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NSC 98 Project Report

(). Introduction

In this fiscal year, the outcome of this project is divided into two categories. One
category is the property of vortex motion in superconducting Nb thin film with a
spacing-graded array of holes. Second category is transmission properties of
multilayer structure of photonic crystal and multilayer annular rings in cylinder,
microwave propagation in corrugated structure on the edge of metallic film. Now let

us summarize our results and brief introduction as following:

(2). Brief introduction and results

Vortex dynamics has been investigated in the mixed state of type Il
superconducting films with artificial regular arrays of pinning sites. Superconducting
thin films with different shapes of pinning centers has been studied using
experimental results as well as by numerical simulation. The pinning effect has been
concentrated four- probe electric measurements and theoretical simulations. The
commensurate effect is formed by a competition between the elastic energy of the
vortices and the pinning energy at each pinning center.

To get insight of the physics of vortex dynamics in superconductors, the ratchet
effect has been studied. The ratchet effect is studied for guiding the motion of the
particles when the Brownian motion of particles is confined in asymmetric potentials.
The influence of an asymmetric potential for vortex dynamics in superconductors has
opened up a new field. The concept of the ratchet effect was explored by Villegas
and Vicent(PRB 71, 24519(2005)). They reported on a reversible rectifier in an Nb
thin film with a periodic array of triangular pinning sites. Later, the rectification effect
in an Al film with a square array of asymmetric double-well pinning centers was done
by Moshchalkov et al (PRL 94, 57003 (2005)).Reichhardt et al (PRB 75, 054502 (2007))
predicted that a vortex rachet system is created by an asymmetric periodic
modulation. All these systems, the asymmetry is created by the asymmetry of the
magnetic pinning centers.

A similar system has been done in Nb films with a semi-regular array of pinning
centers by our group. A spacing-graded array of sub-micrometer-scaled holes was
made on the Nb thin film, and some results were published in JAP 99, 08M515 (2006).
In this work (SSC 150, 280-284 (2010)) the gradient of the hole array is increased. The



interesting results come out. The dc voltage as a function of ac current shows a
well-defined nonzero sharp jump. The graded vortices cause a net vortex-vortex
interaction force. The arrangement of the spacing-graded pinning arrays causes the
rectification of the vortices. The rectified voltage has a drastic change for a
large-gradient sample. It is suggested that a reversible vortex motion is induced by
the interstitial vortices for a field above the first matching field. The ac-driven
vortices exhibit a variety of dynamical responses and the rectified voltage is tunable
with the applied magnetic field. Other work has been published in this project period,
such as special pinning phenomena in superconductors with regular composite
pinning arrays published in JAP 107, 09E129 (2010). A review article, | presented in
the invited talk in NEWSC-7 Beijing last year, summarized all the recent work
published in Journal of Superconductivity and Novel Magnetism 23, 1051-1054
(2010). The title of the paper is “Pinning effects in Nb thin films with artificial pinning

arrays”.

The study of a Bragg reflector (BR) or one dimensional photonic crystal (1DPC) is
interesting subject. The studies of the photonic band structures in a periodic
multilayer structure consisting of superconducting and dielectric materials have been
reported (Takeda et al, PRB 70, 085109(2004); C.J. Wu, M.S. Chen, T.J. Yang, Physica C
432,133 (2005); Berman et al, PRB 74, 092505 (2006)). Such a superconducting
planar Bragg reflector (SPBR) has some basic distinctions compared to an
all-dielectric plane Bragg reflector. There exists a low frequency photonic band gap
(PBG) due to the combined effects of periodicity and of incorporating
superconducting materials. This low-frequency PBG is further tunable as a function
of the temperature and the applied magnetic field as well. This tunable feature
comes from the temperature- and field-dependent penetration length of a
superconductor. Moreover, in the region near the threshold frequency of the bulk
superconductor, which plays a similar role as the plasma frequency in metal, some
extraordinary optical properties in an SPBR can be seen.(Arafa H. Aly, H.T. Hsu, T.J.
Yang, C.J. Wu, C.K. Hwangbo, JAP 105, 083917 (2009)).

A Bragg reflector with an annular geometric structure has now been studied. By
creating a ring defect into the annular periodic multilayer structure, an annular
resonator or laser has been recently reported. In our work, the optical reflection
properties of a superconducting annular Bragg reflector (SABR) are investigated. In
our analysis we use the two-fluid model for the superconductor together with the
transfer matrix method for the cylindrical waves developed by Kaliteevski et al. (J.
Mod. Opt. 46, 875 (1999).). With the fact that the field solutions of the cylindrical

waves are closely related to the azimuthal mode number, denoted by m, for both the



TE and TM waves, optical properties at different m-numbers are examined. It is
found that an additional high-reflectance band or reflection dips near the threshold
wavelength of a superconductor can be found for the TM wave at an azimuthal mode
number m greater than or equal to one. These two distinct features behave like the
localized pass-bands, which provide a feasible way of designing a narrowband
transmission filter or an annular resonator without physically introducing any defect
layer to break the periodicity of the structure. This work had been published in Solid
State Communications 149, 1888-1893 (2009). A related work is also presented in
ICPEPA-07 conference. The title is “Investigation of optical properties in near
zerO-permittivity operation range for a superconductivity photonic crystal”.

Another annular structure is also studied. The optical reflection properties of
an annular Bragg reflector (ABR) containing LiNbO3 are theoretically investigated.

By changing the refractive index of LiNbO3 under the control of applied voltage, the
locations of the band edges in the photonic band gaps can be tunable not only for
planar Bragg reflectors but also for annular Bragg reflectors. Furthermore, the
wavelength-dependent reflectance at mode number of m=0 is nearly identical to that
of the planar one-dimensional Bragg reflector. The reflectance spectra for the TE
wave at different values of m also given and compared. The PBG is narrowed down as
m increases. Such filtering properties provide a feasible way of designing a
refractometer optical sensing device.

For one-dimensional lossy DNG/DPS photonic crystal and superconducting
photonic crystal, | cooperate with Prof. Chien-Jang Wu’s group to finish these
subjects and published several journals. These papers are listed in my publication list.
| do not want to introduce these subjects here. Next, | want to introduce another
useful work.

Surface Plasmon (SPPs) are electromagnetic excitations that propagate in a
wave-like fashion along the planar interface between a metal and a dielectric
medium. SPPs provide the possibility of guiding electromagnetic waves beyond the
diffraction limit. It would be greatly advantageous to take concept of highly localized
SPPs to the microwave regime, which may open up a previously inaccessible length
scale for microwave research, with promising applications in the miniaturization of
microwave circuits, and microwave imaging and sensing. At microwave frequencies,
however, metals resemble a perfect conductor as their plasma frequencies are often
in the ultraviolet part of the spectrum, leading to SPPs highly delocalized on both flat
and cylindrical surfaces. As a consequence, SPPs suffer serious radiation loss (due to
bends or nearby objects) and undesired coupling between adjacent waveguides. To
enable confinement of electromagnetic fields at lower frequencies, an idea of

engineering surface Plasmon at any frequency was proposed (Pendry et al, Science,



vol. 305, 847-848, 2004.). That is, by cutting holes or grooves in flat metal surfaces to
increase the penetration of electromagnetic fields into the metal, the frequency of
exisiting surface plasmons can be tailed at will. The existence of such
geometry-controlled SPPs, namely spoof SPPs, has been verified experimentally in
the microwave regime. It also had been reported that spoof SPPs at terahertz (THz)
frequencies can be sustained on periodically corrugated metal wires (MIER et al, PRL
97, 176805-1-4 (2006); Chen et al, Optics Express, Vol. 14, 13021-13029 (2006)). The
absorption loss of spoof SPPs in corrugated wires has also been studied at THz
frequencies. A periodically corrugated wire, whose outer radius is of sub-wavelength
size, can be properly designed to achieve both sub-wavelength guiding and low loss
at microwave frequencies. ( J.J. Wu, T.J. Yang, L.F. Shen, J. Electromagnetic Waves and
Appl., Vol. 23, 11-19 (2009)). The outer radius of the corrugated wire is of
sub-wavelength size, and it seems difficult for spoof surface plasmon polaritons in
the wire to be confined highly, even if the set of the geometric parameters of the
wire structure is optimized. However, if the grooves of the corrugated wire are filled
with a dielectric with high permittivity, the strong field confinement of spoof SPPs
can be achieved even at frequencies smaller than the asymptotic frequency, for
which the SPPs losses are quite low. For this type of wire structure, the
sub-wavelength microwave guiding is available for a certain frequency range. From
this work, we (J.J. Wu and | apply the patent for Reduction talk between a
conventional structure and corrugated structure of transmission line in microwave
transmission) later proposed a new structure of transmission lines for microwave
propagation and finally do experimental verification by our group. We published a
series papers such as Electronics Letters, 46, 1273-1274 (2010); Plasmonics, to be
published in 2011, January. For terahertz surface plasmon polaritons on a
periodically structured metal film with high confinement and low loss, this work is
published in J. Electromagnetic Waves and Applications, Vol. 23, 2451-2460 (2009).
Another different structure, the backward guiding of terahertz radiation in periodic
dielectric waveguides is studied and published in J. Electromagnetic Waves and
Applications, Vol. 24, 557-564(2010).

(3). Future work

In June 2010, Prof. S.Q. Shen was invited to visit us for five months to open
up a new field for us to do electromagnetic induced transparency medium in
multilayer periodic system to study a frequency sensitive tunable band structure and
propose new applications. This comes out a series of papers was and will be

published in international journals and conferences. In the coming project, we will



direct along this subject to dig out new physics and applications.
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Surface plasmon polariton has been made to be able to progate in transmission line
for microwave.
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For one dimensional photonic crystals, we have digged out very new phenomena and
applications.

For superconductors, the vortex motion in superconducting film have found new
function.




