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Chapter 1
Proximity Effect History and Background

1.0 Introduction

When it was discovered in the early 1930’s that a normal metal in contact with a
superconductor exhibited some hints of superconducting behavior, all scientists could do
was wonder and gather data. No suitable theory of the phenomenon of
superconductivity had even been advanced, so the apparent induction of this
phenomenon into a nonsuperconducting metal by mere contact was perhaps not very
surprising. Yet today, when the Bardeen-Cooper-Schrieffer (BCS) theory [1] of
superconductivity and its various refinements have enjoyed marvelous predictive success
across a large number of experiments on conventional, low-T, superconductors, the
exact manner in which superconductivity can be induced by a metallic contact into a
nonsuperconducting metal still eludes complete theoretical treatment.

Since the early 1930’s, many more experiments have been performed on
superconducting and normal metal wires and layered superconductor/normal-metal thin
film heterostructures. A few key traits of proximity-superconducting systems have
emerged:

(a) Current can flow through a normal metal without resistance if the normal metal
is in contact with a superconducting metal.

(b) Contact with a normal metal affects the transition temperature of a
superconductor; the transition temperature decreases with increasing normal metal
thickness, down to a constant value which in turn depends only on the thickness of the
superconducting metal. The transition temperature goes to zero as the superconducting
metal thickness goes to zero.

(¢) Magnetic flux is excluded, at least partially, from the interior of a normal metal



in proximity contact with a superconductor.

(d) Tunneling spectra of some proximity-coupled normal metals indicate a gap in
the density of states, suggesting that a true superconducting state exists in an otherwise
normal metal.

These observations point to an effect rich in underlying physics, and represent
what is still an incompletely solved many-body quantum-mechanical problem. One can,
however, hope to understand the behavior of proximity systems from an
experimentalist’s point of view, which can then assist in the formulation of a microscopic
theory. The spatially nonuniform superconducting properties of these systems can lead
to behavior unlike that of homogeneous superconductors, and may even find practical
application in real devices some day. This thesis offers a new body of valuable
experimental evidence advancing the understanding of the superconducting proximity

effect.
1.1 Experimental History

It is important to place the work of this thesis, which addresses properties of very
thin proximity-superconducting normal metal layers, in proper context. To this end, a
rather complete overview of experiments on superconducting proximity-effect systems,

most of which were conducted after 1960, follows.

1.1.1 Transport Properties and Suppression of T,

The first proximity-effect experiments sought to explore and understand the
suppression of the transition temperature T, which occurred in superconductors in
contact with nonsuperconducting metals; the earliest such experiments were performed in
the early 1930°s. The first report [2], in which interface resistances between metals was

examined, demonstrated that Pb-Pb, Sn-Sn, and Pb-Sn contact regions behaved



essentially like superconducting regions, with no resistance developing across a contact
in the superconducting state. The first quantitative study of true superconductor/normal-
metal (S/N) layered structures was soon performed at the University of Toronto in 1934
[3], where tin was deposited onto Cu and constantan wires. A monotonic decrease in the
transition temperature T, of tin was noted with decreasing tin thickness, until T, was
suppressed below 1.9K (the lower limit of the apparatus) at tin thickness ~ 2000A.
Decreased critical current density was also reported. Similar experimentson S/N alloys
(not layered structures) had also indicated these behaviors [4] upon examining the
resistive transition. It was not until 1958, however, that true interest in the proximity
effect appeared in the literature. This was probably related to the recent success of the
Bardeen-Cooper-Schrieffer (BCS) microscopic theory of superconductivity [1] and the
subsequent work of Gor’kov [5] relating it to the Ginzburg-Landau phenomenological
theory.

In 1958, Hans Meissner [6] showed thata thin layer of normal metal between two
superconducting metals does not necessarily prevent supercurrent from flowing through
the contact, as demonstrated with crossed wires of Sn, Cu-plated Sn, and Sn/In. Later,
he showed that superconductivity in the normal metal contact disappears beyond a certain
normal metal thickness [7], giving some notion of the “range of order” of the
superconducting electrons in the normal metal barrier. It was found, in particular, that
clean noble metals (Au, Ag, Cu) had critical barrier thicknesses of 3000 - 4000A when
sandwiched between Sn electrodes, while for ferromagnetic materials (Cr, Fe, Co, Ni)
this length was more like 100 - 400A. In 1960, Meissner extended this work (8] to
explore the dependence of T, on the thickness of the superconducting metal, and found
for fixed normal metal thickness that there was a critical Sn thickness below which
superconductivity did not occur. These more detailed, quantitative results firmly
established the fact that the normal metal really becomes superconducting in such

systems, rather than just an improved normal conductor.



Further work by Smith et al. in 1961[9] included measurements of the critical
current J, and critical field H, on Pb-Ag bilayer films in addition to studies of the
resistive transition in zero field. These showed a decrease of J, with increasing Ag
thickness. Later that same year, measurements of diamagnetic screening [10] were
performed on the Sn-Au system by a torsion balance technique. The authors recorded a
decrease of T, with decreasing Sn thickness, eventually passing through T, = 1.35K
(their experimental limit) at Sn thickness 5700A. Similar T, dependences on both normal
metal and superconductor thicknesses were reported for Cu-Pb [11,12], Sn-Ag[13], and
Pt-Pb [12]. The latter authors attempted to deduce the BCS interaction potential V of Cu
and Pt, both of which were nonsuperconducting in isolation down to millikelvin
temperatures, by carefully studying the thickness dependence of T, in Pb-Cu and Pt-Pb
contacts. They obtained T(Cu) < .006K and T,(Pt) < .002K. Finally, resistive
transitions on Pb-In [14] also showed a decrease of T, with increasing In thickness, in

accordance with Jacobs’ theory [15].

1.1.2 Tunneling

Depression of the critical temperature was perhaps the simplest consequence of a
normal metal in contact with a superconductor, and was explained by several authors in
terms of pair-breaking effects similar to but not exactly the same as those associated with
magnetic impurities [16-18]. However, workers soon realized that electron tunneling
through an insulating barrier was a better way to probe the electronic properties of
superconductor/normal-metal (S/N) proximity systems and obtain detailed information
about the degree of long range order developed in the normal side of an S/N junction.
Metals which formed an oxide easily (Al, Pb, Sn) were used most often as the
superconducting side of the junction. It was shown that in a structure such as S/I/N/S (
is the insulating oxide tunnel barrier), the normalized conductance (dI/dV)g/(dI/dV)y

yielded a direct measure of the density of excitations in N at the boundary with the



insulator [19]. In particular, a gap in the electronic excitation spectrum of the N metal
could be clearly discerned.

Early measurements by Smith et a/. [9] on the Ag-Pb system found a “gap” of
0.16 meV in the Ag layer of a bilayer sample consisting of 5700A Ag on 1500A Pb.
Much more detailed work on the Cu-Pb system [20] also observed a large increase in the
density of states identifiable as a “gap” in Cu, with the gap decreasing in magnitude as
the Cu thickness was increased. They also found a strong localization of states just
above the gap energy in Cu, but no evidence of the bound states inside the gap predicted
by de Gennes and St. James [21]. McMillan and Rowell [22] and Tomasch [23] did find
periodic behavior of d?V/dI? versus voltage in Ag-PbO-Pb and AI-AIO,-In junctions,
respectively, with the periodicity depending only on the normal metal thickness. This
was interpreted as a set of bound states in N to which entering electrons lost energy.

Then in 1969, Clarke [24] demonstrated in a very careful Pb-Cu SNS tunneling
measurement that there was a clear gap in the Cu excitation spectrum, enabling him to
estimate T (Cu) ~ 10-5K. In many ways this experiment brought out the similarities
between SIS (Josephson) junctions and SNS junctions (both show interference effects
visible as a Fraunhofer pattern in the critical current vs. magnetic field) while clarifying
the differences (SNS has linear sections of the Fraunhofer central maximum and a 5000A
normal metal barrier instead of a 20A-thick insulating barrier). Subsequent work by
Greenspoon on Pb-PbO-Cu-Pb junctions [25], Romagnan on Pb-PbO-Sn-Pb and Pb-
Sn-Pb junctions [26-27] and Wolfetal. [28] on Nb-Al enabled the phonon structure and
the Eliashberg function a2F(co) to be studied in S/N bilayers. An excellentreview of
tunneling experiments in S/N bilayers can be found in Wolf’s book [29].

1.1.3 Magnetic Screening and Magnetic Breakdown
The ability to screen out an applied DC magnetic field is a key trait of a

superconductor, and measurements of the penetration depth A are often used to



characterize superconducting samples. A normal metal with proximity-induced
superconductivity naturally displays flux expulsion also, and this was used to study the
spatial dependence of the induced order parameter A(z). In early measurements, such as
those performed at Orsay by Burger et al. [30], a normal metal layer was deposited on
the exterior of a hollow cylinder of superconducting metal and the cylinder was inserted
into the inductor coil of a resonant circuit, in the manner of Schawlow and Devlin [31].
The resonant frequency f(T) of the circuit depends sensitively on the flux excluded by the
sample, yielding information about magnetic penetration into the bilayer (see Fig. 1.1).

This early work [30] in the mid 1960’s was performed on InBi/Zn bilayer
samples, with Zn as the normal metal (T(Zn) = 0.9K). Both components were in the
dirty limit, with thicknesses 1000A - 5000A for Zn and 3500A - 10000A for InBi.
Rapid flux penetration occurred for H > 90 Oeat 2.1K, and this “breakdown field” H,
increased as T decreased. By varying the normal metal thickness dyy the dependence Hy,
~eXdN was ascertained. The length scale K-! was interpreted as the effective penetration
distance for superconducting electrons into the normal metal.

A theory for the penetration of flux into a proximity-coupled normal metal layer
was quickly developed by P. G. de Gennes and others at Orsay [32] to explain the
results of the Schawlow-Devlin experiments. For weak magnetic fields, assuming
exponential decay of the order parameter in the normal metal far from the S/N interface,

de Gennes arrived at the well-known expression

=111 [ KL
p=K [ln(m))) 0.116} (L.1)

where p is the position in N measured from the S/N interface where the magnetic field
gets abruptly screened out, and A(0) is the induced local penetration depth in the normal
metal at the interface. A typical screening profile is shown in Fig. 1.1. It was soon
verified using the same InBi/Zn bilayers that Zn was indeed capable of screening a

magnetic field at temperatures well above Ty = 0.9 K, and thatrelation (1.1) was correct
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within 20% .[33]. In the dirty limit the temperature dependence of K-! was predicted to
be K'! ~ T-2, a simple result emerging from a diffusion process and rooted in
Ginzburg-Landau theory, so that according to Eq. (1.1), one should observe p ~ T-1/2
wellabove T . The first true test of this prediction was done in 1969 by Deutscher et d.

[34] using the same Schawlow-Devlin technique, on Pb/Cd and Pb/Zn samples with

Superconductor
Normal Metal .
~10 pm thick ~30 pm thick

N
—"
H| o ——F
—"
S —
’
Field Penetration Profile Schawlow-Devlin Coil

Figure 1.1. The Orsay picture of magnetic field penetration into thick proximity-
coupled normal metals, and the Schawlow-Devlin coil technique used to measure the
thickness of the Meissner region, p, in drawn normal/superconducting wires.

normal layer thicknesses dy = 2000A to 20000A. The relation (1.1) was found to be
correct in suitably prepared samples for T well above Ten.  For these relatively thin N
layers, the approximations used in deriving Eq. (1.1) often became invalidas T -> T
and data tended to deviate from model predictions, however. Subsequent work on
Ag/Pb and Cu/Pb by Vallette [35] using the same technique yielded similar results. They
incidentally also led to the conclusion that both Ag and Cu probably had superconducting
transition temperatures somewhere below 10-4K .

The group at Orsay effectively dominated the study of magnetic penetration in



proximity-coupled normal metals throughout the 1960’s and early 1970’s, using
superconductors such as Pb and Sn to back normal metals. It was not until 1978 that
Oda and Nagano [36] joined this effort, this time in Cu backed by Nb and NbTi.
Niobium had of course been a desirable elemental superconductor to use in such
experiments all along due to its high transition temperature (T, = 9.3K), but it was not
until commercially available Nb wires had been perfected for use in superconducting
magnets (mid 1970’s) that it was used to back normal metals in proximity-effect
experiments. The samples studied by Oda and Nagano were 250 um-diameter Nb and
70 um-diameter NbTi wires, coated with 350 pm and 100 um Cu, respectively. Their
results, obtained using basically the same resonant coil technique, extended down to 25
mK and showed a temperature dependence p ~ 1/(T + T)1/2, where T, = 73 mK and 57
mK, and p(25mK) = 12 um and 7 um, for Nb/Cu and NbTi/Cu, respectively. Though
p showed no sign of saturating as T -> 0, the observed temperature dependence did not
agree with the dirty-limit Orsay theory for T < 1.5 K. This was not unexpected,
however; studying proximity effects in such thick (10 - 100 pum) normal metal layers
only made sense if millikelvin temperatures could be reached, a region of temperature that
had not been accessible to the Orsay Group and also was not covered by their theories.
The behavior-of Cu in proximity contact with NbTi was subsequently studied by
Mota et al. [37] using samples very similar to those of Oda and Nagano, and going down
to 5 mK. The authors found that p saturated at a value equal to the Cu thickness,
implying thatin thicker Cu layers the diamagnetic properties of the Cu layer would have
continued to strengthen further as T -> 0. For T > 200 mK, they observed p ~ T-1-4,
interpreted by them as consistent with their assessment that their samples were in the
cleanlimit. Mota et al. also made extensive studies of the breakdown field Hy, in Cu, the
value of the magnetic field where sudden penetration of field occurred. They found the
relation Hy, ~ exp (-a.Tdy), indicating that the Orsay result H, ~ exp(-Kdy) would hold if
K ~T. This implied clearly thata clean limit expression K-! ~ 1/T was applicable to their



samples. Their measurements of the breakdown field were the first to be performed on a
metal with essentially zero transition temperature, aﬁd the values of Hy = 1 Oein Cu
were found to be much smaller than those of Zn (Hy, ~ 100 Oe).

Further work by Oda et al. [38] on similar Cu-coated Nb wires exhibited p ~ T-
172 nearly perfectly down to 4.5 mK, utterly defying the restriction that the Ginzburg-
Landau theory should apply only near T,, with p becoming comparable to the Cu
thickness below 20 mK as in the work of Mota et al. [37] The dependence of p on
magnetic field was studied in great detail and the authors showed that when p < dy, the
relation p ~In H held at fields in the range H = 0.01 - 1.0 Oe, whereas when p ~ dy (the
case below 20 mK) p was independent of H up to a breakdown field H,, after which a
rapid decrease of p occurred. Hy increased with decreasing temperature as well, and the
rapid shrinking of the Meissner region was observed to be fully reversible upon removal
of the field, which had not been the case for InBi/Zn. Similar to Cu, these breakdown
fields in Ag were of the order of 0.1 - 1 Oe. It was concluded that these results were all
in accordance with Orsay theories of magnetic breakdown in S/N bilayers, with little
exception. Similar experiments on Au-coated Nb were later reported [39], with p ~ T-1/2
as before, but the results were generally weaker than with Cu, and were attributed to
poorer S/N interface quality. Later, Mota et al. [40] showed that both clean and dirty
limit samples, characterized independently, showed the correct corresponding
temperature dependences K™! ~ T-! and K-! ~ -2 down to very low T, further verifying
the Orsay picture despite the fact that the theories of the Orsay Group were developed in
the Ginzburg-Landau framework with a small induced order parameter (T ~ T ) in mind.

The most recent DC magnetization work using the inductance coil technique to
detect flux exclusionin thick proximity-coupled samples has come from Mota’s group in
Switzerland [41-42]. They report on Nb/Cu and Nb/Ag drawn wires, as well as
providing an excellent summary of screening experiments in proximity samples to date.

The Nb/Ag samples were drawn in a similar fashion to the previously studied Nb/Cu



samples, but the Ag was extremely clean (¢ Ag = 20 pm). They observed an even
stronger temperature dependence p ~ T-2, saturatingat p = dy = 5.3 um for T < 1K.
From studies of the breakdown field in Nb/Ag (again on the order of 1 - 10 Oe) they
show K Ag“l ~ 1/T as expected for such a clean normal metal. In this work, perhaps the
most important conclusion drawn regards the spatial dependence of the superconducting
order parameter Ay(x). Far from the interface in the dirty limit at high temperatures, the
Orsay result [43]was essentially Ay(x) = Ay(0) e®¥.  On the other hand, Falk [44]
showed early on that at low temperatures this dependence should become An(x) ~ 1/]x],
not exponential, far from the interface. Mota et al. [41] have deduced, by studying the
behavior of local critical fields H(x) in the normal layer, the spatial dependence of An(x)
near the interface, i.e. [x] << K-!. This region is not often treated theoretically, though it
is frequently encountered in experiment. Their results show that in that region a more
appropriate form of the order parameter is Ay(x) = Ay xo/(IxlH+x) e XX, with x, << d.
They quote for examplexy = 0.7 um in Ag at 7 mK in a sample with dy = 14.5 pum.
This has the profound implication that Ay is never constantacross a thin N layer at any
temperature, in agreement with many thin film experiments including those presented in
this thesis.

More recently, Claassen et al. [45] have used the low frequency mutual
inductance technique of Hebard and Fiory [46] to examine the screening of applied
magnetic field in NbN/Al and Nb/Cu bilayer films. Their geometry is shown in Fig. 1.2.
In contrast to previous proximity effect work where the superconducting layer was
relatively thick, this technique works best when the S layer is thinner than its own
penetration depth. Hence samples consisting of 550A Nb/12000A Cu an 500A
NbN/1100A Al were studied. The results on both samples showed that the effective
penetration depth of the whole bilayer continued to decrease as T decreased, and that the
rate of decrease even became more rapid as T -> 2K in the Nb/Cu sample. When a

NbN/AI sample with an AlO, layer at the S/N interface was measured, it exhibited the
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same behavior as bare Nb. The authors concluded that they had measured considerable
screening of the field in relatively thin normal metal layers, and that their temperature
dependence was in agreement with the dirty limit expression K-! ~ T-1/2, Very recent
results from this group [47] on NbN/AI down to 0.8 K have found a much stronger

temperature dependence K-! ~ T-2 for T> T_,, = 1.14 K, reminiscent of the work of

Mota et al. [41] on Nb/Ag.

Drive coil

E

Pickup coil

Fig. 1.2. The mutual inductance technique of Hebard and Fiory used by Claassen et al.
to measure the kinetic inductance of proximity-coupled bilayer films with thick N
layers and thin S layers.

1.1.4 Josephson Critical Current Modulation

Perhaps the most elegant experiments on magnetic penetration into proximity-
superconducting normal metals were performed by Simon and Chaikin [48]. These
experiments were completely separate from the magnetization experiments of the
previous section in that they utilized a quantum-mechanical effect with great magnetic
field sensitivity, the Josephson effect, to measure the field penetration in a normal metal.
The largest drawback of their technique was certainly the difficulty of fabrication of

adequate samples in the correct geometry, but the advantage of being sensitive to the
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absolute value of the flux threading their junction justified painstaking fabrication. Their
method also concentrated on the magnetic screening ability of relatively thin (< 1 pm)

normal films, so they were working in the near-interface region.
Their experimentis described by Fig. 1.3. A tin electrode of thickness 3000A

was deposited, and its surface allowed to oxidize. Then silver and lead were deposited

on top, in an SINS’ structure. The oxide layer was very thin, so that a Josephson

Sn Oxide

Al

AH

Fig. 1.3. Josephson critical current modulation experiment of Simon and Chaikin.

current developed across it. When a DC magnetic field was applied parallel to the layers,
the critical current displayed the well-known Fraunhofer diffraction pattern Loax = 1o
. SIn(nd/Dy)/(rD/D) as a functibn of field. The diffraction peaks were spaced by the
interval AH = ®o/[W(A; + A, + d)], where W is the width of the junction, A, and A, are
the effective penetration depths of the tin and silver/lead electrodes, d is the oxide barrier
thickness, and @ is the flux quantum. Because A, contains the screening effects of both
the proximity-coupled silver layer and the Pb layer behind it, this spacing AH could be
used to study the proximity effect in silver, particularly its temperature dependence.

Simon and Chaikin used 4000A Pb to back their silver layers, which had thicknesses in
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the range 4C0A - 10000A. They found at low temperatures that the effective penetration
depth in the Ag/Pb elecirode increased linearly with silver thickness up to dy, = 20004,
remained relatively constant up to dy = 4000A, and then increased again. This plateau
region at 2000A < dy £ 4000A showed an effective penetration depth of ~ 1500A,
suggesting that this may have been the characteristic penetration depth of their silver film.
For several Ag thicknesses from 2500A to 100004, the zero-temperature extrapolated
penetration depth also was found to be in the range 1200A - 1600A. The dependence of
Acfr Was noticeably linear in T below 3K.

These authors were the first to explicitly calculate magnetic field profiles in S/N
bilayers using the concept of a spatially varying penetration depth A\(z) in the normal
metal. They used the form

cosh Kdy
cosh K(dy - z) (1.2)

AN(z) = Do
which is the approximate dependence developed by the Orsay group with boundary
condition dA/dz = 0 at the free surface. This dependence, along with a generalized
version of the second London equation, led to the differential equation describing the

magnetic field in the normal layer:

'1_coshK(dy - 2)] q=
Ao  cosh?Kdy

0 (1.3)

&H 1 9K tanh{K(dy - 2)] 4EL -
= anh[K(dy - 2)] -

This equation could not be solved analytically, so numerical methods were used to
calculate field profiles in the S/N electrode for comparison with experiment. Simon and
Chaikin were thus able, using the dirty limit temperature dependence of K-I(T), to

deduce the size of the order parameter decay length induced into the silver layer, which
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they found to be 6150A at 1.2 K. They emphasized also that this temperature
dependence could always be expected to become valid as T -> 0 since at some point the
diverging decay length would always exceed the mean free path (dirty limit), but that at
higher temperature the samples might act cleaner. Their work in general was the first to
attempt to improve the understanding of magnetic screening beyond that of the simple
Orsay expression (1.1).

In a subsequent publication [49] Simon and Chaikin extended their work to other
bilayer systems, using Al/Pb, Ag/Sn, Sn/Pb and trilayer Ag/Sn/Pb for the second
electrode of the Josephson junction, and going down to 0.1 K. This work attempted to
establish whether screening properties in proximity-superconducting normal metals
depended more on properties of the normal metal (comparing Ag/Pb, Al, Pb and Sn/Pb)
or more on characteristics of the backing superconductor (comparing Ag/Pb, Ag/Sn, and
Ag/Sn/Pb). They also investigated the effect of normal metal thickness on the induced
penetration depth in the normal metal.

With data going down to 0.1 K, they firmly established that the penetration depth
in silver backed by Pb goes to 1500A at very low temperature, independent of silver
thickness. This is considerably larger than the London value 250A for silver. Their
silver films were found to have long mean free paths, ruling out the possibility of the
dirty limit. Similarly, Al on Pb was found to have a thickness-independent proximity-
induced penetration depth of 9004, larger than the bulk value of 500A for Al, though the
gap induced in Al by proximity to Pb (0.23 meV) was found to be larger than that of bulk
Al (0.17 meV).

Upon switching the backing superconductor from Pb to Sn, the penetration depth
of Ag was observed to increase to ~3500A. When Ag was backed by Sn/Pb, this value
was 2000A. In the latter case, the Pb induces a gap in Sn which then dictates the
screening ability of Ag. Since the gap in Sn/Pb is between that of Sn and Pb alone, this

tested the dependence of A Ag on the size of the gap in the backing superconductor. A Ag
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was found to scale inversely with the magnitude of the gap in S. In all cases, however,
neither the dirty nor the clean limit expressions really matched the observed temperature
dependences. Another interesting result of their work was the discovery that in metals
which have a superconducting transition at lower temperatures (Al, Sn), the induced
penetration depth was much larger than the bulk value for these materials below their
critical temperatures, despite having larger induced gaps from proximity to Pb. Overall,
Simon and Chaikin’s work revealed several dependences and behaviors not reported in

any other work, making their contribution to the field singularly useful.

1.1.5 High Frequency Measurements

Only a few groups have probed the electromagnetic response of a proximity-
coupled normal metal at microwave frequencies, perhaps because coherent microwave
sources were not commonplace in the early 1960’s when much of the early resistivity and
tunneling work was done. Still, microwave measurements performed in the 1960’s and
‘70’s did show screening behavior similar to that found at DC in magnetic screening
experiments. Additional information pertaining to excitations above the condensate
leading to RF losses was also analyzed, but RF measurements have not achieved their
full potential in studying proximity systems. One purpose of this thesis is to expand the
work at high frequency on S/N structures and give further attention to the benefits of
microwave experiments in investigating these structures.

The first early measurement [50] was performed in a cavity at 9 GHz using an
endwall replacement technique. The endwall was tin plated with varying thicknesses of
gold. The authors measured the power absorbed by a calorimetric technique, so they did
not obtain penetration depth data, which is related to shifts in the resonant frequency of
the cavity. They simply found that for Au thicker than 500A, the RF loss did not
extrapolate to zero as T -> 0 as they did for pure Sn. Penetration depth measurements

were also reported in this work using the Schawlow-Devlin technique and were more
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informative, though at low frequency.

A much better early microwave result was obtained by Fischer and Klein [51] on
Cu/Pb using the same type of cavity endwall replacementat 9.5 GHz. The authors found
that the surface resistance started to decrease rapidly as T -> 0, and thatthis dependence
on temperature was more pronounced in thicker films (~ 5000A) of Cu than in thinner
ones (~ 500A). The authors relied on reflected microwave power only; they did not
provide penetration depth data. They also recorded an initial decrease in the surface
resistance upon application of a parallel magnetic field, followed by an increase at higher
fields. The minimum in R occurred at fields of 20 - 200 Oe at 1.5 K, increasing with
decreasing Cu thickness. They developed a semi-quantitative explanation for both the
rapid drop with temperature and with field, based on simplified versions of the Orsay
theory and the work of Garfunkel [52]. Their results are quite revealing, though the
actual purpose of their work, that of estimating the transition temperature of Cu, was not
achieved with much precision.

Work on Sn-In alloys using endwall replacement was reported by S. C. Harris
[53] at 3 GHz. In samples where phase segregation occurred, proximity effects in the
locally normal regions produced rounding of features in the temperature dependence of
the surface resistance. Quantitative conclusions were not drawn, though the work did
indicate that proximity coupling could substantially affect the behavior of
normal/superconducting alloys.

The most recent and most sophisticated effort to study proximity systems at
microwave frequency was that of Hook [54]. An early form of the parallel-plate
resonator technique used in this thesis [55] was employed to measure the complex
surface impedance of Pb/Sn bilayer films over the temperature range 2 - 7 K. The
samples consisted of Pb plates (1 mm thick) plated with tin of thickness 6000A. The tin
could be made dirty or clean by adding small concentrations of indium.

The authors found that both the effective penetration depth and the surface
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resistance dropped rapidly below the T, of Pb, entered a plateau region over the range 4 -
6 K, then rapidly dropped again while still above the transition temperature of tin (3.72
K). The temperature at which the decrease occurred became higher as the tin thickness
was decreased, and eventually the plateau region disappeared altogether for a thin enough
tin layer. The authors explained their data using the theory of Hook and Waldram [56],
from which they extracted the value of the energy gap Ay in the tin at the free surface, on
which the surface resistance only depends according to their model. They reported a
dependence on normal metal thickness dy of this free surface gap given by Ay ~ (dg +
dy) !

They also deduced, by fitting their data to their model, that the gap induced in tin
is between that of Pb and that of tin in isolation well below T,y. The fitting procedure is
described separately [57]. Essentially, Hook assumed that there is a spatially dependent
gap over which local quasiparticles are thermally excited. The fitting procedure then
calculated the losses numerically using the Hook and Waldram theory for Ay(z) and the
boundary conditions of Zaitsev [58], and assumes Mattis-Bardeen theory [59] to
calculate the local value of the real part of the conductivity, ;. Hook and Battilana were
able to fit most of their data well this way, but they conclude that their results do not rule
out the Ginzburg-Landau-based theories of the Orsay group and Werthamer either.

While the raw resonator data of Hook on Sn/Pb is compelling, their experiment
was not as precise as it needed to be in order to make quantitative statements about the
size of the order parameter decay length K-! or the induced normal metal penetration
depth Ay. In addition, they quote surface resistances in excess of 5 mQ2 at 2K for Sn/Pb
at 9 GHz, which is very high. The spacing between the resonator plates in their
experiment is estimated to have been on the order of 2 mm, and in all likelihood Hook
and Battilana had some difficulty in determining the extent to which extrinsic losses due
to coupling from fringing fields affected the quality factor of their resonator. Presumably

such extrinsic losses were very large with such a thick dielectric spacer between the
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plates. Indeed, they plot data into the normal state of Pb, which is only possible with
very wide spacing between two superconducting plates Therefore, it is entirely possible
that quantitative treatment of their microwave loss data yielded imprecise results.
However, their experiment does represent the only work done previously that was really

similar to the goals of this thesis.

1.1.6 Other Experiments: Ultrasound, NMR, Thermal Conductivity

A few other types of experiments have been performed on proximity systems as
well, though fewer in number. Nevertheless, these were very careful, high-quality
experiments and each contributed uniquely to the overall understanding of the proximity
effect.

The proximity effect in Pb-backed silver was investigated in 1973 by Deutscher et
al [60] using measurements of the thermal conductivity down to 0.5 K. The goal,
following interest by Clarke [24] and others, was to measure the electron-electron
interaction parameter NV and estimate the superconducting transition temperature, if any,
of silver. The ratio of thermal conductivities in the superconducting and normal states,
(Kg/Kn)"8, yielded information about the size of the induced gap in the excitation
spectrum of Pb-backed silver, since the thermal conductivity is much smaller when there
is a gap in the density of electron states than when there are electron states available at
energies arbitrarily close to Ep. The normal state data in Ag was achieved in their work
by driving the Ag normal with an applied magnetic field of the order of 300 Oe. In this
way, they deduced that there is in facta gap in the density of states of proximity-coupled
silver, and that the interaction constant NV is positive and very small (NV ~ 0.05), so
that T, (Ag) < 105> K. They also point out that tunneling measurements are sensitive
mainly to excitations moving in a direction perpendicular to the junction interface and
thus are strongly thickness dependent and not always sensitive to the value of AN

Thermal conductivity measurements do not have this limitation.
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In the same year, Kritzig and Schreiber [61] investigated proximity effects in
Al/Pb, Cu/Pb and Ag/Pb bilayers. They also aimed to estimate the electron-electron
interaction in normal metals, again by means of measurements of the normal metal
penetration depth Ay and order parameter decay length K-1. Their method involved
measuring the ultrasonic attenuation of surface acoustic waves propagated through a thin
proximity-coupled bilayer filmas a function of magnetic field, the only such experiment
on S/N bilayers ever published. In all cases the Pb films were 2500A thick, and the
normal metal thicknesses fell in the range 1000 - 5000A. As they varied the parallel
magnetic field they recorded changes in the ultrasonic attenuation coefficient. At the
breakdown field Hy, there was a drastic jump in attenuation. The thickness dependence
of this breakdown field, and the temperature at which this transition switched from first
to second order were used to determine the normal metal penetration depth Ay and the
order parameter decay length K~!. In contrast to many early proximity effect papers,
Kratzig and Schreiber characterized their samples extensively. They found the following
quantities in the three normal metals they characterized: K-! a1 (1.9K) = 3400 A Al(0) =
460 T!2 (K12 A); K-1g, (1K) = 2020 A, Ag,(0) = 1040 TV2(K12 A); K-! ag (1K) =
3810 A, A ag(0) = 1120 TVXK!2 A). Their results completely support the Orsay
picture, though they acknowledge that A,(T) ~ T!/2 must eventually break down at lower
temperatures. Most notable are again the large values of A for Cu and Ag, over three
times larger than the London values for these metals.

Finally, proximity effects in normal metals can also be studied by nuclear
magnetic resonance (NMR). The rate of nuclear relaxation is determined by the density
of, and correlations between, thermally excited quasiparticles. The presence of an energy
gap is readily detectable as are quasiparticle correlations near T, (Hebel-Slichter peak).
Zheng et al. [62] have published data on the nuclear spin-lattice relaxation rate 1/T , for
63Cu nuclei in Nb/Cu multilayers, in which a small peak in 1/T| was observed just below

T.. At low temperatures, where exponential decrease with T is expected, they found
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I/T; ~T. They attributed this to a distribution of gaps for different k-vectors in the
proximity-coupled Cu, with electrons propagated perpendicular to the interface having a
gapped spectrum and electrons parallel to the interface behaving gaplessly. The
observation of a peak in 1/T| below T, for 63Cu nuclei does, however, indicate that
nuclear relaxation in the presence of the proximity-induced state in Cu (layer thickness
400A) exhibits the same quasiparticle correlations appropriate to case I coherence factors

as a true superconducting state would.

1.1.7 Importance of the Present Work

The data gathered on proximity samples, mostly since 1960, has still not lead to a
comprehensive understanding of the full range of proximity effect behavior. This is
partly because of the difficulty of reproducing high quality samples with precisely known
characteristics, and partly because of the serious lack of a suitable theoretical treatment of
some key aspects of the problem, such as the near-interface region. By far most of the
work has concentrated on the simplest approximations, i.e., linearization of the Gor’kov
integral equation for small order parameter, the dirty-limit diffusion process, and
behavior far from the S/N interface. In experiments designed to test proximity-induced
superconducting properties of the normal metal far from the interface, theory has been
essentially correct. But the more interesting region near the S/N interface is difficult to
study both experimentally and theoretically, since linearization is not possible where large
order parameters exist.

The work presented in this thesis addresses this relative lack of experimental data
in the region of the normal metal near the S/N interface in proximity effect bilayer
samples. In fact, since RF losses are considerable in the microwave range, resonant
microwave experiments require thin normal layers, which are essentially entirely near-

interface.
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1.2 Theory

Here some of the theory is introduced which has been constructed to explain the
nature of the superconducting state that arises in a normal metal due to contact with a
superconductor. It is not the purpose of this thesis to provide a fully satisfactory account

of these models, but the main ideas provide a relevant background for the work presented

here.

1.2.1 The Bogoliubov - de Gennes Equations

To discuss superconductivity which varies in space, Bogoliubov [63] and later de
Gennes [64] decided to try to construct a state of lower free energy in a metal by the
method of canonical transformation which was used earlier in the self-consistent field
description of the BCS ground state and the excitations above it [65-67]. What they did
was to construct creation and annihilation operators for position eigenstates rather than
for the Bloch states of a pure metal (eigenstates of momentum) or the eigenstates of a
metal with nonmagnetic impurities (which are not eigenstates of momentum or of

position). These operators were defined as:

wol(r) =) e-ikr ety
k
(1.4)
Wo(r) = Z eikr Cko
k

where ¢ty ; and ¢y are fermion creation and annihilation operators for the eigenstates

w,(r) of the normal metal and the sum runs over all k in the first Brillouin zone. The
w,, (1) satisfy:
2.2
Enwp = |- %;Ln—l_v + Uo(r) - Ep| wy, (1.5)
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They then defined a generalization of the original Bogoliubov transformation [65]:
pr(r) = 2 [¥atun(e) - ylaiva* ()] (1.6)
n

Var) = 2 [1aun(r) + Fatva (1)) (1.7)

in which u,(r) and v,(r) (functions of position) are chosen in such a way as to

diagonalize the Hamiltonian with electron-electron interactions included:
Ho= | dr {Z W' (1) Ho wo(r) + A @) wi () + A" yr(r) wy(r) } (1.8)
(e}

and in which the v, ,’s are new fermion operators creating and destroying the excitations
above the superconducting ground state. These excitations turn out to have a finite
projection onto both hole and electron states of the normal metal.

The following quantities have been used in (1.8):

A(®) = VIEXun@mwy)) = V) D va*(0) ug(r) (1 - 2£,) (1.9)
5 =§§;( ihv” - AT + Ug(r) - B (1.10)

Ug(r) contains the averaged Coulomb interaction between electrons, potentials due to
lattice ions, and any overall electrostatic potential, and V(r) is the electron-electron
attractive interaction responsible for superconductivity.

Bogoliubov and de Gennes showed that u and v must therefore satisfy the

coupled equations:
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Hou(r) + A(r)v(r) = Eu(r)
(1.11)

—T(OTV(F) + A"(r)u(r) = Ev(r)

These equations are known as the Bogoliubov - de Gennes equations; the quantity A(r) is
called the pair potential. We see thatif A = 0, the equations decouple and u(r) and
v(r) are just the normal state electron and hole eigenfunctions with energies +E relative to
Ep. In general, however, the presence of A(r) causes the mixing of electron and hole

amplitudes that leads to the superconducting state.

1.2.2 Andreév Reflection

An important consequence of the Bogoliubov - de Gennes equations is the
phenomenon of Andreév reflection, which follows naturally from (1.11) when the
interaction potential V is not constantin space. This effect, first described by Andreév in
1963 [68], involves the reflections which occur when electrons in the normal metal side
of an S/N interface are incident on the boundary. If the incident electron has energy E >
Ag, where Ag is the energy gap on the superconducting side of the interface, then there
are states available for the electronto go to when it crosses the boundary. IfE < Ag,
however, then there exist no propagating states in S for the electron to occupy. Instead,
a second electron from the normal metal may participate in a Cooper pair with the first
and the two can enter the superconducting condensate on the S side, sending a hole
backward from the S/N interface along the time-reversed trajectory of the incident
electron to conserve momentum. If this occurs, it results in a current twice as large as if
the lone electron were to traverse the interface, creating a drop in apparent resistance of a
factor of two. It canbe shown [68] that essentially the interference of the reflected hole
with the incident electron underlies the mechanism for pairing and the evolution of phase

coherence in the normal metal.
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1.2.3 Induced Order Parameter and the Single Frequency

Approximation

An early, preliminary theory of superconductivity in the vicinity of metallic
contacts on superconductors was put forth by Cooper [17]. He argued that
superconducting correlations could extend deep into a volume where the interaction
between electrons was actually zero. In such a system, the electron-electron interaction is
a function not only of the momenta and relative coordinate between the electrons, but also
of the absolute position. The matrix element V} » for scattering from a two-electron state
k into one labeled by k’ can thus still be nonzero, and when it is integrated over all k’
and averaged over k in the region of interaction, it yields the parameter [N(0)V1,,, which
determines the transition temperature and the energy gap. This average [N(0)V],, will
be smaller if the electron-electron interaction acts over only part of the normalization
volume, as is the case near an S/N interface. This essentially is the cause of T,
depression, and also predicts that a thin enough normal metal in contact with a
superconducting metal can itself become a superconductor, as had already been
observed. The simple result Cooper obtained is [N(0)V],, = N(0)Vgcg t,/(t; + t,),
where t; and t, are the superconductor and normal metal thicknesses, respectively, and
Vpcs 18 the electron-electron interaction potential of the superconducting metal alone.
The transition temperature depends exponentially on this factor, though, so according to
Cooper even very thin N layers could cause substantial T, suppression.

De Gennes and Guyon [69] later cast the problem into the Green’s function
formalism of Gor’kov [5], using a position-dependent electron-electron interaction and
thus a spatially varying pair potential. Following Gor’kov, they wrote down the

equation for the pair potential A(r) everywhere in an S/N bilayer:

A(r) = f K(r,r') Ar) &r' (1.12)
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where the kernel K(r,r?) is given by

1 - KEp) - f€m) (1.13)

Ent &m

K(r,r') = D V wy(r) Win(r) wa(r) wp(r')

| and where, as in Eq. (1.5), w,(r) are normal state one-electron wavefunctions in the two
metals, &, are their energies measured from the Fermi level, and fis the Fermi function.
This integral equation (1.12) is correct exactly at the critical temperature of the S/N
bilayer. The authors showed that in the limit of very small A(r), only the terms of
K(r,r’) linearin A need be considered, yielding an exponentially decaying solution to
Eq. (1.12) far from the interface in the normal metal and near T,. This is known as the
single frequency approximation. The decay length of A(r) in N was proportional to
£172, where { is the mean free path. They also showed that as NV -> 0 in the normal
metal (Tgy -> 0), the decay length K-! is given by the diffusion-limited expression K-1 =
(AD2nkpT)!/2, where D= v {/3 and Vg is the Fermi velocity in the N metal. Though
the authors chose not to address the boundary conditions at the S/N interface, useful
conclusions explaining the data of Hilsch [11] were drawn. Their work emphasized that
proximity experiments could be used to measure the value of NV for metals which have
transition temperatures too low to verify experimentally, and thatsuch a technique might
not even be very sensitive to the quality of the S/N interface.

Werthamer [70] carried the work of de Gennes and Guyon further, obtaining a
complete solution for A(r) and T, in an S/N bilayer in the single frequency
approximation. He used the simplifying assumption that both metals of the bilayer are
exactly the same (same Fermi velocity, density of states at the Fermi level, residual
resistivity, Debye temperature) except for the electron-electron interaction parameter V.
He then expressed the Gor’kov equation (1.12) as a differential equation identical in form

to the Schrodinger equation, from which he could use standard solutions to solve for
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A(r) and T, in the bilayer case. |

The boundary condition dA/dz= 0 at a metal-insulator or metal-vacuum interface
was clearly understood as necessary to ensure that the probability current in the z-
direction went to zero at the vacuum interface. Atthe S/N interface, it was noted that A is
discontinuous there, since it is proportional to V(r), which changes abruptly. On the
other hand, A/V = (y4(r)y, (r)) should be continuous, since it is interpreted as a wave
fﬁnction of a correlated pair. So the appropriate boundary condition was chosen to be
that (1/A) dA/dz is continuous at the S/N interface. Werthamer thus arrived at the

solution:

Ve £08 Ks(z-ds)

<z<d
cos Kgdg ’ Oszs<ds
A(z) ~ (1.14)
cosh Kn(z+dy)
-dny<z<0
cosh Kndy 7 N=Z

and Kgtan (Kgdg) = Kytanh (Kndy)-  The latter relation he used to predict T, of S/N
bilayers; it was found to reproduce the data of Hilsch [1 1] quite well. For calculating the
transition temperature this entire method should work very well, although it really applies
only near Tgg, the transition temperature of the S metal, and thus should not be expected
to predict behavior properly at very low temperatures.

The temperature dependence of the decay length K-I(T) in the N layer can be
derived in two limits: clean and dirty. If N is in the clean limit (N >> K1), the decay
length is given by K-1(T) = hvg/(2nkgT) in an infinite sample. IfN is in the dirty limit
(I << K1), the development of a nonzero order parameterin N is controlled by a
diffusion process [69], and is given by K-!(T) = (AD/2rkgT)!/2, where D = vply /3 is
the diffusion constant, Vi the Fermi velocity and £, the electron mean free path of the N
metal. These results apply to N metals with V < 0, i.e., those which do not

superconduct at any temperature in isolation. If N is a superconductor with 0 < Ty <
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Ts, these results must be modified so that the divergence of K-! takes placeat T, a

phenomenon equivalent to the critical opalescence behavior found at second order phase

transitions. Then K-I(T) is given by the solution to [71]

T = l). L_hDK?—)
Ten v3) “’(2 4mkgT (1.15)

In

where v is the digamma function. In the dirty limit, this behaves approximately as (T -
T,) /2. A similar expression behaving approximately as (T - T )" is appropriate for
the clean limit. '

Later, de Gennes produced a landmark work in which he expanded on the work
of Werthamer [43]. Here he emphasized that in an inhomogeneous system such as an
S/N bilayer, optimum electron pairing is no longer obtained by pairing one electron in
state k with another in the time-reversed state -k, as is the case in a homogeneous
superconductor. This factled to the realization that the gap in the density of states, which
can be treated as an order parameter in a homogeneous superconductor, is not an
appropriate order parameter for S/N systems. Instead, the pair potential Alr) =
V(r)(ys(r)y (1)) is appropriate. De Gennes then showed that if this quantity depends
on one spatial coordinate only (usually the case), then the gap in the spectrum of
excitations in an S/N bilayer is equal to the minimum of A(r) in the sample. However, he
also stated that if V=0 in the normal metal layer, there can be no gap in N. This idea
would contradict later tunneling results, which showed that a gap in Cu does develop in
proximity contact to Pb, though Cu is never observed to superconduct in isolation [24].

De Gennes made clearer the notion that the solution of Gor’kov’s equation
(1.12), at temperatures far from T, involves including more terms in the expansion of
the kernel K(r,r’). In Fourier space, this corresponds to many different decay lengths,
of which the single frequency approximation decay length K-1 is only the one with the

longest range. Thus in the region of N near the interface these other decay lengths play
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an importantrole below T,. The theory of Werthamer applies only far away where these
shorter-range decay lengths are unimportant.

The behavior at very low temperatures was examined by Falk at around the same
time [44], using the same Gor’kov equation. He showed that the decay of the pair
potential A(r) became a power-law A(r) ~ 1/r instead of the exponential behavior predicted
near T,. Although he did not specifically give a length scale over which this dependence
occurred, he still recognized that the exponential variation of A(r) was very much an
effect of a linear perturbation, valid in the dirty limit and near T only.

A theory of the excitation spectrum of a normal metal slab deposited on a
superconducting substrate was then constructed by de Gennes and St. James [21]. By
solving the Bogoliubov-de Gennes equations [63-64] for energies € < A, they found that
there were states at arbitrarily small energies if the electron-electron interaction V were
negligibly small, as well as discrete bound states. These were supposedly seen in the
oscillations of d2I/dVZ observed by McMillan and Rowell [22].

The interesting aspect of the density of states given by de Gennes and St. James
is that the proximity-coupled normal metals are evidently an example of gapless
superconductivity which is not caused by an interaction that breaks time-reversal
symmetry. This point was explored by Fulde and Maki [18]. They essentially found
that pair breaking effects caused by a metallic contact occurred because of the spatial
dependence of the order parameter, analogous to the current-carrying case in a
homogeneous superconductor [72]. The only difference is that in the proximity effect a
finite extra momentum k is introduced to all states via matching of boundary conditions at
the S/N interface, while in the current-carrying case it is introduced externally by the
applied current.

In 1975, further substantial theoretical progress on the proximity effect, this time
with the aid of computers, was made. In that year, Silvert [73] published work in which

computers were used to perform a variational calculation involving Gor’kov’s integral
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equation (1.12), without the restrictive approximations necessary for analytical treatment.
It was found that while diffusion-based theories were fine for very thick normal films
away from the S/N interface, the order parameter varied much more rapidly near the S/N
interface than was predicted using the one-frequency approximation. Thus for thin films,
the diffusion theories of Werthamer [70] and the Orsay group [43] were shown to be
unreliable. This was supported later by the work of Mota et dl. [41], as well as by data
presented in this thesis.

Later theory papers [74-75] attempted to solve the problem of Ay(z) in the clean
limit; these both used the Green’s function method, and did not actually yield a simple
expression for A\(z). Their treatments lie outside the scope of this thesis and are
mentioned here just for completeness. Kogan [76] obtained the temperature dependence
of the correlation length &,(T) in the normal layer of a proximity system above Ty, valid
at any concentration of nonmagnetic impurities. Kresin [77] later raised the important
issue of nonlocality in his treatment of electromagnetic screening in S/N bilayers, and,
together with Wolf[78], went on to apply the theory of the proximity effect to layered
structures in an effort to explain the anomalous behavior of high-temperature

superconductors.
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Chapter 2
The Parallel-Plate Resonator Technique

2.0 Resonator Description

The measurements presented in this work were performed at microwave
frequencies with a resonant length of superconducting transmission line known as a
parallel-plate resonator. A detailed diagram is shown in Fig. 2.1. It consists of two
nominally identical superconducting films of dimensions roughly 1 ¢cm x 1 cm, placed
face-to-face, and separated by a thin layer of dielectric material to provide electrical
isolation. This forms a two-conductor parallel-plate transmission line capable of guiding
transverse electromagnetic (TEM) waves.

Excitation of such TEM modes is accomplished by placing a short length of
microstrip line near one edge of the resonator, achieving capacitive coupling through a

small gap (~ 0.1 mm). A second, identical antenna is placed further along the edge to

Substrate I |

Superconducting
Film

Dielectric
Spacer

Microstrip Antennae i I \

Dielectric Post

Fig 2.1. Parallel-plate resonator diagram
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pick up the signal transmitted through the resonator. The experiment consists of
recording the transmission coefficient S, |, which is the complex ratio (magnitude and
phase) of the received signal at port 2 to the transmitted signal at port 1. All
measurements were performed on a Hewlett-Packard 8510C vector network analyzer.

The experimental setup is shown in Fig. 2.2.

Lakeshore DRC-93CA .086" Copper Semi-Rigid
Temperature Controller  (gaxial Cable

[ [ 5o i A
B Odh
e .
pp1B | == BEEEEEE 3 To
Cable nooo o oo a_ " I_.c Pump
) " Kadel
M\ i & 3 Research
U HP 8510C Vector T Dewar
Network Analyzer
—_ 3 Liquid
" /Helium
Computer %
~~Vacuum Can

Fig. 2.2 Parallel-plate resonator measurement set-up

2.0.1 Dielectric Spacer
The dielectric spacer must be a low-loss (tan & < 10"%) material with little

temperature dependence of its dielectric properties. It must also survive thermal cycling
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to 4K and must be able to be cut exactly to the same dimensions as the films under study.
Two dielectrics used in this work were Teflon™ and crystalline sapphire. Teflon has tan
& ~ 107 and & = 2; typical fundamental frequencies obtained with it are in the range 10 -
11 GHz. It was cut from large sheets to exactly match each sample’s dimensions, and
was available in 12.5, 25, 50, 75, and 125 pm thicknesses. Sapphire was less
convenient because it could not easily be cut to match sample dimensions. It mainly has
the advantage of slowing the propagation of TEM waves (¢ = 9), bringing the resonant
frequency of a typical resonator down to 5 - 6 GHz. This was below the cutoff
frequency of the sample housing in which the resonator was mounted, making these
modes readily visible. Another advantage of sapphire is the low dielectric loss, given by
tan & ~ 10-8. However, fringing field losses were found to dominate over dielectric
losses with the 125 um sapphire thickness available. Because sapphire becomes brittle
and does not survive thermal cycling when thinned to less than 25 um, its primary use is
for measuring very lossy films where resonant modes cannot be found at the higher

frequencies obtained using a Teflon spacer.

2.0.2 Microstrip Antennae

The coupling antennae were made from 75 um-thick Rogers Duroid™ printed
circuitboard. The Duroid was first cut into strips of width .086” and length 1 cm. Then
one side was coated with GE varnish to protect it during etching. A thin strip of tape of
width .030” was glued down the middle of the strip on the opposite side. The strip was
then dipped into ferric chloride etchant, leaving only the .030” wide strip of Cu. After
removing the GE varnish from the protected side (ground plane), the microstrip was cut
to length ~ 0.3 c¢m and soldered onto the end of .086” ISOCORE semirigid Cu coaxial
cable with the center pin protruding .050”. The microstrip signal line was soldered to the
coax center pin; the ground plane was attached to the coax outer conductor. These

microstrips were made in an amateur fashion without precise photolithographic
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patterning. They lasted for ~ 20 measurements before fatiguing and breaking.

2.0.3 Microwave Cryostat

All parallel-plate resonator measurements were made using a cryogenic probe
submerged in a liquid helium bath. A 3/4” stainless steel tube carried the two coaxial
cables and the thermometer and heater wiring down to the sample stage. Two 2” lengths
of coaxial cable were used at the low-temperature end of the cryostat, connected with 3.5
mm SMA connectors to the main cables running the length of the probe. The room-
temperature end of the cryostat was fitted with positioning micrometers, so that coupling
to the resonator could be physically varied in-situ. The positions of both microstrip
antennae could be varied independently by as little as .01”.

The measurements were performed using two versions of this cryostat--one for
quick sample characterization and one for precise measurements. The quick
measurement cryostat (“dipping probe”) was dunked directly into a liquid He storage
dewar. No vacuum can was placed around the sample housing, so this method was used
only to screen samples for low surface resistance. More precise measurements were
performed using a vacuum can with a crushed indium seal. This was placed in a research
dewar, which could be cooled to 2K by pumping on the He bath. Helium has a strongly
temperature-dependent dielectric constant below 10K, so measurementin weak vacuum
(~ 103 Torr) was necessary to prevent the temperature dependence of g(He) from
influencing the resonant frequency of the resonator. In order to maintain this vacuum
inside the cryostat while adjusting the coupling to the resonator, a home-made dynamic
seal made from a Teflon™ disk was used. Undersized holes were drilled in a 1/8” thick
slab of Teflon, and the .086” coaxial cables inserted. Then the Teflon disk was
compressed by a retaining ring bolted on top. The Teflon flowed around the coaxes,
providing a tight, dynamic seal which held 10-3 Torr. A separate hole into the vacuum

environment for thermometer and heater wiring was sealed permanently with Torr-Seal™
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vacuum epoxy.

2.0.4 Temperature Measurement and Control

The temperature was measured by a Lakeshore DT-470 Si-Ge diode mounted in a
hole embedded in the copper sample stage block just above the sample housing. The
distance from the diode to the sample was approximately 0.5 cm. This diode can
measure temperatures down to 1.4K with a precision of 0.01K. Temperature stability
was achieved by heating the sample block with a 25Q 3W resistor thermally connected
with Apiezon N grease while the probe was immersed in liquid helium. For the
measurements performed in vacuum a small amount of He exchange gas was admitted
into the can to provide better thermal anchoring to the bath. The current through the
heater was regulated automatically by a Lakeshore DRC-93C temperature controller.
Ramping of the temperature, stabilization, centering of the resonance in the frequency
window of the network analyzer, and data transfer were all controlled automatically by

computer.
2.1 Parallel-Plate Resonator Theory

2.1.1 Electromagnetic Field Configuration

The parallel-plate resonator is a two-dimensional transmission line capable of
supporting transverse electromagnetic (TEM) modes. Assuming perfectly conducting
plates and open circuit boundary conditions at the edges, the electric field E(x,y,t) and
magnetic field B(x,y,t) can be found by solving the wave equation by separation of

variables, as follows:

O%Bo 0By 0By _,
0x2  oy? 2 pt?

2.1
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where E = z Ey(x,y,t). We then separate variables, writing Eq(x,y,t) = X(x)Y(y)T(t).
Substituting this into (2.1) and dividing by XYT, we get

162X+ 162Y__§‘152T=0
Xox2 Yoy2 2 Tp2 (2.2)

All three terms must be constants, since (2.2) must hold for all (x,y,t) and the three terms

are independent of each other. We choose these constants as

10X _ 2

Xox2 -k (2.3a)
*Y

\l(ayz = -k, (2.3b)
*T

1__ = _0)2 (2.3C)

T a2

so that we get the dispersion relation
ke +ky? = Lol 2.4)

Solving the equations (2.3) and employing the boundary conditions that E must be

maximum at x =0,a and y = 0,b, we find

X(x) = cos kyx, ky= 95“— (2.5a)
o =M
Y(y) =coskyy, ky=% (2.5b)
T(t) = cos wt (2.5¢)
where n,m = 0,1,2... Thus we have
E =z Egcos %@i cos —n—lgl cos mt (2.6)
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The magnetic field is found from the Maxwell equation V x E = - 0B/0t :

Egsinot| mg . MY nrx nw o DTX mmny
= - X + sin cos
B sin cos a a b (2.7)

) b b a
So E and B are perpendicular to each other, 90° out of phase, and are related in
magnitude by the phase velocity of the waves. A diagram of these modes is shown in
Fig. 2.3. This simple picture enables one to roughly calculate the mode frequencies of
any sample of interest. For example, a resonator with dimensions~ 1 ¢m x lcm with

Teflon dielectric (¢ = 2) has fundamental modes [(nm) = (01), (10)] in the neighborhood
of 10 - 11 GHz.

_— J
Girrt + t - - -——— fr— Sy > v
L r.,,.A‘JIlI1'[.H %
e e e
(a) (b)

Fig. 2.3. Field configuration of the (01) mode in a parallel-plateresonator. Shown
are: (a) the instant at which E is maximum at the edges, with no current flow (t =0),
and (b) the situation 1/4 cycle later, when maximum current flow and maximum B at
the midpoint of the resonator occur (t = 1/4). At t = t/2, the E fields and charges are
identicalto (a), but with opposite sign. At t = 3t/4, B fields and currents are opposite
to those shown in (b).

The assumption of perfectly conducting plates defeats the purpose of the
measurement, of course; the whole idea is to measure the surface resistance (loss) and
penetration depth (reactance) of the plates. Fringing fields, substrate dielectric constant,
and coupling fields also complicate the picture to the extent that the above calculation only
predicts the mode frequencies with an accuracy of £10%. But the essential behavior of

the fields is described by Eqgs. (2.6) and (2.7).
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2.1.2 Magnetic Penetration into Superconducting Plates

If we consider the plates to be real superconducting films, we must relax the
assumption of perfect conductivity. This means that electromagnetic fields will penetrate
into the plates. The distance they penetrate is called A, the magnetic penetration depth,
and is typically 102 ~ 103A in size. This penetration of field has a small effect on the
modes calculated in section 2.1.1, and causes the resonant frequencies of all modes to be
lowered a small amount. It is only a perturbation effect, so the basic mode structure still
strongly resembles that of Fig. 2.3.

The effect of field penetration into the plates is to increase the inductance per unit
length, since extra energy is being stored during an RF cycle in magnetic fields in a
sheath of thickness A just inside the surface of the plates. This is called magnetic
inductance. In addition, some energy is stored as kinetic energy in the supercurrents
that flow to screen out the applied field, known as kinetic inductance. These slow the
propagating TEM waves slightly.

To calculate this effect, consider the situation shown in Fig. 2.4. The RF
magnetic field is parallel to the superconducting film in the region between the plates.
Outside the resonator the magnetic field is nearly zero because of currents flowing in the
opposite direction in the other film.

Inside the film we have the Maxwell equation -
VxB=poJ (2.8)

where J is the total current density. We neglect the displacement current because, to
zeroth order, E = 0 inside the film. We neglect normal currents for the same reason, So
that J = J_, the supercurrent density. We then combine (2.8) with the second London
equation

V x uOKZJS =-B (2.9)
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Fig. 2.4 Magnetic field profile inside superconducting plates and magnetic field lines
outside. The shielding currents flow in opposite directions, creating a constant
magnetic field B, between the plates, and forcing the condition B ~ 0 at the back

surface of the films.

and arrive at the equation which describes Meissner screening:

2
\% B=;B; (2.10)

The solution which matches the boundary conditions B(z=s) = 0 and B(z=0) = By is: !

sinh (-2

B = B N 2.11)
(z) 0TS _
A

The supercurrent, calculated from Eq. (2.8), is:
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(2.12)

To calculate L, the inductance per unit length of the resonator, we set the total energy
stored equal to L12/2, where 1 is the total current flowing through an element of length in
a film of width W:

+oo

+00 5 sz 2( )
Lip=w| B@g  w| w21, 2.13)
2 210 2

~00

-00
The first term in (2.13) is the magnetic inductance;the second is the kinetic inductance.
Since B = 0 outside the resonator, the integrals run over the two film thicknesses and the

space between the plates. Evaluating the first integral, we have

1 2:B02 + B02W _§+2h_‘ 25
FEmesl? =5 CWd uosmhz(ﬁ_) s+ smh(x) 2.14)
A
while the second integral evaluates to :
L. p2=_BW |s A us
2 uosinh2(i) 2747, (2.19)
A

Adding these two terms together and using Ampere’s Law to find I = WBy/u, we getan

expression for the total inductance per unit length:

sinh{z—s)
- Ho A
L="(d+A— Al (2.16)
W sinh2(§—)
A

It can be shown that the capacitance per unit length is C = €.6,W/d, this result being

unaffected by magnetic penetration into the plates to zeroth order. We thus can calculate
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the phase velocity of waves traveling between the plates:

vph———(LC)'”z - /e,
sinh(z—s—)
1+ A A 2.17
d sinh2(§—)
A
Since the resonant frequency is proportional to the phase velocity, we arrive at
f() = fa
v 1 +&coth(—s—) (2.18)
d "y

where the denominator of (2.17) has been simplified. Here f, is the resonant frequency
and f, = c/\/sr is the “ideal” resonant frequency in the absence of magnetic field
penetration, i.e., if A were zero. The second term in the denominator of (2.18) thus
describes the effect of magnetic field penetration on the resonant frequency. It is
important to note, however, that since A is never zero, experimental determination of the

absolute magnitude of A is difficult, though small changes in A of the order of 1 A are

easy to detect.

2.1.3 RF Losses in Superconducting Films
Magnetic field penetration is also accompanied by RF losses, which occur at finite
frequency because of the presence of quasiparticles thermally activated out of the
superconducting condensate. An electric field E, arises when the supercurrent is
accelerated back and forth by the alternating magnetic field, according to the first London
equation:
=4 (upp%
E|= i Lo Jg (2.19)
This electric field, parallel to the plane of the film, then drives a normal current J, of

quasiparticles given by J,, = oK, where o, is the real part of the conductivity. This
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latter effect causes the RF loss, and can be described by a net component of the time-
averaged Poynting vector directed into the film. It canbe shown [79] that the total time-
averaged power lost per radian of oscillation through both plates of the parallel-plate

resonator via this mechanism is given by

5

Pad=2 (L) (1)L re j Yo Bz 2.20)
where the factors of 1/2 and 2 come from time and space averaging, and from the fact
that there are two films.

The quantity actually measured experimentally is the quality factor Q, which is
related to the bandwidth Af of the resonance by Q = fy/Af. The Q is defined as the energy
stored in the resonator divided by the energy dissipated per radian of oscillation. But the
intrinsic quantity of interest which describes the electromagnetic response of a
superconducting film is the surface resistance R,. It is defined as

R, = o Re (E"(—Ol) (2.21)

By(0)

and is a quantity independent of film dimensions that characterizes the lossiness of the
sample. If we assume for the moment thatall other loss mechanisms (such as radiation
or coupling losses) are negligible, we can derive the relationship between R, and the
measured Q.

The energy stored in the resonator is a constant quantity, stored alternately in
magnetic and electric fields during an RF cycle. If we choose the instant of maximum
magnetic field storage, the energy stored is

2
U=d f Bo (oY) 4 gy
S

210 (2.22)
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We neglect the extra energy stored inside the plates calculated in section 2.1.2, since itis

a very small contribution. Using (2.7), we evaluate (2.22), yielding

_ dWLB¢?

v 4y

(2.23)

The plates carry sheet current K, which leads to power dissipation of K2R, per unit area.

Thus the time-averaged power dissipation per radian in both films is given by

(Pdis) = 2 (%) (%) QROS)_LW_ (2.24)

where again the factors of 2 and 1/2 come from time and spatial averaging, and two

films. Recalling that K = /W = B/, we can then calculate Q:

- U =7tu0f0d
Q <Pdis) Rs (2'25)

We can calculate the surface resistance from (2.20) by identifying that equation with

(2.24) and rearranging:

S
J-E
Ry(T) = pe? Re f bl (2.26)
B 2
0 0

Assuming all fields and currents are proportional to e/®, we calculate the electric field

from the total current:

J(2) = 01Ey(2) + —L—E)(2)

o2 (2.27)
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Taking the real part of J - E, we arrive at an integral for Ry:

coshz(u)
d

RS(T) - O . : A z (228)
o1+ 1 2) A sinhz(—s——)
0 O oA A
The solution is
Ry = 91 1 [k coth(i) -5 cschz(—s—)J
o2+ ([Pl h : (229
O oA

This result was originally derived by N. Klein et al. [80] and reduces to the familiar

result

3
_Ho’e’A oy (2.30)

R
S 2

in the limits 6, << o, and s >> A..

2.1.4 Extrinsic Losses and Resolution Limits for R,

The aim of the parallel-plate technique is to arrange matters so that the
electromagnetic response of the superconducting plates dominates the behavior of the
resonator. In other words, the conductor loss in the plates must be the primary
mechanism for power dissipation, and changes in magnetic field penetration the dominant
cause of resonant frequency shift in the resonator. There are, however, extrinsic losses
which can compete with the intrinsic film losses and even dominate the resonator
behavior, particularly if the films are of very high quality. Each source of loss has its

own dependence on the spacer thickness d, however, so that by varying d these factors
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can be isolated.

The three primary sources of extrinsic loss are fringing field loss (radiation),
dielectric loss, and coupling loss. The latter can be minimized by weakening the
coupling between the microstrip antennae and the resonator. The other two sources are
always present, and must be measured.

These two sources of extrinsic loss constitute extra energy lost from the
resonator, and hence contribute to the <P ;> term in the denominator of Eq. (2.25). This

can be represented as a contribution to 1/Q, as follows [55]:

=OLd+t21118'*'~-~————RS (2.31)

1
Q npofod

In Eq. (2.31), the first term represents energy lost through fringing fields at the ends of
the resonator. The value of a. is determined by the coupling to the environment outside,
the conductivity of the housing walls, substrate effects, etc. Though the energy lost is
proportional to d? [81], this is balanced by the stored energy in the resonator, which
grows linearly with d, giving a net contribution to 1/Q which is proportional to d.

The second term, tan &, represents the loss caused by rapid alternating

repolarization of the dielectric between the plates, and is equal to the ratio

[m(e) (2.32)

tan & = Re(e)

Since the imaginary part of € is proportional to the energy lost and the real part
proportional to the electric field energy stored, this ratio already satisfies the definition of
1/Q, and hence contributes an amount to the total 1/Q that is independent of d.

By varying the thickness of the dielectric spacer, one can isolate these three
contributions and obtain values for a, tan 8, and R by fitting the quantity d/Q to a

quadratic function of d, as shown by Taber [55]. This yields the true value of R,
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separated from extrinsic losses. In practice, therefore, it is always better to measure a
sample with the thinnest spacer possible, so that these extrinsic losses are minimized. At
12.5 pm spacing, the extrinsic losses can amount to a loss corresponding to as low as ~
5 pQ at 11 GHz. Measuring samples with R < 5 pQ then becomes difficult, and
thinner, less lossy dielectrics would be needed.

Figure 2.5 shows the d-dependence of 1/Q for a resonator comprised of Nb films
on Si, using Teflon spacers. It is plotted as d/Q vs. d in order to obtain a quadratic

dependence on d, so that a parabolic fit yields the coefficients a and tan 8, as seen by

0.015
4
tan & = 1 x 10 )
I
0.010 b o = 22194 x 10° pm’ o
= -4
) R = 847 pQ L
~ f = 11.5 GHz ,°
Q' 0.005 .o
. -] " .
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Fig. 2.5. Dependence of 1/Q on spacer thickness d for Nb films on Si substrates, at
2K. This plot is used to evaluate the relative amounts of loss caused by fringing field
loss, dielectric loss, and the samples themselves in the parallel-plate measurement.

inspectionof (2.31). The Nb samples measured in Fig. 2.5 thus had an intrinsic surface
resistance Ry = 8.47 uQ at 2.5K, which is the value one would obtain by using a spacer
thickness of 0 um, an impossibility. At 12.5 um dielectric thickness, the contributions to
the measured loss from dielectric loss and fringing field loss are 0.58 pQ and 16.2 nQ,
respectively. Thus, even with the thinnest spacer available, radiation from fringing fields
causes most of the measured loss. For thicker spacers, these numbers only get worse: d

=25 um, 1.16 pQ and 64.95 pQ; d = 50 um, 2.32 uQ and 259.8 uQY; d = 75 ne2, 3.48

45



u€2 and 584.5 pQ), respectively. These numbers are very significant; radiation losses
from fringing fields are far and away the largest cause of loss in the measurement, at least
for the Nb samples shown here. Though this is not always the case for the thinnest
spacer used (it depends on the kind of substrate, the lossiness of the films, the housing
walls, etc.), it is nearly always so for thicker dielectric spacers. Quantification of each
source of loss by the above method is therefore crucial when the superconducting films

being studied are not very lossy and do not dominate the RF loss in the system.
2.2 Surface Impedance of Superconducting Films

Below are surface impedance data, shown as surface resistance R and
penetration depth A, for several superconducting samples. Where possible, fits to

appropriate theory curves are provided, and quantities of interest are given.

221 Nb

Niobium is the “standard” to which many microwave measurements are
compared. Though it is somewhat challenging to prepare samples with good microwave
properties, they behave in a well-understood manner suitable for validating one’s
experimental technique. Shown in Fig. 2.6 are the surface resistance and penetration
depth of 3000A-thick Nb films grown on Si substrates by DC magnetron sputtering.
The films were produced in 4 mTorr flowing Argon, after first attaining a chamber base
pressure of 4 x 10-8 Torr. The substrate temperature was elevated to 450° C, and the
high purity Nb target was sputtered using 1200W power. The low base pressure (to
remove damaging oxygen) and the high substrate temperature (to evolve impurities from
the substrate surface) were very important in producing high quality films with superior
microwave properties. As seen in Fig. 2.6, these samples had a penetration depth A(0) =

353 A+ 10 A and T, = 9.17 K + .03K, found by fitting to the BCS temperature
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dependence tabulated by Miihlschlegel [82]. The fit to this dependence is extremely
good, and these numbers correspond closely to the accepted bulk value A(0) = 390 A and
to the observed transition temperature of 9.2 K. The surface resistance drops to a value
of 8.47 pQ at 2.5 K and has the characteristic temperature dependence R, ~ exp (-
A/kgT), with gap ratio 2A/kgT, = 3.6 * 0.1, also in agreement with the BCS value of

3.5. These results provide a high level of confidence in the parallel-plate technique.
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Fig. 2.6 Surface resistance (squares) and penetration depth (circles) for a 3000A-thick
Nb film on Si. The value of Rg at 2.5K is only 8.47 pQ at 11.5 GHz, and varies as
exp(-A/kgT) at low temperatures. The penetration depthis fit to the BCS temperature
dependence tabulated by Miihlschlegel, and the parameters A(0) =353+ 10 A and T, =
9.17 £+ .03 K provide the best fit.

2.2.2 NbN

Niobium nitride films are of great technological interest because they have a much
higher T, (< 17 K) than elemental superconductors such as Nb. Though some have
reported growing single-crystalline films of NbN [83], which they claim have penetration
depths of A(0) ~ 10004, most samples are granular and display penetration depths of
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A(0) ~ 3000 - 4000A. Though this large penetration depth is less desirable than that of
other superconductors, the incredibly low surface resistance found in properly grown
samples still holds great interest for microwave devices[84]. The main reason for the
low surface resistance is that despite the large value of A (recall that Ry ~ A?), the gap
over which lossy excitationsmust be excited is larger (2A/kgT, ~ 4.1). This, coupled
with a poor normal state conductivity and the fact that the reduced temperature T/T, is
lower than in elemental superconductors like Nb at that same temperature owing to the
higher T, mean that the real part of the conductivity, &;, can be much smaller than in
Nb, compensating for the difference in A.

The penetration depth and surface resistance of 8000A-thick NbN films grown on
oxidized Si substrates by DC reactive magnetron sputtering are shown in Figs. 2.7 and
2.8. In Fig. 2.7, NbN was grown directly on the substrate, while in Fig. 2.8, a 200A-
thick Nb underlayer was deposited first, followed by 8000A NbN. The purpose of
comparing the two was to look for an improvementin microwave properties correlated
with the improvementin crystalline orientation and the decrease in DC transition width
observed in samples with the Nb underlayer [85].

As seen by comparing Figs. 2.7 and 2.8, the use of the Nb underlayer did not
improve the surface resistance, which was already quite low (< 6 pQ) in the sample
made directly on Si. Instead, the sample with the 200A Nb underlayer had a residual
surface resistance of 22 pQ + 4 pQ, presumably associated with losses in the Nb.
However, the penetration depths were equal to within experimental error (L(0) ~ 3800A)

and the gap ratios derived from fitting to the temperature dependence[86]

MT) _ wA(0) _A0) Te
"0) 1+ PKsT exp( kBT)’ T< (2.33)

were found to be 2A/kgT, = 4.1 £ 0.1 in both cases. This indicates that no significant

difference in superconducting properties resulted from improving the crystalline structure
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Fig. 2.7. Penetration depth and surface resistance for 8000A NbN films on Si with no
Nb underiayer, at 10.54 GHz. Dashed line is afit to the dependence A(T)/A(0) ~ T +
T-12 exp(-A/kgT). The fit yields A(0) = 3970A + 200A and gap ratio 2NkgT, = 4.1 &

0.1. The surface resistance goes below the resolution limit of 6 pQ) at 4.2K.

4300 T Y T 600
8000A NbN o
4200k 200A Nb underlayer g <500
41400
L a
300 e
4200 ="
4100
0
16

Temperature (K)

Fig. 2.8. Penetration depth and surface resistance for 8000A NbN films on Si with
200A Nb underlayer,at 11.39 GHz. Dashed line is a fit to the dependence A(T)/A(0) ~
1 + T-V2 exp(-A/kgT). The fit yields A(0) = 3770A + 200A and gap ratio 2A/kp T, =
4.1 £ 0.1. The surface resistance hits a residual value of 22 pQ + 4 pQ) at 3K, This

is presumed to be related to the Nb underlayer.
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with the Nb underlayer; the extra losses evident in Fig. 2.8 are likely due to the Nb
underlayer itself, not changes in the crystalline order of NbN induced by it. The
measured penetration depth and gap ratio are in full agreement with previous

measurements performed by tunneling and other methods [87-88].

2.2.3  Ba;_,K,BiO;

This bismuthate superconductor is of interest because it too has a relatively high
T, (15 - 26 K) and has a coherence length suitable for fabrication of tunnel junctions[89].
It is known to be a cubic superconductor and its behavior is consistent with BCS theory
[85]. However, no single best method of fabrication has been found, with the result that
sample properties, both microwave and otherwise, can vary greatly from sample to

sample. Measurements performed by the author, when published in early 1994 [85],
gave the lowest surface resistance (400 puQ at 6.46 GHz) ever measured in this material.

The samples were made at AT&T Bell Laboratories by molecular beam epitaxy
(MBE) [90] on (100) MgO substrates. They were 3600A thick, had potassium doping
level x = 0.49, and hada T, = 17.2 K, typical of films grown by MBE. The penetration
depth and surface resistance of these samples at 6.46 GHz are shown in Fig. 2.9.

As seen in Fig. 2.9, these samples obeyed the asymptotic BCS temperature
dependence for the penetration depth, given by Eq. 2.33, with parameters A(0) = 3300A
+ 200A and A(0)= 2.82 + 0.35 meV. The latter quantity leads to a gap ratio 20Kk T, =
3.5 £ 0.5. The surface resistance was also fit to this theory for T < T_/2, using the

expression [87]:

R, - Ry(0) ~ %exp

" [ < =€ 2.34

The gap ratio 2A/kgT, = 3.5 + 0.5 agreed with the value found by fitting AA to Eq. 2.33.

It also is in full agreement with tunneling measurements on polycrystalline pellets[91],
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single crystals and thin films in Ba,_,K,BiO;/Au junctions[92], sputtered films in Ba,_
«KxBiO3/I/Au S-I-N junctions[93], all-Ba,_,K,BiO; thin film junctions[94], and with
infrared reflectivity results[95]. The penetration depth A(0) = 3300A also agreed well
with the value of 3400A obtained by muon-spin-rotation[96]. Though the data

4500 T F = 800
Ba K BiO, 8
o}
8 - 700
( @]
4000 f &L [} -
_ Oo" 48 4 600 %
og CPOD o vm
®© % e
= 3500 } dﬁp%d%gu —> {500
—-—-adfm B
e ) - 400
3000 L .
0 5 10 15
Temperature (K)

Fig. 2.9. Penetration depth and surface resistance of a 3600A-thick Ba, ,K,BiO; film
on MgO, at 6.46 GHz. The solid and dashed lines are BCS asymptotic fits for T<T./2
using Eq. 2.33. The gap ratio found from both of these fits was 2A/kgT, =3.5 £ 0.5.
This was the lowest surface resistance ever measuredin this material, Ry = 400 pQ at
6.46 GHz and 2.2 K. When scaled by R, ~ @2, it yields R, (10 GHz) = 958 pQ.

likely that further materials improvements will decrease R, further.

2.2.4 YBa,Cu;0,
By far the most widely-studied high-T, superconductor owing to its ease of
fabrication, this material behaves unlike the previous three superconducting materials in

microwave measurements. Here, 3000A-thick samples were grown by Chuhee Kwon at
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Maryland, on LaAlO; substrates by pulsed-laser deposition [97-98] and had T, = 90 K
as measured by AC susceptibility. The surface impedance data are shown in Fig. 2.10,
measured at 11.9 GHz. These samples were found to have very low intrinsic surface
resistance R, < 6 uQ at 4.2K after the effects of dielectric and radiation loss were
subtracted as described in section 2.1.4; these two extrinsic sources of loss contributed
significantly (~ 70 pQ total at 4.2K) to the measured loss, probably because of the
involvement of the substrate (€ ~ 23) in the fringing field configuration.

As seen from Fig. 2.10, however, the penetration depth does not obey the
standard BCS Miihlschlegel [82] temperature dependence the way Nb and other
conventional superconductors do. Instead of varying only exponentially slowly with
temperature as T -> 0, we find the dependence A(T) ~ T. The best fit to BCS theory is
not very good, and yields parameter values of A(0) = 2580A and T, = 100.1 K, not in
keeping with the more accepted value A(0) ~ 1250A [99] and the transition temperature
T, = 90 K measured by AC susceptibility. In fact, without knowing the correct
temperature dependence to fit YBa,Cu,O, 5 penetration depth data to, we are not able to
deduce the absolute value of A(0) at all; hence the plot of penetration depth change A\ vs.
T in Fig. 2.10.

Data such as that shown in Fig. 2.10 has been at the root of much of the debate
over the nature of the pairing state in cuprate superconductors, an issue still not
completely resolved. The linear temperature dependence of A at low temperatures is
consistent with a direction-dependent energy gap which goes to zero at some points
(nodes) on the Fermi surface. Since with such a gap function there are always excited
states available at arbitrarily low energies for Cooper pairs whose momenta lie in the
direction of these nodes, the depletion of the superfluid density, measured by the
penetration depth, proceeds linearly with temperature, rather than obeying the
exponentially slow depletion associated with a fully gapped spectrum. This so-called “d-

wave” pairing has been postulated by some [100]; microwave measurements are often
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called upon to address this issue because of the inherent high sensitivity to small changes
in penetration depth which must be resolved in order to distinguish an exponential
dependence from a power law at low temperature. It should be noted, however, that
interpretation of microwave experimental results on A(T) should be performed only when
careful consideration has been given to what is actually being measured, namely, a layer
of thickness A at the surface of the superconductor. In this sense, microwave
experiments cannot claim to measure intrinsic, bulk properties of a superconductor unless

there is every reason to
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Fig. 2.10. Penetration depth and surface resistance of 3000A-thick YBa,Cu;0_5 films
on LaAlO, substrates. The dashedline is a fit to the temperature dependence of A(T)

given by Miihlschlegel, which does not fit well. The parameters of the fit shown are
A(0) =2580A and T, = 100.1 K.

believe that the surface region is exactly identical to the rest of the sample bulk. Surface
roughness, unknown surface material, uneven doping due to oxygen loss or oxygen
incorporation, fingerprints, chemical damage, and other surface defects can all be reasons

why this might not be the case. Although we have shown that a proximity-coupled
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metallic layer on the surface of YBa,Cu;0;_s cannot reasonably account for the A(T) ~ T
behavior [101], it is nevertheless important to remember that this linear dependence is

essentially a property of the surface region.

2.2.5 GdBa,Cuy0,

This material is identical to YBa,Cu,;0, g in structure, and has the same transition
temperature of ~ 90K. In DC measurements, in fact, there would be no good way to tell
them apart. Yetbecause Gd is a magnetic ion, the Gd sublattice undergoes an ordering at
~ 3 K which is visible as a strong peak in electromagnetic absorption. Fig. 2.11 shows
this; while normally the surface resistance would decrease monotonically as T -> 0, much
of the electromagnetic energy passing through the film surface in GdBa,Cu;0,_5 goes
into disordering Gd spins which have reduced the free energy of their sublattice by
ordering themselves. There is little effect on the superfluid properties, as seen in Fig.
2.12; the resonant frequency shows almost no discernible features around 3 K at all.
These samples were made by S. Green at Neocera, Inc. by pulsed laser deposition,

under conditions very similar to those under which the YBa,Cu;0,_5 films were made.
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Fig. 2.11. Surface resistance of GdBa,Cu;05.5 films, using a 125um Teflon spacer.
Note the small peak in R at 3K, associated with the Gd sublattice magnetic ordering
temperature.
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Fig. 2.12. Resonant frequency vs. temperature for GdBa,Cu; 0.5 films, using a 125
um Teflon spacer. The feature at 3K related to Gd magnetic ordering is hardly
noticeable here.
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Chapter 3
Surface Impedance of Conventional Low-T
Proximity-Coupled Bilayer Films

3.0 Introduction

In contrast to the relatively well-behaved microwave properties of the single-layer
superconductors shown in Ch. 2, proximity-coupled bilayers display more complex
behavior due to the spatially inhomogeneous superfluid density in the proximity-
superconducting normal metal and its temperature dependence. This chapter contains
surface impedance dataon two proximity-superconducting systems (Nb/Al and Nb/Cu),
in which the normal (N) metal film is deposited on top of the superconducting (S) film.
In each system, the data demonstrate that the normal metal layer behaves effectively like a
superconductor, screening the applied RF magnetic field in a characteristic way. To
understand this behavior, the thickness of the normal layer was varied from 0 A (bare
superconductor) to a few hundred A. These normal metal thicknesses are much thinner
than in most previous electromagnetic experiments on proximity systems, so that we are
able to study the induced superconductivity in the region of the normal layer near the S/N

interface.
3.1 Nb/Al Bilayers

The Nb/Al system was chosen because it has desirable properties for studying
proximity effect physics; Nb is a well-characterized superconducting material, Al is a
good metal which is itselfa superconductor at a lower temperature Tyn=1.14 K, and the
two form clean interfaces without interdiffusing into one another [102], a requirement for

optimum proximity coupling [71]. The fact that Al is itself a superconductor is
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important; significant differences in behavior, such as the formation of a gap and the
divergence of the decay length K-! as T -> T,y rather than as T -> 0, have been
postulated between proximity-coupled truly normal metals (Toy = 0 K) and intrinsic

superconductors induced into superconducting above their transition temperature [43].

3.1.1 Fabrication and Characterization of Nb/Al Bilayers

Niobium films of thickness 1 um were first deposited on R-plane sapphire
substrates by DC magnetron sputtering in 5 mTorr flowing Ar at substrate temperature
110° C. The chamber was evacuatedto 1 x 107 Torr beforehand, and the Nb target
presputtered to remove surface contaminants and improve oxygen gettering. Nb was
deposited at a rate of 30A/sec, and bare Nb films made this way had resistivity p,(10K)
~ 1 pQ-cm and resistivity ratio p,(300K)/p,(10K) ~ 4. The films were deposited by
Sining Mao at Maryland.

To ensure a clean, oxide-free S/N interface, the substrate was then rotated in-situ
(without breaking vacuum) and Al was deposited by RF sputtering at 12A/sec to the
desired thickness dy, where 100A < dy < 600A. The substrate temperature while
depositing Al was ~ 100° C, and the total time required to rotate between sputter targets
was ~ 3 sec. Resistivity measurements on Nb/Al bilayers indicated that ParZ 3pNp at 10
K, and that the same resistivity ratio Pn(300K)/p,(10K) ~ 4 applied.

The Nb/Al bilayer samples produced this way exhibited transition temperatures T,
in the range 9.0 - 9.1 K, as determined by AC susceptibility measurements. These
values were less than the optimum value of 9.3 K found in bulk samples, but are typical
of Nb films grown at 110° C and arevnot lower because of the presence of Al, which
would occur only with much thicker Al layers. In order to check the quality of the S/N
interface, point-contact spectroscopy (PCS) measurements were performed in the manner
of van Son [103] by undergraduate student Arijit Das. The dynamic resistance dV/dI fit
the Blonder-Tinkham-Klapwijk [104] form with interface scattering parameter Z < 0.2
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and attenuation factor Apcg ~ 0.5 in Al. This indicated that the interface produced good
proximity coupling, and also led to the expectation that Al would be best described by the

dirty limit.

3.1.2 Magnetic Screening and Effective Penetration Depth AL (T)

Parallel-plate resonator measurements were made using two identical samples of
each Althickness and a 25 um-thick Teflon™ dielectric spacer. The sample dimensions
(0.375” x 0.400”) led to a fundamental mode frequency of ~ 11.5 GHz. As described in
section 2.1.2, magnetic field penetration into the plates (now S/N bilayers instead of
single-layer superconducting films) affects the resonant frequency by slowing the
propagation of TEM waves. Thus by studying the dependence of the resonant frequency
on temperature, one can gain information about the penetration of magnetic field into

whatever material is chosen for the plates.

H¢ (®)

(b)

Fig. 3.1 Approximate magnetic penetration profiles inside the plates of a parallel-plate
resonator for (a) homogeneous bare superconducting films and (b) proximity-coupled

S/N bilayer films. The thin curves are for T ~ T,, while the thick curves show the
behavior for T << T_.
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In particular, one can hope to learn about magnetic screening done by the proximity-
superconducting N metal in an S/N bilayer. Figure 3.1 shows the approximate magnetic
field penetration profiles one might expect in a parallel-plate resonator composed of (a)
bare superconducting films and (b) S/N bilayer films. These pictures are intended to help
clarify the data presented below.

In order to compare screening behavior in a bilayer with that of a homogeneous
superconductor, we transform the resonant frequency data into changes in penetration
depth by means of Eq. 2.18. Rearranging that expression, we define

Do) Ren(To) = = [T (3.1)
where T is the lowest temperature at which data was taken. We have replaced A in
(2.18) with an effective penetration depth A ¢ in anticipation of the fact that S/N bilayers
do not have a single, well-defined value of A, due to their spatially inhomogeneous
superconducting properties. As we shall see, A is related to the inductance per unit
length L of a superconducting transmission line by L = (11o/W)(d+2\ ), where W is the
film width. For systems in which the penetration profile of magnetic field is exponential
(a homogeneous superconductor thicker than its penetration depth), A off Nappens to equal
A, as seen in Eq. (2.16). Changes in the resonant frequency are caused by changes in
inductance, however, which for inhomogeneous superconducting systems like S/N
bilayers is not simply related to a single length scale. The definition given by Eq. 2.13
will be generalized to the case of S/N bilayers in Chapter 4.

Figure 3.2 shows the effective penetration depth change Al g for Nb/Albilayers
with Al thicknesses 0A, 1004, 200A, 300A, and 600A. The curves have been displaced

vertically for clarity; only changes in A o are meaningful here.

59



3.1.3 Al Layer Thickness Dependence of Ak ¢((T)

The bare Nb sample on sapphire behaves very much in accordance with BCS
theory, though because of different deposition conditions the best fit parameters were
A(0) = 585A and T. = 9.03K, unlike the values A(0) = 353 Aand T, =9.17 K for Nb on
Si givenin Fig. 2.6. Then, as successive thicknesses of Al are added, we see this BCS
behavior give way to a dependence on temperature that is not well described by an

exponential at low temperatures but rather by a power law of the form A ¢(T) ~ T,

800
Nb/Al Bilayers
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d, =
200 F
0-
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T (Al)  Temperature (K)

Fig. 3.2. Effective penetration depth change Akeﬁ(T) for Nb/Al bilayers, with Nb
layer thickness | pum and Al thickness dy, where 100A < dy < 600A. The curves have
been offset vertically for clarity; only changes in keﬁ are meaningful. The downturn of
Ay in the 600A sample indicates the onset of screening done by proximity-coupled Al.

with o < 1. For Al thickness dy, = 100A, the behavior is nearly identical to that of bare
Nb; the Al is too thin to make a difference in screening properties. But for dy = 200A

and 300A, we see a noticeably linear dependence on temperature below 0.4 T, indicating
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that something other than simple activated depletion of the condensate is occurring.
Finally, atdy = 600A, a change of curvature is evidentas T decreases, signifying that the
Al layer is screening the applied RF magnetic field in a strongly temperature-dependent
manner. The difference between the linear behavior with T of the 200A and 300A
samples and the sublinear dependence of the 600A sample suggests that a characteristic
length scale describing magnetic penetration in proximity-coupled Al lies between 300A
and 600A. Such screening behavior, most active at low temperatures, has been seen in
previous magnetization experiments [38,41,45,48,49]; however, not many experiments
have been sensitive to it in such thin N layers. After the 300A Al layer was stripped off,
behavior obeying BCS theory was recovered in the bare Nb film.

3.1.4 Surface Resistance Dependence on Al Thickness

The surface resistance in S/N bilayers is a quantity that almost no previous work
has addressed [54], yet it yields new information, available to only a few experimental
techniques, and of great interest in understanding proximity-induced superconductivity.
In particular, the ability of electromagnetic absorption measurements to probe the
existence of coherence effects between thermally excited quasiparticles makes it a unique
technique for studying these effects in a proximity-superconducting normal metal.

The surface resistance of Nb/Al bilayers is shown in Fig. 3.3 for dy = 0A, 1004,
ZOOA, 3OOA, and 6OOA; it is in many ways similar to the AM e data of Fig. 3.2. The
bare Nb data shows a rapid drop in R; just below T,, followed by an exponentially slow
approach to its low-temperature value of Rg ~ 10 pQ + 4 uQ. As thicker layers of Al are
added, this behavior gives way to a second rapid decrease around 0.3 T,, visible most
clearly in the 600A sample. Although the magnitudes of R, shown in Fig. 3.3 do not
vary monotonically with normal metal thickness due to some variations in materials
parameters, the progress from exponential T-dependence at low dy to the sublinear

behavior at dy = 600A is still very noticeable. This again points to a characteristic length
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scale lying somewhere between 300A and 600A.
The similarities between the Al (T) and Ry(T) data in Nb/Al suggest that they

both may be related to the same phenomenon; a model of the electrodynamics of S/N

bilayers, given in Chs. 4 and 5, show that this is the case.

600
Nb/Al Bilayers
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Fig. 3.3. Surfaceresistance data for Nb/Al bilayers with Nb layer thickness 1 pm and
Al thickness dy, where 100A < dy < 600A. The drop in Ry of the 600A sample at
~3K is associated with a similar feature in Adq in Fig. 3.2, and involves the RF
losses in proximity-coupled Al that is just beginning to actively screen RF magnetic
field. The nonmonotonic variation of the magnitude of R, is due to differences in
materials properties between the different samples.

3.2 Nb/Cu bilayers

The Nb/Cu system is of interest for two reasons; primarily, it is a system in
which the normal metal is not a superconductor at any temperature in isolation, and

secondly, itis a system which has been widely studied by other methods. The ability to
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compare two proximity-superconducting metals (Al and Cu) backed by the same

superconductor (Nb) will prove to be of great convenience.

The Nb/Cu system has attracted experimentalists because it too has advantageous
properties for studying the proximity effect. The well-understood behavior of Nb, the
ideal metallic properties of Cu, and the nearly perfect immiscibility of the two at an
interface contribute to this status. In previous experiments, copper samples as thick as
35 pm have excluded magnetic fields at millikelvin temperatures when in proximity-
coupled contact with Nb [37-38], and strong flux exclusion at 2K has been detected in 1
um-thick Cu backed by only 550A Nb [45]. In addition, tunneling measurements seem
to indicate a true gap in the excitation spectrum of proximity-coupled Cu [24], and the
nature of coherence effects between excitations in proximity-superconducting Cu has

even been investigated by NMR [62].

3.2.1 Fabrication and Characterization of Nb/Cu Bilayers

Proximity-coupled Nb/Cu bilayer films were deposited on 3” diameter Si (100)
wafers by DC magnetron sputtering. They were grown using 4 mTorr flowing Ar
sputter gas, after attaining a chamber base pressure of 4 x 10-8 Torr. Nb was deposited
to 3000A thickness first at a substrate temperature of 450° C, using 1200W power on a
3” high purity Nb target. Then the substrate was cooled in-situ and Cu was deposited at
100° C using 1000W power on a 3” high purity Cu target. The thicknesses of Cu ranged
from 90A to 760A. Bare Nb films made this way had resistivity p,(10K) = 0.5 - 1.0
uQ-cm, with resistivity ratio Pn(300K)/p,(10K) = 6, while 2000A-thick bare Cu films
exhibited p_(10K) = 0.2 uQ-cm and P,(300K)/p (10K) = 10. The bilayers had
superconducting transition temperatures T, in the range 8.7 K < T, < 9.0 K, found from
DC resistivity measurements. These samples were grown at Maryland by Lie Chien, a

visitor from the Chinese Academy of Sciences, Beijing.
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3.2.2 Cu Layer Thickness Dependence of A\l ¢(T)

Parallel-plate resonator measurements at ~ 11.5 GHz were made using 12.5 um
Teflon™ dielectric spacers, for samples with Cu thicknesses dy = 0, 90, 270, 390, and
760A. Whereas the Al samples of section 3.1 were “dirty”, these Cu samples had longer
mean free paths and thus were expected to differ from Al in their proximity-
superconducting behavior. These samples were also fabricated in a more controlled way,

so that their microwave properties varied monotonically with Cu thickness.

800 =T
Nb/Cu Bilayers e |
- 3000A Nb E NN
Wer” o
600 | R ) d
D 1:1 @mo %
| d, = 760A Cu n-'..h'*
< 400 | ﬁé wf‘” __-.*" Ié;?'
N’
& s 390A Ay
<
<
[ | | ] |

0 2 4 6 8 10
Temperature (K)

Fig. 3.4. Effective penetration depth change A}»eﬁ(T) for Nb/Cu bllayers consisting of
3000A Nb and Cu layers of thickness dy, where 90A < dy < 760A. The dashedline is
a fit to BCS theory [82] for the bare Nb sample. The curves have been offset vertically
for clarity; no absolute values of Ay are implied.

The effective penetration depth change AA.(T) for the Nb/Cu bilayers is shown
in Fig. 3.4. Unlike the Nb/Al data given in Fig. 3.2, we see that while bare Nb fits the
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BCS temperature dependence given by Miihlschlegel [82], Nb/Cu bilayers with Cu
layers as thin as 90A already do not. In thedy = 90A data, there is already a noticeably
non-exponential temperature dependence at low temperature, while the 270A and 390A
Cu samples behave linearly with temperature up to 4K and 8K, respectively. Finally, the
sample with 760A Cu shows a steeper decrease of AL (T) and the sublinear dependence
Aege~ T, witho < 1, as T -> 2K. The characteristic change of curvature, also found in
the thickest Nb/Al sample, is visible. This behaviorin the 760A Cu sample signifies that
the copper layer is thick enough at dy, = 760A to screen the RF magnetic field
significantly. As with Nb/Al, the crossover from essentially Nb-like screening (0A,
90A, and 270A Cu samples) to the clearly linear and sublinear T-dependence of Aegr
(390A and 760A) indicates that a characteristic length scale describing magnetic field
penetration in proximity-superconducting Cu lies between 270A and 390A. This length
scale is much smaller than any length scale in Cu found in previous magnetization

measurements [36-38].

3.2.3 Surface Resistance Dependence on Cu Thickness

The surface resistances of the Nb/Cu bilayers described in section 3.2.2 are
shown in Fig. 3.5. As was the case for Nb/Al, one sees a temperature dependence of R
which is similar to that of Ak.g; for dy = OA (bare Nb), the surface resistance approaches
its limiting value exponentially slowly as T -> 0, in agreement with BCS theory. Mattis-
Bardeen [59] fits on bare Nb were consistent with a Nb normal state conductivity of o =
1.3659 x 108 ! m™!, which agrees with the DC resistivity measured at 10 K to within
experimental error. For the sample with dy= 90A Cu, however, this behavior was not
well described by BCS theory; after dropping quickly below T, R, decreases in a much
more linear fashion before appearing to level off as T -> 0. In fact, as evidenced in Fig.
3.5, its surface resistance actually becomes less than that of bare Nb, reaching a low of

Ry ~10 uQ £ 4 pQat 2.1 K. At this time it is not clear whether this resulted from
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superior low-loss properties of the proximity-superconducting Cu or merely from a

passivation effect preventing surface oxides from forming on the underlying Nb.

2000 L (] ¥ i ¥ 1 v
Nb/Cu Bilayers

f=11.5 GHz ﬁ

— A &
d, = 760A Cu E@ﬁ %ED

R (1)

Temperature (K)

Fig. 3.5. Surface resistance of Nb/Cu bilayers with 3000A Nb and Cu thicknesses dy
=0A, 904, 2704, 3904, and 760A, at frequency 11.5 GHz. Note that the 90A sample
has a lower value of R, than bare Nb at the lowest temperatures.

For the 270A-thick sample, Rg behaved linearly with temperature all the way up
to 7K, while in the 390A and 760A samples, a distinct change in curvature and a

sublinear temperature dependence were evident, as in the A\ ¢ data. The very rapid
decrease in R in the 7T60A sample was most noticeable; while far exceeding the R of the
other samples at 8K, the surface resistance becomes comparable to that of the thinner
samples at 2K. The Cu thickness at which the crossover from concave up to concave
down occurred was 270A; thus, as with the AL ¢ data, itis apparent thata characteristic
screening length scale of the system lies between 270A and 390A. We will see in Chs. 4
and 5 that both the AL (T) and the R (T) behaviors can be described by a single
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electrodynamics model in which this characteristic screening length appears as a fitting

parameter.

3.3 Comparisons Between Nb/Al and Nb/Cu Bilayers

3.3.1 Thin Normal Layer

The surface impedance data of Nb/Al and Nb/Cu are very similar, despite
differences in deposition conditions, substrate, and conductivity of the normal metal
layers. The general behavior of Ah.{T) in both bilayers is the same; exponentially
activated temperature dependence at small normal metal thickness which gives way to a
linear and then sublinear temperature dependence AL (T) ~ T%, with o < 1, as the
normal metal thickness increases. In both bilayer systems, the thickness at which this
crossover occurs is around 300A, despite the differences in materials parameters of the
two systems. The same is true for the surface resistance data; a characteristic length scale
of 300A separates essentially Nb-like behavior from essentially non-Nb-like behavior in
both systems.

The reason for this is likely to be related to the thinness of the normal metal layer
in both cases; while the induced order parameter far from the S/N interface depends
strongly on normal metal properties, the exact behavior of the order parameter near the
S/N interface may be less sensitive to these properties. This will be addressed in

Chapters 4 and 5 in more detail.

3.3.2 Normal Metal Transition Temperature T.n

The greatest distinction between Nb/Al and Nb/Cu is probably the fact that Al is
itself a superconductor, while Cu is not (in isolation). While there are theories
addressing the excitation spectrum of both types of normal metal (intrinsically

superconducting versus not), there is not much difference in microwave properties other
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than the fact that the order parameter decay length K-1 diverges at a finite temperature
(Tey = 1.14 K) for Albutat T =0 for Cu. In any case the data presented in this thesis
does not approach either of these temperatures closely enough to discuss this. Since Al
i1s a superconductor in isolation, it is perhaps not surprising that it may become
proximity-superconducting above T; the fact that Nb/Cu behaves the same way is,
however, a significant indication that Cu is proximity-superconducting also. This is

perhaps the most useful way to compare the two systems.
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Chapter 4
Theory of Magnetic Field Penetration in

Proximity-Coupled Systems
4.0 Overview

4.0.1 Bilayer Geometry

In order to understand the results given in Ch. 3 on proximity-coupled Nb/Cu and
Nb/Al bilayers, we attempt to construct a model of proximity-effect electrodynamics.
Chapter 4 addresses magnetic field penetration into proximity-superconducting bilayers
as a starting point; the issue of RF losses is considered in Ch. 5.

To model the screening behavior of proximity-coupled bilayers we consider the
geometry shown in Fig. 4.1. The superconducting film (S) extends from z = 0 to z = dg,
and is characterized by the quantities Ag, &g, and /g, the penetrationdepth, coherence
length, and electron mean free path of the S material, respectively. We consider only the
behavior of S below its transition temperature T,g. The temperature dependences of
these four quantities can be as important as those of the normal-metal (N) layer
(described below) in determining the electromagnetic response of the bilayer system.

The N material may be a metal which is superconducting at a lower temperature 0
< Tegn< Teg or a metal which is not superconducting in isolation at any temperature (T g
= 0). It extends from z = -dy to z = 0, and is characterized by the quantities Ap(z,T), K-
I(T), and £, the induced local penetration depth, order parameter decay length, and
mean free path in the N metal, respectively. We consider the behavior of the N metal at
temperatures above Ty, so that superconductive screening behavior can only be the
 result of proximity coupling to the S metal. Both layers are assumed for simplicity to
extend infinitely in both the y and x directions. The interface at z = 0 between the two

layers also affects the degree of proximity coupling, and is assumed to be sharp, i.e.,
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free of oxides or insulating regions.

The pair potential A(r) = V(r) (y4(r)y, (1)) is an appropriate order parameter with
which to describe the extent of proximity coupling between the N and S layers, as
explained in section 1.2.1. As indicated in Fig. 4.1, in the usual picture the order
parameter is decreased from its bulk value in the vicinity of the S/N interface in the S
material, and a nonzero order parameter is induced in the N metal near the S/N interface,

decaying as the free surface at z = -dy; is approached.

-dy 0 dg

Fig. 4.1. S/N bilayer geometry, with pair amplitude (y1(r)wy(r)) = A(Z)/V(z) shown
in N and S in the single frequency approximation.

4.0.2 Invalidity of the Single Frequency Approximation

In general, the behavior of the proximity-coupled system is determined by the
behavior of the region near the interface, since far away the two materials behave as they
do in isolation. If the N layer is extremely thin, the single frequency approximation
described in section 1.2.3 is no longer valid, since behavior near the S/N interface may
dominate the characteristics of the entire bilayer. The pairing of electronsin N is still

achieved by the electronic boundary condition created by the energy gap in the excitation
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spectrum of the S layer at the S/N interface (Andreév reflection), but the length scale on
which the pair potential varies may be much shorter than that predicted by the single
frequency approximation. In previous experiments [36-38,48-49], such rapid variation
of A(r) near the S/N interface was not important; the samples used in those works had
very thick N layers whose behavior was dominated by the response of the regions of the
N layer far from the interface. In the samples studied in this thesis, however, such rapid
variation of A(r) near the interface is very important. It can be detected easily in thin N
films by resonant microwave experiments which are sensitive to the change in inductance
caused by the additional Meissner screening occurring in the thin N layer [54,101]. This

gives the work presented here its experimental value.

4.0.3 The Order Parameter in N Near the S/N Interface

The spatial dependence of the order parameter in S and N governs the distribution
of Meissner screening currents and hence plays a large role in the electrodynamics of an
S/N system. Because in thin N layers the higher order terms in the Gor’kov interaction
kernel K(r,r’) cannot be neglected (see section 1.2.3), the spatial dependence of the pair
potential is slightly different from that depicted in Fig. 4.1. In particular, the single
frequency approximation shown there adjusts the boundary condition at the S/N interface
to account for the contribution from the neglected higher-order terms in the kernel. These
are replaced by a 6-function [43] at the S/N interface whose oscillator strength accounts
for the higher-order Matsubara frequencies in the sum rule governing the Fourier
components K _(r,r’) of the interaction kernel. The single frequency approximation thus
yields a pair amplitude (yp(r)y (r)) = A(z)/V(z) which is discontinﬁous at the S/N
interface; the discontinuity approximates the rapid variation of all the higher-order terms it
replaces.

In samples with thin N layers, however, this discontinuity no 1ongér provides a

reasonable approximation of the rapidly varying order parameter near the S/N interface.
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The true boundary conditions (without approximation), are continuity of, and infinite
slope of, the pair amplitude A/NV = (y4(r)y, (r))/N at the S/N interface[73]. Thus
A/NV looks like the thin curve shown in Fig. 4.2. In fact, it was shown by Silvert and
Cooper [105] that the pair amplitude is always continuous and has infinite slope at any

point where the electron-electron interaction constant V(r) changes abruptly.

ANV

> 7

ds

Fig. 4.2. Pair amplitude in an S/N bilayer in the single frequency approximation
(thick curve) and with no approximation (thin curve).

While the distinction between the exact case and the single frequency
approximation is unimportant for thick N layers, consideration of the exact case alters the
profile of the pair amplitude in the case of a very thin normal layer. Since the boundary
condition dA/dz = 0 at -dy still holds, the rapid decay of the pair amplitude near the
interface in N is softened, and the resulting profile looks very much like the exponential
decay of the single frequency approximation, except that it occurs on a much shorter
length scale, an “effective” decay length. This can be seen in Fig. 4.3. For the purposes
of calculating electrodynamic properties, this “effective” exponential profile is a good

enough approximation to the real situation, provided that the temperature is well above
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Te and the induced penetration depth is larger than this effective decay length. In the
remainder of this chapter, we will use an exponentially decaying function for the pair
amplitude in the normal metal, keeping in mind that the effective decay lengths found in
the thin normal layers presented in this thesis may be much smaller than the value of the

decay length given by the one-frequency approximation for use far from the interface.

et
Single Frequency K 1

Fig. 4.3. Pair amplitude profile nearthe S/N interface for a normal layer thinner than
the single-frequency decay length K-1. In a thin normal layer, the rapid variation of the
pair amplitude near the interface is more noticeable and can no longer be neglected
when considering electromagnetic screening properties. Well above Ty the profile can
be approximated by an exponential with a much smaller effective decay length K-!.

4.0.4 Spatially Dependent Penetration Depths
The penetration depth A of a homogeneous isolated superconductor is itself a
single homogeneous quantity independent of position that characterizes the superfluid
response of the superconductor. It relates the vector potential A and the supercurrent J
in a local superconductor (& << A) according to
A(r)

Js(r) =- 4.1
oh? 4.1)
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where the gauge V - A = 0 has been used.

In a proximity-coupled system where the order parameter varies spatially,
however, it is reasonable to expect that the superfluid response may depend on position,
i.e., A = A(r), and that this spatial dependence be related to that of the pair amplitude
(yp(Dy(r)) = A(ry/V(r). Deutscher et a. [34] have shown that A(r) ~ 1/A(r) in the
single frequency approximation, far from the interface, and at o = 0.
Phenomenologically also, the density of “superconducting electrons” n, is proportional to
A2 via the equations describing the Meissner state. Since ng ~ [( WT(r)%(r))lz, the
square of the pair amplitude, it is reasonable to assume A(r) ~ (l//T(r)l//i(l‘»_l =
V(r)/A(r).

To explain experimental data, however, it is convenient to develop analytical
expressions for the penetration of magnetic fields and currents, so that the problem
remains as simple as possible. We therefore attempt to relax some of the constraints
placed by the boundary conditions on A(r). If the N layer is not too thick, we may
neglect the boundary condition dA/dz = 0 at z = -d,, obtaining a simple exponential
dependence eXeff(MIZ, Similarly, we may neglect this boundary condition at z = dg in the

S layer. We obtain the approximate spatial dependences of the penetration depths Ay, Ag:

ANGZT) = AN(0,T) eKenTz | 2<0 (4.22)
As(z,T) = Aoo(T) coth -—”L)
(ﬁis(T) ,2>0 (4.2b)

The latter expression is due to de Gennes [64]. Here, 7, is given by

Z .—._%_S_ln P_é:sm (zzgh 1)"2} 43)

and b is the “extrapolation length” given by
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b=

DgNg -1 .
DNy Ket ' (T) coth Keg(T)dn (4.4)

where Dg and Dy are the diffusion constants, given by Dg n = vpg n£s n/3, and Ng and
Ny are the densities of states at the Fermi level in S and N, respectively.

The appropriate length scale over which variations in A(z) occur in the S layer is
the superconducting coherence length £g(T), according to (4.2b). Its temperature
dependence is well known in BCS theory [106]. The major difference between K ¢ 1(T)
and E¢(T) lies in the behaviors near T and T g; As we shall see, K ¢ I(T) has little or
no temperature dependence near T.g, but diverges strongly near Ty, whereas &g(T) is
independent of T near Ty and diverges near T.g. This fact alone leads one to many
conclusions about which layer (N or S) is most important in causing the behavior seen in

proximity-coupled bilayers in sections 3.1 and 3.2.

4.1 Magnetic Field Penetration When A = A(r)

When A = A(r), the second London equation (2.9) is altered because A(r) cannot

be brought outside the curl as in a homogeneous superconductor.

4.1.1 Generalized London Equation and Magnetic Penetration

We apply the vector identity V x pA = OV xA+VhxA t0(2.9), obtaining:
LA @)V x J(2) + po VAX(Z) x J(z) = -B (4.5)

If we assume that J, = J, ., We can substitute V x B/p, for J_ in (4.5), obtaining
A (2)V x (V x B)+ VA% (2) x (V x B) = -B (4.6)
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Since V x B = -x dB/dz in our case, this reduces to

dz2  \(z) dz dz 7\‘2(2) (4.7)

This reduces to Eq. (2.10) as expected when dA/dz = 0, i.e., when A does not vary with
position.

The behavior of this equation is dictated by the functional form of A(z). We use
expressions (4.2) to describe the spatial variation of A in a proximity-coupled bilayer

system. The only assumption made is locality, i.e., that J; and B are related at every

point in space by (4.5) and (2.8).

4.1.2 Effective Penetration Depth A ;. and Resonant Frequency

To calculate the effectthat Eq. (4.7) has on the resonant frequency f;;, we follow
the argument presented in section 2.1.2. Equation (2.13) is generally valid even when
B(z) is not an exponential. If we solve (4.7) for B(z) and calculate the supercurrent J (2
= (1/py) dB/dz for a particular spatial dependence of A(z), we can still calculate L, the
total inductance per unit length of a parallel-plate resonator of spacer thickness d
consisting of two films whose properties obey (4.7). If we define an effective

penetration depth

Aeff = —15 BX(z) dz + _17 f 1o2AX(2)J(z) dz (4.8)
BO film 0 fi

X film
thickness thickness

then L = up/W {d + 2A.¢}, where W is the width of the film. Assuming Jg ~ J, ., =
(1/n4) dB/dz, the second integral in (4.8) can then be done by parts:

By? 0

1 f Ho?A ()1 4(2) dz -~El-2- f 2(2) (%ZB—)2 dz
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22 B@) 4p |” ( 2 2
B2 dz | s Bo? J @) (Z)E dz ( )d22

V@B@ | | rBz(z) " 4.9)
B02 dZJz| B02J

where the last step is a result of using Eq. (4.7). Thus the first integral in (4.8) is

canceled by the second term of (4.9), leaving

_|¥@B@ q5|"
)\,eff—l:—“goz—"“—d—z‘ (410)

A

where z; and z, are the positions of the front and back faces of the film, respectively. In

analogy with (2.18), we then write the resonant frequency as
f,

a
4.11
1+ 2 @1

This definition (4.11) of Ay differs from the conventional definition of A = (1/By)

fo =

IB(z)dz when the decay of magnetic fields and currents is not a simple exponential; it
depends on the total magnetic flux in the film and the manner in which it penetrates, i.e.,
its curvature and inflection points. The two definitions coincide for exponential

penetration of field, however, in which case Aetr = A coth (s/A), as seen from Eq. (2.18).
4.2 Screening Dominated by Superconducting Layer
The full spatial dependence of both A\(2) and A (z) should be used to most

completely describe the response of the S/N system to an applied parallel magnetic field.

But it is of interest to separate out the effects induced in the two layers and consider them
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separately, in order to find which effect is dominant. In many cases further
simplification of the problem is then possible by neglecting the proximity-induced effects
in the less dominant layer. It is advantageous computationally to do so, and may be
accomplished without loss of generality if appropriate assumptions about the two layers
are made.

We first consider the possibility that the magnitude of the order parameter induced
in the N material is zero, but that the presence of N causes a large depression of the order
parameter near the S/N interfacein S. This is, for example, the expected behaviorif N is
a ferromagnetic material such as iron. We then expectalmostno screening of field by the
N film, since it is not superconducting at all and is by assumption much thinner than its
skin depth, dy << 8y. However, A(z) will be depressed to zero in the S layer at the S/N
interface. If £~ Ag, then an appreciable thickness of the S layer will exhibit a weakened

superfluid response, altering the penetration of magnetic field and current noticeably.

4.2.1 Vector Potential and Magnetic Field Solution

If the N layer is neglected, assuming that it does no screening of magnetic field at
all, then the problem reduces to that of a single S layer with increased penetration depth
locally near the S/N interface, according to (4.2b - 4.4). This is shown in Fig. 4.4. For
this A(z) it turns out to be easier to solve for the vector potential A than to solve (4.7) for

the magnetic field. Taking the curl of the relation V x A = B and using (2.8), we find
“VPA -V(V - A) ~ pols (4.12)

From (2.9) and the definitionof A we can identify A = -pyA?(z)J(z). If we choose the
gauge so that V - A = 0, combine this equation with (4.12), and insert the spatial
dependence (4.2b), we obtain

A 1 nn2 (220 \A =g (4.13)
dz? 2 V2E5(T)
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Fig. 4.4. Pair potential and position dependent A(z) in S layer, neglecting screeningin
N layer

The solution of this equation was found by de Gennes and Matricon[107], and proceeds

as follows. First rewrite (4.13)

Il
o

QEA__LP___J_} A

duz 321 cosh’au (4.14)

where o, = 1/\/2§S and u = z - ;. Then make the change of variabley = A coshSau,
where s is a constant to be chosen conveniently below. Taking derivatives, substituting

into (4.14) and canceling terms, we get

2
d—}; - 2so tanh(ow) —31 +|s2a? tanh?¥(ow) - _sa? —l—(l L1

y=0
du u coshf(au) 2\ cosh’(owu) (4.15)

We now choose s so that the term proportional to y is a constant. This yields
s=%—1i /1+ 42 (4.16)
a2
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Either root may be used. With this choice of s the term in brackets in (4.15) takes the
constant value -a.?s, yielding the new differential equation:
d?y dy

bl 7 olgy =
12 2sa tanh(awu) sy 0

(4.17)

We now change variables with the transformationp = cosh?aw, so that d/du = 20(p?-

p)!/2 d/dp. Finally, this reduces to the differential equation:
p(lp)y" +[s(p-1)-p+ L]y + Z=0 (4.18)

where a prime indicates differentiation with respect to p. Equation (4.18) has the form

of the hypergeometric equation [108] and we identify two linearly independent solutions
yi(p) = p? 2F1(a,a-ct+1,a-b+1;1/p) (4.19a)

y2(p) = p® 2F 1(b,b-c+1,b-a+1;1/p) (4.19b)

where a =[ -s — (s2 + §)1/2)/2, b= [ -s + (s? + 5)1/2)/2, ¢ = -s - (1/2), and ,F,(a,b,c;z) is
the hypergeometric function.

The magnetic field thus has the general form B(z) = A B,(z) + B B,(z), where

B = % = -a(s+2a) cosh"G*22+) ) sinh(au) oFi(a,a-c+1,a-b+1;1/cosh?(cu))

_2o0a(a-ct+l1)
a-b+]

cosh™(s*22*3) o) sinb(au) oF ) (a+1,a-0+2,a-b+2; 1 /cosh(auu))  (420)

and B, is exactly the same but with a and b switched. We then solve for A and B using

the boundary conditions B =Bj atz=0, B =0 at z= d,. We define a matrix M, where
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— B 1 (ds) BZ(ds)

M= B0 By(0)

(4.21)

Then A = -B,(d,)/det(M) and B = B (d,)/det(M).

4.2.2 Distribution of Fields and Currents

The penetration of B(z), neglecting screening in the N layer, is shown for a
typical parameter set in Fig. 4.5. The RF magnetic field amplitude at the surface of the
sample is 1 Gauss, and the sample being simulated consists of 3000A Nb and 500A Cu,
with Nb parameters A(0) = 350A, £g(0) = 380A and T, = 9.3K. The Cu is characterized
only by its effective order parameter decay length, given by K. !(T) = 180A (4°K/TH1/2,
The nature of the spatial dependence of A(z), given by (4.2b), causes the magnetic field
B(z) to always have positive curvature. In fact, as seen in Fig. 4.5, the penetration of
magnetic field when the normal metal layer is neglected looks remarkably similar to the
penetration profile of the bare unperturbed superconductor, despite the fact that the local
penetration depth in S is as much as a factor of two larger near the S/N interface than it is
deep inside S, even at modest temperatures. The current density profile for this same
sample calculation is shown in Fig. 4.6; It too resembles the current profile in a bare
superconducting film of Nb, except that at 8K a small change in curvature is perceptible.
This effect is quite small, however, so that significant departure from pure

superconducting behavior is only evident very near T..

4.2.3 Sample Calculations of A\,;(T)

Figure 4.7 shows the expected behavior of AL (T) for normal layer thicknesses
800A and 15004, neglecting normal layer screening. In the curves shown, the decay
length in the normal layer was given by K¢ !(T) = 180A (4°K/T)!/2, The temperature
dependence for A} is apparently independent of normal layer thickness for dy > 800A,
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1000 2000 3000
Position (A)
Fig. 4.5. RF magnetic field penetration into a Nb/Cu bilayer with attributes dy =
5004, &= 30004, Ag(0) = 3504, Es(0) = 3804, and K 1(4K) = 180A, neglecting the
N layer entirely but considering the effect of the depression of order parameter A it
causes near the S/N interfacein the S layer. Solid lines are the model calculation, and

dashedlines are the magnetic field profiles for bare Nb without the depression of A.
The two are remarkably similar even at 8K, differing noticeably only very near T,
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Fig. 4.6. Current density profile calculation for the sample describedin Fig. 4.5, again
neglecting normal layer screening. The change in curvature from pure exponential
penetration of current is noticeable at 8K.
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Fig. 4.7. Effective penetration depth calculation for a Nb/Cu bilayer containing 3000A

Nb, ignoring N layer screening but considering depression of A in S near the interface.

Although the region of depressed A extendsto a depth £ ~ 400A into S, the effect of

this depression is not important, even with 1500A of normal metal.
and does not ever appear to deviate much from that of a bare superconductor. Figure 4.8
shows a close-up view of the low temperature behavior. Although there is a change in
the behavior of AL .(T) from exponentially flat to linear for T < 3K, the magnitude of the
change is very small, on the order of 10A. In no way does Alq(T) appear to drop
rapidly below 2K, as is found in the actual AL o(T) data.

The effect of varying the size of the order parameter decay length in N is shown
below in Fig. 4.9 for a fixed normal layer thickness 500A and superconducting layer
thickness 3000A. For effective decay lengthsat T = 4.6K = T /2 which vary from 50A
to 500A one sees only modest deviation from bare superconducting behavior, and then
only near T.. Although the calculations shown here in Figs. 4.7 - 4.9 are not a

comprehensive compilation of the behaviors of all samples of interest, it is apparent that

they all have one attribute in common -- the fact that at low temperature they act more
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Fig. 4.8. Low-temperature behavior of the calculated effective penetration depth in a
Nb/Cu bilayer containing 3000A Nb, ignoring the normal layer, with the same
parameters as used in Fig. 4.7. Note that for T < 3K the effective penetration depth
dependslinearly on temperature, though the deviation from the exponential behavior of
bare Nb is only ~ 10A. Also, thereis no transition to downward curvature as T -> 0,

as was observed in the AA+(T) data of section 3.1 and 3.2.

like a bare superconductor; the effect of the depressed order parameteris apparent only
very near T.. Since the AL {(T) data given in sections 3.1 and 3.2 all show the most
marked departure from the behavior of a bare superconductor at low temperature, we
conclude thatthe most important physics in the problem are neglected if the
screening effects of the normal layer are neglected. We also conclude that it is
not necessary to even consider the depression of the order parameter in S at all, since it
has almost no effect except very near T,. This conclusion leads to the next section,

which considers the screening done by the proximity-superconducting normal layer.
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Fig. 4.9. Penetration depth calculation for fixed normal layer thickness 500A and
superconductor thickness 3000A, varying the size of the effective order parameter decay
length K ! in the N layer. Again, the behavior differs from that of a bare

superconductor most strongly near T, but not at low temperature.

4.3 Screening Dominated by Normal Layer

In most proximity-coupled S/N systems, the effects of the N layer cannot be
neglected, even when N is quite thin. If the N layeris deposited on top of the S layer, it
is exposed to the full RF magnetic field, and hence must truly be entirely
nonsuperconducting in order to be neglected. This is not the case, evidently, for the
Nb/Al and Nb/Cu samples examined in sections 3.1 and 3.2. In this section we treat the
behavior of proximity-induced screening currents in the N layer, with an eye toward
reproducing the low temperature departure from homogeneous superconducting behavior
seen in Nb/Cu and Nb/Al. In accordance with the results of the last section, we neglect

the depression of A(z) entirely in the S layer.
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4.3.1 Magnetic Field Solution with Losses Neglected

To calculate B(z) inside both the normal and superconducting layers we need to
solve Eq. (4.7) for the appropriate A(z) in N and S. Because we ignore the depression of
A(z) in S near the S/N interface expressed in (4.2b), we assume A = Ag(T), constant
across the S layer. For A(z) in N we take the exponential dependence given by Eq.
(4.2a), which, as pointed out in section 4.0.4, does not satisfy the true boundary
condition on A(z) at z = -dy, and which may be characterized by an effective decay length
K.! much shorter than the decay length predicted by the dirty-limit single-frequency
approximation.

In addition, we neglectany skin-effect screening done by the normal excitations
present in the N layer. This is permissible because for the samples under study, the N
layer thickness is much smaller than the skin depth 8, which is typically of order 1 pm at
10 GHz. In fact, we know that not much normal screening is occurring because it would
inevitably be accompanied by large RF losses, which are not observed for our thin
normal layers. The presence of normal excitations in N will, of course, contribute to the
measured RF loss in the form of normal currents, but these may be treated as a first-order
perturbation to the much larger Meissner screening currents and need not be considered
for calculating the magnetic field profile.

If we put the dependence given by (4.2a) into (4.7), we get

d’B . dB . 1  oK(TeR =
- Ko D T ekerDzB=0 , < (4.22)

We make the change of variable

p(z.T) = 1 eKen(T)z (4.23)
Ket(T)AN(O,T)

obtaining
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d’B _ 1dB g =g

dp2 Pdp (4.24)
Finally, we make the transformation B = pM, and obtain
2
P PG (1#pIM =0 4.25)

This is the modified Bessel’s equation of order one, with solutions M(p) = Li(p), K;(p).

Hence the general solution for the magnetic field is

B0 = 2p 1)+ BpKi(p), 2<0 (4.26)
; |

with p(z,T) given by (4.23).
In the superconducting metal S, the assumption of a homogeneous penetration

depth A(z,T) = A¢(T) yields simple exponential solutions for z > 0:

%§)=cymmv+peWMﬁL z>0 (4.27)
0

We must solve for A, B, C and D subject to the appropriate boundary conditions. Since
we treat two layers in this case, and solve for four amplitudes using four boundary
conditions, this problem is more complicated than that treated in section 4.2. The

appropriate boundary conditions are:
B(-dn) =By

B(ds) =0 (4.28)
B(0) continuous

E;((0) continuous
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Using the first London equation E = d/dt (uyA2Js) and neglecting normal currents, the

last of (4.28) can be expressed as

2, \[dB’ .
A (O)[ dZL:o continuous (4.29)

Equation (4.29) proves convenient to use, provided the lossy currents are negligible, but
it is important to note that the continuity of E is the actual correct boundary condition.

The constants A, B, C and D are as follows:

RKo(po) - Ki(po)

2=1 RIp(po) + L1(po) 4.30)
=
25 o0 o REopo) - K100 (431
{ e+ 4 {Rlo(po)th(Po) }}
Ko(po) . nlo(@o)
Cc=.Po 1 K1(Po) RKl(po) " RIl(po) (4.32)

P1 sqinhl s RKo(po) - K1(po) To(po)
2eds/As sinh K 1 0 ~0AFO0J
o (Ks)‘ P+ 1(p1)[ RIo(po) + Li(po) } b RIl(po)

Ko(po) , »lo(po)
D . Po eds/lzi K.1(po) RKl(po) " RIl(Po) (4.33)
Pl inhl9s. RKo(po) - K1(po) To(po) '
2sinh{==| K I >
i (Xs) py)* Tilpr) RIO(PO)'*'II(I)O)} 1+RI](PO)

where R is given by the dimensionless ratio
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R(T) = NOD (o ds

(4.34)
As(T) As(T)

and p; = p(-dy,T), po = p(0,T).

4.3.2 Penetration Profiles in Various Limits

We now calculate magnetic field profiles for S/N bilayers using the full screening
behavior of the N layer described in the last section. Because screening activity occurs in
both layers, the behavior can be much more varied due to the many length scales
involved. Some of the possible combinations of Ag, Ay, Keg !, and dy are either trivial
or not relevant to most systems encountered in experiment; these will be discussed only
briefly. The interesting cases will be explored in detail.

Electrodynamics experiments on superconductors probe properties of the sample
which vary on the scale of the penetration depth A, or in the case of the normal layer of
an S/N bilayer, on some effective length scale related to AnN(Z). Assuch, it is clear that N
layers thinner than this effective length scale will not appear to screen the applied RF field
very effectively, and these samples will behave very much like the superconductor that
lies underneath the thin N layer. This is apparent in severa] of the curves in Fig. 3.3 and
3.4 where the N layers are too thin to produce anything more than a slight linear term in
AA®T(T) at low temperature.

If the normal layer is thick enough, however, then at some temperature the
effective screening length will become smaller than dy, and the characteristic rapid
decrease of AL®f(T) can be observed as T -> 0, as seen in the thickest normal metal
layers of the samples shown in Figs. 3.2 and 3.4. So in order to observe the behavior
associated with the proximity effect, namely, a divergence of the effective order
parameter decay length K ¢!, the normal layer thickness must be comparable, roughly

speaking, to the induced penetration depth An(0,0) in N. We now explore some
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examples, in which we set the parameters of the S layer to be dg = 3000A, Ag(0) =
BSOA, and T, = 9.2K, simulating Nb.

We can distinguish three basic types of behavior out of the various possible
combinations of K¢ 1(T./2), An(0,0) and dy. These are:
(a) dy < A(0,0)

Here, as explained above, the normal layer is too thin to do any screening.
Consequently, the divergence of K' at low temperature will not be apparent in an
electrodynamics measurement, though such a divergence certainly occurs. The magnetic
field and current density profile of such a situation is illustrated below by Figs. 4.10 and
4.11.

(b) dy> An(0,0) > K (T/2)

In this situation, the normal layer is thick enough to screen the magnetic field.
But since K ! is quite small at moderate temperatures, not much of the N layer
possesses the ability to screen magnetic field, so Meissner currents flow only in a sheath
of thickness ~ K ! near the S/N interface in the N layer. As T -> 0, K. ! diverges and
the onset of Meissner screening across the entire N layer appears to occur suddenly. In
such a sample, the bilayer will appear to undergo a second superconducting transition at
the temperature where K ¢! ~ dy.  The magnetic field and current profiles for such a
sample appear in Figs. 4.12 and 4.13.

(c) dn, Kegr [(To/2) > Ap(0,0)

In this situation, the normal layer is thick enough to screen magnetic field
appreciably, and the penetration length of order parameter, K 1, is large enough so that
Meissner screening currents flow across most of the normal layer, even at moderately
high temperatures. As the decay length K¢ ! diverges with decreasing temperature now,
the transition to the regime where N screens the applied field is not so sudden, since itis
already doing so partially at higher temperatures. Thus, this sample will not appear to

have a sharp second superconducting transition, but will appear to undergo a more
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Fig. 4.10. Magnetic field profile for a bilayer with dy = 3004, An(0,0) = 1000A, and
Ker1(4.6K) = 300A. Here, the N layeris thinner than Ax(0,0), so screening currents
are ineffective in N and the divergence of K.!(T) is not very apparent, though it is
clearly occurring.
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Fig. 4.11. Current density profile for the bilayer shown in Fig. 4.10. Because the N
layer is too thin to screen field effectively, most of the screening current flows in the S
layer. This sample will behave much like the underlying superconductor in its
screening properties.
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Fig. 4.12. Magnetic penetration profile for dy = 10004, An(0,0) = 3004, and
K 1(4.6K) = 100A, assuming Ky! ~ T-12,  Temperatures shown are 1K, 3K, 5K,

7K, and 9K.
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Fig. 4.13. Current density profile for the parameter set describedin Fig, 4.12. The

distribution of current shifts from being primarily located in N at 1K to primarily
located in S at 9K.
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Fig. 4.14. Magnetic field profile for a bilayer with dy = 1000A, An(0,0) = 300A and
K 1(4.6K) = 1000A. Since the induced order parameter extends deeperinto N here,
screening in N reminiscent of a homogeneous superconductorcan be seen at low
temperature. This behavior then gives way to the opposite screening curvature at high
temperature, as in Fig. 4.10.
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Fig. 4.15. Current density profile for the bilayer of Fig. 4.12. The shift in the

location of screening currents from near the freesurface at 1K to near the interface at
9K is especially evident, and has important implications for AA.g(T).
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gradual shift from screening done primarily in S to primarily in N. Also, the N layer will
essentially be screening the applied field as a superconductor would, even at relatively
high temperatures. This can be seen in the magnetic field and current density profiles
given in Figs. 4.14 and 4.15.

These three cases represent the range of screening behavior found in most bilayer
samples suitable for microwave resonant experiments; they all are predicated on the
existence of a thick superconducting backing layer which is thicker than its penetration
depth, and whose penetration depth is comparable or smaller than the induced penetration
depthin the N layer. Samples with thin S layers are important in other experiments, such
as the one used by Claassen et al. [45], in which the vector potential needs to be constant
across the bilayer; in a parallel-plate resonator measurement, however, such a sample
would be forced to screen the applied RF field in a shorter distance than it would in a
bulk sample, driving enormous currents and causing huge RF loss. It would not
resonate, plainly stated. For reasons of inapplicability, then, such bilayer samples and

their screening properties are not discussed here.

4.3.3 Calculations of AL,¢(T) Including Normal Layer Screening

The magnetic field penetration and current density profiles shown in the last
section both contribute to the behavior of AA (T), according to Eq. (4.8). In particular,
when large currents flow near the S/N interface the effective penetration depth in Eq.
(4.8) may be quite large. When the temperature decreases and the decay length K ¢!
becomes comparable to dy, these currents become distributed over a larger region of the
N layer, decreasing the effective penetration depth. As we shall see, this effect is
responsible for the change in curvature and rapid decrease of A\ «(T) observed in Nb/Al
and Nb/Cu at low temperature. This effectis most noticeable in the samples with largest
dy, in accordance with the results of section 4.3.2.

The calculated behavior of AA+(T) is shown in Fig. 4.16 for the three cases
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Fig. 4.16. Calculated change in effective penetration depth vs. temperature for the
three types of S/N bilayer, as described above Parameters are: (a) dN*BOOA
An(0,0)= IOOOA K T /2)= 300A (b) dy= IOOOA An(0,0)=300A, K5 UT/2)=1004;
(c) d= 1000A, An(0,0)= =300A, K UT /2)= IOOOA Note that (b) has the most
noticeable low-temperature behavior, showing a large decrease at T ~ 1K, where Kol ~

dy

examined in Figs. 4.10 - 4.15. The behavioris in agreement with the descriptions given
above. Curve (a) gives the temperature dependence of Ahe(T) for a sample with a
normal layer too thin to screen much magnetic field. Except for the slight linear
dependence of Ak.¢(T) at very low temperature, curve (a) resembles the behavior of a
bare superconductor very much. Curve (c), which has a thicker normal layer, displays
more temperature dependence at low temperature. Yet because that sample also has a
relatively large order parameter decay length, much of the N layer is already exhibiting
Meissner screening even at moderately high temperatures. It does not show a spectacular
rapid drop at low temperature, since the diverging quantity, Ko, is already much larger
than dy.  Curve (b) represents the set of parameters which yields the most noticeable

departure from the behavior of a bare superconducting film; one sees what appears to be
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Fig. 4.17. Calculated dependence of AA.(T) on normal layer thickness for bilayers

with dg = 3000A, As(0) = 350A, Keg!(T/2) = IOOA and An(0,0) = 300A Normal
layer thicknesses shown are dy = 0A, 1004, 200A, 300A, 400A, 500A, 700A, and

1000A. The N layer is assumed to be a nonsuperconducting metal in isolation.

a second superconducting transition around 1K, corresponding to the normal layer
rapidly becoming essentially superconducting as K¢ ' becomes comparable to dy.
In order to gain a deeper perspective on the behavior of the AL(T) data on
Nb/Al and Nb/Cu, shown in section 3.1 and 3.2, we now explore the temperature
dependence of Al.(T) as a function of normal layer thickness. Fig. 4.17 shows
Ahes(T) for seven normal metal thicknesses, using the fixed parameters dg = 30004,
Ag(0) = 350A, An(0,0) = 300A, and K.+ 1(T/2) = 100. While thin normal layers (dy<
300A) do not show much low temperature behavior except for a small linear term, thicker
normal layers (dy > 300A) show a marked drop in Al occurring around the
temperature where K ¢! ~dy. The two length scales characterizing the normal layer can
thus be obtained, at least roughly; An(0,0) is given approximately by the normal layer

thickness above which a significant rapid drop in Alg(T) at low temperature is
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observed, and K . !(T) can be mapped out by examining the temperature at which that
drop occurs for each value of dy. Although we have assumed temperature dependences
for Kegr !(T) and A(0,T), the exact dependences are not really needed; all one needs to
know is that K 4! diverges as T -> 0 and A,(0,T) becomes constant at low temperature.
The utility of this method depends on the sample being studied, of course, since the
parameters describing the bilayer must satisfy dyy > Ax(0,0), K¢ !1(T/2). But the ability
to ascertain these length scales even approximately, without having to assume exact
temperature dependences for K . !(T) and A(0,T), gives the technique its experimental

value.
4.4 Model Fits to Bilayer AA .(T) Data

We now compare the model, including screening done in the normal layer, with

actual data on Nb/Al and Nb/Cu bilayers presented in Ch. 3. We hope to extract

parameter values for the normal layer by fitting to the model.

4.4.1 Nb/AI

The data of Fig. 3.2, with fits to the electrodynamics model added in, appears in
Fig. 4.18, using a decay length temperature dependence Ko (T) ~T-12. The fitcurves
reproduced the A\ ¢ data quite convincingly, particularly for the samples with 300A and
600A Al layers. The parameter values describing each fit are given below in Table 4.1.
The values of An(0,0) and K '(T./2) for the 300A and 600A samples are quite similar,
giving a level of confidence to those values. For the thinner normal layers (dy = 100A,
200A), the values of these parameters are not in agreement. However, if dy < An(0,0)
holds for these samples, as it seems to in light of the values of AN(0,0) = 360A found in
the thicker normal layer samples, then these parameter values must be given large error

bars. The parameters derived by this fitting procedure agree with the general guidelines
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Table 4.1. Normal metal layer thicknesses and fitting parameters for AL .g(T) data on
Nb/Al bilayers. The results of a BCS fit to single-layer Nb (dy = 0) data obtained by
removing the Al from the 300A Al bilayer sample are also given.

dy (&)

An(0,0)(A) K '(4.6K) (A)

Ag(0) (A) T, (K)

100
200
300
600

792 + 120
1390 £ 230
380+ 10
361+ 10

1342 + 150
218 £ 25
1227
130+ 6

98

585+ 15
700 £ 20
600 * 20
600 + 20
560 =20

9.0 £ .05
9.2+ .05
9.3+ .05
9.2+ .05
9.2 +.05



given in section 4.3.3; samples with dy < Ap(0,0) = 360A show only a small linear
temperature dependence at low temperature, while samples with dy > 360A show a
large decrease in AM - at low temperature. The temperature at which this decrease occurs
is roughly where K-! ~ dy, which for dy = 600A samples is around 2K, in agreement
with Fig. 4.18. Thus the model, inasmuch as the approximation of exponential magnetic
field penetration applies, reproduces A (T) data on Nb/Al bilayers very well. The
error bars quoted in Table 4.1 reflect the range over which the goodness of fit is within

5% of its maximum value,

4.4.2 Nb/Cu

The behavior of AL.g(T) in the Nb/Cu samples discussed in section 3.2 is very
similar to that of Nb/Al, as remarked in section 3.3. However, it was found that the dirty
limit temperature dependence K ¢ /(T) = (AD/2nkzT)!/2 does not describe the A (T)
data very well. When the corresponding clean-limit temperature dependence Ko (T) ~
T-1 was tried, it was found to fit only the Nb/Cu sample with dy= 760A. In addition,
the fit required a local penetration depth in Cu of Ax(0,0) = 110A and a decay length K ¢
I(T./2) = 78A, both of which are much too small given the guidelines of section 4.3.3.

The temperature dependence of K. 1(T) which did ultimately work turned out to
be Ko (T) ~ T2, This temperature dependence is not predicted in the single frequency
approximation under any circumstances, but has been observed previously in
magnetization [41] and AC susceptibility [47] experiments on other low-T, systems. Itis
related to activity of shorter decay length scales associated with the higher-order terms of
the interaction kernel K(r,r?), which are relevant in such thin normal layers but are not
treated by the single-frequency approximation. The Aheoi(T) data of Fig. 3.4 is
reproduced in Fig. 4.19 with fits to the electrodynamics model, this time using the decay
length dependence Ko !(T) ~ T-2.  The appropriate parameters describing the fits are

given in Table 4.2,
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Fig. 4.19. Effective penetration depth vs. temperature for Nb/Cu bilayers, with fits to
the model treating screening in the normal layer. The temperature dependence of the

effective decay length was found to be Ko I(T) ~ T-2.

Table 4.2. Normal metal layer thicknesses and fitting parameters for AL.(T) data on
Nb/Cu bilayers, using the temperature dependence K !(T) ~ T2 for the decay length.

dv(A)  M0,0)(A) Ker!(4.6K) (A)  Ag(0)(A) T, (K)
0 e 353+5  9.17 £.03
90 470 + 40 225+ 10 400+ 50 9.3 +.05
270 31815 227 £ 15 300+£50 9.3 +.05
390 363 £ 15 160 + 20 350£50 9.3 +.05
760 578 + 40 285 +23 340£20 9.3 +.05
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The parameter values of Table 4.2 are quite reasonable and agree fairly well
across all of the samples, particularly in the parameters describing the Nb layer. These
values also reflect the general behavior described in section 4.3.3. The samples which
show a small change of curvature in Ak (T) at low temperature have a normal layer
thickness comparable to or slightly larger than An(0,0); these are the samples with dy =
390A and 760A. The other samples (dy = 90A and 270A) have normal layers too thin to
screen the RF magnetic field very much, so they exhibit AL (T) curves which behave as
Ah(T) ~ T at low temperature, with no visible change in curvature. Additionally, for
the dy = 390A and 760A samples, the value of K¢ ! is comparahleto dy around the
temperature where the change in curvature of Ak {(T) occurs (3.5K for dy = 390A and
3K for dy = 760A). Again, the error bars quoted in Table 4.2 reflect the range of values

for which the goodness of fit is within 5% of its maximum value.
4.5 Summary

The object of this chapter has been to explore the effect inhomogeneous
superconducting properties found in S/N bilayers have on the screening of an applied RF
magnetic field, and to develop a method of deducing the two important length scales,
An(0,0) and K ¢ !(Ty/2), in the N layer of proximity-coupled S/N bilayer systems.
Since the normal metal layers presented in this thesis are quite thin, the single-frequency
approximation of de Gennes and Werthamer could no longer be rigorously applied.
Instead, we assumed that the order parameter decays into the N layer on a length scale
much smaller than that predicted by the single-frequency approximation, in accordance
with the rapid variation of the pair amplitude expected near the interface when the higher-
order terms of the kernel K(r,r) are considered. We approximated the penetration of
pair amplitude into N by a decaying exponential function eXeMiz.  The function

Kerr (T) diverges as T -> Ty (T -> 0 for a nonsuperconducting N metal), as a power
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law K ! ~ T-%, where a < 2. The exponent o is not predicted by theory, since it
describes the behavior of an effective decay length, itself only an approximation. It was
found that o = 1/2 in Al, while o, = 2 described the behavior of K¢ '(T) in Cu.

The conditions necessary for observing proximity-coupled behavior most
prominently in S/N bilayers with the parallel-plate technique are dy > An(0,0) >
K '(T/2). The approximate values of 1,(0,0) and K (T /2) may be ascertained
independent of any assumption about the temperature dependence of K ¢ !1(T); A\(0,0) is
given approximately by the normal layer thickness beyond which a change in curvature
of Ahg(T) is observed as T -> Ty, while Kg! is approximately equal to dy at the
temperature where this change of curvature and more rapid drop occur. By varying dy,
K+ (T) may be mapped out in this way. More exact fitting procedures for A (T) on
Nb/Al and Nb/Cu, using exponents o = 1/2 and o = 2 respectively, yielded values of
Ko (T,/2) and Ap(0,0) in full accordance with these general guidelines.

Finally, we note that the effect of the suppression of the order parameter A(z) in
the S layer due to the presence of N was found to be negligible, and that, except for the
case where N is a ferromagnetic material, the induced superconductivity in the N layer is
primarily responsible for the altered screening properties at low temperature observed in

S/N bilayers.
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Chapter 5
Theory of RF Loss in Proximity-Coupled Systems

5.0 Chapter Overview

This chapter explores some new territory which has not been accessible to
previous experiments - the absorption of electromagnetic radiation by the spatially
inhomogeneous spectrum of normal excitations above the induced superconducting
condensate in very thin proximity-coupled normal metal films. We seek in this chapter to
develop a model which can provide an intuitive understanding of this absorption process
from the viewpoint of an experimentalist, without getting too deep in theory. We show
in particular thatin the normal metal layer, a local real part of the conductivity onz,T),
possessing the same effective decay length scale K¢ '(T) as that used to describe the
local penetration depth Ay (z,T) in Chapter 4, can reproduce the surface resistance data on
proximity-coupled Nb/Al and Nb/Cu bilayers givenin Ch. 3. We find that the decrease
inRg as T -> Ty (T -> 0 for Cu) can result either from a shift in the location of screening
currents or from a shift in the spatial distribution of normal excitations, and plots of the
local RF loss profile in S/N bilayers are provided. Finally, we conclude that any correct
treatment of the problem must address the existence of coherence effects between the
normal excitations above the condensate in the normal layer, and demonstrate that these
coherence effects are very much in evidence in thin proximity-coupled Al and Cu layers.

The chapter begins by developing the concept of surface impedance, relating it to
the complex Poynting vector integrated over the film surface. This leads to a derivation
of how to calculate the surface impedance of a film with spatially inhomogeneous
superconducting properties described by a position dependent real part of the

conductivity on(z,T). It then considers the particular dependence on temperature and
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position appropriate to o)\(z,T), and demonstrates some sample calculations of Rg(T)
for typical bilayer parameters using two models for o)(2z,T). Finally, fits to the Rq data
of Ch. 3 are performed, and the conclusions regarding coherence effects in the N layer

are explained.
5.1 The Poynting Vector and Surface Impedance

To discuss absorption of radiation we consider the flow of electromagnetic energy
into a superconducting film, using the Poynting vector. The energy flow along a
transmission line can be described by the Poynting vector S = (E x B)/u,, whichin the
absence of field penetration into the plates always points in the direction parallel to the
superconducting plates, transporting energy along the transmission line. When fields
and currents penetrate into the plates, however, an electric field E, arises parallel to the
plates. Since B is always parallel to the plates as well, this creates a component of the

Poynting vector S | = (E' | % B )/, pointing into the films at the surface. If a current of

substrate

E .
T L Superconducting
B® »~ Films
substrate
Poynting Vector
Fig. 5.1. Diagram showing the electromagnetic field components and the resulting

Poynting vector pointing into the superconducting plates of a parallel-plate resonator.
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thermally activated normal excitations flows in response to this electric field, E,| develops
a real component and work is done by the currents flowing in the film. Of course, the
large imaginary component of E, still causes most of the energy flowing into the film to
be stored in magnetic fields and in the kinetic energy of supercurrents, leading to
inductance. This situation is depicted in Fig. 5.1.

For RF fields which vary as €@, we may calculate the Poynting vector in terms
of complex field and current amplitudes inside the film. We begin by considering a
portion of film, with top surface area A and film thickness s, shown in Fig. 5.2. We
assume that the area A 1s small, so that the fields E, and B are constant across A. The
rate of energy flow into the volume of film is given by the integral of the perpendicular

component of the Poynting vector over all surfaces of the volume V = As:

A

T

Fig. 5.2.  Columnar section of a thin film, showing fields E, and B, and the
perpendicular Poynting vector S | .
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EyxB) o v, BB (5.1)
Lo Ho

all
surfaces A

where the normal n is directed outward, the negative signs represent flow into the
volume V, and the divergence theorem has been used to obtain the right side of (5.1).
Since the fields E and B are parallel to the surface, the Poynting vector S | has no
components normal to the side walls of the volume V, so only the front and back
surfaces of the volume need be considered for the integral. Furthermore, since B = 0 for
z > s in a parallel-plate resonator, the Poynting vector is zero on the back surface of the
film. Hence only the front surface contributes. The left side of (5.1) is equal to

- (A/pg) (E| | X B, since the integrand can be moved outside the integral. Dividing
both sides of (5.1) by A, we get

]

E©xBO_ [ ®xB) (5.2)
Ho Ho
0
:'ul—o [B' (V< Ey)- B (v x B)} dz (5.3)
0

If we assume that B,E” ~ efol, then two of Maxwell’s equations take the forms V x E"I

=-ioB and V x B = pyJ + i0€opoE, | inside the film. Inserting these into (5.3), we find
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dz +f E(z)-J(z)dz (5.4)
0

_Ey(0) x BO) _ L(HKO)) BY0) = o [B%z) + £gEXD)
Mo to | B(0) , L mo !

Recognizing the first and second terms on the right side of (5.4) as the rate of increase of
electric and magnetic field energy per unit area and the work done per unit area in the
film, respectively, we see that Eq. (5.4) is a statement of energy conservation. If we
choose B and J to be real for simplicity, E is in general complex. This equation is
therefore complex; the real part of Eq. (5.4) represents the energy lost as heat, while the
imaginary part represents energy stored inductively.

If we define the surface impedance by Zg = Rg + iXg = Ho(E(0)/B(0)), then the
real part of (5.4) yields

_ 0)H0280
B2(0)

s 2
Im f Eﬁ(z)dz+];‘()0) Re | E|(2):J(z) dz (5.5)
0

and the imaginary part yields

Im| Eyz)d@z) dz (O

S 2 § 2
Xs= 20| Bz)dz + SR Re | EAz)dz + KO
BY0)), BY0) o B(0)

If we neglect the displacement current term in Maxwell’s equations, then the terms in E“2
do not appear in (5.5) and (5.6); since E” is very small in superconducting systems, we
may safely neglect these second order terms. If we do, we see that(5.5) is identical to

Eq. (2.26). Equation (5.6) in turn is very simply related to the effective penetration
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depth Ao defined in Eq. (4.8), by the relation Xg = p1g@Aqg. So in factthe Ej| - J terms
are the most important ones for calculating the surface impedance; the constitutive relation
which relates J and E, contains all of the physics of the problem. Since the expressions
(5.5) and (5.6) provide a relation between the surface impedance and the distribution of
fields and currents in a film, they represent a way to calculate Rg and X in an
inhomogeneous superconducting system such as an S/N bilayer, as long as we know the

field and current penetration profiles B(z), E(2), and J(z).

5.2 Electromagnetic Absorption in Proximity-Coupled S/N

Bilayers

In contrast to homogeneous superconducting systems, S/N bilayers exhibit
superconducting properties which vary with position. In Ch. 4, a model of the
penetration of magnetic field in S/N bilayers was presented, in which the concept of a
spatially inhomogeneous superfluid density appeared. This took the form of a position-
dependent local penetration depth An(z,T) = An(0,T) eXewM2 in the normal layer, from
which the penetration of fields and screening currents was derived.

In a similar fashion, we expect the real part of the conductivity, o;, to depend on
position in an S/N bilayer, since it is related to the density of thermally excited
quasiparticles, which depends on position. This is turn means that the surface resistance
of S/N bilayers, which will eventually be calculated with the use of (5.5), may be quite
different from that of a homogeneous superconductor. Since the R, data on Nb/Al and
Nb/Cu bilayers presented in Ch. 3 does display interesting low-temperature behavior not
characteristic of homogeneous superconducting films, we hope to reproduce the behavior

by choosing the correct position and temperature dependence of c,(z,T).
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5.2.1 Normal Currents and First-Order Electric Field

The contribution of normal screening currents to the magnetic field penetration
profile can be neglected in most superconductors, since the skin depth & greatly exceeds
the penetration depth A over most of the temperature range 0 < T < T,. An exception to
this statement occurs very near the transition temperature where thermally excited
quasiparticles grow in number, causing 6 to decrease, and the superfluid becomes
depleted, causing A to increase. When & ~ A, a full treatment of the screening of
magnetic field, including normal currents, becomes necessary. In a proximity-coupled
S/N bilayer, such a consideration may be necessary even far below T, for regions of the
N layer far from the interface. However, in the thin films under study in this thesis, this
is not likely the case. It suffices to use the screening model of section 4.3, in which
normal currents were not included, to calculate B(z), and then add normal currents
afterward as a first order perturbation for consideration of RF losses.

The parallel electric field is related to the acceleration of the superfluid, which in

an S/N bilayer may be expressed by a local version of the 1st London equation:
2
Bia D) = & [uon s )
. 2
= 10poAN (z,T)s(z,T) (5.7)

This electric field also drives a normal current Jy(z,T) given by

IN(ZT) = 01(2,T)E)(z,T) (5.8)

These two currents add, yielding the relation

1(z,T) = In@,T) + I5(z,T) = [01(2,T) - io(z,T)] Ey(z,T) (5.9)
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where we have made the substitution c,(z,T) = [oper?(z,T)]"!.  Inverting (5.9) to
obtain the expression for the ﬁrst—ordér electric field, we can then use (5.5) to obtain the

expression for surface resistance:

i [ en T)d (5.10)
Rs B2(0) fo 01%(2,T) + 62%(z,T) (- 1)dz

It should be noted at this point that it is not correct to simply take the real part of the ratio

of electric and magnetic fields at the surface, as defined by Eq. (2.21); this would yield

o1%(0,T) + 6,2(0,T) B(0)

Rs=po

which would give the same value of Ry regardless of what function 0,(z,T) was used, so
long as it had the same valueat z = 0. Such a result would therefore be independent of
the particular spatial dependence of o(z,T), which clearly cannot be the case, since the
local loss must depend on the local current and the local excited quasiparticle density.
The reason Eq. 2.21 cannot be used is that the function 61(z,T) has not been used in
calculating the field profiles, so that the influence of its spatial dependence has not been
incorporated into any of the constants 2 » B, C, or D appearing in the magnetic field
expressions (4.26) and (4.27). For this reason, the first-order surface resistance can

only be calculated by integration using (5.10); this usually means numerical integration.

5.2.2 Surface Resistance Expression in S/N Bilayers

To write down a final expression for R, in S/N bilayers, we use the expressions
for the current density J(z) = ( 1/uy) dB/dz, calculated from the magnetic field profiles
given in (4.26) and (4.27). The approximation made here is simply to assume that these
magnetic field profiles are exact, though they were derived neglecting normal currents.

The total current densities in the N and S layers are then:
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where we have made the substitution o,(z,T) = [wpyAnN2(z,T)]-!. Inverting (5.9) to
obtain the expression for the first-order electric field, we can then use (5.5) to obtain the

expression for surface resistance:

= HOz § Gl(Z,T) J2 T d 510
S Bz(o)fo 61%(z,T) + 6%(z,T) (2,T)dz (5.10)

It should be noted at this point that it is not correct to simply take the real part of the ratio

of electric and magnetic fields at the surface, as defined by Eq. (2.21); this would yield

0'12(0,T) + GZZ(O,T) B(0)

Rs =g

which would give the same value of Rg regardless of what function o;(z,T) was used, so
long as ithad the same valueat z = 0. Such a result would therefore be independent of
the particular spatial dependence of o,(z,T), which clearly cannot be the case, since the
local loss must depend on the local current and the local excited quasiparticle density.
The reason Eq. 2.21 cannot be used is that the function 61(z,T) has not been used in

calculating the field profiles, so that the influence of its spatial dependence has not been

incorporated into any of the constants A, B, C, or D appearing in the magnetic field
expressions (4.26) and (4.27). For this reason, the first-order surface resistance can

only be calculated by integration using (5.10); this usually means numerical integration.

5.2.2  Surface Resistance Expression in S/N Bilayers

To write down a final expression for R, in S/N bilayers, we use the expressions
for the current density J(z) = (1/p,) dB/dz, calculated from the magnetic field profiles
given in (4.26) and (4.27). The approximation made here is simply to assume that these
magnetic field profiles are exact, though they were derived neglecting normal currents.

The total current densities in the N and S layers are then:
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J(2,T) _ J(p) _ Ker(T) . .
B() B(0) Lo [ﬂpz Io(p) - Bp? Ko(p)] , z<0 ( )

1D 1 [C e??s() - D e'Z/ks(T)} , z>0 (5.13)
BOY uors(T)
in the normal and superconducting layers, respectively. Here, p = p(z,T) is given by
(4.23) and the constants 4, B, C, and D are given by (4.30) - (4.33). Thus the integral

expression for R, in S/N bilayers is:

Ry(T) = oz 1) (P2Kett(T) [ALo(p) - BKo(p) P dz +
G%N(ZsT) +

1 2
) mm&@nJ
N (5.14)

ds

o15(T) L[ ezt . D ersM gz
2 2
os(T) + ‘—IE—J As(T)
wpors(T)

Here, on(2,T) and o,4(T) are the real parts of the conductivity in the N and S layers,
respectively; they may be different, in general. Since all properties of the S layer are
assumed to be homogeneous, o,4(T) is given no dependence on z. While the first

integral must be done numerically, the second can be done exactly. The final result is
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Ry(T) = ONED (KT [ALy(p) - BRo(p) dz +
G%N(ZaT) + i }
oporin(z,T)
_dN ,
o15(T) L WO C (i) acpa, - DD (e2d:/21)
M(T) o3g(T) + ___1_5_}2 2 2
(DMO)\'S(T)

(5.15)

5.3 Temperature and Position Dependence of o1n(z,T)

The temperature and spatial dependence chosen for o,N(z,T), the real part of the
conductivity in the N metal, is extremely important because it needs to correctly reflect
both the penetration of superconducting order into the N layer and the nature of the
transitions between the quasiparticle states associated with that induced

superconductivity. Two possibilities are given below.

5.3.1 Two-Fluid Model

A simple model of a superconductor which is often used for phenomenological
interpretation despite being incorrect is the two-fluid model. This model states that, of
the electrons available in the superconductor, a fraction ng(T) are “superconducting” and
the rest ny(T) are “normal”. The normal and superconducting fractions are functions of
temperature designed so that ny(T) + ng(T) = 1, i.e., the total number of electrons is
constant over the temperaturerange 0 < T < T, Thus the temperature dependence
chosen for ng(T), which is related to the penetration depth temperature dependence by

MT) ~ ng(T)12, determines the temperature dependence of ny(T), which would
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presumably be related to the real part of the conductivity by o, (T) ~ nn(T).

In a proximity-coupled S/N bilayer, one can apply a two-fluid model generalized
to account for the spatial variation of the order parameter. If we adopt the model of
section 4.3 and only give the normal layer spatially inhomogeneous properties, we write
ny(z,T) + ng(z,T) = 1 for the normal layer, where now the temperature and position
dependences of the normal fraction ny(z,T) are completely determined by those of the
superconducting fraction ng(z,T). In the superconducting layer the original position-
independent expression applies. If we assume that o,,(z,T) ~ n,(z,T), which seems
reasonable enough, then we can use the assumed temperature and position dependences
of A\(z,T) introduced in Chapter 4 to derive the appropriate functional dependences of
on(z,T), which is the quantity sought.

While it is evident that n\(z,T,;) = 1 (all carriers everywhere are normal at T,), itis
not necessarily the case that ny(z,0) = 0 in a proximity coupled normal metal, since the
induction of superconducting properties into the N metal may occur only partially even at
T = 0. We therefore must assume that a position dependent residual normal fraction ng(z)
exists at T = 0. The remaining fraction of the carriers, 1 - ng(z), are “superconducting”

at T =0. Hence the local superconducting fraction is given by

2
ns(z,T) = [1 - ng(z)] M (5.16)
XN (Z,T)

The local normal fraction is therefore given by

2
nn(z,T) = nR(2) +[1 - nr(2)] ( I- M) (5.17)
AN (T)

Since the real part of the conductivity in N must converge to the normal state conductivity
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oy of the N layer at T = T, we can write
(5.18)

o1n(zT) = on nn(z,T)
Chapter 4 introduced the functional dependence of An(z,T), so only the residual normal
fraction np(z) remains unknown.

For thin normal layers, however, np(z) is likely to be nearly zero everywhere,
since we expect very good superconducting properties to appear across the entire
thickness of the N layer near zero temperature. In the superconducting layer, we may
assume zero residual normal fraction, and also no z-dependence, so that (5.17) is
simplified greatly. An expression for o,¢(T) equivalent to Eq. (5.18) is used in the S
layer, although the normal state conductivity o5 in S may be quite different from that of
the N layer. With these functional dependences derived, we now explore some
implications of the two-fluid model in an effort to reproduce R data in real S/N bilayers.

Figure 5.3 shows the surface resistance vs. temperature for a typical Nb/Cu
bilayer with dy = 3000A and dg= 1000A, using the two-fluid model locally to obtain the
temperature dependence of oy(2,T). The normal state conductivity in the S layer was
chosen to be o5 = 108 (Q-m)’!, and the value of that quantity in the N layer was allowed
to vary from 107 to 10° (Q-m)-!. These parameters were chosen because they are typical
of the bilayer films for which data was presented in Ch. 3. Evidently, these curves do
not reproduce the data of Figs. 3.3 and 3.5; the downturn in Ry(T) as T -> T observed
in the bilayer data does not come close to the huge peak in R predicted here by the two-
fluid model. Even for oy = 0.1 og (the lowest curve), there is still a shallow peak at Jow
temperature.

Figure 5.4 depicts the expected dependence on normal layer thickness using the
two fluid model for the temperature dependence of o N(z,T). The same parameters as in

Fig. 5.3 are used, with og= 108 (Q-m)! and oy = 2 x 108 (Q-m)-l.  Although the

114



calculation for a bilayer with dyy = 200A does seems to reproduce the general downturn
of the bilayer Ry data given in Ch. 3, the dependence on dy does not agree with

experiment. There is, as discussed above, no feature resembling the large peak in R, at

1000

200

Temperature(A)

Fig. 5.3. Calculated surface resistance vs. temperature for a hypothetical Nb/Cu
bilayer using the generalized two-fluid model for o;5(z,T), and varying the normal state
conductivity oy of the N layer from 107 to 109 (Q-m)-! . Parameter values are: & =
30004, dy = 10004, An(0,0) = 3004, Koy'(TJ/2) = 100A, A(0) = 3504, T, = 9.2K,
and normal state conductivity of the S layer og = 108 (Q-m)-!. The prominent peak at
low temperature is not seen in the data.

low temperature like the one predicted by the two-fluid model in Fig. 5.4. Though the
temperature dependence of R does become stronger at low temperature as dy increases,
no peak is observed.

This peak was always present at some low temperature in calculations employing
the two fluid model, and could never be reconciled with the actual data, which decreases

more rapidly at low temperature, but never exhibits a pronounced peak like that shown in

115



Figs. 5.3 and 5.4. Eventually it became clear that the two fluid model was too

phenomenological in nature, and a more fundamental model for o)y(z,T) was sought.

500

400

300

200

R, (1)

100

10

Temperature (K)

Fig. 5.4. Normal layer thickness dependenceof Ry(T) using the two fluid model.
Parameters identical to those of Fig. 5.3 were used. The normal state conductivities
were og = 108 (Q-m)-! and oy =2 x 108 (Q-m)-l. Although the parameters used in
this calculation are entirely typical, the large peak in R, at fow temperature, which
increases in size as dy increases, is not observedin the R, data of either Nb/Al or

Nb/Cu.

5.3.2 Mattis-Bardeen Theory

The two fluid model presented in the previous section, while convenient for a
phenomenological understanding of the electrodynamics of superconductors, falls short
in many fundamental ways. In particular, it utterly fails to describe any sort of quantum
mechanical transition process, which in the end must underlie the absorption of

electromagnetic radiation. Evidently a much more fundamental description of
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electromagnetic absorption is required.

The Mattis-Bardeen theory [59] achieves such a description for homogeneous
superconductors. It essentially does the following: for radiation of frequency w, it
calculates the transition rate for all possible transitions from energy E to energy E + A,
minus the emission rates for the reverse processes, taking into account the thermally
excited population of states at energies E and E + Aw and the gapped density of states
N(E) given by the BCS theory. It then sums the net transition rates over all values of E,
yielding the real part of the conductivity expressed relative to its normal state value. It
also includes the effect of pair breaking transitions if Aw > 2A, where A is the
superconducting energy gap. It is a much more agreeable method on theoretical grounds,
since it incorporates the singular density of states just above the gap edge and since its
temperature dependence comes only from Fermi functions and the temperature
dependence of the gap A(T). Itis not important to the goals of this thesis to describe the
Mattis-Bardeen theory in greater detail, so only the final result for o; in a homogeneous
superconductor is quoted here [59]:

o0 -A
o1 -91(@AT) - 2 f [f(E) - f(E+hw)] g(E) dE + L f (1 - 2f(E+hw)] g(E) dE
ho |, hw

ON ON A - ho
(5.19)
with
E (E+ho) + A?

g(E) = 2 - 22 72| (Brhay - A2 (5.20)

The second integral in (5.19) is only performed if e > 2A.

Figure 5.5 shows the temperature dependence of o,(T) in a homogeneous
superconductor, calculated using the two fluid model and the Mattis-Bardeen theory.

The peak in o) (T) at T = 0.7 T is a feature observed in real data and predicted by the
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Mattis-Bardeen

Temperature (K) c

Fig. 5.5. Temperature dependenceof the real part of the conductivity o,(T) in a
homogeneous superconductor, using the two fluid model and the Mattis Bardeen model

at 10 GHz, and assuming a gap equal to 1.76 kg T,.
Mattis-Bardeen theory - it is one of the great successes of the theory. A glance at Fig.
5.5 clearly shows that something important is being neglected when the two-fluid model
is used. The peak in the Mattis-Bardeen o, is due to case II coherence effects [109],
which are a consequence of phase coherence between excitations above the
superconducting condensate, and which are only detectable with experiments whose
perturbation Hamiltonian is odd under time-reversal of the electronic states participating
in Cooper pairing. Since electromagnetic absorption is such an experiment, such effects

must be considered in any model of RF loss in a superconducting system.
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5.3.3 Coherence Effects in the N Metal and the Adapted Mattis-
Bardeen Model

In light of the above statement, it stands to reason that case I coherence effects
may occur, at least partially, between excitations above the induced superconducting
condensate in a proximity-coupled normal metal. Since many of the previous
experiments on S/N bilayer systems have not been sensitive to these effects, this idea has
not been explored much. The nuclear spin-lattice relaxationrate 1/T; of Cu ions in
Nb/Cu multilayers measured by Zheng [62] was consistent with the concept of coherence
effects in the Cu layers; we show below that the behavior of the surface resistance in
Nb/Cu and Nb/Al bilayers is also consistent with a model in which case II coherence
effects in the normal layer play a role.

The model used to calculate oy(2,T) is an adapted Mattis-Bardeen model, in
which a local BCS gap Ay(z,T) replaces the spatially constant one found in homogeneous
superconductors. The Mattis-Bardeen expression (5.19) is used to calculate 6,5 (2,T) =
o N(@,A0(2,T),T), from which the surface resistance may be calculated using (5.15).
The local gap Ay(z,T) is given an exponentially decaying dependence on z, with the same

decay length K¢ !(T) as was used to describe the local penetration depth:
As(T
An(z,T) = —Sé—) exp (-Ke(T)lz]) , z<0 (5.20)

Here, Ag(T) is the temperature-dependent energy gap in the adjoining S layer, and . is a
factor usually found to be approximately unity. Because in theory it is the pair potential
A(z), and not a true energy gap AN(2), which penetrates into the N layer in this way,
equation (5.20) is not actually rigorous. However, it does allow one to form an
equivalent picture of the absorption of energy occurring locally and still includes the

primary length scale K ¢ 1(T).
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5.3.4 Sample Calculations of R(T)

Figure 5.6 shows the dependence of the calculated R((T) curves on normal layer
thickness, for an S/N bilayer with dg = 3000A, 1,(0,0) = 3004, K /(T /2) = 1004,
and Ag(0) = 350A, using the adapted Mattis-Bardeen model with Ag(0) = 1.76 kgT, and
a = 1. Here, the normal state conductivities were taken to be oy = og = 108 (-m)-1. In
contrast to the two-fluid behavior of Fig. 5.4, the curves in Fig. 5.6 do resemble the R
data on Nb/Aland Nb/Cu data very much. For small dy, a linearterm in the temperature
dependence of R, appears at low temperature, while for thicker samples, a distinct drop
seems to occur at a temperature which varies with normal layer thickness. This is the
temperature where K ¢! ~ dy, and this condition occurs at progressive]y lower

temperatures as dy increases. For very thick normal layers, the sample would seem to

150
Adapted Mattis-Bardeen
Model
100 -
—~
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Fig. 5.6. Dependenceof R(T) on normal layer thickness dy, calculated using the
adapated Mattis-Bardeen rpodel at 11 GHz, with parameters A¢(0) = 350A, An(0,0) =
300A, Ker!(T/2) = 100A, and oy = og = 108 (Q-m)-1.
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have a second, relatively sharp transition at a lower temperature, while thin N layers
would simply show the linear behavior of Rg with temperature, without a precipitous
drop. Inthe example shown in Fig. 5.6, the thickness of normal metal which separates
these two behaviors is dy ~ An(0,0) = 300A, the same condition found in the analysis of
the AL ¢ data. So we see that the R, data can be used to verify the magnitudes of the
length scales A(0,0) and K¢ 1(T) estimated from the A) .4 data.

Figure 5.7 shows the effect of varying the ratio of the normal state conductivities,
op/og. This figure used all of the same parameters used in Fig. 5.6, and assumed d, =
1000 and dg = 3000A. Accordingto these calculations, no large peak in R, should ever

occur at low temperature, though nonmonotonic behavior of R is possible when

300 -
d, = 1000A
d, = 3000A
200 F
S ¢ =10° (Q-m)’
A
a4
100
10
107
0 - " x X L ( . . n | | . M a | n " L
0 2 4 6 8 10

Temperature (K)

Fig. 5.7. Calculated dependence of Ry(T) on the normal state conductivity oy of the
normal layer, assuming normal state conductivity Gg = 108 (Q2-m)-! in the S layer. All
other parameters are the same as those used in Fig. 5.6.
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on<< og. Conversely, if oy >> oy, the losses in the normal layer dominate the total loss
in the bilayer, so that a strongly linear dependence on temperature persists down to quite

low temperatures.

5.3.5 Local Loss Profiles

To understand the temperature dependences shown in Figs. 5.6 and 5.7 in more
detail, it is instructive to plot the local effective resistivity, given by pg(z,T) =
o Nz T [o 4 (2,T) + 0,%(z,T)], and the local RF loss, given by p (z,T)J2(z,T), as a
function of position across the thickness of the bilayer. As Fig. 5.8(a) shows, the
distribution of currents does not necessarily change much over the entire temperature
range; currents flow more in the N layer at low temperature and more in the S layer at
high temperature, but always in the vicinity of the S/N interface in a bilayer with the
parameters given above. What does have a strong temperature dependence is the spatial
profile of the effective resistivity po(2z,T). As seen in Fig. 5.8(b), it actually has a
maximum value at some point inside the N layer, a result due to a combination of both
of the dependences o y(z,T) and o,\(2,T). This peak in p.(z,T) moves further out
toward the free surface as T -> 0. The resulting local loss pg(z,T)J?(z,T) therefore is
also strongly peaked within the N layer, and this peak diminishes in magnitude and
moves further toward the free surface as T -> 0. The surface resistance of the entire
bilayer at a given temperature is equal to the area under each curve in Fig. 5.8(c). The
diminishing area under each curve in Fig. 5.8(c) explains the decrease in Ry(T) observed

in Nb/Al and Nb/Cu bilayer films.

5.4 Fits to R Data

Since the adapted Mattis-Bardeen model seems to reproduce much of the behavior

observed in S/N bilayers, including the rapid drop at low temperature, we may try to fit
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Fig. 5.8. Current density J(z), local resistivity p(z), and local loss p(z)J2(z) for an S/N

bilayer with layer thicknesses dy = 1000A, ds = 3000A and the same parameter values
as in Fig. 5.6.
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this data by assuming a temperature dependence for K !(T) as was done for the Al
data. If possible, we would like to use the same screening parameters An(0,0) and
Ag(0), and the same value of K. 1(T/2), as were used in the AM g Tits. The two
additional parameters necessary for these fits are the two normal state conductivities ON

and oy

5.4.1 Nb/Al
The data of Fig. 3.3, which shows the R data vs. temperature for Nb/Al

bilayers, indicates that there are probably some differences in materials properties among
the samples, since R does not vary monotonically with dy. This factis borne out by the
values of oy and og emerging from the fitting process. Fig. 5.9 shows the data of Fig.
3.3, together with fits to the adapted Mattis-Bardeen model using a temperature
dependence K .« !(T) ~ T-1/2 for the order parameter decay length. The parameters of the
fits appear in Table 5.1, with error bars describing the range over which a 5% variation
from maximum fit goodness occurs.

While the penetration depth Ax(0,0) and the decay length K ¢ 1(T,/2) parameter
values for the samples with 100A and 200A Al did not agree with the parameter values
found by fitting the corresponding A (T) data, the values were in both cases much
larger than dy and therefore acquired large error bars. The values of An(0,0) and
K. (T /2) for the 300A and 600A samples are much more in line with the values
obtained from AA(T) fits.

The values of the normal state conductivity in the normal layer, however, are a bit
higher than expected, and in particular do not agree with DC resistivity results. They are
instead a result of the adapted Mattis-Bardeen model, which, as was pointed out, is not a
rigorous formalism. Essentially the size of the gap Ay(z) which allowed for the best fits
to the data, was large and implied a smaller quasiparticle population, requiring a larger OoN

to account for the observed data. So although the model does allow one to discern the
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Fig. 5.9. Surface resistance data for Nb/Al bilayers with dg = 1 um and 0 < dy < 600A,
showing fits to the adapted Mattis-Bardeen model. The temperature dependence K (T)
~ T-172 was used.

Table 5.1. Normal metal thicknesses and fitting parameters for Ry(T) data on Nb/Al
bilayers. Bare Nb data (dy = 0), obtainedby removing the Al from the 300A sample,
was fit using the homogeneous Mattis-Bardeen theory. These fits used the same values
of Ag(0) and T, given in Table 4.1. The parameter a was taken to be unity.

dN (D) AN(0,0) (A) Ko (T2)(A) oy (108 O mr!) og(108 O lmel)

0 . e 0.87 + 0.05
100 700 300 435+100  .011+.02  4.05+ 0.20
200 600200  154+40  266+92  0.8] +0.12
300 300£25  125+40 398409  2.13+0.11
600 360+£20  240+£30  10.0+0.7  2.62 + 0.07
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length scale K¢ !(T/2), the values of oy may not be physically reasonable when

Kot (Te/2) << dy

5.4.2 Nb/Cu
The Nb/Cu R, data indicates that a penetration depth on the order of 300A and a

decay length K ¢ !(T,/2) = 400A are reasonable. Since the Ahos(T) data was fit well
with a temperature dependence Ko !(T) ~ T-2, the R, data should also follow this
dependence as well. Figure 5.10 shows the R, data for Nb/Cu bilayers, along with fits
to this temperature dependence. The fits seem qualitatively correct at high temperature,
but they all fail at low temperature, where T-2 diverges the most. Hence, it does seem
that other fitting functions may be possible. The parameter values given in Table 5.2 for
the normal state conductivities, on the other hand, are not inconsistent with observed
values.  Further investigation of this discrepancy in the temperature dependence of

Kee'(T) is in progress.
5.5 Chapter Summary

The surface resistance of S/N bilayers can be calculated by an integral over the
film thickness involving fields and currents, derived from considerations of the
perpendicular component of the Poynting vector integrated over the film surface. If one
knows the functional dependence for the real part of the conductivity o|y(z,T), one can
calculate the surface resistance as a function of temperature. It has been shown in this
chapter that a model based on the Mattis-Bardeen theory, adapted for spatially
inhomogeneous superconducting systems, can reproduce many features of the surface
resistance data observed in S/N bilayers of Nb/Al and Nb/Cu. This model, while
nonrigorous, contains many essential features that an exact model would, such as

coherence effects between excitations above the induced condensate in the normal layer.
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It was demonstrated thata simple two-fluid model, applied locally, cannot account for the

observed behavior of Ry(T) or its dependence on dy,.

2000

Y Y T v T LET
1

Nb/Cu Bilayers =
f=11.5 GHz

R (1)

0 2 4 6 8 10
Temperature (K)

Fig. 5.10. Surface resistance data for Nb/Cu bilayers with ds = 3000A and 0 < dy <
760A, showing fits to the adapted Mattis-Bardeen model. The temperature dependence
K '(T) ~ T2 was used, as in the Ah(T) fits.  Here, however, the low-temperature
behavior is not consistent with Ko '(T) ~ T-2

Table 5.2. Normal metal thicknesses and fitting parameters for R(T) data on Nb/Cu
bilayers. Bare Nb data (dy = 0), obtained by removing the Al from the 300A sample,
was fit using the homogeneous Mattis-Bardeen theory. These fits used the same values
of A5(0) and T given in Table 4.2. The parameter o. was taken to be unity.

dy (D) AN0,0) (A) K(T2) (A) oy (108 'ml)  og(108 O lmr 1)

0 mmmm o mmee e 1.36 £ 0.02
90 300 £ 50 300 £ 50 6.72 £.75 0.50 £ 0.12
270 300 + 50 400 £ 50 6.17 £ .61 1.74 £ 0.23
390 300 + 50 400 + 50 4.98 + 41 3.37 £ 0.34
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Chapter 6
Thesis Summary and Future Work

6.0 Context of This Work

The parallel-plate resonator technique was employed in this work to investigate
the induced superconducting properties of thin normal metal films of Aland Cu deposited
onto Nb. This technique was shown to be uniquely suited to studying the induced
superconducting properties of the normal metal in the region near the S/N interface, since
it is sensitive to both the induced condensate properties and the properties of the
excitations above this condensate. In fact, the technique is constrained to only relatively
thin normal layers (dy ~ 10% - 10° A), since RF losses become too high with thicker
normal layers. The samples studied were generally much thinner than those used in
previous experiments on the proximity effect.

The primary contribution of this work is a study of proximity systems which
require analysis going beyond the single frequency approximation. Very few
experiments, especially those relying on electromagnetic screening properties, have had
enough sensitivity to really distinguish between the single frequency approximation and
the exactcase. The results presented in this thesis clearly show that in thinner normal
layers, the exact behavior of the order parameter may differ considerably from that
predicted by the single frequency approximation.

A secondary contribution of this work is the consideration of electromagnetic
absorption processes in proximity-coupled normal metals at microwave frequencies. Due
to the time-reversal symmetry properties of the electromagnetic perturbation Hamiltonian,
the experimental technique used in this thesis enables one to investigate superconducting

coherence effects in the proximity-coupled normal metal.
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6.1 Results and Accomplishments

An experimentalist’s picture of the important processes influencing the screening
and absorption of microwave-frequency radiation by superconductor/normal-metal
bilayer films has been constructed. It was found that the normal layer, even when very
thin, plays the dominant role in the low temperature behavior of the effective penetration
depth and the surface resistance in S/N bilayers, and that the suppression of the order
parameter in the superconducting layer near the S/N interface has a negligible effect on
these properties. The rapid decrease in both A _{(T) and R¢(T) in S/N bilayersas T -> 0
(Figs. 3.2 and 3.4) was found to be associated with the divergence of the characteristic
length scale for penetration of the superconducting order parameter into the N metal,
K.+ !(T). The model developed to understand the screening of applied magnetic field by
an S/N bilayer, when applied to the data given in Ch. 3, showed thatin both Al and Cu,
this characteristic length scale was much shorter (K (T J/2) ~ 150 - 200A) than
predicted by the single frequency approximation (K'lsingle freq.~ 900 - 1000A). It was
concluded that the size of the length scale K¢ ! was influenced by the rapid variation of
the order parameter near the S/N interface, causing the effective decay length to appear
shorter in thin normal films.

It was shown that the magnitude of the induced superconducting penetration
~ depth in the normal metal layer, An(0,0), can be estimated by examining the temperature
dependence of the S/N bilayer effective penetration depth A.(T) as the normal metal
thickness is varied. When the normal metal layer is thinner than this induced penetration
depth, no appreciable decrease or change in curvature is evident in the temperature
dependence of A (T) at low temperature; the normal layer is too thin to screen an applied
field noticeably. As the normal metal thickness is increased, a decrease in A o¢(T) as T ->

0 becomes more and more prominent. The size of the induced normal metal penetration
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depth AN(0,0) is approximately equal to the value of the normal metal thickness dy at
which this decrease first becomes noticeable. In Cu and Al, this length was found to be
An(0,0) ~ 300 - 400A. These values are in general smaller than those observed in thicker
samples previously, and confirms a trend in which thinner proximity-coupled normal
layers are found to have smaller induced penetration depths [41,48]. The values of
An(0,0) are still larger than the London values, which for Al and Cu are both around A,
= 180 - 200A.

According to our model, the approximate size of the effective decay length K !
can be ascertained at the same time; K ¢! is approximately equal to the normal layer
thickness at the temperature where the rapid decrease in Ao T) occurs. By varying the
normal metal thickness and observing the temperature at which the rapid decrease in
Aest(T) occurs, the function K¢ !(T) may be mapped out. This works only if the normal
metal is thicker than A,(0,0), of course. The best results are obtained when the condition
dn > An(0,0) > K¢ I(T/2) holds. For Aland Cu, this effective decay length was found
to be in the range K ¢ (T /2) ~ 150 - 200A, as stated above.

The benefit of these general guidelines is that one can estimate these two
important length scales without having to know the exact temperature dependence of
AN, T) or K 1(T), i.e., without having to do any data fitting.

Electromagnetic absorption was built into the model in order to understand the
surface resistance of data obtained on S/N bilayers. A local real part of the conductivity
on(z,T) was calculated using the Mattis-Bardeen theory, assuming a local BCS gap
An(z,T) which decays into the normal metal with the same length scale K¢ 1(T) used in
the penetration depth analysis. It was found that such a model, though not rigorously
correct, could reproduce the observed data on Nb/Al and Nb/Cu bilayers. Since
superconducting coherence effects are a central part of the Mattis-Bardeen calculation of
the real part of the conductivity, it was concluded that the success of the model suggests

that coherence effects play a role in the absorption of electromagnetic radiation by
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proximity-coupled normal metals. This is significant, since only a few experimental

techniques are sensitive to these effects.

6.2 Future Work

The results of this thesis, though compelling, are not complete. In particular,
several extensions of the present work seem worthy of consideration. These are briefly

described below.

6.2.1 Data at Lower Temperature

The A}»eff(T) and Rg(T) data shown in Ch. 3 on Nb/Cu and Nb/Al were acquired
only down to T = 2K this limit was determined by the temperature of the helium bath in
which the sample housing was submerged. Naturally, as the effective decay length
diverges, further interesting behavior occurs, and the normal layers presumably act
virtually like real superconductors at a low enough temperature. This means that at some
point the effective penetration depth A¢{(T) must become independent of temperature, a
condition which was never observed in the bilayer data presented in this thesis. It also
implies that even very thick normal layers may exhibit extremely low surface resistance
as T -> 0, a behavior which is hinted at in the 760A Cu data of Fig. 3.5 but never
observed because of the experimental lower temperature limit.

Microwave measurements performed in a He3 cryostat going down to T ~ 0.5 K
would therefore be of extreme value; in principle there is no reason why the experiment

could not be adapted to such a cryostat.

6.2.2 High-Temperature Cuprate Superconductors
A similar S/N bilayer surface impedance measurement involving high temperature

superconducting cuprate materials is of great interest to those undertaking efforts to
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develop high-T, SNS junctions. Although very little evidence has been found for the

éxistence of induced superconductivity in noble metals (Au) deposited on cuprates such

as YBa,Cu;0, 5 (YBCO), it may be possible to obtain such coupling in metallic cuprate

layers with properties altered by doping. In that case, the metallic properties of the high-

T, cuprate and its doped cousin would be very similar, and the two would differ only in

transition temperature. It is advantageous for the development of proximity

superconductivity to have two metals with similar densities of states, since the quantity

A/NV is continuous at the S/N interface.

Work on c-axis Pr,Y;_,Ba,Cu;0;_5/YBa,Cu3; 0, 5 (x = 0.4) bilayers has been

carried out in order to explore the possibility of detecting proximity coupling in a high-T,

cuprate system. The c-axis oriented sémples were grown on LaAlO, substrates by

pulsed-laser deposition, under conditions detailed in section 2.2.4. In all bilayer

samples, 3000A-thick YBCO was deposited, followed by Pr. Y, Ba,Cu,0, 4

(PYBCO) layers of thickness 1000A, 20004, and 3000A. Single layer PYBCO films of

thickness 3000A were also grown for independent characterization. The PYBCO
Haw < Qb"* material haq T, = 59K, so it acted as the normal metal layer for 59K < T < 90K, and it y
Jafeonies oo S dkm ed
was found to have a penetration depth of approximately A(0) = 5500A.< ~ s A 7,,,/;&4“ Shunr T = F4EN

The Ak ¢(T) and Rg(T) data on PYBCO/YBCO bilayers are shown in Figs. 6.1 Pef )= F0.0/

and 6.2. In the A\ (T) data, the superconducting transition of the PYBCO layer at 59K

is evident, and the change in slope of Ahoe(T) is larger as d increases. However, there
is little evidence of proximity-coupled behavior, such as a rapid decrease in AL (T), in
the PYBCO layer above 59K. In fact, it looks very much like the behavior of two
uncoupled superconductors, with one going through its superconducting transition at a
lower temperature than the other. The probable reason for this behavior is that the size of

the decay length K -1 in PYBCO is much smaller than the penetration depth, which is at
least 5500A. When the situation Kl << An(0,0) holds, the onset of superconductivity

in the normal layer appears to happen right at Tens since only then does K¢ '(T) diverge
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Fig. 6.1. Effective penetration depth change vs. temperature for high-T, Pr,Y,.
«B2,Cu307.4YBa,Cu;0,5 bilayers on LaAlO; substrates. The superconducting

transition of the Pr,Y, Ba,Cuy0;5 layer is clearly visible at 59K, but very little
evidence of proximity-coupled behavior above 59K is discernible.
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Fig. 6.2. Surface resistance of Pr, Y, ,Ba,Cu;0, /YBa,Cu,0, 5 bilayers vs.
temperature. The peak around Ty is normal even without proximity coupling when
the conductivities of the two layers are different.
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and become large enough to allow screening to occur in the N layer. So the behavior of
Al os(T) shown in Fig. 6.1 does not rule out the existence of proximity coupling in
PYBCO, but it does mean that an electromagnetic measurement, which by its nature
measures quantities which vary on the scale of the penetration depth, may not be the
most sensitive experiment for its detection. Fig. 6.3 shows a close-up view of the
transition region around 59K; the Ah.(T) data for the 3000A PYBCO/YBCO bilayer
sample is shown along with a fit assuming no proximity coupling at all between the
layers. It agrees quite well with the data, so that the upper limit on K, '(60K) in
PYBCO is approximately 50A. Since coherence lengths in the superconducting state of

cuprate materials are thought to be even smaller than this (~ 10A), this is not

unreasonable.
5000 i v — 600
P [ 1 . ~ O%
l’ “l .’ - " @
" : R ,'%GD%’% = 550
4000 | f | Foa L X
; LA 4500
’ 1, . # P50
J j‘:;‘i‘) 'g'%m
o~ 3000 "' :".I "O%st’ = 450 w
o~ ] -
< -
3 2000 2
1000
0 = 1 °° 1 1 1 I i 1 200

40 45 50 55 60 65 70 75 80
Temperature (K)

Fig. 6.3. Close-up view of A.y(T) and Rg(T) for a PYBCO/YBCO bilayer with
3000A normal metal. Dashed lines are the expected behavior of AL o(T) and Rg(T) in
the absence of proximity coupling between the layers. The abrupt change in the
temperature dependences of both quantities should occur at the same temperature, but
the Ry data actually shows a dip at a higher temperature.
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The surface resistance data, however, does show a noticeable feature around 59K
in all three thicknesses of PYBCO. The dip is actually a normal feature of a two-
superconductor bilayer with no proximity coupling, occurring when the conductivities of
the two layers differ significantly. However, as the close-up view in Fig. 6.3 shows, the
dip should be much more abrupt if that were the case, and it should occur at exactly the
same temperature as the abrupt change in slope of A (T) occurred at. Since this dip in
R, occurs at different temperatures for different normal layer thicknesses, this may be
evidence of proximity coupling. Further work on such samples is required to ascertain

whether or not these vestiges of proximity-induced superconductivity are real or not.

6.2.3 a-Mo;_,Ge,/Mo;.,Ge, Bilayers

This system is another candidate for proximity effect experiments using a
microwave technique. Since the films are amorphous, deposition in layers with a change
in Ge doping is relatively straightforward and the films are extremely flat and smooth.
The doping of Ge affects the T, of the material, which has a maximum of 7.2K at 20%
Ge doping. The idea, as with YBCO/PYBCO, is to create a bilayer system using two
very similar metals which have different transition temperatures. Some preliminary work
using 20% doping (T, = 7.2K) for the S layer and 40% doping (T, = 3.5K) has been
completed; the results are shown in Figs. 6.4 and 6.5.

It is not clear at the time of this writing whether the ratio of penetration depth to
decay Iength in the normal metal is suitable for microwave experiments or not;
amorphous materials with mean free paths of ~ 2A should in theory have very short
decay lengths, making such an experimentless likely to produce fruitful results. Still,
the ease with which T, can be varied and the ease of fabrication make this system a sort
of halfway point between the conventional metallic bilayers presented in the body of this

thesis and the high-T, bilayers of the last section. Again, further work is planned.
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Fig. 6.4. Effective penetration depth vs. temperature for a single layer Moy 5Geg 5
film and a Moy sGey , /Moy ¢Geg 4 bilayer, with dg = 9000A and dy = 9000A. The
transition of the lower-T, phase is visible near Ty, but some linearity in A.g(T)
above Tey seems evident, indicating possible proximity coupling.
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