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ABSTRACT

SURFACE ACOUSTIC WAVE INVESTIGATION OF HYDROGEN TUNNELING IN
NIOBIUM FILMS AT LOW TEMPERATURES

By

Amy K. Bylsma Engebretson

The tunneling of hydrogen in niobium at temperatures below 10 Kelvins is of great
interest as it represents a model system in which a well known tunneling atom interacts
with electrons and phonons. This tunneling system has been studied thoroughly in bulk
samples of Nb:H. Prior results have been explained successfully with a “standard model”
containing a narrow density of states, a low-energy cutoff, and a weak tunneling system-
phonon coupling. The tunneling of hydrogen in thin polycrystalline films of Nb,
however, has not been studied. We have used GHz surface acoustic waves to examine
the properties of Nb:H films to see if the standard model applied to thin films. The
changes in attenuation and velocity of the surface waves were measured from 0.1 K to 10
K. The standard model explains our results in a qualitative way. To improve agreement
with the data, a small number of strongly-coupled tunneling systems must be added to the
model. We also find indications that states may exist at energies excluded from the

standard model.
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I. Introduction

For the past two decades, physicists have been fascinated by the tunneling systems
found in amorphous solids at low temperatures. These systems offer insights into the
interactions between defects and excitations such as electrons and phonons. The
phenomenology of tunneling systems in disordered materials has been successfully
explained with a two level tunneling model. In this model, the atoms forming the
tunneling systems are not specifically identified. The key assumption is that of a
distribution of tunneling energies which is responsible for the low temperature properties
of the material. The distribution corresponds to a broad and uniform density of states.
The tunneling systems in amorphous solids strongly couple to phonons, reducing the
thermal conductivity of insulators.

In order to study tunneling processes in more detail, simpler materials in which there
is only a single type of tunneling object have proven useful and interesting. A system
believed to possess a narrow density of states is hydrogen tunneling systems in transition
metals such as Nb. Nb:H is also a superconductor, therefore it is possible to study how
the appearance of the superconducting gap modifies the interaction between the
conduction electrons and the tunneling systems.

In Nb:H, hydrogen tunnels between two nearly equivalent tetrahedral interstitial sites
of the Nb lattice in a double well potential for which an impurity occupying an octahedral
site is required. Neutron spectroscopy, specific heat, high frequency phonon attenuation
and change in velocity, and low frequency internal friction studies on bulk crystalline

Nb:H at temperatures below 20 K have been described successfully with a theory based
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upon a narrow distribution of tunneling state energies. These tunneling systems have a

relatively weak coupling to both phonons and electrons.

In the present research we have studied polycrystalline films of Nb:H to see if the
standard tunneling model would be applicable to thin films as well as single crystals of
Nb:H. Films of Nb:H are particularly attractive since they are easily prepared by electron
beam evaporation. Hydrogen can be introduced by diffusion subsequent to evaporation
since it diffuses rapidly into Nb films. In addition, by varying the deposition conditions
and exposure to gaseous dopants, the dopant concentration can be controlled. In
principle, the amount of H can be varied from extremely dilute to the highly concentrated
phases where hydrogen ordering occurs.

Can polycrystalline films be described by the narrow distribution, weak coupling
model? To answer this question, the interaction of high frequency sound waves with
tunneling systems have been used to probe the dynamics and distribution of two level
states. Surface waves propagate in a region one acoustic wavelength in depth at the
surface of a substrate. If a thin film is deposited on the substrate most of the energy is
restricted to a small volume, so that the propagation characteristics of sound are strongly
affected by the film overlayer. This provides sufficient sensitivity to small changes in
sound velocity and attenuation arising from tunneling systems. We wished to see if the
distribution of states would be influenced by disorder associated with the polycrystalline
texture.

Prior to this research, no surface acoustic wave experiments have provided
information on tunneling processes in metals. Therefore, we have studied the tunneling

of hydrogen in polycrystalline, thin films of Nb:H to temperatures as low as 100 mK.
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Tunneling was probed by measuring the change in attenuation and velocity of 0.7 GHz

phonons, introduced into the films via surface acoustic waves, or SAWs.

The narrow density of states with weak coupling to phonons used to describe the
tunneling of H in bulk, single crystal Nb has been applied to the thin film system. The
model is only qualitatively applicable to our results. We find that a description of the low
temperature attenuation requires that the model be modified to incorporate states with a
strong coupling to .phonons. In addition, we find that there may be states with energies
outside of the narrow distribution invoked by the standard Nb:H tunneling model.

Outline of the thesis

In this thesis evidence for the tunneling of hydrogen in Nb is shown by studies of the
acoustic attenuation and velocity in thin films of Nb:H. The theoretical and historical
background necessary for understanding the standard model for the tunneling of trapped
hydrogen in Nb is contained in Chapter II. Chapter III describes the experimental
methods used to detect the tunneling of hydrogen. The preparation of the Nb films,
generation and detection of surface waves, and the equipment used to cool the samples to
100 mK are discussed here. The results of the measurements are presented in Chapter
IV. In Chapter V the results will be compared with the theory outlined in Chapter IL
The results for polycrystalline films are contrasted with the properties of bulk samples

and necessary modifications to the standard theory presented.



II Background
II. 1. The Niobium:Hydrogen System

Niobium is a type II superconductor with a body-centered cubic, bcc, structure. Pure
single crystal niobium has a superconducting transition temperature, T, of 9.2 K.

The behavior of hydrogen in niobium is unusual in many ways. Due to its low mass,
hydrogen is mobile at all temperatures. However, at relatively low temperatures it does
not move from site to site by hopping, but by quantum mechanical tunneling. Relative to
hopping rates, tunneling rates are significant for hydrogen in Nb at temperatures as high
as 300 K.>*

The Nb:H equilibrium phase diagram is shown in Figure 2.1. In the o and o’ phases
the Nb lattice assumes a bce structure with hydrogen occupying the tetrahedral interstitial
sites as shown in Figure 2.2.* All other phases are ordered phases. NbHj is unusual in
that x can be greater than 1.

In this thesis we shall be concerned with hydrogen concentrations less than 1%. In
this dilute regime, the a phase exists at room temperature with the hydrogen behaving
like a gas: the hydrogen atoms are randomly distributed and there are few H-H
interactions. At lower temperatures, hydrogen precipitates into the ordered & phase, with
an orthorhombic unit cell corresponding to NbsH;.* All hydrogen eventually
“precipitates” into the € phase. For x = 0.01 the precipitation begins at 220 K, at x = 0.001
it forms at about 160 K, and for x = 0.0001 precipitation begins at about 130 K. By 50 K

essentially all free H has been precipitated into the € phase.>®
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Figure 2.1. The phase diagram for NbH, after T. Schober and H. Wenzl.*

Figure 2.2. Tetrahedral interstitial sites in a BCC lattice. The large circles are the host
atoms and the smaller are the tetrahedral sites. From H. Wipf.7
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III.1.i Self trapping of hydrogen in niobium

There are two basic ways in which H is trapped in the tetrahedral sites of the Nb. In
self-trapping, a H atom in a tetrahedral site displaces the 4 nearest neighbor Nb atoms by
about 0.1 A. The energy difference between the total energies of the undistorted and
relaxed Nb lattice is approximately 450 meV. This is called the self-trapping energy.

The hydrogen cannot move without likewise distorting the lattice at the new site. ®°
I11.1.ii Trapping of hydrogen by impurities

Hydrogen can also be trapped in tetrahedral sites upon distortion of the Nb lattice by
an O, N, or C impurity ét an octahedral site. This distortion breaks the degeneracy of
some of the interstitial tetrahedral sites. The specific sites in which H can be trapped are
denoted by e in Figure 2.3. Note that there are 16 sites with equivalent energies denoted
by e per octahedral impurity. However, each site has only one nearest-neighbor site with

equivalent energy at a distance of 1.17 A. The next nearest site of equivalent energy is

A7 A e
e/ d d e
d d
g
h
b b
f
C a a c g

Figure 2.3. Two Nb bcc unit cells. Nb atoms occupy the vertices. The tetrahedral sites
are denoted by letters and an octahedral site occupied by a large atom, e.g. O, N, or C is
depicted as a filled circle.
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3.3 A away. Thus at temperatures below 150 K, the H is trapped in the double well

® The occupied sites were ascertained by

formed by two nearest neighbor e sites.'
considering the vibrational energy of trapped hydrogen and limitations introduced by
specific heat data on the tunneling distance between the two sites.® Only one H may be

trapped per octahedral impurity.?
II1.1.iii Evidence for hydrogen tunneling in niobium.

Sellers, Anderson, and Birnbaum'' noted that specific heat measurements of Nb
between 0.06 and 2 K exhibited a contribution which could not be ascribed to either
lattice or electronic effects. This contribution depended upon the concentration of
hydrogen, or deuterium, in the Nb. Based upon a large isotope effect, they attributed this
additional term in the specific heat to some sort of tunneling of hydrogen. Morkel, Wipf,
and Neumaier'? extended the specific heat measurements and found that the specific heat
only deviated from that of pure Nb when the Nb contained both N and H, as shown in
Figure 2.4. In addition, they verified the isotope dependence observed by Sellers et al..
The isotope dependence is an indication that the deviation is due to contributions to the
specific heat by tunneling systems. This is due to the fact that which tunneling states can
contribute to the specific heat is dependent upon the tunneling matrix element (which will
be formally introduced in II1.2.i). The tunneling matrix element is dependent on the mass
of the tunneling object; a larger mass corresponds to a smaller tunneling matrix element.
A smaller tunneling matrix element corresponds to a lower temperature at which the
tunneling systems cease to contribute to the specific heat.”> Thus tunneling D will

continue to contribute to the specific heat at lower temperatures than tunneling H
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Figure 2.4. Temperature dependence of the specific heat from Ref(12). Ois nominally
pure Nb, O is NbNo‘oo3, A js NbHo,ooz, Qs NbNo'o%Ho,ooz, ®is NbN()‘oog,Do,ooz. The solid
curves are guides to the eye, the dashed curves are the data from Ref. (11), and the dot-
dashed line is the calculated specific heat for pure Nb.

as shown in the data of Figure 2.4.

Therefore it was concluded that the excess specific heat was due to hydrogen
(deuterium) tunneling between the two sites of a double potential well associated with the
occupation of an octahedral impurity site. Additional specific heat, neutron scattering
and acoustic experiments that bear on the tunneling of hydrogen trapped by octahedral

impurities in Nb are summarized in Appendix D.

I11.2 Tunneling system model

II1.2.i General description of a two level tunneling system

At low temperatures many of the properties of Nb are dominated by the tunneling of



Figure 2.5. Double potential wells, (a) symmetric wells; (b) asymmetric wells, d is the
generalized coordinate between sites and V barrier height.

hydrogen at tetrahedral interstitial sites associated with octahedral impurities. This
double potential well in which the hydrogen resides can be described by a two level
tunneling model.

Figure 2.5 is a schematic diagram of one dimensional symmetric and asymmetric
potential wells that lead to low-lying energy levels. For interstitial hydrogen trapped by
octahedral impurities in niobium, the left and right well would correspond to the nearest

neighbor tetrahedral interstitial sites withd = 1.17 A and V = 70 meV."*

The Hamiltonian of a particle in a double well can be written as

1[ A —Ao]
H, == 2.1)
2l-4A, -A

o

where A is the asymmetry energy of the two wells, A, is the tunneling matrix element (a
measure of the mixing of the two wells): A;=#% ®, exp(-A),where A = da'Y2mV , m is

the effective mass of the tunneling object, and % @, is the vibrational energy of a single

well. The eigenstates of this two level tunneling system are symmetric and



10
antisymmetric superpositions of the wavefunctions of the left and right wells. In the

symmetric case, the energy splitting E between the two states is just A,, the tunneling

matrix element. With asymmetric wells, E =\/A2 +Af, , which is obtained by

diagonalizing Eq. 2.1.1315.16.17

I11.2.ii Distribution of tunneling energies.

Hydrogen’s lowest vibrational energy in niobium is extremely high #® = 100 meV (~

1100 K).® Since this vibrational energy is greater than or on the order of the barriers
between the interstitial sites, it is unlikely that the hydrogen can hop over the barrier.
Rather the hydrogen tunnels between interstitial sites below room temperature.

In NbH,(O,N,C,), (where x is the atomic percent of hydrogen and y is the atomic
percentage of impurities, such as O, N, or C, occupying the octahedral sites) with only
one type of atomic tunneling object, the distribution of tunneling energies should be a
delta function. In most materials, however, the tunneling sites are not identical due to
structural imperfections leading to a distribution of energies. These effects lead to a

® The sources of spectral

broadening of resonance lines as studied by Stoneham.'
broadening were described and experimental results were compared to continuum and
discrete lattice models. The basic assumptions made in finding the line shape were that
the transition energy is linear in local strain, that all contributions to the energy by defects
add linearly and the defects are dilute enough so that they are not correlated. By looking
at the distribution of energies of centers and the distribution’s effect on the line width, it

was shown that the strain introduced by point defects leads to a Lorentzian line shape. In

experiments on doped NaCl it was found that the zero phonon line at very low
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concentrations of defects was nearly Gaussian due to dislocations in the NaCl. As the
point defect concentration increased the defects’ influence on the line shape increased
and the broadening became progressively more Lorentzian.
Since the asymmetry of a NbH,(O,N,C), tunneling system is due to random strain
caused by point defects, the distribution of asymmetry energies is represented by a

Lorentzian function centered at zero energy.

na)=8 -2 W

- 2.2
dA 7 W2 4+A? 22)

where n, is the total number of states, W is the width of the distribution at half maximum

and r n(A)dA =n,. The distribution leads to a tunneling density of states given by

nE)=23094 _,0 W E

— — 2.3
dAdE 7 W?+(E’-A}) JE2-A2 @)

where f n(E)dE =n,. n(E) diverges as E — A, and there are no states for E < A, as

0.5

T
1

oaf | §
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0ot | .,

n(E)/(2n, / )

T
L

E/k, (K)

Figure 2.6. Normalized density of states described by Eq. 2.3. Dashed line, W/kp = 5 K,
solid line, W/kg = 30 K, and dotted line, Ay/kg= 1 K.
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Figure 2.7. The density of states for an amorphous material. r = 1 corresponds to
symmetric double wells.

shown in Figure 2.6. As the width increases, more states exist at higher energies.
In a highly disordered system, such as glasses or a system with a high concentration of

defects, e.g. KBr-KCN, there will be distributions of A, as well as A. The density of

states in this case is described by a standard distribution function,

2.4)

where 1 is the defect concentration and r = ( A,/ E )2.2° Figure 2.7 is é plot of this

distribution.
I11.2.iii Tunneling system interactions: phonons and electrons

In a metal two level tunneling systems can interact with phonons and electrons. In
many cases these interactions can be treated as perturbations of H,. The full Hamiltonian

written in the basis of the eigenstates of H, is given by
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H=ES, +(2MS, +DS,)e+ N (v S, +v,8,)Y cicy.q (2.5)
kq

where the S; are spin ¥2 operators, M = Agy/ E, D = 2Ay/ E, y = dA/de (phonon-tunneling
system coupling), € is the phonon strain field, N is the number of atoms, v, and v; are the
off diagonal and diagonal electron-tunneling system coupling matrix elements, and c¢* and
c are the electron creation and annihilation operators.'®?® The phonon-tunneling system
coupling parameter 7y for H in Nb determined from acoustic experiments is = 0.02 eV.
This can be contrasted with intrinsic tunneling states in amorphous metals where 7y is on
the order of 1 eV. The electron-tunneling system coupling is often expressed in terms of

K, a dimensionless parameter where v, and K are related by the

expression, (pv ) = 2K(A, /E)2 p is the electronic density of states per atom at the

Fermi energy. For Nb:H K = 0.1, consistent with the upper limit K < 0.5.!
Phonon interactions with tunneling systems

We shall be concerned with two classes of processes that phonons have with two level
tunneling systems: resonant and relaxational. In the resonant interaction which
dominates below a few K, a phonon with energy equal to the energy splitting of the
levels, A = E, is absorbed and the TLS is excited into its upper state. A resonant
phonon incident upon a tunneling system in its excited state will stimulate the emission of
a phonon with frequency E/ 7 .

For a one-phonon process, the rate at which the tunneling system decays from the

excited to the ground state is given by*

2 2
T, =L Eocom| & 2.6)
TS omoh® | 2kgT
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In the relaxational process the phonons induce a distortion in the asymmetry and thus
the populations of the two states. The time for the system to relax to its original
configuration is T).
Electron interactions with tunneling systems.
Electrons as well as phonons can relax tunneling systems. In the normal state, the
electrons relax the tunneling systems by a Korringa-like decay rate which is given by, '’

2

A

T k. ~ K[ Lo ) Beotn| £ Q.7
<t 2n| E 2kgT

If the metal is superconducting, the electronic relaxation rate is modified by the BCS-

like superconducting gap, A(T), and is given by

a4 K(A YT, T A(T)?
i =5,.1—ka idfuidezn(fl)n(ez)(l- :131 Jf(el)f (£,)0(¢, — €, —E)

(2.8)

(A 2 o oo
+%J‘fj [ae | dezn(el)n(ez)[l—

A(T)?
£&,

Jf(el )f(€,)0(g, — € +E)

, 2 .
where € = the electron energy, n(g)= |£|/ £ A if |g| >A) , and f(€)is the
0 if |e] <A(T)

Fermi-Dirac function equal tol/(exp(e/kgT)+1) 2 Note that the symbol for the
superconducting gap, A(T), is similar to that for the asymmetry, A, of the tunneling
systems. Since the asymmetry is not temperature dependent it will always be denoted by

A whereas the temperature dependent superconducting gap will be denoted by A(T).

As the electrons form Cooper pairs in the superconducting state, they cease to relax
the tunneling systems with the mechanism described in Eq. 2.8. Therefore well below T,

the electronic relaxation rate rapidly approaches zero. When E > 2A(T), however, an
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additional relaxation channel for the tunneling systems exists as the tunneling systems
can create or annihilate a pair of quasiparticles. This results in a relaxation rate greater
than the normal relaxation rate. At E = 2A(T) there is a discontinuity in the relaxation
rate as this additional channel is closed. Both of these phenomena are accounted for by
Eq. 2.8. Solving this equation, however, requires numerical integration. In the E

— 0 limit, which neglects pair breaking, the solution to Eq. 2.8 below T, is

2
27K ([ A kgT
-1 _ [ B
Tl.cl.s - h (EJ eA(T)/ksT +1 (29)

Above T, Eq. 2.8 simplifies to Eq. 2.7.
In Figure 2.8 the full electronic relaxation rate calculated for different values of E /
A(0) is shown and compared to the low energy approximation. The discontinuity in the

electronic relaxation rate at E = 2A(T) is apparent. The E — O approximation is

1.6 T T T T T
2 4t [ e .
= 12b | -
9 | BN :
S 10F : Tl -
.“.-é Lo E/A(0) =2 :
o 08 = : """" E/A(O) =1 ]
g v E/A(0)= Y2 : e
g 06k ': ——E = 0 approximation ",_— i
E ': : !
(3] | | -
g 04 :
b 1
8 02 ! .
Lu '
0.0 — .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 2.8. Tl‘e'I as a function of temperature for different E / A(0). lee'l is calculated
every 0.2 K with E = A, and K=0.15.
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inaccurate near T, when E / A(0) = 0.5. When E / A(0) = 0.1, the zero energy
approximation deviates from the full electronic relaxation rate by less than 3% near T..
At temperatures T < 0.4 T, the rates are on the order of GHz or lower and the deviation of
Eq. 2.9 from Eq. 2.8. rises from 3% to 8% with falling rates and temperature.
Numerical estimates of relaxation rates for Nb:H.

Using parameters valid for niobium, the phononic and electronic rates were calculated
for various energy splittings. In Figures 2.9 and 2.10 the relaxation rates are shown for E
= A, = 0.033 K, corresponding to ® = 21t X 700 MHz phonons, and E = A, = 20 K. The
couplings K = 0.15, and y = 0.023 eV were used along with Eq. 2.6 and 2.8 to calculate
the phononic and electronic relaxation rates respectively. A superconducting transition

temperature of 8.4 K, similar to our samples, was used in calculating the electronic

relaxation rate. When E / kg = 0.033 K, Tl“_;h is on the order of a few hundred Hz. Tl'e'l
is less than the T,f;h below 0.6 K but then quickly rises to the hundreds of GHz. For E =

Ao=20 K, Ty, is on the order of 10° Hz and Ty, is less than T, until 2 K at which
time it quickly rises into the 10" - 10" Hz regime. Thus, in superconducting niobium
with E < 20 K, T,"_;h is dominant at temperatures less than a few Kelvin. T, and thus

the relaxational interaction dominate at higher temperatures. In normal niobium and for
high energy tunneling system splittings the electronic relaxation rate dominates at all

temperatures.



g

Relaxation Rates (1/s)

2

g

3

17

------ phononic relaxation rate
electronic relaxation rate

.-
-

.-

Temperature (K)
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I11.2.iv Change in velocity and attenuation of phonons due to tunneling

systems.

The change in velocity of phonons due to the resonant interaction is given by

2 2
Av res=—n°},2 ﬁ ltanh E (2.10)
v pvo ' E | E 2kgT

where n, is the concentration of tunneling systems, p is the density and v is the sound

velocity of the material.>** In order to calculate Av/v (attenuation) for a specific type of
tunneling system, n, is replaced by the proper distribution and the velocity (attenuation)
integrated over the distributed variable. As an example, with a Lorentzian distribution of

A the resonant change in velocity is given by

(ﬂ)res=— | n(A)"—z(ﬁ) L tanh| —E |da 2.11)
v - pv'\E J E 2kgT
Because of the negative sign (—A—‘qres rises with increasing temperature until a
\
J

maximum is reach at which point it becomes temperature independent as shown in Figure
2.11. For amorphous materials the velocity varies as log T.

The relaxational attenuation and change in velocity are given by '°

2 2 9
T,
QApep = n°}; _1[a —wﬁsech2 E (2.12)
pv’ kgT\E ) 1+@’T, 2%kpT
A ngy: 1 (A} 1 E
(—l)ra:— o —(— ————sech’ 2.13)
v 2pv° kgT\ E 1+ 0*T, 2kgT

where T, = Tl_.ell + T,f;h and o is the phonon frequency. As one can see in Eq. 2.12,
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when T, = ®, a peak in the attenuation results. For dilute defects, there is a distribution
of T, which will broaden the peak. As shown in Eq. 2.13 the relaxational velocity will
fall after being temperature independent at the lowest temperatures (when wT; > 1).
Figure 2.11 shows the resonant, Eq. 2.10, and relaxational terms, Eq. 2.13, of the
change in velocity for tunneling systems integrated over a Lorentzian distribution of

asymmetries with T, equaling the sum of Eq. 2.9 and Eq. 2.6. A peak is observed in the
sum of the two terms as T, becomes much greater than T,f;',h and there is a crossover
between the resonant and relaxational processes dominating.

When integrated over the broad distribution necessary for an amorphous material the

relaxational attenuation must be calculated numerically. Essentially, the relaxational

0
2F -
>
=
>
<t /J  e--- Resonant Velocity
I S Relaxational Velocity -
Total Velocity
6 F -
1 i 1 i 1 A 1 I 1 A 1 N 1
0 1 2 3 4 5 6 7
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Figure 2.11. The resonant, relaxational and total velocity for superconducting Nb with A,
=07K, W=30K, T.=84K,7=0.023 eV, K =0.15, ® = 4.3x10° s and v = 3.1x10’

cm/s. The velocities’ amplitudes are set so that n ¥ /mpv?k =10*K. No offset was
added to the velocities.
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contribution to the attenuation is zero at the lowest temperatures and then rises with

increasing temperature until it reaches a temperature independent plateau. For oT; << 1

. . . 1{Av

the relaxational change in the velocity saturates at — 5(— Ls 26
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III. Experimental

III. 1. Acoustics
Introduction

Acoustic methods have been successfully applied to the study of atomic tunneling
processes in a wide variety of materials. The choice of experimental technique and the
frequency regime of the sound wave are dictated by the propagation characteristics of the
material, namely its acoustic attenuation and velocity. The ability to examine specific
interactions may depend on the presence of a weak background, or the magnitude of
competing acoustic contributions. The experimentalist is often able to operate in a
favorable regime by judicious choice of the acoustic frequency and the physical
characteristics of the materials under study.

Most investigations of tunneling systems have been performed on three-dimensional,
bulk solids. For example, the interaction between phonons and the tunneling of hydrogen
in niobium has been studied using many different methods, all of which have used bulk
materials. Experiments in the kHz frequency range have been performed by suspending a
sample at one end and electrostatically exciting standing wave modes. The elastic energy
loss is then measured.! Acoustic measurements in the 1 — 100 MHz range have been
made by affixing quartz transducers onto the polished faces of bulk single crystal Nb.?
For higher frequencies, thin film transducers, such as ZnO, have been deposited onto the
polished' faces of bulk single crystals and the attenuation and velocity of phonons

measured.’

23
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In this investigation we have studied thin films of Nb deposited from the vapor phase
by electron-beam evaporation with a typical film thickness of 200-300 nm. The major
reason for examining thin Nb films is the ease with which one can introduce hydrogen
into the material as well as the rapidity that it diffuses into the film. By varying the
evaporation parameters or exposing the films to gaseous dopants subsequent to
evaporation, one can in principle control dopant incorporation. In the case of Nb, one
should also be able to influence the superconducting transition temperature T.¢ of the
film by control of its microstructure and residual impurities.

In order to measure the change in attenuation and velocity in a thin film with a volume
many orders of magnitude smaller than bulk crystals, we employed surface acoustic
waves. Surface acoustic waves, or SAWs, are modes that propagate parallel to the
surface of the substrate but decay exponentially with a decay length on the order of an
acoustic wavelength. At an acoustic wavelength of 6 um, a film with a 300 nm thickness
will correspond to an interaction volume of roughly 5%, there is nevertheless sufficient
sensitivity to measure changes in the acoustic properties of less than 0.1%. Since the
attenuation of phonons is generally proportional to the square of the phonon frequency,
the sensitivity of the experiment is enhanced by using SAW with a resonant frequency in
the 0.1 to 1 GHz range.

SAW experiments to probe the tunneling of hydrogen in niobium have been carried
out at temperatures between 0.1 and 10 K. It was necessary to go to such low
temperatures for several reasons. First of all, extraneous or background contributions to
acoustic attenuation and velocity are substantially reduced at low temperatures. Second,

relaxation interactions are enhanced when defect relaxation rates are in the same range as
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the acoustic frequencies. For instance we are able to observe a relaxational peak which
occurs when the frequency of the phonons matches the relaxation rate of the tunneling
hydrogen atoms. Third, since the energy of a GHz phonon corresponds to a thermal
energy of about 0.1 K, resonant features will only come into play when the temperature is
less than 1 K. Finally, since Nb is a superconductor we are interested in examining the
role that pairing interactions among conduction electrons play in influencing the
tunneling dynamics of the hydrogen impurities. By descending to temperatures well
below T or by applying magnetic fields greater than H; we are able to modulate the
electronic state of the metal and its coupling to the tunneling atoms.

Basic concepts of surface acoustic waves.

Before delving into the specific nature of the surface acoustic waves used in our
experiments, it is necessary to introduce a few basic concepts. The surface acoustic
waves used in our experiments were a variant of Rayleigh waves. Rayleigh waves are a
surface wave solution for an isotropic medium. They are a sum of partial longitudinal
and shear waves which propagate in the x; direction with wavefronts parallel to the x;

axis as shown in Figure 3.1.

wavefronts

4 X3 /

.

Figure 3.1. Rayleigh wavefronts, from Morgan’.



26

displaced p.ropa.gation
surface 9 K direction
e - *
rr
\r]/ R U B SR v 1‘"‘1‘"\Paljﬁcle
I'I’”lllll”‘I]I’“llll trajectory
l,f.‘\-zlllx.,,I\\.zlll
"T'\\"/Jl\\"fl\"lll"}}

Ar ,I\.-JII\\-,,".\-/JI\ particle
P A A T S N S N 2L L trajectory
,r‘\-zll\\-,,,\\—/ll\

P R S R A 2 T T T P S S U U R AR AR R
[ T U NP2 A T Y Y S Y SR S Y GRS S S |
I A N P2 2 T G S S S S S P 2 T

FINE TR ST U S S SR S N A 2 T DR W SEP I S S Y

PR T U U2 S T Y TR S S B S U 2 S T )

Figure 3.2. The motion of the atoms in a Rayleigh wave. The dots are the equilibrium
position of the atoms and the lines are their displaced positions. The dotted circles are
the particle trajectories (from Morgan).’

All atom motion is confined to the x,-x3, sagittal, plane. The atoms near the surface
move in a retrograde ellipse while those below move in a prograde direction. As shown in
Figure 3.2 the Rayleigh wave decays exponentially with depth and has a perturbation
depth of about a wavelength. The velocity of a Rayleigh wave velocity is slower than
both the bulk transverse and shear velocities.

Surface acoustic waves on a piezoelectric

The substrates used in the experiments were LiNbOs, an anisotropic piezoelectric

crystal. A piezoelectric is a material for which there is a linear coupling between an

applied electric field and strain. This coupling is described by the coupled equations
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where T is the stress tensor, c is the elastic constant or stiffness tensor, S is the strain

ou; du;| , : :
L+—2L |, u; is the displacement from the spatial coordinate x;, € is the

1
tensor, S;;= 3 aT o
i j

piezoelectric constant, E is the electric field, D is the electric displacement and € is
dielectric tensor.*

A strain electrically polarizes the crystal and thus generates an electric field. A
solution to the surface wave equation for an anisotropic piezoelectric substrate such as
LiNbO; is the piezoelectric Rayleigh wave.> This wave is very similar to the isotropic
Rayleigh wave in that the propagation vector is parallel or nearly parallel to the sagittal
plane. However, the wave is now accompanied by an electric field and its velocity is
dependent upon the angle between the propagation direction and the crystal axes. The

electric field extends above the surface of the substrate and can interact with overlayers.

II1.1.i Interactions between thin films and surface acoustic waves.

Electron phonon interaction

For a piezoelectric substrate, the electromechanical coupling constant, ¥°, gives a
measure of the coupling between an electric field and a specific strain. When a metal
film is deposited on the surface of a substrate, the surface becomes an equipotential and
the electric field is shorted. The x* measures the fraction of the total potential energy of
the SAW that is used to produce the electric field accompanying the SAW. A larger k¥

corresponds to a larger coupling between the electric and acoustic fields and represents a
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more “efficient” transducer. Typically this coupling is on the order of a few percent or
less. The electromagnetic coupling is related to the change in velocity upon deposition of

a massless infinitely conducting metallic film by the expression,®

2o _{M]E L Av 32)

v, v

Snider et al.” modeled the change in the velocity and attenuation upon deposition of a
thin metallic film on top of a piezoelectric. A metallic film can perturb the acoustic
properties of a SAW by both its mass and its electrical characteristics. Their assumptions
were that the metal was homogenous, the free electron model was applicable and the
electron mean free path was much smaller than the acoustic wavelength. By imposing
boundary conditions on the surface wave equations, they derived a 6x6 matrix from the
partial wave equations with a determinant equal to zero. From this determinant, the
Rayleigh velocity and attenuation due to the film can be derived. This determinant
however, is quite difficult to solve.

By treating the film as a velocity perturbation, Famnell* calculated the change in
velocity due to the mass of the film as well as its electrical characteristic. The change in

velocity due to the mass is given by

Av ® ¢ —c 2 2 2

2Y Noass =2 gh| | L7502 _ pv2 | Ju, ) +(eue — 2v2) [u,©) = ov2Jus0) | 33)
v 4P, Ci

where o is the frequency of the surface wave, v the unperturbed velocity, q = ®/v, u; is

the displacement in the direction i (u; is the displacement along the propagation axis and

u; is the displacement along the axis perpendicular to the surface.), c;j are the elastic
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constants of the layer material, h is the thickness of the film, p is the density of the film,
and P; is the power/unit width carried in the surface wave. If the propagation direction is
a pure mode direction, i.e. the energy flow is parallel to the wavevector, only P, is non

zero. Similarly the change in velocity due to the electrical shorting can be calculated,

AV o= - 2 0 _x?
( ; )clec— (€, +£)|0(0)] P2 (34)

where &, is the dielectric constant in a vacuum, € is the dielectric constant of the substrate
for the substrate at constant stress, and ¢(0) is the electrical potential at the surface of the
substrate.

Levy et al.® developed an equation for the attenuation due to the electron-phonon
interaction in a thin film in which the attenuation of sound in a bulk material is scaled by
a factor of (qgh)F(v). F(v) is a complicated function of Poisson’s ratio.” The thin film

attenuation is then given by

Nmvio’r,
Ospw = ———= 3 ghF(v) (3.5)
s

where N is density of electrons, m is the free electron mass, vg is the Fermi velocity of
the electrons, 7. is the electron relaxation time, and vg is the SAW velocity under the film.
This equation can also be used to determine the mean free path of the electrons,
1, = vg1,, if the attenuation is known.

Levy'? also showed that the BCS equation for the change in the phonon attenuation
due to the electron-phonon interaction for a superconducting bulk metal describes the
attenuation of a SAW traveling through a superconducting film. The ratio of the normal

to the superconducting attenuation is given by,
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2

AT/ KT
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9 - (3.6)
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where o, is the normal state attenuation, o is the superconducting attenuation, A(T) is the

temperature dependent BCS energy gap, and kg is Boltzman’s constant. This change in
attenuation upon our sample becoming superconducting will have to be subtracted from
effects due to the tunneling systems.
Acoustoelectric effect

The attenuation and velocity of SAW traveling through metallic films are also affected
by the acoustoelectric effect. This effect is due to the fact that the polarization of the
piezoelectric causes image charges to be formed in the metallic overlayer.!' These image
charges move with the SAW velocity and produce energy dissipation. The amount of
dissipation is dependent on the conductivity of the film. An infinitely conducting film
(superconductor) will result in zero energy dissipation. An insulator, zero conductivity,
also results in zero energy dissipation as no image charges are produced. The attenuation

and change in velocity due to the acoustoelectric effect are given by

2 2
X o't
=Tl+(0212 S
Av  x? 1
VT 2 iren? .

where wt =v, (¢, +&)/ 6o for films with thickness less than A/2m, € is the dielectric

permittivity of the substrate, and 6o is the sheet conductivity of the film.'> For YZ cut

LiNbQO; covered by a film with a resistivity of 12 pQ-cm, T ~ 10" s.
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III.1.ii. Design of Transducers

As mentioned in the introduction of this chapter, we wished to send GHz surface
acoustic waves through thin films. To this end we fabricated GHz surface acoustic wave
devices.

A method for generating and receiving SAWs.

To generate surface acoustic waves a metallic grating is deposited on a piezoelectric
substrate. This grating acts as a transducer converting electromagnetic signals to acoustic
and vice versa. A potential difference between two fingers of the grating will cause the
surface of the piezoelectric to contract or expand depending upon the sign of the
difference. Alternating the sign of the potential difference across successive pairs of
fingers will set up a standing wave on the surface. Varying the potential difference with
a frequency, f = v / A where v is the substrate velocity and A is the periodicity of the
fingers will send a surface acoustic wave skimming across the surface with a wavelength
of A. In other words, for a static electric field the wave vector is equal to zero. By
conservation of momentum, two counterpropagating SAWs must be created with k; = -
k,, where k = 21/A and A is equal to the periodicity of the electric field. The electric field
accompanying the SAW can be “picked up” by a grating with a periodicity equal to A.

Figure 3.3 shows a diagram of a metallic grating which could be used to generate or
detect a SAW. Such gratings are often called transducers. The transducer pattern is bi-
directional in that it generates waves to both the left and the right, as well as can receive

from both directions. The transducer’s fingers are a double electrode pattern.
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Figure 3.3. Schematic of a double electrode transducer. A is the periodicity or
wavelength, W is the aperture, the number of repetitions, Np, is 3. The ground and ac
electrical connections are shown.

Properties of the 128° rotated cut of LINbO;

Our piezoelectric substrate was 128° rotated Y-cut, X-propagating LiNbOs. This
substrate and cut were chosen for several reasons. LiNbOs; has high coupling between
surface acoustic waves and the piezoelectric substrate, Av/v = 2.72%. In contrast, most

lectrics have elect hanical li of less than one percent. The

P ping

128° cut also has essentially nonexistent coupling to bulk waves thus eliminating
spurious signals from bulk waves. In addition, it has a high velocity for a piezoelectric,
3.992 x 10° m/s. Finally, in most piezoelectrics, the electrodes must be carefully aligned

on the crystal or else the power flow of the surface wave will not be parallel to its
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wavevector, i.e. the wave will deviate from the desired propagation direction. This is
called beam steering. The 128° cut does not have beam steering. "

The last two characteristics increase the ease in fabrication of transducers. Since
f = v / A, the high velocity allows access to higher frequencies without requiring
excessively narrow electrodes. The absent beam steering allows for slight misalignment
of the electrodes without loss of signal between generating and receiving transducers.
However, the velocity decreases upon deviating from the x axis.

Design parameters for our transducers

The double electrode pattern as shown in Figure 3.3 was used for our transducers
because it causes reflections due to piezoelectric stiffening from neighboring electrodes
to destructively interfere.'* The strength of these reflections is proportional to x* and can
distort the response of the transducer. With lithium niobate the reflections are about 20
dB below the incident power with only 10 single electrodes.” Thus although the double
electrode pattern requires narrow fingers which are difficult to fabricate, they are
necessary in order to reduce the internal reflections which complicate the transducer’s
response curve.

The transducers were designed for a fundamental frequency of 733 MHz. This
required A = 5.44 um and thus transducer fingers and gaps of 0.68 pm with the double
electrode configuration. By designing the transducer to have a radiative resistance of 50
Q we hoped to further minimize the insertion loss of the transducers. If a transducer has
a radiative resistance of 50 2 and is put in series with an inductor, the loss in theory can

be minimized to 3 dB. The radiative resistance is dependent only upon substrate
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characteristics and the ratio of W / Ac. For double electrodes on YZ lithium niobate, a
resistance of 50 Q occurs for W / Ac = 60.'° Therefore, our transducers had an aperture,
W, of 320 um. The parameters for 128° cut LiNbO; differ by 2.5% from those of the YZ
and lead to a predicted a radiative resistance of 49.7 2. One other design characteristic
which can improve the efficiency of a transducer is to make sure that the fingers are the
same width as the gap."’

Since we planned on using square pulses as narrow as 100 nsec, it was necessary to
have to have a bandwidth on the order of 60 MHz. If the number of electrode periods,

Np, on lithium niobate is greater than 4, the acoustic bandwidth at 1.5 dB is given by,'®

( Aw )unmatched _0638 (3.9)
w N,

(ﬂ }mched _L14 (3.10)
w N,

Our patterns had N, =10 which results in a predicted matched (unmatched) bandwidth

of 83 MHz (46 MHz) at 733 MHz. The large number of fingers incorporated some
redundancy into the pattern so that a few fingers could be flawed without having much
effect on the transducer’s performance.

Since the velocity of a SAW is affected by overlayers, including transducer fingers,
transducers are typically fabricated from aluminum since its sound velocity is a good
match to the lithium niobate. Nevertheless, we used gold electrodes in order to avoid
complicating our low temperature data with features due to superconducting electrodes.

Gold has a Rayleigh speed of 1172 m/s,'® much less than that of LiNbOs. By keeping our
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electrodes thin, however, we found that there was very little difference in the insertion

loss between Al and Au electrodes.

I11.2 Electron beam lithography
General overview of electron beam lithography

Since it was not possible to resolve three transducers with 0.68 um fingers using the
contact photolithography equipment available, electron beam lithography was used to
fabricate the transducers. The general outline of this lithographic process is outlined in
Figure 3.4. The first step in electron beam lithography is to spin a polymer onto a
substrate. This polymer, or resist, undergoes a structural change when exposed to
electrons. Polymethyl methacrylate, PMMA, the resist used in our lithography, has
crosslinks which are broken by electrons. The electron beam of a scanning electron
microscope, SEM, is used to expose the resist. The exposed areas are then removed with
a developer. After development metal is deposited onto the substrate and resist. The
unexposed resist (and the metal on top of it) is removed in a process called lift off. Metal
is then left in the area that was exposed by the electron beam.

Electron beam lithography of transducers on LiNbO;.

LiNbO; is a difficult material to process since it is pyroelectric as well as
piezoelectric. A change in the temperature of the crystal leads to electrical polarization.
Therefore in heating or cooling, temperature gradients lead to an inhomogeneous charge
distribution causing the substrate to crack or shatter. In general, the rate of temperature
change must be less than 2 K/ min. Care must be taken in cleaning the substrates prior to

the lithography since a single dust particle may destroy an electrode. Contaminants will
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Figure 3.4. Standard process of electron beam lithography. a) resist [_] is spun onto
the substrate " 1 , b) exposure by electrons, c) development, d) metal Hl is deposited,
and e) lift off.
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also cause poor adhesion of the PMMA or metal which will result in warped or wiggling
fingers. Keeping LiNbO; clean is a challenge, as there is usually an electrical charge
present on the substrate which causes it to act as a “dust magnet”. This makes it
necessary to do all processing during transducer fabrication and sample deposition in a
clean environment.

When the 2 X 3 cm? substrates were cut from the 3” LiNbO; wafer, care was taken to
make sure than the cuts were parallel to the flats indicating the crystal axis’ of the wafer.
The substrates were cut with wire saw using a 0.005” stainless wire and a slurry of 600
grit boron carbide and water. The wire saw did tend to wander, cutting a slot on the order
of 0.01- 0.02”. In general, two perpendicular sides were less than 0.3 degrees from 90°.

The first step of the cleaning procedure consisted of removing protective layers of
resist by soaking and ultrasounding in acetone. (Before cutting, substrates were coated
with resist to protect the surface.) The substrate was then “scrubbed” with a cotton swab
while it rested on the bottom of a beaker of acetone in order to remove any stubborn
deposits of resist. After scrubbing, the substrates were rinsed with methanol and
deionized water, DI, and inspected under a microscope. Once clean of resist the
substrates were put in a beaker of 3:1:1 (DI : NH4OH : H,0,) degreaser which was then
heated up to 70° C at 2 - 3° C / min. The substrates were kept at 65 - 75° C for 10 min
and then were transferred into warmed DI. This degreaser does remove some PMMA as
well as other organics so it can be used iteratively with the acetone scrub. Once the DI
had cooled the substrates were rinsed with running DI and then ultrasounded in 2-

propanol. Finally, the substrates were rinsed with 2-propanol, dried with N, gas and
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inspected. Since lithium niobate is quite brittle, polypropylene beakers were used
whenever possible to minimize chipping of the substrate edges.

After cleaning, the substrates were spun with 4% PMMA at 4000 rpm for 30 sec. They
were then placed into clean glass petri dishes for baking. Before placement in the oven,
the petri dishes were loosely wrapped with aluminum foil in order to keep the dirt from
the oven off the substrates. Each dish contained both test and real substrates as the
electron beam exposure varied with position in the oven. The PMMA was baked in a
programmable digital oven in which the temperature was ramped up to 150° C at 60° C /
hour. Once the temperature had reached 150°, the temperature was ramped down to
room temperature at the same rate.

To write the transducers with equal finger and gap width, the electron beam had to be
focused within 1 mm of the writing location of a transducer. Therefore, dots of silver
paint were carefully placed on the cooled resist near the planned location of each
transducer. Since transducer fingers could not be written on top of silver paint, it was
important to make the dots as small as possible and to avoid splattering the paint. If the
environment was excessively dry, the LiNbO; had to be grounded in order to remove
built up static charge. Otherwise the silver paint would be pulled off the applicator and
spread across the substrate. An ethanol based paint was used since it would be removed
by the developing process.

Lithium niobate is an insulator, and thus charges when an electron beam is incident
upon it. Therefore, a 90 A film of Al was deposited on top of the resist and silver paint to
reduce the charging. This film was deposited in a thermal evaporator at pressures less

than 6 X 10°® torr and rates greater than 2 A/sec. After deposition of the aluminum layer,
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Figure 3.5. The pattern used to write the transducers. Irregularities of the fingers are due
to the resolution of the printer and are not part of the pattern.

the substrates were ready for exposure in a JEOL 840 scanning electron microscope. The
beam was computer controlled using the Nabity Pattern Generation System. Figure 3.5 is
the pattern used to write the transducers. Due to the scattering of the electron beam by
the substrate, this pattern had the electron beam write fingers with a width of 0.605 um
and gaps of 0.755 um. This resulted in exposing fingers and gaps of the same width. The
program also had the transducers rotated 8.75° to compensate for the fact that the x-y axis
of the electron beam’s scan is 8.75° off from the x-y axis of the translation stage when the
stage is set at a working distance of 10 mm.

Our devices consisted of three transducers fabricated in a row along the propagation
axis of the lithium niobate. As shown in Figure 3.6, they were separated by 6 mm. The

center transducer was the generator while the outer transducers were receivers.
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Figure 3.6. Schematic of the substrates with an inset SEM picture of the electrodes.

Before exposure the SEM current must be stable as it took three hours to write one set
of three transducers and it was not possible to check the current during this time. While
the beam stabilized, the substrate was aligned in the SEM. In order to align the x-y
micrometers of the SEM to the crystal axis of the substrate, the stage was translated along
an edge of the substrate at the same magnification at which the fingers were written. The
rotation of the stage was adjusted until the edge remained in the center of the screen
during translation. The cleanest edge, implying most likely to be along a crystal axis,
was chosen for alignment.

Once the beam current had stabilized, the three transducers were written in succession.
Each transducer was written after focusing on a silver paint dot within 1 mm of the

writing location. To avoid exposing the resist in the acoustic pathway, the beam was
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“blanked”, or covered, as it was moved between writing and focusing spots. Due to
backlash in the x translation micrometer all motion along the x axis was in one direction.

After exposure, the aluminum layer was removed by agitating the substrate in a weak
NaOH solution (1.25 g NaOH / 200 ml DI) for 80 sec. The substrate was then rinsed
with running DI and dried with N, gas. The PMMA was developed in a 1:3 (4-methy] 2-
pentanone: 2-propanol) solution for 70 sec. The development was stopped with 30 second
agitation in 2-propanol and the substrate was then rinsed for 30 seconds with DI. After
development, the resist was etched with an oxygen plasma for 30 seconds in order to
remove any residual PMMA in the exposed regions.

The substrate was then metallized with 100 A Ti and 500 A Au in a thermal
evaporator. The substrate was on a rotatable sample holder so that both evaporations
could be done with the metal being deposited at normal incidence. Lift off was
accomplished by soaking the substrate in acetone for a couple of hours. The substrate
was then rinsed with methanol and DI and dried with nitrogen gas. The pads of the
transducers as fabricated by lithography were only 0.48 x 0.43 mm. Thus for ease in
making electrical contacts, larger pads were deposited which overlapped the
lithographically produced pads. These pads were deposited through a mechanical mask
that was held slightly above the substrate in order to avoid scratching the substrate or the
transducers. These pads were composed of 100 A Ti and 3000 - 5000 A Au again

evaporated at normal incidence.
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II1.3 Characterization of transducers

To evaluate the transducers after fabrication and before Nb deposition, a room
temperature sample holder was designed. Since the devices had to remain clean for
sample deposition, we used small gold bellows to make electrical contact to the pads of
the transducers. These bellows were soldered onto the center conductor of 0.085” semi
rigid coaxial cable and lowered onto the pads of the signal side of the transducers.
Bellows were soldered onto brass plugs and lowered onto the other side for grounding of
the transducers. A side view of the sample holder is shown in Figure 3.7.

Because these contacts were just light pressure contacts, it was difficult to get exact
results of the acoustic characteristics of a SAW device from the tester. However, one
could test the general properties of the transducers. Using this tester, we measured the
delay time of the channels, the velocity of the SAW, the insertion loss and the resonance

peak of the transducers.

Figure 3.7. A side view of the room temperature sample holder. The short plugs in the
back row are the ground contacts while the coaxial lines in the front row carry the ac
signal.
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II1.3.1 Saw device characteristics

The device used in Run 4.16, the run from which most of the data presented in this
thesis are from, was typical of devices fabricated by the above method. This device had
two channels, labeled A and C. As shown in Figure 3.8, the resonance curves of the
device were not featureless. However, it is possible to extract from them a resonant
frequency, bandwidth (width at which the signal has dropped by 3 dB) and loss at the
resonant frequency. The A channel had a resonant frequency of 705 + 2 MHz, a

bandwidth of 36 + 2 MHz and a loss of 20.8 £+ 0.5 dB. The C channel had a resonant

frequency of 695 + 3 MHz, a bandwidth of 34 + 2 MHz. and a loss of 19.8 + 0.5 dB.
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Figure 3.8. The resonance curves of the two channels as measured in the room
temperature tester. ® is the A channel and o is the C channel. The curves have been
offset for clarity.
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Comparison to designed values for pitch and velocity of 128 Y-Cut LiNbO;

All of the SAW devices manufactured using the method outlined in III.2 had resonant
frequencies of about 700 MHz. This resonant frequency is lower than the 733 MHz for
which the transducers were designed, probably due to miscalibration of the SEM’s
magnification. A transducer was profiled using an AFM and it was found to have a pitch,
finger plus gap width, of 1.40 + 0.02 um. The designed value for the pitch was 1.36 pm.
Taking the measured pitch as A/4 and the frequency as 700 + 5 MHz, the velocity of the
LiNbQO; is found to be 3920 £ 70 m/s. The value for 128° Y- cut LiNbO; is 3992 m/s
which is just outside of the uncertainty. This would indicate that the alignment of the
transducers’ electrodes was quite close to perpendicular to the propagation, x, axis. The
velocity will be discussed further in Section III.4.iv.

Comparison of bandwidth and insertion loss to design and between sample holders

The 3 dB bandwidth of a transducer pair should be the same as the 1.5 dB bandwidth
of a single transducer. The predicted unmatched transducer bandwidth for our devices
was 46 MHz and the predicted matched bandwidth was 83 MHz. The measured widths
in the room temperature holder are below both of these values. Since the two channels
have different resonant frequencies, it is very likely that the resonance frequencies for the
generator and receiver transducers are not identical. This would result in a narrower
bandwidth. This narrow width is also a good indication that the transducers are not
impedance matched to their load. This is probably a combination of the transducer not
being exactly 50 Q and the electrical contacts not being 50 Q. The mismatch of the

electrical contacts in the room temperature sample holder is not too surprising as the
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contacts to the transducers are just pressure contacts through a bellows. This bandwidth

will be discussed further in I11.4.1v.

II1.4 Niobium film deposition

I11.4.i Description of UHV system
Niobium films were deposited in an Ultra High

Vacuum (UHV) chamber by electron

beam evaporation. Figure 3.9 is a schematic of the chamber. A typical base pressure in

the main chamber is 5 x 10™'° torr. The main chamber is pumped by an ion pump and a

titanium sublimation pump. A turbo pump, backed
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Figure 3.9. A schematic of the UHV chamber in which the Nb was evaporated on to the
LiNbOs. 12” is the distance between the Nb charge and the substrate.
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is used to evacuate the load lock to 107 torr.

The main chamber contains a mass spectrometer residual gas analyzer, RGA, which
detects contaminants down to 10™" torr partial pressure. It is not useful for quantitatively
determining the H concentration in the chamber as hydrogen is generated within the
spectrometer from hydrogen containing species. If the system had been closed for a day,
typical contaminants detected were H,O, H, CO,, and CO/ N; (these two have the same
main peak and very small minor peaks and thus are difficult to discriminate between)
usually with partial pressures less than 5 x 107'° torr. If the chamber had been open to
the load lock these partial pressures were an order of magnitude greater. There are two
electron beam evaporation guns in the main chamber. A maximum total current of 660
mA can be applied to the two guns. The guns are water-cooled and a variety of pocket
liners are used in the copper hearth. Typically an insulating liner is used to thermally
isolate the charge and thus reduce the power necessary for evaporation. Since we were
unable to find an insulting liner which did not react with Nb, we used a copper liner. In
order to maximize the stability of the evaporation rate, the electron beam was swept in a
circular pattern over the surface of the niobium charge. A crystal monitor located near
the sample puck controlled the current to the gun. To minimize contamination, the
sample was covered by a shutter until a satisfactory rate was reached. The sample puck
had thermocouples on the back of its face and on the heater block for measuring the
temperature.

I11.4.ii Evaporation of niobium films
Nb films were evaporated through 0.01” stainless steel mechanical masks. The masks

were held slightly off the substrate in order to protect the lithium niobate and the
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fabricated transducers. This also served to insure that the edges of the niobium were
tapered and thus minimized SAW reflections from the Nb. The mask contained square
holes for evaporating niobium in the acoustic pathways in between the transducers. These
holes were much wider than the aperture of the transducer so that edge effects due to the
film’s sides parallel to the propagation axis could be discounted. In addition, a six-probe
pattern for resistance measurements, which will be discussed in III.4.iii, was deposited.

The high melting temperature and low vapor pressure of niobium restricted the rate at
which the niobium could be evaporated. A current of around 500 mA was needed for a
rate of 3 A/sec, with a stability of 0.1 Assec. At 4 A/sec the rate was much less stable.
During evaporation of the samples the pressure in the system stabilized near 4 x 107 torr.
The major contaminants during evaporation were hydrogen, methane (CH,) and CO / N..
During evaporation, the temperature on the back of the sample puck rose to 43° C
suggesting that the LiNbO; was probably not stressed during the deposition. The sample
was allowed to cool to 36° C before being transferred into the load lock, which was then
vented to atmospheric pressure with nitrogen gas. The sample was in the UHV chamber
and load lock for a total of about 1.5 hours before being removed. After removal, the
sample was inspected, put in the Kevinox sample holder, and wires connected between
the holder and the substrate. The sample was then put into the dilution refrigerator which
was evacuated immediately to reduce the exposure to air. One can assume that upon
exposure to air an oxide layer forms on Nb which acts as an hydrogen diffusion barrier.’

Typical air exposure was about 5 hours.
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II1.4.iii Characterization of films

Measuring the resistance and resistivity.

The niobium films were characterized by measuring the resistivity ratio, the
superconducting transition temperature and the transition width. The resistance of the Nb
film with the geometry shown in Figure 3.10. F and C are current leads, A, B, D, and E
are two voltage leads and two spare leads. This film was deposited onto the lithium
niobate concurrently with the deposition of the Nb film between the transducers. The
dimensions shown in Figure 3.10 were measured with an Olympus BH-2 microscope and
were used in computing the number of squares for the resistivity calculations. The
number of squares is 11.8 £ 0.3.

The resistance of the sample was measured using the circuit shown in Figure 3.11.
The current to the sample was 5.40 + 0.025 pA. The thickness of the film was measured
using a dektak surface profiler. Two films were studied in two separate runs, Run 4.15

and Run 4.16. In Run 4.16, the run upon most of this thesis is based, the film was 2915 +

75 A thick. The room temperature resistivity was 30.0 + 1 pQ-cm, the resistivity ratio,
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Figure 3.10. The pattern used for resistance measurements.
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Figure 3.11. Resistance measuring circuit. R is a 0.5 MQ decade resistor, B is 2 mercury
batteries (2.7 V), and V is a HP3457A multimeter.

prmep/ Pox » Was 2.44 + 0.1. The superconducting transition temperature, Ty, was

8.437 K with a width of 0.025 K. In Run 4.15, the film was 2710 + 50 A thick. It had a
room temperature resistivity of 30.8 + 1 pQ-cm and a resistivity ratio of 2.90 £ 0.1. Due

to difficulties with the thermometry, the exact T.¢ of this sample was difficult to
determine, but it was higher than that of Run 4.16, probably around 8.7 K. The width of
the transition was less than 0.05 K.

Since we are studying the tunneling of trapped hydrogen impurities in the Nb films, it
would be useful to know the exact concentration of hydrogen and other impurities in our
films. However, this is not easy to determine in thin films at low concentrations. The
depressed T indicates that the niobium was not single crystal and included impurities.
DeSorbo?' found that oxygen impurities had a much larger effect on the T. of high purity
niobium than either nitrogen or hydrogen. T. was decreased by 0.93K / at. % O for
concentrations less than 3.83 at. %. Concentrations of H and N up to a few atomic
percent only varied T, by less than 0.1 K. This leads to the conclusion that our films had

oxygen impurities < 1 at. %. No conclusion about the concentration of N or H can be

drawn from T.¢. As shown by the narrow width, the films were homogeneous.
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Typically concentrations of hydrogen in bulk Nb are determined by x-ray lattice
parameter, extraction, or resistivity measurements. Interpretation of lattice parameter
measurement on thin films is problematic as it has been found that at concentrations less
than 2 at. % films remained clamped in the plane of the substrate and only expand
perpendicular to the plane.”**® Also other impurities such as N, O, and C which we
expect to be in our sample will cause expansion as well as H. Extraction of hydrogen is
accomplished by heating the sample to 2000 °C** in a vacuum and monitoring the change
in partial pressures. This would in all likelihood be detrimental to the LiNbO; substrate
and in any case is beyond the capabilities of the heater in our UHV chamber.

Finally, Reisfeld et al.”® have studied the change in resistivity of thin films of sputtered
Nb with concentration of hydrogen. Their films had a T, ¢ of about 8.8 K and resistivity
ratios of 1.8 to 3. The uncharged resistivity of their films was on the order of 30 uQ-cm.
They measured an increase in the resistivity of 0.6 uQ2-cm / at. % H which is in close
agreement with the value of 0.64 pQ-cm / at. % found in bulk.”® The resistivity of the
samples discussed in this thesis is on the order of their base, uncharged, resistivity. This
indicates that the concentration of hydrogen impurities is less than 1 at. %. This is also in
agreement with the films grown by Steiger et al” These films were deposited by
electron beam evaporation in a UHV chamber and their hydrogen concentration
measured using the nuclear reaction lH('SN,ow)'zC. It was found that their base,
uncharged, films contained a non zero concentration of hydrogen of < 1 at. %.

We thus conclude that our samples do contain hydrogen, oxygen and other impurities.
The H and O impurities are on the order of or less than 1 at. %. Since C and N were also

present in the UHV chamber, in all likelihood there was C and N in our samples as well.
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II1.4.iv SAW devices with Nb film overlayers
Change in resonant frequency and bandwidth of SAW device after mounting in Kelvinox

After the Nb was deposited and the SAW device mounted in the Kelvinox sample
holder (discussed further in III.5 and IIL.6), the bandwidth and resonant frequencies
changed. The A channel had a resonant frequency of (687 + S) MHz and a 3 dB
bandwidth of 62 MHz. The C channel had a resonant frequency of (692 + 7) MHz and a

3 dB bandwidth of 60 MHz. The device was inspected after deposition and there were
only slight changes in the transducers from before deposition. Thus the changes in
bandwidth and resonant frequency are not due to the transducers, rather they are due to
differences in the electrical connections to the transducers between the room temperature
and Kelvinox sample holders (which is discussed further in IIL.5). In the Kelvinox
sample holder electrical contact is made by wires silver painted onto the transducer pads.
Since the bandwidth increased in the Kelvinox holder, the contacts are better matched to
the impediance of the transducers than the bellows contacts.
Change in attenuation due to deposition of niobium

Measuring the attenuation of the acoustic signal at the resonant frequency as outlined
in Appendix A, the change in attenuation upon deposition of the films was 12.6 £ 0.9 dB
for channel A (3 mm long sample of niobium) and 7.9 + 0.9 dB for channel C (1.5 mm
long sample of Nb). There are several difficulties with this measurement. First it is
comparing attenuations measured in the room temperature holder (pre Nb) with those
measured in the Kelvinox holder (post Nb). From the above discussion, it is obvious that
the resonance curves and thus the response of the transducers depend on the external

circuit. The above uncertainties of 0.9 dB do not include a change in insertion loss and
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thus are a gross understatement. By Eq. 3.4, the change in attenuation in the 1.5 mm
channel should be ¥ of the change in the 3 mm channel. In summary, channel C, 1.5 mm
of Nb, did have less attenuation due to the deposition of Nb than channel A, 3.0 mm of
Nb, but the exact change is difficult to determine.
Change in velocity due to deposition of niobium

The velocity of the acoustic wave was measured at room temperature before and after
the deposition of the Nb. This was done by a technique similar to optical interferometry.
A signal was split into two paths, one purely electromagnetic and continuous wave, the
other pulsed electromagnetic and acoustic. The acoustic part of the second path is a SAW
channel. The signals were then recombined in a microwave mixer. The output of this
mixer is proportional to the phase difference between the two inputs. Using the
relationship between the change in velocity and the change in frequency as derived in
Appendix B, the velocities in Table 3.1 were found. Note that there are two delays stated
for each channel. The interferometric delay was calculated using the equation derived in
Appendix B.1. The time of flight delay was obtained from the time delay between the
main pulse and the delayed pulse as observed on an oscilloscope.

The large uncertainties in the velocities are from uncertainties in the acoustic path
lengths obtained from photographs from a Bausch and Lomb microscope. The various
pathlengths are summarized in Table 3.2.

The 2915 A of Nb film changed the velocity of the SAW in the region covered by Nb.

Using the interferometric signal delays from Table 3.1, the delay changed by (0.204 +

0.005) psec in channel A (3 mm of Nb) and by (0.104 + 0.004) psec in channel C (1.5
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Table 3.2. The measured lengths in the acoustic channels

Channel Total length Uncovered LINbO; | LiNbO; covered with
(mm) length Nb length (mm)
(mm)
A 6.08 £ 0.06 3.06 £ 0.07 3.02+£0.03
C 6.10+0.08 4.64 £0.09 1.46 £ 0.02

mm of Nb). We find a change in velocity, M, of (- 18.8 £ 3) %. Using Eq.
VL

3.2,we found a predicted velocity change of (- 9.68 + 0.5) % from mass loading using c1;

= 2.46x10"" (N/m), ci2 = 1.32x10"! (N/m2),2® v = (3937 + 91) m/s, h = (2915 + 50)A,

fu, 0) /P, =3.16x10"2 (m*/3), and wlu, ()’ /P, = 6.86x10"2 (m*/3).> The values for

(:jui(O]2 /Pl are for Y-cut Z-propagating LiNbO3 as values were not available for the

128° X-propagating cut. Thus they are only ballpark values for the 128° cut. For the
change in the velocity due to electrical shorting of the surface a value for the 128° cut is
available, it is - 2.72 %.>° Thus the sum of the predicted change in velocity is (-12.40
0.5)%. This is smaller than the observed Av/v of (-18.8 + 3) %, but considering that the
power flow from another cut of LINbO; was used, the calculated value is not far off.
Transducer fabrication conclusions.

We conclude from Tables 3.1 and 3.2 that the path lengths were not identical in the
two channels. Both the delays before the Nb was deposited and the measured lengths

indicate that the path in channel C was slightly longer than that in channel A. This was
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probably due to backlash in the translational stages of the SEM. The velocity in the
LiNbO; is close to the material specified velocity of 3992 m/s indicating that the

transducer alignment on the crystal was quite good.

II1.5 Low Temperatures

In order to reach temperatures below 0.1 K, an Oxford Kelvinox Dilution Refrigerator
was used. Figure 3.12 is a schematic of the Kelvinox, capable of reaching temperatures
as low as 35 mK. This refrigerator was inserted into a cryogenic dewar which held a
superconducting magnet, with maximum field of 14 T. A sample holder was suspended
from the bottom of an extension from the carousel of the Kelvinox so that the sample was
in the middle of the magnetic field with the field lines perpendicular to the substrate.

There were three thermometers in the refrigerator. A NBS superconducting standard
and a Pt thermometer were mounted on the carousel. The superconducting standard was
a fixed point thermometer with resistive transitions at 7.021 K, 3.42 K, 1.174 K, 0.844 K,
0.515 K, and 0.20593 K. The Pt thermometer was calibrated from room temperature to
7K. However, its resolution was quite poor below 15 K. A RuO thermometer was
mounted on the back of the sample holder and calibrated against the fixed points of the
superconducting standard. See Appendix C for the calibration curves of the
thermometers.

High frequency cables in the Kelvinox.

The major modifications made to the Kelvinox to accomplish high frequency

measurements were the addition of high frequency coaxial cables and a sample holder for

SAW devices.
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Figure 3.12. The insert for the Oxford Kelvinox. Drawing is adapted from that in the

Kelvinox operating manual.
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The design and installation of the high frequency cables was a group effort. The
coaxial cable assemblies needed low loss, low heat leak, and to be leak tight at the top of
the Kelvinox. The feedthrough at the top of the refrigerator was designed and made by
Mike Jaeger and Ashraf Yussouff. It consisted of 4 homemade 0.085” semi-rigid coaxial
cables. Stycast 2850 was used as the dielectric and SMA connectors were put on both
ends of the cables. Three of the homemade coaxes were then connected to standard
0.085” semi-rigid BeCu coaxial cables. These cables ran from the feedthrough to a heat
sink attached to the cold plate. The feedthroughs and the 0.085” cables had a rf loss of 1
to 1.5 dB per assembly at 700 MHz. Figure 3.13 is a schematic of one chamber of the
heat sink.

The heat sink’s purpose was to cool the center and outer conductors of the coaxes to
the 1.2 K cold plate. It consisted of a brass box with 3 chambers around an OFHC copper
block. Each chamber was used to cool one high frequency line. SMA launchers were
installed on both ends of a chamber containing a sapphire microstrip waveguide. The

Copper Block

— SMA
connector

4

n

H

0.025”

Figure 3.13. At left is a side view of one chamber of the heatsink. At the right, the cover
has been removed from the chamber so the sapphire substrate is visible [\ . The launcher
tongues of the SMAM rest on the 0.025” wide gold stripll .
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outer conductor was cooled through physical contact to the heat sink box which was in
turn connected to the cold plate. The waveguide consisted of a sapphire substrate with a
thin film ground of Ti/Au completely covering the back and a 0.025” strip of Ti/Au on
the top. The microstrip was designed for 50 Q by adjusting the strip width. The sapphire
substrate was greased onto the copper block which was thermally connected to the cold
plate. Sapphire was chosen because of its high thermal conductivity. The heat sink
attenuation was 0.5 dB at 700 MHz.

The coaxial cables between the heat sink and the sample holder were 0.020” O.D.
coax with SMA connectors on both ends. The small size minimized the heat leak to the
sample. Two cables, made of BeCu, were used for the receivers with a loss of about 1.2
dB each. The third transmitter coax had a stainless jacket with a center conductor of
silver-plated copper-clad steel and contributed a 2.5 dB loss at 700 MHz. The total loss
was 3 dB for the receiver assemblies and 4.7 dB for the transmitter assembly.

The sample holder was made of OHFC copper and attached to the bottom of the
carousel extension on the Kelvinox. The length of the extension was adjusted to position
the substrate at the center of the solinoid’s the magnetic field. The SAW device was
greased onto the face of the holder and held in place by BeCu clips to maintain good

thermal contact with the holder.

II1.6 Electronics

Our experiments in the Kelvinox were carried out in a shielded room to minimize
interference from outside electromagnetic forces. The electronics outlined below and in

Appendix A were used in Run 4.16.
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Pulse widths of 80-100 nsec and rates of 1000 Hz were used. Pulsed operation was
used for several reasons. First, with pulsed signals we could separate acoustic from
electromagnetic signals. The wires (or bellows in the room temperature sample holder)
to the transducers sometimes acted as antennas. Thus the detectors would pick up
switching noise from the pulse to the generating transducer as well as the signal received
at the other receiver. By making the pulses short enough we could separate these various
signals.  Short pulses also allowed us to distinguish any signals due to the
electromagnetic wave bouncing back in forth in the long, 10 m, cables connecting the
electronic equipment outside and inside the shielded room. In addition to avoiding
interference effects we used short pulses and low repetition rates to minimize any heating
effects by the signals. The power per pulse using the standard diode detector setup was
on the order of 40 pyW. When the sample was below 1 K and we were looking for
saturation effects, the power per pulse was cut down to 9 nW.

Two basic circuits Were used to measure the attenuation and change in velocity.
Figure 3.14 is a diagram of the circuit used above 1.2 K. A more detailed discussion of
the various components and the operation of the circuit are presented in Appendix A.

In this circuit the changes in attenuation were measured using diode detectors. The
detectors were calibrated by substituting a variable attenuator for the coaxes in the
refrigerator and the SAW device. The change in velocity was measured by homodyning.
The output of a balanced mixer is proportional to the phase difference between the two
inputs. The output signal was sampled by a boxcar; the resultant signal was fed to a
voltage controlled oscillator via an integrater. This formed a phase-locked-loop which

maintained constant phase difference by varying the oscillator frequency. The change in



Sweep oscillato

pulse
generato

Microwave
counter

M = -10dB hybrid

Xl =3dB hybrid

__,_ =pulse forming
switches

7
% = bandpassfilter

| | =in shielded room

scilloscope]

boxcar
<¢ = termination
<] = circulator
E = dc block
§ = attenuator
B ¥ 2 ESAWdevice
in Kelvinox
= preamplifier
50dB gain
S& = diode detector

I = pulse amplifier

Figure 3.14. The circuit for measurements above 1.2 K. Pulsed signals are sent
to the generating transducer. The attenuation of the signal in the acoustic path is
measured by diode detectors. The velocity is measure by phase locking the
circuit.
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frequency was proportional to the change in the average velocity in the acoustic path.
This relationship is discussed in greater detail in Appendix B.2.

Below 1.2 K the attenuation was measured with a homodyne circuit. This allowed us
to greatly decrease the acoustic power. However, it was not possible to measure the
attenuation of both acoustic channels using the homodyne method as explained in
Appendix A. Therefore, in Run 4.16 only the 3 mm Nb channel was measured below 1.2
K.

The signal sides of the transd were Cc d to the 1 h of the

SMA connectors with 38 gauge insulated wire, see Figure 3.15. Connections were made
using silver paint with butyl acetate as the solvent. The grounds of the transducers were
individually grounded at separate screws on the sample holder. This was found to greatly

reduce the pickup between the tr Also, to minimize the pickup between the

wires, care was taken that no acoustic wires crossed any other wires.

Samtech

Screws used
connectors

for grounding

LiNbO,

SMA
launcher

Figure 3.15. On the left is a photo of the Kelvinox sample holder with a wired sample.
On the right is a schematic of the same. A Nb film is shown between the transducers.
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IV. Results

The absolute velocity, change in velocity, and attenuation of Nb films on LiNbO; at
temperatures between 100 mK and room temperature are presented in this chapter. Since
the thickness of the film overlayers was less than 10% of the acoustic wavelength, the
films acted as a weak perturbation on SAW propagation as discussed in Chapter III. In
the temperature range of most interest, T < 20 K, the attenuation and velocity due to
LiNbO; is taken as temperature-independent. Thus we will focus on changes in velocity
and attenuation below 11 K which are due solely to the Nb. Therefore the interactions
between phonons, electrons, and tunneling systems in the Nb:H can be isolated and
extracted.

The results presented below are derived from two independent experimental runs. By
run, we use the experimental notation Run i.j, where i = 4 denotes the Kelvinox cryostat
and the second index denotes the jth cooldown of the system. Each run studied the Nb:H
system using 700 MHz surface waves on LiNbO; substrates. Each run constituted a
different Nb:H film prepared by electron beam evaporation. Within each run, two
separate experiments were performed because the SAW design allowed for bidirectional
propagation with two independent receivers. In Run 4.15, a SAW interacted with a Nb:H
film, 3 mm long by 270 nm thick, in one channel. The other channel was masked during
evaporation and contained a bare LiNbO; substrate. This allowed us to separate the
properties of Nb:H on LiNbO; from the LiNbO:; itself. In Run 4.16, from which most of
the data presented below originate, two Nb films with identical physical properties but
different lengths were studied: channel A comprised a film 3 mm in length, designated as

sample A; sample C comprised a film 1.5 mm long. Since the samples were deposited
65
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simultaneously, they had an identical thickness of 290 nm. The two samples allowed us

to check that the results scaled appropriately with interaction length.

IV.1 Velocity measurements

The absolute phase velocity of the acoustic wave was measured at fixed temperatures
throughout the experiments. The circuit used to measure the absolute velocity is similar
to that used to measure the change in velocity as described in Appendix A except it is no
longer phase-locked. A CW (continuous wave) signal from a signal generator is split into
two paths. The CW path is purely electromagnetic. In the second path the signal is gated
into short pulses and generates a SAW, propagating through the sample. Thus this path
has a length in which the signal travels with an acoustic velocity in addition to a length in
which it travels with an electromagnetic velocity. Signals from the two paths interfere in
a microwave mixer. The output of a microwave mixer is proportional to cos(A¢), where
A¢ is the phase difference at the inputs. The mixer output can be observed on a scope
and the change in frequency, Af, of the signal generator corresponding to a 2n shift is
measured. From Af the acoustic delay was obtained using the result derived in Appendix
B.1.

Since the transmitter-receiver separation was 6 mm, the SAW always propagated
through a region without any Nb:H. In Run 4.16 when both acoustic paths contained
Nb:H, we calculated the bare LiNbOs velocity, v, and the Nb:H on LiNbO; velocity, v

with,



et 2
v, = NA @4.1)
ac ac I-‘NC]
Tc —Ta
L
vy = N'}J (4.2)
TAac _ VLA
L

where TA“ , Lia, and Lna are the measured acoustic delay time, the length of the bare

LiNbOs, and the length of the Nb:H on LiNbO; region in sample A, respectively. The
delay and lengths of sample C are similarly denoted. This relationship is also derived in
Appendix B.1.

Table 4.1 summarizes the velocity results from Run 4.16. Note that there are two
delays stated for each acoustic path. The “interferometric” delay was found using the
method outlined above and in Appendix B.1. The “time of flight” delay was simply
obtained by observing the separation between an electromagnetic excited main pulse and
a delayed acoustic pulse. This method strictly yields a group velocity. The larger
uncertainty in this delay is due to the rise time of the pulses. As seen in the last two
columns of Table 4.1, the two methods agree quite well. This implies that the group
velocity is, within error, the same as the phase velocity and therefore the propagation is
nondispersive. The large uncertainties in the velocities are due to the difficulty in
measuring the exact lengths in the acoustic paths. Lengths are summarized in Table 3.2.

The delays in both paths on Run 4.16 decreased by about 20 nsec when the sample
was cooled from 300 K to liquid nitrogen temperature due to an increase in the acoustic

velocity. This shift corresponds to a temperature coefficient, o, of 58x10° K'in A and
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62x10° K™ in C, where or = 1de = ldo +l£ . Since both paths had essentially the

tdT LdT vdT
same shift, it appears that this change originated in the LiNbO; substrate, not the Nb.

This is further borne out by the value of ar for 128° rotated Y-cut, X-propagating

LiNbO; is 75x10° K .!
IV.2 The change in velocity in the acoustic path

IV.2.i. Method for measuring the change in velocity

In order to detect the small change in velocity due to tunneling systems, a differential
method was used. Using the circuit discussed in Appendix A, the CW signal from the
oscillator was split into two paths, one primarily acoustic and the other purely
electromagnetic, and then recombined in a mixer. The phase difference between the two
paths is kept fixed (unlike in the absolute velocity measurements) by a phase-locking
circuit. In the phase-locking circuit, the pulsed output of the mixer is sent to a boxcar
integrator, providing a dc output proportional to A$, which in turn is fed to the voltage-
controlled input of the oscillator so that a constant phase difference between the two
paths is maintained. The change in frequency to maintain a constant phase difference is

related to the change in velocity of the Nb:H on LiNbO; by

YnVn Foff v g oew ) by 4.3)
VN f |LNVem Lovp

where v is the velocity, f is the frequency, and L is the pathlength. The subscripts N and
L denote the Nb:H on LiNbO; and the bare LiNbO; parts of the acoustic path

respectively. L, is the electromagnetic length of the purely electromagnetic path and



70
Ls™ is the electromagnetic length in the path which includes the SAW device (or
acoustic length). A general expression for Av/v is given in Appendix B.2; Eq. 4.3 is a
simplified expression when vy, is temperature-independent. For sample A in Run 4.16 ,

we derive the calibration factor,

AV g6t 0.04% (4.4)

v

IV.2.ii Results from Run 4.16

10K to 300 K
The change in frequency was measured as the sample was cooled. The frequency shift
has contributions from the Nb:H region as well as the LiNbO; region, so that the change

of the Nb:H velocity alone cannot be extracted. We denote the effective velocity change

[ T ] 1 ! ) T
s | ]
E - :[2x10'3 ]
3 f ;
: PURET VT OED W T WO WY WA [N VY S UHAY S N U UHNY SN WA SN UHNY SN WA SN NN N N S Y l-
0 50 100 150 200 250 300

Temperature (K)

Figure 4.1. The effective velocity change with temperature. The high temperature tail is
an experimental artifact.
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averaged over the propagation path, as vs. Figure 4.1 shows a change (Av/v) = 1.48

+0.02 x 102 between 10 and 300 K. This is in agreement with the change in the average
velocity calculated from the interferometric delays of Table 4.1, which yields a value of
(AV/V)esr = 1.44 £0.18 x 107,
Change in velocity below 11 K

In this section we will present the velocity results below 11 K. In this region, striking
changes in SAW propagation occur, which are not expected in pure, weakly anharmonic
crystalline substances, where the velocity should be temperature-independent. These
results are strong evidence for tunneling, and will be further analyzed in Chapter V.
There are several features to note in the velocity data shown in Figures 4.2 and 4.3. First,
the velocity exhibits a broad maximum at 3.3 K. As we shall discuss in Chapter V, this

peak is due to the crossover between resonant and relaxational acoustic interactions with

Av/v

aasadasaalaaaalaaaala s lasaalanaalaasalaaaalasaalasaal
0 1 2 3 4 5 6 1 8 9 10 I
Temperature (K)

Figure 4.2. The change in velocity below 11 K.
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Figure 4.3. The change in velocity below 11 K on a log/linear plot
tunneling systems. Second, as can be seen in Figure 4.3, the velocity varies as log T
below the maximum. Finally, there is an abrupt jump, with Av/v =1.4+0.2 ppm at T..

This jump will be discussed further in Section IV.6.

IV.3 Change in Attenuation.

IV.3.i Attenuation change between 10 and 300 K, Run 4.16

Acoustic attenuation was measured using the technique discussed in Appendix A in
the cooldown from room temperature. Results are shown in Figure 4.4. Jumps in the
data are spurious and result from mechanical instabilities in the cryostat’s coaxial cables.
In Figure 4.5 a smooth curve has been derived from the Figure 4.4. For data taken on

cooldown, uncertainties occur from the difficulty in ensuring that the transducer
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Figure 4.4. The change in attenuation as measured during cooling down.
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Figure 4.5. Smooth curve extrapolated from the change in attenuation as the samples
cooled.



74
efficiency was constant. For example, the peak (resonant) frequency shifted as much as
25 MHz. To understand this effect we measured the resonance curves at 290, 95, 78, and
6 K and monitored that the signal amplitude was measured within a few MHz of the
peaks as the samples cooled. The transducer resonances were measured using the method
outlined in Appendix A. From these data, the change in attenuation as a function of

temperature at resonance was found. These changes are summarized in Table 4.2.

Table 4.2. Summary of attenuation changes, 6 to 300 K.

Temperature region Method” Sample A; Sample C;
3mm Nb:H (dB) 1.5 mm Nb:H (dB

300 - 80K C -12.65+0.7 -83+1.0

300; 80 K F -13.25+0.9 -89+0.9

80 56K C -1.75+0.8 Not measured

80; 6 K F -2210.8 -1.0+0.8

®C, continuous drift: F, fixed temperature

The two methods of measuring the attenuation agree quite well. If the attenuation in
the acoustic paths was only due to the niobium, the attenuation of sample C would be half
of that of A. This was not the case as the sample cooled from 300 to 80 K; implying that
the attenuation of the LiNbO; is also changing. This agrees with data taken for the
LiNbO; channel in Run 4.15, where the attenuation changed by 4 dB between 300 and 80
K. Accounting for this contribution, we find that the attenuation change for sample A is

double that in sample C consistent with the factor of two in the path length.
I'V.3.ii Change in attenuation below 11 K, Run 4.16

Below 20 K we shall assume that the LiNbOj is constant so that any observed change

in attenuation is due to the Nb:H. This is supported by the Run 4.15 blank channel data



Change in Attenuation (cm’)
A\
S
o
>

2 3 4 5 6 7 8 9 10
Temperature (K)

Figure 4.6. The change in attenuation for both samples below 10 K.
below 20 K in which the attenuation was temperature-independent within a scatter of
0.25 dB, 0.09 cm’'. Furthermore the transducer resonances were constant below 10 K
allowing the attenuation to be measured at the resonance peak. Figure 4.6 shows the
change in the attenuation in the two samples measured simultaneously. The overall
attenuation shift was normalized to dB/cm by dividing by Ly, and normalized to cm’ by
dividing by 4.343.

The change in attenuation in sample A between 8.4 and 2 K was (0.510 + 0.007) cm’.
In sample C the attenuation changed by (0.54 £ 0.03) cm’, where the larger error reflects
a weaker signal to noise ratio. This result justifies our assumption that the attenuation is

due solely to the Nb:H.
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Figure 4.7. The change in attenuation in sample A between 0.16 K and 11 K.
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Figure 4.8. Log plot of change in attenuation below 11 K.
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Figures 4.7 and 4.8 show the change in attenuation for sample A below 11 K. The gap
between 1 and 2 K results from difficulties in controlling the Kelvinox in this temperature
region.

There are several features to note in Figures 4.7 and 4.8. First of all there is a sudden
decrease in the attenuation at T ¢ = 8.44 K for Nb. This is expected from the BCS theory
of superconductivity. However, if the change in attenuation was due only to the
interaction between electrons and phonons, it would be temperature-independent by T =
T.¢/ 2 as the conduction electrons form Cooper pairs. This is not observed, suggesting
that there is another interaction present. As we show later, the strongly temperature
dependent attenuation is consistent with the presence of tuﬁneling entities in the Nb:H
film. Finally, in addition to the drop at T, ¢ and temperature dependent attenuation below
0.5 Ty, there is a slight knee around 4.5 K. This is a hint of a broad relaxational peak

also arising from tunneling and will be further discussed in Chapter V.
I'V.3.iii Change in attenuation below 11 K, Run 4.15

The sudden drop at T, and knee also are apparent in Run 4.15, as shown in Figures
49 and 4.10. Unfortunately, the temperature scale for this run was not firmly
established, leading us to place less weight on these results. However, one noticeable
difference between the two runs is the different temperature dependence of the
attenuation above T.¢. This temperature dependence has been noted in another study.2

The overall change in attenuation between 2 K and T¢¢ in Run 4.15 was (0.45 £+ 0.01)
cm", smaller than the 0.51 cm” found for Run 4.16. If we make a background

subtraction, so that the normal attenuation is temperature-independent, for Run 4.16 we
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Figure 4.9. The change in attenuation during Run 4.15.
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Figure 4.10. The change in attenuation in Run 4.15 on a log-linear plot.
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find a change in attenuation between 2 K and T.¢ of (0.40 = 0.01) cm’. The lack of

agreement may reflect physical differences between the films studied in the two runs.
IV.3.iv Search for nonlinear propagation below 1K.

We looked for nonlinear attenuation below 1 K by varying the acoustic power in the
Nb:H and measuring the corresponding change in the attenuation of the acoustic path. If
the standard model applied to Nb:H is correct, there are no states below A,
approximately 1K. Thus there should be no attenuation due to tunneling states below 1K.
However, evidence of states with energies less than A, has been observed in pulse echo
experiments on Nb:D.} If low energy states do exist, the attenuation below 1K would be
due to resonant phenomena. These resonant tunneling systems may all be saturated (the

same number of tunneling systems are in the excited as ground state) in which case the

] eeeseses 7x10” erg/pulse
—3x10" erg/pulse

.7
" :I:O‘l cm” 7x10" erg/pulse

Attenuation (cm'l)

L

1 A 1 " 1 - 1

0.2 0.4 0.6 0.8 1.0
Temperature (K)

Figure 4.11. The change in attenuation for 3 different input powers. The attenuation has
been normalized by the input power. (0. lem” =0.131 dB).
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attenuation is temperature independent. Unsaturated resonant attenuation will increase
with decreasing temperature varying as tanh (hay2kgT).

The power into the Nb:H was varied by changing the variable attenuator before the
generator. Lines were fit to the data and are presented in Figure 4.11. The lowest power
signal, which corresponded to approximately 9 nW per pulse into the Nb, was barely
detectable above the background. Two features to note are that all three signals had the
same temperature dependence and decreased with temperature rather than increasing. If
the system is linear, the curves should coincide. Also, if we are unsaturating the
attenuation should decrease with input power. Since neither is the case, the uncertainty
of the measurement of the normalized power is greater than the separation of the curves

and the tunneling systems are still saturated at the lowest power.

IV.4 Discussion of the behavior near T, ¢

Av/v
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Figure 4.12. The change in the velocity, resistance, and attenuation near T.¢ from Run
416.
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Figure 4.13. The change in the resistance and attenuation near T.¢ in Run 4.15.

Figure 4.12 is the velocity resistance and attenuation near T, ¢ for Run 4.16. All three
exhibit an abrupt change at Tz, 8.437 £ 0.007. The velocity had a discontinuity which
will be discussed further in V.3. The attenuation begins to drop rapidly at T. ¢ due to the
superconducting gap beginning to open and the electrons forming Cooper pairs and thus
no longer interacting with the phonons. The same drop in the attenuation at T.s was

observed in Run 4.15 as shown in Figure 4.13.

IV.5 Magnetic field data

In order to further explore the interactions of electrons with the tunneling systems, we
applied a magnetic field perpendicular to the Nb:H film as shown in Figure 4.14. In the

data taken with a 1 T field, it is appears that the knee at H = 0 has disappeared.
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Figure 4.14. The change in attenuation as a function of temperature with and without an
applied magnetic field. The dotted lines represent the T, ¢ of the resistive sample. The
temperatures are approximately 0.5 K too low.

In Figure 4.15 the field was ramped to 2 T at a fixed temperature of 5.5 + 1 K. The
uncertainty in absolute temperature arises from a thermometer bridge malfunction
discovered subsequent to the run.

The main item to note in Figure 4.15 is the jump in the velocity right below H,; which
is 4.5 = 1 ppm in the ramp up and 3 * 1 ppm in the ramp down. This indicates that the
jump observed in the zero field velocity is due to the electrons which interact with the
something in the Nb, which we will show to be tunneling systems in Chapter V,
beginning to form Cooper pairs. Also, both the velocity and attenuation curves show

hysteris and a broader feature than the resistance.
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' Surface-Wave Devices for Signal Processing, by D.P.Morgan (Elsevier Science
Publishing Co, New York, 1985) p. 152.

2 “From low to high (T.): an ultrasonic investigation of niobium single crystal and
YBaCuO superconducting thin films with surface acoustic waves”, H.P. Baum,
Ph.D. thesis, University of Wisconsin-Milwaukee (1990).

’B. Golding, (private communication).



V. Discussion

V.1 Qualitative discussion of results

The principal experimental results to be explained in this chapter are shown in Figure
5.1. In the velocity results, we need to understand the jump at T, ¢, the maximum at 3.3
K, and the rapid decrease to the lowest temperatures measured.

At the superconducting transition of the Nb:H, the acoustic attenuation exhibits a

Avlv

Altenuation

O 1 2 3 4 5 6 7 8 9 10 11
Temperature (K)

Figure 5.1. The change in attenuation and velocity; 3 mm Nb:H sample in Run 4.16.
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sudden drop. If the attenuation were solely due to the electron-phonon interaction, it
would be temperature-independent below 3 K. We observe a knee at 4.5 K followed by a
strong, relatively linear, temperature-dependent decrease of the attenuation. It appears

that the attenuation becomes relatively temperature-independent below 0.6 K.
V.2.Tunneling systems in Nb:H

As stated in Chapter II, we shall attempt to explain much of our observations by
constructing a quantitative model based on acoustic interactions with hydrogen tunneling
states in Nb:H. We shall assume that tunneling originates in hydrogen trapped at
tetrahedral interstitial sites of the Nb in the vicinity of octahedral impurities. Two
tetrahedral sites have nearly degenerate energies so that hydrogen tunneling is possible at
low temperatures. These tunneling systems can be described by an asymmetry energy A
and a tunneling matrix element, A,. Since the tunneling systems are formed by random
point defects, the asymmetry is described by a Lorentzian distribution of width W,
centered at A = 0. The tunneling matrix element A, is assumed to be single-valued. This
results in a density of states which is sharply peaked at A,, has a high energy tail, and no
states below A,.

The aforementioned model has been used to describe the change in attenuation and
velocity of single crystal Nb:N:H using a small value of the deformation parameter, ¥ =
0.023eV.! Applying a similar approach, we find that the standard model with small y can
fit the Av/v data quite well. However, the same parameters do not fit the attenuation even
qualitatively as they predict no change in attenuation below 2 K. We suggest that this

discrepancy can be resolved by formulating the presence of additional strongly coupled
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tunneling entities.
V.2.i Velocity and attenuation dependence on parameters

Before constructing a quantitative model that explains our data, we shall present some
illustrative examples of the dependence of the attenuation and velocity on tunneling
model parameters. This is useful because the calculations involve numerical integration
over energy and cannot be solved analytically.

The velocity shown in Figures 5.2-5.6 is the sum of the resonant and relaxation change

in velocity, Eq. 2.10 and Eq. 2.13, integrated over a Lorentzian distribution in A,

o0 2 2
av rc:s+(A‘i rel=—J.n(A)y—2 ﬁ- ltanh E dA
v v - pv '\ E | E 2kgT

—2Jn(A) /4 ZL(A] —%sech2 E dA
° 2pv kgT{ E | 1+ @°T, 2kgT

5.1

The attenuation is given by Eq. 2.12 integrated over the same distribution and does not

include attenuation due to the electron-phonon interaction,

oo 2 2 2
et 2]
o pv’ kT E ) 1+@°T,

KT ]dA 5.2)

All of the plots shown below were generated using the E — 0 expression for the
tunneling system electronic relaxation rate in the superconducting state, Eq. 2.9, to save
computational time. For niobium with T.¢ = 8.437 K and E / kg > 1.5 K, the low energy
electronic relaxation rate results begin to deviate above 7 K from those calculated using

the full electronic rate. Therefore only the calculated curves below 7 K and above T are

shown. We used the values: T s = 8.437 K, v = 3.1x10° cm/s, /2 = 690 MHz, and

n,y?/pvikgm = 10*K.
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Figure 5.2. Plot of Av/v and attenuation using Eq. 5.1 and 5.2 with several values of A,.
Tunneling parameters are: W / kg = 30 K, Y=0.023 eV, K = 0.15 and ® = 4.3x10°%s ™.

In Figure 5.2 the dependence on the tunneling matrix element A, was studied. As A,
becomes larger the relaxation rates increase. This results in the condition ® = T, being

met at lower temperatures and thus the peak in the relaxation velocity shifting to lower
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temperatures. In addition the hyperbolic tangent in the resonant velocity and the
hyperbolic secants in the relaxational velocity and attenuation have a stronger
temperature dependence.
In Figure 5.3 the electron-tunneling system coupling K, was varied. Increasing K
increases the electronic relaxation rate. Thus the electronic relaxation will be greater than

the phonon relaxation rate at lower temperatures and the peak of the velocity will shift to
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Figure 5.3. Plot of Av/v and attenuation using Eq. 5.1 and 5.2 with several values of K.
For all plots A,/ ks = 0.7 K, W / kg = 30 K, y=0.023 eV, and @ = 4.3x10°s"".
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lower temperatures. In addition, the slope of the relaxational change in velocity will
increase. The peak in the attenuation at @ = T, will also shift to lower temperatures as K
is increased. Note that K = 0.5 represents the maximal value for the coupling.
The phonon-tunneling system coupling was varied in Figure 5.4. For these
calculations (no'f / pv2 ) was held constant. The value, Y= 1 €V, is a coupling on the
order of that found in metallic glasses. The curves changed only slightly at low

temperatures as Yy was varied by over 2 orders of magnitude. The attenuation is
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Figure 5.4. Plot of Av/v and attenuation using Eq. 5.1 and 5.2 with several values of .
For all graphs, A,/ ks=0.7 K, W /kg=30K, K =0.15, and ® = 4.3x10%s".
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temperature-independent below 2 K until y is on the order of an eV.

Figure 5.5 is a compilation of calculations in which the width of the Lorentzian
distribution of A was varied. The high temperature velocity slope due to the relaxational
interaction becomes comparable (but of opposite sign) to the low temperature resonant
velocity’s slope with increasing width. The attenuation peak, occurring at ©T; = 1,
becomes wider as the distribution of energies and thus relaxation times increases in

width. Note that there is very little difference between the shape of the curves with W/kg
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Figure 5.5. Plot of Av/v and attenuation using Eq. 5.1 and 5.2 several values of W. For
all figures, AJ/ks = 0.7 K, Y= 0.023 eV, K = 0.15, and @ = 4.3x10%""
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=30 K and W/ kg = 100 K. A larger width results from interactions between the defects
at high concentrations of tunneling systems. 23

Most previous work has assumed that the tunneling matrix element A, is constant in
Nb:H. This assumption implies that all of the tunneling objects are in the same
environment, i.e. d and V are single-valued. Thus, they must be formed by a single
species of octahedral impurities, or different species which cause the same distortions in
the potential energy surface about the trapped hydrogen. In addition, due to its
dependence on mass, a constant A, also means that there is only one type of tunneling
object.

A Lorentzian distribution of A,, has been invoked before in the NbH,(O,C,N), system.
The width of the distribution was quite narrow, s1K.** Figure 5.6 is a plot of the
velocity and attenuation with and without a Lorentzian distribution of A,. The curves

from the distributed A, were multiplied by 0.325 so that the shapes of the curves could be

more easily compared. Adding a distribution to the tunneling matrix element broadened

(a.) (b.)
4 L~ |
/ T |
0 o 0.2
Av/v / a
- 0.1
-8
0 2 4 6 80 2 4 6 8
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Figure 5.6. Effect of a narrow distribution of A, on velocity and attenuation due to
tunneling. Solid line; A, = 0.71 K: dashed line; distribution of A, of width 1 K. W /kg=
140K, y=0.023 eV, K =0.17, and ® = 4.3x10°s".
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the velocity peak and slightly flattened the attenuation peak but did not change the overall
shape very much. The attenuation below 2 K was not increased as the relaxation rates

were too slow to relax any additional tunneling systems.

V.3 The polycrystalline data described by the standard tunneling model.

V.3.i Method for fitting the standard model to the Nb:H film data

We assume that the velocity and attenuation can be described by,

(évl)z(ﬂ\nﬁ[é!\mh (5.3)

; \V A

o =01Ls + Ogcs HOBack 5.4
where (Av/ V)TLS is equal to Eq 5.1, (Av/ V)mh = BT2 + nT4 where B and 1 are constants
and is due to lattice anharmonicity, oris is given by Eq 5.2, acs is given by Eq. 3.6, and

Ogack allows for a background attenuation.
Since (Av/ v)uh is only weakly temperature-dependent, we initially set it to zero and
fit the polycrystalline Nb:H velocity. The parameters derived from this fit are then used
to calculate orLs and the amplitudes of Ogcs and o,k adjusted to best fit the

polycrystalline Nb:H data.

It is tedious to do a standard nonlinear least squares fit to the velocity data since the
velocity calculation involves numerical integration over the asymmetry energies. Thus
the velocity data were fit by minimizing the sum of squared differences between
representative data points and calculated values for the velocity. These representative

data points were spaced at intervals of 0.5 K except at the peak where two points were
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used to describe the curvature, and in the final fit where a point was placed at both the top
and the bottom of the jump near T.s. In order to judge the dependence of the fit on the
low temperature data, the range of data at the low temperature end was varied. The
matrix element, A,, Lorentzian width, W, electron-tunneling system coupling, K, velocity
amplitude, i.e. density of tunneling systems, and offset varied to minimize the residuals.
As discussed in V.2.i, the velocity’s dependence on the phonon-tunneling system
coupling is quite weak unless it is on the order of 1 eV. Thus it was fixed at 23 meV.
The E — O electronic relaxation rate was used. This approximation is inaccurate near
T.r. The following constants were used: the phonon-tunneling system coupling y = 0.023
eV, vn = 3200 m/s, ® = 21 X 690 MHz, p = 8.58 g/cm’, and T, = 8.437 K. The BCS gap
was calculated by interpolating between the values given by Miihlschlegel.6

Once the “best fit” values were found using the low-energy electronic relaxation rate,
(Av/v)TLs and oirs were recalculated with the full electronic relaxation rate. In order to
describe the Nb:H film attenuation, the amplitudes of oigcs and Otgack, Which was assumed
temperature-independent, were adjusted. The amplitude of 0gcs is the normal attenuation
due to the electron-phonon interaction, o, from Eq. 3.6.

The quality of fit was judged by how well the velocity calculated with the full
electronic relaxation rate described the jump at T.¢ and the rest of the velocity data. The

jump at T is due to the rapid change in T,"L, as the electrons form Cooper pairs. It

cannot be due to the acoustoelectric effect, which was introduced in Chapter III, since the
acoustoelectric effect causes a decrease on the order of 10 ppm in the velocity as the

film becomes superconducting.
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V.3.ii. Fits to the standard Nb:H tunneling model

The best fit tunneling parameters to the Nb:H film data velocity data are Ay/kg = 0.567
K, W/kg = 18 K, K = 0.189 and n, = 8.92x10" cm™ which corresponds to a tunneling
hydrogen concentration of 0.16 at. %. These values were found when the largest range of
data (0.2 K to T, ¢) was used and included a representative data point above the jump at
Ter It is difficult to assign an uncertainty to the “best fit” parameters. We estimate A,
and K to have an uncertainty of about 10% while W and n, are known within a factor of 2
as the fit is insensitive to W and n,.

Figure 5.7 shows the velocity data and calculations using the “best fit” parameters.
The calculation with the approximate electronic relaxation rate describes the data quite

well. As shown in the inset, the inaccuracies inherent in the approximate electronic
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Figure 5.7 (Av/v)rs. Solid line, calculation with the full electronic relaxation rate;
dashed line, calculations using the E = 0 approximate electronic rate.
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relaxation rate are apparent at T. ¢ where the calculation does not match the normal state
velocity, calculated from Eq. 2.7. The calculated velocity with the full electronic rate
does match up with the normal velocity as it should. The full electronic rate calculation
does not describe the data as well as the approximate electronic rate calculation which is
not surprising as the fit was done with the approximate electronic rate. The jump is
slightly below 8.437 K, T.y, and the velocity’s value in the linear region above 4 K is
slightly higher than that calculated with the approximate relaxation rate. Below the peak
near 3.2 K, the approximate and full electronic relaxation rate calculations agree quite

well. Above T.r (Av/v)rLs does not describe the data completely as our assumption of
(AV/V)an weak temperature dependence becomes inaccurate, as discussed below in

V.3.iv.

Attenuation (cm'l)

o 1 2 3 4 5 6 7 8 9 10 1
Temperature (K)

Figure 5.8. Tunneling contribution to the attenuation, oir.s, from the full electronic
relaxation rate (solid line); calculated with the approximate relaxation rate (dashed line).
The measured attenuation, top curve, includes Otgcs.
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In Figure 5.8 aris with the full and E = 0 electronic relaxation rates is shown along
with the data. Both calculations exhibit a turnover which follows the knee in the data,
fall less steeply below the knee than the data, and are temperature-independent below 2
K. Near T, the two calculations deviate from each other. The full electronic calculation
exhibits a small peak which the E — 0 approximate rate does not. This peak increases in
amplitude with A, and in width with the width of the Lorentzian. Again the full
electronic calculation meets the normal calculated ot s at T s.

The total attenuation and its contribution with Oigacx = 0.16 cm'are shown in Figure
5.9. The attenuation is fit adequately down to 2 K by Eq. 5.4. But there is additional

change in the attenuation below 2 K which is not described by either o s or Ogcs. As

Attenuation (cm'| )

.
aadaasabaa s laaaalassalaaealaaaalaaaadaaaalaaaalaaaalaasals,

o 1 2 3 4 5 6 7 8 9 10 11
Temperature (K)

Figure 5.9. A,/ kg = 0.567 K, W/ kg = 18 K and K = 0.189. Dotted line, ogcs; dashed
line, airLs with full relaxation rate summed with ogcs; solid line, oirps with approximate
relaxation rate added to agcs. The solid line falls directly on the data below T, ¢ and thus
the line cannot be seen between 6.5 K and T¢. o is assumed equal to zero at 0.2 K.
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with the velocity, the E — O relaxation rate attenuation is a better fit. For the agcs
calculation 0, = 0.28 cm™.
o, in conjunction with the resistivity of the Nb film can be used to determine the
factor F(v) of Eq. 3.5. Using the resistivity of the film just above T, the electron mean

free path can be calculated from the free electron expression’

mv
I =2—F. (5.5)
Ne“pg sk

where m is the electron mass, 9. 1x10%8 8, vr is the Fermi velocity, 1.4x10° cm/s, N is the
electron density, 5.6x10% cm?, e is the electronic charge, 1.6x10"° C, and ps.sk is the
resistivity at 8.5K, 12.3 £ 0.5 uQ-cm. Eq. 5.5 yields a value for I of 71 A. Substituting
this value along with ® = 4.335x10° 5™, P = 4.65 glem’, v, = 3.2x10° cm/s, q =
1.35x10* cm™, h = 2915 A and o, = 0.28 cm™ into Eq. 3.5 one finds that F(v) is 1.2. This

is larger than any of the cited values for F(v) which range from 0.022° to 0.455°.

V.3.iii Comparison of Nb:H film and single crystal tunneling parameters.

)y IR Ry e ~ b)
M
\
50 ppm 0.1 dB/cm
f"o’
\ ]
" L ! "
0.1 1 10 0.1 1 10
Temperature (K) Temperature (K)

Figure 5.10. Single crystal NbNo o015sHo003 data from Ref (1). a) velocity, the dashed line
is hydrogen free data b.) attenuation, the solid line is hydrogen free data, ® is in the
normal state, and o data is from the superconducting state.
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The tunneling parameters obtained for Nb:H films differ from those determined from
acoustic measurements in single crystal Nb:H.! The latter experiments were carried out
with NbNy 0015Ho 003 crystals at 30, 90 and 150 MHz between 0.1 and 20 K. These results
are shown in Figure 5.10. The tunneling resonant change in velocity is similar to the
Nb:H polycrystalline film; temperature-independent below 0.2 K, rising to a peak just
below 3 K. Unlike the Nb:H film, the tunneling relaxational change in velocity passes
through a minimum and then rises to another peak near T.. This shape is indicative of a
narrow distribution of asymmetries. The relaxation peak in the attenuation occurs at near
3.5 K and is much more prominent in single crystals than in the polycrystalline films.
Morr et al.! fit the velocity using the approximate electronic relaxation rate and found A,
= 1.4 K and W = 3 K. By assuming that the concentration of tunneling systems was
equal to the N concentration, they derived a phonon tunneling system coupling y of 23
meV. From the attenuation, they then derived an electron-tunneling system coupling K =

0.07. Using our fitting programs we were able to duplicate their fits if we used a velocity

(l_wo) uonenuany

~
gl
=Y
~
>
~
> -
<
10

Temperature (K) Temperature (K)

Figure 5.11 Single crystal Nb:N:H data from Ref.(1) with our calculations (lines). a)
Av/v at 90 MHz (with no anharmonic correction). b) attenuation (hydrogen free Nb
background subtracted). A, w/2rn = 150 MHz; O, w/2r= 90 MHz; O, w/2r = 30 MHz.
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of 4.16x10° cm/s; see Figure 5.11. Note that the attenuation below 2 K still is
temperature dependent, especially in the high frequency data, which is not accounted for
in the fit.

The value for the tunneling matrix element found in Ref. (1) is slightly lower than the
2.010.2K found in other niobium experiments with nitrogen and hydrogen
impurities.'®'"'*"®  From Appendix D, we can conclude that A, varies between 1.4 and
3.1 K for C, N, or O impurities. Also, the tunneling matrix element is smaller if the
octahedral impurity is N or C rather than O. Our value for the tunneling matrix element
in the polycrystalline film is lower than all of the previous experiments.

To see if our data could be described by A, = 1.4 K, A, was fixed and the fitting

routine performed. Taking Y= 0.023 eV, the parameters W =25.9 K, K =0.147, and n, =

Av/v

Attenuation (cm )

0 1 2 3 4 5 6 7 8 9 1011
Temperature (K)
Figure 5.12. Our data along with the best fit with A, fixed at 1.4 K. Solid line is

(Av/v)rs and o (see text).
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9.7x10%° cm™ were found. As is apparent in Figure 5.12, this fit is poor.

For the polycrystalline Nb:H we find a width W =18.5 K, significantly larger than that
found in single crystal Nb:H. However it is well within the range found in neutron
scattering and specific heat experiments with polycrystals or single crystals with
tunneling system concentrations on the order of a tenths of a percent.'>'*!>16 We find in

Nb:H a value for K twice that found in single crystals.

V.3.iv Fit after temperature-dependent (Av/v),,, has been subtracted

In the single crystal acoustic experiments the Nb velocity and attenuation of the Nb
prior to H doping were measured. The velocity lattice background is described by B = -
0.003.! Thus (Av/V)an could be subtracted from the data before it was fit. We could not
measure a hydrogen free thin film since the hydrogen in our samples was incorporated
during the deposition process. Therefore, an anharmonic background term was estimated
by assuming that the temperature dependence of the normal state (Av/v) was due to
(AV/V)ann since (Av/V)ris is only weakly temperature-dependent in the normal state.

Figure 5.13 (a) shows that a T* term is sufficient to describe the normal state velocity.

T T T

o T 1 e |

T

-a) '

Av/v

.

01 23456789101 123 456789101
Temperature (K) Temperature (K)
Figure 5.13. a) Anharmonic contribution to the velocity with f = - 0.00112 (solid line) b)
Av/v with anharmonic background subtracted.
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Av/iv
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01 2 3 4 5 6 7 8 9 1011
Temperature (K)

Figure 5.14. Fit to the data after an approximate anharmonicity subtracted. In the upper

graph: solid line, (Av/v)1Ls. In the lower graph the linearized attenuation data; dashed

line, oty s; dotted line, oigcs with normal amplitude of 0.24 cm’'; solid line, Ol s + OlBCS.

All were calculated with the full electronic relaxation rate.

The measured velocity minus the (Av/v).,, Was then used for the fit. The constants
used were ¥ = 0.023 eV, 0 = 4.3x10° s, v = 3.2x10° cm/s, and T = 8.437 K. The fit
yielded the values, A, = 0.465 K, W = 6.79 K, K = 0.073, and n, = 3.3x10'" cm™ and is
shown in Figure 5.14. Note that while the tunneling matrix element remained small, K is
now quite similar to that found in bulk Nb:H samples.

The fit to the velocity is not perfect, however, it does describe the general shape. The
calculated attenuation fits the linearized attenuation data much better than the raw data.
The linearized attenuation data was created by subtracting Otgacx = XT from the raw data,
where x is chosen so that the normal o data is temperature independent after subtraction

of ogack. This is unlike the fit from the parameters derived from the raw data which fit
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the attenuation data better with a temperature independent oig,cx. This indicates that the
slope above T ¢ is due to anharmonicity. Although this is not a perfect fit, it does
indicate that the high electron-tunneling system coupling K found when fitting to the raw
data is probably due to the anharmonicity and not a characteristic of the tunneling

systems.
V.4 Evidence for anomalous attenuation

The standard tunneling model for Nb:H, with small phonon-tunneling system coupling
and lack of states below A, is not able describe the strong temperature dependence of the

relaxational attenuation below 2 K if slow relaxation rates exist below 2 K. The
electronic relaxation rate T,'_'cl is < 10° 5! below 2 K as most of the electrons are bound in

Cooper pairs and thus no longer able to relax the tunneling systems. The phonon
coupling is also comparable.

This extra attenuation cannot arise from resonant attenuation since the resonant
process is saturated. The situation also cannot be improved by postulating an enhanced
number of states at low energies. The data depend linearly on temperature below 2 K,
becoming temperature-independent around 0.6 K, in disagreement with the calculated
temperature dependence. Thus simply increasing the number of states below 2 K cannot
change the temperature dependence.

In order to get attenuation below 2 K with the correct temperature dependence, it is
necessary to have a larger relaxation rate. Since the electrons are coupled in Cooper
pairs, this increase in the relaxation rate must come from phonons. We postulate the

existence of additional tunneling systems with strong phonon coupling. Evidence for
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strongly coupled tunneling systems in Nb has been observed previously. In phonon echo
experiments below 1 K with Nb:D (sample used in Ref. (1)) phonon echoes were

observed at 1.5 GHz. From T, echo decay measurements, a phonon coupling of y = 0.1
eV can be inferred using Viong = 4.92 X 10° cm/s, Vshear = 2.1 x 10° cm/s, p = 8.58 g/em®
and coth (hw/2k ;3 T) = 1 at low temperatures.'’

To account for the anomalous attenuation, we calculated various attenuation curves

taking y = 1.85 eV. The result of one calculation is shown in Figure 5.15. The figure
shows the residual attenuation after subtracting ogcs (with o = 0.40 cm’), and oirs
(with y=0.023 eV). In Figure 5.16 (Av/V)ann = 0 was assumed. In all calculations with 7y

~ 1 eV the E = 0 relaxation rate was used.

The curves shown in Figures 5.15 and 5.16 were calculated with A, = 2.0 K, a

Lorentzian distribution of A with a width of 27 K, and a density of 9.5x10'* cm™. Note

Attenuation (cm")

aal —_ " PN S S Y S |

0.01 0.1 1

Temperature (T/T)

Figure 5.15. The residual attenuation after ors with y = 0.023 eV and ogcs have been
subtracted. The solid line is the calculation with y=1.85eV.
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Figure 5.16. The velocity. Dashed line, ar s with Y= 1.85 eV; solid line, o s from the 7y
= 0.023 eV fit plus or.s calculated with y= 1.85 eV.

that the density is 4 orders of magnitude smaller than that found with the small y. Thus
very few states are needed to account for the anomalous attenuation. The strongly
coupled states have little effect on the high temperature velocity, as shown in Figure 5.16.
The deviations in the low temperature velocity indicate that the strongly and weakly
coupled tunneling states must be fit simultaneously rather than consecutively.

Since phonon echoes require resonant absorption there must be states at E/kg = 72 mK
in the Nb:D single crystal. The distribution of the low energy states could be similar to a
glass, i.e. with a flat distribution. However, this would result in an incorrect temperature
dependence for oirs below 2 K. Another option would be a Lorentzian distribution of A,

with a small width. Since A, is 180 mK in Nb:D,' only a relatively narrow distribution

width would be necessary to generate states at 70 mK.
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V.5 Summary and Conclusions

We have measured the change in velocity and attenuation in polycrystalline Nb:H
films using surface acoustic waves. The data below 11 K were fit with a standard
tunneling model which had been successful in describing the acoustic properties of single
crystal Nb:H. We found that this model described the polycrystalline film change in
velocity and the attenuation above 2 K quite well. However, it was unable to account for
the attenuation below 2 K.

We have concluded that the standard model with a weak phonon-tunneling system
coupling is insufficient to describe our data. We have postulated the existence of a small
fraction, 10, of the tunneling systems which may have a strong coupling to phonons ~
leV. These strongly coupled states may occur in regions of high disorder, such as grain
boundaries, or may be due to the interactions of larger atoms.

The small tunneling matrix element found in the Nb:H films vis-a-vis single crystals
suggests that some states must exist below the cutoff in the density of states below A, in
the standard model. This is supported by the fact that phonon echoes were previously
observed in single crystal Nb:D. Thus, there may be a narrow distribution in A, in
addition to the Lorentzian distribution of the A. Adding a narrow distribution of A,
would increase its peak value and add states at very low energies.

In summary, although the standard model is adequate to describe the bulk of our data,
it is necessary to add states with a large coupling to phonons in order to explain the low
temperature attenuation. In addition, our small values for the tunneling matrix element

indicate that there should be a narrow distribution assigned to the tunneling matrix
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element.

V.6 Future experiments

To further investigate the tunneling of hydrogen in polycrystalline films of Nb more
should be done on both the experimental and theoretical fronts. On the experimental
front, acoustic measurements should be made on films which have been doped with a
higher concentration of H and a known octahedral impurity. In addition, a method for
determining the anharmonic contribution to sound propagation in the absence of dopants
would be quite useful. On the theoretical front, efficient numerical routines should be
developed that will allow one to fit the data with arbitrary distributions in A and A, and

that allow for two species of tunneling systems.
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Appendix A
Circuitry
In this appendix the details of the electronic circuits and the methods used in

measuring the attenuation and change in velocity in the acoustic channel will be

presented.
A.1 The circuit used above 1.2 K.

In the following discussion, the electronics circuit used above 1.2 K is divided into
three parts. First, the circuitry used to define the pulses before they are input into the
generating transducer will be discussed. The circuitry used to detect the attenuation of
the SAW will then be addressed. Finally, the phase lock circuit used to measure the

change in velocity of the acoustic wave will be shown.
A.1.i Pulse forming circuit

The pulse forming circuit is shown in Figure A.1. The sweep oscillator, a, generates
continuous wave signals with frequencies between 0.01 and 2.4 GHz. This CW signal is
converted into pulses by switches. Two switches were used in order to reduce the
amount of signal which might leak through a single closed switch. One switch, f, was
open for ~ 100 nsec. The second, g, was open for ~ 1 usec. The width of both pulses
was set by the custom pulse stretcher, h.

The stretcher was triggered by a pulse generator, i. The repetition rate of the pulse
generator was set to 1 kHz. The delays of the pulse generator outputs were set so that B

=T, +0.3 usec and D =B + 0.2 psec. T, triggered the broad pulse and B opened the
109
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Figure A.1. The pulse forming circuit
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narrow pulse. D triggered both the oscilloscope (see Figure A.2) and the boxcar (see
Figure A.3).

After the pulse was formed it was sent through various filters in order to remove noise
due to the switches and/or frequency generator. The CirQtel filter, j, removed much of
the switching noise. The circulator, 1, acted as a diode, only allowing signals to travel in
the forward direction from the sweep oscillator to the SAW device. Thus any signals
reflected after the circulator were eliminated.

The sweep oscillator was set at power of 15.0 dBm in order to drive the mixer, aa from
Figure A.3. Therefore to reduce the signal into the generating transducer the signal was
attenuated at m.

The measurements done with an applied magnetic field were done after the circuit had
been altered to allow for measuring the attenuation by the homodyne method (see A.2).
When the diode detector circuit was put back together to measure the attenuation in a
magnetic field, it was slightly different. The sweep oscillator’s power was increased to
16.0 dBm. In order to protect the microwave counter, an AH-03F 3dB attenuator was
added to the 6 dB, c, already in place. In addition, the 13 dB, m, was removed and HP
8494H & HP 8496H variable attenuators powered by an HP 117134A attenuator/switch
driver were put between j and k. These changes were insignificant to how the circuit

operated, but did affect the calibration which will be discussed below.
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A.1.ii Detection circuit

The signals from the two receiving transducers were individually amplified by
preamplifiers o and p. After amplification, the rf signals were converted into dc signals
by diode detectors r. These dc signals were then amplified by a pulse amplifier, s, and
sent to the scope. The amplitude of the pulse was measured within a 10 nsec window.
The scope continually measured and averaged the statistical base within the measurement
window for 3 seconds. This corresponded to averaging about 200 measurements. The
averaged value was then sent to a computer. In order to compensate for any drift in the
signal, after every fifth measurement of the pulse height, a 3 second average was taken of
the baseline and the average value sent to the computer. Later this base value was
subtracted from the amplitude in order to obtain the absolute pulse height.

When the resonance curves of the transducers were measured at a set temperature, the
frequency of a was manually set. The frequency was changed by set increments and the
corresponding amplitude of the signal measured by the oscilloscope and sent to the
computer. Before heating and cooling runs, the frequency was manually set at the peak
of the resonance curve. As the temperature changed, the frequency was varied by the
phase lock circuit as discussed in A.1.iii and Appendix B.

The detection circuit was calibrated by replacing the part of the circuit in the Kelvinox
with the variable attenuator and then measuring the pulse height as discussed above over
arange of 25 dB. The variable attenuator settings could be varied in increments of 1 dB.
The variable attenuator had a stated repeatability of + 0.01 dB and an accuracy of + 1dB.
The 25 amplitudes measured described a smooth curve. This curve was then used to

convert all subsequent measurements of the pulse amplitude to attenuation.
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The measurements taken with a magnetic field were calibrated by varying the setting
of the variable attenuator and measuring the corresponding SAW signal height. A
smooth curve was then drawn through the points and this curve used to convert

amplitudes to attenuation.
A.1.iii Phase Lock Circuit

The change in velocity in the acoustic channel was measured using a differential
method called phase locking. A CW signal was sent to the local oscillator port of the
mixer, L of aa, and mixed with a signal which had traveled through the LiNbO; with an
overlayer of Nb. The two signals had the same frequency, but different phases due to the
fact that they had traveled along different paths. The mixer’s output from port I was a dc
signal with an amplitude which was proportional to the phase difference between the two
inputs. If the phase difference was equal to 90° or 270° the output of the mixer was a
null signal. If the two signals were in phase a maximum was output and if they were
180° out of phase a minimum was output. In order to measure the change in velocity
with temperature, the frequency change required to maintain a constant phase difference
was measured by the microwave counter, d. The mathematical relationship between the
change in frequency and the change in velocity is derived in Appendix B.

Thus, to measure the change in velocity, the frequency was varied so that a constant
phase was maintained. In other words the circuit was phase locked. Phase locking was
accomplished by sending the output of the mixer to a boxcar, cc, with a 10-20 nsec gate.
The boxcar output a constant dc signal to the integrator, dd, which was proportional to

the amplitude of the signal from the mixer. The integrator controlled the frequency



FM Input a

Output

To switches, f
of Figure A.1.

115

To diode
detector, r
of Figure
A2

bb

Signal from
SAW
receiver, See
n Figure A.2

CcC

Input

a HP 8350A sweep
oscillator.

b 10 dB hybrid, -10 dB
of the signal is sent to
c.

¢ Microlab AH-O6F
6 dB attenuator.

d HP 5350B microwave
counter.

e 3 dB hybrid, ¥2 of
signal is sent to L of
aa, ¥ is sent to the
switches.

aa WJ M1J double
balanced mixer,
DC-2 GHz.

bb 3 dB hybrid 2 of
signal is sent to R
of aa, V2 is senttor.

cc SRS 250 gated
integrator and boxcar
averager.

dd custom integrator
with LF411CN
op-amp.

i SR DGS535 pulse

rator.

To A B

dd

Figure A.3. Phase locking circuit



116
output of the sweep oscillator, a, and varied this frequency until its input (the output from

the mixer) was a null signal and thus a constant phase difference was maintained.

A.2 The circuit used below 1.2 K.

Below 1.2 K the attenuation in the Nb was measured by homodyning. The velocity
measurement was identical to that used above 1.2 K. As mentioned above, the output of
a mixer is maximized when the two inputs are in phase. This is a very sensitive method
for measuring small changes in attenuation. As shown in Figure A.4, both the CW signal
and the output from a receiving transducer were split by a 3 dB hybrid and sent to the two
inputs of two mixers. A phase adjuster was placed in the path for the local oscillator of
aa-A. It was used to adjust the phase so that the signal from aa-A was maximized when
the output of aa-F was zero. The output of aa-A was then sent to a pulse amplifier and
into the oscilloscope. The amplitude of the signal was measured using same method as
above 1.2 K. A calibration curve for converting amplitude to attenuation was created by
varying the variable attenuator and measuring the corresponding signal amplitude. A
smooth curve was then drawn through these points to create the calibration curve.

The phase and average velocity change with temperature in the two acoustic channels
were different (due to the difference in the Nb lengths). Therefore the amplitude of only

one channel could be measured using the homodyne method.
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the signal is sent to f,
the rest to ee.

ee 3 dB hybrid
f GM DM864 switch.
g GM DM864 switch.

h custom DC power
supply & pulse stretcher

i SR DGS53S5 pulse
generator.

j CirQtel 1BT6-S00BA
bandpass filter.

ff variable attenuator

k 0.6-0.8 GHz circulator.

1 Narda 4564 inside dc
block.

n SAW device in
Kelvinox.

aa WJ M1J mixer. F used
to phase lock and A
to measure attenuation

hh adjustable phase shifter.

p Avantek AWT-2034
preamp.

ii 3 dB hybrid.

s AVTech AV-141C
pulse amp.

t HP54522A oscilloscope

cc SRS 250 gated
integrator and boxcar
averager.

Figure A.4. The homodyning circuit used below 1.2 K



Appendix B

Velocity measurements

B.1 Measuring the velocity at constant temperature

In order to measure the absolute velocity at fixed temperature a signal was split into
two paths. One path was purely electromagnetic and the other has an acoustic length in
addition to an electromagnetic length. It is the velocity in this acoustic path which we
wished to measure. After passing through the two paths, the signals were recombined in
a microwave mixer. The output of a microwave mixer is proportional to the phase
difference between the two inputs. If the phase difference between the two paths is 90°
or 270° the mixer output is zero. Assuming that all relevant lengths are known, the
acoustic velocity can be measured by measuring the change in frequency between
successive zeros of the mixed signal. Below is a derivation of the relationship between

the velocity and the zeros of the mixed signal.

Path A Mixer

Signal ¥ Oscillo
generator scope

Path B

Figure B.1. A signal is split and travels through two different paths. The signal is then
recombined in a mixer and the combined signal observed on an oscilloscope
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Phase = ¢ = o where w = angularfrequency, L = pathlength,and v = velocity
v

Q=g (2n + %)Il’ nis aninteger, implying the phase difference between the
the two paths is 90°. n & n +1 will have the same phase difference

La_
@ 1y, v—+(2n+/ ) w,and @, are successive zeros
=y A LB 2
wz'V—A=w T+(2(n+1)+é)” of the mixedsignal
A B

subtracting the two above equations,

= (o, _wz)L_A= @ _wz)h;‘*‘z”
Va VB

L, Lg
Va VB

= A = where Af is the change in frequency between successive

zeros of the mixed signal.

In our experiments Path A is a pure CW electromagnetic signal and Path B contains a

Ccw
em_

pulsed signal with both acoustic and electromagnetic lengths, implying that —
VA vem

L [ pulsed [ Puised
B _“em , “acoustic  Although the delay due to the electromagnetic part of the
VB Vem Vacoustic

and

path is quite small, it is important to include it in order to calculate accurate acoustic

delays. The acoustic delay, T = L,couqic/ Vacousic » i further broken up into a sum of

delays if one has two different velocities, i.e. a LINbO3; and a LiNbOj3 plus an overlayer of
Nb velocity.
The delay for each acoustic channel was found individually and then the two delays

were combined to deduce the velocity of the LiNbO; alone and with a thin film of Nb. In
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Run 4.16 when both acoustic paths were partially covered with Nb, the LiNbO; velocity,

vL, and the LiNbO; plus Nb velocity, vy were calculated using the equations,

_ Lya
Vi
ac ac LNC
Tc —Ta L
NA
Lna
VN 3
7,* LA
VL

where the two acoustic channels are denoted by subscripts A and C (corresponding to the

name of the receiver). T;°, Ly;, and Ly; are the delay, the length of the free LiNbOs, and

the length of the LiNbO; with a Nb film in the i™ acoustic channel respectively.

B.2 Derivation of frequency to velocity conversion factor.

The change in velocity in an acoustic channel as a function of temperature was also
measured. This was accomplished by varying the frequency of the signals into the mixer
so that a constant phase difference was maintained. The circuit used is described in
Appendix A. The derivation of the conversion factor for converting the change in

frequency to a change in velocity is discussed in the following paragraphs. First a

general derivation of the At - Av factor will be shown. Then specific adaptations for
v

Run 4.15 and Run 4.16 will be discussed.
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B.2.i General derivation.

Path A Mixer

Signal
generator

Boxcar/
integrator

Path B

Figure B.2. A signal is split and travels through two different paths. The velocity is
constant in path A and varies in path B. The signal is then recombined in a mixer and
sent to the boxcar/integrator which varies the frequency of the signal generator so that
constant phase at the mixer is maintained.

As shown in Figure B.2, a signal is split into two paths, in Path A the velocity is
constant while in Path B the velocity changes. The frequency of the signal generator is
changed so that the phase at the mixer remains constant. The phases before and after the

velocity in Path B changes are shown in Table B.1.

Table B.1, the phase,@, of the two paths before and after the velocity changes in Path B

Path A Path B Pa- OB
¢ L L
kL, +o—2 kgLp +0—2 koL, -kgLp + Lo _Ls
Va v Vo Vg
' ’ ,L ’ , L ,
? k)L, +o' =% kyLp + 0’5 k’,L, -kzLg +@ —L—A——L,B

where k, L, and v are the wavevector, length and velocity of a path and ® is the
frequency.

The change in the phase difference between the two paths is given by,

’ , AL L ,L
A(¢A_¢B)=(kA_kA)"A_(kB_kB)"B"'(w_w) A—o—2+0' 2
Va Ve Vs
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k=2 and the boxcar/integrator varies the frequency such that A(g, —¢g) =0
v

L L L
=20=(@-0)2-0-L+0'=8 «
Va Ve Vs

1

1 £ .
Let v; =vg +&, then = — ——5- assuming that € << vg

2
Va VB

:O=(o)—a)'{L" _Ls ]_weLB
\£:

vy _ A(o(]_ L,vg }

Vg ()] valg )

since w = ® >> Aw

B.2.ii Specific derivation for Run 4.16.

In Run 4.16, Path A is purely electromagnetic while Path B has an electromagnetic
path plus a constant velocity acoustic path, LINbO;, plus a varying velocity acoustic path,
LiNbO; covered with a thin film of Nb. Thus

La_La

Va Vem

Ly L™ L Ly

VB Vem YL VN
where the subscripts L and N denote the LiNbO3 and LiNbO; + Nb paths respectively

and the sub/superscript EM denotes the electromagnetic path’s length or velocity. In
. Af  Av . . .
order to derive the — — — relationship, one must go to the starred equation in the
v

general derivation and substitute the above lengths in.



1
Let vy = vy +&, then =
VNtE vy Vi

_EM
=>O=(w—w’{£ﬁ—L§——£‘—L-]—wLN ror iy Ine

VEM Vi VN VN VN
, EM ,
o -o)v Lg" -L L L VN —V
=>( ' ) N B AL =N [_VN N
w Ly VEM VL VN VN

AV _Aef vy (L%M—LA)+VNLL+1
v @ | Lyvey Lyve
Using the values (taken from Table 3.2 and Table 4.1) vy = 3242 1 90 m/s, v, = 3960

+ 80 m/s, Ly = 3.018 £ 0.031 mm, L = 3.059 + 0.069 mm, Lg = 13.3+ 03 m, L, =

7.9 + 0.3 m, and vem = 2.07 10° m/s one finds that —— (LEM —LA) = 0.028 + 0.002
NVEM

vnLL Av

and =0.830+.035. Thus —=(1.86t 0.04)ATf-.
\/

NYL
Checking the limits of the equation.

As Li— 0, ie the acoustic path is completely filled with Nb,

ﬂ_,ﬁ[ I

y : (L‘:‘,M -L, )+ l]. If the electromagnetic lengths were equal and thus

LnVem

their phase not affected by a changing frequency, then Av - Af which is as expected.
v
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If Ln becomes quite small, but not zero, the multiplicative factor for éft; becomes quite
large. This is correct. As the portion of Nb in the channel shrinks, so will the change in

the average velocity, AYavg . The average velocity equals Aff— when the electromagnetic
\

lengths are equal and thus as ﬂavg shrinks so must —Aff— But, the change in the
\

velocity of the niobium remains the same, thus éf-f— must be multiplied by a larger

number to recover the change in velocity in the small piece of Nb.

B.2.iii The conversion for Run 4.15.

In Run 4.15 the two acoustic channels were mixed to measure the change in velocity
with temperature. Path B was the same as Run 4.16, but Path A included an acoustic

length of uncovered LiNbOs. Thus,

EM ac
L L
A, LA
VEM VEM Vo

ac
=>—A—‘i=% LVN (L%M—LA)+1—N Lo L +1)
v NVYEM N| VL VL

/

= ((-0.005 £ 0.003) - (0.819 £ 0.04) +l)éf£

= (0.176x 0.04)%. This was found using the velocities from Run 4.16 and

Lg®™ =145+ 03 m, L, = 154 £ 0.5 m, Ly = 3.024 + 0.01 mm, L, = 3.056 + 0.01

mm, and L,* = 6.08 £ 0.01 mm.




Appendix C

Thermometer Calibrations
C.1 Run4.15.

In this run the calibration RuO2 was used. It was a polynomial fit to the
superconducting standard points measured 2/95 by M. Jaeger plus a spline fit to points
measured versus the Pt thermometer at 10, 15, and 20 K. The high T points were not
calibrated well — the Pt and RuO calibrations did not agree during the warm up at the end

of the run. This polynomial fit had strange curvature below 0.2K. The calibration curve

is shown in Figure C.1.

Temperature (K)
rry

o
Pk
T

0.1 0.5 1
RuO Thermometer’s Conductance (mMho)

Figure C.1. The RuO thermometer calibration used in Run 4.15. , su perconducting
standard points measured 2/95.
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8

Temperature (K)

=S

aaal A aa a2 aaal " a2 s saal i o taaaal

10 100
Pt Thermometer’s Conductance (mMho)

Figure C.2. The Pt thermometer calibration curve. The line is the prtmdj, a spline fit to
the data points of Pt95.dat.

The superconducting standard was briefly measured around the Pb transition
temperature. The Pb superconducting transition was around 6.87 K (according to RuO2
calibration) instead of 7.021 K as it should be, indicating that the RuO2 calibration
polynomial was converting temperatures a little low.

Above 15 K the Pt calibration prtmdj was used. This calibration is a spline fit to

Pt95.dat done by Mike Jaeger and is shown in Figure C.2.

C.2Run4.16

I created my own polynomial fit of the transitions seen in the superconducting
standard during this run. This conversion is in an Origin script file Ruo925.txt. The
bridge readings at the superconducting transitions, if converted with RuO2, were all low

compared to their true values. The Ruo925 fit is untrustworthy below 0.2 K as there were
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10 . : —_— -
o 4
[ i
L

<

s |

2

S

g 1F ;

B

=

0.1 . - ————
0.1 0.5 1

RuO Thermometer’s Conductance (mMho)

Figure C.3. RuO calibration during Run 4.16. The points are the conductance read when
the superconducting standard underwent transitions as the Kelvinox was heated or

cooled.
no points below this to fit to (as was the case with RuO2) and it was possible to fit all the

points and have quite different curvatures below 0.2 K. The calibration curve is shown in

Figure C.3.

Above 15 K prtmdj, the same Pt thermometer calibration as used in Run 4.15, was
used. By the end of Run 4.16 the conductance bridge for reading the thermometers was

becoming increasing unstable.
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