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Abstract

This thesis involves three major projects: 1. Effects of bromination on the dc trans-
port and magnetic properties of YBay;Cu3O7_, (YBCO) single crystals, 2. Power
dependence of the microwave surface impedance of YBa;CuzO7_; thin films, and 3.
Microwave properties of YBa;Cu3zO~_, Josephson junctions.

In the first project, de-oxygenated non-superconducting YBa;Cu3QOs. 2 single crys-
tals are doped with Br. The resulting crystals (YBCOBr) become superconducting
with T, ~ 92 K, AT, ~ 1.0 K. This project was the first to measure the transport and
magnetic properties of YBCOBr, whose rough surface has made it extremely difficult
to make good electrical contacts. The normal resistivity in the best sample is linear
in temperature. The large ratio in resistivity of the brominated to the pristine YBCO
single crystals (~35:1) suggests that bromination greatly increases the scattering rate.
The upper critical fields H,»(7) are measured resistively and the corresponding coher-
ence lengths £,;(0) and £.(0) are estimated. A comparison with the fully oxygenated
YBCO single crystals shows that £,,(0) remains approximately the same, whereas
£.(0) decreases by a factor of ~ 3, suggesting that Br never enters the CuO, planes.
The pinning energy for vortex motion in the ab plane decreases after bromination
and this decrease can be attributed to the increased anisotropy. Compared with the
fully oxygenated YBCO single crystals, the critical current density is suppressed by
bromination and is strongly dependent on the applied magnetic field. The reduced
lower critical field H,.; in YBCOBr indicates a reduction in the carrier density.

The second project involves thorough measurements of the surface impedance for
the first time as a function of frequency (1-20 GHz), temperature (4.2-91 K), and
peak rf magnetic field (0 < Hy < 500 Oe) for high-quality epitaxial YBa;Cu3O7_,
thin films, using a stripline-resonator technique. Unlike the other resonators such
as cavities, the stripline resonator allows for the study of the frequency dependence
of the surface resistance. The microwave-field-dependent surface impedance Z,(H.r)
increases quadratically with increasing Hys at low and intermediate rf fields (Hy <
50 Oe at 77 K) . The results for the low- and intermediate-rf-field regime are explained
by the power-dependent coupled-grain model formulated in this work, which treats



the film as a network of superconducting grains connected by grain boundaries acting
as resistively shunted Josephson junctions. Quantitative agreement has been obtained
between the model and the measurements. In the high-rf-field region, Z,( H,¢) changes
to a different functional dependence on H,s. Through the use of the modified Bean
critical-state model, the results for the high-rf-field region are explained quantitatively
for the first time by hysteresis losses due to the penetration of microwave vortices.
The value of the microwave-vortex penetration field H,(T) for YBCO thin films,
which is nearly frequency independent, is low compared with the dc lower critical
fields. The critical current-density values obtained from fits to the hysteresis model
are consistent with those measured via dc transport.

Finally, microwave measurements of YBCO Josephson junctions are presented
with emphasis on the poorly understood power dependence. Prepared by an in-
situ laser-ablation process, each junction is located at the midpoint of the center
conductor of a stripline resonator so that only the odd resonant modes are altered
by the junction. Unaffected by the junction, the even resonances provide an effective
means to isolate the properties of the film from those of the junction. The results are
analyzed using phase slip and microwave-vortex penetration into the junctions.

Thesis Supervisor: Mildred S. Dresselhaus
Title: Institute Professor
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Chapter 1

Introduction

The revolutionary discovery of high-7, superconducting oxides has sparked new in-
terest in the science and technology of superconductive materials. High-7, super-
conductors offer a host of interesting new phenomena, including the high transition
temperature T, whose underlying mechanisms have defied theoretical explanations.
With T, above 77 K, the boiling temperature of inexpensive and easy-to-use liquid
nitrogen, high-T, superconductors make highly attractive candidates for industrial
use.

This thesis reports the research I have carried out on high-7, compounds, specifi-
cally YBa;Cu307_, (YBCO). The electrical and magnetic properties of these materi-
als are essential to an understanding of the mechanisms of high-T, superconductivity,
and of course, to applications.

The organization of this thesis is described in the following. In Chapter 2, I de-
scribe some of the basic structural and physical properties of high-T. superconductors,
with emphasis on YBCO. I review the relevant thin film deposition techniques and
the resulting film microstructures to provide the necessary background. This chapter
is largely a review of the literature.

The next chapter, Chapter 3, the effects of bromine doping on YBCO is inves-
tigated. In a way, the discovery of high-T. superconductors was a direct result of
substitutions and dopings on related low-7T, or nonsuperconducting systems. Conse-

quently, it is natural to turn to substitutional studies to search for superconducting

14



compounds with higher 7, and to understand the mechanisms for superconductivity.
Substitutional studies also can help replace toxic, rare, or expensive components with
less toxic, abundant, or cheaper ones without compromising on the superconducting
properties. Substitutional studies have been performed on most of the high-7, mate-
rials, especially on YBa;Cu3O7_., replacing most of the compositional elements with
equivalent ones. Replacing oxygen by bromine in YBCO powder and single crystal
has been shown to produce exciting results, with the final products retaining the
same or slightly higher T.. The doping process occurs at relatively low temperatures
(around 260°C) and the reaction is highly exothermic, yielding strong bonding of
the bromine in the lattice. The low processing temperatures and the stability of the
final products makes bromination of YBCO potential for industrial applications. The
issues that still remain to be resolved involve the mechanisms of Br diffusion into
and reaction with YBCO, the location of Br in the lattice, and the mechanisms by
which superconductivity is restored in the nonsuperconducting deoxygenated YBCO
compounds by Br-doping. This chapter presents the results on the transport and
magnetic measurements on brominated YBCO single crystals with the hope to shed
light into the above issues.

Chapter 4 details the experimental procedure for the microwave measurements.
The concept of surface impedance Z, is reviewed, followed by a brief discussion of
the stripline-resonator structure I use in this work. I also point out the complications
that arise from going to high microwave powers, where Z, becomes nonlinear, i.e.,
dependent on power.

Chapter 5 makes up the bulk of this thesis where data from my Z, measurements
on YBCO thin films and related analysis are presented. For dc or low frequencies,
electrical losses due to quasiparticles in a superconductor approach zero as the super-
conducting pairs shunt the quasiparticles. Consequently, little useful information can
be obtained in the superconducting state. On the other hand, at high frequencies such
as microwave frequencies, losses due to quasiparticles can be clearly observed, as the
quasiparticles are induced to moved simultaneously with the superconducting pairs.

Microwave measurements hence provide a sensitive probe to study the supercon-
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ducting state of a superconductor. Since microwave excitations of quasiparticles are
insensitive to lattice conduction modes (i.e., phonons), microwave measurements hold
an advantage over other measurement techniques such as specific heat that attempt
to probe the electronic state. If the superconductor contains defects which gener-
ate low-energy excitations in the superconducting phase, microwaves also provide an
excellent probe of these defects and an effective way to characterize the sample.

In addition to probing the quasiparticles in the superconducting phase, microwave
measurements also provide information on the superconducting condensate via the
kinetic inductance. All the microwave measurements can be performed without phys-
ical contact to the samples, circumventing the contact-resistance problems that have
plagued dc measurements of high-T, superconductors.

The technological importance of studying the microwave surface impedance of
high-T, superconductors cannot be overstated. For many applications of these ma-
terials, such as resonators, filters, and low-loss delay lines, the surface impedance
provides an essential figure of merit since it represents the losses incurred in the
device.

Chapter 6 moves on from the subject of surface impedance to explore the mi-
crowave properties of high-7, Josephson junctions, especially the microwave power
dependence. The motivation for this investigation of high-T, junctions is two-fold.
First, as observed in the microwave measurements, structural defects in high-T, su-
perconductors appear to dominate their transport properties. These defects behave
like a network of weak-link Josephson junctions. Detailed study of individual isolated
junctions is necessary for an overall understanding of the properties of such a junction
network. Second, the physical mechanisms involved in each individual isolated junc-
tion also warrant a thorough study themselves, as high-T, junctions are still poorly
understood, even though their potential for technological applications is tremendous.

Finally, Chapter 7 summarizes the main points of the thesis and offers some

suggestions for related future research.
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Chapter 2

Material Properties Of High-T,

Materials

In this chapter, we briefly review the relevant properties of the high-7, supercon-
ductor YBa;Cu307-, (YBCO) to provide the necessary background for the research
described in this thesis. The crystal structure of the Y-based compound is first ex-
amined to illustrate the anisotropic nature of the high-7. material and to define the
non-equivalent oxygen sites in the lattice. The relationship between the oxygen stoi-
chiometry, the lattice parameter, and T, in the bulk samples is then discussed. Next
the thin film preparation techniques and the resulting film microstructures are studied

in some detail as they form the conceptual basis for many discussions in this thesis.

2.1 Structure

Superconducting YBa;Cu3O7_, has a modified perovskite crystal structure in which
there are several non-equivalent oxygen sites. As shown in Fig. 2-1, oxygen is ordered
on the basal plane such that oxygen occupies sites along the b-axis O(4) and is absent
along the a-axis, hence creating copper-oxygen (CuO) chains.

Copper-oxygen planes sandwich the yttrium atom with oxygen in the O(2) and
O(3) sites. The compound can exist over a range of oxygen stoichiometry from

0 < z <1 with its electrical properties changing from superconducting near z = 0
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ORTHORHOMBIC TETRAGONAL

T (x =.05) (x = .85)
a= 3.825A a=b=3.858 A
b= 3.889 A c=11.82A
c=11.688 A

CuO
PLANE —> | |

CuO CHAINS
Ba,Y Cu; 0, , Ba,Y Cu; O, Ba,Y Cu; Og
Tc=94K x<0.5 Tc=0

0<To(x)<Ts(0) ct ib
a

Figure 2-1: The YBCO crystal structure is composed of alternating BaO, CuO,, Y,
Cu0;, Ba0, and CuO layers [1]. The structure is similar to a perovskite with the
unit cell tripled in length along the c-axis. The CuO chains lie along the b-axis.
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to semiconducting near £ = 1. As oxygen is depleted from the lattice, the struc-
ture of YBCO changes continuously from orthorhombic to tetragonal. Changes in
oxygen occupancy have been measured in bulk ceramic samples by a variety of tech-
niques: neutron diffraction, thermogravimetric analysis (TGA) [2], transmission elec-
tron microscopy (TEM) [3], and x-ray analysis by profile fitting of weak 012 and
102 diffraction peaks [4]. Changes in oxygen content are shown in these studies to
be accommodated by changes in the oxygen occupancy of the O(4) site along the
CuO chains while the CuQO planes remain fully oxygenated. The structure becomes
unstable and decomposes as oxygen is further depleted from the lattice beyond z = 1.

For the bulk YBCO compound, the relationship between lattice parameter, oxygen
content, and T, has been extensively studied [5]. Fully oxygenated YBCO (z = 0)
has the following lattice parameters: a = 3.8254, b = 3.8894, and ¢ = 11.6884. As
oxygen is depleted, the unit cell expands along the a-axis and the c-axis and contracts
along the b-axis (Fig. 2-1). Oxygen depletion also results in a reduction of T,. Changes
in lattice parameter as a function of temperature and oxygen pressure have also been
measured in situ using hot stage x-ray analysis by Specht et al. [6]. At a fixed oxygen
pressure, the a-axis and c-axis lattice parameters increase with temperature while at
fixed temperature, these parameters decrease with increasing oxygen pressure. The
orthorhombic to tetragonal transformation temperature decreases with decreasing
oxygen pressure.

The oxygen stoichiometry has an even more profound effect on the electrical trans-
port properties than on the structural properties of YBCO. In the O¢ state, YBCO
is a non-superconducting antiferromagnetic insulator with the Cu(2) spins antiferro-
magnetically ordered (see for instance, Beyers et al. and references therein [1]). Band
structure calculations, however, predict that the O¢ state should be metallic, and
much theoretical effort has been expended to explain this discrepancy. It has been
widely believed that in the insulating state, the strong electron correlations renders
YBa;Cu306 a charge-transfer or Mott-Hubbard insulator (see for instance, Yasuhiro
Iye [7]). With higher oxygen concentration, phenomenologically, as the oxygen con-

centration is increased above the Og level the material undergoes an insulator-metal
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transition at an oxygen concentration (1] of about 6.4. A superconducting transition
at finite transition temperature appears simultaneously with the metallic behavior.
As the oxygen concentration increases past the insulator-metal transition, the T, in-
creases from zero, approaching a maximum of about 94 K in the O; state. Further
increases in oxygen concentration in YBCO are extremely difficult, though possible
for certain substitutional variants [8]. The increase in T, with doping is monotonic
but shows some interesting plateaus at 7, = 60 K and 90 K. The plateau at 60 K has
been attributed to partial oxygen ordering in the chains. The maximum T, of up to
96 K can achieved at some optimal doping level [9].

A charge-transfer picture has been widely adapted to explain the sensitivity of
the YBCO compound to oxygen concentration: the chain oxygens dope holes onto
the CuO planes. In this picture, the CuO chains act only as charge reservoirs and
play no role in the superconducting mechanism. The mechanisms responsible for the
superconductivity and the electrical behavior of the high-7, materials have been a

subject of great debate with no clear consensus at this time.

2.2 Superconducting Properties

The new copper-oxide superconductors have many unusual properties of which the
three most unique are high transition temperature 7., short coherence lengths, and
large anisotropy.

The high transition temperatures of the copper-oxide superconductors allow for
operations in the superconducting state at much higher temperatures than previously
possible. At the same time, such high-temperature operations pose new problems
related to thermal fluctuations. Because thermal activation is much higher at high
temperature, vortices jump more readily from their pinning sites, causing giant flux
creep effects. Large flux creep broadens the transition temperature in an applied
magnetic field, making it harder to determine 7, accurately and limiting the usefulness
of the copper-oxide superconductors.

The extremely short coherence lengths in the high-T, leads to the high sensitivity
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of their electromagnetic properties to any type of structural defects such as grain
boundaries, regions of nonstoichiometry and oxygen-deficiency, twin boundaries, etc.
Anisotropy complicates the measurements and interpretations. The large anisotropy
in the high-T, compounds both in the superconducting and normal phases arises from
the layered structure. As described above, the bulk of the carrier density is believed
to reside in CuO planes. Strongly decoupled layered superconductors have been ana-
lyzed theoretically by Lawrence and Doniach [10]. Their model extends the standard
Ginzburg-Landau theory to the case of strongly decoupled 2-D superconducting lay-
ers coupled by Josephson junctions, and hence provides a suitable description of the
highly anisotropic BiSrCaCuO (BSCCO) and T1BaCaCuO (TBCCO) materials. For
YBCO, however, because the interlayer coupling is strong, the simpler Ginzburg-
Landau theory with an anisotropic mass tensor is adequate [11]. The ratios of the
penetration depths for YBCO are A, : A : A, — 1.2 :1: 5 as determined from flux
lattice decoration experiments [12]. Since the anisotropy in the ab plane is small,
it will be ignored in the following discussion. The corresponding mass ratio is the
square of the A values: m./mg ~ 25. Muon spin relaxation measurements reveal the

penetration depth )\, = 1400A at low temperature [12].

2.3 Superconducting YBa;Cu3O;_, Thin films

2.3.1 Introduction

For many reasons, superconducting thin films deserve a study of their own, separate
from the bulk superconductors. In superconducting thin films, a host of interesting
new phenomena, many of which are surface-related, arise that do not exist in bulk
form. High-T7, thin films have generally yielded higher critical current densities which,
together with good control and reproducibility as well as ease of use, make them
attractive candidates for applications. Superconducting thin films can be used in
hybrid superconducting-semiconducting circuits and microwave and millimeterwave

devices, for instance. Such devices are important in circuit applications for rf signal
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generation, electromagnetic wave detection and mixing, parametric amplification and
frequency conversion, and high-sensitivity magnetometry and switching [13].

The preparation techniques for the high-7. superconducting films are the un-
derpinning of this work, which examines film defects and how they affect the film
properties. In this section, I review extremely briefly the techniques used to produce
the YBCO films I measured. Knowledge of the deposition and thin film growth pro-
cess provides important clues as to the nature of the defect structures in the films.
All of the thin film techniques discussed here are for preparing oriented YBCO films
on single crystal substrates. Polycrystalline, unoriented films will not be discussed in
this work due to their poor transport properties. I also present a schematic of the
important defect structures in the film that provides a conceptual basis for many of

the discussions in this thesis.

2.3.2 Deposition Techniques

YBCO thin films have been successfully grown by several fabrication techniques in-
cluding chemical-vapor deposition, sputtering, laser ablation, spray pyrolysis, and
molecular-beam epitaxy [14, 15]. Various materials have been used as single-crystal
substrates for these films, including SrTiO3, MgO, ZrO,, Al,O3 (sapphire), LaAlOs,
LaGaOg, and silicon [14].

Among the different deposition processes, one of the most widely used for growing
highly epitaxial films in situ is sputtering. Substrate-target orientation in sputtering
has a major impact on the film stoichiometry: negative ion bombardment onto the
substrate leads to re-sputtering of the deposited film causing a change in stoichiom-
etry. To prevent this, various methods such as high gas pressures, low discharge
voltages, and off-axis placement of substrates have been successfully employed [14].

Most of the YBCO superconducting films measured in this work were grown in
situ on LaAlO; substrates, using off-axis rf magnetron sputtering and cylindrical
magnetron sputtering.

In the off-axis configuration, the target and the substrate are situated at a 90°

angle to each other to minimize the adverse effects of film bombardment resulting
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from negative ions ejected by the target. The main advantage of this technique is its
simplicity and the main disadvantage is the slow deposition rate, typically on the order
of 5 — 10 A/min. It should be noted that even though a single-target stoichiometric
source is used, the composition of the deposited film is not necessarily the same as
that of the target [13].

In the cylindrical magnetron sputtering configuration, the target is shaped in the
form of a hollow cylinder. The main advantages of this technique are that it is simple
and that the deposition rate is almost ten times faster than off-axis sputtering. In
addition, it is possible to vary substrate bombardment by changing the anode voltage
in this system. As with any single-target technique, composition of deposited films

cannot in general be changed without replacing or altering the target [16].

2.3.3 Film Structures

X-ray-diffraction studies show the films with the best electrical properties to be almost
completely c-axis oriented. SEM analysis indicated micrometer-sized boulder-like
precipitates protruding from the surface of the film [17], as seen in Fig. 2-2.

Smaller submicrometer precipitates, distributed between the larger precipitates,
can also be seen in Fig. 2-2. In Fig. 2-3, a low-magnification micrograph shows both
types of precipitates marked as A and B. Energy dispersive X-ray spectroscopy (EDS)
spectrum identifies the larger precipitate A as copper oxide (CuQ). EDS identifies the
smaller precipitate B as barium chromium oxide. A third type of precipitate is also
found in the film (Fig. 2-4). These extremely small precipitates are about 15 — 20
nm and are commensurate with their lattice rotated by a 45° twist along the c-axis
of the surrounding film. An EDS analysis identifies these precipitates to be yttrium
oxide (Y203) [13].

All c-axis oriented YBCO films contain some a-axis grains [13] though the number
of these grains is extremely small for the best c-axis films. In addition, the films show
numerous stacking faults, mostly in the form of extra CuO planes, some examples of
which are marked by arrows in Fig. 2-5 [17].

Twinning along the [110] and [110] directions is also observed. The TEM micro-
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Figure 2-2: Scanning electron micrograph showing CuO precipitates on the film sur-

face (Westerheim et al. [17]).

Figure 2-3: Plan-view TEM brightfield micrograph showing two types of precipitates
marked as A and B (Bhatt et al. [13]).

24



Figure 2-4: High-resolution TEM micrograph of Y,0O; precipitates. The precipitate
is coherent with its lattice rotated at 45° to the YBCO lattice (Bhatt et al. [13]).

Figure 2-5: TEM showing stacking faults (Westerheim et al. [17]).
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Figure 2-6: TEM brightfield micrograph showing twin boundaries in a c-axis oriented
film (Bhatt et al. [13]).

graph in Fig. 2-6 exhibits both mutually perpendicular variants of the twins. The twin
boundaries appear fairly regularly spaced separated by a distance of approximately
50 nm.

The schematic in Fig. 2-7 illustrates the important point, line, and plane defects
arising from misfit dislocations caused by dislocated atoms in the lattice. Smaller
defective regions of extra phase (CuO, Y203, etc.) formations are similar to point
defects in their effects on the transport properties and hence are lumped together
with point defects in Fig. 2-7. Defects at the substrate-film interface are usually
healed within a few hundred A into the film and hence are assumed unimportant
in determining the transport properties of the relatively thick films discussed in this
work. Chapter 5 considers the influence of these structural defects on the microwave
surface impedance of the films.

The substrate selection and the deposition method together with the deposition
temperature and pressure, all influence the properties of the resulting films in ways
not fully understood. The defect structures in the films are shaped by various compet-

ing mechanisms: thermodynamics, mobility, vacuum-film interface and film-substrate
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Figure 2-7: Schematic of an in situ c-axis oriented YBCO film on LaAlQ; showing
some important defect structures: twin boundaries, point defects, line and plane

defects, a-axis grains, and stacking faults.

27

(010) 7

STACKING
FAULT

2453494



interface. Generally, higher mobility of the atomic components results from higher de-
position temperature. The formation of large defect structures, such as second phase
inclusions and non-stoichiometric grain boundaries, is possible with higher mobility
because the atomic components can segregate over large distances. The formation
of small-scale defects such as substitutions and interstitials to accommodate non-
stoichiometric material, on the other hand, is more likely with small mobility. Higher
deposition temperatures, however, favor situations of greater entropy and hence tends
to promote growth of small-scale defects. The deposition temperature and the oxygen
growth pressure modify the free energy of the YBCO phase relative to the competing
phases and defect structures. Varying the temperature and pressure hence affects

greatly the quality of the films deposited [17, 18].
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Chapter 3

Transport and Magnetic
Properties of YBay,Cu30~_,Bry
Single Crystals

3.1 Introduction

Substitution studies of high-7, superconductors can provide insight into the mech-
anisms of superconductivity and produce new materials with higher T, and other
improved properties.

In substitutional studies, three primary factors influence site occupancy:

1. Tonic radii,

2. Valence state, and

3. Coordination number of the on-site cation

Table 3.1 [19] shows the valence state and ionic radii corresponding to different coor-
dinations of various cations of some high-T, superconducting compounds.

In general, complete substitution of a dopant is possible when it is isovalent and
for the same coordination number, its radius is within 15% of the on-site cation.
Otherwise, the substitution is only partial [19].

Many substitution studies have been made on various components of different

high-T, compounds [19]. For the Yttrium-based cuprates, substitutions at all of the
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Table 3.1: Properties of cations forming some high-T, compounds.

Valence Existing Corresponding
Compound Cation | State | Coordination | Ionic Size (A)
Number
Lay(Sr)CuO, La(St) | 3+ 9 1.20
Cu 2 + 6 0.73
YBa,zCu307 Y 3 + 8 1.02
Ba 2 + 10 1.52
Cu(I) 2 + 4 0.62
Cu(II) 2 + 5 0.65
Ca 2+ 8 1.12
Sr(Ba) | 2+ 9 1.30 (1.4)

Cu 2+ 5 0.65
Ba(K)BiO; Ba(K)| 2+ 12 1.60
Bi 3+ 6 1.02

cation sites (Y, Ba, and Cu) have been studied. Substitutions at the anion O-sites of
Yttrium-based cuprates have also been investigated to see if high-T. superconductivity
can exist in non-oxide compounds. Specifically, halogens such as F, Cl, Br, and I have
been used extensively as substitutional elements for O.

Halogen doping at modest temperatures provides an interesting method for restor-
ing superconductivity in partially de-oxygenated non-superconducting YBa;Cu3Os.;
crystals [20, 21, 22, 23]. The introduction of Br at low temperature 260°C and in
a short time (> 5 minutes) has been shown [20] to convert initially insulating pow-
der YBa;Cu30¢.2 to a high-T, superconductor with similar properties to the fully
oxygenated YBa,CuzO7_, compound. With longer Br exposure time, similar results
have been observed in oxygen-deficient YBa;Cu3Oe.» single crystals [22]. The reaction
of the oxygen-deficient compound with Br has been found to be highly exothermic,
suggesting strong bonding of the Br in the lattice. Thermal gravimetric analysis
coupled with mass spectrometry indicates no release of Br from brominated powder
samples heated up to 1000°C in flowing forming gas (2%H,/98%N;). Because of the
relatively low processing temperature (~ 260°C for Br compared with ~ 450°C for
O) and the stability of the brominated YBa;Cu3Os.; compound to high temperatures

(though further loss of oxygen can occur in the brominated samples at elevated tem-
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peratures), these halogenated compounds have attracted attention for possible use in
connection with hybrid semiconductor-superconductor integrated circuit devices.

Outstanding questions remain as to the mechanisms of diffusion and reaction of
the Br with the deoxygenated compound, and the mechanisms by which the super-
conductivity is restored upon bromination. The location of Br in the lattice has also
been of great interest because it gives insights into the role of charge transfer in the
oxide superconductors. Previous attempts to locate the bromine position in the lat-
tice have proved inconclusive, chiefly because the x-ray diffraction pattern broadens
significantly when the bromine is present. Radousky and coworkers [24] conclude
that this broadening results from the bromine occupying several non-equivalent sites
in the lattice. This point of view has recently been strengthened by the results of
Amitin et al.[25] who conclude from detailed NMR work on YBCO-CI material that
the Cl occupies three separate sites in the lattice.

In this chapter, I investigate the temperature and magnetic field dependence of
the conductivity and magnetic susceptibility of brominated YBCO, and I relate these
properties to the fully oxygenated superconducting YBCO both in the normal and su-
perconducting states. The goal is to gain further understanding through these trans-
port measurements on the role of Br in restoring superconductivity to de-oxygenated
YBCO. In Sect. 3.2, I discuss sample preparation and characterization, and the ex-
perimental procedures. In Sect. 3.3 the results of zero-magnetic-field transport mea-
surements are presented, while Sect. 3.4 is devoted to the corresponding resistivity
measurements in a magnetic field parallel and perpendicular to the ¢-axis at tem-
peratures close to T,. Section 3.5 estimates the pinning potentials for vortex motion
parallel and perpendicular to the ab plane. Sect. 3.6 presents the results of the mea-
surements of the critical current density J (T, H) and the lower critical field. Sect. 3.7

summarizes the results of the chapter.
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3.2 Experimental

3.2.1 Sample Preparation and Characterization

The starting materials used for these experiments were small nearly rectangular
platelets (~ 1.2 x 0.9 x 0.05 mm) of high-quality YBa,Cu307_, single crystal with
T. ~ 92 K and AT, ~ 1.0 K, as determined from resistivity measurements. These
crystals were de-oxygenated by heating at 600°C for ~12 hours and subsequently
brominated for 24 hours at 260°C, as described by Radousky et al. [22].

Though the lattice constants of the brominated YBCO single crystals studied
here were not measured, previous x-ray-diffraction data taken on brominated powder
showed an orthorhombic structure which is consistent with the result of others [22, 26,
27,28, 29], with the lattice constants ¢ = 0.38274+0.0008 nm, b = 0.3880+0.001 nm,
and ¢ = 1.1636 + 0.004 nm [22]. These measured lattice constants are similar to the
results of joint x-ray and neutron diffraction by Williams et al.[28], though slightly
less than those reported by Jorgensen [29]. Although x-ray data were not obtained
on the crystals measured here, the brominated crystals from similar runs were found
in general to be twinned as they had been prior to bromination.

Auger depth profiling and energy dispersive x-ray analysis on these samples con-
firmed the uniform incorporation of Br in the de-oxygenated YBa,Cu30e.» single
crystals with a nominal stoichiometry YBa;Cu306.2Brog [30]. Previous work on pow-
ders and crystals had shown that for crystals with near 100% magnetic-shielding
fractions, both weight gain and x-ray-fluorescence microprobe measurements find the
bromine content to be 0.9 (i.e., YBa;Cu3QOg¢.2Bro9). The oxygen content is nominal,
and is based on similar de-oxygenation procedures performed on powders. The oxy-
gen content is assumed not to change during the bromination (since the bromination
temperature is low compared with the de-oxygenation temperature) [22].

The magnetic susceptibility measurements were carried out using a superconduct-
ing quantum-interference device (SQUID) to characterize the samples for their shield-
ing fractions. The zero-field-cooled (ZFC) data of Fig. 3-1, taken with an applied field

of 20 Oe parallel to the c-axis (before demagnetization correction), showed T, ~ 85 K
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Figure 3-1: Susceptibility versus T as determined from SQUID measurements for
a fully oxygenated YBa;Cu30gg9 single crystal sample (7. = 85 K) and for a 24-
hour brominated YBa;Cu3Qs,; single crystal sample with a nominal stoichiometry
YBa;Cu306.2Bro.9 [30] and 7. = 82 K. The applied magnetic field is along the é-axis
and has a magnitude of 20 Oe. Both field-cooled (FC) and zero-field-cooled (ZFC)

data are shown.
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and AT, ~ 4 K with a shielding fraction ~ 100% for the YBCO, and 7, ~ 82 K and
AT, ~ 20 K with a shielding fraction ~ 97% for the brominated YBCO-Br single
crystals. (I define T, determined by magnetization measurements to be the tempera-
ture where the slope of the susceptibility vs T' curve is a maximum. AT, is calculated
from the 10% and 90% points.) Zero-field resistivity measurements (described below)
yield T, ~ 92 K, AT, ~ 1 K for both brominated and fully oxygenated YBCO single
crystals.

The field-cooled (FC) temperature-dependent susceptibility data showed a small
positive increase of the magnetization for both the YBCO and brominated YBCO-Br
samples (see Fig. 3-1). This effect has been observed previously [31] and is believed
to come from the flux-trapping capabilities of the materials and the nonuniform dis-
tribution of the magnetic field inside the SQUID [32].

It is appropriate at this time to mention the question of sample quality, which I
believe has caused some confusion over the disparate results in the literature. Since
the magnetically determined T, for the Br-doped sample is lower than that for the
pristine one, even though their transport T, are about the same, the Br-doped sample
is probably more inhomogeneous and impure. Results concluding that the bromine
is incorporated in the lattice [22, 25, 33}, and results indicating that the bromine (or
chlorine) causes a decomposition of some parts of the sample, and a re-oxygenation
of other parts [34], can both be found. It has been my experience that both types of
reactions can occur, without yet determining which uncontrolled factors (e.g., bromine
pressure, moisture, initial oxygen content and ordering, etc.) control the quality of the
sample. The samples used here and in previous studies [24, 30] had shielding fractions
near 100%, and a uniform bromine distribution as measured by Auger depth profiling,
indicating that the bromine has been incorporated into the lattice. It appears that
some of the samples used in the literature actually did show a decomposition, but
this is clearly accompanied by shielding fractions that are far below 100%. We believe
that the problem of understanding the bromination process is a separate issue from
determining the position of the bromine (to be addressed in this chapter) which has

been demonstrably incorporated into the lattice.
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3.2.2 Experimental Procedure

To make the transport measurements, the samples were first mounted on mica with
GE-varnish. To make good electrical contacts, I used an ion-milling technique whereby
an aluminum mask was employed to expose only those areas where the silver contact
pads were evaporated. The optimum ion milling parameters were: current ~ 42uA,
voltage ~ 3.5 kV, and time ~ 4 hours. The current was kept low to minimize heat-
ing, though the ion-milling time becomes much longer. The contact pads (~0.1 x 0.1
mm?) were deposited and leads were attached using silver paint at the four corners
of the sample. Whereas the contact resistance per pad for the YBCO was only on
the order of 0.5 2, the contact resistance for the brominated YBCO was ~15 ). The
contact resistance for both YBCO and YBCO-Br was found to decrease slightly as
the temperature decreased from 300 K to 4.2 K.

The resistivity measurements with and without magnetic fields were made using
a van der Pauw four-point probe method. With the magnetic field in the ab plane
or along the ¢ axis, but always perpendicular to most of the current, the magnetore-
sistance was measured for current flowing in the ab plane by sweeping the magnetic
field from 0 to 14 Tesla in 20 minutes. Heating effects were avoided by operating at
low current densities (J < J. where J, is the critical current density). The resistivity
measurements were checked for heating effects by increasing the current by a factor
of 5 to 10, and observing no change in the measured p,;. The reversibility of the
pab-versus- H measurements was checked by sweeping the field both up and down.

The inductive critical current density of brominated YBCO was obtained by
sweeping the applied field between —6 and 6 T at a fixed temperature, and using
the Bean critical-state-model formula for H || é-axis [35, 36]

J. = 30[M, — M_]/D (3.1)

where M (M_) is the measured magnetization for increasing (decreasing) field and

D is the diameter of the in-plane surface of the sample. For H | é-axis, a slightly
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Figure 3-2: Magnetization of a YBa;Cu3Qg 2Bro 9 single crystal as a function of field
(before demagnetization corrections are applied) at 4.5 K for field perpendicular to
the CuQ, plane. The magnetic field at which the magnetization starts to deviate
from the straight line is taken as the criterion for calculating H,;. After demagneti-
zation corrections are applied, the field value H,, is about 10 times greater than that

indicated by the arrow in the figure.

modified formula is used [36]

J. = 20[M, — M_]/d (3.2)

where d is the sample thickness.

The lower critical field H,; is defined to be the field (after applying the sample
demagnetization correction) where the magnetization versus field curve starts to de-
viate from linearity. Figure 3-2 illustrates the criterion for determining H.;. Using

this criterion, H,; versus T was determined.
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Figure 3-3: Measured p(T') versus T for a single crystal YBa;Cu3Og.2Bros (T. ~ 92 K)
shown by the solid curve. For reference, p(T') for a fully oxygenated YBayCu30s.
(T. ~ 92 K) single crystal is also shown (dashed curve) to illustrate the approximately
35-fold increase in the normal state resistivity on bromination.

3.3 Zero-Field Transport

Results for the zero-field temperature-dependent resistivity p(7") for the fully oxy-
genated YBa;Cu30g9 and YBayCu3Og 2Brog single crystals are shown in Fig. 3-3.

There is good agreement between our YBCO data for p vs T and the literature
values for YBCO single crystals [37, 38]. With the 7 or 8 available contacts per
sample, a set of 4 good contacts is selected. Qur best YBCO-Br sample exhibited a
zero field p(T') curve similar to that for the YBa;CuzOe.9 single crystal used for the
starting material, showing a linear T dependence for p(T'), except that the slope for
p(T) for the brominated sample (solid curve) is about 35 times larger than that for
the starting material (dashed curve). Of the three other YBCO-Br samples, one also
showed a linear dependence of p(T') with a comparable slope. The remaining two
samples which had been subjected to a prolonged acetone and ultrasonic cleaning
process exhibited much larger p and non-linear p(T') curves.

Despite the large increase in the normal-state resistivity for the brominated sam-

ples, they demonstrated almost the same T, values and transition widths (AT,). Note
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that the two resistivity curves almost coalesce if I scale the brominated YBCO curve
down ~~ 35 so that the scaled resistivity equals that of the pristine YBCO sample at
~100 K. The room temperature resistivity value for our best brominated YBCO sin-
gle crystal is accurate only to within 20% due to sample inhomogeneity and slightly
nonuniform thicknesses. This value of resistivity for the brominated sample is con-
siderably less than that quoted in Ref. [30] probably because the sample used there
had been subjected to a prolonged acetone and ultrasonic cleaning process.

As will be discussed in Sect. 3.6, the carrier density in YBa;Cu3Qsg g single crystals
is between 2 and 3 times that in YBay;Cu30¢.2Brog. If I assume a Drude expression
for the dc resistivity and assume that the effective mass remains the same upon

bromination, I can estimate the resistivity for the brominated sample by

p_B_r . NoTo ~ 2.51’0
Po NBrTBr TBr

(3.3)

where po, ng, 7o and pp;, npr, TB: are the resistivity, carrier density, and scattering time
of the fully oxygenated YBCO and the brominated YBCO single crystals, respectively.
Since in this chapter I always consider the factor [carrier density/effective mass|, the
assumption that the effective mass is not changed by bromination can be relaxed by
substituting the factor [carrier density/effective mass] for the quantity [carrier density]
throughout the text. Experimentally, pp;/po =~ 35 at room temperature. This leads
us to conclude that bromination greatly increases the scattering rate.

One might argue that the increase of the scattering rate is caused by an increase
in the number of impurities and grain boundaries after bromination. Impurities and
grain boundaries, however, tend to give rise to only weakly temperature-dependent
carrier scattering and hence should have little effect on the temperature dependence
(i.e., the slope) of the normal-state resistivity. The 35-fold increase of the slope of
p(T) indicates that impurities and grain boundaries alone cannot account for the

remarkable increase of the scattering rate.
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Figure 3-4: Magnetic field dependence of the resistivity for H || é-axis for a
YBa;Cu306.2Brgg single crystal as a function of magnetic field for various tempera-
tures from 69 K to 91 K. The 50% points which are taken as the upper critical field

are marked with bullets.

3.4 Upper Critical Fields

The measured resistivity as a function of magnetic field (both parallel and perpen-
dicular to the é-axis) at various temperatures is shown in Figs. 3-4 and 3-5.

For each of the lowest temperatures (for either field orientation), the resistivity
as a function of field rises from zero with an increasing slope up to some field value
above which the slope starts to decrease. The higher-temperature curves seem to
follow the same qualitative trend, except that their low-field zero-resistivity points
are not shown due to a finite remanent value of the applied magnetic field in our
superconducting magnet.

Although a sophisticated scaling procedure exists for uniquely determining the
upper critical field H., from the fluctuation conductivity data [24], the conventional
method, in which I define H,; as the field where 50% of the normal-state resistivity is
restored, has been shown to give about the same result for H.,(T') [24]. Moreover, I
am mainly interested in the change, not the absolute value, of H.; upon bromination.

This change can be obtained by consistently applying the same criterion, whether the
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Figure 3-6: Upper critical fields Hl.lz (solid circles and squares) and H_; (open circles
and squares) versus T for YBa;Cu30¢g (circles) and YBa,Cu3Q0g3Brog (squares)
single crystals.

simple resistive method or the elaborate fluctuation-scaling procedure, to both the
pristine and the brominated samples. Employing the resistive method, the calculated
values for H.(T') versus T are plotted in Fig. 3-6 and these results are compared with
those from the same batch of YBa;Cu3Os 9 single crystals before de-oxygenation.

The results of Fig. 3-6 show that bromination increases H, (with H | é-axis),
but decreases H), (with H || é-axis).

To obtain an estimate for the T' = 0 values for H,,(0), I use the WHH (Werthamer,
Helfand and Hohenberg) expression [39]

_ dH,\ .,
H_(0) = 0.69 ( T ) T, (3.4)

Referring to Fig. 3-6, the slope in Eq. 3.4 is taken to be tangent to the H.,(T') curve
at the highest available field (14 T) for our measurements and 7T is the intersection
of this tangent with the temperature axis. The results for H.(0) for the brominated

and pristine samples are given in Table 3.2 for the two magnetic field orientations.
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Table 3.2: Parameters deduced from analysis of the critical field measurements.

YBCO Br-YBCO
Parameter® | This work Iye? Moodera® || This work
HL(0) 78T 118 T 61T 53 T
£25(0) 21 A 7A 234 25 A
HL(0) 313T 510T 2227 776 T
¢.(0) 50A  39A <634 1.7A
(2) H defined at 50% p,,
(b) Ref. [40].

() Ref. [41].

The in-plane and é-axis coherence lengths at T' = 0, £,,(0) and £.(0), respectively,
[40, 41] are estimated from the relations derived from the effective-mass model based

on the anisotropic Ginzburg-Landau (GL) theory

ah0) = 520 (3.5)
and
Loy — bo
H;(0) = amEa(0)E0) (3.6)

where ¢ is the flux quantum. The results for {,,(0) and £.(0) are likewise listed in
Table 3.2.

Using the effective-mass model, I relate the H,, anisotropy to the effective-mass

anisotropy by

Hs _ & =( me )1/2 (3.7)
H¢|_,I2 £c Mab

Our results from Table 3.2 yield a ratio r = £,(0)/€.(0) ~ 14.6 and ~ 4.0 for
the brominated and pristine YBCO single crystals, respectively. I thus see that
bromination has increased the anisotropy of £(0) (and H.,(0)) by a factor of ~ 3.6.
From Eq. 3.7, I estimate the corresponding changes in the anisotropy of the effective
masses upon bromination to be a factor of ~13, as compared with ~4 for the pristine

sample.
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More specifically, bromination reduces £.(0) by a factor of 3, but leaves £,,(0) (or
the CuQ, planes) relatively unaffected. This suggests that Br doesn’t enter the CuO,
planes. This conclusion is consistent with the findings of Amitin et al.[25] that Cl
in YBCO occupies the three positions O(5), O(4) and O(1), all away from the CuO,

planes.

3.5 Pinning Potentials

From the data of Figs. 3-4 and 3-5, the pinning energy U(T, B) can be obtained using
the thermally activated flux motion relation [42, 43]

U(T, B) = kBTln(pE’;)) (3.8)

where pg is estimated as pg = p(T,) and T is taken to be the onset of superconduc-
tivity [43].

The uncertainty in T introduces a small systematic error, but this error does not
significantly affect our comparison of U(T, B) between the pristine and brominated
YBCO single crystals. Figures 3-7a and b show such a comparison as a function of field
for H || éat T =89.2K and H L ¢ at T = 76.0K, respectively. The horizontal lines
correspond to U ~ kpT and indicate the crossover between the thermally activated
dissipation (upper) and the flux flow (lower) regions. Note that no data points are
given in the flux flow region since Eq. 3.8, which describes thermally activated flux
motion, no longer applies here. Similarly, Figs. 3-8a and b compare the pinning
energies as a function of temperature at 5T for both field orientations. Again, flux
flow and thermally activated dissipation dominate the regions below and above the
straight lines U ~ kgT, respectively.

From Figs. 3-7a and 3-8a, bromination appears to decrease the pinning energy
for vortices aligned along the ¢ axis. A possible explanation for the pinning-potential

reduction is the increase of anisotropy [44] discussed above. Since

U=J.BR)L., (3.9)
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Figure 3-7: (a) The field dependence at 76.0 K of the activation energy U for flux
motion in the ab plane (H || ¢) derived from the resistivity data for YBa,;Cu3Og.
(open circles) and YBa;Cu3Oe2Broe (open squares) single crystals. The horizontal
dashed line U(T) = kgT separates the flux flow from the thermally activated flux
motion regions. (b) The corresponding field dependence at 89.2 K of the activation
energy for the flux motion perpendicular to the ab plane (H L c).
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where 7, is the range of the pinning potential, R, is the correlation length of the
vortices in the ab plane, and L. is the correlation length along the vortex, higher
anisotropy or shorter correlation length means smaller pinning energy, assuming the
other parameters r,, R. and J, remain the same in the ab plane. (J. in the ab plane, as
shown in Sect. 3.6, is in fact smaller at high field for the brominated YBCO samples,
reducing the pinning potential even further.)

For magnetic fields parallel to the ab plane, the anisotropy argument is inapplica-
ble, since the pinning mechanism is different and is believed to arise from the strong
modulation of the order parameter in the direction perpendicular to the layers [45].
As a result, the pinning energy for vortex motion perpendicular to the layers doesn’t
always increase for the more anisotropic brominated YBCO samples. In fact, as
shown in Figs. 3-7b and 3-8b, the pinning potential is smaller than that of the fully
oxygenated YBCO single crystals at low temperature and field.

3.6 Magnetization Measurements

Figures 3-9 and 3-10 present the critical current density J, calculated from the mag-
netization hysteresis data, using the modified Bean critical-state model for magnetic
field parallel and perpendicular to the ¢-axis.

Compared with J, of a fully oxygenated YBCO single crystal shown in the inset
of Fig. 3-9 [46], the J. values of our brominated YBCO single crystals are noticeably
suppressed, especially at higher fields and temperatures.

Moreover, J. for the brominated samples exhibits a much stronger dependence
on H than for the fully oxygenated samples. Note that since the resistivity for the
brominated YBCO becomes too low to be measured conveniently for the temperature
and field range considered in Figs. 3-9 and 3-10, the corresponding pinning energies
in this range are unavailable for comparison with the J. values presented here.

Figure 3-11 plots the measured lower critical field H, versus temperature of a
brominated YBCO single crystal. The inset shows the corresponding result by Lan
et al.[31] on a fully oxygenated YBCO single crystal for H parallel to the é-axis. The
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Figure 3-9: The field dependence of the inductive critical current density in a
YBa;Cu30¢.3Brog single crystal at various temperatures for fields parallel to the ¢-
axis. The solid lines are guides for the eye. The inset shows the corresponding field
dependence data for a YBa;Cu30-_, single crystal by Lan et al.[46].
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Figure 3-10: The field dependence of the inductive critical current density in a
YBa;Cu306.5Bro g single crystal at different temperatures for fields perpendicular to
the ¢-axis. The solid lines are guides for the eye.
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Figure 3-11: The temperature dependence of the lower critical field H,, for H || ¢
axis for a YBayCu3062Brg 9 single crystal. The inset shows the corresponding data
for a YBa;Cu307_, single crystal by Lan et al.[31].

anomalous upturn of H, at low temperature (7' < 50 K) for both the fully oxygenated
and the brominated YBCO single crystals can be attributed to the appearance of low-
temperature surface barriers [47].

For the high-temperature regime (T > 50 K), using the relation derived from the

anisotropic GL theory [11]
%,

Hy ~ —-
' 4 A2,

(3.10)

where ), is the penetration depth for H || é-axis and ®, the flux quantum, the value

of (HXBCO /HYBCOO-Br) hetween 2 and 3 implies that

/\Y;)BCO-—Br 2
2 S(W) <3. (3.11)

From the relation A%, oc mgs/n, [11], with m,, the effective mass in the ab plane,
and n, the density of the superconducting electrons which is taken to be equal to

the carrier densities ny and np, for the pristine and brominated YBCO samples,
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respectively, I get

2("3’) > % (3.12)

assuming my, is the same. The reduction of the carrier density in Eq. 3.12 by a factor
of 2 to 3 by bromination is consistent with the observed equivalent decrease in the
plasma frequency (from ~10,000 cm™! to ~6,000 cm~')[30]. It is interesting to point
out that even though the superconducting carrier density is reduced by more than
a factor of 2, the corresponding T, is unaffected for the brominated single crystals
relative to the pristine YBCO samples. This lack of variation in 7. as the carrier
density significantly decreases is consistent with the well-known plateau observed
in T, of oxygen-deficient YBa,Cu3O-_, [48, 49] for 0 < z < 0.12 where § = 0.12

corresponds to a decrease in the carrier density by a factor of ~2 {50].

3.7 Summary

Bromination of de-oxygenated YBCO single crystals increases the scattering rate as
well as the anisotropy. The relative lack of variation of £,;(0) and the reduction of
£.(0) by a factor of 3 upon bromination of YBCO suggest that Br never enters the
CuO, planes. The pinning energy for vortex motion in the ab plane decreases after
bromination and this decrease can be attributed to the increased anisotropy which is
measured independently. For vortex motion along the ¢ axis, however, the pinning
energy decreases or increases depending on temperature and field. Bromination sup-
presses J. and makes it strongly dependent on the applied magnetic field. At high
temperature, the H,; in the brominated YBCO single crystals indicates a reduction in
carrier density (by a factor of between 2 and 3) which is consistent with the observed

reduction in the plasma frequency [30).
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Chapter 4

Microwave Measurement

Techniques

4.1 Introduction

Surface impedance is an important material parameter. Besides its importance in
technical applications, surface impedance can offer insight into the superconducting
properties of a sample. Surface-impedance measurement is one of the most sensitive
techniques for probing a superconductor in its superconducting phase. In the fol-
lowing, I review the definition and physical meaning of surface impedance Z,. I next
describe the stripline resonator, the device I use throughout this thesis to perform my
microwave measurements, and show how Z, can be obtained from the quality factor
@ and the resonant frequency fy of the resonator. Then, I discuss the complications

arising from the nonlinearity of Z, at high microwave power.

4.2 Surface Impedance Z,

Consider a plane electromagnetic wave incident normally on a planar surface as shown
in Fig. 4-1. For a conducting surface, in general, most of the wave gets reflected while
some of it penetrates the conducting medium up to a distance of the order of the skin

depth of the material. The electric and magnetic fields at the surface depend on the
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Figure 4-1: Plane electromagnetic wave impinging normally on a planar surface cre-
ating surface electric field E perpendicular to surface magnetic field H. Z, = E/H.

/

properties of the material. The surface impedance Z, is defined by
Z,=FE/H=R,+jX, (4.1)

where the surface resistance R, determines the dissipation and the surface reactance
X, measures the energy stored in the medium.

If the material is a normal conductor, it is in the local limit if its electron’s
mean free path is short compared to the skin depth. Similarly, if the material is
a superconductor, the local limit is achieved when the coherence length £ is short

compared with the penetration depth A. From Maxwell’s equations, in the local

R w, o .
Z, = \[jpowp %’—(i +3) for oy € 0y (4.2)
V 2 2

where the (uniform) complex resistivity p = 1/o with the complex conductivity ¢ =

limit,

oy — JOos.

At the microwave frequencies, the high-7, YBa;Cu3O7_, superconductor is in the
local limit in the normal phase. In the superconducting phase, it is strongly local
also since £(< 204) < A(> 1400A). Similarly, the conventional superconductor NbN

considered in this thesis is also in the local limit both for the superconducting phase
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with £(~ 350A4) < A(~ 37004) and the normal phase. Hence, the nonlocal or the
anomalous skin-depth effects need not be considered here.
Almost all superconductors have oy < o, at most temperatures below 7.. Con-

sequently, from Maxwell’s equations,
o3 = 1/ pow?.

At frequencies (e.g., microwave frequencies) much less than the superconducting gap

frequency, Eq. (4.2) can be simplified to

1
Z, ~ §ung)\301 + jpow  for oy € 05 or R, < X,. (4.3)

1/2 for a normal metal

Note that R, o w? for a superconductor in contrast to R, oc w
(with real resistivity p) in the local limits. Furthermore, X, oc A at a fixed frequency.

For anisotropic superconductors such as high-T. materials, the scalar Eq. (4.1)
needs to be generalized to a tensor relation. Since I will consider only the cases in

which the fields lie along the principal axes, however, the tensorial surface impedance

is diagonalized and the scalar relation is adequate.

4.3 Stripline Resonator

The surface impedance Z, = R,+jX, can be measured by various kinds of resonators:
transmission-line resonators such as parallel-plates, stripline, microstrip, and copla-
nar; and cavity resonators. My measurements of Z, have been performed using the
stripline resonator.

Figure 4-2 shows the stripline resonator structure which consists of a center super-
conducting line sandwiched between two superconducting ground planes often of the
same superconducting material. The center line is an isolated section of a transmis-
sion line, coupled capacitively to the external circuit by two end gaps. The wavelength
of the fundamental resonant mode is twice the length of the center line. Overtone

resonances occur at multiples of the fundamental frequencies. The lengths of the
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Figure 4-2: Stripline resonator. (a) Center line on substrate. The rf current flows
along the line (z-direction). (b) Center line and ground planes.
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center line were chosen to yield a fundamental frequency of ~ 1.5 GHz for YBCO
films and of ~ 0.5 GHz for NbN films. With a width of the center line of 150 gm, the
transmission-line characteristic impedances Z, are 34 ) for LaAlOQ3 (e = 25) and 50
(2 for sapphire (€ = 10) dielectrics. Measurements of the surface resistance using the
stripline-resonator technique produce an ultimate sensitivity of lower than 107 (, as
demonstrated with niobium films at 4.2 K [51]. This sensitivity corresponds to a qual-
ity factor Q of 10® at 0.5 GHz. All the center line, the upper and lower ground planes,
and the substrates are enclosed inside a gold-plated copper package with rf connec-
tors. We have chosen the stripline resonator because it offers several advantages: The
stripline resonator has the highest Q among the transmission-line resonators since it
suffers no energy loss through radiation. The upper and lower ground planes not only
eliminate radiation losses, they also confine the field almost completely from stray
coupling to other lossy nonsuperconducting conductors. The narrow line geometry of
the stripline concentrates the current and field, facilitating nonlinear measurements
with relatively low input power. For instance, in a 50 2 stripline resonator, an input
power of only 0 dBm can produce a current density of 107 A/cm? when @ = 10® and a
corresponding peak magnetic field at the surface of greater than 100 Oe. Such a large
rf field amplitude is difficult to achieve in cavity measurements. Finally, the different
modes of the stripline resonator allow for studies of the frequency dependence of the
samples.

Substrate selection is important for transmission line resonators because rf fields
penetrate the substrates on which the center conductor and the upper ground plane
are deposited, inducing dielectric losses. For the YBCO films I measured, LaAlO;
substrates are used because of their lower (real) dielectric constant and lower mi-
crowave losses than SrTiOj, and better lattice matching than MgO. The NbN films
are deposited on sapphire.

After being patterned with standard photolithography, the YBCO and NbN films
are etched with 0.25% phosphoric acid and reactive ion etching in a CFC plasma,

respectively.
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Figure 4-3: Setup for measurement of Z, at low microwave field.

4.4 Measurement of Z, at Low Microwave Field

The setup for measurement of Z, at low microwave field is shown schematically in
Fig. 4-3. The stripline resonator is connected to a vector network analyzer (Hewlett
Packard 8720B Network Analyzer, 130 MHz — 20 GHz) which supplies the power and
measures both the amplitude and phase of the transmitted rf wave. The power level
is controlled by both the network analyzer and the attenuator. The low rf field limit
is usually achieved for rf powers less than —20 dBm. The calibrated insertion loss
can be obtained by subtracting from the apparent insertion loss the attenuation of
the circuit. At low power, the resonant curve is Lorentzian in shape, and the loaded
Q is given by fo/6fo where f; is the peak of the resonant curve and éf; is the 3-dB
bandwidth.
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4.4.1 Current Distribution

Using the London equations together with Maxwell’s equations, the current distribu-
tion in the cross-sectional area of the stripline has been calculated numerically based
on a modification of the Weeks [52] method, and incorporating a complex conductiv-
ity to describe the superconductor. From the current distribution, the inductance per
unit length and the resistance per unit length of the conductors can be calculated for
a particular geometry and as a function of penetration depth A. For small A/t where
t is the film thickness, the inductance and the relation between @ and R, are nearly
independent of ).

As is the case for any transmission-line geometry, in the cross-sectional zy plane of
the superconducting stripline (Fig. 4-2), the rf current density peaks at the surfaces,
edges, and corners [53]. For the superconducting YBCO stripline in the frequency
range that was considered in this work (1 < f < 17 GHz), the Meissner effect
dominates over the classical skin-depth effect in determining the depth of the rf field
penetration. At 77 K and 1 GHz, by taking the normal resistivity p, to be 50 p£ cm,
the skin depth is estimated to be 11.4 pm, which is much larger than the effective
magnetic penetration depth (A ~ 0.3 pm). The scale of the rf current peaks in the
cross-sectional area of the stripline resonator at the microwave frequencies considered
here is hence determined by A (except at temperatures very close to T,, which are
not considered here, where ) exceeds the skin depth). The current density is highly
nonuniform, especially in the center conductor where the currents are crowded to the
edges with the scale of the penetration from the edge determined by A. The smaller
the X, the more strongly peaked at the edges the currents are. The current in the
ground plane is much more uniform and about ten times wider than in the center
conductor. Consequently, the largest contribution to the losses comes from the center
conductor since losses are proportional to the square of the current density [54].

With the calculated inductance L and resistance R per unit length values, both A
and R, of the superconductors can be extracted from the measured resonant frequency
and @ of the stripline resonator. The peak rf self-field Hs at the edges can also be

calculated from the current distribution.
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4.4.2 Penetration Depth

The ) is determined by measuring the temperature dependence of the fundamental
resonant frequency of the resonator and fitting a model of the temperature dependence
of X to the data. The resonant frequency is proportional to 1/v/L where L is the
inductance per unit length. The inductance is a function of the penetration depth
which, in turn, is a function of the temperature. Thus, as a function of temperature,

the resonant frequency f(7T') is given by

LIXN(To)]
LIX(T)]

f(T) = fo(To)

where L()\) can be calculated from the current distribution, and 7} is a reference tem-
perature. The penetration depth is assumed to follow a two-fluid model’s temperature

dependence

A(0)

V1—(T/T)*

A more accurate temperature dependence of A(T') can be obtained from the Mattis-

XT) =

Bardeen [55] theory for the surface impedance of a superconductor. The two-fluid and
the Mattis-Bardeen temperature dependences produce curves of f(T')/ f(To) which are
nearly indistinguishable if calculated with slightly different values of A(0).

Figure 4-4 shows measurements on a NbN film of thickness 0.8 pm with the best fit
to calculations using A(T') computed from the Mattis-Bardeen expression with A(0) as
a free parameter. The best fit is achieved with A(0) = 0.387um. Figure 4-5 presents
similar measurements on a YBayCu307_, film 0.3 gm thick. The two-fluid model
is used to model the temperature dependence. The best fit yields A(0) = 0.167xm.
The fit shows some deviation from the two-fluid model, as others have reported [56].
This method of determining A has an approximate accuracy of 20% and is model
dependent. The inferred value of A shows high sensitivity to the value of 7, chosen.
For example, a shift of 0.1 K in T, can change A(0) by up to 10%.
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Figure 4-4: Determination of the penetration depth of NbN from resonance frequency
versus temperature, measured and calculated values. Film thicknesses ¢ = 0.8um.
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Figure 4-5: Measured and calculated values of resonant frequency of the fundamental
mode of the resonator versus temperature for a YBay;Cu3O7_, film. The calculated
values use the two-fluid model. The best fit is obtained with A(0) = 0.167um and
T. = 86.4 K.
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4,4.3 Surface Resistance

With the A determined via fitting to the temperature dependence of the resonant
frequency, the imaginary part o, of the complex conductivity and the inductance per
unit length L can be calculated. The resistance R per unit length can be obtained
from L and the measured @, by the relation @ = wL/R. The real part o1 of the
complex conductivity can then be calculated from R and ). The surface resistance is
given by R, = w?pu’0;1A3/2, where u is the magnetic permeability. For small \/¢, the
relationship between @ and R, is independent of A and

R, =Tf/Q (4.4)

where the geometrical factor I' = 0.412/GHz for the stripline geometry used in this
thesis. When A/t becomes comparable to unity, Eq. (4.4) must be modified to

Lf

= 0207

(4.5)

where A(A/t) is a correction factor to take into account the dependence of R and L

on A.

4.5 Measurement of Z, at High Microwave Field

Figure 4-6 shows schematically the setup for measurement of Z, at high microwave
powers. The setup is similar to that for low microwave powers, except that a high
frequency amplifier is inserted to boost the input power. The power dependence of
Z, is measured by stepping the value of the variable attenuator. In general, it is more
desirable to know the dependence of Z, on the microwave current instead of the input
power. The microwave current can be calculated directly from the @, the insertion

loss of the resonator, and the incident power, as discussed below.
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Figure 4-6: Setup for measurement of Z, at high microwave fields.
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Figure 4-7: (a) Equivalent circuit and (b) parallel equivalent circuit models of a
transmission line resonator, which are used for calculation of the resonator current at
resonance. C, is the capacitance of the coupling gap.

4.5.1 Microwave Current and Self-Induced Magnetic Field

The high @ values of the resonators translate into very high current densities for the
conductors. To calculate the current in the resonator center conductor at resonance,
the equivalent circuit model [57] shown in Fig. 4-7(a) is used.

The transmission line parameters per unit length: the capacitance C, the induc-
tance L, and the resistance R are derived from the ¢ and other parameters of the

resonator. Specifically,
nw

= Y (4.6)
1
L=og (4.7)
_ 2QcZO _ Qc
E= nr weC (4.8)

where n is the overtone mode number of the resonance, wp is the unloaded resonant

frequency, and Q. is the unloaded @ of the resonator. The voltage at resonance can
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be easily calculated by transforming the circuit of Fig. 4-7a into a parallel circuit. For
woC. < 1/ Ry, where C. is the capacitance of the coupling gap, the equivalent circuit
is given in Fig. 4-7Tb. Here I,, the current generated by the source, is I, = jwoC.V,,
where V, is the voltage generated by the source; and R,, the equivalent parallel source

resistance, is B, = 1/(wZC%R;). At resonance, the voltage in the resonant cavity is
? 0%e g

RR,

V=2
2R + R,

I, (4.9)

The Vi, defined as the voltage across the load resistance Ry, is Vi, = [R/(2R+ R,)|V,.
We can then define a voltage insertion ratio for the resonator, r,, as r, = [2V;/V,| =
2R/(2R + R,); T, is related to the insertion loss by IL = —20logr,. The cavity
voltage V is then given by

V= j\/r,,(l _ r,,)%v, (4.10)

and by using expressions 4.6, 4.7, and 4.8, we obtain

. rv(l_"'v)QcZO
V——]\/ . (4.11)

The available power P from the source is

V2
p=—: 4.12
1R, (4.12)

and the current I at the standing wave peaks in the resonator at resonance is

1| = ‘7‘/0' (4.13)

Substituting (4.12) and (4.13) into (4.11) yields:

'Il - \/’rv(l - rv)4QcP. (414)

TI.?['Z()

This is the rms value of I, so the maximum current, Iy, is I = 2I%. From the total
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current and the calculated distribution, the rf magnetic field at the surface of the
conductors can easily be calculated. The field distribution peaks near the edges, like
the current density. Throughout this thesis, I define the amplitude of the maximum

magnetic field at the peaks of the resonant standing wave in the center line to be H,.

4.5.2 Complications Arising from Nonlinearity

A. Distorted Resonant Curve

As the microwave power is increased, the @ decreases, and the center frequency of
the resonance shifts downward. As the power is increased further, the resonant curve
of the transmitted power vs frequency becomes distorted and depart markedly from
the usual Lorentzian shape.

Figure 4-8 shows a series of resonance curves for different input powers for a
YBCO film at 78 K for the first overtone mode of the resonator fo = 3 GHz. The
input power is stepped in 5-dB increments starting at —20 dBm and ending at +30
dBm (1 W). These results are typical of the behavior of a nonlinear oscillator [58]
and are similar to those observed in other superconducting resonators [59], except
that YBCO resonance curves usually do not show hysteresis in frequency sweeps, as
is seen in NbN (Fig. 4-9). The dashed lines are calculations using a transmission line
model with a nonlinear inductance and a nonlinear resistance [60]. Figure 4-9 show
the equivalent non-Lorentzian resonant curves for NbN films at high powers together

with the calculations [60].

B. Measurement of )

When the resonant curve gets distorted, the calculation of the Q by the 3-dB band-
width criterion becomes invalid. An equivalent circuit, however, can be used to show
that the Q) is proportional to the insertion loss at the peak of the resonant curve [61].
In practice, however, the ) values measured by the 3-dB points and by the insertion
loss at the resonant peak are found to differ by less than 10%. Consequently, I use
the 3-dB bandwidth criterion to calculate the Q at high rf powers in this thesis. The

resonant frequency for the non-Lorentzian resonant curve is still at the peak of the
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Figure 4-8: A YBay;Cu307_, resonator. Transmitted power versus frequency (f — fo)
for input power levels ranging from 30 dBm to —20 dBm in 5 dB increments. The
solid curve is the measured response, and the dashed curve is the calculated response.
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Figure 4-9: A NbN resonator. Transmitted power versus frequency (f — fo) for input
power levels ranging from 0 dBm to —16 dBm in 2 dB increments. Solid curve is the
measured response, and the dashed curve is the calculated response. Arrows represent
the sweep direction. Resonator operated at ¢t = T'/T. = 0.27.
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curve, where the total reactance of the circuit is zero.

C. Microwave Current and Self-Induced Magnetic Field

From the @, the input power, and the insertion loss, the rf current amplitude at the
standing wave maxima at resonance can be calculated exactly the same way as for
low-rf-power measurements (Sect. 4.5.1). The current as a function of the position 2z

along the length of the stripline still is
Ie(z,t) = I sin($) cos(wt), (4.15)

where ! is the length of the resonator center line and w = 27 f with f being the
frequency. Though derived assuming a linear circuit, Eqs. (4.14) and (4.15) can be
used to calculate the current at high rf power, because the measurements show that
the changes in the total inductance of the transmission line are small, even at the
highest rf power levels considered in this work. Therefore, the total current and the
current distribution remain, to a good approximation, unchanged at high power, since
they are determined by the inductance.

The peak self-induced surface field at the maxima of the standing waves at res-
onance H,s can be calculated from the current distribution [53], after obtaining the
current amplitude Iy (see Sect. 4.5.1). In the limit of zero rf field, Hy is proportional
to Ip, and the proportionality constant is a function of the geometry and A(T). At
nonzero rf field, the proportionality constant becomes dependent also on Is. For the
low and intermediate field regions (the vortex-free regions), we can use the zero field
value for the proportionality constant, since the power dependence of this constant
is weak [62]. For the high field region, our estimate yields only an upper limit to the

true H.

D. Surface Resistance

For rf fields at which nonlinear effects become observable, the power dependence of the

geometrical factor T in Eq. (4.5) must be taken into account. Furthermore, Eq. (4.2)
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no longer holds, since the complex resistivity p becomes spatially nonuniform. Nev-

ertheless, I can define an effective surface resistance as

R, =TXT)/d|f/Qc (4.16)

which reduces to

R, = Re(Z,) = Re([jwpop]*'?)

if p is spatially uniform. (For low enough rf magnetic field, p is in fact nearly uniform
[63].) This is the definition for R, that I use throughout this thesis. Note I'[A(T')/d]

here is the geometrical factor in the zero field limit.

E. Penetration Depth

Analogously, the effective London penetration depth A, which is inversely proportional
to the superconducting carrier density, becomes spatially nonuniform for nonzero rf

fields. I can define, however, an effective A at high H, as follows:
AT, Hxs) = Ffo(T, Hx)], (4.17)

where F[fo(T, Hy)] is the function mapping the temperature-dependent fo(T',0) into
M(T,0) in the zero-field limit [53]. Recall that fy denotes the resonant frequency (of a
certain mode n) of the resonator, whereas f denotes the frequency. The field-induced
change AX(T, Hy) can be calculated using

AXNT,Hy) 20 Afo(T, He)
X AL/ fo

(4.18)

where L is the total inductance of the stripline resonator, and dL/d) is its derivative

with respect to A [53].
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Chapter 5

Power Dependence of Surface
Impdedance of YBay,Cu3O-_,
Thin Films at Microwave

Frequencies

5.1 Introduction

Microwave measurements of the surface impedance Z, = R, + jX,, where R, is the
surface resistance and X, the surface reactance, provide one of the most useful probes
of the superconducting state. The surface resistance R, results from microwave power
losses and can be related to the normal carrier density, whereas X, reveals information
about the superconducting electron density.

This chapter is concerned with measurements and modeling of Z, as a function of
temperature, frequency, and rf magnetic field of high-quality YBa;CuzO7_, thin films
in order to provide insight into the mechanisms of superconductivity and to better
understand the microwave properties when the films are applied to practical devices.

The surface resistance R, in epitaxial thin films of high-temperature supercon-

ductors deviates considerably from the predicted BCS exponential drop at low tem-
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perature [64] below the superconducting transition temperature T.. The difference
between the measured R, and that calculated from the BCS theory is defined as the
residual surface resistance. All superconductors show a finite residual surface resis-
tance which dominates the intrinsic BCS value at sufficiently low temperatures. In
the oxide high-T, materials, however, the residual surface resistance is dominant up
tot = T/T. = 0.9. As will be discussed below, my analysis and measurements are
consistent with the residual surface resistance being an extrinsic effect, resulting from
defects in the material.

The nonlinearity in Z,, i.e., the dependence of Z, on the microwave current I,
in the oxide superconductors has been observed by a number of workers in both bulk
and thin film materials [65, 66, 67]. Nonlinear effects provide a means to study the
pair-breaking process, vortex creation, and vortex motion. A better understanding
of the nonlinearity can also help high-7, film makers characterize and improve their
films. The strong power dependence of Z, in high-temperature superconductors in-
variably affects possible applications of these materials. Decreases in the resonant
or increases in device loss have a negative impact on device performance. Moreover,
a nonlinear impedance leads to such nonlinear effects as intermodulation distortion
and harmonic generation. Microwave frequency 1/f noise may also be related to
nonlinear conduction processes.

In addition to presenting the measurements, I will attempt to model the linear
(in the limit of zero rf field) surface impedance as well as the nonlinear effects. The
linear residual surface resistance has been an important subject for study in high-T.
materials, and a number of authors have proposed models to explain it [68, 69, 70, 71,
72]. The nonlinear effects have also been measured by a variety of workers [66, 67, 73].
Little work, however, has been done to date to model the nonlinear effects in epitaxial
films. The epitaxial films reported here show similar behavior from sample to sample
and therefore can be modeled in a consistent manner.

The surface impedance of YBCO thin films shows two regions of qualitatively
different behavior: the low- and intermediate-rf-field and the high-rf-field regions. I

will first present the measurements and modelling of the two regions. Then I will
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Table 5.1: Parameters of films

Film Sample Thickness A(0)® T.® H,(T)® JE(T)®
[pm] [pm] [K] [Oe] [A/cm?]
YBCO:
Off-axis 1 0.30 0.17 86.4 190 (11K) 1.5 x107 (11K)
Off-axis 2 0.30 0.22 89.5 37(77K) 5.3 x108 (77K)
Off-axis 3 0.30 0.27 89.6 27 (77K) 1.0 x108 (77K)
Cylindrical 4 0.80 0.23 87 102 (77K) 2.8 x10°® (77K)
Cylindrical 5 0.20 0.22 88 189 (6K) 1.8 x107 (6K)
Pulsed laser 6 0.10 0.16 91 145 (4.3K) 5.5 x107 (4.3K)
Off-axis 7 0.20 0.17 90 17 (77K) 4.8 x10°8 (77K)
Off-axis 8 0.30 020 90 — —
NbN:
On-axis NbN1 0.80 0.39 153 42(13.4K) 1.2 x10° (13.4K)
On-axis NbN2 0.80 0.39 15.9 — —

@ Obtained by method described by Sheen et al. [53]
b Pinning critical current density JX and vortex penetration field H,, are obtained from fits
to the fundamental modes using the modified Bean model, see text.

discuss the validity, the limitations and some possible improvements of the models.
Magnetization data will be examined to determine the effects of structural defects on
the transport properties of the films. Finally, intermodulation products measurements
will be shown as an alternative microwave technique to study the nonlinearities in
a superconductor and to demonstrate that the nonlinearities observed in Z, are not

caused by heating effects, which are slow.

5.2 Samples

Several YBCO films were measured, eight of which are listed in Table 5.1. They
were deposited in situ onto LaAlO; substrates by off-axis sputtering [74], inverted-
cylindrical-magnetron sputtering [75], and pulsed laser deposition [76]. The transition
temperatures T, obtained via microwave Z, measurements range from 87 K to 91 K.
The dc critical-current densities for the YBCO films exceed 107A/cm? at 4.2K [17].
The low-rf-field R, is comparable to that of other high-quality films reported in the
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literature [64], e.g., for sample 7 in Table 5.1, R, at 1.5 GHz is 1.3 pQ at 19 K
and 12 pQ at 77 K. Two polycrystalline NbN films (Table 5.1) deposited on sapphire
substrates by planar on-axis dc magnetron sputtering of a pure Nb target in an argon-
nitrogen mixture were also measured for comparison [77]. NbN was chosen because
it is a conventional superconductor whose properties are similar to high-7,. materials:
large T, high upper critical field H;, high critical current density, strongly type II
(i.e., the Ginzburg-Landau parameter & 3> 1//2), etc. [78, 79].

After being patterned with standard photolithography, the YBCO and NbN films
were etched and assembled into stripline resonators. From the measured @ and reso-
nant frequency fo, we extract R, and A. The details of the resonators, measurements,
and determination of Z, from the measured quantities were described in Chapter 4.
The superconducting transition temperatures 7, were determined from rf measure-
ments and the zero-temperature penetration depths A(0 K) were estimated from the

temperature dependence of the resonant frequencies as also discussed in Chapter 4.

5.3 Nonlinearity of Z,(Hy)

Figure 5-1 shows the measured R, and ) as functions of Hy for sample 1 (Ta-
ble 5.1). Similar results are obtained for the other films. The behavior of both R, and
A is qualitatively different for the low- and intermediate- and high-rf-field regions. For
the low- and intermediate-field region (Hy < 50 Oe for sample 1), R, and X increase

quadratically in Hy,
R, = R,(0)[1 + brH]) (5.1)

and

A = A(0)[1 + brHZ (5.2)

where bg and by are quadratic coefficients. In the high-rf-field region (> 50 Oe for
sample 1), both R, and ) increase faster than the quadratic dependences observed
in the low- and intermediate-rf-field region. The broken lines in Fig. 5-1 are the best
quadratic fits to the entire field range of R,(H,s) and A(Hs). The noticeably large
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Figure 5-1: The measured R, (o) and A (O) vs Hy for YBCO sample 1 at 77.4 K
and 1.5 GHz. The vertical dashed line at 50 Oe marks the approximate place where
R, and )\ deviate noticeably from a quadratic dependence on H,s. The solid lines
are the best quadratic fits of the power-dependent coupled-grain model [63] to the
low- and intermediate-field region (< 50 Oe). The broken lines are the best general
quadratic fits for the entire rf field range both below and above 50 Oe to demonstrate
the non-quadratic behavior of R, and A.

deviation of the fits from the data indicates that R, and A are not well-described by
the simple quadratic functions Eq. (5.1) and Eq. (5.2). The quadratic dependence of
Zy(Hy) on Hy in the low- and intermediate-rf-field regime and the deviation in the
high-rf-field regime has also been observed by other workers on high-quality YBCO
films (see for instance, Rauch et al. [73] and Valenzuela et al. [66]).

Figure 5-2 plots R, vs HZ to emphasize the quadratic behavior in the low- and
intermediate-field regime. It is more illuminating to plot AR (Hy) vs AN Hy), as
shown in Fig. 5-3 for sample 1 at the same temperature and resonant frequency as in
Fig. 5-1. AR,(H,) and AX(H,s) are the changes in R, and ), respectively, induced
by the increasing rf magnetic field. The inset shows the full field range. As seen in
the figure, the large difference of the slope between the low- and intermediate-field
and high-field regions suggests two different kinds of loss mechanisms governing the
two regions.

For comparison, R, and X as functions of H.s for NbN are presented in Fig. 5-4 at

approximately the same reduced temperature ¢t = T'/T, = 13.4/15.3 ~ 77/87 = 0.885
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Figure 5-2: Surface resistance R, vs HZ for sample 1 at the same temperature (77.4
K) and frequency (1.5 GHz) as in Fig. 5-1. In the low- and intermediate-field region,
the data follow a straight line as the linear fit (solid line) shows.
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Figure 5-3: The rf-field-induced changes AR,(Hys) vs AM Hy) for sample 1 at the
same temperature and resonant frequency as in Fig. 5-1. The inset shows the entire
field range, whereas the main plot magnifies the transition region (around 50 Oe)
between the low- and intermediate-field regime and the high-field regime. The slope
is observed to change noticeably upon crossing from one region to the next, signifying
the appearance of new loss mechanisms.
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Figure 5-4: The measured R, (o) and A (0) vs Hy for NbN sample 1 at similar
reduced temperature T/T, = 13.4 K/15.3 K as for YBCO sample 1 in Fig. 5-1 with
T/T. = 77 K/87 K. The vertical dashed line at about 49 Oe marks the place where R,
and ) start to deviate noticeably from a quadratic dependence on Hy. The solid lines
are the best quadratic fits to the power-dependent coupled-grain model [63] for the
low- and intermediate-field region (< 49 Oe). Note that the distinction between the
low- and intermediate-field and the high-field regions is much clearer for NbN than
for YBCO films, since the slopes of R, and A for NbN change much more rapidly
upon crossing into the high-field region.

as for YBCO sample 1 in Fig. 5-1.

The quadratic dependence on Hy is again observed in the low- and intermediate-
rf-field region (< 48 Oe). In the high-rf-field region, the deviation from a quadratic
dependence is much more drastic than that in YBCO, making the distinction between
the two regions much more obvious. (The difference in the magnitudes of the deviation
in the high-rf-field regime between YBCO and NbN can be explained by the different
magnitudes of their critical current densities, as discussed later.) Figure 5-5 plots
the fractional change of R, vs A as induced by the rf current. Again, like for YBCO
films, a large change in the slope is observed as the data cross from the low- and
intermediate-field region to the high-field region.

In the next section, I focus on the low- and intermediate-rf-field region, the field
region below a certain value H,. I will use the power-dependent coupled-grain model
that I developed in the Meissner state to explain the data in this field region. The

model treats the superconductor as a network of superconducting grains connected
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Figure 5-5: The rf-field-induced changes AR,(H,) vs AA(Hy) for NbN sample 1
at the same temperature and resonant frequency as in Fig. 5-4. The slope changes
noticeably upon crossing the same field value 49 Oe as in Fig. 5-4, signifying the
appearance of new loss mechanisms.

by grain boundaries acting as resistively shunted Josephson junctions. In Sect. 5.5, I
will examine the data in the high-field region and explain them with a modified Bean
critical-state model, assuming the existence of rf vortices with H,, the microwave

equivalent of the dc lower critical field H.; above which vortices enter the sample.

5.4 Z, at Low and Intermediate RF Fields

5.4.1 Experimental Results
Zero RF Field Limit

I define the zero-field limit for Hys as the value of H,s below which R,(Hy) is
essentially independent of Hs. For all of the striplines reported here, Hys < 0.5 Oe
satisfies this definition. Experimentally, I find that the behavior of R, is dominated
by the residual surface resistance at low temperature (7'/7. < 0.9) and the BCS
theory does not apply. Figure 5-6 shows the zero field R, vs the reduced temperature
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Figure 5-6: Zero-rf-field R, for resonator 1 (circles), 2 (asterisks), and 4 (triangles)
as a function of the reduced temperature t = T'/T,. See Table 5.1 for the parameters
of the films.

t = T/T. for resonators 1 (circles), 2 (asterisks), and 4 (triangles). At 1.5 GHz,
the lowest R, value is about 15 pf at 77 K and 3 p(} at 4.3 K. These films show
the typical R, vs T behavior. As observed also by others [64, 66], R, drops sharply
near T, but then levels off to become nearly independent of T at low T', instead of
decreasing exponentially to zero for ' — 0, as predicted by the BCS calculations.
The high values of R,(T — 0) for high-temperature superconductors are probably
non-intrinsic since these values vary from sample to sample (Fig. 5-6) and sometimes
even within the same samples over time [73]. Very recently, YBCO films deposited
at the Research Center at Jilich, Germany, have shown an exponential drop in R, at
low temperature. This exponential decrease, however, occurs at temperatures much
lower than those predicted by the BCS theory. Furthermore, efforts in our lab to
observe this exponential decrease in striplines made from the same films from Jilich
have failed. More work is currently underway to measure and explain the behavior
of these unusual films. From now on, I will focus only on the more typical films that
have non-exponential behavior at low temperature.

The small local maxima in the R,(t) curves around the reduced temperature
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Figure 5-7: R, vs Hys at fo = 1.5 GHz for resonator 1 at different temperatures. The
solid lines are quadratic fits to the data for Hy < H,.

t ~ 0.6 are less prominent for resonator 1 than for the other two. Other workers
[73, 80] have observed similar peaks in R,, although the temperature at which these
peaks occur and the values of their heights appear sample dependent. The significance

of the peaks is not yet well understood.

RF Field Dependence

Figure 5-7 presents a detailed set of R, vs Hys data at different temperatures for
fo = 1.5 GHz. A least-squares quadratic fit to Eq. (5.1) is shown at each tempera-
ture in each of the intermediate rf field regions. All curves show similar qualitative
behavior. Each curve shows that at high fields where Hs > H,, the increase in R, is
deviates from the HZ curve. The vortex-penetration field H, decreases with increas-
ing T'. For the sake of clarity of the figure, the H, value at each temperature is not
explicitly indicated.

Figure 5-8 shows AA/X vs Hy for the same temperatures as shown in Fig. 5-7
except that there is no curve at 4.2 K since the change in A induced by rf power was

smaller than the experimental uncertainties. A least-squares fit of the data to the
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Figure 5-8: AM/) vs Hys at fo = 1.5 GHz for resonator 1 at different temperatures.
The solid lines are quadratic fits to the data for Hy < H,.

quadratic form

é/\i = byH} (5.3)

is shown in Fig. 5-8 for H,y < H,. The functional behavior of A\(H,s) is similar to
that of R,(H.). The fractional change in A, however, is very small compared with
that of R,. For example, (AM/)) = 0.01 < (AR,/R,) = 1.0 at 79.0 K, 1.5 GHz, and
H = 50 Oe for resonator 1.

Remember that the expression for the effective A at finite rf power in this section
is only an alternative expression of the resonant frequency of the stripline as defined
in Eq. (4.17). Figure 5-9 plots the resonant frequencies f, as functions of rf field
for the same set of temperatures as in Figs. 5-7 and 5-8. These resonant frequencies
were used to calculate the corresponding effective X in Fig. 5-8. The solid curves are
quadratic fits to the form fo = fo(0)(1 — b;H%) where fo(0) is the zero field resonant
frequency (of that particular mode n) and b; is the fitting constant.

Figure 5-10 plots R, vs Hys at T = 79.0 K for several resonant frequencies n = 1,

2, 3, and 5 for resonator 1. Mode 4 coincides with and is distorted by a resonant
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Figure 5-9: Afo/fo vs Hys at fo = 1.5 GHz for resonator 1 at the same temperatures
as Fig. 5-8. The solid lines are quadratic fits to the data.

frequency of the package, and hence is not shown here. The fitting procedure is the

same as that used in fitting the data in Fig. 5-7.

5.4.2 Power-Dependent Coupled-Grain Model

Background

With the preliminary experimental results for Z, and its nonlinearity, I have consid-
ered the possibility that the Ginzburg-Landau (GL) theory could be used to explain
them [65]. My early work shows [65] that the functional dependence of R,(T') on rf
power was consistent with the GL theory. Lam et al. [62] have also demonstrated
that the GL theory can be used to fit the change in the resonant frequencies. My
further efforts to calculate quantitatively the power dependence of R,(T') using the
GL theory have shown that the amplitude of the power-induced change in R,(T')
deduced from my measurements is too large to be explained by the GL theory with a
reasonable value of the thermodynamic critical field A, [81]. In addition, even with an
extremely low H, (< 0.1 T at 0 K), the GL theory fails to simultaneously fit the power

dependences of both R, and the resonant frequencies with the same parameters. As
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Figure 5-10: R, vs Hy at T = 79.0 K for various frequencies for resonator 1. The
solid lines are quadratic HZ fits to the data.

will be seen later, the power-dependent coupled-grain model developed in this section
agrees quantitatively with the measurements in the low- and intermediate-rf-field re-
gion and can fit simultaneously both R, and the resonant frequencies with the same
parameters.

Various models have been proposed to explain the non-BCS behavior of R,(T)
of the high-temperature superconductors. Most of these models can explain some of
the experimental results but not others. I now very briefly list some of the relevant
models and their shortcomings: The large residual surface resistance (at low power)
at low temperatures rules out any theories assuming a non-zero superconducting gap
such as the BCS theory. For the low- and intermediate-rf-field regime, the quadratic
dependence of R, on f and Hy rules out flux flow, flux creep, and hysteresis loss
mechanisms, since flux flow should give a linear dependence on H,s and no dependence
on f, flux creep should give a linear dependence on Hy [82], and hysteresis should give
a linear dependence on f as I will show later in this chapter. That Z,(H,s) depends
strongly on Hy rules out models based on intrinsic losses such as the Ginzburg-

Landau model, as shown before. Models with noncondensing electrons or small point
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defects whose only role is to introduce extra normal electrons also cannot explain the
observed large nonlinearity of Z,(H,s) [83].

The original coupled-grain model by Hylton et al. [71, 84] is among the simplest
of the models mentioned above, and it allows for a natural introduction of the rf
field dependence. Hylton et al., who considered only the low field Z,, modeled the
superconductor as being composed of a network of superconducting grains connected
by grain-boundary weak links, acting as resistively shunted Josephson junctions. The
grains are modeled as having intrinsic properties which can be calculated from the
BCS and the Ginzburg-Landau theories. The properties of the grain boundaries are
extrinsic to those of the grains. The residual R, and the nonlinear part of R, are
related to the properties of the grain boundaries which dominate over those of the
grains for temperatures T/T. < 0.9. The magnetic penetration depth A contains
information on both the grains (i.e., the energy gap) and the grain boundaries (i.e.,
the junction critical current density and the shunt resistance). Physically, the grain
boundaries determine the resistance because they are in series with the very small
intrinsic resistance of the grains at low temperature. The grains, however, determine
much of the inductance of the film (and hence the current distribution), since they
constitute most of the volume of the material. This simple physical picture explains
why the measured penetration depth is close to its intrinsic value, while the surface
resistance is orders of magnitude larger than its intrinsic value at low temperatures.

The original coupled-grain model, however, fails to account quantitatively for the
temperature dependence of R, at low temperature (t = T/T. < 0.8) [71]. Moreover, it
does not deal with magnetic-field effects. Attanasio et al. [85] extended the coupled-
grain model to take into account the field-dependent effects from the grain boundaries.

In this section, I further develop the coupled-grain concept to simultaneously
describe R, and ) as functions of temperature, frequency, and rf field amplitude.
The model accounts for contributions from both the grains and the grain boundaries,
resulting in the equivalent circuit for the intra- and intergranular admittances shown
in Fig. 5-11. I will start by deriving expressions for the effective complex resistivity

of the YBCO films.
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Figure 5-11: (a) Two grains of effective grain size a are coupled by a grain boundary
which acts as a shunted Josephson junction. One of the two grains and a grain
boundary constitutes a unit in the coupled-grain model. (b) The equivalent circuit of
the unit in (a) with oy, and o, the real and imaginary parts of the conductivity of the
grain, and oy; and o, the real and imaginary parts of the grain boundary averaged
over the grain size. Note that the shunt resistance R; is inversely proportional to
01 and the Josephson junction is represented as purely inductive for low rf currents
(much less than the effective critical current of the junction).
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Effective complex resistivity

Intragranular resistivity

For the YBCO grains, I apply the anisotropic Ginzburg-Landau (GL) equations [11]
with the transport (rf or dc) current density J(7,7) in the ab plane, where 7 stands
for time. I assume isotropy in the ab plane. The frequencies considered in this work
(< 17 GHz) are low enough that the Meissner effect dominates over the classical skin-
depth effect and hence the rf current can be treated in the same way as a dc current.
Furthermore, that these frequencies are much smaller than E,(7')/h > 1 THz satisfies
the condition for the applicability of the GL equations. Since only the transport
currents in the ab plane are considered, the results here are identical to those obtained
from solving the usual isotropic GL equations.

Considering the case in which H,s is small enough that the order parameter ¥
varies slowly in space (on the order of the intragranular penetration depth Ay, which
is much larger than the coherence length), I can set V¥ = 0 and V?¥ = 0. If I
rescale the dimensions so that the anisotropic GL equations become isotropic and use
the Coulomb gauge V - A = 0 in the new coordinates, the superconducting electron

density n, as a function of current density can be shown to be
A AT, T) o (T, J) = ny(T, 0)[1 — bo(T)J*(7, 7)), (5.4)

where bo(T) = A2(T)/2HX(T), and H. and ), are the zero-current thermodynamic
critical field and intragranular London penetration depth, respectively. At the current
densities considered in the low and intermediate field regimes, bo(T)J*(7,7) ~ 0.01,
assuming H.(0 K) of the order of 1 T [86] and A,(0 K) = 0.15 um [12]. Therefore, the
shift in n, or A can be treated as a perturbation. If I use the temperature dependences

Ag oc 1/(1 — t4)1/2 and H, o (1 — %) from the two-fluid model, then

X2(0 K) 1

%uqzzﬂﬂOKﬂl—ﬂXI—ﬁP'

(5.5)

Assuming that the real part o, of the intragranular conductivity o, = 041 — joy,,2 is
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much smaller than the imaginary part 0,2, I get the usual two-fluid model resistivity

Pg = Pg,1 + JPg,2 [87], where

(2 )1
Po1 = ;g,—z (5.6)
and
Pg2 = wl‘O’\z(Ta J) (5.7)
with

YT, J) = A2(0 K)[1 + bo(T)J*(F, 7)) ——~ (5.8)

1
(1-12)
Note from Eq. (5.6) that o,; and hence p,; go to zero as T — 0 (see Ref. [87]).
Ag(0 K) refers to Ay(T,J) at T =0 and J = 0.

Intergranular resistivity

The intergranular resistivity is derived assuming the grains are connected by resis-
tively shunted Josephson junctions [85] of effective critical current density J.. For
J < J., at the frequencies considered here, the inductive impedance dominates the
resistive impedance (see Fig. 5-11). The real and imaginary parts of the effective
resistivity py = py1 + jpJyz2, averaged over the cubic grains of size @, are derived in

Refs. [71, 85] and rewritten keeping only the lowest-order terms in J (K J.),

Wi (T)h JA(7,T)
a1 = 2eJc(TJ)RJA (1 R ) (5.9)
and
prz = w,uo,\J(T)(1 +J J(:(;)) ) (5.10)

where the effective continuum penetration depth A; is defined as

) WY

Rj is the (temperature-independent) shunt resistance of the Josephson junctions, and
A is the junction cross-sectional area A = a? or ad for grain size a smaller or larger
than film thickness d, respectively. The effective continuum penetration depth sy

should not be confused with the Josephson penetration depth which considers the
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details of the field penetration in the junction region, even though the two resem-
ble each other in form (in the limit of zero if current J — 0) [71]. The explicit
power dependences in Eqs. (5.9) and (5.10) arise from the power dependence of the
inductance of the Josephson junction [85]). Note that I have dealt explicitly with the
nonuniform current distribution J(7,7), which is assumed to be the same as that
for a superconducting stripline with no grain boundaries. (This assumption is valid
since the measured films are in the large-grain and strong-coupling regime [18], as
seen later.) Consequently, my results, which are derived for short junctions, will later
be generalized easily to long junctions by integrating over the whole junction area,
assuming a uniform J, across each junction.

Total resistivity

The total effective complex resistivity p = p; + jp2 is the sum of the intra- and

intergranular resistivities, p, and p;, respectively, where

P1 = pg1 + pia (5.12)
and likewise,
P2 = Pg2 + paz = wpeX’(T, J), (5.13)
with
X(T,J) = MA(T,J) + A3(T, J). (5.14)
From Eq. (5.9), I obtain
o1(fyT,0) = pu(£,T,0)(1 + b,J?), (5.15)
with
bp = bp’g +b J (516)
where
by = 2(1 — n,(T,0)/2]bo(T) pg, (£, T,0) (5.17)

(1 —n,(T,0)] p(£,T,0)
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is the intragranular contribution, and

1 le(f, Ta 0)
= : 1
1 = TT) b5 T,0) (519
is the intergranular contribution. From Egs. (5.7) and (5.10), I write
pz < N2(T,J) = X(T)(1 + brJ?), (5.19)
with
by = b,\’g + bA’_], (520)
where
AT
bx,g = 2bo(T) /\:(T; (5.21)
is the intragranular contribution and
2
L AA(T) (5.22)

is the intergranular contribution.

Zero RF Field Limit

The surface impedance Z, can be calculated from the formula for the surface impedance
of a good conductor Z, = (jwpuop)'/?, where p is the total effective resistivity derived

above. Since p, > p; [88],

Z, =R, +jX, ~ % + jwpod (5.23)

where A\* = A2 + )% [see Eq. (5.14)]. Equation (5.23) in the limit of zero rf field is
similar in form to that derived by Hylton et al. [71], except that p; here includes both

the intra- and intergranular contributions [see Eq. (5.12)].
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RF Field Dependence

I now calculate the power dependence of the @ and the resonant frequency fo (of some
mode n) for Hy < H,. Since the center conductor is much narrower and its peak
current density is at least two orders of magnitude larger than that in the ground
planes [53, 62], the contribution to the surface impedance from the ground planes is
more than an order of magnitude smaller and hence will be neglected. The power

loss P of the stripline resonator, averaged over one cycle, is given by

/fo
B /o1 f (1%0) ,/ol dz /A p1(fo, T, J)J*(7, 7)dzdy, (5.24)

where A is the cross-sectional area of the center conductor and J(7,7) is the current
density flowing in the z-direction (along the stripline of length ) as calculated in
Ref. [53]. From Eq. (4.15),

J(7,7) = Jo(z,y) sin(?llz) cos(woT), (5.25)

where [, Jo(z,y)dzdy = Ip and wp = 27 fo. I have assumed that the current distribu-
tion remains unaffected by a change in the rf power. This assumption is good in the
low and intermediate field regimes (Hy < H,), since the change in A, which deter-
mines the current distribution, is small relative to A as discussed above in Sec. IIL.B.

Substituting Eq. (5.15) into Eq. (5.24) and integrating over 7 and z, I obtain

b
P(L) = P(0)[1 + %E”ng], (5.26)
where
Ja J3dzdy
- 5.27
¢ Ja JEdzdy( [, Jodzdy)? (5.27)
and
P(0) = 1/ p1(fo, T,0)J2dzdy. (5.28)
44 Ly 0

The factor G in Eq. (5.27) is determined by the cross-sectional current distribution

which depends on the geometry of the transmission line.
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The total stored energy E averaged over one cycle in the stripline resonator can
be expressed through the inductive part of the circuit: £ = E,, + E;, where E,, is
the stored magnetic energy and Ej the stored supercurrent kinetic energy (giving rise

to the kinetic inductance). More specifically,

E,,,:/olm (1/f)/ po| H(F, 7)|2d7 (5.29)

and

E = /o e iy / f) / dz / o N (T, J)JA(F, 7)dzdy, (5.30)

where V is the total volume of the stripline resonator and H (7, 7) the rf magnetic field.
The total inductance L, the magnetic inductance L,,, and the kinetic inductance L
of the resonator can be obtained from iLIg = FE, %LmIg = E,,, and %LkIz = E,
respectively. Since the current distribution is basically unaltered by a change in the rf
power as discussed before, increasing the rf power, or equivalently the rf field, produces
little change in L,,. Consequently, I can attribute all of the power dependence of L
to L. (Direct numerical calculations of the kinetic inductance and the internal and
external inductances confirmed the domination in power dependence of the kinetic
inductance [53]). Since Afo/fo = —AL/2L, from Eq. (5.30), after a few simple
integrations, I get

fo(Het) = fo(0)(1 — beHE), (5.31)

in which the quadratic coefficient by, that depends on T, is given by

b,:—?—o;—‘; ~ (%)(%A)GC (5.32)

where A fo = fo(H:xt) — fo(0), G is a geometrical factor [Eq. (5.27)] and C = C(T) is
the proportionality constant between I? and H} in the limit Iy = 0, i.e., IZ = C HZ.

Similarly, I can write

wE wE(Hgs=0)_ 9

bP 2
Q=5 ~ o 1~ 1008 (5.33)
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Since R, o 1/@, I obtain an expression for the quadratic coefficient bg(7T') [defined in

Eq. (5.1)] AR o
2 C~ —2GC (5.34)

br = R(Hz=0)2 " 16

where AR, = R,(H.) — R,(0).

5.4.3 Comparison between Model and Experiment

The real part pg 1 of the intragranular resistivity approaches zero exponentially for
t < 0.7 in both the BCS theory and the two-fluid model [Eq. (5.6)]. In contrast,
the imaginary part pg, o A approaches a finite value at T = 0. Consequently, I
expect the introduction of the grain boundaries to produce a large increase in R,,
but only a relatively small shift in X,. In fact, the intergranular contribution to
X, becomes significant only when there are enough “bad” grain boundaries (of low
junction critical currents), or more quantitatively, when Ay > ;. I will show below
that R, and its field dependence are dominated by the grain boundaries, whereas the
magnitude of ) is dominated by the grains. The field dependence of ), however, is
dominated by the grain boundaries.

There are three fitting parameters J.(T'), a, and R; that need to be determined in
the coupled-grain model. Since the power dependence of R,(7) and X,(T') are most
sensitive to J.(T') and a, respectively, I will start by comparing the calculated br(T)
and by(T') with the measurements. The extracted values of J.(T') and a will then be

used in estimating the zero field R,(T), using R; as a fitting parameter.

RF field dependence

The rf field dependence of R, and ) in the low and intermediate field range is charac-
terized by the quadratic coefficients bg(T') and by(T') defined in Eqgs. (5.1) and (5.31),
respectively. To estimate bg(T') and b4(T) from Egs. (5.34) and (5.32), respectively,
I can calculate the geometrical factor G(T') from Eq. (5.27), the proportionality con-
stant C(T) in I? = CHZ, and the ratio Ly(Hy = 0,T)/L(Hyx = 0,T), using the

current distributions derived numerically by Sheen et al. [53].
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Figure 5-12: Temperature dependence of the quadratic coefficient bg. The solid line
is calculated from the coupled-grain model using the first set of values from Table 5.2.
The dashed lines are produced by the remaining four sets of values from the same
table.

Surface resistance
For the junction critical current density J.(0 K) between 10 and 107 A/cm?, the
power dependence of R, (or the unloaded @) from the grain boundaries is much

larger than that from the grains, i.e., b, , < b, s, assuming H.(0 K) of the order of 1
T [86] and A; = 0.15 pm [12] as before. From Egs. (5.16) and (5.18), I can write

(5.35)

throughout the entire temperature range below 7. Hence, from Eq. (5.34), I get

95,7
b ~ 27 GC. (5.36)

Figure 5-12 plots bg derived from the data used in Fig. 5-7 as a function of
temperature. The solid line is the calculated bp from Eq. (5.36) using @ = 3.5 pm (as
derived in the next subsection), A (T) = A,(0)/4/1 — (T/T.)%, and the Ambegaokar
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Table 5.2: Fitting parameters from the power-dependent coupled-grain model.

Film (Set) || Jo(0 K) (A/cm?) | a (pm) | R; (mQ)

1 (1) 4.0 x 10° 3.5 0.09
1(2) 3.0 x 10° 3.5 0.16
1(3) 5.0 x 10° 3.5 0.06
1(4) 4.0 x 10° 1.0 3.60
1(5) 4.0 x 10° 6.0 0.02
2 [ 34x10®° [ 30 | o0.01
3 [ 21x10° | 30 [ 032
* Best Set.

form for the junction critical current density

Ey(T), ., Ey(T)

Jo(T) = J0) E,(0) 2%pT’

(5.37)

where J.(0) = wE4(0)/2eAR,, and R, is the quasiparticle-tunneling resistance (dif-
ferent from the shunt resistance R; of the weak link). The critical current density
J.(0) is a fitting parameter [to br(T')]. The energy gap E,(T) is assumed to follow
the BCS temperature dependence and 2E,(0)/kgT. = 4.3 as used by Sridhar et al. to
fit their R,(T) data [89]. As seen in Fig. 5-12, the agreement of the temperature
dependence between the calculated curve (solid line) and the measurements is good
over the entire temperature range. Furthermore, the value of J,(0) ~ 4.0 x 10° A/cm?
obtained is comparable to the transport critical current densities JZ(0) of the samples
(see Table 5.1).

The dashed lines in Fig. 5-12 are estimates of bg with slight variations of a and
J.(0) to show the sensitivity of the calculations to these two fitting parameters (see
Table 5.2). The shunt resistance R; has been modified correspondingly to yield the
same zero field R,(T'). Note that R; affects only the zero field R,(T') (and not bg or
bs), and bg is far more sensitive to J, than to a.

The temperature dependence of bg(T') for samples 1 and 4, and an on-axis sput-

tered film from the Research Center at Jilich, Germany, is plottted in Fig. 5-13. The
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Figure 5-13: Temperature dependence of bg(T') for samples 1 (circles) and 2 (squares),
and an on-axis sputtered film (inverted triangles) from the Research Center at Jiilich,
Germany. For comparison, an estimate of bg(T") for the intrinsic losses using the
Ginzburg-Landau theory is also shown (dashed line).

solid lines are fits to the power-dependent coupled-grain model. For comparison, an
estimate of bgr(T) for the intrinsic losses using the Ginzburg-Landau theory is also
shown (dashed line). As can be seen, the intrinsic losses yields a power-dependent
coefficient bg(T') of about one order of magnitude smaller than that of the best Lin-
coln Lab high-quality films, indicating that there is considerable room for further
improvement in film quality.

Figure 5-14 shows AR,/H% = [R,(Hyx) — R,(0)]/H% = R,(0)br as a function
of frequency. AR,/HZ should be proportional to f?, since bg is expected to be
independent of f [Eq. (5.36)] and R,(0) o f* [90]. This quadratic dependence on
f is observed experimentally in Fig. 5-14, where the solid line (through the origin)
is the best least-squares quadratic fit to Crf2. The fitting parameter Cr agrees
within the experimental error with the calculation using the best calculated bg and
the experimentally determined value of R,(H, = 0).

Effective penetration depth.
With H.(0 K) of the order of 1 T [86], we find from Egs. (5.11), (5.21), and (5.22)
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squares fit of the data to Crf? with Ck a fitting parameter.
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Figure 5-15: Temperature dependence of the quadratic coefficient b;. The solid line
is calculated from the coupled-grain model using the first set of values from Table 5.2.
The dashed lines are produced by the remaining four sets of values from the same
table.
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that by s(T) > by4(T) even though A;(T) < Ay(T). In other words, the effective
penetration depth ) is determined by the grains but its power dependence is governed
by the grain boundaries. Figure 5-15 presents the measured b; as a function of T'.
The solid line is the calculated bs from Eq. (5.32) using the value J,(0) = 4.0 x 10°
A/cm? obtained above, and @ as an adjustable parameter whose value @ = 3.5 pm
(also used previously) gives a close fit to the data. The agreement between the
calculated bs(T) and the measurements is good. The effective grain size a is much
larger than the average grain sizes (typically less than 1 pm [84, 91, 92]), probably
because it denotes the average distance between only the grain boundaries with low
critical current densities which are important in determining the power dependence
of A,

The dashed curves in Fig. 5-15, which are calculated from the remaining four sets
of parameters in Table 5.2, are also presented to show the sensitivity of the calculated
by to variations of the corresponding fitting parameters a and J,.. It can be seen that
b; is nearly equally sensitive to variations of both J,(0 K) and a.

Figure 5-16 plots Afo/HZ = [fo(Io) — fo(0)]/HZ = fo(0)b; vs frequency. From
the model, Afo/H% o< f for the frequency range considered in this paper (fo < 17
GHz), since by is independent of f [Eqgs. (5.22) and (5.32)]. This linear dependence
of the calculated Afy/HZ on f is consistent with the measurements, as seen by the
straight line fit in Fig. 5-16 (solid line) to Cy f, where the fitting parameter C; agrees
within the experimental error with the calculation using the best calculated b; and

the experimentally determined fo(Hs = 0).

Zero rf field limit

The surface resistance R, falls rapidly below T, in both the two-fluid model and the
BCS theory. The dashed curve in Fig. 5-17 shows a BCS calculation for R, as a
function of the reduced temperature ¢ [93] with 2E,(0 K)/kgT. = 4.3, coherence
length { = 3.1 nm, and mean free path l; = 7.0 nm as in Ref. [89], and ),(0 K) =
0.15 pm as before. Above t =~ 0.9, the R, values derived from our data drop more
rapidly than predicted by the BCS model. This sharp superconducting transition
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Figure 5-16: Frequency dependence of A fo/ HZ. The solid line is the best least-squares
fit of the data to Cyf with C; a fitting parameter.

has been observed also in YBCO single crystals [80]. The behavior of R, at low
temperature is clearly non-BCS. By the coupled-grain model considered here, the
high residual value for R, below ¢ = 0.9 must come from the grain boundaries. From
Eq. (5.23), neglecting p,; and letting p; = pj for ¢t < 0.9 where pjs; can be estimated
from Eq. (5.9), I obtain the following relation for R, in the Hy — 0 limit:

paa(f,T,0)

Rs(f’ T’O) = 2A(T 0) ¢

(5.38)

By using the J.(T') and « derived previously (set 1 for film 1 in Table 5.2), a least-
squares fit of Eq. (5.38) to the R, data gives Ry = 0.09 m{2. The fit (solid line in Fig. 5-
17) looks reasonable, especially at low temperature (¢ < 0.3), though improvements
to the fit close to 7T, can be made if I introduce a temperature dependence to the
effective Rj.

The value of R; obtained here is about three orders of magnitude smaller than
that measured by Gross et al. [94] and Chaudhari et al. [95] on fabricated grain-

boundary single junctions. The difference in R; may be due to two factors: the
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Figure 5-17: Zero field R, for resonator 1 (circles). The dashed line is a BCS calcu-
lation with A(T' = 0, Hyy = 0) = 0.15 pm, 2E,(0 K)/kpT, = 4.3, coherence length
& = 3.1 nm, and mean free path l; = 7.0 nm. The solid line is a calculation from the
coupled-grain model as discussed in the text.

critical current densities of the fabricated grain boundaries in Refs. [94, 95] are an
order of magnitude smaller than those for my films, and my effective grain size a is
large. From Eq. (5.38), the fitting parameter R; goes as Ry ~ J? keeping everything
else constant. My larger critical current densities, therefore, should account for most
of the difference between our value of R; and those measured from fabricated grain-
boundary junctions [94, 95]. Moreover, since the fitting parameter R; also goes as
Rj; ~ a™3 [Eq. (5.38)] keeping everything else constant, my large effective grain size
a should account for the rest of the difference.

Vortex-penetration field H,

H, can be approzimated by eye from the Z, data. Figure 5-18 shows H, vs T for
resonator 1 at 1.5 GHz. The long-dashed curve is the best least-squares fit (weighted
by the error) to the two-fluid model functional form for the dc lower critical field
H,(0 K)[1—(T/T.)*] where H,(0 K) is a fitting constant. The fit becomes very poor

below about 60 K, where the experimental points also have larger error bars because
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of the gradual deviation of R, from a quadratic dependence of R, on H,s at low tem-
peratures. Because vortices first enter the grain boundaries (where superconductivity
is weakened) rather than the grains, H, is more likely to reflect the lower critical field
H,,; of the grain boundaries. Since H, s is directly proportional to J.(T') [96, 97],
the temperature dependence of H.,  should follow approximately that of the J. of
a Josephson junction. The solid line in Fig. 5-18 is the best least-squares fit to
H, = CgJ.(T) where J.(T) is given by Eq. (5.37) and the proportionality constant
Cy is a fitting parameter relating H.y j(T') to J.(T'). The results in Fig. 5-18 show
that the fit of the experimental points to the Ambegaokar critical current function is
slightly better than that to the two-fluid model but still well outside the experimental
€rror.

If I use the functional form suggested in Ref. [66], H, = H,(0 K)[1 — (T/T.)?%
with H,(0 K) as a fitting parameter, the fit becomes excellent (short-dashed curve
in Fig. 5-18). This functional form for the vortex-penetration field, however, is not
well justified theoretically. Note that all the above values for H), are obtained by
inspection, and hence are highly inaccurate, since small deviations can easily escape
the eye. These H,(T') values and their temperature dependence, however, agrees with
those obtained by Valenzuela et al [66] using coplanar transmission line resonators.
In the next section, I will present a more exact way to obtain H, by using it as a

fitting parameter in the modified Bean model.

5.4.4 Summary

I have presented a detailed characterization of the Z,(T, f, Hy) at low and intermedi-
ate rf fields for high-quality films of YBa,Cu307_, deposited in situ on LaAlO3. For
small Hy, I find that for ¢ < 0.5, the real part of Z,, i.e., R,, differs from the BCS
theory by orders of magnitude. This deviation has also been observed by numerous
other workers [64, 66]. With an appropriate set of characteristic parameters — J., a,
and Ry — I have simultaneously accounted for the behavior of the zero field R, and
the rf field dependence of both R, and A as functions of temperature and frequency,

using a coupled-grain model in which the superconductor is modeled as a network
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Figure 5-18: Vortex-penetration field H,(T') vs temperature for resonator 1 at 1.5
GHz. The long-dashed line is the best fit to H,(0 K)[1 — (T/T.)*] with H,(0 K) a
fitting parameter. The solid line is the best fit to the function H, = CyJ.(T) where
J(T) is given by Eq. (5.37) and Cpg is a fitting parameter. The short-dashed line is
the best fit to the function H, = H,(0 K)[1 — (T/T.)?] as suggested in Ref. [66].
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of superconducting grains of intrinsic properties connected by weak-link Josephson
junctions whose properties are extrinsic to the fundamental material and depend on
film deposition and sample preparation.

It is interesting to note that the fractional power-induced change in R, is more
than one hundred times larger than the fractional change in A. This is explained by the
coupled-grain model in a simple way. The resistance is dominated by the properties
of the weak-link Josephson junctions, which show a strong dependence on rf magnetic
field. The zero field inductance is dominated by the intrinsic properties of the grains,
which have weak dependencies on rf field. As the rf field is increased, the intergranular
inductance increases much more rapidly than the intragranular inductance. The
change in the intergranular inductance, however, is moderated by the large zero field

intragranular inductance.

5.5 Z, at High RF Fields

5.5.1 Experimental Results

The power-dependence of Z, in the low- and intermediate-field regime has been quan-
titatively accounted for in the preceding section by the power-dependent coupled-
grain model, which treats the superconductor as a network of superconducting grains
connected by grain boundaries acting as resistively shunted Josephson junctions
[18, 63, 84, 85]. The low- and intermediate- field regime corresponds to the Meissner
state of the coupled-grain network. According to this power-dependent coupled-grain
model, the Z, of the superconducting junction network is nonlinear because the imag-
inary part of the junctions’s impedance varies with input power.

As the microwave power is increased into the high-power regime (Hys > 50 Oe at 77
K for a typical YBCO thin film), Z, becomes more nonlinear than in the intermediate-
power regime, i.e., R, and X both increase more rapidly [63]. In the high-power regime,
despite the interesting physics involved and the obvious importance of this nonlinear

behavior of Z, to film and device makers [98, 99], such nonlinear effects have not been
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well-understood. I now present measurements of the losses at high microwave powers
and explain them with a modified Bean critical-state model.

At low rf currents (linear Z,), R,, A, and Hy, can be numerically calculated
[63]. At low and intermediate f fields, as the complex resistivity of the material
is no longer uniform, R, and A are not well-defined, and H,s has to be corrected
to account for the change in the rf current distribution. The deviation from the
linear case is relatively small at low and intermediate rf fields, but becomes large at
high rf fields as vortices enter the sample. I will continue, however, to employ these
parameters in their average forms because they are useful and intuitive parameters.
The corresponding well-defined parameters would be the unloaded quality factor Q,,
the resonant frequency fo, and the rf current on the standing-wave peaks I;¢. I define

the average parameters above as follows:

l/Rs x Qu) A o AfO) Hrf x Irf

with the same proportionality constants as those in the low-rf-current situation [63].
The Qu, fo, and Iy are not used because they are not fundamental parameters;
they depend on the geometry of the measurements. It is important, however, to
keep in mind that the average quantities R,, A, and H,; used in this section are
meaningful only as long as they are regarded as alternative expressions of the Q,,
fo, and Is. These alternative expressions, of course, revert fully to their well-defined
usual meanings at low rf powers.

The low- and intermediate-field region has been quantitatively explained by the
power-dependent coupled-grain model in the Meissner state. As mentioned before, I
propose that in the high-field region, above a certain vortex-penetration field H,, rf
vortices form and enter the sample, introducing vortex loss mechanisms. The super-
conducting film is treated as an effective continuous medium by averaging over the
grains, defects, and grain boundaries. The field H,, is thus the microwave equivalent
of the dc lower critical field H.;. Note that in the high-rf-field regime, the losses de-

scribed by the power-dependent coupled-grain model are still present. These losses,
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Figure 5-19: (a) Thin strip geometry with microwave current Iy o< Hys flowing along
the length. (b) Amplitude of Hy (or Ir¢) along the length of the strip. The sinusoidal
solid and dashed lines represent the first and second standing-wave resonant modes,
respectively. The positions of the intersection of the first-mode curve with the H,

horizontal line are also shown.
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referred to hereafter as Meissner losses, exist simultaneously with the added vortex-
loss mechanisms, because the Meissner shielding surface current persists even after
vortex penetration [100, 101]. Furthermore, in the stripline geometry with H,s not
much larger than H,, vortices enter only the sections of the line around the peaks
of the resonant standing wave (see Fig. 5-19). Part (a) of Fig. 5-19 shows a thin
strip with microwave current I+ o« H,s flowing along the length. Part (b) shows the
amplitude of Iy o« H along the length of the strip. Recall that H, is the peak rf
field at the edges on the maxima of the resonant standing wave and is a function only
of the coordinate z along the length of the line. The sinusoidal solid and dashed lines
represent the standing waves of the first and second resonant modes, respectively.
The positions of the intersection of the first-mode curve with the H, horizontal line
are also given. From Fig. 5-19, much of the line is still in the Meissner state for H
not much bigger than H,. Thus

R,=RM + R (5.39)

where RM and RZ correspond to Meissner and vortex hysteretic losses, respectively.
RM can be approximated above H, by the power-dependent coupled-grain model
[63]. Since hysteretic losses due to rf vortices are much larger than Meissner losses at
sufficiently high rf fields, R can be deduced quite accurately using Eq. 5.39. In the
next section, I calculate the unloaded @, of the stripline resonator using a critical-
state model. The calculated @, will then be inverted to give the effective surface

resistance R2 to compare with the measurements.

5.5.2 Analysis

The critical-state model is used to calculate the hysteretic losses at high rf fields. As
the model does not distinguish between Abrikosov and Josephson vortices, I treat
the films as an effective continuous medium, averaging over grains, defects and grain
boundaries. Using the Bean critical-state model in which the lower critical field H.;

is assumed to be 0, Norris calculated hysteretic losses [102] incurred in a thin strip
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of width > thickness by a low-frequency f < 1 kHz current I(t) with amplitude
I,. The emf (per unit length) induced in the strip is E(z) = d¢(x)/0t where z
refers to the coordinate (Fig. 5-19) along the width 2a of the strip, and the fiux
é(z) = po fy H(s)ds where pg is the permeability of free space. In each cycle, the
energy dissipated Ecyce equals

Ecyele = _/ol/f dt f_: )z)E(z)dz. (5.40)

where conformal mapping gives the sheet current ;3 which is the current density in-
tegrated over the sample thickness [102]. Norris found the dissipated power per unit
length P due to hysteresis to be

P= f"T"IZ'[a ~F)ln(1-F)+(1+ F)ln(1+ F) - F?| (5.41)

where F = (Io/I.) and I. = JP A with JP the critical current density arising from
vortex pinning (i.e., JF is determined by the balance between the Lorentz and pinning
forces [44, 103]: JF o< U where U is the vortex pinning potential) and A the cross-
sectional area of the strip. Equation (5.41) includes both the vortex-motion and

vortex-annihilation losses [104]. For Iy < I, Eq. (5.41) reduces to

P ~ fr—’;:z’Ig. (5.42)

Because of the thin-strip geometry, the hysteretic losses grow initially with the fourth
power of the amplitude I, instead of the well-known third power derived for a semi-
infinite superconducting slab [105]. From Eq. (5.42), as Iy — 0, R, & P /I goes to 0
as IZ for the thin film geometry. In contrast, as Iy — 0, R, « Io for an infinite slab.
Since there was no limit imposed on f in the derivation, Eq. (5.41) should apply
equally well at microwave frequencies [65]. Similarly, because the dimension along
the film thickness does not enter Norris’s conformal mapping formalism, Eq. (5.41)
can be used for the anisotropic high-7, superconductors. The bulk lower critical field

H_,, below which the superconductor is in the Meissner state (no vortices), however,

102



is assumed to be zero in both Bean’s model and Norris’s calculation. The assumption
of vortex penetration at arbitrarily small magnetic fields, whether externally applied
or induced by traversing current, is invalid for a real superconductor (see Appendix
A). For a magnetic field much larger than H,,, the assumption H.; = 0 gives a good
approximation. For fields around H.;, however, this assumption breaks down. To
account for Hy; > 0, I need to apply the modified Bean model {100, 101] to Norris’s
calculation. From the modified Bean model, no hysteretic losses are present for Hy <
H,; where Hy(I) induced by I is the peak magnetic field at the edge of the strip, since
there are no vortices penetrating the superconductor. For Hy > H,,, Hp is replaced
by Hy — H.;. The vortex-penetration field H,, is included for Hy > H,.; because the
equilibrium magnetization from the Meissner shielding surface current continues to
exist even after vortex penetration [100, 101]. With the above modifications, applying
Norris’s calculation to the stripline geometry, I obtain hysteretic power losses per unit

length for resonant mode n, for I, < Iy < I.:

44z

nfo,m1#o / LE
PB Al (It sin = L)*—= 7

(5.43)
where the rf current amplitude I replaces Iy in Eq. (5.42), I, is the total peak rf
current which produces a peak rf field H, with vortex-penetration field H, in place
of H., n is the resonant mode number, fo,m the fundamental frequency, and L
the length of the center line of the stripline resonator. The prime sign restricts the
integral to the portions along the length of the stripline resonator (Fig. 5-19) in
which the rf current I¢(z) = Iyssin(wz/L) is larger than I,. I neglected the small
contribution from the ground planes (<« 10%). Furthermore, the standing wave of
the current I4(z) is assumed to remain sinusoidal along the stripline, because the
total inductance per unit length which determines the current distribution along the
strip length is changed little upon flux penetration [63]. (The kinetic inductance
changes upon flux penetration, but this change is still very small compared with the

nearly-unchanged geometric inductance which is more than two orders of magnitude

larger [53].) From the hysteretic quality factor Q2 = 27 f€/P®? where £ = LIZ is the
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total stored energy per unit length and £ the total inductance per unit length of the

stripline, the microwave surface resistance due to hysteretic losses can be derived:

B ., "fomil'po

B~ famecrca

F(Hy) (5.44)

with o
L—;L‘_- arcsin( &)
F(Hg) = /L 1 Hoesin ”{f — H,)*/H?

”

dz

7 (5.45)

arcsin( 772 )
where H2 = CI% with C a function of temperature only [63], I' = 0.41 Q/GHz
is a geometrical factor, and A(A(T)/thickness) is a correction factor for finite film
thickness [54]. Note that RP o f, as expected for hysteretic losses, and R? o
1/(JF)? where JP = I./A. Recall that J? or I, refers to the current density or the
corresponding total current determined by vortex pinnings as discussed in the next

section. Equation (5.45) can be integrated exactly,

F(Hyg) = %j;r—&(mw + 72m(Hye/ H,)? + 97 (Hy/ H,)Y

—[100 -+ 110( Hye/ H,)?)/(Het/ H,)2 — 1
_[48 + 144(H/ H,)? + 18( Hye/ H,)*| arcsin(H, | Hyc)).

Figure 5-20 plots F(H,s) with H, = 50 Oe. For comparison, two quadratic curves
o H% and o« (Hy — H,)* are shown to emphasize the non-quadratic behavior of

F(Hy) around H,.

5.5.3 Comparison between Model and Experiment

At each temperature and frequency, RZ is determined from the experimentally mea-
p q s

sured R, in the following manner. The low-field R,(Hy) is fit to Eq. (5.1):
R,(Hyx) = RY (Hy) = R,(0)[1 + brH]

in the low- and intermediate-field regime. In the high-field regime, R2(Hy) =
R,(H,) — RM(Hy) with RM(H,) the extrapolated values of R, from the low- and

intermediate-field regime. The extracted RZ, in other words, is simply the deviation
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Figure 5-20: Function F(Hy) vs Hys with H, = 50 Oe. For comparison, two quadratic
curves o< HZ (dashed line) and oc (H,f — Hp)? (dotted line) are shown to emphasize
the non-quadratic behavior of F(Hys) around H,.

of R,(Hy) from the H’-dependent curve.

Figure 5-21 plots RZ vs f, for several YBCO samples. For each sample, R? is
plotted vs resonant frequency at some fixed temperature and rf field value. For most
of the samples, RB o« f* where a approaches 1, as expected for hysteretic losses
[Eq. (5.44)]. For the other samples, no clear frequency dependence is observed as the
data are either lacking or too scattered. The solid line is the best least-square linear
fit cgf*, with the fitting parameter cp, to RZ of sample 7. The inset also plots R,
vs f for sample 7 at very low rf field, which exhibit clear f? dependence, as expected
from the power-dependent coupled-grain model [63]. The solid lines in the inset are
the best least-square linear and quadratic fits to the low-field R, and the high-field
REB data, respectively.

Figure 5-22 plots RB vs H for sample 1 at f = 1.5 GHz at several temperatures.
The solid lines are fits using the hysteretic-loss model developed in the previous section
[Eq. (5.44)] with two fitting parameters: the vortex-penetration field H,(T') and the

pinning critical current density JF(T'). The fits are good over the whole temperature
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Figure 5-21: The frequency dependence of the surface resistance R? = R, — RM
where R, is the measured total surface resistance, RM the extrapolated value of the
H2-dependent R, from the low and intermediate field region. The extracted RZ is
attributed to hysteretic losses (see text). For each YBCO sample, the temperature
and the rf field value at which RZ is extracted are given: sample 1 (o) at 68 Oe,
sample 5 (inverted triangles) at 500 Oe, sample 6 (o) at 500 Oe, and sample 7 (O)
at 120 Oe. For most of the samples, RE « f* where a approaches 1, as expected for
hysteretic losses [Eq. (5.44)]. The solid line is the best least-square linear fit to R of
sample 7. The inset also plots RP (O1) vs f (A) for sample 7 at very low rf field. R?
for sample 7 exhibits a clear f? dependence, as expected from the power-dependent
coupled-grain model [63]. The solid lines in the inset are the best least-square linear
and quadratic fits to the low-field R, and the high-field R2 data, respectively.
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Figure 5-22: The RB vs H, for sample 1 at several temperatures. The solid lines are
fits using a modified Bean critical state model (see text) with two fitting parameters:
the vortex-penetration rf field H,(T'), and the pinning critical current density JX(T).
The H,(T) values are indicated at each measurement temperature by the arrows.

range. Similar good fits are also obtained for other YBCO films.

Vortex-Penetration Field H,(T)

The H,(T) values for YBCO from the hysteretic model are about 30% less than
the values estimated by eye in both the AR, vs ) and the AR, vs HZ plots (e.g.,
Figs. 5-3 and 5-2). These difference between the H,(T) values obtained from the
fits to the hysteretic model and the eye-detected values arise probably because the
method of determining H, by detecting slight deviation from the straight lines has
large uncertainties. In NbN films where the initial deviation from the HZ-curve is
much larger (see Fig. 5-4), the H,, values obtained by fitting and the estimated values
by eye agree to better than 15% (Fig. 5-4).

Figure 5-23 shows the temperature dependence of the fitting parameter H,(T') for
sample 1 and sample 5. For sample 5, H,(T') is approximately the same for both
mode 1 (1.5GHz) and mode 2 (3.0GHz) over the whole temperature range below T..

Figure 5-24 shows the frequency dependence of H,. For most of the YBCO films,
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Figure 5-23: The fitting parameter H,(T'), which is the rf-vortex-penetration field,
plotted vs temperature for resonators 1 and 5. For sample 5, results for the first two
modes at 1.5 GHz and 3.0 GHz are shown. The dotted line is the best fit to the
function H,(T) = Hp(0)[1 — (T/T.)?] for sample 1 with H,(0) a fitting parameter.
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Figure 5-24: The fitting parameter H,(T') vs resonant frequency for several samples
at various temperatures. The scatter of the H,(T') values is probably the result of

the films’s non-uniformity (see text).
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the values of H,(T) appear to be independent of frequency for the frequency range
considered (< 14 GHz). For some of the samples, which are not shown in Fig. 5-24, H,
as a function of frequency exhibits a large amount of scatter that is probably the result
of the films’s non-uniformity. For different resonant modes, the peaks of the resonant
standing waves are located at different places along the length of the stripline. For
nonuniform films, the field values for vortex penetration may be different at different
locations of the films, which would lead to different H, values for different resonant
modes.

The values of H,(T) obtained here are lower than H;;* which are already much
lower than Hilf, where H; (~ 250 Oe at 0 K) and Hllf (~ 850 Oe at 0 K) are the lower
critical field values measured in YBCO single crystal [86] and epitaxial films [106, 107]
with an applied dc magnetic field perpendicular and parallel to the c-axis, respectively.
Using the anisotropic Ginzburg-Landau model, Klemm [108] calculates the lower
critical field H.i(0g) where g is the angle between the c-axis and the dc applied
field. He finds that H.,(0x) decreases rapidly for 85 > 10°. The decrease of Hc1(0x)
with increasing 85 for YBCO has also been observed experimentally [109, 110]. That
our H, values reflect HX° more than H!f can be attributed to the high curvature of
the stripline’s rf-field lines, especially around the edges (Fig. 5-25).

For a YBCO film of thickness 0.3 pm and A(T') = 0.2 pm, the maximum magnetic
field at the corners of the center strip with cross-section 0.2 pm x 150 pm makes an
angle 0y ~ 20° with the c-axis [81].

Since the penetration field H, for a YBCO c-axis film is suppressed towards H}:°
values by the average field curvature, H, is expected to be higher for thicker films
which have less average curvature. The thickest YBCO sample 4 (Table 5.1) has an
H, (~ 380 Oe at 36 K and ~ 102 Oe at 77 K) about 3 times larger than those of
thinner YBCO films, in agreement with the simple picture of field curvature.

That the H,(T') values for YBCO thin films obtained are low even when compared
with the intrinsic H® of YBCO single crystals [86] can be also attributed to lower
vortex-penetration fields for the junction defects and grain boundaries in the films

where vortices first penetrate. Thus in YBCO thin films, both the strong field curva-
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Figure 5-25: Schematic showing the current-induced rf magnetic field around the
cross-sectional area of a superconducting strip in the Meissner state carrying an rf
current (out of the page). The rf magnetic field lines are strongly curved, especially
around the edges. Though some field lines penetrate the thin strip, no vortices are
formed yet at sufficiently low magnetic field. The field contour lines bulge at the two
ends where the current density is highest.
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Figure 5-26: The fitting parameter JF(T') which is the pinning critical current density
vs temperature for resonators 1 and 5. The dashed lines are guides to the eye. For
resonator 5, the first two modes at 1.5 GHz and 3.0 GHz are shown. The dc critical
current density, as obtained by dc transport measurements on a film deposited under
the same conditions as YBCO sample 1, is also shown (asterisks) for comparison.

ture and defects and grain boundaries may be working together to lower the H,(T)

values.

Pinning Critical Current Density JF(T)

Figure 5-26 plots the second fitting parameter JF(T') from the modified Bean model
for samples 1 and 5. Despite the simplicity of the Bean model, values of the fitting pa-
rameter JP(T) for sample 1 agree well both in amplitude and temperature-dependence
with the critical current density J7 obtained by dc transport measurement on a film
deposited under exactly the same conditions. (JI cannot be measured in the sample
1 used for the resonator, but J7 is available for a sample deposited under the same
conditions and this is shown in Fig. 5-26). For sample 5, the JP(T') values extracted
for two different modes, mode 1 at 1.5 GHz and mode 2 at 3.0 GHz, are nearly
identical.

The JP(T') values are about an order of magnitude larger than the fitting param-
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eter J.(T) extracted from the fits using the power-dependent coupled-grain model in
the low- and intermediate-field region [63] for the same films. This difference can
be explained as follows: The J,(T') in the power-dependent coupled-grain model re-
flects the critical current density of a resistively shunted Josephson junction, whose
temperature-dependence follows the Ambegaokar functional form [63]. This J.(T') is
directly related to the lower critical field of the junction (i.e., the vortex-penetration
field) [96] and has nothing to do with vortex pinning. On the other hand, JF(T)
reflects the vortex pinning strength [44, 103] (JZ oc U). Vortices start to penetrate
for current densities larger than J., but the magnitude of the hysteretic losses is de-
termined by JZ, as shown in Eq. 5.44. The transport JX measures the sum of the
junction J, and the pinning JF. In the limit of strong pinning, J¥ > J, and hence
JT ~ JP. Our result JT ~ JP > J, implies strong vortex pinning for YBCO, con-
sistent with other vortex-pinning measurements which reveal strong pinning forces
in YBCO (see for instance, Wu and Sridhar [86]). In the limit of weak pinning,
JCP < J. and hence JCT ~ J.. Since the NbN films are highly granular as observed via
transmission electron microscopy (with average grain size of about 0.02um), I expect
weak pinning for Josephson vortices moving along each junction, because the order
parameter is suppressed there [111]. For NbN sample 1 at 13.4 K (Fig. 5-27), the
effective critical-current density of the junction is J, ~ 5.8 x 10° A/cm?, as obtained
from the fit using the power-dependent coupled-grain model [63] for the low- and
intermediate-rf-field regime, whereas the pinning JP is JF ~ 1.2 x 10° A/cm?, as
obtained from the fit using our hysteretic-loss model [Eq. (5.44)]. These are to be
compared with the measured dc transport JZ values of 0.7 to 6.7 x 10° A/cm? at 13.4
K for several granular NbN films.

That J, > JF for NbN compared with J. < JF for YBCO gives rise to the
abrupt change in the R, and A vs H,¢ curves for NbN films at H,, but only a gradual
change for YBCO films. To see more clearly how the abrupt change in NbN comes
about, consider the limit of zero vortex pinning: As soon as the induced field exceeds
the vortex-penetration field H,, of the film, vortices would penetrate the sample ev-

erywhere, in the absence of macroscopic shielding current arising from pinning. This
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Figure 5-27: Comparison between YBCO (asterisks) and NbN (o) films. The R, vs
Hy are plotted for YBCO sample 2 (at 1.5 GHz) and for NbN sample 1 (at 1.7 GHz)
at similar reduced temperatures T'/T. ~ 13.4 K/15.3 K ~ 78 K/90 K = 0.867. The
dotted lines are fits to the power-dependent coupled-grain model [63] for the low- and
intermediate-rf-field region. The dashed lines are fits to a modified Bean critical state
model.

sudden influx of vortices would produce sharp changes in the pair density and in the

losses, and hence in A and R,, respectively.

5.5.4 Summary

I have measured the microwave surface impedance as a function of the microwave
magnetic field at various temperatures and frequencies for several types of YBCO
films of different thicknesses and for NbN films. For both YBCO and NbN, R,(Hy)
and A(H;¢) can be divided into two regions: 1) the low and intermediate rf field region
and 2) the high rf field region. The value of H, that separates the two regions is the
vortex-penetration field H,(T). In the low- and intermediate-field region, the power-
dependent coupled-grain model (for the Meissner state) quantitatively accounts for
the power dependence of both YBCO and NbN films, giving R, & f% and AR, x H3.
In the high-field region, both R,(H;s) and A\(Hy¢) deviate from the low-field quadratic
dependence on HZ. Using a modified Bean model (H, > 0), I adapted Norris’s cal-
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culations to account quantitatively for the behavior of RZ(H,) for most YBCO and
NbN films at various temperatures and frequencies with two fitting parameters H,(T)
and JP(T). The measured RP is found to be nearly proportional to frequency for
several samples. While I think I have strong evidence that R? « f, some samples
did not show a clearly defined frequency dependence, probably because of film non-
uniformity as discussed in Sec. 5.5.3. The frequency dependence of R? hence requires
further study to understand the effect of non-uniformity.

The values of H,(T) obtained show vortex penetration occurring at field values
closer to the dc H}® than to the Hlllc values. This behavior of H,(T') can be explained
by the curvature of the magnetic fields at the edge of a superconducting thin-film
strip. That the H,(T) values for YBCO thin films obtained are low even when
compared with the intrinsic H° of YBCO single crystals [86] may be attributed to
lower vortex-penetration fields for the junction defects and grain boundaries in the
films where vortices first penetrate. The field H, is therefore an extrinsic quantity,
leaving room for improvement of the power-handling capability of the films through
improved deposition techniques.

The values of JP(T) extracted from the fits using the hysteretic-loss model agree
with the critical current densities J7(T') obtained by dc transport measurements for
YBCO but not NbN films. The disagreement for NbN can be explained by considering
the effects of strong vs weak pinning on the J values. The strong pinning in YBCO
and the weak pinning in NbN also are shown to be responsible for the qualitatively
different behavior in R, above H,.

The use of the critical-state model to calculate hysteresis losses has been done
before. Easson and Hlawiczka [112] measured a.c. dissipation in smooth-surface bulk
Nb and used the modified Bean critical-state model successfully to explain their data.
Recently, Sridhar [113] applied the formalism by Norris [102] to calculate hysteretic
losses in an isolated strip at the microwave frequencies. Sridhar’s approach, however,
differs from my approach in this work in that he assumes that microwave vortices
penetrate the film as soon as the rf field is induced. In other words, H), is assumed

to be zero, which disagrees with the results of the discussion presented in Appendix
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A of this work.

5.6 Conclusion and Discussions

I have presented the complete characterization of Z,(f, T, Hy¢) for high-quality YBCO
thin films. At each temperature and frequency, the Z,(Hy) curves can be divided
into two regions. In the low- and intermediate-field region, R, and A have a quadratic
dependence on H¢, which can be accounted for by the power-dependent coupled-grain
model. In the high-field region, R,(H,) increases faster than HZ and can be explained
by a hysteretic critical-state model. The field value at which the faster increase
becomes noticeable is the same value as the point where the resonant curves becomes
non-Lorentzian and that point is identified with the beginning of rf vortex penetration.
In the high-field region, the frequency dependence of R, appears to change from
R, « f2, which holds for the intermediate-field region, over to a dependence R,  f.

Despite their simplicity, both the power-dependent coupled-grain and the hystere-
sis models explain simultaneously Z, as a function of frequency, temperature, and rf
field remarkably well for various types of superconducting films of different thick-
nesses. In the following, I will remark on the validity of the two models and how they

relate to real physical mechanisms.

5.6.1 Validity of the Coupled-Grain Model

As discussed in Chapter 2, many structural defects exist in a superconductor. For
high-T, materials, these defects tend to play an especially important role in deter-
mining the transport properties because of the extremely short coherence lengths and
the higher operating temperatures which promote scattering. Twin-boundary defects
have been shown to have little effect on the surface impedance [114], among all the
common defects in high-T, superconductors such as point defects, line and plane
defects, stacking faults, and a-axis. Like the possible existence of noncondensating
normal carriers, point defects can account for the large residual surface resistance in

high-T, superconductors. Nevertheless, as I calculated, they contribute little to the
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strong power dependence observed in these materials. Though a-axis grain-boundaries
can behave as very weak links, their contribution to the microwave losses is probably
small because there are very few of them in high-quality c-axis films. Thus stacking
faults and plane defects appear to be the most important defects determining Z,.
In a typical high-T, film, stacking faults and line and plane defects are dissimilar,
randomly distributed with all possible planar orientations. Furthermore, the size of
these structural defects can vary greatly. It is therefore oversimplifying to model
them as a uniform array of junctions as in the coupled-grain model. Nevertheless,
the coupled-grain model does contain the essential features and serves well as a basis
for a more complex model.

A relatively simple and immediate improvement that can be made on the power-
dependent coupled-grain model is to assume elongated (along the current direction)
instead of cubic grains. The physical justification for this is two-fold. First, non-
cubic grains are more realistic as there is little correlation among the defect size and
the distance between defects. Second, not every defect along the current direction
contributes significantly to the transport characteristics. In other words, the junctions
along the current direction can merge to form long elongated grains. With elongated
grains, I red-id the fits of the power-dependent coupled-grain model to the data for
sample 1 in Table 5.2. Assuming the same grain size (3.5 pm) perpéndicula,r to
the current direction and the same grain thickness as the film thickness (0.3 pm), I
obtained identically good fits with the new junction resistance Ry ~ 12 uQ which
is much closer to the values obtained from measurements by others on single grain-
boundary junctions [94, 95]. The critical current density J.(7') turned out to be the
same as for the cubic-grain power-dependent coupled-grain model since the fitting
parameter J.(T') depends only weakly on the grain size and shape.

One of the oversimplification of the coupled-grain model is that it assumes the
grain boundaries span in a piecewise manner across the whole width of the films. In
this assumption, a current must traverse the grain boundaries since they are in series
with the grains. Structural defects in high-quality epitaxial superconducting films,

however, do not span the films. Consequently, a current can bypass the defects via
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Figure 5-28: Circuit showing a possible improvement of the power-dependent coupled-
grain model. A shunting path represented by a parallel resistor and inductor with
the same values as those of the grain is added in parallel to the junction’s resistor
and inductor.

the parallel grains, at least at dc or low frequencies. At high frequencies such as the
microwave frequencies, the inductivity instead of resistivity of the film determines the
path of the traversing current, and shunting therefore occurs less often if the defects
act like strongly coupled junctions (with large J.). The power-dependent coupled-
grain model applies well at microwave-frequencies probably because of this lack of
wholesale shunting of defects. An obvious improvement of the model would be to add
a resistor and inductor reflecting a superconducting grain in parallel to the junction as
shown in Fig. 5-28. Further improvement can be made by introducing a distribution

for the resistances and inductances of the junctions and the grains.

5.6.2 Validity of the Hysteretic Model

At high rf fields, vortices enter the superconductor, and the coupled-grain model
dealing only with the Meissner state must be generalized to account for vortices.
Because of the weaker superconductivity in the junctions, vortices tend to penetrate
the grain boundaries first. As the rf-field amplitude increases, vortices then enter the
grains. The hysteretic model I have presented is the first step in an attempt to describe
these rf vortices and the associated losses by treating the sample as an effective

uniform medium, making no distinction between junction and grain vortices. This
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neglect of the two different types of vortices is partially justified since the critical-state
model applies equally well to both types of vortices, though immediate improvements
can be made by trying a more complex critical state model, such as the Kim model.
A more realistic model should distinguish between the two types of vortices and their
different motions (e.g., junction vortices prefer to move along rather than out of the

junctions), and give a distribution to the pinning potentials.

5.6.3 SQUID Measurements

Even though the structural defects can be observed by the various characterization
techniques such as SEM, TEM, X-ray analysis, STM, etc., the importance of these
defects on the transport properties can not be assessed by such techniques. Mag-
netization measurements, on the other hand, provide a means to directly probe the
structural defects in a superconductor. The main concept is as follows. From the
critical state model, the critical current density JF is related to the dimension of the
effective shielding diameter of the sample. Given a hysteretic loop of magnetization
vs the (low-frequency) ac applied magnetic field, JX can be derived directly from the
effective shielding diameter. Specifically, from the Bean critical-state model:

JP(H) = 30[M.(H) - M_(H)|/D (5.46)

where M, [emu/cm®] and M_ [emu/cm®] are the upper and lower points on the
hysteretic loop at the same ac magnetic-field amplitude H, and D [cm)] the effective
shielding diameter. Figure 5-29 illustrates the relation between J, [A/cm®] and the
average grain size. At the top of the figure is a typical hysteretic loop. At one
extreme, for a superconducting film of perfect crystallinity (Case 1 of Fig. 5-29), or
nearly perfect with very strongly coupled junctions, the effective shielding diameter D
that enters Eq. 5.46 should be about the size L of the whole sample. At the opposite
extreme where the film is very granular with either independent grains or very weakly
coupled junctions (Case 2), D is of the order of the average physical grain size a. A real

superconducting film is expected to lie between these two extremes (Case 3) yielding
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D between the average grain size a and the overall sample size L. Thus by measuring
the ac hysteretic loops, the effective shielding diameter, which can be regarded as a
form of effective grain size, can be obtained, yielding valuable information concerning
the contributions of the structural defects in the sample.

Figure 5-30 presents a typical hysteretic loop of magnetization versus applied
magnetic field for an off-axis YBCO film of 0.3 gm thickness on LaAlO; at 5 K. The
data were obtained with a SQUID. The Bean model applies only at magnetic fields
much higher (greater than about 1 Tesla here) than the lower critical field H,, where
the shielding effects from the surface current become unimportant.

Using Eq. 5.46, JF is plotted as a function of the applied ac magnetic field H
in Fig. 5-31 for different values of D. From the figure, JP(H) shows a strong de-
pendence on H compared with the critical current density I measured on a YBCO
single crystal. This strong magnetic-field dependence suggests the existence of de-
fects acting like weak links in the YBCO film. If I picked the effective shielding size
D to be around 10 um, the corresponding J¥ would be larger than 10° A/cm? at
H = 1 Tesla, which is unrealistically large compared with all the values obtained
by other methods (for example, from my transport measurements). With D ~ 4
mm, a reasonable value JP ~ 0.8 x 10" A/cm? is obtained at H = 1 Tesla. That
the effective shielding diameter D is only slightly less than the sample size of 5 mm
suggest that the junctions in the measured films are strongly coupled, as assumed by

the power-dependent coupled-grain model.

5.7 Intermodulation Products

5.7.1 Introduction

Nonlinear effects in superconducting materials lead to harmonic generation. Di-
rect observation of harmonic generation in a stripline resonator is impossible since
the resonant frequencies of the overtone modes are not exactly integer multiples of

the fundamental frequency, owing to a small amount of dispersion of the line. The
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Figure 5-29: Illustrations of the relation between the pinning critical current density
and the effective film diameter D.
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Figure 5-30: Hysteretic loop for an off-axis smooth YBCO film of 0.3 pm thickness
on LaAlO; at 5 K. The data were obtained with a SQUID.
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Figure 5-31: JF obtained from the hysteretic loop using the Bean model. Two
different values of JP are shown for two different selected effective shielding diameters
D. The transport critical current density for a YBCO single crystal is also shown
(inverted triangles) for comparison.
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Figure 5-32: Setup for intermodulation measurement.
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nonlinearity responsible for harmonic generation can, however, be observed by inter-
modulation (IM) product measurements. As shown in Fig. 5-32, IM product mea-
surements are performed by combining two input signals of frequencies f; = fo + Af
and f, = fo — Af from two synthesizers. Af is chosen to be less than half of the
3-dB bandwidth. The IM products of frequencies 2f; — f,, 2f, — f1 (third-order IM),
3f2 — 2f1, 3f1 — 2f, (fifth-order IM), etc., can be observed within the bandwidth of
the mode by a spectrum analyzer. IM products are highly important in practical
devices such as filters, where IM distortions limit the range of operating power. I am
including here the measurements of the IM product at various temperatures for both
YBCO and NbN thin films, because IM generation can occur only if the nonlinear
effects are fast, i.e., a nonlinear response follows the microwave frequency with a time

10 5. Thermally generated nonlinear effects, for instance, will

constant less than 10~
not produce IM products, because of the much lower speed associated with thermal
time constants (< 10™* s). Thus the observation of IM generation confirms that the
observed nonlinear Z, behavior is due to true microwave-frequency nonlinearities and

is not simply the result of heating even on a local scale [78].

57.2 IM Results

Figure 5-33 plots the output power of the fundamental and of the third-order IM
product versus the input power of the stripline resonator sample 4 at 77 K and 1.53
GHz.

The output power of the fundamental below about —5 dBm follows a straight line
of slope 1, as expected. Saturation takes place for the fundamental above —5 dBm.
Below about —10 dBm, the third-order IM products also have the expected slope
3. Above —10 dBm, the IM signals quickly saturates, signifying strong nonlinearity.
The IM behavior appears to correlate with the nonlinear behavior of Z,(H,). The
saturation of the IM products is consistent with the sharp rise in R,, which causes a
large increase in the losses in the stripline, hence attenuating all signals including the
IM products. Figure 5-34 shows similar data from the same resonator as in Fig. 5-33

at a different temperature 7' = 4.3 K. Though the fundamental now still follows the
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Figure 5-33: Output power vs input power for the fundamental and the third-order
IM products for stripline resonator sample 4 at 77 K and 1.53 GHz.
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Figure 5-34: Output power vs input power for the fundamental and the third-order
IM products for sample 4 at 4.3 K and 1.53 GHz.
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Figure 5-35: Output power vs input power for the fundamental and the third-order
IM products for sample 7 at 5.2 K and 1.23 GHz.

same slope 1 as expected, the third-order IM products follows a slope of 2 or slightly
less, suggesting that the nonlinearity remains strong throughout the entire range of
measured input power.

Similarly, the third-order IM products for sample 7 also show a slope of 2 over the
entire input power range that was measured (Fig. 5-35). One sees that the third-order
intercept in sample 4 is more than 10 dB higher than that of sample 7 around 5 K.
This demonstrates that a lower H,s dependence (e.g., sample 4) improves practical

performance, as expected.
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Chapter 6

Microwave Properties of High-T,

Josephson Junctions

In the previous chapters, I have demonstrated that extended defects, acting like
resistively shunted Josephson junctions, play an essential role in determining the mi-
crowave properties of a high-T, superconductor. These junctions were treated as
identical elements in a regular array in the power-dependent coupled-grain model.
Junctions in a real superconductor, however, are nonuniform; and any treatment that
models them as identical consequently can yield only average properties. A deeper
understanding of the behavior of the surface impedance of high-T, superconductors
hence require detailed knowledge of single high-T,. Josephson junctions whose prop-
erties are still poorly understood, especially their microwave properties. High-T,
Josephson junctions also deserve to be investigated on their own right because they
can provide clues to the superconducting mechanisms in high-T, materials and their
potential for application is important (e.g., for SQUID applications). Some impor-
tant issues for the basic study of high-T, Josephson junctions are: 1) structure: SNS
weak-link (i.e., non-tunnel) or SIS tunnel junction type or some other, 2) the effects of
the barrier type and interface quality on the junction properties, 3) the mechanisms
of the supercurrent and quasiparticle-current passage, and 4) the reasons for the low
IR, products.

Josephson junction grain boundaries are among the high-T, junctions most often
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studied. Investigation of natural grain-boundary junctions (GBJ) occurring in high-
T. films is difficult, since such junctions are dissimilar and randomly distributed. As
a result, many artificial grain boundaries have been fabricated for study by different
techniques: bicrystal, biepitaxial, and step-edge [114]. Besides GBJs, other types of
junctions have also been made and measured. In this chapter, I report measurements
on YBa;Cu3O7_, Josephson edge junctions prepared by in situ laser ablation deposi-
tion. The chapter is divided as follows. I will start with experimental design together
with the fabrication of the measured edge junctions. The reader who is unfamiliar
with the basic properties of Josephson junctions is referred to the vast relevant lit-
erature, including the popular book by van Duzer and Turner [87] and the excellent
review by Likharev [115]. Next, I will present measurements and analysis and then

summarize my results at the conclusion of the chapter.

6.1 Experimental Design and Fabrication

Figure 6-1 illustrates one of my designs for studying the microwave properties
of Josephson junctions. The junction is positioned at the midpoint of the center
conductor. Since the rf current of the odd resonant modes also peaks at the midpoint,
the junction exerts maximum influence on these modes. On the other hand, the
even resonant modes should be completely unaffected by the presence of the junction
because these modes have a current node at the midpoint. Thus, by measuring both
the odd and even modes of the stripline with an incorporated Josephson junction, I
am able to isolate the properties of the junction and compare them with the properties
of the film.

The edge junctions YBCO/YBCoCO/YBCO were prepared by Koren et al. at the
Technion-Israel Institute of Technology, where multiple targets and externally manip-
ulated stainless steel contact masks were used in an in-situ laser-ablation deposition
process [116, 117, 118]. Figure 6-2 shows a cross section of the edge junction. The
base YBCO film about 0.15 pm thick is first deposited onto (100)LaAlO; substrate
at 790°C. A narrow insulating YBCoCO stripe is then deposited on top of the base
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Figure 6-1: Josephson junction fabricated at the midpoint of the center conductor
of a stripline resonator. Only the odd resonant modes whose rf currents peak at the
midpoint are altered by the junction. The even modes whose rf currents have a node
at the midpoint should be unaffected.
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Figure 6-2: Cross section of a photolithographically prepared Josephson edge junction.

YBCO, including the slanted edge. The YBCoCO portion that covers the slanted
edge of the YBCO base is wedge-shaped, which acts as a barrier. As the barrier,
YBCoCO serves as a good insulator [p(77K) ~ 1 Qcm)|, which is compatible with
YBCO in multilayer growth and acid etching processes. Finally, a cover YBCO film
of the same thickness as the base is deposited on the uncoated half of the wafer just
slightly overlapping the base and the insulating layer.

Patterning was performed with standard photolithography, and 0.25% phosphoric
acid etch, which removes both YBCO and YBCoCO equally well.

6.2 Experimental Results and Discussions

Figure 6-3 plots the resistance of a YBCO/YBCoCO/YBCO edge junction as a
function of temperature. The onset of phase coherence across the junction is around
86 K with the junction resistance equal to zero around 80 K. The junction critical
current is I, ~ 90 pA and the shunt resistance is Ry ~ 200 m{? at 42 K.

Figure 6-4 shows the I-V curve of the same edge junction. This curve is well-

explained by the resistively shunted junction (RSJ) model with excess current, with
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Figure 6-3: R vs T of a YBCO/YBCoCO/YBCO edge junction (see text).
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Figure 6-4: I-V curve of a YBCO/YBCoCO/YBCO edge junction.

130



1 (200 pA/div)

! | | ! I L1 l
V (20 pV/div)

Figure 6-5: Shapiro steps of a YBCO/YBCoCO/YBCO edge junction. The smooth
curve with no step is the I-V curve with no microwave irradiation.

I. ~ 85 pA and R; ~ 200 mf2 at 51 K. Sharp Shapiro steps, a clear signature
of a working Josephson junction, are also observed in Fig. 6-5 from the film under
microwave irradiation at 10 GHz.

The temperature dependence of a YBCO/YBCoCO/YBCO edge junction for
1/Q. with @, the unloaded quality factor, and resonant frequency fo of the fun-
damental (odd) mode at 2.1 GHz is shown in Figs. 6-6 and 6-7. With a low critical
current density (J/ ~ 5 x 10* A/cm? at 4 K by dc transport measurement), the
junction is expected to dominate the film’s transport properties. The junction’s mi-
crowave losses, which are proportional to 1/Q,, behave similar to the R, & 1/Q, of
a plain YBCO film (see Chapter 5), dropping down rapidly below T, and leveling off
at low temperature. No local maxima, however, are observed here. The resonant fre-
quency fo drops rapidly as T approaches T, ~ 86 K as expected, since the junction’s
penetration depth, which dominates the kinetic inductance of the stripline, increases
quickly near T,. At low temperature, f; does not level off nearly as much as that for

a plain YBCO film (see Chapter 4).
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Figure 6-6: 1/Q, vs T for the fundamental mode at 2.1 GHz of an edge junction.

The resonant frequencies fo versus the mode number are plotted in Fig. 6-8 at 5 K.
For a YBCO plain film, f, follows a straight line. A junction added at the midpoint
of the center conductor of the stripline resonator is expected to modify the kinetic
inductance to shift the fy for the odd modes off this straight line. A systematic shift
in fo, however, is not observed here for the odd modes because the geometric induc-
tance is about 500 times larger than the kinetic one [53]. Consequently, the junction
provides only a minor perturbation to the resonant frequencies of the system. On the
other hand, as shown below, the R, values for the odd modes are strongly affected.
Returning to Fig. 6-9, the geometric inductance hence washes out any changes in
fo, making it possible to apply much of the previous circuit analysis for the plain
resonator to the junction-incorporated resonator, at least in the first approximation.

Assuming the same current distribution as for a plain resonator, the peak rf mag-
netic field H;s at the maxima of the resonant standing wave can be estimated for the
junction-incorporated resonator, using the approach described in Chapter 4. Simi-

larly, the effective surface resistance R, can be obtained from the Q. Fig. 6-9 plots R,
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Figure 6-7: Resonant frequency fo vs T' of the fundamental mode for an edge junction.
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Figure 6-8: Resonant frequency fo vs mode number for an edge junction at 5 K. The
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Figure 6-9: R, vs H for the first 2 modes at 5 K. R, of the fundamental mode
1 is affected by the junction, whereas R, of mode 2 is not. R, of mode 1 depends
quadratically on H, below H, ~ 5 Oe as the quadratic fit (solid line) shows. Note
that the junction’s H), value here is much smaller than that for a plain YBCO film
(see Chapter 5).
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vs H of the first two modes for an edge junction at 5 K. R, of the fundamental mode
is observed to increase much more rapidly than that of the second mode, with the
two curves crossing at around 18 Oe. This is expected since the fundamental sees the
junction which has low J, and hence high losses, whereas the second mode does not.
For the rf field region below 5 Oe, R, of the fundamental is quadratic in H,s as the
quadratic fit (solid line) shows in Fig. 6-9. Above 5 Oe, R, of the fundamental shoots
up rapidly. This behavior of R, suggests that the junction has a flux penetration field
H, around 5 Oe. Using the Josephson relation between the junction’s critical current
density J7 and the junction’s penetration depth A; [87], I estimate A; ~ 1.1 pm and
the junction lower critical field ~ 9 Oe. Despite the simplicity of the estimate, the
calculated value for vortex penetration is close to the measured H,. The qualitative
behavior of R, of the fundamental of the junction thus shows consistency with the
power-dependent coupled-grain model. R, of the second mode remains quadratic in
the power range considered in Fig. 6-9.

Figure 6-10 plots R, vs H, for the fundamental at 70 K for the same junction-
incorporated resonator. Here the low-field quadratic region is suppressed beyond the
H,¢-sensitivity of the measurement as expected, since H, at this temperature is small
(~ 1 Oe). Above 30 Oe, R, seems to level off. This field-dependence behavior is

similar to that of high-7, granular films which consist of many grain boundaries [68].

6.3 Summary

I have shown some preliminary measurement results and analysis of stripline res-
onators designed with YBCO Josephson junctions fabricated at the midpoint of the
center conductors. For a junction-incorporated resonator, the effective surface resis-
tance for the fundamental mode, which reflects the junction, shows much stronger
dependence on the rf field strength than that for the second mode, which does not
see the junction and hence reflects the properties of the film. This is expected since
the critical current density of the junction is much smaller than that of the plain film.

R, of the fundamental also exhibits two regions of different dependences on Hys. In
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Figure 6-10: R, vs Hys for mode 1 at 70 K.

the low- and intermediate-field region, R, has an H> dependence, as expected by the
power-dependent coupled-grain model. Calculation using simple Josephson relations
yields a field value that roughly agrees with the measured vortex-penetration field
H, that marks the boundary between the two regions. The qualitative behavior of
the R, of the fundamental mode, that represents the junction, presented above was
also reported recently by Hein et al. [119], who measured the power dependence of a
SQUID coupled to a microstrip resonator.

Further measurements and analysis must be done to gain more insight into the
microwave properties of high-7, junctions. Junction-types other than edge junctions
also should be tried, especially grain-boundary junctions which are more closely re-

lated to natural grain-boundary junctions in high-T, films.
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Chapter 7

Conclusions

Detailed summaries of the three major projects in this thesis have been given at the
end of the corresponding chapters. I will briefly repeat the most important results

here and then offer some suggestions for future work.

7.1 Properties of YBa;Cu30;_.Br, Single Crys-
tals

Non-superconducting de-oxygenated YBCO single crystals have been found to be-
come superconducting with high transition temperature 7. ~ 92 K upon bromina-
tion. Bromination of de-oxygenated YBCO single crystals increases the scattering
rate as well as the anisotropy with respect to the fully oxygenated YBCO single crys-
tals. The relative lack of variation of £,,(0) and the reduction of £.(0) by a factor of
3 upon bromination of YBCO suggest that Br never enters the CuQO, planes. The
pinning energy for vortex motion in the ab plane decreases after bromination and this
decrease can be attributed to the increased anisotropy which is measured indepen-
dently. For vortex motion along the ¢ axis, however, the pinning energy decreases or
increases depending on temperature and field. Bromination suppresses J. and makes
it strongly dependent on the applied magnetic field. At high temperature, the H,

in the brominated YBCO single crystals indicates a reduction in carrier density (by
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a factor of between 2 and 3) which is consistent with the observed reduction in the

plasma frequency.

7.2 Power Dependence of Z, of YBa;Cu3;0;_, Thin
Films at Microwave Frequencies

The large residual surface resistance of R, (at low microwave power) at low tempera-
ture disagrees with conventional BCS theory. Similarly, the strong power dependence
of Z, is inconsistent with calculations using the Ginzburg-Landau theory. These find-
ings motivate the work here that involves measuring Z, and explaining its behavior
with defects and microwave vortices in YBCO thin films.

I have measured the microwave surface impedance as a function of the microwave
magnetic field at various temperatures and frequencies for several types of YBCO
films of different thicknesses and for NbN films. For both YBCO and NbN, R,(H)
and A\(Hy) can be divided into two regions: 1) the low and intermediate rf field and
2) the high rf field. The value of H,s that separates the two regions is the vortex-
penetration field H,(T').

In the low- and intermediate-field region, my measurements show that R, « f?
and AR, o« H%. Similarly, AN o« H%. With an appropriate set of characteristic
parameters — J,, a, and Ry — [ have simultaneously accounted for the behavior of the
zero field R, and the rf field dependence of both R, and ) as functions of temperature
and frequency, using the power-dependent coupled-grain model (for the Meissner
phase) in which the superconductor is modeled as a network of superconducting
grains of intrinsic properties connected by Josephson junctions whose properties are
extrinsic to the fundamental material and depend on sample preparation processes.

It is interesting to note that the fractional power-induced change in R, is more
than one hundred times larger than the fractional change in A. This is explained by the
coupled-grain model in a simple way. The resistance is dominated by the properties
of the weak-link Josephson junctions, which show a strong dependence on rf magnetic

field. The zero field inductance is dominated by the intrinsic properties of the grains,
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which have weak dependencies on 1f field. As the rf field is increased, the intergranular
inductance increases much more rapidly than the intragranular inductance. The
change in the intergranular inductance, however, is moderated by the large zero field
intragranular inductance.

In the high-field region, both R,( H,) and A( Hy) deviate from the low-field quadratic
dependence on HZ. Using a modified Bean model (H, > 0), I adapted Norris’s cal-
culations to account quantitatively for the behavior of RZ(Hy) for most YBCO and
NbN films at various temperatures and frequencies with two fitting parameters H,(T')
and JP(T). The measured R? is found to be nearly proportional to frequency for
several samples. While I think I have strong evidence that R® o f, some samples
did not show a clearly defined frequency dependence, probably because of film non-
uniformity as discussed in Sec. 5.5.3. The frequency dependence of RZ hence requires
further study to understand the effect of non-uniformity.

The measured values of H,(T') show vortex penetration occurring at field values
closer to the dc HZ° than Hllf values. This behavior of H,(T) can be explained by
the curvature of the magnetic field at the edge of a superconducting thin-film strip.
That the H,(T') values for YBCO thin films obtained are low, even when compared
with the intrinsic Hi® of YBCO single crystals [86], may be attributed to lower
vortex-penetration fields for the junction defects and grain boundaries in the films
where vortices first penetrate. The field H,, is therefore an extrinsic quantity, leaving
considerable room for further improvement of the power-handling capability of the
films through improved deposition techniques.

The values of JF(T') extracted from the fits using the hysteretic-loss model agree
with the critical current densities J7(T') obtained by dc transport measurements for
YBCO but not NbN films. The disagreement for NbN can be explained by considering
the effects of strong vs weak pinning on the JZ. The strong pinning in YBCO and the
weak pinning in NbN also are shown to be responsible for the qualitatively different
behavior in R, above H,.

Since structural defects that act like Josephson junctions in high-T. films play

an important role in determining the transport properties of the samples, a detailed
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study of isolated high-T. junctions is essential for a better understanding of both
the individual junctions and the junction arrays. This reasoning motivated my next

project.

7.3 Microwave Properties of High-7T, Josephson
Junctions

The YBCO edge junctions were prepared by an in-situ laser-ablation deposition pro-
cess using multiple targets and externally manipulated stainless steel contact masks.
Each junction is located at the midpoint of the center conductor of a stripline res-
onator, so that only the odd resonant modes are altered by the junction. The even
resonances are unaffected by the junction, and hence provide an effective means to
isolate the properties of the film from those of the junction. At low microwave mag-
netic fields (Hy < 5 Oe), the effective surface resistance R, for the first odd mode
(1.5 GHz) shows a quadratic dependence on Hys. This behavior shows consistency
with the power-dependent coupled-grain model. At high Hy (i.e., Hyy > H, ~ 5 Oe),
R, increases much more rapidly. Calculations, using simple Josephson relations, yield
a field value H., that roughly agrees with the measured vortex penetration field H,
that marks the boundary between the two regions.

In contrast, the increase of R, for the first even mode (3.0 GHz) continues to be

small and quadratic in H,s up to much higher Hys values.

7.4 Suggestions for Future Work

Future experiments are suggested in this section to further clarify some of the issues
related to high-T, thin films and crystals.

1) Bromination of YBCO thin films could provide interesting physics and impor-
tant potential for applications, since Br can penetrate a thin film much more easily
than a single crystal. Substitution of oxygen in YBCO with other halogens should

also be studied further for the purpose of comparison with Br-doping.

141



2) A systematic investigation of the correlation among Z,, J., T, normal resistivity
pn, and X-ray, SEM, TEM, and STM structural analysis is highly desirable for both
the science and technology of high-7,. materials.

3) Introduction of artificial defects such as by irradiation or de-oxygenation would
help clarify the role of small scale defects in the low- and intermediate-rf-field region.
In the high-rf-field region, the artificial defects would create extra pinning sites for rf
vortices. How this increase in the number of pinning sites affect the microwave losses
is of great interest to applications.

4) The effect of film thickness on the microwave losses, especially on the power
dependence, requires further systematic study. Thicker films appear to drastically
reduce the nonlinearity in Z,.

5) The behavior of the intermodulation products of high-T, thin films is presently
poorly understood. Further measurements and modeling are highly desirable as these
IM distortions characterize the performance of superconducting microwave devices
such as microwave filters.

6) The nucleation and propagation process of vortices created by microwave mag-
netic fields requires further investigation. Qutstanding questions include the nucle-
ation and propagation times for high-7, materials compared with conventional super-
conductors; and the cutoff frequencies above which microwave vortices are too slow
to be created. These cutoff frequencies are highly important technologically, since
superconducting microwave devices operating above these frequencies would suffer
no hysteretic losses. At high frequencies, hysteretic losses can be very large.

7) Further improvement of the power-dependent coupled-grain model to take into
account shunting and the distribution in defect structures in high-7, thin films can
be made to better fit the data. Similarly, in the high-rf-field region, the hysteretic
model presented in this work can be improved by taking into account the different
types of rf vortices: intra- and intergranular rf vortices.

8) More measurements and analysis need to be carried out to gain more insight
into the microwave properties of high-T. Josephson junctions, especially the power

dependence which is not well-understood yet. Josephson junctions other than edge
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junctions should also be studied, especially grain-boundary junctions which are more
closely related to natural grain-boundary junctions in high-7, films.

9) Measurement of Z, in an applied dc magnetic field can provide important in-
sights into the dependence of Z, on Hy. In the Meissner state, rf and dc magnetic
fields should produce the same qualitative effects on the sample. In the mixed state
induced by a large rf field, rf vortices can be created, moved, and annihilated, pro-
ducing large hysteretic losses. A small rf field in the mixed state induced by a large
applied dc magnetic field, on the other hand, experiences much smaller hysteretic
losses.

10) The quest for high-T, materials with smaller loss and better power-handling
capabilities must continue, as it will contribute greatly to the understanding of the
properties of high-T, superconductors, and to application of these fascinating mate-

rials at high frequencies.
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Appendix A

Field at Edges of Conducting
Media

Field at Edges of Normal Conducting Media

To address the magnetic field strength at the edges of a strip, I first review the case of
a nonsuperconducting wedge surrounded by a homogeneous dielectric medium with
a common straight edge. Figure A-1 shows the cross section (perpendicular to the
edge) in cylindrical coordinates (p, ¢, z) where €,, fo, and 0, = 0,1 + jo,2 are the
permitivity, permeability, and complex conductivity, respectively, of the conducting
wedge, while ¢, and p; are the permitivity and permeability of the surrounding di-
electric medium. I consider only the lossless dielectric medium situation with real ¢,
€, fa, and up.

For 0,1 = oo (perfect conductivity), using the edge condition that the electro-
magnetic energy density must be integrable over any finite domain, Meixner [120]
studies the singularity of the electric and magnetic fields in the neighborhood of the
common edge of angular dielectric or conducting regions at frequencies ranging from
dc to microwave. He finds that the magnetic field components H, and Hy — oo at
the edge (p — 0) for a sharp wedge (¢o > 7) or an infinitely thin film (¢o = 2).

Extending Meixner’s approach to the case 0,1 < oo (lossy conductivity), Geisel
et al. [121] discovers that H, and Hy remain bounded unless the media have different

magnetic permeabilities [121] (pq # ps)-
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Figure A-1: Cross section of an infinitely long conducting wedge with complex con-
ductivity ¢, = 0,1 — jo,,2 surrounded by a lossy dielectric medium. For a normal
conductor, the imaginary part o, is neglected at low enough frequencies f (typically
for f < 10" Hz).

The field component parallel to the wedge H, is bounded in all the above cases
(120, 121].

Field at Edges of Superconducting Media

From the two-fluid model, the complex conductivity for the superconductor (region
a in Fig. A-1)is 0, = 041 — j042 Where 0,1 = n,e’r/m for low enough frequencies
f (typically for f < 10! Hz) [87] where n, and m are the density and mass of
the normal carriers, e the electronic charge, and 7 the scattering time. An effective

complex permitivity can then be written €, = (€, — 04,2) — joa,1/27xf. For n, >
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0 (at non-zero temperature), the superconducting wedge thus behaves like a lossy
conductor of finite conductivity 0,1 < 00, assuming g = po. Note that I have taken
fa = pp = po since I have treated the superconductor as a non-magnetic material,
with the induced magnetization accounted for by the shielding supercurrent [11].
Thus the magnetic field amplitude at the edges is bounded just as it would be for a
lossy normal conducting wedge. This is the case of interest in this work.

For n, = 0 (at zero temperature assuming all carriers become paired), the su-
perconducting wedge can be treated as a lossless (0,1 = 0) dielectric instead of a
conducting wedge. For a right-angle dielectric wedge (o = 37/2), the magnetic field
at the edges is also found to be bounded [122].

The magnetic field at the edges of a superconducting wedge or thin film is thus
finite, at least at temperatures greater than 0. In fact, the current and field distribu-
tions in the Meissner state can be ezactly solved numerically using the London and
Maxwell equations. Sheen et al. [53] divide the stripline cross-section into many small
grids and numerically calculate the current and field in each grid. By observing the
saturating currents and fields in the grids at the corners and edges as the grid size
is continually decreased, they have concluded that these currents and fields remain

finite at all times [53].
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