Abstract
HIGHLAND, MATTHEW JOSEPH. Superconductivity Dependent Friction. (Under
the supervision of Professor Jacqueline Krim.)

In the work reported on here, Quartz Crystal Mircobalances are used to study the
change in friction between a sliding layer and a substrate at a superconducting transition.
Studies of this nature are one of the few able to isolate electronic and phononic contributions
to friction. Superconductivity dependent friction was first observed in 1998 for N, sliding on
a Pb surface. This discovery generated much interest both experimentally and theoretically.
However success in reproducing and modeling the results was difficult due to the unique care
required for this experiment.

The most aggressive efforts to reproduce the affect where made by Renner, Taborek,
and Rutledge. In their experiment Renner et al. tried to reproduce the experiment with
improved the temperature stability. Renner et al. designed a system, in which the sample
would be cooled over many hours. The improved thermal stability came at the expense of
surface quality. The slow cooling of samples by Renner et al. most likely led to increased
surface contamination, which pinned the sliding layers. Pinning prevented Renner et al. from
reproducing the experiment and reports of their unsuccessful attempts led many to question
the existence of superconductivity dependent friction.

Marginal success in reproducing the experiment was made in 2001, while still using
the same sample transfer technique of blowing Argon as utilized in the original experiment.
In an effort to mitigate some of the expense associated with the large amount of liquid helium
consumed during this experiment a temperature control loop was implemented and a number
of other traditional low temperature physics techniques. Once again improved thermal
stability came at the cost of surface quality, which led to pinning problems in that work as
well.

Many theoretical efforts were made to explain superconductivity dependent friction
within the established understanding of electronic friction. Modeling the experiment was
made difficult by ambiguity in two values that would prove crucial to many of the models.
The electron mean free path / of the samples used was not known and could only be

estimated from bulk values for Pb. Additionally, since the samples were exposed to



atmosphere during transfer an unknown amount of oxide formed on the surface. This made
the distance between the adsorbate and the superconducting substrate unknown, which
introduced large variable to the numerical estimates made by a number of models.

A few models were able to make verifiable experimental predication based on their
work. Bruch predicted in 2000 that the magnitude of the change in frictional force
experience by a sliding layer at a superconducting transition would depend on the polarity of
the adsorbates in the sliding layer. It is Bruch’s predication about the nature of
superconductivity dependent friction that has motivated much of the work I present here.

I have studied the change in friction felt at a superconducting transition by layers
composed of absorbates with varying polarities (N, He, and H,0) sliding on a Pb surface
transferred to an experimental cell in-situ from the deposition chamber. The work in this
dissertation shows that superconductivity dependent friction is present in all systems were the
effects of pinning can be mitigated. I compare these results to the predictions made by Bruch
and show that our results agree with his theory of superconductivity dependent friction.
Additional comments are made on the unique superconducting behavior of the samples in
this study, and on apparent coupling between sliding layers and magnetic fields. Finally
comments are made as to the state of theoretical treatments to this problem and possible

future experiments are suggested.
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Chapter I
1.1 Introduction

The field of nanotechnology has grown to prominence over the last decade.
Researchers have been able to use the unique properties of matter on the nano-scale to
create technologies not realizable with bulk materials, current achievements are small
however compared to what could be achieved if nanotechnology could overcome certain
fundamental limitations. Friction remains one of the key problems limiting the
advancement of nanotechnology [1.1]. As length scales decrease, frictional forces can
become dominate and limit the use of meso-scale and nano-scale devices. This problem
is quite challenging, owning to the fact that the origin of frictional forces at the atomic
scale is still very poorly understood.

Our poor understanding of frictional seems counterintuitive when one considers
how long friction has been studied. Some of the earliest systematic studies of friction
date back to the unpublished works of Da Vinci the 1500’s, in which he described
measurements taken of blocks sliding on a plane [1.2]. Da Vinci’s work was reproduced
in a published work by Amonton in 1699 where by the friction force acting on a block
sliding on a plane could be described by the equation [1.3].

F=uN (1.1)
Equation (1.1) is the familiar friction law where in N is the normal force on the block and

M is the coefficient of sliding friction between the block and the plane. Amonton also

pointed out that the frictional force was independent of apparent contact area, meaning a
large block and a small block of the same weight experience the same frictional force. It
was further noted by Charles A. Coulomb in 1781 that Amonton’s law (equ. 1.1) was
independent of the sliding speed of the block [1.4]. This simple law and these basic
observations work well to describe friction at a solid-solid interface. The viscous
friction law, shown in equation 1.2 describes the force felt by a body moving through a

viscous medium
F=—. (1.2)

In the viscous friction law m is the mass of the body moving through the viscous

medium; v is the velocity at which the body moves, 7 is the slip time of the body. Slip



time is the time its takes the velocity of the moving body to fall to //e of its initial value if
the force initiating the motion is stopped. Often slip time will be replaced by its inverse
quantity /], yielding

F=nmv. (1.3)
The quantity 77is know as the coefficient of viscous friction and has the convenience of

being directly proportional to the force of friction.

Both the viscous friction law, and Amonton’s law are types of constitutive
relations, in that they describe physical phenomenon in terms of qualities that can only be
measured empirically, but they offer no description as to how friction occurs.
Investigation into how friction occurrs at an interface came much later than these
constitutive friction laws. In the 1950’s, Bowden and Tabor discovered that although the
force of friction was independent of apparent contact area between two surfaces (4,), it
was in fact proportional to true contact area (A7) at the microscopic scale [1.5]. The
distinction between apparent and true contact area is based on the observation that most
experimental surfaces are rough when viewed on a small length scale. When two
experimental surfaces are brought together they will only meet in a few places called
contact asperities, see figure 1.1 [1.6]. The area of the contact asperities can be as much

as 10" times smaller than the apparent macroscopic contact area.

Figure 1.1 shows a pair of rough surfaces which only make contact at a
small number of contact asperities, making the true contact area much
smaller than the macroscopic apparent contact area.

During sliding existing contact points may be sheared creating new contact points



and wear debris. This explains the dependence on normal force of the conventional
friction law. As the normal force at an interface increases the surfaces are pushed into
closer contact increasing the true contact area and therefore increasing the force of
friction. This model of a surface implies a mechanism for friction in which energy is lost
at an interface due to the bond breaking associated with the shearing of contact asperities.
However in the 1970°s Tabor and Israelachvili routinely measured friction forces in the
absence of wear [1.7-1.8]. This result was obtained with a surface forces apparatus
(SFA), which consists of two mica sheets made to rub against one another while the force

felt by each is recorded, (figure 1.2) [1.9] .
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Figure 1.2 shows a surface forces apparatus in which two mica sheets

are rubbed together. The springs attached to the sliding mica allow for

the measurement of the normal and lateral forces.
Mica is used in the SFA because is can be cleaved in such a way as to be atomically flat
over large areas (~cm®). This indicates that the frictional force felt by the sliding mica
would have to be occurring in the absence of wear. Finding that wear could not fully
explain the frictional forces felt between sliding surfaces meant that a different
mechanism had to be derived to describe the friction between two smooth wear less
contacts. The two major mechanisms that emerged to describe friction at the atomic
scale were phononic and electronic friction [1.10].
1.2 Phononic vs. Electronic Friction

Phononic friction occurs when collisions between sliding contacts create phonons

which dissipate energy in the system as sound or heat. Phononic friction is manifested in

a number of simple atomic systems such as xenon sliding on silver [1.11] and krypton



sliding on gold [1.12]. Electronic contributions to friction, which are generally treated
distinctly to phononic contributions, are further categorized as arising from surface or
bulk mechanisms [1.10]. Surface mechanisms for electronic friction occur when sliding
adsorbates scatter conduction band electrons and create an electron hole pair. The
electron then de-excites and radiates energy which is then lost to the system. This
mechanism is strongly dependent on the number of conduction band electrons present at
an interface. Bulk contributions to electronic friction occur when charges in the sliding
layer create image charges in the substrate. These image charges are subject to the ohmic
losses associated with moving charge through a metal. This mechanism for friction
depends on the bulk properties of the substrate and not the number of conduction band
electrons. It should be noted that both surface and bulk mechanisms for electronic
friction can simultaneously contribute to the friction at an interface.

A phononic mechanism for friction was first proposed by Tomlinsson in 1929
[1.13], but not clearly observed until 1994 by Krim et al. [1.12]. Krim’s results were
later found to agree well with a model by Robbins et al. [1.14]. Remarkably, the model
used by Robbins et al. only considered phononic friction and ignored all electronic
mechanisms for friction. The model proposed by Robbins et al. so well matched
experimental observation without the use of electronic friction that it led many to claim
that electronic friction was negligible or did not exist in these simple systems. This claim
however was in direct contention with what seemed to be the manifestation of electronic
friction in other systems, for example electromigration of atoms in electrical contacts.

Electromigration occurs when, over time, currents passing through a conductor
cause defects to migrate either through the conductor’s bulk, or at its surface [1.15].
Electromigration has long been regarded as a negative effect causing device failure and
only recently has been used beneficially in novel applications [1.16]. However, as
Persson details in his book [1.10] electromigration and electronic friction are the same
phenomenon, the only difference being the frame of reference chosen. The question then
becomes why is electronic friction negligible to the point of dismissal in some systems
and significant to the point of causing device failure in others? To answer this question
one must first understand electronic friction on a fundamental level, a difficult task owing

to the inseparable nature of electronic and phononic friction. To make a quantified



measurement of electronic friction, one must find a way to isolate the electronic and
phononic contributions. This type of measurement ideally involves a system that has a
strong electronic response in a region were the phononic contributions are constant and
minimal. The system of choice is then a superconducting substrate. At a
superconducting transition the electronic properties of a sample change drastically while
the phononic properties are assumed to be changing very little. Therefore, the change in
friction between a sliding layers and a metal substrate at a superconducting transition can
be attributed to a change in electronic friction. It can further be assumed that since there
is no electrical resistance in the superconducting state, and electrical resistance has been
linked to electronic friction [1.17], that there is no electronic contribution to friction
while the substrate is in the superconducting state. Such an assumption then implies that
a measurement of the change in friction at a superconducting transition is a measure of
the amount of electronic friction in the system.

Dayo et al. were the first to observe a change in friction associated with a
superconducting transition for N, sliding on of Pb [1.18]. Dayo et al. observed that as the
Pb substrate warmed from the superconducting state to the normal state there was a sharp
increase in friction. This increase in friction was large enough to indicate that half the
friction in the system could be attributed to electronic mechanisms. The reported result
was remarkable because of the magnitude and abruptness of the change in friction
observed. Standing theories at the time of the Dayo et al. observation claimed that
surface mechanisms for electronic friction, which depend on the number of conduction
band electrons present at an interface, would be dominate over bulk effects. However,
since the number of conduction band electrons changes slowly at a superconducting
transition [1.19], surface mechanisms could not account for the observed change in
friction. The result observed by Dayo et al. generated much theoretical and experimental
interest. Renner et al. [1.20] wrote a paper in 1999 describing their efforts to reproduce
the effect reported by Dayo et al. with improved temperature stability. Temperature
stability was a concern because thermal gradients within the experimental cell can cause
adsorbates to migrate from the surface, a problem which was first observed by Dayo et al.
and examined in detail later by Mason et al. [1.21]. In the experiment performed by

Renner et al. greater thermal stability was achieved at the expense of surface quality.



Slow cooling rates and high gas dosing pressures most likely introduced contaminates to
the surface. It’s well established that surface contamination can increase the likelihood
that a sliding layer with pin on a surface [1.22]. A pinned N, layer would cause there to
no detectable change at a superconducting transition and be consistent with the results
reported by Renner et al. 1999 and later in 2001 in a more detailed work [1.23]. In
addition to efforts to reproduce the Dayo et al. experiment a number theoretical papers
were written trying to explain superconductivity dependent friction with the accepted
theories of electronic friction at the time.

1.3 Aims of the dissertation

In the work reported on here, I have used Quartz Crystal Mircobalances to study
the change in friction between a sliding layer and a metal substrate at a superconducting
transition. Studies of this nature are one of the few ways to isolate electronic and
phononic contributions to friction, which are thought to be the two dominate mechanisms
for friction on the nano-scale. The initial report of superconductivity dependent friction
generated much interest both in reproducing the affect experimentally and creating a
theoretical model to explain this phenomenon. However it soon became apparent that
success in reproducing and modeling the result reported by Dayo et al. would be difficult
owing in large part to the unique care required for this experiment.

Many theoretical efforts were made to explain superconductivity dependent
friction within the established understanding of electronic friction. Modeling the
experiment was made difficult by ambiguity in two values that would prove crucial to
many of the models. The electron mean free path / in the samples grown by Dayo was
not known and could only be estimated from bulk values for Pb, which could vary
drastically from / for a thin film depending on its surface morphology. Additionally since
the samples grown by Dayo were exposed to atmosphere during transfer an unknown
amount of oxide formed on the samples surface. The existence of an oxide layer made
the distance between the adsorbate and the superconducting substrate unknown, which
introduced large variable to the numerical estimates made by a number of models.

Despite these limitations a few models were able to make verifiable experimental
claims based on their work. Bruch noted in 2000 that the magnitude of the change in

frictional force experience by a sliding layer at a superconducting transition would



depend on the polarity of the adsorbates in the sliding layer [1.24], where his theory of
electronic friction to apply to this system. Bruch’s observations about the nature of
superconductivity dependent friction that have motivated much of the work I present
here.

I have studied the change in friction felt at a superconducting transition by layers
composed of absorbates with varying polarities (N, He, and H,O) sliding on a Pb surface
transferred to an experimental cell in-situ from the deposition chamber. The work in this
dissertation shows that superconductivity dependent friction is present in all systems
were the effects of pinning can be mitigated. I compare these results to the theory
proposed by Bruch and show that our results agree with his theory of superconductivity
dependent friction. Additional comments are made on the unique superconducting
behavior of the samples in this study, and on apparent coupling between sliding layers
and magnetic fields. Finally comments are made as to the state of theoretical treatments

to this problem and possible future experiments are suggested.



Chapter 11
Superconductivity
2.1 Historical Highlights

Superconductivity was first discovered by Onnes in1911 [2.1] when he developed
the technology to liquefy helium and cool mercury below is transition temperature 4.15K.
Onnes’s discovery was quite unexpected and generated much excitement. The discovery
of superconductivity in mercury soon led to the measurement of 7¢ in a number of other
simple superconductors such as Pb and Sn. The next major breakthrough in
superconductivity didn’t come until 1933 when Meissner and Ochsenfeld discovered
what would later be called the Meissner Effect [2.2], in which they observed that a
superconductor cooled below 7¢ in the presence of a magnetic field would expel the
magnet field and function as a perfect diamagnetic. This allowed for consideration of
superconductivity as a new thermodynamic state and led to the calculation of many
thermodynamic quantities associated with superconductivity. The next momentous step
forward in the understanding of superconductivity came from the landmark paper
published by Bardeen, Cooper, and Schrieffer in 1957 simply titled Theory of
Superconductivity, which outlines what later became known as BCS theory [2.3]. BCS
theory outlines a mechanism for low critical temperature (7¢) superconductivity and
remains one of the most elegant theories in physics.

Though superconductivity remained an area of great interest, little advancement
was made in the field until the discovery of high 7¢ cuprates by Bednorz and Miiller in
1986 [2.4]. These materials shattered previous records for 7¢and set off a wave of
research which results in an estimated 50,000 scientific papers since 1986 to present
[2.5]. The behavior of these materials could not be explained by BCS theory and despite
an abundance of research on the topic, a theory which explains superconductivity in high
T¢ cuprates remains to be found.

Though a comprehensive review of superconductivity and its associated theories
is well beyond the scope of this dissertation I will comment on a few of its most basic
aspects and how they affect the experiments reported on here. For an updated and

comprehensive review of the historical and technical aspects of superconductivity the



reader is referred to the recent book by Fossheim and Sudbg [2.5]
2.2 Properties of the Superconducting State

Superconductors are characterized as being, either type I or type II materials.
Bulk type I superconductivity can be characterized by two distinct physical properties
associated with the temperature of a material falling below its superconducting critical
temperature 7¢. The first is that a superconductor has a DC resistivity of identically zero

i.e. p=0. A plot of the resistivity of a normal metal and a superconductor is shown in

figure 2.1.
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Figure 2.1 shows the resistivity of a typical superconductor and non-
superconductor as a function of temperature.

There is of course no experimental technique for measuring any physical property
to be identically zero, however the claim of © =0 in the case of superconductivity is
based on current persistence experiments. In these experiments currents are driven into a
superconductor and allowed to persist long periods (~1 year) [2.5]. The decay time of the
current is then measured so as to put a lower bound on the time it would take for this
super-current to dissipate. These measurements claim the dissipation time would be on
the order of 10° years, indicating the resistivity of a superconductor to be p =0 for all
practical purposes.

The second physical property associated with superconductivity is related to the

way superconductors respond to magnetic fields. All materials respond to an applied



magnetic field by either enhance the field that passes through the material, a property
called paramagnetism, or by decreasing the field that passes through the material, a
property called diamagnetism [2.6]. The manner in which a linear material alters an
applied field is characterized by the equation [2.7],
B=u,(1+x,)H . (2.1)

In equation (2.1) H is the applied magnetic field, B is the magnetic induction in
the sample, 1/, is the permeability of free space, and ), is the magnetic susceptibility of
the material. Positive values of y correspond to paramagnetism, where as positive values
of y correspond to diamagnetism. When the temperature of a bulk type I superconductor

falls below T¢ the superconductor expels all magnetic field from its bulk, see figure 2.2.
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Figure 2.2 shows a superconductor in an out of the Messiner state. In the Messiner
state the superconductor expels all magnetic field from its interior.

Once the superconductor has entered the Messiner state the magnetic induction in the
interior of the sample is B = 0 implying a value of ¥ = —1 corresponding to perfect
diamagnetism. This property called the Messiner effect allows for an understanding of
superconductivity in a thermodynamic context.

It is important to note that the Messiner effect is not a corollary of zero DC
resistivity. It is true that were a perfect conductor to be place in a magnetic field the
conductor would expel all magnetic fields from its interior. However if perfect
conductivity were the only property of a materials in the superconducting state, as it was
cooled below 7¢ in an existing magnetic field, flux would remain in the samples interior.

This is not what happens in a superconductor. As a superconductor is cooled below T¢ in

10



a magnetic field, the magnetic induction within the sample will fall to zero. Since there is
a precise free energy associated with the expulsion of the magnetic induction, the
Messiner effect is an indication of the free energy change of a superconducting state.

A bulk type I superconductor will remain in the Messiner state for increasing field
strengths until the critical field strength is reached. Above a critical field strength (H¢)
the superconducting state is no longer energetically favorable and the material returns to
the normal state. This means the Gibbs free energy of the superconducting state can be
written as [2.5],

G (1)-G.(1)= %Hé (7). (2.2)

In equation (2.2) G, (T ) and G, (T ) are the Gibbs free energy in the normal and
superconducting states respectively and £/, is the permeability of vacuum. The

thermodynamic statement in equation (2.2) allows for the derivation of other quantities
associated with the superconducting state such as changes in entropy and heat capacity.
Type II superconductors are similar to type I in that below 7 they have zero
resistivity, however they respond to magnetic fields differently. Below a certain applied
field strength (H.;) type 1l superconductors act just like type I superconductors in that
they are perfect diamagnets and exist in the Meissner state. For applied fields above H,,
a type II superconductor enters a new phase called the vortex state in which units of
magnetic flux are able to penetrate the sample. Phase diagrams for bulk type I and type

IT superconductors are shown in figure 2.3.
Type 1 Type 11

Hc Normal Normal
Hes

He,

SMessiner SMessiner

T C T C
Temperature T

Figure 2.3 shows the magnetic phase diagrams for typical type I and type 11
superconductors.
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Magnetic flux penetrates the sample in quantized units called fluxons. Each
fluxon is surrounded by a super-current called a vortex which screens the magnetic field
from the rest of the sample. These vortices will most often arrange themselves in
hexagonal patterns within the sample. As the applied magnetic field strength is increased
beyond H¢; it reaches a second critical value H¢, above which the superconductivity is
destroyed. Since in the vortex state of a type II superconductor magnetic field is
penetrating the interior of the sample, it can no longer be described as a perfect
diamagnetic, which can be seem by a comparison of the magnetization as a function of

temperature for a type I and type II superconductor as shown in figure 2.4.

Type 1 Type 11

Sm N

Hc Hci Heo
Figure 2.4 shows magnetization (M) verses H for a type I and type 11
superconductor. The Messiner state is denoted by Sy and the vortex state is
denoted by Sy.

These simple delineations between superconducting types and the states that they
display only hold true for bulk superconducting samples. Type I samples that are
sufficiently thin or have unique geometries can also exhibit partial diamagnetism. This
means that above a certain critical magnetic field strength, for specific samples, flux will
also be allowed to penetrate that sample, but by a different mechanism. In sufficiently
strong fields certain type I samples with enter the intermediate state. In this state lamina
of normal state material will start to penetrate the sample in a disordered manner as

shown in figure 2.5 [2.8].
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Figure 2.5 shows a pattern of normal and superconducting regions for a type I
superconductor in the intermediate state. For this lead-indium sample the bright regions
are in the normal state and the dark regions are the superconducting state.

The regions of normal state metal in these disordered laminas will with allow
magnetic flux to penetrate the interior of the sample. The magnetization curve for a type I
superconductor which exhibits the intermediate will not have an abrupt transition at Hc as

in figure 2.4 but will rather be sloped as shown in figure 2.6.

Type 1
(Intermediate state)

Figure 2.6 Shows magnetization (M) verses H for a type I superconductor
which exhibits the intermediate state.

2.3 Superconductivity and Film Morphology
The phases exhibited by a superconducting thin film will be strongly influenced
by film morphology [2.9]. The introduction of voids and defects into a superconducting

thin film will serve as pinning sites where it is easier for magnetic field to penetrate the

13



sample. If defects are added to a film in a periodic array they can enhance a films critical
current /¢ [2.10]. The critical current of a superconductor is the maximum current a
superconductor can carry without destroying the superconducting state. When large
currents are passed through a superconductor, vortices will penetrate the sample. Near /¢
vortices will start to move through the superconductor causing vortex creep. Pushing
vortices through a sample takes energy and will therefore create resistance in a
superconductor. With resistance in the sample superconductivity will quickly be
destroyed. If however, the vortices are pinned by defects or voids it will take a larger
current to cause vortex creep [2.11].

Often defects are introduced into a film randomly during the deposition process.
Defects can come from contamination during the growth process or from the way the film
grows. Often when metal is deposited on to a substrate it doesn’t wet the surface, but
rather forms islands. As the islands grow then begin to join and form larger islands
[2.12]. As the deposition continues further the islands begin to form a network. An

example of progressive film formation is shown in figure 2.7.

Figure 2.7 show successive SEM images of indium deposited on an SiO, substrate [2.12].



The point at which the islands form a continuous network across the whole sample is
called the percolation transition [2.13]. Below the percolation transition there is no
continuous path through the film and any conduction is due to tunneling between metallic
islands. This means that the conductivity of a film below the percolation transition will
decrease with temperature as tunneling becomes more difficult. The conductivity of an
un-percolated film will actually decrease in the superconducting state as compared to a
normal metal as well. Figure 2.8 shows the resistance of a Pb film below the percolation
transition as a function of temperature in the presence on no magnetic field (squares), and
a 4T magnetic field (crosses) [2.14]. The large magnetic field keeps the film in the
normal state below the bulk transition temperature of 7.2K. As the figure indicates the

resistance of the film is higher when it is superconducting.
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Figure 2.8 shows the resistance of a Pb film below the percolation transition as a function of temperature in
the presence on no magnetic field (squares), and a 4T magnetic field (crosses) [2.14].

The increased resistance of the film while in the superconducting state is due to an
opening of an energy gap near the Fermi energy of the conductor. The appearance of an
energy gap is a well established phenomenon, the explanation of which was one of the
major triumphs of BCS theory [2.3]. Above the percolation transition a continuous path
through the superconductor exists and tunneling affects are much less important.

When characterizing a film in terms of percolation theory the percolation length

¢, describes the average size of clusters in the film [2.13]. Percolation length also

delimitates between different scaling behaviors in the film. The mass distribution in the
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film will be fractal when measured on a length scale below the percolation length. Above
the percolation transition the mass distribution will scale with a non-fractal
dimensionality [2.15]. The percolation length additionally indicates how film
morphology will influence the superconducting phases in a sample. If the

superconducting coherence ¢ is longer than the percolation length &, then the sample

will behave as a type II superconductor [2.14].

Coherence length is the shortest distance over which the wave function of a pair
of superconducting electrons can vary without causing pair breaking. Variations in the
superconducting electron’s wave function can come from impurities or magnetic fields in
the superconductor. The coherence length is both a material and temperature dependent
parameter, which can be described by equation (2.3) near the superconducting transition

temperature [2.5],

&.(1)= (2.3)

$o
.
(-74)
TC
In equation (2.3) ¢, is the intrinsic superconducting coherence length, which can vary

depending on the bulk mean free path of the normal state electrons / in the material.
Coherence length is one of the two important length scales that describe a
superconductor, in that superconductors with physical dimensions shorter than the
coherence will behave as systems with fewer than three dimensions. In fact it has been
shown that thin Pb films can act as 3-D conductors in the normal state, but act as 2-D
conductors in the superconducting state due to the difference in the critical length scales
for the normal state and superconducting electrons [2.16].

The other critical length scale for a superconductor is the London penetration
depth, which characterizes the distance that magnetic fields are allowed to penetrate in to
a superconductor. The magnetic field at the edge of a superconductor does not go to zero
discontinuously, but is attenuated over a distance as is described by equation (2.4) [2.17],

B(x) = B(0)exp(- x/A). (2.4)
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In equation (2.4) Ais the London penetration depth, B(x) is the magnetic field at any
point and B(0) is the field at the edge of the superconductor as shown in figure 2.9

Superconductor

SRR

Figure 2.9 shows the attenuation of an applied magnetic field at the edge of a
superconductor.

The London penetration depth will also be a temperature dependent quantity with the
form,
I\ (V)
= 7
[1_(T/TC)4] ?

In equation (2.5) /\(0) is the London penetration depth at absolute zero. Superconductors

A(T) (2.5)

with one or more dimensions shorter then the London penetration depth will also exhibit
characteristics different than those of the bulk. Nano-scale superconductors have been
shown to exhibit unique behavior resultant from limiting both the London penetration
depth and the coherence length [2.18].

The introduction of voids to a superconductor resulting from the growth mode of
the metal film will also affect the sample’s superconducting phase diagram. The voids
present in these films will serve as columnar defects, which have been shown to adjust
the London penetration depth (/A(0) ) in superconducting metal film [2.19]. As the
number of voids increases, so will the effective London penetration depth, meaning the
magnetic fields will penetrate farther into the superconductor before it is screened.
Similarly, as the number of voids increases the elastic mean free path / will decrease.

This, in the dirty limit, implies ¢, with also decrease [2.17]. These two effects result in
an increase in the Ginzburg-Landau parameter (&), since K = A(0)/£(0).

Superconductors meeting the condition x >1/ V2 will exhibit type II superconducting

behavior. It is for this reason Pb films will either exhibit type I or type II
superconducting behavior depending on the nature of the film.
If a particular sample is known to be a type II superconductor then values for the

London penetration depth at absolute zero /\(0) and the intrinsic coherence length &, can
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be estimated from the values of H,.;(T ) and H.»(T ) using the following equations [2.17],

= _;1(\T/2TC)4] . 2.6)

0
CDO[I—%C}
H,~—— £
&

In equations (2.6) and (2.7) ®, is the quantized unit of magnetic field allowed into a

H

cl

(2.7)

superconductor called a fluxon. Consider a resistance curve R(7) for a thin
superconductor warming up in time being periodically subjected to a magnetic field of

fixed strength, as shown in figure 2.10
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Figure 2.10 shows R(7) for a superconducting film as it warms to the normal
state. A 30 G magnetic field is being applied to the sample at 30s intervals
account for the double line shown.

In figure 2.10 H.; marks the point at which a 30 G field is strong enough to alter the
superconducting state of the substrate. By knowing the strength of the field and
measuring the temperature at which changes begin to occur, the London penetration
depth can be estimated from equation (2.6), which for the transition in figure 2.10
indicates a London penetration depth of ~245 nm.

In figure 2.10 H., marks the point at which the fixed strength magnetic field is
strong enough to drive the resistance of the superconducting sample to that of the normal

state. Estimating ¢, from the point marked H. for the transition shown in figure 2.10
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indicates an intrinsic coherence length of ~430 nm. It should be noted that the estimated
values of &;and /\(O)are based on the assumption that sloping in the R(T) is due to type II
flux penetration and not a type I intermediate state. Further examination of the sample
would be needed to verify this assumption.

This brief review of a handful of superconducting phenomenon is meant to

highlight behavior important to interpreting the data presented in this thesis.

19



Chapter 111
Theories of Superconductivity Dependent Friction

A number of theories have sought to explain superconductivity dependent friction
from an electronic friction focus and superconductivity focus. Most of these theories
agree with the magnitude of the change in friction at a superconducting transition
reported by Dayo et al. and a few of them make verifiable predictions based on their
theories. Despite this wealth of theoretical interest, no single theory has provided a
complete explanation of superconductivity dependent friction. In the following sections I
will discuss the different approaches these theories take and the caveats associated with
each model.
3.1 Ohmic Damping Models of Superconductivity Dependent Friction

Ohmic damping models dominate the theoretical treatments of superconductivity
dependent friction. These are theories in which the only contributions to electronic
friction considered are those arising from ohmic damping of images charges and currents
created by a sliding adsorbate. One of the first attempts at this approach was made by
Popov in 1999 [3.1]. In this work Popov applies a theory for electronic friction [3.2] to
the resulted reported by Dayo et al. Popov considers the frictional force due to the
dragging of conduction electrons near a metal’s surface, by treating the metal’s electron
gas as a hydrodynamic plasma. As absorbates move along the surface of a substrate they
create a “drag current” of conduction electrons. During this process the substrate must
maintain charge neutrality, meaning there will also be a back-flow current in the

substrate. Popov’s model is shown graphically in figure 3.1.

++++>—_
+ + I

Figure 3.1 shows Popov’s model of electron flow in a metal substrate due to
sliding adsorbates. [, is the drag current and [ is the back-flow current.

Since Popov treated the electron gas as a hydrodynamic plasma the differential equation

governing the motion of the gas was written as,
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aIZ/J’_V+enE:o. 3.1)
dy Iy

In equation 3.1 V is the velocity of the electron gas, 771s the viscosity of the electron gas,
P 1s the mass density of the electron gas, 7, is the free flight time between non-

conservative collisional processes, e is the elementary electric charge, » is the electron
density, and E is the electric field resultant from the displacement of charge. The first
two terms in equation 3.1 represent the behavior of the electron gas when only the drag
current is considered and the third term is needed when considering the back flow

current. Popov defines the mean free path between non-conservative collisions as,

1=, /p)". (32)
Popov then goes on to solve equation (3.1) for the case relevant to the Dayo et al.
experiment i.e. d <</, where d is the substrate thickness. The boundary conditions used
to solve equation (3.1) are V(0)=V,, and V(d)=0, where V is the adsorbate velocity. The

solution to equation (3.1) in the normal state is then,

v(y)=v,(l-4y/d +3(y/d)). (3.3)
The shear stress experienced by the sliding layer is found by talking the derivative of
equation (3.3) with respect to y evaluated at y=0 and multiply by the viscosity/} to yield,

4
dy

&y
.

g

n

=n (3.4)

y=0
To solve for the shear stress in the case of a superconducting substrate Popov makes the

claim that equation (3.1) will reduce to,

2
oV _P (3.5)
dy Iy

since an E field cannot be present in a superconductor. Keeping the same boundary

conditions as before the solution to equation (3.5) is then,
v(y)=V,(t-y/d) (3.6)
which when evaluated to find the shear stress gives,

oV

o (3.7)

— VO
_/7d .

g

n

=1

=0
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Popov’s solutions indicate a factor of 4 difference in the shear stress between the normal
and superconducting states, which is greater than the factor of 2 observed by Dayo et al.
To remedy this inconsistence Popov then goes back and solves for the shear stress not in

the thin film limit (d<</), but in the general case to find,

o =Tae + (3.8)
S A 4 '

1= (t+a/t)e " —(1-da/1)e”
R 4—2(6% +e_%j+(d/l)[e% —e_%j

Popov then goes on to state that if one takes the ratio of equations (3.8) and (3.9)

(3.9)

measured by Dayo et al. (0, /0, =2 ) this value implies / = 650 A, a reasonable value.

Popov’s model captures much of the essential physics of this problem; however other
authors have pointed out problems to this approach. Persson pointed out that the validity
of modeling the electron gas as a hydrodynamic plasma is base on the assumption that the
mean free path due to electron-electron collisions is short compared to the mean free path
for electron impurity collisions and compared to the sample thickness [3.3]. This is an
assumption which is not necessarily true in the experiment modeled. Persson also
pointed out that Popov assumed that the velocity of the drag current was the same as the
velocity of the adsorbed layer, which again is not an assumption that always holds true.
Sokoloff Tomassone and Widom pointed out that the correct phenomenological
description of a superconductor is the two fluid model in which the electron gas of a
superconductor is composed of both a normal fluid component and a super fluid
component [3.4]. Sokoloff et al. commented on Popov’s work in a paper they wrote in
which they used a two fluid model of a superconductor to try and explain the results of
the Dayo et al. experiment.

The paper by Sokoloff et al. was published almost simultaneously as work by
Novotny and Velicky, in which they take a very similar approach to the problem [3.5]. In
both papers the authors calculated the loss of a single charged dipole sliding above a
metal substrate in and out of the superconducting state. Both use a classical
electrodynamics approach to calculate the loss associated with the image charge of a

sliding dipole. The conductivity of the substrate is calculated using a simple two fluid
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model of a superconductor. The frequency dependent conductivity can then be written

a(w)z(”ij’*j{”}iij. (3.10)

Within equation (3.10) the first term on the right, in which 77, is the number of normal

as,

state electrons, 7 is the Drude relaxation time, and m is the effective electron mass,

represents the normal state fluid component. The second term on the right, in which n,

is the number of superconducting electrons, and « is the drive frequency, represents the
super fluid component of the conductivity. Both models then use the two fluid
conductivity to calculate the frictional force felt by an oscillating dipole due to the
creation of an image charge of magnitude e within the substrates bulk. Both papers
calculated a drop in friction similar in magnitude to what was reported by Dayo et al.
Novotny et al. extended their model further by considering the temperature dependence
of the change in friction as the substrate passes through a superconducting transition.
Equation (3.11) describes the temperature dependence of the ratio of the superconducting

and normal state coefficients of sliding friction as predicted by Novotny et al.

Mr.e,) _ ! . G.11)

ENEE)

w,T

In equation (3.11) T is the coefficient of friction in the superconducting state, I, is the
normal state coefficient of sliding friction, 7. is the bulk critical temperature of Pb,
and w), is the frequency of the force driving the oscillation. Equation (3.11) predicts a

smooth rapid friction transition similar in line shape and magnitude to what has been
observed. However, the transition described by equation (3.11) is much more rapid in
terms of temperature than any transition we have recorded. The models derived by
Novotny et al. and Sokoloff et al. both accurately describe the change in friction observed
at a superconducting transition using only ohmic heating as the energy loss mechanism.

It should be noted though, that both theories rely on significant charging in the absorbate

layer to reproduce the Dayo et al. effect. As a physical justification for this assumed
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charging Sokoloff et al. cited previous work done on adsorption and a metal’s work
function [3.6]. In these experiments the work function of a metal is lowered by the
adsorption of gas on the surface. It is assumed that the adsorbed layer lowers the metal
work function by donating charge to the substrate. This would then imply the adsorbed
layer is left with a residual charge. Though Sokoloff et al. are citied a physically
plausible mechanism for charge donation, the amount of charge transferred is
questionable. The charge transfer observed in the work function lowering experiments is
not enough to justify the residual charge value assumed by Sokoloff et al. and Novotny et
al. It is for this reason that these theories leave unanswered questions about
superconductivity dependent friction.

A slightly different approach to modeling the affect by via ohmic damping was
taken by Bruch in 2000 [1.24]. Bruch still used a classical E&M method with the ohmic
damping as the only loss mechanism, but instead of considering a single dipole Bruch

modeled the collective behavior of a sliding layer, see figure 3.2.

P IFFITZ

JE

< >

Figure 3.2 shows an adsorbed layer sliding on a metal substrate similar to what
Bruch modeled in his paper.

Nz is thought to from a solid herringbone structure at low temperatures [3.7],
which has a significant quadarpole moment and would contribute substantially to the
magnitude of the ohmic damping felt by the sliding layer. To incorporate the periodic
structure of an adsorbed layer into a model of friction based on only ohmic damping,
Bruch points out that the electric field due to a periodic layer of electrostatic moments
can be written as a periodic series of field contributions expanded in terms of the

monolayer reciprocal lattice vectors g . The general form of such an electric field would

be written as,

E,(7,z) = E(g,z)exp(ig F) (3.12)

g
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Eparallel = Z[lg/gz] eXp(lg' [Z:)aE(g.’ Z)/aZ . (3 13)
g
The incident field in the metal for a herringbone lattice can then be written as,

E(g,z)= —Z—g exp(- gz - zo])i exp(~ig [p, )[g Ejﬁ]Z (3.14)
B=1

c

where &is the quardrupole moment, a. is the area of the two-molecule unit cell, p, is the

position of the molecules, and [ pare the unit vectors of the molecular axis. To

incorporate motion into the model Bruch added an oscillatory drive term to the to the

periodic lattice expression as shown in equation (3.15)

exp(ig (F) — explig fF - Acos Q¢ (3.15)
where A is the amplitude of oscillation, and Q is the drive frequency. Bruch also derives
equations similar to (3.12), (3.13), and (3.14) for the currents ; in the substrate. With
these expressions and much calculation Bruch is able to arrive at an expression for the
power loss due to the oscillation of an absorbed film ( j [E ). Bruch expresses the power

loss of the sliding layer in terms of a decay time #;, which can be interpreted as a slip

time. Bruch’s expression for the slip time of an adsorbed layer with a herringbone

}. (3.16)

In equation (3.16) L,, is the distance between the sliding layer and the substrate, M is the

structure is,

1 _ 6’1 1 AT .
t, (21) ~ 6Mo,(1-p) ;;(g D4) exp(-2gL,, )

Zexp(- ig [Py )[§ Ejﬂ]z

mass of the quadrupole moment, 0, is the bulk conductivity of the metal substrate, and

(1-p) is the number of conduction electrons diffusely scattered at the interface. Bruch
then goes on to approximate equation (3.16) for N, sliding on Pb and finds slip times in
the range of 2-20ns, which is in good agreement with the Dayo et al. result.
Bruch uses the same method to calculate the ohmic damping a triangular lattice of
dipoles would experience and finds the slip time expression to be,
1 2u°1
t, 3Ma.0,(1-p)

> g exp(-2¢L,). (3.17)
4

where £/ is the dipole moment of an adsorbed molecule. Bruch also estimates the ohmic
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damping term in equation (3.17) for Xe sliding on Ag to be ~200ns. The reason the
estimate of equation (3.17) was done for Xe sliding on Ag is that the structure of this
system is well known thereby allowing estimates to be made. Xe sliding on Pb is not a
well studied system and therefore could not be used. For N sliding on Pb this problem is
avoided because the electric field from the herringbone lattice can be treated as an
external source, therefore eliminating the need to know detailed information about the
interaction between sliding layer and the Pb substrate. Bruch’s calculation for Xe sliding
on Ag indicates that the ohmic damping of the sliding layer will be much lower for layers
without a quadrupole moment. If Bruch’s theory accurately describes superconductivity
dependent friction, the magnitude of the change in friction felt by a sliding layer at a
superconducting transition would be lower for less polar sliding layers.

The discussion in this section has focused on theories of superconductivity
dependent friction which only consider bulk damping mechanisms. However there can
also be surface scattering contributions to friction as well, which will discussed in the
next section.

3.2 A surface and bulk theory of superconductivity dependent friction.

In a paper published in 2000 Persson describes a theory of superconductivity
dependent friction that takes into account both surface scattering and bulk (ohmic
damping) contributions to electronic friction [3.3]. Persson begins by considering the
follow two classical force laws,

Mii+Mn(i—v)=F (3.18)
mv—(n, /n,W)Mn(i —v)+mv/T = eE . (3.19)

In the equations (3.18) and (3.19) u is the velocity of the adsorbate layer relative to the
substrate, v is the drift velocity of the normal state electrons, M is the adsorbate

mass, m is the effective mass of the exited electron, 7, 1is the concentration of surface
adsrobates, n,, 1s the number density of normal state electrons, ¥ is the metal film

thickness, F is the driving force of the siding, 7 is the mean free time between collisions
and £ is the electric field in the substrate resulting from the displacement of charges.

Persson pointed out that in the superconducting state no electric field can exist within the
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substrate i.e. £ = 0, and then used this boundary condition to solve equations (3.18) and

(3.19) to yield the following coefficient of sliding friction

_ n
M =75 (n, /ny W )M/ mpr (3:20)

Equation (3.20) implies that the coefficient of sliding friction would indeed be lower in

the superconducting state, but the variation in 77,, with respect to temperature would be

off
slow since the number of conduction electrons, n,, varies slowly at a superconducting
transition [2.5]. Persson then expands on this simple model by considering the
temperature variation of77. To estimate the variation of /7 with temperature Persson drew

on previous work [3.8] in which adsorbed layers were considered to have permanent
dipole moments that interacted coulombicly with the electrons in the metal film. From
his previous work Persson used the following equation for the coefficient of sliding

friction associated this coulombic interaction
: . (1 }
n=2L"[dgq" lim [—mg(q"”) el (3.21)

In the above equation p is the dipole moment of the adsorbate, ¢ is the induced charge in
the substrate, and Im g(q, a)) is the energy loss function which is proportional to power
loss in the metal [3.9]. By expanding Im g(q, a)) to first order in g Persson was able to

derive the following expression,
_&lw)-1

g= o)1 + A(w)g . (3.22)

In equation (3.22) £ is the Drude dielectric function

@
“T T dwri)

in which @, is the plasma frequency and 7 is the bulk mean free time between scattering

(3.23)

events. The first term on the right in equation (3.22) represents scattering due to bulk
impurities similar to the mechanism addressed in section 3.1. The second term on the
right represents scattering due to the surface potential from the sliding layer. The short
range potential from the sliding layer causes scattering of conduction band electrons. The

scattered electrons are exited and form electron hole pairs. As the electron de-excites it
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loses energy. A schematic for the surface mechanism of electronic friction as described

by Persson is shown in figure 3.3.
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Figure 3.3 shows a sliding adsorbate scattering a conduction band electron.

From equations (3.22) and (3.23) Persson is able to derive surface and bulk contributions

to the loss function
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wy w
(Img)bulk = 4? 3 (3.24)
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where kr is the Fermi wave vector, w, is Fermi frequency, / is the bulk mean free path,
and & (q) is dimensionless parameter dependent on the electron gas density, which in this

case can be approximated as unity. What is important is the ratio of the surface
contribution over the bulk, which is ~q/ , where g~1/d. Persson then makes the argument
that the surface contribution would dominate over the bulk contribution by a factor of
~l/d, where d is the surface dipole separation. The ratio of //d was estimated to be 100-
1000 by selecting reasonable values for / and d. If should be noted though, that there is a
large degree of uncertainty in these two values. The bulk mean free path can change
largely depending on the purity and morphology of the substrate. Additionally the
dipole-surface separation is not well know in these experiments and can vary depending
on the amount of oxide formation that occurs at the metal surface.

Persson went on to derive the temperature dependence of the surface and bulk
contributions, showing that the surface contribution changes slowly at a superconducting
transition and the bulk contribution exhibits an abrupt change. Persson finally states that

even after the application of this theory, the result reported by Dayo et al. remains a
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puzzle and further experiment is warranted. Persson suggests that experiments be
conducted on superconducting alloys, which would allow for the variation off the bulk
mean free path /.

Persson’s theory constitutes the most comprehensive electrodynamics approach to
the change is frictional force on a single dipole at a superconducting transition. There are
however different approaches to modeling this problem which I will address in the
coming sections.

3.3 A Thermodynamic Approach to Superconductivity Dependent Friction

It was pointed out in chapter II that the discovery of the Messiner effect showed
that superconductivity is a unique thermodynamic state and allowed for the consideration
of superconductivity in a thermodynamic context. An attempt to explain
superconductivity dependent friction from a thermodynamic approach was made by
Rekhviashvili in a paper published 2004 [3.10]. This derivation begins by writing the
change in Gibbs free energy upon entering the superconducting state in terms of the
critical field similar to equation (2.1) but with slightly different units
_VB;
= R

where now V' is the volume of the superconductor. The author then notes that the

G,-G

n N

(3.26)

derivative of the change in Gibbs free energy with respect to volume will give the change

in shear stress upon entering the superconducting state and is therefore,

B S +S
r -1, =9 (G, -G )= 2 4215 (3.27)
av 24, al'v
where
B dB
s -5 =B dBc (3.28)
‘ Hy dT
and
1av
al) =", 3.29
" yvdr (3-29)

To make an estimate of the change in shear stress at a transition the author considers

equation (3.27) in the limit as7" — 0, which takes the form,
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r,—r,=—>. (3.30)
244,

In equation (3.30) By is the zero temperature critical field for bulk Pb. The value derived

for the change in shear stress on a single atom at a superconducting transition is

~3%107° Pa, a value much lower than what has been observed. The deviation of
Rekhviashvili’s model from experimental observation could come from estimated made
of the area an atom occupies on the substrate surface, or from the assumed value of By.
The value for the zero temperature critical field in a thin film is not that of a bulk sample
and it known to be in fact much lower. A lowering of By in Rekhviashvili’s model would
unfortunately make its deviation from experiment greater. Despite these inaccuracies
Rekhviashvili’s model warrants mentioning because it takes a unique approach to solving
this problem and it makes an interesting claim about the behavior of the shear strength in
the Dayo et al. experiment.

Rekhviashvili points out that the difference in entropy of the superconducting and
normal states (Ss-S,=0) must be zero at 7=7; and 7=0. Therefore, by the Nernst theorem
the difference in the shear stress must exhibit an extremum corresponding to equality in
the heat capacities of the normal and superconducting phases. Rekhviashvili goes on to
claim an extremum in the shear stress difference is apparent in the data reported by Dayo
et al. though not commented on in the Dayo et al. publication. Rekhviashvili is
presumably referring to the slight drop in the shear stress before the superconducting

transition as shown in figure (3.4).
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Figure 3.4 is a reproduction of the shear stress data reported by Dayo et al.
Indicated is the presumed extremum in the shear stress alluded to by
Rekhviashvili.

It is difficult to tell from the Dayo et al. data whether the extremum Rekhviashvili refers
to is indeed a feature of the transition or whether it is simple variation within the
experimental noise. If in fact this extremum is a feature of the shear stress at a
superconducting transition it should be present in data taken on different systems as well.
3.4 The Hole Theory of Superconductivity and Superconductivity Dependent
Friction.

In a paper published in 2003 about the ramifications of the hole theory of
superconductivity, Hirsch comments on the phenomenon of superconductivity dependent
friction [3.11]. The theory of hole superconductivity points out that the behavior of an
electron in a crystal is governed by its interaction with the ionic lattice potential and other
electrons in the material. These strong interactions give rise to band structure and
effective mass approximations of the charge carriers. The carriers within a metal can be
negative electron-like carriers or positive hole like carriers. Hirsh points out that holes
will interact more strongly with the ionic lattice potential than negative carriers or as he
labels it, they will be more “dressed” than the electron like carriers. As carriers condense
in a superconducting state, they become “un-dressed” and no longer interact strongly
with the rest of the crystal. Un-dressing of the carriers allows them to move freely

throughout the sample and gives rise to the properties associated with the
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superconducting state. Hirsch then goes on to claim that the behavior of the un-dressed
carriers leads to a description of a superconductor as a “giant atom”, which has a number
of unusual consequences. To model the superconductor as a giant atom Hirsch uses the

familiar equations of the Bohr atom,

E(r)I%mv2 +U(r) (3.31)
mv’ _ Ze’r

= 3.32

7 R® ( )

L =mvr =nh (3.33)

With these equations Hirsch goes on to describe the behavior of a giant atom with a large
number of electrons filling the orbitals. One of the consequences of this model is that a
number of electrons will spill over to outside the material. Indeed claiming that negative
charge will be expelled from the bulk and exist outside the superconductor. Hirsh then
comments that charges outside the superconductor would give the superconductor
interesting tribo-electric properties. The negative charge would easily be rubbed away
and transferred to a sliding layer; furthermore such a charge layer would act as a
“lubricant” between a superconducting substrate and a sliding layer. It is at this point that
Hirsch cites the Dayo et al. result as possible support of his claim. Unfortunately, Hirsch
does not make any numerical predictions about the magnitude of the change in friction
his theory would predict. Hirsch’s theory also doesn’t make any verifiable claims about
superconductivity dependent friction, but is still mentioned here in the interest of
completeness as a unique theory claiming to help explain the experiment.

3.5 Dislocation Drag and a Model of Electronic Friction.

In a yet to be published work Merkle and Marks propose a dislocation drag model
of friction [3.12]. This model is an attempt to explain both electronic and non-electronic
sources of friction in terms of the movement of dislocations at two interfaces.
Dislocations in a metal are places where the periodicity of a lattice is broken, by the
absence of an atom. The absence of an atom can lead to regions of increased local charge
density, scattering centers for phonons, and alteration of the band structure of a metal.
Straining or bending a lattice can create Peierls instabilities, which cause gaps to open up

in the band structure of a material and alter its conductivity [2.14]. The model by Merkle
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and Marks claims the friction between two surfaces is due to the drag force felt by

surface dislocations. The forces resisting the motion of a dislocation are then written as,

bo
F=o0, coth{ £ } (3.34)

tot vd

in which o, is the Peierls stress, b is the vector defining the placement of the

dislocations, vy is the dislocation velocity, and By, is the total viscous drag term that can
be written as,

B, =B,+B, +B,. (3.35)

The three terms on the right hand side of equation (3.35) represent three independent
contributions to the viscous drag. The term of pertinence here is the electronic
contribution B, which can be written as,

bN &,

B, —— 3.36
° 10v, (3.36)

In equation (3.36) £, and v, are the Fermi energy and the Fermi velocity respectively and

N, is the number of conduction electrons. The authors then go on to claim that the
observations by Dayo et al. support their model. It should be noted though that the
temperature dependence of equation (3.34) comes from the change in the number of
conduction band electrons in equation (3.36). As was stated earlier, the number of
conduction band electrons varies slowly at a superconducting transition; however the
electronic term is in the denominator of a hyperbolic cotangent function. A coth function
has an asymptotic functional form where small changes in the argument of the function
could cause large changes in the frictional force, if the function is in the correct regime.
It is for these two reasons that it remains unclear whether the model purposed by Merkle
and Marks agrees the Dayo et al. result or not. Numerical estimates of the magnitude of
the change in friction and the rate at which the friction drops at a superconducting
transition are needed before the model can be said to agree with the result published by
Dayo et al.
3.6 Verifiable Predictions

Of the many theories of superconductivity dependent friction a few go beyond

showing agreement with existing experimental results and make predications about
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experiments that would help to verify which theory most accurately describes the
phenomenon. A predication of particular interest is the one made by Bruch that the
magnitude of the change in friction felt by a sliding layer at a superconducting transition
should depend on the polarity of the molecules in the layer. It is this that has motivated
much of the research described in this dissertation. The choice to focus on Bruch’s
prediction was made out of convenience. Using adsorbates of different polarity meant
that the theory could be investigated using the existing experiment without major change
to the apparatus and the established methods of investigation could be used. Persson’s
theory also makes a prediction about the influence of bulk mean free path / on the
magnitude of the transition and suggests experiments using superconducting alloys. This
would be an interesting and scientifically worth while study, but it presents certain
practical challenges. The growth of a superconducting alloy with a precise / would likely
require sputtering deposition since thermal deposition of an alloy often leads to
preferential evaporation of one of the elements [3.13]. Also changing the mean free path
in a superconducting alloy will alter its superconducting phase diagram; meaning care
would have to be taken to normalize results over different superconductors. It is for these
reasons that a study of superconductivity dependent friction for adsorbed layers of

different polarity was chosen to be our major focus.
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Chapter IV
Experimental Details
4.1 The Quartz Crystal Mircobalance

The principle tool used for the measurement of friction at the atomic scale in this
work is the Quartz Crystal Mircobalance (QCM). The QCM is one of the three major
tools that emerged in the 70’s and 80’s which made the modern study of nanotribology
possible. The QCM along with the surface forces apparatus (SFA) and the atomic/lateral
force microscope (AFM/LFM) gave researchers experimental tools that could function on
the time scales of phonon lifetimes, measure friction at a smooth wear less interface, and
measure the friction at a single asperity contact [4.1]. Though the QCM was first used as
a tool to measure frictional forces in 1988 [4.2] it had been used since the 1950’s for the
weighing of thin films [4.3]. The QCM is a thin piezoelectric disk cut along a specific
crystallographic plane (see figure 4.1).

(2] (o]

Figure 4.1a shows a quartz crystal microbalance with an evaporated

electrode. Figure 4.1b shows a QCM in profile and Figure 4.1¢ shows the

direction of oscillation of an AT-cut QCM

Since quartz is a piezoelectric the crystal will mechanically displace when a

potential difference is applied across it. Applying an AC voltage to the quartz crystal
causes it to mechanically oscillate with a quality factor on the order of 10° [4.4]. The
direction of the mechanical oscillation depends on the crystallographic plane along which
the crystal is cut. The o phase of quartz has trigonal symmetry with the three fold axis of
symmetry designated as the z-axis [4.5]. The x-axis is then chosen to be parallel to one
of the three symmetric diagonal axes. Crystals which are cut along a plane rotated 35°15

from the z-axis and parallel to the x-axis are designated as AT-cut quartz crystals [4.6].
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AT-cut quartz crystals are superior to other crystals in both frequency stability
and quality factor and are exclusively used in these experiments. Quartz crystals cut in
this manner vibrate in what is designated as thickness-shear mode as shown in fig. 4.1c.
When the crystal oscillates, its two broad faces move in opposite directions. As the
oscillation occurs an acoustic wave travels across the thickness of the crystal at the speed
of sound in quartz. Standing waves will occur for frequencies which have wavelengths

that are odd multiples of the crystals thickness i.e.  =nA/2. Therefore the fundamental

frequency of the quartz crystal oscillator and its thickness are related by the equation

=Y 4.1
fo_z_t- ()

In equation (4.1) fy is the fundamental frequency of the crystal and v, is the speed of
sound in quartz. Differentiating this expression and substituting the differential back into

the original expression gives the relation

df_o = —ﬂ
AR (4.2)

Since the crystals thickness and mass are related by the equationm, = p, At , where m, is
the mass of the quartz crystal, o, is the density of quartz, and 4 is the crystal area we can

write
% : _qu
fO mq '

Equation (4.3) relates changes in the frequency of oscillation of the quartz crystal and

(4.3)

changes in its mass. Sauerbrey made the observation that when a thin film is adsorbed

onto a quartz crystal, the addition mass due to the film can be treated as a perturbation to
the mass of the crystal [4.3]. It is from this assumption that equation (4.4) shown below
can be derived, which indicates how quartz crystals can be used as microbalances for the

weighing of thin adsorbed films

- (£)

In equation 4.4 m , is the mass of the adsorbed film. The equation shows how changes in
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frequency can be related to changes in mass of an adsorbed film, but measuring changes
in quality factor (Q) of the crystal can also give information about the behavior of the

film.

Consider an adsorbed film of thickness d with a bulk viscosity 77, ,and a
density p, . on the face of an oscillating quartz crystal microbalance. If we assume the

film does not slip on the surface then the film will track the oscillatory motion of the
crystal and the shear wave will propagate into the film. To find the equation of motion
for the adsorbed film one must solve the Navier-Stokes equation for an incompressible,

viscous fluid [4.7]

ov, (z,t) 9%, (z,t)
o T 0>

In equation (4.5) the z direction is chosen to be normal to the crystal face, and the x

Psy (4.5)

direction is chosen parallel to the motion of the film. The solution to this equation can be
written as,
Ccos k(d - z)

v, (z,t) = u(t) Cos(kx)

(4.6)

In equation (4.6) d is the film thickness, u(?) is the oscillatory motion of the crystal

(u =u,e™™), and the wave number k is given by the dispersion relation

wp;
2’73f

k= (1 +i ) . The acoustic impedance of the film Z can then be obtained from the

. ov . . .
relationZ =0, /v _, wherea,, =1, { 3 . j . Evaluation of these relations yields
X P V4 =0

Z, =R, —iX, =1, tan(kd). (4.7)

In equation (4.7) k> =i—L, Ry is the resistive component of the acoustic impedance
3f

and X is the reactive component of the acoustic impedance. It was Stockbridge who first
showed that the reactive and resistive components of the adsorbed film could be related

to changes in frequency and quality factor of the QCM with the equations [4.8]
2R X
{ij =—21, ow=—_. (4.8)
0 wp,t, P,

37




If we consider equation (4.7) in the thin film limit,

kd| <<1, then the acoustic impedance

reduces to
Z, =-iwp,,. 4.9

Thus far we have only considered the behavior of a film rigidly attached to a
QCM’s surface, however to evaluate the friction in the system one must consider what
happens if the film slips at the film substrate interface. Slipping at the interface will

introduce an additional impedance term to the system 1//72f , defined by the relation

Ny, = ,l]i in which 77, . is the bulk viscosity of the adsorbed film, and Ais slip length

[4.2]. Slip length is a term best understood by considering the velocity of the film and
the substrate at the interface. In the no-slip limit the difference in velocity between the
film and the substrate at the interface is zero. Since the velocity of the film decays
exponentially away from the interface the velocity difference grows in the positive z
direction. When we allow for slip at the interface the velocity difference between the
film and the substrate is not zero, but some finite value. However as before the velocity
difference grows in the positive z direction. If one were to map the velocity profile in the

no-slip case on to the velocity in the slip case, then there is some distance inside the

No-Slip Slip
(a) (b)
Vd
Vd
p -<{ ==
v4=0 (at the interface) va # O (at the interface)
A=0 A£0

Figure 4.2 shows a graphic depiction of the definition of slip length. 4.2(a) shows
the velocity difference (v,) between the film and the substrate in the no-slip case.
4.2(b) shows the velocity difference when slip occurs and indicates slip length.

substrate at which the velocity difference would again be zero, see figure 4.2. The
distance into the substrate at which above condition is met is defined a slip lengthA. A

longer slip length would indicate that the velocity difference at the interface is greater and
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the frictional force between the layer and the substrate is low. It should be note that the
concept of slip time applies to the experiments in this dissertation despite that fact that
the films used are not thick enough to show an entire velocity profile, but are in-fact 1-2

monolayers thick as depicted in figure 4.3

Figure 4.3 shows a bilayer film sliding on an oscillating substrate. The slip
condition impliesﬁ1 z 172 .
The total acoustic impedance of the film with an additional term due to slip can be

written as

= (4.10)

Substitution of the relations for 77, . and Zrinto equation (4.10) yields

=1,k tan(kd)
PR i S (4.11)
7 1= Mk tan(kd)
which in the thin film limit reduces to
YA
Zv="1 4.12
7 (1-iwr) (4.12)

In equation (4.12) 1 is slip time, give by the relation7 = Por . Physically, slip time is the
,72_f
time it takes for the velocity of the sliding film to fall to 1/eof its initial value if the

substrate ceases motion. A long slip time for a sliding layer would indicate a small
frictional force felt by the layer. The resistive and reactive components of the film’s
acoustic impedance can be written in terms of slip length as,

_ pzwzr XD_ ,026‘)

RY = =
1+’ 7 1+

s (4.13)

The ratio of the resistive and reactive components to the acoustic impedance in terms of
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slip time is then,
O
Rf —
—F = r. (4.14)
Xf

Scaled plots of R/and X /verves ar are shown in figure 4.4 [4.2].
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Figure 4.4 shows the scaled resistive and reactive components of the
acoustic impedance of a QCM verses Il

Figure 4.4 indicates how the frequency and amplitude of the QCM are affected by

changes in slip time. We see that the resistive component of the acoustic impedance will

be peaked around the value7 = 1/ | where e is the angular frequency of the oscillation.

W’
Figure 4.4 also indicates the reactive portion of the acoustic impedance (measured by the
frequency) will be decreased for a sliding film. The amount by which the slippage of a
film alters the measured frequency is usually small, as can be seen in equation (4.15)

_ Y

= . 4.15
1+ (wr)’ #.15)

In equation 4.15 ¢, is the change in frequency due to the absorption of the film that

would be measured if the film rigidly adhered to the surface and Jf is the change in
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frequency actually measured. As this relation indicates if the slip time is short this affect

can be ignored, however if 7 is on the order of1/w, the measured frequency will be

reduced by a factor of 2. Substitution of Stockbridge’s relations, (equation 4.8) into

o),

),
Equation (4.16) was first derived by Krim and Widom in 1988 [4.2]. Equation (4.16)

equation (4.14) gives,

(4.16)

shows that the slip time and there by the interfacial viscosity (see equation (1.2)) can be
determined by measurement of the change in the QCM’s frequency and quality factor due

to the adsorption of a sliding film.

Though equation (4.16) for slip time is in terms of (é‘ )f and 5(5} , the
A

quantities measured during an experiment are (é‘ )f the change in frequency and (dﬁl) the

I
change in amplitude of the QCM oscillation. The amplitude of oscillation is however
related to O which can be seen if by considering the model of a QCM as a damped drive
harmonic oscillator. The force law for a damped drive harmonic oscillator with a
velocity dependent drag force is given by [4.9]

d’x  dx

dt’

In equation (4.17) «is the drive frequency of the oscillation, m is the mass of the crystal,

(4.17)

b is the viscous damping term and the natural frequency of the oscillator is defined as
k/m . The solution to equation (4.17) for the amplitude of oscillation as a

function of frequency is

F,
Alw) = I 0 T (4.18)

(k-merf +b°e]
Equation (4.18) can further be simplified if we consider the definition of quality factor.
Physically, quality factor is the ratio of the energy stored per cycle over the energy

2. Substitution of this relation into equation
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(4.18) gives,

W)= Fyjm _ (4.19)

-or-(]]

Evaluation of equation (4.19) near resonance i.e. W= @), gives,

Alw) = %{%} . (4.20)

This equation shows the amplitude of oscillation 4 is linearly proportional to quality
factor Q and the measurement of 4 will lead to the calculation of slip time.
4.2 Additional QCM Effects.

In section 4.1 we outlined the theoretical basis the QCM’s response to the
adsorption of a sliding film. There are however additional environmental factors that can
cause a change in the QCM’s response. It is important to understand these factors so as
not to interpret their influence as changes in friction of a sliding film.

Changes in temperature of a QCM can cause changes in frequency by adjusting
the crystal’s elastic modulus. The amount by which temperature variation causes as shift
in the QCM’s oscillation frequency depends on the cut of the crystal and the temperature
range in which the change occurs. AT-cut crystals have a small thermal response in the
range of -60 - 100°C making them very thermally stable at room temperature [4.6]. Out
side of this temperature range thermal coefficients can be as large as 100 Hz/°C [4.10],
meaning that in experiments taking place at cryogenic temperatures thermal variation
must always be considered as a source of large frequency shifts.

Stresses applied to the quartz crystal can also cause shifts in its resonant
frequency indicated by the equation [4.11],

g =-275x107"T, . (4.21)
0
In equation (4.21) 7, is the average lateral stress applied to the crystal, which can be

derived from the average lateral stress of the adsorbed film with the expression,

1%
T, =-—[Td. (4.22)
I, %
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In equation (4.22) ¢, is the quartz crystal thickness, #ris the film thickness, and 7Fis the
average lateral stress of the adsorbed film. Stress effects can be compensated for if the
average lateral stress of the film is known, which is seldom the case. However for high
density metal films or films with high coverages stress effects can often be ignored.

Hydrostatic gas pressure can also have an affect on the frequency of oscillation of
a QCM if the pressure is above ~10~ torr [4.8]. Above 107 torr the frequency changes
linearly with pressure as indicated by equation (4.23)

i:(13.5—0.015T)><10‘1°P. (4.23)
0

In equation (4.23) T is temperature (in Kelvin) and P is hydrostatic pressure (in Torr).
4.3 Vacuum System

The samples used in this study were grown in a custom built Ultra High Vacuum
(UHV) deposition system. UHV is achieved in this system with a set of four vacuum
pumps operating in three pressure regimes. A Varian LN, sorption pump is used to rough
the system in the viscous flow regime (760-0.1 torr). The sorption pump is a vibration
free, oil free roughing pump with significant pumping speeds in the viscous flow regime.
Once the system has entered the molecular flow regime an Alcatel diffusion pump is used

to pump the system from ~0.1 torr to ~10” torr. The diffusion pump is filled with

Mini Sorption Diffusion Gas Ion pump
Ion pump pump Dosing
Pump
Deposition
Sample Chamber
Cell

Figure 4.5 shows a flow chart of the pumps attached to the UHV deposition system.

Santovac low vapor pressure pumping oil and connected to the system through a LN, trap

to prevent oil vapor diffusion into the chamber. The diffusion pump is also backed with
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an Alcatel single stage rotary vane mechanical pump. Though the diffusion pump is
effective to pressures below 107 torr, it is often the case that once 107 torr is reached, the
ion pump is used. The ion pump is a Varian high speed ion pump effective down to
pressures <10™'” torr. In this pressure range a custom built titanium sublimation pump is
also used to increase the effective pumping speed. With this set of pumps pressure of
~10" torr can be achieved with a 48 hour bake at temperatures >200°C. A basic flow
chart of the vacuum system is shown in figure 4.5.

Once the system has been evacuated to the desired pressure metal electrodes can
be evaporated on to the quartz crystal. These metal electrodes will serve to oscillate the
crystal and as the experimental substrate. The bare quartz crystal is contained in a

stainless steel evaporation mask shown in figure 4.6.

11

Figure 4.6 shows a schematic of the evaporation mask used for
patterning the electrode and manipulation the QCM.

The evaporation mask patterns an electrode in the center of the QCM and allows for the
crystal to be manipulated in the chamber. Additionally, the pins at the bottom of the
evaporation mask make an electrical connection to the electrode once it is evaporated.
The crystal is held in the deposition chamber on a magnetic manipulator arm during
deposition. The deposition chamber is equipped with two tungsten boats for the
deposition of Pb and Cu, a Telemark electron beam evaporator for Nb deposition, and a
titanium sublimation pump filament used as a Ti deposition source. The deposition
chamber contains a commercial 6 MHz quartz crystal microbalance for precisely
measuring the thickness of the metal films deposited. A schematic of the deposition

chamber is shown in figure 4.7.
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Figure 4.7 shows a schematic of the deposition chamber and a number of metal sources.

The heater in the deposition chamber is a simple tungsten filament passing
through a steel block. The block is fashioned such that electrodes can be evaporated on
the crystal while the sample is being heated. The block also contains a platinum
resistance thermometer (PRT) positioned near the QCM. Deposition onto a heated
substrate allows the metal to rearrange on the substrate, which under the right conditions
can led to pattern formation on the surface [4.12]. It is also advantageous to be able heat
a sample after deposition (post annealing) since this has been shown to create smooth
metal films [4.13]. A schematic of the heating block is shown in figure 4.8. The heater is
capable for achieving temperatures ~400°C within a reasonable amount of time (1-2

hours).
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Figure 4.8 shows a schematic of the steel heating block in the deposition chamber. Indicated are
holes in the heater for the sample, heater filaments, and thermometer.

Once samples are prepared they are transferred in-situ to the experimental cell.
The in-situ transfer is made possible with the use of a copper pinch-off tube, which is a
soft copper tube fabricated with Conflat flange compatible ends. Once the sample is
transferred into the experimental cell and the transfer rod has been removed, the soft
copper tube is pinched with a hydraulic cutter. Cutting the copper tube separates the
experimental cell from the main chamber and forms a UHV seal. A schematic of the

copper-pinch off tube and the experimental cell is shown in figure 4.9.

Sample Cell ﬂ Copper tube
T~ \

F_ JO

Pinched
A& Copper seal

Figure 4.9 shows a schematic of the copper pinch off tube and the experimental cell

The copper pinch off tube is a low cost, UHV seal that functions at cryogenic
temperatures. Many other in-situ transfer techniques would be less mobile and lack the
same functional temperature range.

The experimental cell is connected by a long 3/8" diameter thin walled steel tube

to a Varian appendage ion pump (~ 2L/s). This small ion pump helps maintain the
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quality of the sample in the experimental cell, as it is transferred into the cryostat. The
experimental arm can be lifted, with appendage pump still running, and placed in the

cryostat, as shown in figure 4.10.

ey =69

Cryostat

Sample Cell
X

Figure 4.10 shows a schematic of the experimental arm with the sample cell and
appendage ion pump. Also shown is the placement of the experimental arm in the
cryostat.

The three chambered Cyrofab cryostat is used to cool the experimental cell to
liquid helium (LHe) temperatures (~4.2K). During a data run the inner most chamber,
where the experimental cell sits, is filled with liquid helium. The second intermediate
chamber is filled with LN, to initially cool the system to ~88 K and the outer most
chamber is an evacuated shell which provides isolation from ambient temperatures. To
lower the temperature of the experimental cell to 4.2 K LHe is transferred into the
internal chamber from an external Dewar using a gaseous helium back pressure. Once a
liquid transfer rod is placed in the LHe Dewar and the cryostat, the LHe Dewar is sealed
and pressurized. This back pressure forces LHe into the cryostat in a controlled manner.

External to the cryostat are a pair of custom built electromagnets. These
electromagnets are used to alter the superconducting state of the Pb substrate as it warms
through the superconducting transition temperature. The magnet being used is cycled on
and off throughout the data run. When the sample is in a regime where the small
electromagnet is strong enough to alter the superconducting of the substrate, jumps in the

frequency and amplitude of the QCM corresponding to changes in friction will appear in
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time with the application of the magnetic field. The electromagnet serves to make the
superconducting transition easier to locate in the large amount of data produced from a
single data run. The primary magnet consists of a coil of copper wire with multiple
windings, a 180 watt power supply, and a timing circuit with a high power solid state
relay. The single coil of the electromagnetic is placed perpendicular to and in plane with

the experimental crystal as shown in figure 4.11.

Figure 4.11 shows the placement of the primary electromagnet relative to the
experimental sample.

The perpendicular magnet is labeled the primary magnet and is most often used in
experiment, because this is the geometry in which a weak magnetic field has the strongest
affect on a superconductor. The lower critical field H,; of a superconductor depends on
the orientation of the field relative to the superconductors shape. For a thin
superconducting disk H,; is lowest when the field is applied perpendicular to the plane of
the disk. The secondary magnet is a pair of Helmholtz coils positioned to create a field
parallel to the sample. These coils are 460 turns of heavy gauge copper which can easily
carry currents of 20 A. This magnet is capable of creating a field with much higher
strength which is necessary because when a field is applied parallel to a sample it is much
harder for the field to alter the samples superconducting state. The switching circuit is
composed of a simple timing circuit triggering a high power solid state relay every 30s

during the data run.

4.4 Electronics

During the data taking process the experimental cell is electrically connected to a
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number of instruments and circuits, the most pivotal of which is the Pierce oscillator
circuit. This circuit drives the crystal to oscillate at its fundamental frequency and thereby
produces the sinusoidal signal associated with the motion of the crystal. A circuit

diagram for the augmented Pierce oscillator circuit is shown in figure 4.12 [4.5].
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Figure 4.12 shows a diagram of the Pierce oscillator circuit reproduced from [4.5].

The circuit in figure 4.12 is slightly different than the conventional Pierce
oscillator circuit [4.4]. The pictured circuit has an additional low noise amplifier at the
output to provide better signal conditioning and a variable resistor used to drawing more
current through the bipolar transistor. The variable resistor allows for better control over
how much power is transferred to the QCM during oscillation. Though QCMs are often
made to oscillate at harmonics of their fundamental frequency (i.e. f=nfy; n=1, 3, 5...),
the Pierce circuit is designed to only oscillate a crystal at its fundamental frequency and
any other detected frequencies represent spurious overtones and can be attributed to
nonlinearities in the circuit [4.14].

The output signal from a single Pierce oscillation circuit contains all the

experimental information about the crystal however; there are data acquisition advantages
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to mixing the experimental crystal frequency with a reference signal produced by a
second Pierce circuit driving a commercial quartz crystal the frequency of which remains
unchanged throughout the data run. The two signals generated by the Pierce boards are

then mixed using the simple mixing circuit shown in figure 4.13.

reference
oscillator circuit

experimental _|
oscillator circuit

low pass
filter

1

output = f - foyp

Figure 4.13 show the mixer circuit in relation to the
experimental signals [1.6].

The mixing circuit functions based on the mathematical relation [4.5],
1 1
COS (£ COS Wt IEcos(a.)1 +w, )t +Ecos(a)1 - w, )t. (4.24)

This relation indicates that when the mixer outputs the product of the two signals it will
be a signal with a frequency sum component and a frequency difference component. A
passive low pass filter is then used to attenuate the high frequency component.

One of the advantages of measuring the difference frequency is that the frequency
of the difference signal can be tuned much lower than the crystal frequency (~10 KHz)
which means it takes less sophisticated instruments to follow the signal. Additionally
there are a finite number of significant digits that can be measured in terms of frequency.
Lowering the input signal frequency allows for a more accurate measurement of the
experimental signal. Once the difference signal is recorded the original frequency can be

reconstructed in software since the reference signal is a known, unchanging value.
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The frequency of the difference signal is recorded using a Phillips 6652
timer/counter. This 10 digit counter is connected to an IBM data acquisition computer
via a GPIB data transfer card. The amplitude of the difference signal is measured using a
Keithley 2000 Digital Multi-meter with GPIB data transfer capabilities. The Keithley
2000 has a limited frequency range and will attenuate signals with frequencies >50 KHz,
hence the need to record a difference signal.

During the data run it is also useful to know the temperature of the experimental
cell, which is measured with a silicon diode thermometer attached externally to the cell.
The silicon thermometer is connected to a Lakeshore Cryotronics 330 temperature
controller with a GPIB data interface.

Data is also taken with a Computer Boards Inc. data acquisition (DAQ) card. The

Experimental signal _|_’ Frequency Counter
Mixer/

filter GPIB

Digital Multimeter | Card

Thermometer > Temperature

Reference signal

Controller
CPU

Capacitance Manometer
(1000 Torr)

E— DAQ Card
Capacitance Manometer >
(10 Torr) N

Hall Probe

Figure 4.14 shows a flow chart of the data acquisition process for a typical data run.

capacitance manometers provide an analog output proportional to pressure which can be
monitored with the DAQ card. A simple Hall Effect probe circuit also has an analog
output connected to the DAQ card which indicates when the electromagnetic is on. All

the data acquired in a typical data run is collect with a LabVIEW 5 acquisition program
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and written to an ASCI file. A simple flow chart of the data acquisition system is shown
in figure 4.14.

The LabVIEW program is set to take data at 3 second intervals from all the
equipment. This seemingly long time step between data points is a compromise between
accuracy and data storage. Depending on how the sample is cooled a typical data run can
last 12-13h generating ~15,000 data points from each instrument. A shorter time step
would create a larger amount of data without yielding much more useful information.

Each experimental crystal has to be individual calibrated so that changes in
amplitude A4 can be related to changes in quality factor Q. Calibration is done using a

ring-down circuit, shown schematically in figure 4.15.

““““““““““ Pierce Board

B

f @) | Inverting Digital
\O I:i:l Amplifier Oscilloscope

Experimental

crystal K

Pulse Trigger

Figure 4.15 shows a schematic of a ring-down circuit.

This circuit switches a crystal between being oscillated by a Pierce circuit and decaying
into to a tank circuit. When an active crystal is connected to the tank circuit the crystals
oscillation amplitude decays in time. The decay in amplitude it exponential and takes the

form [4.9]

t

A=Adye T (4.25)

In equation (4.25) 1 is the characteristic decay time, inversely proportional to the

damping parameter b in equation (4.17). The decay signal is amplified with a high speed
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inverting amplified and recorded with a Tektronics 410 digital oscilloscope. The relays
and the oscilloscope are triggered by the same pulse timer. The decay data is then fit in
Origin 7.0 and the decay constant 7 is extracted. From 7 quality factor O can be

calculated with the equation

Q=ry,. (4.26)
A typical ring down curve is shown in figure 4.16.
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Figure 4.16 shows a typical ring down curve plotted in Origin.

To calibrate a single crystal the QO factor is measured for multiple initial
oscillation amplitudes. The oscillation amplitude of the crystal is adjusted with a variable
resistor in series with the crystal. Varying the resistance of the potentiometer has a direct
affect on the resistive portion on the QCM’s acoustic impedance and simulates the
reduction in quality factor coincident with the adsorption of a sliding film. A plot of O
verse A is then generated which allows changes in amplitude measured during a data run
to be converted to changes in quality factor.

4.5 Atomic Force Microscopy

Many of the samples used in these studies were later imaged using an Atomic

Force Microscopy (AFM). This allowed for determination of the films growth mode and

roughness. Metal films grown on QCMs were imaged using an ambient Thermoscope
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AFM. Samples were imaged on length scales of 50pum to 0.1pum square. The roughness
of these samples was determined using standard image analysis software and their fractal
dimension was calculated using a method detailed by Krim et al. [4.15].

It is well established that a thermal evaporated film with have a root mean square

(rms) roughness 0 which can be written as

o =([h(ey)-?)". 4.27)
In equation (4.27) h(x,y) is a single valued function describing the height of the film at
any given point, and / is the average film height. If the rms roughness of a film increases
with horizontal scan length L then the surface can be described as a self- affine fractal
[4.16]. Ifthis is the case the 0 will increase according to the function
ocOL". (4.28)
In equation (4.28) the scale component H describes how texture the surface is and is

related to the fractal dimension of the film D by the equation

D=3-H. (4.29)
0.1+ :
H=0.75 ,
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Figure 4.17 is a plot of rms roughness verses scan size for a typical metal film.

From equation (4.28) it can be seen that on a Log-Log plot of 0 vs. L the slope of the
line will be the scaling parameter H. Such a plot for a typical metal film is shown in

figure 4.17.
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Chapter V
Data Taking Procedure
5.1 Bare Crystal Data

Once samples have been grown in the UHV deposition chamber and transferred
in-situ to the experimental cell the samples are moved to the cryostat. Typically the outer
chamber of the cryostat has already been filled with LN, and the internal chamber of the
cryostat is already cold. Once the experimental cell is in the chilled cryostat it reaches an
equilibrium temperature of 88 K in ~8h. During this cooling the appendage pump
continues to pump on the system in an effort to decrease surface contaminates. The
experimental cell is then sealed and appendage pump is removed. Next the LHe is
transferred into to the inner chamber and the cell is cooled to 4.2 K very quickly (20-

30min). Once the cell is at an equilibrium temperature of 4.2 K the helium transfer rod is
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Figure 5.1 shows raw data for a typical bare crystal run in the temperature
range that changes in friction are usually resolved

removed and the inner chamber is closed. The crystal is then allowed to warm up as its
frequency and amplitude are monitored.

This procedure is preformed with no gas in the chamber to insure there are not
contaminates on the sample from the transfer and cooling process. A bare crystal will

show no jumps in frequency and amplitude in the temperature range that the

55



electromagnet is able to alter the superconducting state of the Pb electrode. Figure 5.1
shows raw data for a typical bare crystal run in the temperature range where jumps in
frequency and amplitude are usually observed. The frequency and amplitude show no
jumps occurring coincident with the application of the magnetic field, indicating the
amount of contamination on the surface is too small to cause a resolvable change in
friction.
5.2 Gas Dosing and Surface Texture

Once the sample has warmed up to 88K a film can be adsorbed on to the surface
by admitting gas to the experimental cell from the gas dosing area. The gas dosing area
contains connections to a number of different gases (N,, He, CO, O,, H,0O and CgH,3), a

pair of capacitance manometers (1000 torr and 1 torr), and is backed by the pumping

®

Vacuum | | | | |
System
C8H18

Figure 5.2 shows a schematic of the gas dosing area relative to the experimental cell
in the cryostat and the main vacuum system

system of the main chamber as shown in figure 5.2.

The different gases used have a variety of thermodynamic and electronic properties
which allowed for the study of electronic friction at an interface between Pb and a
number of different sliding layers. The procedure by which these gases are adsorbed
onto the surface varies depending on the thermodynamic properties of the gas. The
intention is for the gas to condense onto the surface into a smooth liquid layer. For data
sets of N; sliding on a Pb surface 100 torr of N, gas is dosed to the experimental cell at a

temperature of ~88K.  For helium data runs the cell is first cooled to 4.2K under vacuum
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and then helium gas is dosed to the chamber up to pressures of 5 torr. When H,O is used
as an adsorbate, water vapor is admitted to the cell up to a pressure of 5 torr at room
temperature, which requires letting the sample warm up to ~300 K after the bare crystal
run.

Adsorption of gas onto a surface at a constant temperature is a well established
technique for the evaluation of surface characteristics [5.1]. Adsorption isotherms can be
used to evaluate self-affine surface roughness and approximate metal film terrace width.
As gas is introduced to the experimental cell it will condense on to the surface to
maintain thermodynamic equilibrium. As the pressure in the cell increases multiple

layers will condense onto the surface. If the surface is smooth and contaminate free a
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Figure 5.3 shows a Xe adsorption isotherm on a smooth clean Pb surface
[1.21].

monolayer will condense onto the surface from the gas phase all at once, creating a
vertical step in the isotherm, as is shown in figure 5.3. However since no experimental
surface is perfectly flat there is width to the step in the isotherm, corresponding to a
change in pressure during the step formation. Larher described a method for estimating
the average terrace width of the metal film from the deviation of the step from a vertical
line [5.2]. The change in chemical potential during step formation can be related to the
radius of a metal terrace » by the equation.

Au = \/§a/\'

12r

(5.1)

In equation (5.1) Auis the change in chemical potential of gas, a is the crystal lattice
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constant of the adsorbed layer and A is the bulk sublimation heat of the gas. The change
in chemical potential of the gas can be written in terms of pressure as

_ 5
A= RTh{P J . (5.2)

1
In equation (5.2) R is the ideal gas constant, 7is the gas temperature P) is the pressure at
the beginning of the step, and P, is the pressure at the end of the step. Isotherms were
performed on thermal evaporated Pb films similar to those used this work [1.21], and
indicated that the metal film had an estimated terrace width of 70-160 A.

Once a film is absorbed on the surface the sample is once again cooled to 4.2 K
and allowed to warm up slowly. As the crystal warms up with a sliding layer, jumps will
appear in the frequency and amplitude of the QCM near a superconducting transition, as

is shown in figure 5.4.
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Figure 5.4 shows the typical response of a QCM with a sliding layer near a superconducting
transition. The distinct jumps in frequency and amplitude coincident with the application of
the magnetic field can be seen fading away as the sample warms up in time.
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The discontinuous jumps in frequency and amplitude make the transition very easy locate
and provide multiple transitions from which the change in friction can be calculated.
These jumps will occur throughout the transition as the frequency and amplitude of the
QCM decreases from the superconducting state to the normal state. When viewing the
transition in it entirety on a condensed axis the jumps appear as a double line or loop as

shown in figure 5.5.
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Figure 5.5 Shows the frequency and amplitude of a QCM with a sliding N, layer as

the film warms through a superconducting transition.
The entire transition from a superconducting state to a normal state of a Pb electrode with
a sliding N layer is shown in figure 5.5. The multiple jumps during the transition appear
as a double line. The number of switches observed during a transition depends on how
quickly the sample warms up, which is related to the LHe dosing procedure.
5.3 Numerical Method for Data Analysis

A simple method for the calculation of slip time 7 was described in chapter IV.

Though valid, for this experiment the method outlined above introduces a large amount
of uncertainty. This uncertainly comes from the requirement that the frequency and
amplitude of an oscillating sample must be measured with and without an absorbed film

to accurately calculate & ,and 0, . This can become difficult since the measurement of

frequency and amplitude with and without a sliding film must be done in two different
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data runs at low temperature. As the sample is cooled to 4.2 K, allowed to warm to 88 K
and then again cooled 4.2 K over the course of two data runs, small changes in the wiring
to the experimental cell will cause reproducibility to be lost. It is more accurate to
calculate slip time based on the change in frequency and amplitude measured at a
superconducting transition. This can be done by making two assumptions about the
sliding film. The first is that the amount of material on the surface does not change at the
superconducting transition. Since there is no plausible mechanism for material loss or
gain arising from a change in the superconducting state of the substrate this is a valid
assumption. The second is that the coverage of the sliding film is a known quantity. The

first statement leads to equation (5.3)

@) = @)+ @z )) = (@), 1+ 7, P). (53)

Equation (5.3) is equation (4.16) for the affect of slip time on frequency written for both
the superconducting and normal phases. Equation (5.3) states that the change in
frequency at a superconducting transition cannot be due to a loss of material, but rather is
due to a change in slip time. It is also noted that the change in frequency measured at a
superconducting transition is in fact a change in the change in frequency due to

adsorption of the film, or

(@) = (&) =2l ). (5.4)
Similarly the change in quality factor at a superconducting transition is a change in the
change in quality factor due to the adsorption of a film, which when combine with the

equation for slip time (equ. 4.15) yields

s dly), - ane, ) - o 5] -] A[{éjj 6:5)

Equations (5.3), (5.4), and (5.5) can then be solved numerically for7, and 7. if the
coverage of the sliding film in known. Numerical solving these equations will yield a
number of roots for7, and 7., however most often only one pair of roots will be both

positive and real.
Assumptions can be made about the coverage of each film depending upon the
adsorbate. For N it is well established that as an N, solid film cools from 88 K to 4.2 K

a large portion of the film dewets the surface leaving a residual layer of ~1.6 monolayers
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[1.18], which is the N, coverage assumed in the calculation of slip time shown below.
For helium sliding films the transition temperature of Pb (7.2K) is very warm, implying
only a small amount of He should still be on the surface. However, it has been indicated
to us that even at 7.2 K 1-2 monolayers on He should remain on the surface [5.3]. The
H,O data reported on here is uncalibrated, largely due uncertainty about how the H,O
film wets the surface. It is believed that due to the high cohesive energy of water it
forms frozen droplets on the surface and not a continuous solid layer. Droplet formation
would make any calibration of our H,O data meaningless, since the concept of slip time,
as considered here, only applies to sliding layers. The conclusion that droplets of H,O
formed on the surface comes from a lack of pinning in the H,O data sets. Water is a very
polar molecule and in known to both physisorb and chemisorb on many metal surfaces
[5.4]. Such a strong surface interaction implies that H,O would be more likely to pin at
low temperatures than other adsorbates. Since H,O in fact does not pin it is assume that
the momentum associated with shaking a droplet is causing a breaking of surface bonds.
Similar momentum affects have been observed for latex spheres on a QCM [5.5]. The
calculated values of slip time are not very sensitive to variations in the film coverage. In
fact, doubling the coverage for N, and He would result in a slip time variation of 15%-
26%.

Once data runs have been completed the crystals are removed from the cell and
occasionally low temperature resistance measurements are taken. Samples used for
resistance measurements are exposed to air and shorted with sliver paste to form a Pb
film resistor. The resistor is then placed back in the cell and the experimental arm is
evacuated. The sample is once again cooled in the cryostat and its resistance is
monitored with 4-wire resistance measurements. Resistance measurements help in the
understanding of how film growth and morphology alter the superconducting phase
diagram of a Pb film. Additionally, resistance measurements have indicated that the
change in frictional force felt by a sliding later seems to closely track the changes is
resistance of the substrate.

After all low temperature data is taken on the samples they can be imaged using
AFM to determine there surface morphology. The AFM scans are performed in air

usually 1-2 days after the sample has been removed for vacuum. However, since
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oxidation affects are thought to have little effect on an AFM scan, and the features of
these films are well within this instruments resolution, it is convenient tool for

understanding the growth mode of the samples used.
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Chapter VI
N; and He Sliding on Pb
6.1 N, with a Time Changing Magnetic field

N3 sliding on Pb was the first system in which superconductivity dependent
friction was observed, and it continues to be a system of interest. Figure 6.1 shows the
frequency and amplitude of a QCM with an N sliding layer as it warms through the

superconducting transition temperature of the Pb film.
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Figure 6.1 Shows the frequency and amplitude of a QCM with a sliding N, layer as
the film warms through a superconducting transition.

During the data run shown in figure 6.1 a perpendicular magnetic field is being applied to
the sample at 30s intervals. The application of the magnetic field causes an abrupt jump
in the frequency and amplitude of the QCM, but on the condensed axis in figure 6.1 these
jumps appear as a double line. Figure 6.2 shows a portion of the data in figure 6.2 on an
expanded scale. In figure 6.2 distinct jumps in frequency and amplitude coincident with
the application of the magnetic field can be seen fading away as the sample warms up in
time. Both figure 6.1 and 6.2 show that the frequency and the amplitude of the QCM are
higher in the superconducting state then the normal state. The possibility that the change
in friction shown in figure 6.1 is due to some thermal process acting over a narrow
temperature range is eliminated by the switching induced with the magnetic field. When

the field is applied it lowers the frequency and amplitude of the QCM while the field is
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Figure 6.2 shows a portion of the data in figure 6.1 on an expanded x-axis. The distinct
jumps in frequency and amplitude coincident with the application of the magnetic field can
be seen fading away as the sample warms up in time.

on, but this effect is reversed when the field is off. The simplest and most plausible

explanation is that the magnetic field is altering the superconducting state of the

substrate.



The drop in frequency at the superconducting transition indicates that the friction
is indeed lower in the superconducting state since shortening the slip time has changed
the frequency of the crystal in a manner described by equation (4.16). Once again this
assumption is based on the fact that there is no physically plausible mechanism for a loss
of mass at a superconducting transition and all changes in frequency must be due to a
change in slip time. In general the increased slip time in the superconducting state could

cause either an increase of decrease in the amplitude of the QCM depending on the total
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Figure 6.3 shows the scaled resistive component of the acoustic
impedance of a QCM verses QI .

friction in the system. Such behavior can be explained by examining a plot the resistive
component of the QCM’s acoustic impedance verses slip time (see figure 6.3). The
resistive component is indicative of the energy loss in the system and therefore is
inversely proportional to the amplitude of the QCM. Often inverse amplitude is plotted
for this reason. As figure 6.3 indicates an increase in slip time in the superconducting

state cause an increase or decrease in the amplitude of the QCM depending on whether

the initial slip time for the sliding layer is greater than of less than 1 . In figure 6.2 the
w

amplitude of the QCM is higher in the superconducting state indicating 7 >~ 107 .

The transition in figure 6.2 happens slowly in time as is indicated by the large
number of switches in the magnet field that occur over the course of the transition. The
time it takes for the same to warm through a transition is dependent on the initial cooling

process and can vary greatly between data runs. It is therefore useful to view the
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transition on a reduced temperature axis. This means the temperature at which the
switching is no longer visible is designated 7¢ and all temperatures are scaled to that
value. Figure 6.4 shows the inverse amplitude of a QCM with a sliding layer verses

reduced temperature as it warms through a superconducting transition.
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Figure 6.4 shows the inverse amplitude of a QCM with a sliding layer verses reduced
temperature as it warms through a superconducting transition.

The double curve in figure 6.4 is again the jumps in the inverse amplitude due to the
application of the magnetic field on a condensed axis. The top curve in figure 6.4 is
when the magnet is on, and the bottom field is when the magnetic is off. The bottom
curve in figure 6.4 shows that the thermally driven transition happens very abruptly in
terms of temperature. The magnetically driven transition shows up at a much lower
temperature than the thermal transition, as is shown by the top curve. In the early portion
of the transition when the field is removed the inverse amplitude returns to its value in the
superconducting state. What is happening is as the sample warms up it reaches a
temperature at which the electromagnet is strong enough to alter the superconducting
state of the substrate. This means that magnetic field lines are able penetrating the
sample and creating regions of normal state metal either through the cores of

superconducting vortices in the mixed state, or as normal state lamina in the intermediate
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state. In either case a portion of the sample surface is being driven into the normal state
and altering the friction the sliding layer. It should be stated that the data shown in figure
6.4 was taken on a sample that was exposed to atmosphere over the course of the run.
This indicated that though the layer can be assumed to be mostly N, any number of other
adsorbates could be on the surface. The data in figure 6.4 is however useful because it
gives a clear picture of the nature of the transition.

Information about the nature of the transition and thereby the superconducting
phase diagram of the substrate, can be lost it the experimental cell warms up to quickly
and only a few switches in the magnetic field can be resolved. However to calculate the
magnitude of the change in friction at a superconducting transition only the frequency
and amplitude before and after the transition need to be known. Figure 6.5 shows
calibrated frequency and amplitude data for a QCM at a superconducting transition with
an N sliding layer. Even though this sample warmed up quickly in time and only a few

switches were observed, frequency and amplitude values before and after the transition

can be seen.
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Figure 6.5 shows frequency and amplitude data for for N, sliding on Pb while an
electromagnetic is being cycled. Also shown are values for the coefficient of sliding
friction/] .

Figure 6.5 also shows values for the coefticient of sliding friction in the superconducting
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and normal state calculated by the method described above. It is tempting to compare
these results to the work of Dayo et al., however this would be of limited validity, since
the data in figure 6.5 was taken with a time changing magnetic field present. To compare
our work to that of Dayo et al. the transition must be observed with no magnetic field.
6.2 N, Sliding on Pb with no Magnetic Field

The frequency and amplitude of a Pb QCM at a superconducting transition with a
sliding N, are shown in figure 6.6. The data in figure 6.6 shows a sharp drop in
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Figure 6.6 shows the frequency and amplitude of a Pb QCM at a superconducting

transition with a sliding N,.
frequency at the superconducting transition and a broad local minimum in the amplitude
ofthe QCM. The minimum in the amplitude can be attributed to a peak in the resistive
component of the QCM’s acoustic impedance. The peaking of the resistive component of
acoustic impedance can be best understood by once again examining a plot of this value
verses slip time as is shown in figure 6.7

Figure 6.7 shows that the resistive component of the acoustic impedance is

peaked around a value of awr =1 Corresponding to the condition that7 = % during the

transition [6.1]. What has happened in figure 6.6 is that the slip time of the sliding layer
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Figure 6.7 shows the scaled resistive component of the acoustic
impedance of a QCM verses WI . Indicated is the point were ar =1

in the superconducting state was 7 > o before the transition and after the transition in

the normal state 7 < 2L therefore indicating that dissipation will be peaked during the

transition. Since the data in figure 6.6 was taken with out a time changing magnetic field
a comparison can be made between the data above and that reported by Dayo et al. as is
shown in figure 6.8.

Figures 6.8a and 6.8b show a peak in dissipation near the transition due to the
QCM affect discussed above. The location of the dissipation peak relative to the
transition temperature 7. is different in the two samples, which can be attributed to a
difference in the total friction in each system. The values for the coefficients of viscous
friction shown in figure 6.8 are lower in both the superconducting and normal state for
the data in 6.8b. The difference in these values can be attributed to a lower phononic
friction due to the in-situ transfer technique and improved surface quality. With differing
levels of total friction the two samples display a peak in dissipation at different points
during the superconducting transition. The relative amount that the friction changes at
the superconducting transition is similar in both data sets indicating that electronic
friction accounts for ~50% of the friction in these systems. These results indicate that

improved surface quality does lower the amount of phononic and electronic friction in the
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system, but doesn’t seem to alter the relative amount of friction due to both mechanisms.
6.3 Comparison of N; sliding on Pb with and without a Magnetic Field

It was noted before that a comparison between the data is section 6.1 and that
reported by Dayo et al. was not valid because of the use of a time changing magnetic
field. This section will compare the transition with and without a time changing
magnetic field. That data shown in figures 6.6 and 6.5 was taken consecutively on the
sample, the only difference being the presence of a time changing magnetic field. A
comparison of the coefficients of viscous friction for the two data sets is shown in table

6.1

N, (Dayo
1.40x10°] (5 . > (Do)
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Figure 6.8 shows dissipation verses reduced temperature for a QCM with a
sliding N, at a superconducting transition as reported by Dayo et al. (6.8a)
and as observed in my current work (6.8b).
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Table 6.1 shows the values for the coefficient of viscous friction for N2 sliding on Pb with and without a
time changing magnetic field.

N, sliding on Pb with no N, sliding on Pb with

Magnetic field Magnetic field
2.5x107s™ 8.4x10°s™
sc
5.1x107s™ 71.4x10%s™
Ny
_ 2.6x107s™ 6.3x10%!
Ny —Msc

0.49 0.12
”S%
My

The values in table 6.1 indicate that the friction force on a sliding N, is very different
when a time changing magnetic field is present. The coefficient of viscous friction is
lower in both superconducting and normal states when the time changing magnetic is

present. Additionally the ratio of /7. /17, is much smaller in the presence of the time

changing magnetic field indicating that phononic mechanism for friction accounts for a
smaller portion of the total friction. All of these results indicate that the magnetic field
affects the dynamics of the sliding layer, and that this affect does not go away in the time
that the magnetic field is cycled off. This remarkable and unexpected affect that a time
changing magnetic field has on a sliding layer has manifest it self on others systems and
will be discussed in more detail later.
6.4 Helium Sliding on Pb with a Time Changing Magnetic Field

Helium is a highly un-polarizable atom, which will have a very small induced
dipole moment when adsorbed on to a surface. It is the un-polarizable nature of helium
that makes it an adsorbate of interest in this work; however there are many practical

advantages to using helium. One of the major impeding factors in the study of
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superconductivity dependent friction is the tendency of sliding layers to pin at low
temperatures. Problems with the pinning of N, films at low temperature where reported
by Mason et al. [1.21] and ultimately limited the success of Renner et al. [1.20]. The
experiments in this dissertation have also been hampered by the pinning of absorbed
films, as well as the migration of adsorbates from the QCM to colder surfaces in the
experimental cell. Adsorbate migration most often occurs when the cell is cooled from
88 Kto 4.2 K. These two major difficulties do not occur when helium is used as an
adosorbate. Since LHe is used to cool the experimental cell, the sample can be brought
into equilibrium with the 4.2 K bath and then dosed with gases helium and still allow for
the formation of a smooth sliding layer. This also eliminates the problem of adsorbate
migration since all parts of the cell can be allowed to reach a near equilibrium state
before dosing. Helium films have also not been observed to pin which is assumed to be
attributable to the fact the temperature throughout the experiment is too high for the
formation of a solid sliding helium layer.

The elimination of the two major hindrances mentioned above makes helium a

very useful adsorbate for the study of superconductivity dependent friction. In fact,
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Figure 6.9 shows the frequency and amplitude of a QCM with a sliding helium film as it warms
through the superconducting transition temperature.
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helium has been observed to always exhibit the affect if a high enough pressure of helium
gas is dosed to the cell. If'5 torr or more gas is dosed to the cell at 4.2 K and the sample
enters the superconducting state a change in friction at the superconducting transition will
be recorded.

The initial observation of superconductivity dependent friction for sliding helium
films was unexpected and care was taken to insure that the observed switching in
frequency and amplitude could not be due to trace contaminates in the gas lines or the gas
dosing area. Figure 6.9 shows the frequency and amplitude of a QCM with a sliding
helium layer as it warms through the superconducting transition.

Figure 6.9 shows the distinct double line associated with viewing multiple jumps in
frequency and amplitude at a superconducting transition on a condensed x-axis. The
transition is similar in form that seen in N,. Once the data in figure 6.9 was taken the
sample was allowed to warm up to 7.5 K and the gas is the experimental cell was pumped
away. The sample was then cooled to 4.2 K and allowed to warm through the transition
temperature. During the second warming no switching could be observed.

The sample was then allowed to warm to 88 K and was pumped on over night.
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Figure 6.10 shows the frequency and amplitude of a QCM with a sliding helium film as
it warms through the superconducting transition temperature.

The sample was then once again cooled to 4.2K and allowed to warm up to ~15K with no

73



helium in the cell and again no effect was observed. The same sample was then cooled to
4.2K dosed with helium and allowed to warm through the superconducting transition.
The results of this final data run are shown in figure 6.10. The data in figure 6.10 was
taken on a sample which warmed up more rapidly that the sample corresponding to the
data in figure 6.9, accounting for the smaller number of switches in figure 6.10. The
amplitude in figure 6.10 shows clear and distinct switching, where as the frequency data
is noisy and only shows a faint signal. However, the data in figures 6.9 and 6.10 give
clear evidence for the existence of superconductivity dependent friction in sliding helium

films. The data in the two figures can not be due to contamination because no
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Figure 6.11 shows calibrated frequency and amplitude data for helium sliding on Pb

while an electromagnetic is being cvcled.
contaminate would be pumped away at 7.5K. The only thing that could be removed from

the chamber is helium. Additionally the two null runs which occurred after the data in
figure 6.9 was taken could not be due to surface degradation, because the affect was
again observed in the data shown in figure 6.10. Calibrated data for helium sliding on a
QCM at a superconducting transition is shown in figure 6.11. Figure 6.11 also shows the
values for the coefficient of viscous friction in the superconducting and normal states.
The ratio of the coefficients of viscous friction in this case indicates the phononic

contributions to friction only account for ~5% of the friction in the system.
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6.5 He on Pb without a Time Changing Magnetic field

Calibrated data for helium sliding on Pb with no time changing magnetic field is

shown in figure 6.12.
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Figure 6.12 shows the frequency and amplitude of a QCM with a sliding helium
film as it warms through a superconducting transition with no time changing

magnetic field.

The transition in figure 6.12 shows that electronic sources account for ~60% of the
friction in this system. This value is significantly different from the ratio of the
coefficients of viscous friction measured for helium films when a magnetic field is

present, there for a comparison of these values is made in table 6.2
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Table 6.2 shows a comparison of the coefficient of viscous friction for helium sliding on a Pb surface with

and without the application of a time changing magnetic field

He with no Magnetic field | He with Magnetic field
N 0.51x10's" 6.5x10°s™
n 1.3x10's” 114x10°s™
N

6 -1 7.1
Ny =N 7.9x10°s 1.1x10"s
n SC/ 0.39 0.057

My

The data in table 6.2 indicates that the time changing magnetic field lowers the over all

friction and when the magnetic field is being cycled phononic contributions only account

for ~6% of the friction in the system.
6.6 Comparison of N, and He sliding on a Pb Surface

In the sections above data has been presented for both N, and He sliding on Pb
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Figure 6.13 shows the change in dissipation verses reduced temperature for Helium (6.13a)

and N> (6.13b) sliding on the same substrate as it warms through a superconducting transition.
surfaces with and without a time changing magnetic field. It is also useful to compare

results for these two adsorbates as they have notably different polarizabilities. Figure

6.13 shows the change in dissipation verses reduced temperature for Helium (6.13a) and

N2 (6.13b) sliding on the same substrate as it warms through a superconducting transition.
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Also indicated in figure 6.13 are the coefficients of sliding friction in the superconducting
and normal states for both of the films. The qualitative difference in the two transitions
can be attributed to the difference in the phononic friction in these systems and the peak
in the dissipation as mentioned earlier.

The study of these two adsorbates was largely motivated by Bruch’s work, in
which he calculated 7,; for a sliding film associated with ohmic damping of image

charges created by the sliding layer. Specifically for a solid N, layer Bruch calculateds;,,
associated with the ohmic damping of the quadrapole moment layer sliding on Pb to be

5x107s™" < el < 5x10%s™" which is consistent with the value measured by Dayo et al.

of 5.1x10”s™" and the value we have reported of 2.6x10"s™". The range in values
calculated by Bruch is due to uncertainty in the distance between the sliding layer and the
metal substrate. This distance varies depending on the surface conditions and the amount
of oxide formation. Our results for N, sliding on Pb with no time changing magnetic
field indicated that ~50% of the friction in the system comes from electronic mechanisms
at low temperature, which is similar to what was observed by Dayo et al.

Bruch also calculated #.; due to ohmic damping of the image charges created from
surface adsorption induced dipoles for Xe on Ag to be 77el= 5x10°s™". This value was

substantially lower than that of N»/Pb and prompted the study of He sliding on Pb which

1o Was found to be 7.9x10°s™

when no magnetic field was present. Though the value of
e for He/Pb was much lower than that N,/Pb, electronic sources for friction still
accounted for ~60% of the friction in the He/Pb system. This is due in large part to the
substantial reduction in phononic friction at ~7.2K. These observations seem to be
consistent with the theory proposed by Bruch, however calculations considering He as a
sliding layer have not been made. A comparison of the coefficients of sliding friction in

these two systems is shown in table 6.3
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Table 6.3 shows a comparison of the coefficients of viscous friction for He and N, sliding on Pb without a
time changing magnetic field

N, with no Magnetic Field | He with no Magnetic field
Nse 2.5x107s™ 0.51x10’s™
N 5.1x107s™ 1.3x107s
Ny —Tse 2.6x107s 0.79x10’s™
NseMn 0.49 0.39

The results summarized in table 6.3 are consistent with Bruch’s theory of
superconductivity dependent friction and are as would be expected for these systems.
However, what was unexpected was the effect that the time changing magnetic field had
on both systems.

It was noted that changing the state of the superconducting substrate can be
initiated either by allowing the sample to warm through 7., or with the application of a
small magnetic field. Our results however indicate that these two methods cannot be
treated equally. When a time changing magnetic field is present, the measured values of
friction are quite different than without. The difference in the coefficient of friction
between the superconducting and normal stated (77y - #7sc) does not change significantly
with the presence of a time changing magnetic field in either system. However the ratio
of the coefficients of friction decreases significantly for both He and N, sliding on a Pb
surface. This indicated the magnetic field greatly reduced the phononic friction in both
of these systems. For N sliding on Pb phononic contribution fell from 49% to 12%. For
a He sliding layer the phononic contribution fell from 40% to 5.7%. It should also be
noted that this effect seems to persist during the 30s that the magnetic field is cycled off,
indicating the 30s is not enough time for the phononic friction to return to a level
consistent with a lack of a time changing magnetic field. It is reasonable to assume that
since this effect appears to be a coupling between the magnetic field and the sliding layer
that the magnetic properties of the adsorbate should dictate the nature of the effect. Both

N, and He are diamagnetic molecules with magnetic susceptibilities of
X =-12%x10"°cgs and y =—1.8x10°cgs respectively. This means that these molecules

will be pushed away from regions of high magnetic field density. Though the
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magnitudes of the susceptibilities of these molecules are not coincident with the

magnitude of the change in phononic friction observed, it is reasonable to assume the

films will respond to a magnetic field in a similar fashion. A summary of the coefficients

of sliding friction for He and N, sliding on Pb in the presence of a time changing
magnetic field is shown in table 6.4.

Table 6.4 shows a summary of the coefficients of sliding friction for He and N; sliding on Pb in the
presence of a time changing magnetic field.

N, Sliding on Pb with a Helium Sliding on Pb with a
Magnetic Field Magnetic Field

Nse 8.4x10’s 6.5x10°s”"

N 71.4x10°s” 114x10°s™

Ny —Tse 63x10°s™ 107.5x10°s™

NseMn 0.12 0.057

The coupling of the magnetic field to the dynamics of the sliding layer in a way
that alters the phononic friction in the system can’t be fully understood from the data
shown here. Undoubtedly, this behavior tells us about the mechanism for phononic
friction in these systems, but further experiment is need to draw and definitive

conclusions.
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Chapter VII
H,0, O, and CO
7.1 H,O on a Pb substrate

Superconductivity dependent friction can routinely be observed for H,O on the Pb
surface, however calibrated results for this system have been difficult to obtain. This
difficulty is partially due to questions about how H,O wets a metal surface. Difficulties
also arise from the fact that the adsorption of H,O onto a QCM seems to greatly decrease
the Q-factor of the crystal, making calibration difficult. None the less superconductivity

dependent friction for H>O on a Pb surface has been observed as is shown in figure 7.1.

i 5. 031505b A
N H,0
i u - nl -1
= - ;.1'-;! Arivied I PO
& & i" L ; l'"'.'lu
(\"; 2 .?I-. " d'. i
8 1] "!"-__-' Ij?'h
g 0 I"|. l"ll' At
0.0615
> 0.0614 -ltff. ...lﬂ_ 3w i
[1}]
'g 0.0613 'l “". I. ll. .."
i
£ 0.0611 i, lf,
0.0610

Time (as a QCM warms through 7,)

Figure 7.1 shows the frequency and amplitude of a QCM with adsorbed H,O as it warms
through a superconducting transition.

In figure 7.1 the switching in frequency and amplitude is difficult to see because the data
is shown on a condensed axis. Switching can be seen distinctly in a portion of the above
data shown in figure 7.2. In figure 7.2 jumps in frequency and amplitude can be seen
fading way in time as the sample warms through a superconducting transition. This data
is an example of a regularly reproducibly affect for H,O adsorbed on to a Pb QCM.
However, usually the overall transition for H,O can be quite small making it difficult to

locate even with a time changing magnetic field, and not possible without a field.
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Figure 7.2 shows a portion of the frequency and amplitude data shown above,
but on an expanded x-axis.

7.2 O, Sliding on Pb

A small but interesting amount of data has been taken for O, sliding on a Pb film.
The use of O, as an absorbate was prompted by the unique magnetic properties of the
molecule. Data taken on N, and helium indicate that the time changing magnetic field
couples to the sliding layer is some hysteretic way that strongly influences the friction in
the system. Both N, and helium molecules are weakly diamagnetic, meaning they will be
pushed away from regions on high magnetic field density. Diatomic oxygen is strongly
paramagnetic meaning it will be drawn into a region of high magnetic field density. The
striking difference between the magnetic properties of these adsorbates prompted the use
of O, is an effort to understand the coupling of the magnetic field to the sliding films.

To study O, as an adosrbate a sample was made and transferred in-situ to the
cryostat. It was then cooled and helium was adsorbed onto the surface and allowed to
warm up. The helium data indicated that the sample did enter the superconducting state
and allowed for the determination of the transition temperature of the Pb film. The
sample was then warmed to 88 K and the helium was pumped away. After the cell had

been evacuated an O, film was adsorbed onto the QCM at ~88 K and then cooled to LHe
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temperature. The sample was then allowed to warm up while a time changing magnetic

field was applied. A plot of the inverse amplitude of the QCM verse the reduced

temperature of the sample is shown in figure 7.3.
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Figure 7.3 shows the inverse amplitude verses reduce temperature for a Pb
QCM with an O, film warming though the superconducting transition as a
time changing magnetic field is being applied

Figure 7.3 shows that no change in the inverse amplitude of the QCM at the

superconducting transition could be resolved with the magnetic field being applied. This

null result was recorded in two successive data runs on the same sample. Data was then
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Figure 7.4 shows 1/Amplitude vs. reduced temperature data for O, sliding on
Pb without a cycled magnetic field
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taken on the same sample with a sliding O, film but with no cycled magnetic field, the
result of which is shown in figure 7.4. The plot of inverse amplitude verses reduced
temperature in figure 7.4 shows a distinct transition as the sample warms through the
transition temperature of the film. This indicates that the transition cannot be resolved
when the magnetic field is being cycled. One interpretation of this result is that the
magnetic field has increased the friction felt by the film to the point that the layer no
longer slips. An increase in friction due to the application of the magnetic field would be
the inverse of what was observed for He and N; sliding films, however this is plausible if
one considers the magnetic properties of O,. Oxygen has a magnetic susceptibility

of ¥ =3449 %107 cgs , making it a strongly paramagnetic molecule. This implies that O,

will be drawn into regions of high magnetic field density. It is then within reason to
believe that an O sliding layer would couple to the magnetic field in a different manner
than He of N».

A second possible interpretation of the O, data is that the film has become very
slippery and therefore no change in friction can be resolved at the transition. This is not
very likely though in light of what has been observed for N, and He sliding films. For
both N, and He the application of a time changing magnetic field appeared to only alter
the phononic friction in the system and leave the electronic portion largely unaffected.
So even if the phononic friction for an O, sliding film were reduced to the point of being
negligible, the electronic friction would still be present. Furthermore O, is a fairly
polarizable molecule implying that the electronic contribution to the friction would be
significant. The results for O, sliding on Pb are quite preliminary and further data must
be taken before and definite conclusions can be drawn. Regardless, interpretation of this
data along with the results for N, and He sliding Pb give insight into the unexpected
coupling between a magnetic field and a sliding layer.

7.2 CO as an Adsorbate

Efforts have been made to study the change in frictional force on a sliding carbon
monoxide layer at superconducting transition. Carbon monoxide was originally chosen
because of its significant dipole moment. Additionally CO has a number of
thermodynamic properties similar to N,, which would make it ideal for comparison to

previous results. The study of CO as a sliding film has however proven difficult. Many
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of the practical problems observed with N, such as layer pinning, and adsorbate
migration have also limited the use of CO films. Precaution must also be taken in the
pumping and exhausting of CO due to its extreme toxicity. For these reasons CO was
abandoned for polar adsorbate studies and H,O was used instead. Studies of CO as an
adsorbed layer may still be possible; however it is unclear whether such a study would be

of significant interest.
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Chapter VIII
Metal film Growth and Superconducting Phase Diagrams

It was discussed in chapter II that the morphology of a metal film will alter its
superconducting phase diagram. The process by which the introduction of defects and
voids alter the critical parameters of a superconductor was detailed. This chapter will
discuss how changes in film morphology affect the films used in this dissertation and
how morphology can be influenced by growth conditions. Additionally the fractal
dimension of the films grown is reported to further characterize the samples. We will
also report friction data taken on Pb films with different morphologies. Our results
indicate that the change in friction force experienced by a sliding film closely track the
superconducting state of the substrate regardless of surface morphology.

8.1 Coalesced Pb Film

The majority of the data in this dissertation was taken on smooth Pb films which

had coalesced to from a surface with few voids. An example of a smooth coalesced Pb

film is shown in figure 8.1.

Figure 8.1 shows a 5um x Sum AFM image of a 1000 A thick Pb film with an RMS
roughness of 10.3 nm.

The film in figure 9.1 is 1000A of Pb, grown on 600 A of Cu, on 150 A of Ti, on a QCM.

This combination of layers is used because Cu on Ti forms a very smooth metal film
[4.3]. Pb also partially wets copper meaning the film will coalesce at intermediate

thicknesses of ~1000 A. A plot of resistance as a function of temperature R(7) near a
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superconducting transition for this film with be similar to what would be expected for a

bulk Pb film. An R(T) curve for such a film is shown in figure 8.2.
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Figure 8.2 shows a typical R(7) curve for a coalesced Pb film.

Figure 8.2 shows a typical R(7) curve of a Pb film which has coalesced to form a smooth
superconducting surface with very few voids. Figure 8.2 is similar to what would be
expected for a bulk type I superconductor in that the transition curve is very symmetric

and there is very little sloping to the transition. The small amount of sloping that does
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Figure 8.3 shows a plot of RMS roughness vs. scan length for the
film shown in figure 8.1. Also indicated is the scaling factor H.

occur can be attributed to the thin film briefly entering the intermediate state as the
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sample warms up. These coalesced films are very smooth and are largely 2-D objects as
can be seen from the plot of roughness verse scan size in figure 8.3.

Figure 8.3 shows a log-log plot of scan size vs. RMS roughness for the film in figure 8.1.
Also indicated is the scale factor H=0.65, which implies the film has a fractal dimension
of D=2.35.

The smooth surface in figure 8.1 was made by growing 1000 A Pb film on a
copper substrate. Making a smooth film was possible since Pb partially wets a Cu
surface. Smooth films can also be made on substrates that don’t allow the film to wet if
they are grown sufficiently thick. Figure 8.4 shows an AFM image of a 3000 A grown
on a 200 A Ti substrate.

', g

Figure 8.4 shows a 5um x Sum AFM image of a 3000 A thick Pb film with an
RMS roughness of 23.8 nm.

In figure 8.4 the thick Pb film has fully coalesced to from a smooth continuous
surface with very few voids. The only major features in the film are the facets of the
QCM under the Ti substrate. The R(7) curve for this film would very similar to that

shown in figure 8.2.
8.2 Partially Coalesced Pb Films

Pb films grown on Ti substrates of intermediate thickness can form partially

coalesced films and therefore have a different R(7) curve than the smooth fully coalesced
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Figure 8.5 shows a Sum x Sum AFM image of a 1500 A thick Pb film grown on a Ti
substrate with an RMS roughness of 41.6 nm.

films in section 8.1. An example of a partially coalesced film is shown in figure 8.5
where voids were left in the film during the deposition process. The film was 1500A of
Pb grown on 150 A of Ti which was left in UHV for ~12h before the Pb deposition. Due
to the high oxidation rate of T1i it can be assumed that the Pb film was grown on a
substrate of T1 and TiOy. This variation in substrate chemistry is thought to affect the

wetting behavior on the Pb, as will be seen later. The RMS roughness ¢ of the films
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Figure 8.6 shows the resistance vs. reduced temperature of the film in figure
8.5 as it warms through a superconducting transition.

shown in figure 8.5 is 41.6 nm and it has fractal dimension of D = 2.74. With the voids
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present in the film the superconducting phase diagram of the sample has changed to
reflect possible transitions to a mixed state as well as an intermediate state. The R(7)
curve for the film shown in figure 8.5 is shown in figure 8.6.

In figure 8.6 the shape of the R(T) curve is notably different than that shown in
figure 8.2. Unfortunately whether the film is entering the mixed state (type II behavior)
or the intermediate state (type I) can not be determined from figure 8.6. In fact the
sample could possibly enter both states at different points as it warms. It is sufficient to
note that the morphology has had an affect on the superconducting phase diagram of the
sample. It is important to understand how these different films will behave so the friction
data will not be misinterpreted.

Frictional effects have been observed to track the superconducting behavior of the
substrate just as the resistance does. Figure 8.7 shows a Sum x Spm AFM image of a

1000 A Pb film with surface morphology slightly different than that of the image in

Figure 8.7 shows a 5um x 5um AFM image of a 1000 A thick Pb film grown on a Ti substrate
with an RMS roughness of 43.6 nm and D= 2.64.

figure 8.7.
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Figure 8.7 shows an AFM image of a Pb film in which many small clusters have
started to form a continuous film. The smaller clusters have not however coalesced
together to from larger islands as in figure 8.7. Despite the qualitative difference between
the images in figures 8.5 and 8.7 the films have similar values of ¢ and D, 6 = 41.6nm
D=2.74, and 6=43.6nm D=2.64, respectively. The similarity between the two films can
also be seen by examining the nature of the superconducting transition. Figure 8.8 shows
the inverse amplitude verses reduced temperature of the QCM whose surface is shown in
figure 8.7 as it warms through a superconducting transition with a sliding helium film.

As the sample warms the time changing magnetic field causes jumps in the amplitude,
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Figure 8.8 shows the inverse amplitude vs. reduced temp of the QCM with the surface
shown in figure 8.7 as it warms through a superconducting transition with a helium
sliding film in the presence of a time changing magnetic field.

which on the reduced temperature axis appear as a double line. The important thing to
note in figure 8.8 is that the transition looks very similar in shape to the transition shown
in figure 8.6. This data indicates that partially coalesced films will have unique
superconducting transitions the exhibit the variety states available to these
superconductors. This data also supports the claim that the change in frictional force
experienced by a sliding film tracts changing the superconducting state of the substrate
regardless of surface morphology. It is this close tracking of the superconducting
substrate that makes the friction force felt by a sliding layer a useful probe of the

superconducting phase diagram of the film.
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8.4 Superconducting Films Near the Percolation Transition
Pb deposited on a recently grown Ti substrate only partially wets the surface,

meaning Pb will form clusters on the surface. If deposited to a sufficient nominal

thickness the clusters will connect and form a percolated film. At a thickness just above

a percolation transition a film will still contain a number of large voids, as is shown in

Figure 8.9 shows a 5um x Sum AFM image of a 1500 A thick Pb film grown
on a Ti substrate with an RMS roughness of 50.9 nm and D= 2.35

figure 8.9 [8.1]. As can be seen in image 8.9 large clusters have formed on the surface,
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Figure 8.10 shows the R(7) curve for the film with the surface shown in figure
8.9.
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some of which have connected to neighboring clusters, and others that remain isolated on
the surface. The Pb film is said to be percolated because the film has a finite resistance
which decreased as the temperature of the sample was lowered. Further evidence that the
film is percolated is given by the fact that the film entered a superconducting state with a
lower film resistance. The R(T) curve for the film shown in figure 8.9 is displayed in
figure 8.10. The R (7) curve in figure 8.10 indicates the surface morphology of the film
in figure 8.9 has altered the superconducting phase diagram of the sample such that
H.1(4.2K) <30 G. Therefore, switches in the resistance of the film can be seen
throughout the data run once the sample has reached sufficiently low temperatures. It
should be noted that the temperature range over which the field is strong enough to drive
the film to full normal state resistance has not changed very much, indicated that the
London penetration depth A has been altered, but the coherence length & has been largely
unaffected. Films of the type in figure 8.9 are useful because they allow of the study of
superconductivity dependent friction at a known constant temperature. Samples of this
nature can be cooled with LHe, and maintained at a constant temperature as the change in
the friction force experienced by a sliding is measured while the superconducting state of
the substrate is altered. A Sum x Sum AFM image of a Pb film near the percolation

transition is showing in figure 8.11.

Figure 8.11 shows a Sum x Sum AFM image of a Pb film with a nominal
thickness of 600 A.

Figure 8.11 shows a film in which smaller surface clusters of Pb have begun to coalesce

but have still left large voids in portions of the film. The electromagnet was able to alter

92



the superconducting state of the film shown in figure 8.11 at 4.2K as is evident from the

helium adsorption data shown in figure 8.12.
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Figure 8.12 shows the frequency and amplitude of a QCM soon after a layer
of helium is adsorbed onto its surface at 4.2K.

Figure 8.12 shows the frequency of the crystal of the QCM decreasing due to the
adsorption of a helium film. It was difficult to distinguish between shifts in frequency
and amplitude of the QCM due to the adsorption of a layer and those due to temperature
effects. When helium is dosed into the cell to pressures of ~5 torr the thermal
conductivity between the sample and its surrounding environment increases significantly.
Quickly cooling the sample in this manner would produce a response similar to the
adsorption of a layer. It was suggested that a low pressure of helium be used to mitigate
this problem. Below pressure of ~10 torr the thermal conductivity of a gas if very low
and may not cool the sample. Unfortunately, it has been observed that there is a critical
pressure of helium that must be introduced into the cell to produce a measurable
response. With 10 torr of helium in the cell a response to the application of the
magnetic field can not be resolved. After the helium is adsorbed on the surface jumps in
the frequency and amplitude appear coincident in time with the application of the
magnetic field. The behavior of this film was similar to the one shown in figure 8.9 in

that it continued to show jumps in the frequency and amplitude of the QCM up to ~ 6.3K.
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The major difference is that is that the size of the jumps did not change and remained

rather small as can be seen in figure 8.13.
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Figure 8.13 shows the inverse amplitude verses reduced temperature of the
sample shown in figure 8.11.

Figure 8.13 shows that switching in the amplitude of the QCM cannot be resolve on a
reduced temperature axis and is only evident upon detailed examination. One possible
interpretation of the behavior of this sample is that Hc; has been substantially lowered
due to an increase in the London penetration depth into the clusters, where as Hc, has
remained unaffected and the coherence length has been largely unaltered. This behavior
is somewhat similar to what could be expected for individual Pb nano-particles, however
it seems the Pb on this film still formed a percolated film and is still displaying some
collective behavior.
8.3 Un-percolated Pb films

All the films reported on so far in this chapter have been above the percolation
transition, which is apparent because the resistance of these films decreased as the
temperature was lowered. As was stated in chapter I, the conductivity of an un-
percolated film is due to tunneling between metal clusters, indicating the resistance of an
un-percolated film will increase as the temperature is lowered. Furthermore the

resistance of the film will increase when the film enters the superconducting state due to
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an opening of an energy gap in the band structure in the metal. Un-percolated metal

films grown in these experiments have displayed this behavior, as is shown in figure
8.14.
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Figure 8.14 shows the resistance of an un-percolated Pb film as it is cooled to 4.2 K and
then allowed to warm up to 88K.

Figure 8.14 show the resistance of a metal film as it is cooled to 4.2 K and
allowed to warm up. As the sample is initially cooled there is a sharp increase in the
resistance of the film, which levels off as the sample reaches equilibrium with the LHe
bath. Later the sample starts to warm up and the resistance begins to drop. There is a
change in the slope of the warming curve at the point where the sample leaves the
superconducting state. It is evident that the change in the slope of the curve is due to
leaving the superconducting state if one takes a closer look at the inflection point in
figure 8.14. Figure 8.15 shows the superconducting transition in figure 8.14 on an

expanded axis.
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Figure 8.15 shows the inflection point indicated in figure 8.14 on an expanded axis.

It can indeed be seen from figure 8.15 that the sample did enter the superconducting state
and the inflection point in the R(7) occurs because the probability of superconducting and
normal state tunneling scale differently with temperature. Figure 8.15 also shows that
very near the superconducting transition the probability of tunneling increases to the
point that the film resistance in the superconducting state is briefly lower that the normal
state. Un-percolated films cannot be used as the only electrode for a QCM because of
there high film resistance. However un-percolated film grown on an existing conducting
electrode could serve useful for the study of superconductivity in confined geometries.
8.4 Temperature and Surface Morphology

The morphology of the samples shown above was manipulated by altering the
nominal film thickness and the growth substrate. These are two effective ways to alter
the superconducting state of a material through morphology changes. Substrate
temperature can also affect the way that a film grows. The likelihood of surface
rearrangement depends on the thermal energy of a deposited material. Materials
deposited on at a substrate at a temperature near the materials melting point will be able

to rearrange and from surface clusters. Figure 8.16 shows a Ipm x 1pm image of an
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800A deposited on a 400°C Ti substrate.

Figure 8.16 shows a 1um x 1um image of an 800A Pb film deposited on a
400°C Ti substrate.

Figure 8.16 shows that the deposition of Pb on a heated substrate does cause the
formation surface clusters. The surface texture shown above is different than that of a Pb
film grown on a substrate at room temperature. Roughness scans of the sample in figure

8.16 show that the surface is not very textured and is nearly 2 dimensional. The

dimensionality of the surface can be calculated from the scaling factor H shown in figure
8.17.

H=0.95

0.01 4

log(RMS)

1E-3 d——v ’ —
1 10

log(Scan Length)

Figure 8.17 shows a plot of scan length vs. RMS roughness for the film shown in figure 8.16.
Also shown is the scaling factor of the film roughness H=0.95.
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The clusters in the film in figure 8.16 are densely packed and have form a smooth
continuous film. However, if the cluster density was lowered a study of
superconductivity dependent friction in isolated nano-particles could be done. The
change in friction felt by a sliding film at a superconducting transition would be a result
of the collective behavior of a number of nano-particles. Such a study could lead to a
better understanding of low dimensionality systems as well as superconductivity in
confined systems. Figure 8.18 shows a 2pm x 2um AFM image of Pb nanoclusters on a

Ti surface.

Figure 8.18 shows a 2pum x 2pm AFM image of Pb nano-clusters on a Ti surface. This film
had a fractal dimension of D =2.15.
To grow the film in figure 8.18 a 500 A of Pb was nominally deposited on a 600 A Ti

substrates at 407°C. At this temperature the Pb has enough energy on the surface to from
clusters ~500nm in diameter. The surface formed was not very textured and had a fractal
dimension of D =2.15 as can be seen from the plot of roughness verses scan length shown
in figure 8.19. The clusters shown in figure 8.18 have a somewhat square shape on the
surface, because once given enough energy Pb will rearrange into a (111) configuration
which will be crystalline in shape. It appears that the clusters in figure 8.15 are isolated
from one another and measurement of there superconducting properties would not exhibit

collective behavior.
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Figure 8.19 shows a plot of scan length vs. RMS roughness for the film
shown in figure 8.18. Also shown is the scaling factor of the film roughness

H=0.85
Samples have been made with smaller crystalline clusters at higher densities be doing

depositions at yet higher temperatures. The surface shown in figure 8.20 was grown on a

substrate at ~416°C.

Figure 8.20 show a Spm x Sum image of 500 A of Pb grown on a Ti
substrate at 416°C.

As figure 8.20 shows, when grown at an elevated temperature Pb still forms crystalline

cluster, but of a notably smaller size and a slightly higher density than those shown in
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figure 8.18.

A Pb film can be made to form different surface morphologies through
manipulation of films thickness, substrate material, and substrate temperature. Different
surface morphologies alter the superconducting phase diagrams of the substrate, which in

turn allows for the study up superconductivity dependent friction in variety of regimes.
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Chapter IX
Conclusions and Future Work
9.1 Conclusion

Observations have been made of the change in the frictional force felt by sliding
layers of Ny, helium, H,O, and O, on a Pb substrate as it warms through a
superconducting transition. All these observations support the claim that
superconductivity dependent friction can be observed provided the absorbed layers slips
at the substrate-adsorbate interface. Calibrated data for N, and helium has been presented
and compared to current theories of electronic friction. The results presented in this
dissertation support Bruch’s theory of electronic friction which draws a correlation
between the magnitude of the frictional force arising of electronic mechanisms
experienced by a sliding film and the polarity and polarizability of the molecules in that
film. A summary of the results presented here supporting Bruchs’s theory are shown in

table 9.1.

Table 9.1 shows a summary of reported results as compared to Bruch’s theory of superconductivity
dependent friction.

Experimental Results Theory
(No Magnet)
N,/Pb He/Pb N,/Pb Xe/Ag
(10’s™y | (107s™") (10’s™y | (107s™")
Nse 2.5 0.51 - -
Mn 5.1 1.3 - -
N -Nse | 26 0.79 5-50 0.5

Bruch’s theory is an effort to explain superconductivity dependent friction using only
classical electrodynamics and the ohmic damping of images charges created by the
adsorbed layer. Our results are consistent with Bruch’s theory, however future
calculations using helium as an absorbed sliding layer may help to draw a stronger
correlation between Bruch’s theory and the observation reported here.

Also reported is an apparent coupling between the behavior of a sliding layer and
the application of a weak magnetic field. The coupling is manifest in the calibrated
results for the change in friction felt for sliding layers of He and N, at a superconducting
transition with and without a time changing magnetic field. The existence of this

coupling is further supported by the curious behavior of O; sliding films. A summary of
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calibrated results for helium and N sliding on Pb supporting this claim are shown in

table 9.2.

Table 9.2 shows a data taken on a film with and without a cycled magnetic field

No Magnet Cycled Magnet
Na/Pb He/Pb N./Pb He/Pb
(10°s™) [ (107s™) (10’s™) | (107s™h
Msc 2.5 0.51 0.084 0.065
Mo 5.1 1.3 0.714 1.14
Mo-Nse | 26 0.79 0.63 1.08

The value for the viscous coefficient of friction in the superconducting state (#sc)
represents the phononic friction in the system. It should be noted that 7 is higher when
the magnetic field is not present by a factor of ~30 for a N, sliding film and by a factor of
~8 for a helium film. Conversely, the difference in the viscous coefficients of friction in
the normal and superconducting states (77, — #]sc) represents the electronic contribution to
friction in the system. This value is higher when the magnetic field is not present by a
factor of ~7 for a N sliding film and lower by a factor of 0.73 for a helium film. These
results indicate that the magnetic field more strongly alters the phononic friction in the
system than the electronic. A full explanation of these results will require further
experimentation and a detailed examination of current models of phonic friction, however
one can speculate as to the reason for this magnetic coupling. As was stated earlier
diamagnetic molecules such as N, and He will be pushed away from regions of magnetic
field density where paramagnetic molecules will be drawn into region of high field
density. It stands to reason then that sliding films of different composition will adjust
differently to magnetic field gradients created by the screen on the superconductor.
These adjustments could possible alter the distance between the sliding layer and the
substrate, which could have a profound affect on the friction felt by the sliding layer.
Extensive study has also been made of how variations of Pb film morphology can
alter the superconducting phase diagram of the experimental substrate as is evident from

the progression of AFM images shown in figure 9.1.
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Figure 9.1 summarizes the different Pb films that can be grown on a QCM for the study

of superconductivity dependent friction. Comments have been made as to how film
growth conditions can altered to create desired film morphologies. The results presented
in this dissertation are consistent with established theories of metal film percolation and
superconductivity. Understanding of these alterations in the superconducting phase
diagram of samples is important for a proper interpretation of the friction data presented
above. Conditions are also described for the growth of Pb nano-clusters on the surface on
a working QCM, which many prove useful for the study of quantum size effects in Pb
nano-particles via sliding helium films.

9.2 Suggested future Work

Superconductivity dependent friction is a unique phenomenon which may lead to
a number of interesting future projects. These experiments could be aimed at
understanding electronic friction or observing unique superconducting effects.

Further study of superconductivity dependent friction could be performed by
comparing the magnitude of the changing in friction felt by a sliding helium film on
substrates with a varying bulk mean free path /. Many theories of superconductivity
dependent friction rely on this parameter to make estimates. Substrates with varying
values of / could be created by varying the morphology of these films. Estimates could
be made as to the value of / from the measurement of H.»(7) for each of these films.
Helium films would prove most useful in these experiments because of there reliability.

One area of definite interest would be to better understand the coupling of a
magnetic field to the dynamics of a sliding layer. This phenomenon may not require a
superconducting transition and in fact may be observable at 77K our even room

temperature. Detailed observation of how a magnetic field altered the behavior of a
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sliding film in a number of systems should give insight into the origin of friction in
simple systems. Continued experiments using O, as an adsorbate will also help to
understand this unique behavior of sliding films.

The ability to grow a variety of Pb structures on the surface of a QCM offers a
number of exciting opportunities as well. Pb nanoparticles have been to shown to exhibit
altered superconducting states depending upon there dimensions. These altered states
give information about how quantum size affects have fundamentally altered the
electronic structure of the nanoparticle. The altering of the electronic structure of a
material by spatial limitation is at the heart of nanotechnology. The majority of studies
on Pb nanoparticles measure transport through a collection of nanoparticles or probe the
properties of a single Pb cluster. Transport measurements depend very heavily on
tunneling connections between many particles, where as probing a single particle does
not allow for the observation of collective behavior. The measurement of the change in
friction experienced by an adsorbed layer sliding on an array of nanoparticles would yield
information about all the clusters on the surface but not depended on tunneling between
adjacent nanoparticles. In this way a sliding layer could be a truly unique tool for the

measurement of the electronic properties of nanoparticles.
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Appendix: Data
A.1 Adsorbate Migration and Pinning

In the course of the research presented here a large amount of data has been taken
which either did not add significantly to our understanding of the experiment or cannot be
explained with our current picture of superconductivity dependent friction. The data in
this appendix is meant to present examples of these types of data sets with a few
comments as to their behavior.

One of the problems that hindered the study of N, was the migration of adsorbates
to the experimental cell walls as the system was cooled. Evidence of this adsorbate

migration is shown below.
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Figure A.1 shows raw data indicating the adsorption of N, at low temp and the following
desorption as the system was cooled.

Figure A.1 shows raw data indicating the adsorption of N, at low temp and consequential
desorption as the sample is cooled. Adsorption was done at low temperature in this data
run to investigate whether such a technique would prevent desorption. The data set

indicated that it would not.
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When adsorbates migrate from a surface during cooling the oscillation frequency

of the QCM will be very close to that of the bare QCM during the empty cell run. Once

the sample begins to again warm-up the frequency of the QCM will drop as N, re-wets

the surface. Evidence of this behavior is shown in figure A.2.
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Figure A.2 shows the frequency of a QCM warming up in an empty cell and in a N
environment. Indicated is a drop in frequency associated with N, re-wetting the surface.

As was mentioned above, a data run with no result can occur if all adsorbates migrate

from the surface or if the sliding layer sticks. Both occurrences will result in no evidence

of switching as a sample warms through the superconducting transition temperature. An

example of this is shown in figure A.3.
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Figure A.3 shows a null run for a QCM warming up in an N, environment
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Figure A.4 shows jumps in the Amplitude of a QCM with a sliding N, as it is

cooled below T¢.

One of the few ways to differentiate between a stuck layer and no layer is if switching is

observed as the sample is cooling down. If switching is seen as the sample is being

cooled and not observed as it warms back through 7¢ it can be assumed that the layer

112



stuck will at low temperature. Examples of different samples that showed switching
while cooling, but not while warming are shown in the figures A.4 and A.5. The data run
in figure A.5 showed jumping in the amplitude of the QCM as the sample cooled, but
showed no effect when it warmed. While cooling the temperature of the cell was
changing two quickly to resolve jumping the frequency of the crystal. Another example

of'a change in friction as a QCM cools is shown in figure A.5. In figure A.5 just as the
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Figure A.5 shows the response of a QCM as it cools below T¢.
sampling is cooled into the superconducting state the magnet cycles on and briefly holds

the sample in the normal state. While the magnet it still on the sample cools further and
enters superconductivity.
The data shown above is meant to illustrate that N, films can be difficult to work

with and great care must be to prepare a QCM with a sliding N» film at low temperature.

A.2 Exposed Sample

Due to a malfunction of the copper pinch-off tube a number of data sets were
taken on samples that were exposed to atmosphere. Remarkably these data runs showed
distinct changes in friction at a superconducting transition. It is impossible to know what
was on the surface of the sample during the transition; however this data does support the

data presented elsewhere in this dissertation. The first data set taken on an exposed
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sample is shown in figure A.6.
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Figure A.6 shows the frequency and amplitude of a QCM exposed to atmosphere as it warms
through a superconducting transition.

Since the sample on which the data in figure A.6 was taken was exposed to
atmosphere, it exhibited unique thermodynamic behavior as well. After the sample
warmed through the superconducting transition it spontaneously cooled below the

transition temperature and then again warmed. The frequency and amplitude of the QCM

while this occurred is shown in figure A.7.
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Figure A.7 show data taken as a sample exposed to atmosphere cools below its
transition temperature and then again warms up.

After the transitions shown in figures A.6 and A.7 were observed, an additional data set

was taken to reproduce the result. The results of that data set are shown in figure A.8.
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Figure A.8 shows the second exposed data set.
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Failure of a pinch-off tube lead to an exposed data run one additional time on a different

sample, the data from which is shown in figure A.9.

N

% 7.9244335 = 062805a] -‘-_____.,—.-
& 7.9244330 ——

s g

g_ n gl

L 79244325 | . . . . . .
L 9040 9060 9080 9100
. 0.030 -

2’ i

® 0.029 J e e ] -.

o] [ ]

= ] " "o

a 0.028 + [ I ——
E A

< 0.027

| ! I ! I ! I
9040 9060 9080 9100
Figure A.9 show the frequency and amplitude of a QCM exposed to atmosphere as it warms
through T¢.

In figure A.9 a few jumps in the amplitude of the QCM as it warms quickly through 7¢.
Jumps in the frequency of the QCM are masked by the change in frequency due to an

increase in temperature.

116



A.3 Water Vapor

Extensive work has been done using water vapor as an adsorbate. Often the

signal associated with a sliding water layer is small but distinct. A portion of this water

data is shown below.
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Figure A.10 shows jumps in the frequency and amplitude of a QCM
with water vapor adsorbed on it as it warms through 7.
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Figure A.11 shows water vapor sliding on Pb.
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Figure A.12 shows water vapor sliding on Pb.

A number of data runs using water vapor as an adsorbate exhibited changes in the
behavior of the QCM that seemed to be related to a superconducting transition, but could
not be explained with our current understanding of the effect. A number of these

unexplained yet intriguing transitions are shown below.
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Figure A.13 shows a QCM with adsorbed water vapor as it is cooled into to
4.2K.
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Figure A.14 shows a QCM with adsorbed water vapor as it warms up.
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Figure A.15 shows a QCM with adsorbed water vapor as it warms up.
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A.4 Data at 4.2K

It was noted in chapter VIII that the superconducting phase diagram of a Pb film
can be strongly altered by the way a film is grown. These alterations can lead to films
whose superconducting state can be altered at 4.2K with a 30 gauss field. A handful of
experiments been done on this type of sample and are presented here. Figure A.16 shows

the frequency and amplitude of a QCM at 4.2K with a layer of contamination. As the
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Figure A.16 shows the response of a QCM with a layer of contamination to a
time changing magnetic field at 4.2K.

figure shows distinct jumps can be seen in the amplitude of the QCM. The effect at this
temperature is too small to be resolved the frequency of the QCM.

While the QCM was at 4.2K the strength of the applied magnet was varied to see
how the magnitude of the amplitude response would change. A plot of the change in

amplitude verses the voltage driving the electromagnet is shown in figure A.17.
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Figure A.17 the change in amplitude of the QCM verses the voltage used to
drive the electromagnet.

As figure A.17 indicates when the field strength was substantially reduced the effect that
that magnet had was reversed in that the amplitude of the QCM was higher when the field
was applied. There is no clear explanation of this behavior, but it is noted here for
completeness.

The magnitude of the change in amplitude of the contaminated QCM increased
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Figure A.18shows the amplitude and frequency of a contaminated
QCM as it warms to the normal state.
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with temperature till reaching a maximum value at the final superconducting transition

near 6.4 K as is shown in figure A.18.

Low temperature switch has also been observed for samples with sliding helium

films near 4.2K. An example of this is shown in figure A.19.
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Figure A.19 shows the frequency and amplitude of a QCM soon after a a
layer of Helium is adsorbed onto its surface at 4.2K.

The data shown in figure A.19 was taken as helium was dosed to the cell at 4.2K.
The frequency and amplitude of the QCM can be seen adjusting to the adsorption of the
layer, also jumps in the frequency and amplitude coincident with the magnetic field can
be seen after the adsorption. These data sets were taken in an effort to better quantify
how much helium was adsorbed on the QCM. However, it was difficult to distinguish
between shifts in frequency and amplitude of the QCM due to the adsorption of a layer
and those due to temperature effects. When helium is dosed into the cell to pressures of
~5 torr the thermal conductivity between the sample and its surrounding environment
increases significantly. Quickly cooling the sample in this manner would produce a
response similar to the adsorption of a layer. It was suggest that a low pressure of helium
be used to mitigate this problem. Below pressure of ~107 torr the thermal conductivity
of'a gas if very low and may not cool the sample. Unfortunately, it has been observed

that there is a critical pressure of helium that must be introduced into the cell to produce a
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measurable response. With 10 torr of helium in the cell a response to the application of
the magnetic field can not be resolved.
A.5 Pb Oxidation

It was mentioned earlier that the distance between adsorabtes and a Pb substrate is
thought to strongly affect the friction between the two. Furthermore this overlayer
distance will be strongly dependent on the amount of oxide formed at the interface. In an
effort to control the amount of oxide formation O, was adsorbed on to the surface of Pb
samples at room temperature. Though no correlation could be drawn between oxide
formation and superconductivity dependent friction, O, uptake data is included here for

completeness. Figure A.20 shows the frequency and amplitude of a Pb QCM as O, is
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Figure A.20 shows the response of a QCM to the adsorption on O, at room
temperature.

adsorbed on the surface. The oxidation of a second sample is shown in figure A.21.

123



g 7.977565 | — = 071504a
% 7.977560 o —
= 4
o T — ——
& 7.977555 4
E T g 1
uw 0 50 100
% 0.0215 _ _- =
§ 0.0214 e —
g— 0.0213 . o
J S
<  0.0212 4
T 1
= 0 50 100
s g
© 61
5 4 -
o 04 ———————
T T 1
0 50 100
Time (3s)

Figure A.21 shows the response of a QCM to the adsorption on
O, at room temperature.

Figure A.22 shows the oxidation of another Pb sample.
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Figure A.22 shows the response of a QCM to the adsorption on O,
at room temperature.

All three data sets showing the oxidation of a Pb electrode behave differently in

terms of frequency and amplitude. Changes in the frequency and amplitude of these

QCMs were not reversed once the O, was removed from the experimental cell indicating

that chemisorption has occurred on the surface. The distinct behavior of all three samples

can not be explained and is simply noted here.
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