﬁ-brpadening smooths the curve setween peaks.

It is hot:éiieged tha; thése are the only values of tﬁe parameters which
will fit the datgé"The fit is also relatively insensifivé to some of the
pérameters. Théfcéntributions to the hydrogen heét capa¢it& from the defects

vin‘tﬁe [111] and tiiO] ofiengationS'are almost identicél; which meéné that

. are not determined individually, but that the sum

the,parameters‘N 14

OH'and N

of the two shdﬁld:bg about 20 ppm. Similarly, the parameférs €1 € and S¢
are interéependent; an& sétisfactory fits to the datalcould be obtained for
ofher combinati;nsfof these parameters.

The bias étféiﬁs € and €, are 0.16% and O;OSZ respécfively fér a =

90 meV. These Bias,sttains are smaller than expected for the elastic strains




a Figure'35;

Thé;héat:capacity fit of the delocalized bound "hydrogen

model. The parameters used in the fit are listed in
Téble.6. The data was derived from several ekperiments,
and normalized to eliminate concentration effects.

(Sellers 1975).
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TABLE 6.

" 'PARAMETERS OF THE HEAT CAPACITY FIT

i
it
hi

v 0.5 meV N 4 .10 ppm

H R o OH
B . g}- 15 ‘ ‘ NlH ‘::“ _ _‘19 ppm
ae; ~{,*H'” 0.05 meV o Nin.:.;;“ © 33 ppm
“ae, | 1;' C 0.14'meVA S | oNOD ’ . 30 Ppm
oGE o : .T -0.03 meV : NlD o ‘ " 37;ppm
NZD‘l o f “37‘ppm

surrounding an- oxygen interstitial. However, the valne which is determined
by the f1t is. ae, and since a has an uncertainty of 40/ _the size of the bias
strains could be 404 arger The values of the.concentrations in the vaeious
orientations are about what was expected. The total hydrogen concentratlonb
is about 50 ppm, whlch is the value that Sellers, Anderson and Blrnbaum (1973
1974) expected ftom their calculation of the entropyAehange. The total
deuterium concencfetion is about lOO'ppm, twice the hydrogen conceneraEion.
This would be expected, since deuterium diffuses more Slo&ly than hydrogen
(Matusiewicé and'Birnbaum 1977) and so would precipitate less dnring cooling.
The higher deutefiun concentration is also consistent‘nith theylarger relaxa-
tion strength of’ the deuterium compared to hydrogen (Flgures 17 and 20). The
heat capacity reeults are also consistent w1th the trapplng of hydrogen by
anothe; defect,ueinee 3000 ppm of hydrogen was used in the heat capacity
experlment while‘only 50 ppm contributed to the heae‘capecity. The impurity
analysis (Table 1) showed that as much as 200 ppm of trapplng defects may be

present in the niobium without previous charging.
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This fit go-the heat capacity depends‘upon the pfesence of the bias
stréins due to thé trappiné defects to split the 10WefAdégeneracy and force
the first exci;gd state close toAthe'ground state, jﬁgt‘as was done in tﬁe
'Birnbauijlynh.éalculation. However, because of the.éffectiveness of the
bias strains in'Splitting the degeneracy, a large distribution of random
strains due to other defects is not needed. Also, 1érge values of B can

be accommodated with excellent results.

7.0 Comparisoﬁ §f TheoryAwith Hydrogen Velocity

The paramétefs used by the various models have beeﬂ determined by
theihydrogen Jitr#gonic decrement data. The hydrogen velocity data provides
a check of th;“yélidity‘of the mbdel, éince'the veloéiﬁy;gan now be deter- ‘
mined from thé madel with no new parameters. The relaxation frequency
(Figure 30), th;.rélaxation strength (Figures 29 and_31)-énd the decrement as
a function oflfémbérature are sufficient to predict thg“ultrasonic velocity
data. As an e#?mpie,‘the low concentration hydrogen da;a‘(Figure 11) will
belconsidered, 5Tbe velocity data is indicated in Figdré 36, with the rela-
tively small vélbcity cbntributién from the high.temperature relaxation
already subtra@teq. This data suffers slightly because the velocity and
decremeanweréiﬁ;t measured for the same céhcentratidn'of.hydrogen. However,
a distinct advanéége is that the relaxation which appears-ground 5.5 K in
the high‘conceﬁtration samplé is almost absent in this daﬁa. This allows
the frqugncy différence between the charged and unchérgéd samples to be
determined moré aécﬁrately,'since the curves can be mat;béd at high tempera-
ture. This matéﬁiqg of fhe curves at high temperatufes;ddgs introduce a
systematic érrof‘iﬁto the ébsolute value of the measureﬁenfs. The matching

is done by varying the origin of the vertical axis until the high. temperature
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Figure 36.

Thé fit of the theoretical models to the fréduency change of
the C"mode with 160 ppm of hydrogen. Curvg_A represents
the é1éésica1.resu1t expected for a relaxation which exhibits
the'obéerved decrement (Figure 11). Curve B represents the
delocaiized bound hydrogen result. There éxisté a systematic

error in the data points indicated in the lower right corner

“due_ to uncertainty in determining the zero of the graph by

fittihé'at high temperature.
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ﬁaft of the édrvé follows a I/T temperature dependence. The error in
determining the origin-of the curve is shown at fhe lower right of Figure 36.
This error is‘abproximately + 15 Hz, which is iarger than the félative error
of the measuremenfs, about 5 Hz. |

The qurvé;foilows the data quite well: at high temperatures, in &iew of
the systematic error and the uncertainty in the concentration. At the dis-
persion, 2.5 K,. the curve fails below the data and7tﬁénxihcreases too sharpiy
before_dfoppiqé again. The inclusion of the strain 5roadening will .correct
some of this, éinée the effect ﬁpon the dispersion will be to round off the

maxima and minima in the curve, and to decrease the slope of the curve between

-those two points. Below the dispersion, the curvé does'not fall sharply enough-

to match tﬁe data, and approaches the vertical axis béfbré theAdatar Ihe
stréin broadening Qill also affect this, since the brdadéﬁing will pfoduce some
systéﬁs which‘havélémaller values of y, and so wili cﬁnfribute to the velocity
'&ecreése to lower.gemperatufes before becoming depopuiatea.

For cOmpafigon, the predictions of a classical modél.of the relaxation,
‘éuch as ‘the 16¢5li?ed bound model, are- shown by.curvevA;F This curvé is not
‘adequate in aeécribing the daﬁa, even considering fhétsystematic error. The
relaxation stréhg;h'is at least a factor of 2 too small, énd no provision
fp; éhe.decreége ini&elocity below 2 K has been allowéd.. At high teﬁperatures,
the 1/T decreaééjof_the relaxation strength does not'matcﬁ the data.

This fit 6f the model to the vglocity measqremenﬁsfié a very crucial
" test 6f.the vaiidi;y of the model. The curve dOeS'nét'éontaiﬁ'any adjustable
paraﬁéters, an4 s£i11 produces a réasongble fit to theAexpérimental data{
AThis test providés}éupport for the delbcalized bound médél, and raises doubts

about the Validity of the classiqal model.
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A similér.procedure can be used to test the high concentration hydrogen
results. ‘HOWEver, this data requires the addition of a parameter which sets
the origin of the vertical scale. The présence of theAhigh‘temperature relaxa-
tion prevents matching the curves at 10@ tempefatures to obtain the absolute
'difference. Sincé the high témperature relaxation continués past the sﬁper—
conducting tranéition, the matching has to be done at hiéh temperatures. -
VHoweve;, the rapid decrease of the backgroundffrequepcy above the superconductipg
transition makes it difficult to subtract the curves aécqrately. Since the
zero of the,scéLe gould not be bbiained absolu;ely, tbe fit was made by movihg
the theoretical'éﬁyve up and down wifh respect to the dété until the best
qualitative fi; Qas‘made.v-This adjustment of tﬁe two séales represents the:
aaditiénal péréméter thch'sets the origin of the'expefimental data. Tﬁe
vertical scale therefore corresponds to the theoretical fit. The data uses
the same'rélatiVe'scale, with the origin.determiped as. a parameter.

_:The‘deﬁrémeht,and velécity data were obtained froﬁlthe same experiment,
whiéh eiiminétesjéﬁy péssible error due to the‘concentfation changing between
expé;iments. iﬁevdécrement wés obtained from the data of Figure 17. The
corresponding &eiocity is shown in Figure 18 along witﬁ”;he prediction of fhe
dei&galized'bouhd-mpdél, shown as the solid.iiné. )

The fit ié.gqod at ﬁempératures below 2 K. AboveAZ.K,_the curve falls
below the dété; thén-exceedé the détaABefore approachihg fhe data again at
6 K. ThisfovefsﬁéSt of the data will be greatly red#cédAif the effect of
sgrain Broadeniné is included. The broadening spreadé.éut the dispersion in
temperature. This'decreases and rounds fhe maximum in the curve at 2 K and
decreases;the gioégﬂof the curve . from 2 K to 3 K. Becépse_the-dispersions

of the low and ﬁigh'temperature relaxations overlap due to the broadening,
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'“the,net'effect-ig.td cancel the undershoot at 3 K wifh tbevovershoot at 5 K,
producing,aicus§;which moré closely fdlloWs the4data. " Above 6‘K? the curve
'again exéeeds‘fhé\data points. This effect will bé reduced by the‘broadening,
which extends_thé.felaxatioq up to the sﬁperconducting transition_tempera—
tufe, 9 K. |

| In thesé'two cases it has been shown that the'delocéiized'bound model
éaﬁ~produce affigrto the velocity data.by'using the decrement déta and withodt
in;roducing any_ne& pafameters. The fit éan bé imprerd-by considering the
effgc;s of stfaiﬁ broadening. The classiéél result doeé not fit the.experi—

mental data adequately.
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CHAPTER 7.

SUMMARY AND CONCLUSION

Measuremeﬁfg.were made of the velocity and atteﬁuatipn of ultrasonic
waves in niobium containing 1000 ppm.ongen with additional concentrations
of‘hyd;ogen, to'd;tgfmine the,properties of a rela#atibﬁ.of the hydrogen.
'Méasurements wéfe made as a function of temperaturé,4frequency, polarization
df‘the pltrasdniCIWave, hydrogen isotope, and concenpratipn of hydrogen and
oxygeﬁ. | |

'A'relaxétiqh due to hydrogen was observed in~the'C; m§de at 2.4 K at
10 MHz with an aéti;ation energy of 1.8 meV. TheAdeutefium réléxation was
also observediin.the C'Amode at 4.75 K at 3 Mﬁz. A sgcond felaxdtion was
observed at highef,temperatures in the.C' mode due to:defect pairs of both
hydrogen and d;ﬁ;é;ium, No relaxafionswere~observed‘iAn;'A(_'J44 or the bulk
modulus.

Three unusuéiifeatures of the relaxatioﬁ éreg.A(a) Tﬁe relaxation
strengfh due to hydrogen decreéses aﬁ low temperatufés be1ow the expected
/T result,‘(sj:thére is a decrease in the velocity beiowlthe relaxation
" without a'corrééﬁbnding effect in the attenuation{ and Kc) the deuterium
decrement peaké'a£é much broader in'temperature than the.hydrogen peaks.

The.Birnbéﬁﬁfflynn model of hydrogen tunnelling isAmbdified to take
into account the §rapping éf hydrogen by interstifiél impurities. Explicit
relatibns betwéénlﬁhe energy eigenstates and biaé strain are derived. An

Orbach process is prdposed for a relaxation between the degenerate first
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_excited stéteé;'AThree parameters which_are determined by thg_hydrogen
'ultrasoqic atteﬁuation &ata are sufficient to describe the properties of
this model. l

A hindergd rotator calculation which uses the three parameters of this
modgl predicfs~the:bqhavidr of the deuterium relaxation .without introducing
anf new parameté;é. Tﬁe calculation produces the wavéfﬁnctions for both

. hydrogen and~déﬁtéfiuﬁ, allowing the calculation of ma;riX‘eleménts,which
predict the iSqtope depeﬁdence of the relaxation. The model aléo correctly -
predicts the £ehﬁérature‘dependence of the felaxatiohlétrength and low
~témpefature vélgéity, which are'ﬁot:contained'in a classical mo&el of hydrogen
motibn over a péténtial energy barrier.

A_reasonébie‘fit to the velocity data for low céntentration of hydrogen

is méde by thé'ﬁqdel with no adjustéble parameters. The prediction of a
élassiéal modél‘bfvhydrogen relaxation is compared, but Hoes>not produce an
adéqﬁate.fit. A fit to the velocity for high concentraﬁion is made'by the
model with one'éﬁjustable parameter. The effects of strain broadening upon
the prgdictioﬁsAafg discussed.

_A fit to thg_heat capacity reéults is presented. 1Additional parameters
repreééntingﬁthe magnitude of the bias strain effecté.bf(the oxygen trapping
are used to fifAthe heat capacity. The fit depends upon theée splitting of a
low 1éVe1 degeﬁefgéy by the bias strain, which forces fhe first excited state
toward the grohndistate, and provides for a low temperaéﬁre contribution to-
fhe Heat capacity;A _ . ‘ e

In conclusion, a delocalized bound hydrogen wave model can account for

the ultrasonic measurements using three parameters. The unusual features




of the relaxation are contained in the model without modification. These
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properties cannot be accounted for by a classical model of hydrogen motion ,

by thermal activation over a potential energy barrier.
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APPENDIX

The matrix elements which couple the eigenstates due to strain inter-
‘actions can be calculated from the wavefunctions derived by the hindered
rotator calculation. These wavefunctions have the form:

o

.WN.= z Az exp (im¢)

=00

A'The strain interaction terms V have the forms:
cos 2¢ s \Y = %t sin 2¢

which can be rewritten as

R . . : a s
VE - %(elztb + e 12¢) , Ve_ . 24i4 (e12¢
o 44 '

e—12¢)

The matrix elements are then calculated as

T LT 1 O I
",‘Ilve'»l.‘b =7 1 An[An+2 + An—Z] -

n=-w

<Ilv_. ]3> = 57 ) A[A - A ]

€, i

44 . n=-o i

These sums are indicated by the elements in the following two matrices. Where
the matrix eléments are non-zero, the upper element represents the result for.

hydrogen, while the lower element is the deuterium result. The matrix




‘elements can be obtained by multiplying these entries by a'/2 for the C'

. résuits, apd 0-144/_2_ fpr the C44 results.
C'
3 4 5 6 7 8
1.55
O 1 % fiee | © 0 0 0
[ 1.32 0.46 | 0.46
0 113.96 0 O 1o.06 |0.06 0
0.46 | 0.46
0 0 O 10.06 Jo.06 | ©
1.19
0 0 0 o |'315
0 0 o | o
0.64 :
O Jo.01 0
0 0’
0
Loy
3 5 6 7 8
- 1.20
0 0 0o |52 0 0 0
: 0.64 10.46 | 0.46
O |o.01 0 0.06 | 0.06 0
0.46 | 0.46
0 0 O 10.06 |.0.06 0
0 0 0 0 0
: 1.54
0 0 0 |1.96
1.31 -
0 1171.96 0
0 0
0
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