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SUMMARY

An anomalous microwave effect in high-temperature superconducting YBa,CuzO7.5
(YBCO) thin films has been observed and studied systematically using high sensitive
microwave resonator techniques. The so-called anomalous microwave effect is
characterized by a dc magnetic field-induced reduction in microwave surface
impedance Z; (= Rs + jX;), especially in microwave surface resistance Rs. While the
main focus of this study was on understanding the anomalous microwave effect from
an experimentalist’s point of view, a lot of efforts have also been necessarily put into
some related topics, including the deposition and characterization of YBCO thin films,
the design, fabrication and packaging of microwave resonators, the set-up of the
microwave measurement system and the improvement of microwave measurement

methods.

The first report of the anomalous microwave effect in high-temperature
superconducting thin films was in 1997. The observation of field-induced reduction in
Zs was surprisingly contradictory with the prediction of the prevailing theories, which
highlighted the theoretical importance of the anomalous microwave effect. And then,
the potential application of this anomalous effect was also realized. However, due to
some difficulties, very few experimental results on this anomalous effect have been
obtained since then. The shortage of experimental data limited the theoretical attempts

on the anomalous effect and retarded the understanding of the underlying mechanisms.



The primary motivation of this work was therefore to offer a new body of valuable
experimental data on the anomalous microwave effect to advance our understanding of

this effect, both theoretical and practical.

In this thesis, some basic but important features of the anomalous microwave effect,
such as its dependencies on field alignment, frequency, temperature and microwave
power, have been revealed through carrying out measurements of the anomalous effect
under certain conditions. Most of the experimental results achieved in this work were
reported for the first time in the literature. With a carefully designed experiment, the
hysteretic properties of Zy(Hgy.) have also been examined in dc magnetic fields with
different strengths. The results directly confirmed that the anomalous microwave effect
happens in a Meissner state where the dc magnetic field is not strong enough to form
vortex inside the superconducting thin films. A comparative study of different samples
demonstrated that there is a strong correlation between the anomalous effect and the
microstructure of the superconducting thin film samples. It was suggested that the
grain boundaries, especially the a/c type grain boundaries, in the thin films play
important roles in the anomalous effect. A phenomenological model, which combines
the conventional weak link model with an anomalous weak link, was therefore
proposed to describe the experimental data on the anomalous effect. The simulation

results fitted well with the experimental data within some extents.

Several existing theories and models that can predict a magnetic field-induced
reduction in Z; have been reviewed and compared with the experimental observations.
Unfortunately, none of them can give a satisfactory explanation for the anomalous

microwave effect observed in the high-temperature superconducting thin films.

vi



Though it is still impossible to elucidate the origin of the anomalous microwave effect
clearly, the experimental data gathered in this work have greatly developed the
understanding of the anomalous microwave effect, which no doubt will be very helpful

in determining the underlying physical mechanisms.

Vil



LIST OF PUBLICATIONS

“DC magnetic field-induced anomalous microwave response in YBCO thin films:
temperature dependence”,
C. K. Ong and X. S. Rao, Physica C 362, 169 (2001).

“An anomalous weak link model for microwave surface impedance of YBa,Cu3O75
films in a weak dc magnetic field”,

B. B. Jin, C. K. Ong, X. S. Rao, and C. Y. Tan, Superconductor Science and
Technology 14, 1 (2001).

“Magnetic-field-induced anomalous microwave response in superconducting
YBa,;Cuz07.5 thin films”,
X. S.Rao, C. K. Ong, and Y. P. Feng, Applied Physics Letters 77, 2897 (2000).

“Hysteresis measurement of anomalous microwave surface resistance in
superconducting thin films”,
X. S. Rao, C. K. Ong, B. B. Jin, and Y. P. Feng, Physica C 341, 2747 (2000).

“Q-factor measurement of nonlinear superconducting resonator”,
X. S. Rao, C. K. Ong, and Y. P. Feng, Electronics Letters 36,271 (2000).

“The anomalous unloaded quality factor behavior of high-T. superconducting
microstrip resonator in weak DC magnetic field”,

B. B. Jin, X. S. Rao, C. Y. Tan, and C. K. Ong, Journal of Superconductivity 13, 85
(2000).

“DC magnetic field-induced decrease of microwave surface impedance in
superconducting thin films”,

X. S. Rao, C. K. Ong, B. B. Jin, C. Y. Tan, and Y. P. Feng, Singapore Journal of
Physics 15, 123 (1999).

“Anomalous microwave response of high-temperature superconducting thin-film
microstrip resonator in weak dc magnetic field”,

X. S. Rao, C. K. Ong, B. B. Jin, C. Y. Tan, S. Y. Xu, P. Chen, J. Li, and Y. P. Feng,
Physica C 328, 60 (1999).

“Experimental observation and simulation of unusual microwave response for the
superconducting microstrip resonator at small dc magnetic field”,

C. K. Ong, X. S. Rao, and B. B. Jin, Superconductor Science and Technology 12, 827
(1999).

viil



“Nonlinear properties of superconducting YBa,Cu3;O75 microstrip filter in a dc
magnetic field”,

W. F. Lee, X. S. Rao, C. K. Ong, and S. Uysal, Microwave and Optical Technology
Letters 22, 192 (1999)

“Modified resonant perturbation method for the study of microwave surface resistance
of superconducting thin films”,

C. K. Ong, L. F. Chen, J. Lu, S. Y. Xu, X. S. Rao, and B. T. G. Tan, Reviews of
Scientific Instruments 70, 3092 (1999).

“A phenomenological description for unusual surface impedance behaviors of high-T,

thin film in weak DC magnetic field”,
B. B. Jin, X. S. Rao, C. Y. Tan, and C. K. Ong, Physica C 316, 224 (1999).

X



LIST OF TABLES

1.1 Progress in raising the transition temperature of cuprate superconductors
at ambient pressure.

1.2 Related reports on the anomalous microwave response for HTS thin
films.

2.1 Properties of dielectric substrates used for growth of YBCO films
[Moeckly 1994; Lancaster 1997].

2.2 The procedure followed for the laser-ablated growth of films reported in
this thesis.

23 The photolithography and etching process for patterning YBCO thin
films in this work.

3.1 R, results for the YBCO thin films measured at 10.66 GHz and 77 K
using the dielectric resonator.

4.1 Reported  values in the literature [Golosovsky 1998].

5.1 The fitting parameters for the anomalous WL and conventional WL in
the modified coupled-grain model. " Py;=—20dBm; ? P;;=— 10dBm.

18

19

33

34

35

61

100

135



LIST OF FIGURES

1.1 Unit cells of YBa,Cu30g (left) and YBa,Cu3O7 (right).
2.1 Schematic diagram of the PLD-I system.

2.2 A typical 26 x-ray scan for c-axis oriented YBCO thin films grown on
LaAlOs; substrates. The c-axis peaks are marked.

2.3 The variation of the d-spacing with cos*d/sind for a c-axis oriented thin
film. Extrapolation of a linear fit is used to extract the c-axis lattice constant.

2.4 A typical rocking curve of the (005) peak for c-axis oriented YBCO thin
films grown on LaAlOj; substrates.

2.5 A typical AFM image for c-axis oriented YBCO thin films grown on
LaAlO; substrates.

2.6 Typical SEM photographs for c-axis oriented YBCO thin films grown
on LaAlOs substrates.

2.7 Low resolution TEM photograph for a c-axis YBCO thin film on a
LaAlOj substrate. Bar-like particles can be clearly seen in this photograph.

2.8 High resolution TEM image on the bar-like particle for a c-axis YBCO
thin film on a LaAlOj; substrate. It shows that the bar-like particle is an a/b-axis
oriented grain.

2.9  R-Tcurve for a c-axis YBCO thin film deposited on a LAO substrate.
2.10  Schematic diagram for the cavity.

2.11 A photo showing the cavity fabricated.

2.12 A photo showing the homemade packaging chamber for YBCO
microwave devices.

3.1 Structures of the R probe and its mirror-image calibrator.

3.2  Types of transmission line: the stripline, the microstrip line and the
coplanar line.

20

36

37

38

39

40

41

42

43

44

45

46

47

62

63

xi



33 Layout of the meandering line microstrip resonator used in this study.

3.4  Non-uniform current density distributions calculated for a stripline
configuration with film thickness 300 nm and penetration depths of 40, 200 and
1000 nm [Sheen et a/ 1991].

3.5 The calculated values of G/coth(#/21) (solid line) and Huw/Inmw (dashed
line) as a function of A.

3.6 The layout of the straight-line microstrip resonator used in the study.
3.7  The geometry of the disk resonator used in this study.

3.8 Normalized surface current density distribution of TMy;p mode in disk
resonators [Jenkins et al 1997].

3.9 Schematic of an N-port microwave network.
3.10 Lorentzian resonance and Q measurement.

3.11  YBCO microstrip resonator. Transmission loss versus frequency for
input power levels ranging from — 18dBm to 12dBm in 5dB increments.

3.12  The typical non-Lorentzian resonance curve.

3.13 The Q. values measured as a function of 7 of reference points for the
resonance curve shown in figure 3.12.

3.14 (O™ — OL™)/ O versus input power obtained from the resonance
curves in figure 3.11. The corresponding O (circle) and O (triangle) are
shown in the inset.

4.1 Typical resonance curves of S, at zero dc magnetic field (upper) and
small non-zero magnetic field (lower).

4.2 dc magnetic field dependences of (a) the —3dB bandwidth Af345 and (b)
the resonant frequency f; of the meandering line resonator working at
fundamental mode with input microwave power Pp,=—10dBm. The insets
show the curves normalized with their respective H* values.

4.3 Impedance plane analysis of the dc magnetic field dependence of R and
X; for a typical meandering line microstrip resonator working at fundamental
mode with input microwave power Ppw=—10dBm. Circles correspond to
Hg.//c-axis and triangles correspond to Hy.//ab-plane.

4.4  The dc magnetic field (//c-axis) dependence of fi/Q, of a meandering
line microstrip resonator working at fundamental mode (circles), second
(triangles) and third harmonics (squares) with input power Pp,,=— 10dBm.

64

65

66

67

68

69

70

71

72

73

74

75

101

102

103

104

Xii



4.5 (a) Frequency dependences of £/, at different dc magnetic fields: 00e
(<H*), 4.50e(~H*) and 300e(>H*). The lines are the best fitting of the data
with @” where « are 1.33 (solid), 1.41 (dashed) and 1.38 (dotted) respectively.
(b) Frequency dependence of the amplitude of the anomalous effect, |A(fo/Qy)|.
The line is the best fitting with ©” where « is 1.06.

4.6  Frequency dependences of 7' (squares) and ry" (circles).

47 Oy vs. Hy in both increasing (solid up triangles) and decreasing (open
down triangles) fields for different Hy,.x values which are indicated with dotted
lines. (a) Hmax<H*; (b) Hmax>H*. Insets are the corresponding impedance plane
analysis.

4.8 Hysteretic response of Ry(Hy.) for Hyax=2000 Oe. The inset shows the
magnified view of the data in the field range from 0 to 100 Oe.

4.9 Temperature dependences of 7' and ry". The line represents the best fit
of the ry'(T) data with ri"(D)=r"(0)/(1 —¢'), where the fitting parameters
ri(0)=0.03 and T.=87K. The T, value is consistent with that obtained from dc
measurement.

4.10 dc magnetic field dependences of fo/Q, at different temperatures.

4.11 Temperature dependence of the threshold field A*. The lines are the best
fits of the data with H*(¢)/H*(0)=1 — * with T.=87K.

4.12 (a) Temperature dependence of the strength of the anomalous effect; (b)
temperature dependence of the relative change of the strength of the anomalous
effect.

4.13  dc magnetic field dependences of the anomalous effect with different
input microwave powers.

4.14  dc magnetic field dependence of R; for the two samples at low input mw
power. Squares correspond to sample A at Pn,=—20dBm and circles
correspond to sample B at P,,=— 10dBm.

4.15  fo/Qy vs Iy for (a) sample A, where the solid line is the best linear fit of
the experimental data in the range 10mA</;,<40mA, and (b) sample B, where
the solid line is the best quadratic fit of the experimental data.

4.16 AFM pictures for the two samples.

5.1 Schematic diagram of the Gallop’s and Velichko’s modified coupled
grain model.

52 The field dependence of J. on By, with the set of parameters used in the
simulation.

53 Schematic diagram of our modified coupled grain model. SC grains

105

106

107

108

109

110

111

112

113

114

115

116

136

137

138

xiii



represent the superconducting grains.

5.4  The mw current dependence of Rs. The input mw powers used in the
measurements are indicated by the arrows. The two lines indicate the
discontinuity of the plot at J..

5.5 The dc field dependence of R;. The curves represent the simulation
results. The experimental results (symbols) are also shown for comparison.

5.6 Simulated ry values versus By at Ppw=— 10dBm.

5.7 The dc field dependence of R working at the fundamental mode, and the
second and third harmonics at Pp,=—10dBm. The curves represent the
simulation results. The experimental results (the circles, triangles and squares
for the fundamental mode, the second and the third harmonics, respectively) are
also shown for comparison.

139

140

141

142

Xiv



	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	SUMMARY
	LIST OF PUBLICATIONS
	LIST OF TABLES
	LIST OF FIGURES

