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1. Introduction

1.1 Background

A phenomenon in which a substance loses all electrical resistance was first
discovered in metals at liquid helium temperatures by Kamerlingh Onnes in 1911[1].
With the potential of zero resistivity state for electrical applications, superconducting
materials have long held the promise of many wonderful technological benefits already
in the years following the discovery of superconductivity. Some of the most important
applications[2] of superconductors are either in high current wires for powerful
supermagnets or in thin films structures like Josephson junctions for superconducting
electronics. Another important application[3] is in large-sized cavity structures for
energy-saving and high-field rf acceleration of charge particles. These applications
utilize so-called “low temperature” superconducting (LTS) materials such as niobium,
alloys of niobium, lead and titanium. The inconvenience and expense associated with
the cooling of such materials below their critical temperature (T), which is ~ 10 K, have
restricted their use lo applications where performance outweighs the costs of expensive
refrigeration.

The discovery of “high temperature” superconductivity (HTS) in 1986[4] resulted
in the expansion of the study of the superconductors from a handful of laboratories to

hundreds of laboratories worldwide. The discovery of superconductivity above 77 K



(the boiling point of liquid nitrogen) in compounds of Y-Ba-Cu-O[5] gave new hope for
the economical and widespread applications of superconductivity.

It is expected that applications of HTS will be made in various fields. Since the
discovery of HTS, the research on HTS has been very intensive, and many kinds of
applications have been tried. Only a few applications, however, have come onto the
market: HTS SQUID[6], microwave devices[7] and Bi-compound wires or tapes[8-10].
The reason is quite clear; as the HTS has complex structures and is quite peculiar, it has
been rather difficult to control these materials artificially. Furthermore,
superconductivity itself is quite different from that of LTS materials. For instance, the
superconductivity is strongly two-dimensional and so it is very sensitive Lo the structure
of crystals. It is, however, sure that the development of synthesis techniques for the

high-quality materials will accelerate the progress of applications.



1.2 Motivation of study

In particle accelerators for high energy physics, microwave cavities are used to
accelerate charged particles, such as electrons and positrons up to the energy at which
physics experiments are made. Accelerating field attained by normal conducting copper
cavities is practically limited to about 1 MV/m due to difficulty in removing enormous
heat created at cavity wall. In superconducting cavities, the surface resistance and hence
the wall loss are lowered dramatically. This enables superconducting cavities to achieve
accelerating field much higher than that obtained by copper cavities. A tremendous
effort to utilize superconductivity for accelerators has put niobium superconducting
cavities into practice, and they are now being operated at several major high energy
physics laboratories in the world, such as CERN, DESY, TILab, Cornell University and
KEK.

In the cavity application of superconductivity, two of the most important
parameters are the surface resistance and the RF critical magnetic field. The former
determines the power dissipation and the latter limits the attainable accelerating field.
The followings are the potential advantages of HTS over LTS in cavity application.

i}. Lower surface resistance. With Nb at 4 K and 500 MHz, the surface resistance

R, is around 25 nQ at low field levels with typical quality factor Q, = 10" and

geometrical factor I' = 250 €. The R, increases to around 250 nQ2 and Q,

decreases to 10” at the accelerating field gradient £, = 10 MV/m[3,11]



corresponding to the surface magnetic field H, = 4 x 10" A/m. At low field levels,
HTS materials would have lower R, than that of LTS materials if R, of HTS
exhibits the similar temperature dependence as LTS, and if the residual surface
resistance of HTS can be suppressed to a sufficiently low value. It is also
important that the surface resistance must remain almost insensitive to rf field
increased up to the useful accelerating field.

ii). Higher critical magnetic field . With Nb, the maximum possible accelerating
field allowable from theoretical considerations is 60 MV/m[12]. This ultimate
limit is based on the RF critical magnetic field, equal to the superheating critical
field[13], and related to the thermodynamic critical field H. From lower and
upper critical field measurements in the best HTS materials, it is estimated that the
thermodynamic critical field () is likely to be as high as 1.16 x 10° A/m[14] i.e.
more than 5 times higher than that for Nb (H, =2 x 10° A/m). Correspondingly,
postulating the same inter-relationships between critical fields as with LTS, i.e.
Hgw = 075 H. for x >> |, the RF critical magnetic field Hy: for YBCO is
expected to be 8.7 x 10° A/m, more than 3 times that of Nb (H,, = 2.4 x 10°
Afm). These numbers indicate the future possibility of accelerating gradients as
high as 200 MV/m. However, the performance of accelerator cavities is usually
far below limits imposed by the fundamental RF critical field. Problems such as
field emission are dominant. Present day Nb cavities provide 5 — 10 MV/m for
today’s particle accelerators[11,15]. Much research is in progress on advancing

cavity performance towards theoretical capabilities (60 MV/m), particularly in



suppressing field emission. With new surface treatments evolving from these
efforts, Nb test cavities approach 30-40 MV/m([11] at KEK. In the case of HTS,
this situation may be similar or more severe. Even though a potential accelerating
gradient of HTS is higher than that of Nb, the field dependent increase of R,
should be minimised before confronting other difficulties such as field emission.
iii). Lower cost. The increased operating temperature offered by HTS could reduce
the capital cost of a large accelerator through reduction in cryogenic system costs.
In addition, higher temperatures will lower the operating cost and increase the
performance reliability of accelerator cavities and their cryogenic systems.

Accompanying higher heat capacities will improve thermal stability.



1.3 Study plan

I;

Copper substrates. For cavity application, HTS films should be deposited
onto large-area metallic substrates of complex shape. Since the thermal
conductivity of HTS materials is rather low, heat must be released through the
substrate to keep the film in a superconducting state even under a high field
level. For example, at 10K, the thermal conductivity for polycrystalline
YBa,Cu,0, is only about 3 W/mK, more than 2 orders lower than Nb[16].
However, the use of polycrystalline metallic substrates makes the orientation
of HTS films difficult, because the orientation of HTS films is governed by
the substrate structure. High-quality HTS films grow on single crystalline
dielectric substrates more easily than on polycrystalline metallic substrates.
Precise measurement of R,. The surface resistance R, is a key parameter for
cavity application and should be measured precisely. The host-cavity method
suitable for large area samples is used to measure R, of YBCO films with 36
mm in diameter. The temperature dependence of R, is measured with a copper
host-cavity. In order to improve the measurement accuracy at low
temperature, a niobium host-cavity is used to calibrate the data obtained by a
copper host-cavity.

Field dependence of R,. Even under high rf fields, the surface resistance of
HTS films should be low enough to be competitive with Nb. However, for

HTS, the lower critical field for the weak links, H_,,, is quite low, even lower



than 80 A/m, so that beyond H,,, the surface resistance would increase with
increasing of rf field. Therefore, it is very important to study the microwave
field dependence of the surface resistance for HTS films. The measurement
system is prepared in which the cavity input power is controllable from 0.1
mW to 10 W, yielding the cavity surface magnetic fields up to 1000 A/m.

. Effect of texturing on R,. Due to the anisotropy conduction for HTS,
texturing of the c-axis normal to the film surface is inevitable for microwave
applications to reduce the surface resistance. For cavity application, the effect
of the a-b plane texturing on the surface resistance, especially on its field
dependence, should be investigated. We prepare two groups of HTS films, a-b
plane well textured and weakly textured, and measure the temperature

dependence and microwave field dependence of their surface resistance.



1.4 HTS materials

Before the details of experiment are described, it is useful to review knowledge about
HTS materials. Various oxide superconductors with perovskite(CaTiO,)-like

structure[17] as shown in Fig. 1.1 have been found until now.
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/

Figure 1.1 Drawing of the perovskite crystal structure, where A and B are metallic cations

and X is a non-metallic anion. The YBCO unit cell is composed of three of these perovskite
unit cells stacked: the center cell has ¥ as the A cation, and the top and bottom cells have
Ba as the A cation. In both cases, Cu is the B cation and O is the X anion, as shown in

Figure 1.2.



The YBa,Cu,0,,,(YBCO) compound was discovered in 1987[4], shortly after the
discovery of the first high T, ceramic superconductor, (La,Ba),Cu0Q,,.(Tc= 38 K)[5].
Many researchers also refer to YBa,Cu,0,;, as 123 compound. The 123 phase has a
perovskite structure, defined as the basic compound formula ABX3, where A and B are
metallic cations and X is a non-metallic anion (Figure 1.1). The superconducting phase
is orthorhombic (a=3.819A, b=3.886A, c=11.68A), and the de-oxygenated insulating
phase is tetragonal (a=3.889A, c=11.84A). The tetragonal to orthorhombic transition
occurs during cooling. Any remaining impurity phase will contribute to residual
microwave losses. Moreover, the T, of the oxide superconductors depends sensitively
on the oxygen content and on metallic impurities. Contaminations and atomic disorder
at the surface should also enhance the surface resistance.

The 123 structure consists of two Cu-O chains in the a-b plane, sandwiching the
BaO, Y and kinked CuO2 planes, (Figure 1.2). Current conduction is anisotropic,
flowing primarily along the CuQ2 planes (a-b planes) rather than along the ¢ axis.
Oxygen concentration controls the key 123 phase properties: it determines whether the
sample is tetragonal and insulating, or if the sample is orthorhombic and

superconducting.
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Figure 1.2. Drawing of the YBCO unit cell, orthorhombic and fully oxygenated to 07, The Cu02

planes are kinked. Vacancies for O<7 occur mainly at the O1 and O3 locations, with some on 04
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Table 1-1. HTS materials

Material abb. T.(K) Unit-Cell Dimensions
La, Ba,CuO, (La214) pebu3B A, o=133 A
Y,Ba,Cu,0, (YBCQ) 89-95 a=b=38A, c=11.7A
(Y123)
Nd,Ba,Cu,0, a=b=38 A
Bi-Compound: (BSCCO) | 105-120 |a=bH=38 A, c=30 A
(Bi,Sr;Ca,Cu,0,) | (B2212)
TI-Compound: (TBCCO) | 110-125 | 4=b=38 4, c=30 A
(T1,Ba,Ca,Cu,0,) | (T2223)
Hg-Compound: (HBCCO) 136
(Hg,Ba,Ca,Cu,Qy) | (H1223)

LaBaCuOQ: Lanthanum-Copper Oxide
YBCO: Yttrium-Barium-Copper Oxide

BSCCO: Bismuth-Strontium-Calcium-Copper Oxide
TBCCO:Thallium-Barium-Calcium-Copper Oxide.
HBCCO: Mercury- Barium-Calcium-Copper Oxide

In the past, a lot of different kinds of HTS materials have been discovered. Some
parameters for typical HTS materials are listed in the above table. In this study aiming
at application of HTS materials to accelerator cavities, we must choose the most

suitable HTS material available at present. Even though the transition temperature of




YBa,Cu,0,, (YBCO) is not the highest in HTS family, YBCO was selected because of
the following advantages over other materials.

1). Simplest structure in HTS family. The crystal structure of YBCO is the
simplest among the HTS family such as Bi-, Tl- and Hg-compounds.

2). Best known characteristics. YBCO has been investigated mostly and its
characteristics are well known.

3). Lower residual resistance. Single phase of YBCO materials can be obtained
easily in comparison to others. Any remaining impurity phase will contribute to
residual microwave losses, and enhance the surface resistance. In general, Bi-
and T- compounds have higher residual surface resistance than YBCO.

4). Sharp rf transition. YBCO exhibits the sharpest rf transtion due to superior
phase purity. This merits more than offsets its lower critical temperature of Bi-

and T-compounds.
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1.5 R, Measurement Methods

A key material property, which determines HTS suitability for practical
applications especially for cavity application, is the surface resistance R,. Since the
discovery of HTS a large variety of techniques have been developed to measure the
surface impedance of HTS samples. Usually, the lower the surface resistance is, the
more complicated the technique is. Depending on the size of samples to be measured,
these methods may be divided into two groups as listed in Table 1-2. In order to
measure physical properties of a single crystal which is usually small in size, the
techniques such as a split-ring resonator technique[18], a hot-finger resonator
technique[19] or a host-cavity technique{20-22] are adopted. For HTS films with big
size, a parallel-plate resonator technique[23], a dielectric resonator technique[24] or a
host cavity technique[25-29] are adopted.

Table 1-2. Surface impedance measurement methods

Methods for measurement of small Methods for measurement of big size
size samples samples

Split-ring resonator Fig. 1.3 Parallel-plate resonator Fig. 1.6

(Ref. 18) (Ref. 23)

Hot-finger resonator Fig. 1.4 Dielectric resonator " Fig. 1.7
(Ref. 19) (Ref. 24)

Host-cavity technique Fig. 1.5 Demountable cavity or Fig. 1.8
(Refl. 20) host-cavity technique (Ref. 29)

13



The YBCO samples prepared for the study have the diameter of 36 mm. Because
of the large sample size, we must select one method from those listed in the right
column of Table 1-2, We adopted the demountable cavity method because of the
following advantages. First, it can be operated in simple resonant mode. Second, no
dielectric material in the cavity is inserted, so that some uncertainty from the
temperature-dependent permittivity of the dielectric material was avoided. Third,
because the cavity is the closed structure, there is no escaping microwave from the
cavity, which will contribute to the accuracy of measurements. The demountable cavity
operated in TE;;, mode was employed, and the cavity dimension was determined by the
sample size. The cavity dimension, i.e., 33 mm in diameter and 19 mm in length, and
the operation in TE,,, mode determined the resonance frequency around 13.6 GHz[30].
The principle and the measurement procedure will be described in detail in Chapter 3.
The reason why we employed two demountable cavities (copper cavity and niobium

cavity) will also be explained in Chapter 3.
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2. Fabrication of films

2.1 Introduction

Application of high-T, superconductor films for accelerator cavities requires the
deposition of films on relatively large-area (-*]IIIIi2 10" cmzj metallic substrates[1]. We
chose copper as a substrate material[2,3,4] because it has high thermal conductivity and
good machinability. As a buffer layer for deposition of YBCO films on copper
substrates, we employed YSZ/Cr double layers, where YSZ is an acronym of yttriz-
stabilized-zirconia. The Chromium underlayer was found to be essential to protect
copper against oxidation, resulting in good adhesion of the YSZ layer on copper([3,4].

The textured YSZ layer helps the YBCO film to be textured. Copper substrates, 36 mm

s NN

IHENE
1I1]I

Cri0.5pm)

Cu subsiraie{I mm) /

— @36 -

Fig.2.1. The multilayer structure of YBCO films
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in diameter disk with a thickness of 3 mm, were polished to a mirror finish. They were
then ion-plated with the chromium layer of about 0.5 pm, and subsequently deposited
with the in-plane textured YSZ buffer layer of 0.8 pm thick by using a modified bias
sputtering technique. As shown in Fig. 2.1, YBCO films were deposited onto the copper
substrates pre-coated with Y SZ/Cr buffer layer by using laser ablation technique. Due to
the anisotropy of YBCO, i.e. the conductivity in a-b plane much better than that along
c-axis, c-axis perpendicular to the surface is inevitable to reduce the surface resistance
and its field dependence for the accelerator cavity application. In addition, the texturing

in a-b plane of YBCO films is possible on well-textured YSZ buffer layer.

22



2.2 YSZ buffer layer

Before YSZ deposition, a thin chromium underlayer was ion-plated on the copper
substrate to ensure good adhesion of YSZ films. The texturing of YSZ is crucial to the
ab-plane texturing of YBCO films. The texturing of YSZ layer was obtained by using a
modified bias sputtering(MBS) technique[3]. Figure 2.2 and 2.3 show a pair of
specially devised electrodes installed in the large-area MBS system. The degree of in-
plane texturing varies depending on the sample position. The poorer texturing part over

the film is located directly above the center between a pair of adjacent auxiliary

SUBSTRATE HOLDER
ELECTRODE (Vs)

SPECIMEN

AUXILIARY ELECTRODE (Va)

Fig. 2.2, Large-area MBS system showing three auxiliary electrode plates. The number of plates

for the auxiliary electrode is changed depending on the substrate area to be coated (From [6].).
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electrodes, since the glancing-angle ion bombardment during deposition is one of the
requirements for achievement of in-plane texturing. Masks were placed at these
positions in order to avoid the growth of poor-oriented films in this area, where Ar” ions
impinge on a film not obliquely but at almost right angles. Meanwhile, a movable
substrate holder electrode was used to slide the substrate horizontally during deposition,
so that a textured film can grow on the masked area after a period of deposition. Finally
the whole area of the substrate was successfully covered with in-plane textured YSZ
thin films. Using this equipment, we made an attempt to obtain YSZ films with in-plane

texturing over the whole surface of the sample.

Sputtering Chamber

Substrate electrode Substrate: Cu disk

Auxiliary electrode Dircctional
Arion flux
produced by
applied
electric
field

YSZ target

R.E. Power

Fig. 2.3 Schematic drawing of large-area MBS system (From [6].).



2.3 Deposition of YBCO films

The copper substrates pre-coated with YSZ/Cr buffer layer were used for
deposition of YBCO films using the laser ablation technique[4]. Figure 2.4 shows the
schematic view of KrF-excimer pulsed laser deposition(PLD) system. In order to obtain
uniform large area YBCO films, the mirror was oscillated so that an excimer laser beam

reflected from the mirror could be scanned on the rotating target surface.

Programmable

Cu substrate reflective mirror

Ablation
plume

Rotated YBCO target Laser beam

Fig. 2.4. Schematic view of KrF-excimer pulsed laser deposition(PLD) system (From [6].).

]
Ln



2.4 The Texture of YSZ and YBCO

In order to characterize the in-plane texturing of the films, we carried out an X-ray
Pole figure measurement using the Schulz reflection method[5]. A pole figure is
generally used for determining the texture of polycrystalline material. The details about

x-ray pole figure is described in Appendix A. Figure 2.5(a) shows a typical pole figure

901

(a)

tape
diﬁ*cljun

Fig. 2.5(a). An example of a typical pole figure for an YSZ film with an apparent in-plane grain

orientation {(From [6].).



for an YSZ film with an apparent in-plane grain orientation. For the cubic ¥ SZ structure

with the (200) plane parallel to the specimen surface, if the film is tilted relative to the
X-ray beam by & =54.7", then the (111) peak can be detected at 28 =30.1° (CuK,),
with (111) becoming the diffraction plane. As is seen in Fig. 2.5(b), the intensities of the
diffracted X-ray beam shows a maximum at the angle & mentioned above, with peaks
at 90° in the ¢ direction. Figure 2.5(b) gives what is called a ¢-scan of the same
specimen in Fig. 2.5(a), which indicates the (111) intensity plotted as a function of the

angular rotation in the plane of the substrate.

(b)

X-ray Intensily (arb. units)

] |

1 1 ]
0 60 120 180 240 300 360
® (DEG.)

Figure 2.5(b): An example of a typical pole figure for an YSZ film with an apparent in-

plane grain orientation. The (111) ¢-scan is shown. ¢ is varied while 28 =30,1" (CuK )

and the tilt angle & = 54.7" (From [6].).

27



. 154, 514

I i

1
I
|
|
|
]
i
i
i
i
]
I

Ceunti

|
-
1
I
~L W
1
|
]
]

Figure 2.6: The X-ray diffraction patterns exhibit a clear pattern of sharp (00n) lines typical for

complete c-axis orientation (From [6].}.

Three YBCO films EC230, EC231 and EC232 were prepared for the rf field
dependence measurements described in Chapter 7. The c-axis of all the three YBCO
films is confirmed to be normal to the substrate plane by the X-ray diffraction. The X-
ray diffraction patterns, shown in Fig. 2.6, exhibit a clear pattern of sharp (00n) lines
typical for complete c-axis orientation. Degree of a-b plane texturing for EC230, EC232
and EC232 was expected to be untextured, well textured and weakly textured,
respectively. However, poor orientations in the a-b direction for all three samples were
indicated by X-ray pole figure as shown in Fig.2.7 (a), (b) and (c), respectively. Figure
2.8 shows the sample of pole figure for (a) in-plane textured YBCO and (b) in-plane

untextured YBCO films prepared on copper substrates with a YSZ buffer layer.
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Fig. 2.7(a), (b} and {c). X-ray pole figures for samples EC230, EC231 and EC232, respectively, in

which poor or weakly texturing in a-b plane is indicated (From [6].).



_._,_._m.-.,r_:

Fig. 2.8. Example of pole figures (a) for in-plane textured YBCO and (b) for random in-plane

textured YBCO films prepared on copper substrates with a YSZ buffer layer(From [6].).
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2.5 Surface morphology of YBCO films

Scanning electron microscope (SEM) pictures were taken for these three YBCO
films. Figure 2.9 (a), (b) and (c) show the surface morphologies of YBCO film samples
EC230, EC23] and EC232, respectively. These SEM images revealed that cracks exist

clearly for sample EC230, and grain size for EC231 and EC232 is about 0.6~0.8 um.

Fig. 2.9a). SEM image of YBCO sample EC230 (From [6].).
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Fig. 2.9(c). SEM image of YRCO sample EC232 (From [6].).
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3. Theory of surface impedance measurement

3.1 Relevant details of superconductivity

The superconducting phase field is a volume bounded by three critical parameters,
the critical current J_, the critical temperature 7., and the critical magnetic field strength
H, or flux density B, Within this volume, superconducting materials can carry an
electric current with zero resistance {a “supercurrent™).

There are two basic classes of superconductors in the case of LTS[1,2], known as
Type I and Type 1. Type I superconductors do not allow the penetration of magnetic
flux into their interior, and carry a supercurrent only within a thin layer A, the
penetration depth, of their surface. Type I superconductors are only found as pure
elements (e.g. Pb), although there are some elements (e.g. Nb) that are Type Il
superconductors. At a field known as the lower critical field B, magnetic flux
penetrates into the interior of Type 11 superconductors. The magnetic flux enters a Type
11 superconductor as fluxoids which consist of an integral number of a quantum known
as the fluxon, which has a value of 2.07 x 10" Whb[p.158, Refl. 2]. A Type lI

superconductor which contains some penetrated fluxons, but at a density less than the
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upper critical flux density B.,, has regions in both the superconducting and normal
states, and is said to be in the “mixed” state. Type Il superconductors are more useful
from a technological point of view than Type 1 superconductors, because current is
carried throughout the bulk, and because of their typically much great upper critical
field.

The discovery of superconductivity in copper oxides in 1986[3] has lead to a great
body of effort to explain the physical origins of the phenomenon. The commonly
accepted mechanism for superconductivity in most LTS materials is phonon-mediated
coupling of electrons with opposite spin. The paired electrons, called Cooper pairs,
travel through the superconductor without scattering. The classic work of Bardeen,
Cooper, and Schriefer[4], now referred to as the BCS theory, describes the electron
pairing process leading to a Bose condensation to the superconducting state. The BCS
theory explains the general behavior of LTS metals and alloy superconductors very
well. However, several features of superconductivity observed in the high-T, cuprate
superconductor are not well explained by the BCS theory.

Fortunately, for most of the practical applications of superconductors, the
phenomenological theory based on the London equations and the two-fluid model (or
modified two-fluid model) [p.31, Ref. 2] is adequate to understand and provide a
conceptual understanding of the response of superconductors to electrical, magnetic,

and electromagnetic ficlds.
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3.2 Modified two-fluid model

In the two-fluid model as described in Appendix B, a superconducting current
with a carrier density n,, and a normal current with a carrier density n,, yield a total
carrier density n, n = n, + n,. Free energy expressions were postulated for the
superconducting and normal electrons. Gorter and Casimir found that n/n = 7%, where p
=4 is a good fit for Sn, In and Tl and p = 6 is a good fit for Hg and Pb. (p =4 is
implicitly meant when one mentions the Gorter-Casimir relation.) At temperatures
below T,

n n=1-(TIT.)", (3.1)
n,in=(TIT)". (3.2)
At T =0, all of the carriers are superconducting, and the fraction of superconducting
charge carriers approaches zero as temperature approaches T,. The microwave surface

impedance with two-fluid model is described in Appendix C.

In measured microwave surface resistance of high-T, materials, not a litle
residual resistance is generally observed. In order to explain the residual resistance, a
modified two-fluid model has been proposed.

We define that n,, is the residual charge carrier density[6-9] (i.e. nonpairing
normal charge carrier density), and that the total carrier density n, equals the sum
expressed as,

=0+ N (3.3)
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We denote the fractions of the normal carriers, the superconducting carriers and

the residual carriers to the total carriers as,

nydn =X (T), (3.4)
ngdn, =X (T), (3.5)
netn, =X, (3.6)

where X, is independent of temperature T. Hence,
X(TH XD+ X = 1. (3.7)

Similarly, as in the two-fluid model, we assume,

nf(n, +n) = (TIT,P = P, (3.8)

ndin,+n)=1-(TIT ) =1-1. (3.9
Therefore, we can obtain

nn, =X(T) = F(1-X,.), (3.10)

nin =X, (T)=(1- "(1-X,). (3.11)
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3.3 Microwave surface impedance with modified two-fluid mode/

As given in Eq. (1) of Appendix C, the surface impedance Z; = R, + jX, can be
derived from Maxwell's equations as,
Z = R+ jX, = Jjuw/ic = (1+ j)\fuw/2o , (3.12)
where @ = 2af is the angular frequency, o the conductivity.
In the modified two-fluid model, the conductivity o consists of three components
O, O, and O attributable to the superconducting carriers, normal carriers and residual
nonpairing normal carriers, respectively, and
=0, + Oy + s - (3.13)

Both ¢; andg, are defined in the same way as given in Appendix C,

I | 2
Op=—— =y =S5 (3.14)
JoA - jopld;  jamg

where A is the London constant, A is the London penetration depth, and ¢, and m; are
the charge and mass of superconducting carriers, respectively.

2 2 .
= Hpdly T L oy T I_er
L+ jor om, 1+ (D)’

(3.13)

L1
where T is the relaxation time for electron scattering, ¢, and n, are the electrical charge

and mass for the normal carriers. For nonpairing normal charge carriers, we should

expect its conductivity O expressed in the same form of the normal charge carriers as

38



2 b 5
_ Mrestn T _ Prelfn T |- jor

o e (3.16)

T om, l+jor om,  1+(e0)?
The total conductivity for a superconductor is
0=0)-jO;
=0+ 0, T 0y (3.17)
= (n, +nr¢s}qET 1 . . (Mt +"r.§}i?3'f ot . -”sqs
m, 1+{mr]2 m, 1+ {fﬂﬂj g
At microwave frequency, @t <<1, and Eq. (3.17) can be simplified to yield,
{n, +n..) 21 g 2
g =0 res An -] s (3.18)

m, wmy
Hence, the real part and imaginary part of the microwave complex conductivity o are

2
o =it Hres )T
m

; (3.19)

n

2
- Ry

Cl'..'l']‘!s

o, (3.20)

The real part of ¢ represents the loss from the normal carriers and nonpairing residual
normal carriers, whereas ils imaginary part represents the Kinetic energy of the
superconductive carriers.

Substituting ¢ = @, — jG; into Eq. (3.12), one can obtain

TR =1
Z =R+ jX, = ’&=ﬂ%{l+}%} / (3.21)

g~ JjO,
Because o, <<, except for the region very close to the critical temperature, a binomial

expansion can be used to simplify the above formula, yielding
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_ o ’E’i{ﬂ :
Z, = R + jX; 61(261”}‘ (3.22)

0,
TS 2
‘e Uz 20‘2 (3:23)
Wit
X=_|— 3.24
s=vo, (3.24)
Substituting Eq. (3.19), Eq. (3.20) into Eq. (3.23), yields
1 3
Rs=w2,u2qﬂ'r ri'i2 (n -H: : (3.25}

2m, q;‘ n5

One can expect that my = m, = m, and g, = g, = ¢, which leads to the following

expression,
1 3
p 1'1'12 [T o [
= Em nmr &
| xqf’f ’ (3.26)
=Am21'—-—_m"’{ )
Xg (1)
where ,
] m ;,.r' (327)
"2 1; en, :
is defined. By using Eq. (3.4)—(3.11), we can derive,
Ry B oy (3.282)
5 _(I_Xms}.‘ilfz (I_l';}}jﬁ- cl_ljl]1f? o be,
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Substitution of Eq. (3.20) into Eq. (3.24) yields

X, = wuldy (T) (3.28b)
where,

. m

LiD= |- 3.29)

(T ”E-g;: (

Applying Eq. (3.4) —(3.11), one can obtain

A(T)= Altﬂ}w%. (3.30)
~t

* | m,
where 4.(0)= 5— . Note that the penetration depth at T = 0 K is
'\h-Xr-:s

iy

m,
increased from the London penetration depth 4.(0) = ’J;efn due to the effect of the
1

residual carriers.
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3.4 BCS superconductor

The BCS theory[4] provides the quantum description of the superconducting state
needed for a microscopic understanding of superconducting properties including the
surface impedance. The conduction electron dynamics of bulk charge carriers are
described by the following parameters:

1) mean free path [, density n,, and Fermi velocity vg;
VR . - i . £ »
2) the length s= %), as the distance traveled in one rf period, which is a crucial

parameter of electrons in microwave field;

3) the London penetration depth A, =+/m/ ugne®

4) the BCS or Pippard coherence length & = hv%ﬂ with the energy gap 2A. &

is the extension of a Cooper pair shrinking by elastic and inelastic scattering

I !
like -I—= =

Er(h)  Eple) I

The four lengths £, s, A, and & allow a unique description of the surface impedance Z
in the normal and superconducting state at low magnetic fields for homogeneous,
smooth, bulk material.

For the local limit & << A4, A, is a property of the condensation and its thermal
excitations. At temperatures below 0.5T,, the change of the penetration depth
AA(TY= A(T)—- A(0), and the microwave surface resistance of an s-wave BCS

superconductor for a spherical Fermi surface are approximately expressed as follows.
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&
MD =) _ [# &t

; 31

A(0) 25T Ladd
Ad? TiF

RS{m,T]=%e 87 4 Rees, (3.32)

where kj is the Boltzmann constant, A a constanl, ® the angular frequency and A =
ok, T, the energy gap of the superconductor. In s-wave BCS theory for a spherical Fermi
surface, ¢ = 1.76. The relations hold for T < T2 and for frequencies well below 2A/h,
where A is Planck’s constant.

If the excitation gap vanishes on the Fermi surface or the pairing mechanism is of
an unconventional type[15], the penetration depth and the surface resistance obey a
power-law behavior: AMTWA(0) = B(TIT,)%, R(T) - R, = C(T/T)', where B is a constant

of order unity and C is a constant with the dimension of resistance.
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3.5 Principles of the surface impedance measurement methods

In our microwave surface impedance measurement, we adopted the demountable

cavity method, which is suitable for our purpose as shown in section 5 of Chapter 1.

3.5.1 Q-value of TE;,, mode

In order to obtain a high Q-value, TE,,, mode should be selected. The surface
currents excited by the TE,,, mode are exclusively circumferential and vanish at the
joints, thus allowing for replacement of the endplate without disturbing the current and
electromagnetic field distributions in the cavity. Since E and H in Eq. (7) of Appendix

D vary sinusoidally with time, the maximum magnitude of E component, Eg qmay.

becomes.

Em,m.-.fﬁmr#u[ ]H Ja[qﬂ'r]sm(’ y. (3.33)
do1

-— :
T 7

where @, =;E;—;;‘ (%] + [I?) , the resonant frequency for TE,,, mode, @ and !

are the radius and the length of the cavily, J’E}(I:I the derivative of the Oth order Bessel

function with respect to x, qh, the first root of .f;]{,r], Lo =4 x 10" Him, g, = 8.854

x10" F/m, gg,=3.832.

The total stored energy, U, is equal to the peak stored electrical energy (or the

peak stored magnetic energy), which can be expressed as,
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1
U= UE.max = 'EED iE;.made

3.34)
_ Ew; ,u{,azHEI By (

: 2
e l] | Jbimr}sin{’?—ﬁz} rddzdr
(g01)* 000 a !

2
By using the identities, j.rJ,‘?{x]dx=£2—[J|‘?(.x}—iut.x]J2(.x}] and Jy(x)=—J,(x), we

obtain

U=£ {J(_}g Hf

S H o % [Jotaon] - (3.35)

where qr;}|=3.832, and Jy(gp,)= -0.403,

First, the power dissipation, p,, can be expressed as,

P, =R [K%dS =R JHdS, (3.36)
5 5

where R, is surface resistance, K is the surface current density, and H, is the rms value
of the tangential component of the magnetic field on the surface.
Then, the power loss for the cylindrical wall, P,., and the endplate, P ., can be

calculated as

. of

Pic = malHGR,| Jo(g01)] (3.37)

Py, = ma’*( PR yy R,[Ju(f?m}] (3.38)
lq0

Thus, the total loss for a cavity is

Fo=Fye +2F,

;R ; 3.39
= nH3R[ Jo(q01)] {a£+2a2(f—@]2] 4533
o
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The basic definition of the unloaded quality factor @y is expressed in terms of the

stored energy U, angular frequency ®,, and the power losses Fy:

wlU_ U
By Pye+2Fe

0y = (3.40)

Substituting the expressions of U and p, into the quality factor definition yields,

_wU
Fy

i 2] @4
. £y !

2-‘%[@5;}2 +2£_a PTMJ'Z}

Yo
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3.5.2 Geometrical factor

The Q, given by Eq. (3.41) can also be expressed in terms of the geometrical

factor I and the surface resistance R, as,

I
=— (3.42)
D=y

9 2
| [':*?m}z +{E]2]}/
Fse _ﬁf‘-@- , (3.43)
E

' 2a pma o
2V & (-f?m}EJprT)

The geometrical factor I depends only on the geometry and the mode of the cavity, and
does not depend on the material properties.

By using the expression,

Qo = ol o = 11 — (3.44)
Fy Pyt Fyor + Foer

s +
Qo oot Qo2

where P, and P, are the loss in the top and bottom endplates (Py,, = P, if the top
endplate and bottom endplate are made of the same material), the geometry factor for

the cylindrical wall can be derived as,

;
I.= “I‘JE} [(ff‘m (Pm :|/‘é (3.45a)
Ep (‘:I{Jl]

The geometry factor for the endplate, I',, 15

4

b
r,= I_f i )[( :|+[”m } . (3.45b)
2 U {1 )

Then, the combined geometry factor for one endplate and the cylindrical wall should be
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3
e [[q;”}zﬂf?xﬁ z]fi 3.45
‘_E\E (g + 2257 oo

Y

We introduce another geometrical factor k& which is defined as
k=[H2dS,, || HdS, (3.46)

where 5, and S, refer to the surface areas of the exposed metal and the HTS sample,
respectively, and H, is the component of the magnetic field parallel to the surface. The
factor k is also given by the ratio of the factor I',

for the endplate,

2
r IY( 1 2
k=-t=24|2]|— ; 3.47:
£=2+(1) (55) ) 679
and for the cylindrical wall,
2
k=%=1+ﬁ—“)[$j I (3.47b)
(I?m}

For our cavity with diameter (2a) of 33 mm and length of 19 mm, and operating in

TE,,, mode, T"is 711.8 £2 and I', is 3070 £2. The & factor for the endplate is 4.313.
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3.5.3 Maximum surface field

According to the expressions of field components as given in Appendix D, E,

) . PR _ . P . —
and H, vary with SIH(TE}, and H, varies with CGS(TZ] in the z-direction.

J;:n("i:irj in the r-

Meanwhile, E, and H, varies with }/a{hn{, and H, varies with
il

direction.

ni
13. Maximum of H,. In the z-direction |H ] takes the maxima at 2 —? where n is

the integers from O through p. This means that the maxima occur at both the endplates.
- 401

On the endplate |H,| becomes a maximum at r = 0.48a (or Pl 1.84), where

1 {q”' ;I takes a maximum, Therefore the maximum surface field |#,, m:l at the endplate

is given by

«Fpmz

HolJo(1.84)], (3.48)

r m;l"tl

from which, one gets the expression of Hy:

f*-’?m'”.r maxl
«J"_ij.-[Ju(l 84}|

(3.49)

w, U
Substituting Eq. (3.39) into the expression of U (Eq. 3.35) and using Oy = 8 yields,
d

|H ,,,ml-—ﬂ?"ﬁ(sﬂ /‘/*(P}{ ’édFon ; (3.50)
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2). Maximum of H,. From Eq. (7) in Appendix D, H, becomes the maxima at r =
nl
OQand z =“2:';{n is the integers from | through p), which is given by
|H,, max| = v2HJo(0) . (3.51)

In comparison to Eq. (3.48), we can obtain,

|H . mas] _lgpyJy(0)

= ; ' 3.52
H.max|  pralJo(1.84) (3.52)
With go = 3.832, Jo(0) = 1.0, and |/o;(1.84)] = 0.582, Eq. (3.52) yields
. WM. I A
[Hom| = 08I A VoG (.53
i

This maximum field occurs at the center of the cavity along the z direction. Al the

cavity wall, maximum value H, decreases by |J.|3E£i‘;]| }”um]] =0.403 as,

|H s max| = 0-403H  ma (3.54)
or
£ A, T
|H g | = 012?4(;‘1)}‘3(?}f-}1~1}51fﬁdgg (Alm) (3.55)
0
. s nl J (q-ﬂr] : 3 o
3). Maximum of E,. At 2= e and “0 a |90, g E, given by Eq. (7) in

1]

Appendix D becomes the maximum, yielding the following expression,

[ =ﬁmr;;q_zl-Hﬁ|J;,n.a4)i _ (3.56)

In comparison with Eq. (3.48), we can obtain,
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— R 3.57)
Hr,rnnxl A Nep (
Therefore, the maximum of E, can be expressed as
o) e
Ep | = 06505232 X Y2 By (3.58)
0

From comparison between Eqgs. (3.50) and (3.55), we notice that |H,.rmml is larger
or smaller than IH:“.FMKL depending on the mode number p and the cavity geometry (a
and f). For our cavity (P= 1, a = 16.5 mm, / = 19 mm), ]Hhmnl is only 3% larger than

|H

W, max !
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3.5.4 A, measurement method

The surface resistance of HTS films is obtained through Q-value of a
cavity[9,10,11,12]. We find the resonant peak and half-power points from the §,,
coefficient using a network analyzer, which gives the loaded quality factor Q,. From the
S, and §,, coefficients of the two coupling ports, the coupling factors B, and B, are

calculated. Then the unloaded quality factor Qy¢,(T) of the copper host cavity is
measured as a function of temperature T, Oy ¢, (T) = Q; ¢ (D)1 + B(T)+ B(T)]. The

surface resistance of copper R ¢,(T) is calculated by Eq. (3.42) with a given

geometrical factor, R, »,(T) = , Where I'is 71 1.8 £ for our cavity with 2a = 33

o
Q. (T)
mm, [ = |9 mm and p = 1. Then, the top endplate is replaced by the one covered with a
superconducting film, and the unloaded quality factor (¢ 1 (T) is measured. In
terms of these unloaded quality factors and the geometrical factors I' as defined

previously, the surface resistance R, yr.(7T) of the high-T, films at temperature 7 is

R T T
calculated b}l', JJ!T-:( ) =£[ QU.C::( ) _I_

J, where T',, I, and " are the geometrical
RE,CEI{T} I QU.C:H.’JTC | 578

factors of the endplate, one endplate + cylinder and the whole cavity, respectively.

Equation (3.59) is also expressed using the k factor of the endplate as,

R wre(T) _ K Gy.cu(T)

=B+l ; (3.59)
R,'i,Cu {T:' 'Qll.CuH'IT.:{ T}

where k = 4.313 for the cavity we used.



3.5.5 Error in A, measurements

It is necessary to discuss the error[10] in R, measurements with host cavity
method(or, endplate replacement method), in which part of the host cavity is replaced
by a superconducting material. As the surface resistance of the superconducting
material becomes much smaller than that of the host cavity material, the relative error
increases because of the difficulty in separating the sample loss from the dominant loss

of copper. Differentiation of R ,1.(T) in Eq. (3.59) with respect to @y cy4nte(T) and

additional operations lead to

JIIlIIL*tz_v.,h’l‘r:"'r"Q.~;.I1"['|: _ (s re/ Rycu) +k—1) . (3.60)

Ay custte ! Co.cushe R, vre ! R co

Due to Eq. (3.60), the ratio of relative error, (AR yre / B y1e /(A0 cusnte ! Qo.cusite)

increases with decreasing R, yr./ R ¢, as shown in Fig. 3.1 for the case of k =4.313. A
similar expression can be derived for (AR yyc / B y7e ) (80 co ! Qocu)-

Since the two separate O, measurements are made for Qyc, and Qp cunres Rorre
data obtained include systematic errors as well as fluctuation errors. Equation (3.60) and
Fig. 3.1 show that the systematic errors increase with decreasing temperature. The
systematic errors can therefore be compensated if we know an accurate value of R, ;. at
a low temperature. Then, if we use a niobium host cavity, we can measure R,
accurately at temperatures below 9 K, and can use it to calibrate R, ,r. measured by the

copper host cavity.
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3.5.6 Relationship between Penetration depth change and frequency shift

During the measurement of the cavity Q-value as a temperature function, the
resonant frequency f{T) is determined with high precision. The cause of the total
frequency shift of the cavity with temperature change would be attributable to changes
of such as the dimension due to the thermal expansion, the microwave surface
impedance, the deformation of the cavity assembly due to nonuniform stress, and so
on[13]. At the temperatures close to the critical temperature, a significant change in the
resonant frequency can be observed due to the change in penetration depth. The
relationship between the frequency shift Af and the penetration depth change AL can be
calculated by considering perturbation of the cavity boundaries. With perturbation

theory[14], we have

[(ulHP - elEF)av
> - T . (3.62)

For the endplate replacement method, the penetration depth change occurred at
the high-T,, film endplate. At the endplate, only the magnetic field H, exists according to
the field distribution as described in Appendix D. Substituting the expression of field H,
of Eq. (7) in Appendix D into the numerator of Eq. (3.62) yields:

[p|HPdV = 2uAd| H2dS
AV 5

P 2. .3 vo32 (3.63)
zzmﬁ;(}.—} HD[JU(%,}} AL
0l

23



With the total stored energy U given in Eq. (3.35), the relationship between the

penetration depth change AA at one endplate and the resonance frequency shift Af of the

cavity can be obtained as,

f(uHP -eEPdv  [ulHav
AV AV

S __ i
f 4U 4U
2uAL[ H2dS
5
4U
__@,uAd
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4. Experimental setups

We adopted the host cavity method or endplate replacement method[1-4] to
measure the surface impedance of the YBCO films. Two cavities, i.e. copper host cavity
and niobium host cavity were prepared. The systems were established to measure the
temperature dependence of the surface impedance, and the rf field dependence of the

surface resistance,

4.1 Setup for a lemperature dependence measurement

As shown in Fig. 4.1, the cavity was composed of two components. One was
machined out of a block of material, the inner surface of which was in cylindrical shape
with flat bottom surface. The other is a top endplate. We call the former as a “host
cavity” and the latter simply as an “endplate”. The endplate was replaceable with that of
the high- 7, films fabricated as mentioned above. The diameter and the length of the
cavity were 33 mm and 19 mm, respectively. The endplates were circular disks of 36
mm diameter and 3 mm thickness. The resonant frequency of the TE,, mode was about
13.6 GHz and k for the endplate was 4.313, where k is a geometrical factor defined by

Eq. (3.46).
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Figure 4.1: Cavity assembly. Every component that contacts the main cavity is made of

copper to avoid stress due to a difference in thermal expansion,

The experimental setup for high temperature region is shown in Fig. 4.2, Here the
temperature of the cavity was controllable from 11 K to 300 K by a closed-cycle
refrigerator and a 50 W heater with an autotuning temperature controller. In the figure,
the host cavity is indicated by a right-up hatch and the endplate by a left-up hatch. Both
parts were made of copper. The host cavity was loosely fixed to the refrigerator head
with copper screws. The endplate was fixed to the host cavity with springs with a force

of about 1.58 kgf at room temperature. At the middle of the host cavity wall, two holes
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Fig. 4.2 Experimental setup for measuring the temperature dependence of the surface resistance

of 3.6 mm in diameter were drilled. These were for rf coupling loops made of 50 £
coaxial lines (UT141). Each coupling constant could be adjusted from outside the
vacuum vessel by a manipulator. The whole cavity assembly was evacuated with a 300
I/s turbo molecular pump. The cavity was cooled down after it was evacuated below 107
Pa. A radiation-shield was put between the vacuum vessel and the cavity assembly.

Furthermore, superinsulator films were used to reduce heat intrusion.

61



4.2 Experimental set-up with niokium host cavity

The experimental setup[4] for measurements in a low temperature region is shown
in Fig. 4.3. Here the host cavity was made of niobium indicated with a right-up hatch.

The endplate was made of either niobium or copper covered with high-7, film indicated

with a left- up hatch. The measured temperature region was from 4.2 K to about 9.2 K.

The host cavity in a brass holder assembly was vacuum-sealed with indium lines of 0.5

End-plate Indium-O-ring
g \\ T\r _ Coupler

Ay

Indium | 4
line \_Nb cavity

|

Fig. 4.3. Experimental set-up with niobium host cavity for low temperature region

To pump



mm in diameter, and evacuated through a hole at the bottom center. The endplate was
pressed to the host cavity through indium lines with a vacuum endcap. Two rf coupling
loops at the middle of the cylinder were made from 50 Q semi-rigid coaxial cable
(UT85). The coupling constant could be varied from outside the cryostat through
wormgears. Since the cavity was evacuated, a bellow assembly was used for the coupler
movement about 10 mm. The assembly was first soaked in liquid helium within a
cryostat, as shown in Fig. 4.4, and warmed up through intruding heat. During the
measurement, the quality factor changed about three orders from superconducting to
normal state.

For both of the above setups, we found the resonant frequency, loaded quality
factor and coupling constants[1-4] with a constant temperature step. Replacing the
copper or niobium endplate with an endplate covered by a high-7, film, and from the
measured unloaded quality factor, we can find the microwave surface resistance

R, w1 (T) Of the high- 7, film by Eq.(3.59).
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5. Precise measurement of surface impedance

This chapter deals with the measurements of R, and A of c-axis oriented YBCO
films deposited on copper substrates. For R, measurements, we used both Cu and Nb
host cavities, which gave an improved accuracy than that obtained with one host cavity.
The data calibration procedure is described and measured results of R,, A and © are

discussed.

5.1 Microwave surface resistance

The temperature of the copper cavity was controlled from 11 K to 300 K by a
closed-cycle refrigerator and a 50 W heater, as shown in Fig. 4.2. The niobium cavity
was immersed in liquid-helium in a cryostat as shown in Fig. 4.4, and warmed up
gradually by intruding heat from 4.2 K to about 8 K. This upper temperature was
limited by the decreasing coupling factors with increasing temperature, since the quality
factor decreased by more than two orders in changing from superconducting to normal
state.

By adopting niobium and copper as the host cavity material, two groups of data

points were obtained: one below 8 K obtained by the niobium cavity (denoted with
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obtained by fitting.

crosses in Fig. 5.1) and the other above 11 K obtained by the copper cavity (denoted
with open circles). We know that the data obtained by the niobium cavity is reliable
since the surface resistance of niobium is much lower than that of the YBCO film.
However, the data obtained by the copper cavity include large errors at low
temperatures where the surface resistance of the YBCO film becomes about one order
lower than that of copper (See Fig. 3.1).

We denote R, (7)) as that measured with the copper host cavity by R, yrqeu(T)

and that measured with niobium host cavity by R, (7). Here, the raw R, rc,(T)
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values are not, in general, smoothly tied up with R, ,r.(7T) as shown in Fig. 5.1. If it
were possible to measure R, yr.c,(7) down to 8 K, the calibration could be carried out
easily, in principle, by equating R, yrocu(T) = R, pranny( 7). Since this was not the case in
the present experiment, we followed an iteration procedure as decribed in Appendix F.
After calibration for the mentioned models given in Chapter 3 and by comparing the
correlation coefficients, we can discuss a possible conduction mechanism. Let the
correlation coefficient obtained to follow model A be denoted by R, and that obtained
to follow model B by R,. If R, < R, £ 1, we conclude that model B explains the
experiment better than model A. In the following, “calibration™ is meant for systematic
processing of raw data, and “fitting” is meant for finding regression coefficients for the
calibrated data.

The dots in Fig. 5.1 show the calibrated R, .y c,,(7), which was to follow the
modified two-fluid model with p = 2 below T /2. Here, T, was defined as the
temperature at the maximum dR,;/dT and 87.5 K for the present samples. The
calibration constants (in Appendix F) were ¢, = 1.0192, ¢, = 1.003] and R, = 0.997,
where R, is the correlation coefficient for the modified two-fluid model. This leads to
E=376%10°Q, ie, mAN0) =231 x 107 s, and x,, = 0.202. Another modified two-
fluid model calibration including with p = 4 was poorer than that with p = 2.

If R, yrece(T) was calibrated to follow the BCS model below T2, the calibration
constants were ¢, = 1.0192, ¢, = 1.0007 and Rycs = 0.993, where Ryes is the correlation
coefficient I‘a_ar the BCS model. (The difference between the calibration constants for the

modified two-fluid model and those for BCS model is, therefore, only 0.2%.) We
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obtained R, = 1.11 x 10°Q, A =936 x 10" QKs” and A = 11.4 meV (& = 1.51). This

energy gap is almost the same as that predicted by the BCS model (only 14% smaller).
In the r = 2 calibration below T2, the calibration constants ¢, = 1.0192 and ¢, =

1.0040 and Ry, = 0.993, where Ry is the correlation coefficient for the T fitting. We

obtained R, = 1.03 x 10° Q and C = 8.18 x 10" Q. For the present sample, an r =1
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Fig.5.2 Microwave surface resistance (R, ) for a temperature region until 45 K. The solid line,
dotted line and dot-and-dash line show the fittings by the modified two-Tluid model, BCS and

T*, respectively. The data points were calibrated by the modified two-fluid model.
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calibration was applied only in a limited temperature region, and no such broad
maximum around 38 K, as reported by Bonn et al.[3], was observed.

A closer look at the data deviations from the fitted lines shows that among these
calibrations the modified two-fluid model was most competent as is consistent with the
fact that R, was slightly larger than Rgeq and Ry, In Fig 5.2, the three fittings, the
modified two-fluid model, the BCS model and the T* model, are indicated with the solid
line, dotted line and dot-and-dash line, respectively. The data points with open circles

were calibrated to follow the modified two-fluid model.
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5.2 Penetration depth

As described in Chapter 3, due to the change in penetration depth, a significant
change in the resonant frequency can be observed at the temperatures close to the
critical temperature, as shown in Fig. 5.3. The thin line in the figure is for eye guide,
which clearly shows that the frequency (denoted with dots) increased sharply when 7

decreased below T.. By comparing the dot line with the frequency change obtained from

13.674
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13.672

F (GHz)

13.669

13'663'llll.iiilli|l_|li!|llill]li]]jjiIllrillll
60 65 70 15 80 85 90 95 100

T (k)

Fig. 5.3 The resonant frequency changes with temperature increasing (the thin line provided as a

guide to the eye).
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full copper host cavity(not shown in figure), the frequency shift Af due to the
penetration depth change was obtained.

With Eq. (3.64) and the geometrical factor for the endplate (ie. I, = 3070.3 £ as
given in Eq. (3.45b)), the penetration depth change AA as a function of temperature T

was calculated as shown in Fig. 5.4 with open circles. The solid line is the fitting below

7./2 by the modified two-fluid model in Eq. (3.30) with p = 2 and AT(0)=0.693 um

3
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Fig. 5.4. Penetration depth AL as a function of temperature. The solid line is the fitting below TJ2

by the modified two-fluid model with p = 2. The dotted line is the BCS fitting below T./2.
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(i.e., A (0)=0.619 pm) with R = 0.955. The fitting with p = 4 in the same equation

was not satisfactory. In the figure, the dotted line is the BCS fitting with
Agcs(0)=0.387 pm and A= 7.25 meV with R = 0.972. This energy gap is about 64%
of A= 11.4 meV obtained from the microwave surface resistance described above. The

dot-and-dash line is the T* fitting with Asq(0)B=0.437 pm with R = 0.963. The

:{].15h|4|l!lillj:llll!illl!||||-
250 oiF E
R C i o)
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G.DS_""E‘"";'ltljttllilttt-
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Fig. 5.5. Penetration Depth AL as afunction of temperature. The solid line is the fitting below 85 K

by the modified two-fluid model with p = 2.
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obtained penetration depth A, (0)=0.619 um for p = 2 was larger than the typical
value around 0.15—0.3 pm for single crystals or epitaxial films reported from other
institutions[2,4-6].

The solid line in Fig. 5.5 shows another modified two-fluid model fitting with p =
2; this time the fitting was made in the temperature region below 85 K and A(0) =
0.521 um (i.e., A, (0)= 0.465 pm) with R = 0.995. It is seen from the figure that the
modified two-fluid model with p = 2 fits very well to the measurement over a wide

temperature range. Until about 60 K, the square-temperature law was fit to the measured

AA(T) better than the linear-temperature law was. Two kinks were observed around 60

K and 77 K, which gave two peaks in the real part of conductivity as shown below.

N 20)/M (1)

Fig. 5.6. L™ (0}% (T} as a function of (Tir.)*
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Between these temperatures, A changed linearly with temperature (AA =-1.10 +
1.87(TIT-) with R = 0.994), but it could also be fit with a T*-law (AAd=-
0.372+1.20(T/T.)* with R = 0.995). The same kind of feature was observed by Kiein et
al.[7]. They attributed this bump to two conducting subsystems with different gap
values and mentioned as ongoing interpretation in the frame of the induced
superconductivity model. Figure 5.6 shows the A'E(D]f.fz{?“} Vs [T!T}}z, which was

fit to A2(0)/ A"*(T) =1-(T/T,)? with R =0.85 for A"(0)=0.693 pum. This shows that

the carriers density changes with 7%, since g,(T) is proportional to D).
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5.3 Complex conductivity

The complex conductivity, o(T)=0,(T) - jo,(T), can be related with R (T) and
A(T) through o(T)=2R(THw*u*AX(T)™" and o,(T)=(wuAr*(T))”"'. Figure 5.7
shows the o|(T) and o,(T) as a function of temperature. o|(T) was calculated without
subtracting the residual resistance R.,. Here, A5, (0)=0.619 pum corresponds to the n,
of 7.37 x 10® m”, and n, decreases as the rate of 9.63 x 10*' m”K? with increasing T°. It

is interesting to compare our result with that measured by Srikanth et al.[8] using a hot-
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Fig. 5.7. The conductivity &, and o, as a function of temperature.

76



finger technique. They reported a complicated temperature dependence in o,(7) for
high-quality crystals, meanwhile &,(T) obeys a simple T°-law for our polycrystalline
film. As to o,(T), it increases in T° for T < 40 K. This is attributable to the increasing
number of normal charge carriers and the almost constant relaxation time with
increasing temperature, as predicted by the d-wave model. The absolute value of oy is
about one order lower than that measured by Bonn et al.[3], even though the difference
in R, is only a factor of about two if scaled by v-law. Formall y it is ascribable to the
bigger A(0), which contributes to ¢,(T) inverse-cubically, and this may be due to the
substantial difference of samples between the high quality crystal and polycrystalline
film. In Fig. 5.7, we can recognise two peaks in o) below T.: one peak at 60 K, and the
other around 77 K. However, these peaks spread over a wider temperature region in
comparison with the peak observed near 38 K by Bonn et al.[3], and these peaks were
nearly the same in height, while the second peak observed by Srikanth ef al. was much
smaller in amplitude than the first one. In the simulation using Mattis-Bardeen
expressions, Srikanth et al. attempted to attribute two peaks in o, to two

superconducting components.
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5.4 Relaxation time

Assuming the Drude-like relaxation, w(T) was calculated from
o, =(x, +x,¢5}(mplz[{]})"'{mf)[l + (mr]z]_'. As shown in Fig. 5.8, the scattering time
increased from about 5 x 10™% s at closely below T, to 1.7 x 10"? s at 40 K and remained

constant below 40 K with decreasing temperature. Meanwhile, we obtained 7 = 1.05 %

10" s at T = 0 from tnA%0) = 2.31 x 10 s, which was derived by fitting the measured

O

mb{
[ A—

1<
ro

g
o

T(S)

=

JIIIIIII'li'IiI'IiIIIlhIII'I

<
n

=

T(K)

Fig.5.8. The scattering time as a function of temperature.
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R, with Eq. (3.28), A;4,(0)=0.619 pm and x,, = 0.202. In other words, both
estimations are consistent as far as the order is concerned. Therefore, even though the
increase by a factor of 3.4 in the present experiment is small in contrast to the case of
Bonn et al.[3], where T = 3.6 x 10™ s at T, increased to about 1.4 x 10" s at the low
temperature limit by a factor of 400, our results are reasonable and the difference could
be attributable to the sample structure. Since with decreasing T, the velocity of the
dominant excitation for a d-wave model remains constant, and that for a s-wave model
falls, a constant effective mean-free path corresponds to a constant T in the former, and
to an increasing T in the latter. Therefore, in as much as a constant effective mean-free
path is valid due to the effective limit in the a-b plane, the constant behaviour in T

below 40 K support a d-wave model.
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5.5 Conclusion of this chapter

In conclusion, we prepared two demountable cavities, each made of copper or
niobium. These are complementary each other with an improved experimental accuracy
in R,. The high- 7, films deposited on YSZ/Cr/Cu substrate exhibited a T* dependence in
R., which suggests an impurity scattering among many possible explanations. The
fitting by the BCS model in R, gave an energy gap of 11.4 meV. Meanwhile, the BCS
fitting in A4 gave an energy gap of 7.25 meV. The modified two-fluid model with p = 2
could fit over a wide temperature range both in R, and AA. The non-zero residual
carriers fraction was about 20.5%. Two peaks were observed in o, at around 60 K and

77 K, which were due to the kinks at the temperatures or the straight temperature
dependence in AAd between these temperatures. The quasipartical scattering time

rapidly increased from about 5 x 107" s just below T to 1.7 x 10" s at 40 K and stayed

at the value with decreasing temperature.
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6. The effect of the film thickness on the microwave surface impedance

6.1 introduction

It is necessary to take into account the film thickness, magnetic field penetration
depth and the thickness and dielectric and metallic properties of the substrate materials
in interpreting the measured results of the microwave surface impedance of a thin film.
The effect of the YBCO film thickness on the microwave surface impedance has been
calculated by impedance transformation method and discussed mainly for three layers

samples.

82



6.2 Films on dielectric substrates of infinite thickness

First we consider a superconducting film with thickness d deposited on the
dielectric substrate of infinite thickness. In this case, the effective surface resistance

(R.q) and the effective surface reactance (X_;) can be expressed as ( Appendix E)

Reip = R f(d/ A)+ Rypppes (6.1)
diA
diA)=coth(d/ )+ —————, 2
Llar Ao ]+sinh2{dm} 82
2

R = ¢l12 @lod) I _
wrans = £ zl] sinhz(df 2) ' (6 3}
X, = X, coth(d/ A), (6.4)

where R, and X, are the intrinsic surface resistance and reactance, respectively, € the
relative permitivity and Z, the intrinsic impedance for free space. Figure 6.1 shows the
ftd/\) as a function d/A. It is shown that fld/A) is close to unity when d/A 2 3, The main
effect of the finite superconducting film thickness is that both the real and imaginary
parts of Z, are enhanced to some extent, depending on d/A. This can be understood as a
consequence of an altered current density distribution in the film, which furthermore
leads to an enhancement of the current density js at the film surface by a factor
coth(dfA)[1]. The second contribution (R,,,.) to K is due to power transmission into the
substrate. R, decreases with growing impedance mismatch at the interface and is
independent of tand of the dielectric substrate, as long as the transmitted power is not

reflected back to the film.
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Figure 6.2 shows R, as a function of R, calculated for different values of the film
thickness d at a frequency of 13.65 GHz and g, = 25 corresponding to YSZ[2]. For the
penetration depth, a 77-K value of 1000 nm was used, which roughly corresponds to the
measured data shown in Fig. 5.5 of Chapter 5. According to Eq. (6.1}, R is limited by

R, if R, goes to zero.

5
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Fig.6.1. Plot of the function f(d/A) = coth(d/A)+ - (T——

sinh“(d/A)
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Fig.6.2. Calculated dependence of the effective surface resistance on the intrinsic surface
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6.3 Films on metallic substrates with dielectric midlayer

Nexl, we consider a sample composed of

]
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three layers as film/dielectric/metal. In our
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case, the YSZ buffer layer and the chromium
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underlayer of finite thickness are coated
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between the YBCO film and the copper

substrate. We use the impedance
transformations twice. First, the input impedance to the interface between the film and
YSZ, Z, can be determined using Eq. (7) in Appendix E by

Zey | Zysz +itan(fid,)
| 4+i(Z / Zysz)tan(Bd,)’

Z = ZYSZ (65]

where the wave number B, in the YSZ material is given by B, = ® WZ,, d, the
thickness of YSZ layer, Z,, the input impedance to the chromium layer given by Eq. (35)

in Appendix E, and Zys the impedance of YSZ material given by

Lygz = Z—"-{I + %mn &). By using Eq. (7) of Appendix E again, the effective impedance
‘ £

s
of the film, Z 4, can be obtained.

s Z1Z, +itan{d) 6.6
“air =25 | +i(Z/ Z)an(Bd)’ )

where Z, is the intrinsic impedance the YBCO film, § the wave number, and d the

thickness of the film.
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6.4Results and discussion

In the present study, the samples (as described in Chapter 2) composed of four
layers: a YBCO layer of thickness about [.5— 2 um, a YSZ layer of thickness 0.8 pum,
a chromium layer of thickness 0.5 pm and a copper substrate of thickness 3 mm. Since
the resistivity, p, of chromium is 0.5 x 10”®* Qm and that of copper is 0.2 x 10 Qm at 77
K, the assumption to the chromium layer with infinite thickness is assumed for
simplicity. For this three-layered structure, we calculated numerically the effective
surface resistance R, as a function of the real surface resistance R;. The calculation
was based upon the impedance transformations between two different materials. The
results are shown in Fig. 6.3 and Fig. 6.4, where we used g, = 25 for the YSZ dielectric
constant, and pg, = 0.5 x 10® Qm for the substrate resistivity. Figure 6.3 and Figure 6.4
show R, in different scales, i.e., Fig. 6.3 for R, from 10° Q to 10" Q and Fig.6.4 for R,
from 107 Q1o 1 Q

We apply the above calculation to the measured data given in Chapter 5. From
Fig. 5.1, the measured surface resistance (R} is about 10 m£2 at 70 K. The measured
penetration depth A (A = A0)+AL) at 70 K is about 0.87 pum, which was obtained from
Ak about 0.4 um in Fig. 5.5 and A(0) around 0.47 um derived from AA curved in Fig.
5.5 using the modified two-fluid model. In Fig. 6.3, we see that the real surface
resistance R, is 10 mQ for R;= 10 mQ and A = 0.87 um. This indicates that the effect
of film thickness and the substrate is negligible at 70 K. As shown in Fig. 5.1 and Fig.

5.5, both R, and X decreases at the temperature decreases from 70 K, and at 4.2 K R, =
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Fig.6.3 Calculated dependence of the effective surface resistance on the intrinsic surface
resistance of a superconducting thin film for different values of penetration depth.

(f=13.65 GHz, €, = 25 and p, = 0.5E-8 at TTK )

I mQ and A = 0.47 um. From these values and Fig. 6.3, it is obvious that the
relationship R,; = R, holds in the whole temperature range below 70 K. However, some
amount of correction are required above 70 K, or, for R, larger than 10 m&2.

Figure 6.4 shows that R, saturates when R, increases up to 0.15. Before
saturation, R, is slightly enhance if A < | pm, and somewhat lowered if A = | um. This
result makes a sharp contrast to the infinite thickness dielectric substrate case shown in

Fig. 6.2, where R, is enhanced in the whole range of R, and & values. Since, at
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Fig.6.4. Calculated dependence of the effective surface resistance on the intrinsic surface resistance

of a superconducting thin film for different values of penetration depth.

temperatures close to T, A is larger than | um, R, is lower than R, to some extent
depending on the value of A. This means that R, for three layer metallic substrate case
exhibits less sharp rf transition compared 1o the real resistance R, or to R, for infinite
thickness dielectric substrate case.

In conclusion, the measured surface resistance R, is almost equal to the real
surface resistance R, in the temperature range below 70 K. However, K is lowered

above 70 K to some extent depending on A, and needs some corrections.
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7. Microwave field dependence of the surface resistance

7.7 Introduction

For the application to accelerating cavities it is important to study the R, field
dependence of high- T, films deposited onto large-area metallic substrates. We adopted
demountable cavity method[1-7] which is suitable for measuring R, of large area
samples, while most of the field-dependence measurements reported so far have been
made by stripline methods[8-10] in small area films fabricated on dielectric
substrates[8-13]). We used three c-axis oriented YBCO samples EC230, EC231] and

EC232 for the present study[5,6], which are refered to as A, B and C, respectively.
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7.2 Measurement techniques

The microwave field dependence of R, was measured by the experimental setup

as shown in Fig. 7.1. The cavity consisted of an endplate and a copper cylinder with
bottom endplate. It was 33 mm in diameter, 19 mm in length, and operated at 13.6 GHz

in the TEy,, mode. The temperature of the cavity was controllable from 11 K to 300 K

IOMHz | |Network
standard analyzer
it
| \Switch
TWT p
amplifier i t

D.C.: Dircctional coupler =
P.M.: Power meter Cavity assembly
S.AC: Siep alenuator

Figure 7.1: The experimental setup to measure the mierowave field dependence of the surface

resistance in YBCO films.
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by a closed-cycle refrigerator and a 50 W heater with an autotuning temperature

controller. At a fixed temperature, network analyzer found the resonant frequency f,

and 3-dB bandwidth Af, from which the loaded quality factor was calculated. The

incident power B

2, was varied from about 0.1 mW to about 1.5 W. The coupling

coefficient f, and B, were tuned to about 0.8 and about 0.001, respectively. The
surface resistance of high- T, films can be obtained from measurements[52,54] of both
high- T, films and copper endplate. The dissipation power F; of the cavity was found

from By =8B, - F,

o — B, where the reflection power F; is evaluated from P, and f,,

and the transmission power F, is negligible in comparison with F . As discussed in

Sec. 3.5.3, the maximum surface magnetic field occurs on the endplate at around the

middle of the radius, and is expressed for TE;,, mode as

L 3
|.arr,rm[=1::-.325["*‘._'314 [11%}14&% : (7.1)

Ho | Ld
where £ is the permittivity of free space, y, the permeability of free space, A, the
resonant wavelength, r the distance from the center line of cavity, q',:,[ the first root of
Bessel’s equation J;;,{x] =0, a the radius of cavity, and { the length of cavity. Inserting
measured values of O, and P, into Eq. (7.1), we can obtain the maximum surface

magnetic field in the cavity. In the following we use H instead of |H,_m:,,| for

simplicity.



7.3 Experimental results and discussions

Utilizing the measurement system described above, we measured R, as a function

of applied microwave surface field H for the three samples. Figure 7.2 (a) and (b)

107 ¢

r::“w ;

3
10 107

e e——

107 L - il
10° 10' 10° 10°
Hrf{Mm}

Figure 7.2. (a) and (b): The microwave magnetic field dependence of the surface resistance al

six different temperatures from 20 K to 80 K (a) for sample A, (b) for sample B,
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show the measured results at six different temperatures from 20 K to 80 K for sample A

and B, respectively. When H_ was at low field levels, the surface resistance stayed
almost constant. For sample B, the surface resistance, R.(H,T), became apparently
larger than those at low field levels when H; was greater than about 100 A/m.
Meanwhile, for sample A, the surface resistance deviated from R(H =0,T) when the
magnetic field exceeded about 10 A/m. The data R(H; =0,T) was obtained[14] by
using both copper and niobium cavities as discussed in Chapter 5. Figure 7.3 shows K,

versus T with H; as a parameter. The solid line indicates the data of R,(H, =0,T).

l“ﬂ~"'l"i"‘_l'"‘r"' E 'I."'I"‘I'*'i"':lﬂn
[ —H_£0 A/m E[—H, 20 A/m 1
¢ H mI10A/m [| oH, =100 Am
S H =100 Alm L| oM, =200 A/m
4l | eH.=200 Am i "
107} | oH, =300 A/m - O =300 Alm hlﬂ

T

S I o 2 i
" | oo e I _
107 o ° 1 1107
i (a)
10-3;_;.-I...I...-||-|.||.. PP P T RN Dty ATRr o -3
0 20 40 60 80 100 0 20 40 60 80 100

T (K) T(K)

Figure 7.3: The surface resistance as a function of temperature at different microwave
magnetic fields (a) for sample A and (b) for sample B. The solid line shows the data

obtained previously in near zero fields.
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The various models have been proposed to explain the microwave response of high-

T. materials. Coupled-grain model[15-17] treated high-T. films as a network of

superconducting grains coupled via Josephson junctions. A quadratic field dependence

of R, at field levels below 4000 A/m was reported by Nguyen er al.[16] with a
developed coupled-grain model. On the other hand, a linear field dependence of R; was

obtained by Portis er al[18] with a model based upon the critical state model of
Bean[19].

We fitted the experimental data with the expression

R(H,q.T)= R(Hy =0,D1+g(DHy ), (7.2)
2 ] | | | i
15 L | _ __d e _'
: Samp!eﬁ ) ¢ ]
= 1[ : '
H i - 9 T
: | SampleA ]
05 - ]
{} i gt H 3 s @ | :
0 2 0 60 100
T(K)

Figure 7.4: The fitting parameter g(7T) by fitting data with

R{H Ty=R(H, =0T +g(T)HT"
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where g(T) and g(T) were the fitting parameters related to the temperature. The fitting
curves are shown with solid lines in Fig. 7.2 (a) and (b). The curve of g(T), as shown in
Fig. 7.4, remained flat in a low temperature region, and bent around 50 K. The g(T)
was about 0.8 for sample A and 1.2 for sample B at temperatures below 50 K. This
indicated a linear field dependence of R(H;,T) rather than a quadratic field
dependence. For the temperature above 50 K, the value of g(T’) increased. However, it
was still not large enough to indicate the quadratic field dependence.

A linear field dependence of R, was obtained by Portis er al. In Portis model
based upon the critical state model of Bean, the interaction between the microwave
currents and free or pinned fluxons created by an external field was considered. The
dissipation was calculated during the vortices movement along grain boundaries against
the Lorentz force.

The surface power absorption per unit area is given by

-ﬂr.Ps | 2
bt S il « iy 7.3
dA 2 RJs W&

where J (A/m)=[Jdx = H,(A/m) is the peak surface current density, giving for the

dP. 1
absorption rate —=—R.H_~.
P dA g v

The work performed in a microwave period per unit area is the integral over a cycle as

W, = [ Hd¢, (Joule/m® - cycle). (7.4)
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The surface flux density is given by ¢, = [ Bdx =%J£H2 with the critical-state field

C

gradient related to the critical current density J. by %ﬁ— = *J.. The work performed per
x
microwave period is,
2u H 2
W :TJ_ (Joule/m” - cycle) , (7.5)
= [

where H, is the peak microwave field. The power absorbed per unit area of surface is
@ Vg x| 2 2
F = o W, = P R.J; (Joule/m™) = 5 R.H, (Joule/m*). (7.6)
T

Finally, the surface resistance is

R, = (g R ey (H, in A/m, J, in A/m?). (1.7)
3 "2x
, 4 H I . .
The surface resistance, Rﬁ-——{—%ﬂ}{aﬁ}{f}, is linear in the magnitude of the
7 C

microwave magnetic field H,. The microwave power dependence R(H) of the surface
resistance gives the value of the eritical current density as
_0.167- f[GHz]

) R:[%[Mm] |

According 1o the Portis model, the critical current density J,. is inversely

Jo[Arem?] (7.8)

proportional to the slope of R(H,,T) given by Eq. (7.8). From the measured
R.(H,T) at different temperatures, the critical current density J.(T) was extracted as

shown in Fig. 7.5 for film A, B and C. At 20 K, the J_ for sample B and C was about
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2.8x105 Afem?. On the other hand, the J_ of film A was about one order lower than
that of film B and C. At 77 K, J, of 4x10* A/em®for film B and C, and J, of
1.2%10* A/em?® for film A were obtained. The T-dependence of J. using a form of
J(T)e<(1-T/T,)™ was fitted with m of 0.61, 1.16 and 1.36 for film A, B and C,

respectively.

The J. obtained above for film B and C at 77 K was consistent with J, of about

3x10* Afcm? obtained previously in transport measurements[20] for these three films.
The observation by an optical microscope showed that the smoothness of surface in

sample B and C was better than that of sample A, which may be the reason of the

difference in J_. The current flow at microwave frequencies for both type I and II

L R S e R ,
_ 2407
=] ]
£ 1

& | Sample CX 1
— lxlﬁ:_\ ...E TR W, T PR CP S PSS .,:

Sam[;IcA
N . D =
0 20 4 100

0 60
T (K)

Figure 7.5: The critical current density at six different temperatures from 20 K to 80 K for

sumple A, B, and C.
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superconductors is concentrated on the film surface, and decays exponentially from the

surface with a London penetration depth. On the contrary, the J. in dc is uniformly

distributed across the cross section for type Il superconductors. The effect of the
roughness becomes more severe with decreasing temperature since the penetration

depth decreases with decreasing temperature. Figure 8.5 shows this tendency; J of film

B or C is almost 10 times as large as that of film A at 20 K, while only 3 times at 77 K.
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7.4 Summary

We established the microwave field dependence measurement system, and

measured R, in YBCO films on copper substrate. Up to 400 A/m, a linear dependence
of R, on the microwave magnetic field was observed at temperatures below 50 K, and

the dependence deviated from the linearity above 50 K. From the measured field

dependence of R, the critical current density for three samples was obtained, and

varied in the form of (1-=T/T.)™ with m of 0.61, 1.16 and 1.36.
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8. Microwave surface resistance of a-b plane well-textured and weakly-

textured films

8.1 Introduction

For application of high-T, films to accelerator cavities, low surface resistance
should be realized even at high RF magnetic fields. It is well known that a c-axis
texturing perpendicular to the film surface is inevitable to reduce the surface resistance
and its field dependence. However, the effect of a-b plane texturing on the surface
resistance is not so clear from lack of experiments, especially for films deposited on
metallic substrates. We prepared four YBCO films with c-axis texturing normal to the
film surface; two of them were a-b plane well textured and the other two were a-b plane
weakly textured. For these two kinds of films, the surface resistance was measured as a
function of temperature at low RF fields. The dependence of the surface resistance on

the RF field intensity was also measured for these films.



8.2 Film structure

As described in Chapter 2, the texturing of YSZ buffer layer is crucial to obtain
the a-b plane textured YBCO films. YSZ films with inplane textured over the whole
surface area were obtained by a modified bias sputtering technique as shown in Fig. 2.3.
The copper substrates precoated with the YSZ/Cr buffer layer were used for deposition
of YBCO films using laser ablation technique. By this fabrication technique, two pairs
of YBCO sample were prepared in order to know the effect of in plane texturing on
surface resistance.

The list of YBCO films used for the measurement is given in Table 8.1. The x-ray
diffraction patterns and pole figures showed that the structure of films EC391 and
EC425 is c-axis normal to the film surface and a-b plane weakly-textured, and that of
samples EC392 and EC403 is c-axis normal to the surface and a-b plane well-textured.
The samples of EC391 and EC392 are named the first pair, and their x-ray diffraction
patterns and pole figures are shown in Fig. 8.1 and Fig. 8.2, respectively.
Correspondingly, EC425 and EC403 make the second pair.

Table 8.1. List of YBCO samples

Weakly-textured in a-b plane Well-textured in a-b plane

(c-axis normal to the film surface) | (c-axis normal to the film surface)

I* pair EC39] EC392

2" pair EC425 EC403 and EC407
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Fig. 8.1. X-ray diffraction patierns for YBCO thin films deposited on copper substrate, (a)

for EC391, (b) for EC392,

Figure 8.3 shows a SEM image of a well-textured film. Rectangular or square

grain shape shown in Fig. 8.3 indicates that the film is well textured. On the other hand,
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the grain shape of a weakly-textured or untextured films is round, as shown in Fig. 2.9

(a), (b) and (c) in Chapter 2.
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Fig. 8.2. X-ray pole figures for YBCO thin films deposited on copper substrate, (a) for EC391, (b)

for EC392.
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Fig. 8.3, SEM image of well-textured YBCO thin films deposited on copper substrate,
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8.3 Temperature dependence

The temperature dependence of the surface resistance for both well-textured and
weakly-textured YBCO films was measured by a demountable cavity method described
in detail in Chapters 4 and 5. For the two pair samples, we measured the surface
resislance in a wide temperature region from 15 K to 300 K. The critical temperature T,
defined as the temperature at which dR /dT takes a maximum, was about 86 K for the
present samples.

[t is expected that the R(7) for the well-textured films decreases more sharply
than that of weakly-textured films with temperature decreasing from 7. As shown in

Fig. 8.4 and Fig.8.5, the maximum of dR/dT is 0.0425 Q/K for sample EC392, and
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Fig 8.4, The value of dB /T vs the temperature for same EC392,
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0.038 Q/K for EC391, which is consistent with the expectation. However, the peak
width of dR /dT for EC391 is almost the same as that of EC392. Similar behavior was
also observed for the second pair of films.

Figure 8.6 shows the surface resistance as a function of temperature for EC391
with open squares and EC392 with open circles. The results obtained with Nb host
cavily are also shown in the figure with crosses. The data calibration, as described in
Chapter 5, was applied in order to improve the data accuracy at low temperatures. The
surface resistance of the weakly-textured film EC391 become lower than that of the
well-textured film EC392 when the temperature decreases to below 70 K. At 20 K, the
surface resistance of 0.15 mQ was observed for EC391 and 1.3 mQ for EC392. The

surface resistance for the weakly-textured film EC391 was almost one order lower than
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that of the well-textured film EC392. The results obtained from the second pair of
samples also showed that the microwave surface resistance in weakly-textured films

exhibits a lower value than that of well-textured films at low temperatures.
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Fig.8.6. The temperature dependence of the surface resistance of samples

EC391(squares) and EC392(open circles).
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8.4 Field dependence

It is very important for the application to accelerator cavities to know the response
of the surface resistance to application of the rf fields. The field dependence of the
surface resistance both for well-textured and weakly-textured YBCO films has been
studied up to a field level of 1000 A/m at the fixed temperatures from 20 K to 80 K. In
chapter 4, the experimental setup was described in detail. Figures 8.7 (a), (b), (c} and (d)
show the surface resistance as a function of microwave magnetic field for the sample

EC391, EC392, EC425 and EC403, respectively. With increasing field levels, the

i
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Fig.8.7 (a). The microwave magnetic field dependencee of the surface resistance for sample EC391.



i —e— Rs{20K)

B —e— Rs(30K)

L —— Rg(40

15 102F v v

B —+— Rs(60K)

—_— 5 —o— Rs(T0K)
& —=— R=(B0K)
g_,l 102} ey .
|45} & -
(a4 : y
5107 5

010°0™—"7200 400 600 800 1000

H (A/m)

r,max

Fig.8.7 (b). The microwave magnetic field dependence of the surface resistance for sample EC392,

surface resistance in the films EC391 and EC425 increases faster than that of the films
EC392 and EC403, i.e. the slope of R,(H) for films EC391 and EC425 is greater than
that in the films EC392 and EC403. By the critical-state model described in Chapter 7,
we calculated the critical current density for these samples as shown in Fig. B.B. It is
clearly showed that the critical current density of c-axis textured and a-b plane well-

textured films is higher than that of c-axis textured and a-b plane weakly-textured films.
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8.5 Discussion

So far, we obtained the results that the surface resistance R, for in-plane well-
textured films exhibits slightly steeper decrease below T, and less rf field dependence
than R, for weakly-textured films. These are predicted results and, especially the latter
property is very important for cavity application. However, as far as the rf field level is
low and the temperature is below 50 K — 70 K, the weakly-lextured films have lower R,
than that of well-textured films. At present we do not have any clear explanation for this
unpredicted behaviour. Here we present two topics which may be related to this issue;
one is an a-b plane anisotropy of conduction (i.e., surface resistance) and the other is the
thermal stress remaining in YBCO films.

An anisotropy of surface resistance in a-b plane was reported by Zhang et al. [1]
and Bosov et al. [2]. Zhang et, prepared two YBCO crystals (almost
Immx 1 mmx0.02mm) and measured the surface resistance by placing the sample at the
center of a cylindrical superconducting cavity resonanting at 34.8 GHZ in TE,,, mode.
They showed that R,,, the surface resistance with current running along the a-direction
is about 1.7 times as large as R, at low temperatures. In our case, the cavity is operated
in TEy,, mode and hence the rf current flows along circular paths on the endplate, as
illustrated by an arrow in fig. 8.9. The grids in the figure show an array of grains in
square shape for a well-textured film. We see from Fig. 8.9 that even if the film is in-
plane textured, the rf current circulates experiencing every angle between its flow
direction and the a and the b directions. Therefore, it is concluded that the effect of in-

plane texturing on R, can not be clearly evaluated by this measurement. The lower K,
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and conditions. \ o /
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Our chief concern at the 5

moment is the stress remaining in

Fig. 8.9. Current path on endplate in TE,,, mode
YBCO films. The stress could be
created by two kinds of parameter-mismatches between film and substrate materials: a
mismatch of thermal expansion coefficients and that of lattice parameters between

YBCO, YSZ, Cr and Cu. The thermal expansion coefficients (TEC) of YBCO, YSZ, Cr

and Cu are given in Table 8.2. The mismatch of TEC between film and substrate

Table 8.2: Thermal Expansion Coeflicients (TEC) of YBCO, YSZ, chromium and copper

Muterial ppm°C
YRCO 11.6-12.4
e
Y5Z 10-11
: . = s e
Chromium (Cr) 8.4
Copper (Cu) ~17




materials causes the contraction of the YBCO film. The c-axis of as-grown YSZ buffer
layer is elongated in deposition process from that of YSZ powder. Although this strain
is somewhat relaxed by heating at 750 C® in YBCO deposition process, it still gives the
YBCO film considerable inner stress. It is quite probable that the process for YSZ in-
plane texturing gives rise to excess strain in the YSZ layer, and in turn excess stress in
the YBCO film.
In summary, for high-field cavity application, it is important for HTS films to be

textured in the a-b plane in addition to along the c-axis. Since the rf current path in
most of the acceleration cavities is along the cavity axis, i.e, the beam direction, it is

desirable that the b direction of in-plane textured film is directed to this direction.
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9. Review and Conclusion

The purpose of this work is to study the possibility to apply high-T,
superconductors to future accelerator cavities. YBCO films with the c-axis normal to
the film surface were deposited by a laser ablation technique on copper substrates of
36mm in diameter. An YSZ/Cr buffer layer was used for the deposition of YBCO film
on copper substrates. The surface resistance and the penetration depth of the YBCO
films were measured using a cylindrical host cavity operated at 13.6 GHz in TE,;,
maode.

The deposition on metallic substrates is an important concern from the view point
of heat removal in the possible application to accelerator cavities, in which an rf
excitation at a high-power level is required. Since the c-axis of the fabricated film is
normal Lo the surface, and, therefore, the surface current flows in the ab-plane of the
film, a very low surface resistance was obtained at low temperatures. In order to
improve the measurement accuracy at low temperatures, a niobium host-cavity was
used to calibrate the data measured by a copper host-cavity. However, since the
measurable temperature region in the niobium and copper cavities were restricted and
unoverlapped, some fitting procedure were required and will be described in detail. This
accuracy improvement by the two-cavity method enabled us to discuss the temperature
dependence of the surface resistance more reliably, and, therefore, the excitation

mechanism of the normal charge carriers from the superconducting state.



Since some part of the fabricated film could be remain normal even at very low
temperature , the two fluid-model was modified to include the residual charge carriers.
This modified two-fluid model could well fit the measured surface resistance and
penetration depth for a wide temperature range for 4-85K, if the residual charge carriers
was assumed to be around 20% of the total charge carriers and the normal charge carries
increased in a form (T/T_)%.

The effect of the film thickness and substrate properties on the measured surface
resistance was calculated by the impedance transformation method. The results show
that the measured surface resistance R, is almost equal to the real surface resistance in
the temperature range below 70K. However, above 70K, R,is lowered to some extent
depending on the value of penetration depth, and needs some corrections.

The field dependence of the surface resistance was measured for the c-axis
textured YBCO films up 1o the surface magnetic field of 1000 A/m. One of important
results was that the surface resistance increases linearly as the field increases, which is
explained betler by the critical-state model than by the coupled-grain model.

Comparison of the microwave surface resistance between a-b plane well-lextured
and weakly-textured samples were made. The surface resistance of the weakly-textured
samples was lower than that of the well-textured samples for the circular current on the
endplate in the TE,,, excitation mode. However, the increase in the surface resistance
with increasing field level was lower for the well-textured samples than for the weakly-
textured samples. This suggests the necessity of a-b plane texturing as well as c-axis

texturing for superconducting films to be applied to accelerator cavities.



Appendix A

Texture Determination - X-Ray Pole Figures

A pole figure is generally used for determining the texture of polycrystalline
material. Recently, the texture of YBCO samples have been determined by the Schulz
reflection method. The experimental pole figure setup used included a Diffractometer
with Four Circle Sample Holder for raw data collection and a variety of software
programs for control of the system and analysis of the data. The x-ray wavelength used
usually was A(CuKa) =1.54A. The experiment was done by fixing the Bragg condition
to a pole of interest (e.g., for the (006) pole, 20=46.64") and scanning ¢ over a the
surface of a partial sphere around the sample surface normal. The angles 26 and  are
the traditional Bragg-Brentano diffraction angles; these are set at specific values for
peak (and off-peak, if desired) data collection, the value depending on the pole being
measured. The angle ¥ represents the rotation of the sample holder around an axis in the
plane of the sample surface. The angle ¥ can range from 0° to 80° with reflection
methods (transmission methods are required for the final 80° to 90° and can only be
done on samples <~20 pum thick). The angle ¢ represents the rotation of the sample
holder about the surface normal. This angle is always scanned from 0° to 360°. Coupled

with the ¥ movement, this creates the cone of scanned surface from which the poles of



the bicrystal were detected, and the results are then plotted on a stereographic

projection.
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SURFACE NORMAL

X-RAY SOURCE

Schematic drawing of the x-ray pole figure apparatus.



Appendix B

Two-fluid model

Two-fluid model[1] is based on the concept that there are two fluids in the
superconductors: a superconductive current with a carrier density n, and a normal
current with a carrier density n,, yielding a total carrier density n = n, + n,. Free energy
expressions were postulated for the superconducting and normal electrons. At
temperatures below T, the equilibrium fractions of normal and superconducting
electrons, n/n and n/n, vary with absolute temperature, 7, as

n, In=(TIT), (1)
and

ngin=1-(TIT)" (2)
At T =0, all of the carriers are superconducting, and the fraction of superconducting
carriers approaches zero as temperature approaches T..

The penetration depth A is also a function of temperature. Substituting the
relation u_fu into the equation 4 = Jﬁ?ﬂ = Jmsmnsqf yields

4 =12
?LL(T}=1L{G}[1—(TI?LJ [ (3)

where A, (0), the penetration depth at 7= 0 K, is defined by
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AL(0)=fmg/ ung? . (4)

The penetration depth has a minimum value of A (0) and diverges as temperature

approaches T..
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Appendix C

Surface impedance with two-fluid model

In the microwave regime, the response of a metallic surface to an electromagnetic
field can be described by the surface impedance Z; = R + jX,, where the real part R,
(surface resistance) is a measure of microwave power dissipation and the imaginary part
X, (surface reactance) is related to microwave field penetration into the material surface,
For low-resistivity normal conductors, such as silver, copper, or gold with a
conductivity of &, the surface impedance can be derived from Maxwell's equations:

Z = R+ jX, = Jjuolc =1+ j)fuwi20c | (1)
where @ — 2nf is the angular frequency. For normal conductors, @ is a real number, and
the surface resistance, R,, and the surface reactance, X,, are equal:

R =X, = uwi2c. (2)

Both R, and X, are proportional to f'* for normal metals, and the result has been
confirmed experimentally.

In the use of the Z, = R, + jX; = J}@r_‘r =(1+ j)/uw/ 20 for the calculation

of the impedance of a superconductor, a natural question arises concerning the value of

the conductivity ¢. According to the two-fluid model, there are two currents: a

superconductive current with volume density J, and a normal current with volume
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density J,. Correspondingly, the conductivity ¢ also consists of two components o, and

,, attributable to the superconducting carriers and normal carriers, respectively, and, @

= g, + o, We can derive o, from the first London equation h%—E:ﬂ. For a
t

sinusoidal current with angular frequency ®,

1
J=—FE=0.FE, 3
=Tk o, (3)

and by substituting A = JA/pu =/m/ un.g? for the London constant A,

| 1
a

=—= : 4
S oA joukl W

Note that o, is pure imaginary, and, does not contribute to the loss.

Analogous to the definition of the superconducting current J,, the normal current
density is defined by

Iy = 1y (), (5)

where g, is the electrical charge for the normal carriers and <v> is their average

velocity. The normal carriers satisfy the following Newton's law:

d) |
”I"{?—FT}_Q"E' (6)

where T is the relaxation time for electron scatlering.

Hence,
1" qz T
Sy = —=0G,E, (7)
m, |+ jor
2 2 .
_ M T _ MaqaT |- jwr (8)

G — = o
my, 1+ jwr  my, 1+{@T)
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The total conductivity for a superconductor is,

0 =0,+0,
- ﬁq;‘:r 1 N.GaT T i I (2)
m, l+ (mr}z m, l+(wr )2 mplf_

At microwave frequency, @7 << 1, and it can be simplified to yield,

2
G_:nnqn'r_. lg- (10)
m, WUAL
Substituting it into Z, = R, + jX; = ./ juw/c yields the surface impedance,
Zy = R + jX;
), o oy .U (n
oy~ JO2 O3z O3

Because o, << 0,, a binomial expansion can be used to simplify the above formula,

yielding
. Jou  |eu, o,
ZS=R5+JXs: Jm‘!.l e _IH{_I“‘*'_I)
U| —jﬁz Uz 252
g 23‘1 2 ! (=)
_ W U A T + joudy
2m,
| n,
R =—0 A o (), (13)
2 n
and,
X, = Ui, , (14)
where g, is the conductivity for the superconductor in its normal state,
2
o WL A (15)
H'il'l.I
n.got : T
g, = nfn =0y ir'— = GN{?}“' (16)

m, I C



The two-fluid model leads to the prediction that the surface resistance R, is
proportional to ©* for a superconductor. Meanwhile, we should know that the
phenomenological theory is valid only when the coherence length £<< 4, and
otherwise, nonlocal theory should be used. For all the known HTS material, § << A is

satisfied, so we limit our discussions to the local limit.



Appendix D

Fields components

With Maxwell's equations and the appropriate boundary conditions, the fields E

and H in a circular guide for TE,,, mode can be derived as (in the case of TE,, mode, m

=landn=I):
E.-=fﬂ1£{
Ew=jmy[ -
E.=D

r

2 '
g ] ECJ,H[ﬁmr]si“hnw}(ﬁm{":ﬂ*351"”‘1“]'
q“]“ o

H

Z ]CJ;,{%*— r-}ms{mqn}(ﬁ cos(k,z) + Bsin(k.z))
a

L

L[ .

q mn

JEJ:"[%" ,-]ms{urfp}{ﬁcos[kzzj -A sin(,{*az)j
a
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7 2

Hy =k, g ] —C.!m[q'“" r]sm(mq;r][Bcos{kzz} Asin(k.z)) (5)
\ G inin £ a
i :jl'l

H,=ClJ, ﬂr]ms(mtp}(ﬁs cos(k,z) + Bsin(k,z)) (6)
\ a

where J,,(x), J;,, (x) are the mth order Bessel function and its first derivative, g,,,, the

nth root of J,,(x)=0. C, A and B are constants, m and n mode indices in the @-direction
and the r-direction in a cylindrical coordinate (r,@, z) system, respectively. The field

components in TE,,, mode for a cylindrical cavity can be directly derived from TE,,

travelling wave fields in a circular guide with the boundary conditions. In order to

obtain high Q-values, TEg,, mode should be selected. The field components of a

cylindrical cavity operated in TE;, mode can be expressed as,

E, =j-ﬂ),p[.i]1"{a.! [q“' ]sin(ﬂz}
g i {
H, = "”I[ }H J (""‘" r}:os( 2)
4 I\ gp a ! (M
H, = HDJG[EE'- ;-}sin(% 2)
E,=E,=H,=0

|
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Appendix E

The effective surface impedance of thin film[1]

The response of a metallic surface to an electromagnetic field can be described by

the surface impedance
Zo=EylHy = R +iX,, (1)
where E;, and H,, are the complex amplitudes of the electric and magnetic fields
oriented parallel to the surface. Z, is related to the complex wave number 3 of the plane
wave penetrating into the metal, 8= wuy/Z;, where @ is the angular frequency of the
microwave field and pg,= 1.256 x 10® (V s/A m), the permeability in the vacuum. The
real part of Z,, i.e. the surface resistance R,, determines the power dissipa.tic-n per unit

Hij=tH
dP|dA = %RSHE,. 2)

The imaginary part of Z,, i.e. the surfuace reactance X,, is related to the magnetic-field

penetration depth A

X, = wpgh, (3)
i Hﬂ{x}
A = Re(["——=dx). (4)
Uﬂ H,(0) '

For a normal conducting metal, Z, depends on the dc resistivity p:
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Z= (f’-‘i“_e}“ 2(1+1). (5)

Equation (5) describes the normal skin effect and holds true if the mean free path of the
electrons is small in comparison to the penetration depth and to the ratio of the Fermi
velocity and . This presumption is fulfilled for high-T_ thin films in the normal
conducting state.

The impedance of a dielectric material with relative permittivity € and loss
tangent tand = 1/wpe (where, € = ££,) is given by

Z:j%(i‘{»%mn&], Z,= 377 Q. (6)

r

In this equation it is presumed that the fields in the substrate are plane waves
propagating perpendicular to the surface. This holds true 1if the wavelength in the

substrate is small in comparison to the transverse wavelength in the relevant microwave

device. This condition is fulfilled for all air-filled

Film Dielectric substrate

%

microwave devices like our test cavity, since the

permittivity of all relevant substrates for high-T,

films is larger than 10.

In the case of infinite dielectric substrate,

the effective surface impedance, Z,, of the

superconducting thin film with thickness o can be

calculated by impedance transformation. The

impedance is transferred from the film-substrate

intertace (x - 0) to the film surface (v =) by

%




ZI1Z, +itan(fid) o
| +i(Z/ Z ) tan(Bd)’

Loy = Zg

where Z, is the impedance of the film, f the wave number givenby 8= wu,/Z,, and Z

the impedance of the dielectric substrate given in Eq. (6). Expanding Eq. (7) in

(R/wu,A)" and neglecting terms with n 2 2, simple formulas for the real and imaginary

parts of Z_, result[1]:

Rufl' - Rsf{d"ll‘l}'i" l‘?transﬁ (B}
dil A
el A)=coth(d /! A) + ————,
K yeeoh(gia sinh?(d /1)
Rt (o) 1
lrans r zﬂ sinhl(df A} ’
Xeir = Xsccth{d'fl}. (9}
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Appendix F

Calibration of the data obtained by two cavities

By using niobium and copper as the host-cavity material, two data groups were
obtained: one below a temperature Ty, ..., with the niobium cavity and the other above a
tlemperature Tg, ... with the copper cavity. Taking the measured R, (7)) as a
reference, we calibrated the systematic error in R, yr.c,(T) by conforming the measured
Qocuantl 7). We followed as iteration procedure as follows. In order to avoid complexity,
averaging procedures are not described here.

In the firs step,

(i) R, ey T) was calculated from the measured Q, v, (T) and @y parr (7).

(i1) R, prqea(T) was calculated from the measured 0, (T) and Qg cpuc(T)-

Generally the behavior of R

L

racy(T) in low temperature region was not smoothly
connected to Ryl 1)

In the second step,

(1) From the condition R’y calTewmin) = R inrermnf Tanoan)s Q ‘ocustirel T cumin)

was found through the following equation,

Jr"z.-,l::'l'c(_?:] = K Qﬂ.Cu{T] — 1)+
Rs.Cu“r:l Q{!,Cuwh'ﬁ‘c{T] : “:l




(ii) A constant, ¢, = O "gconrTcumin¥ Qocusttcl Teumin)» Was multiplied to all
Qocunnt{T) to obtain Qg cpunre(T).

(i) R’ pree(T) was calculated from Q'yer(T) through Eq. (1).

(iv)  Both R, yrepu(T) and R,y c0(T) were fit with an equation Ry, (7).

In the third step,

(i)  From the condition R”urcufTewmn) = Ran(Teuminds Q" oot Teomin) Was
found through Eq. (1).

(i) A constant ¢; = Q" pcuunreTewmin) @ ocuente(Teumn), Was multiplied to all
Q scuenre(T) to obtain Q"¢ punre(T)-

(ili)  R" precn(T) was calculated from Q"' c,unr(T) through Eq. (1).

(iv)  Both R,y (T) and R™', yr.c(T) were fit with equation R,(T).

In principle, the third procedure needs to be repeated until the sequence of the

numbers c,, ¢,, C;, ... cOnverges o one.
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