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FLFEEL(Abstract)

In this report, we summarize our research results in 2008-2009. For annular periodic
structure, the optical properties of the structure containing single negative material or
superconductor are calculated by the transfer matrix method for TE and TM cylindrical
waves. There exists an additional high reflectance band for the azimuthal mode number
m >1. This provides a new design for narrow band transmission filter or an annular
resonator without introducing any physical defect layer in the structure. For subwavelength
microwave and terahertz frequency guiding on the corrugated metal wire, a new design
criterion 18 proposed and demonstrated to strongly confine surface plasmonic polarization
propagate on the wire and to make the minima loss. For the full and partial triangular
pinning hole array fabricated on Nb thin film, there exists the number of the prominent
matching peak of the former one higher than that of the back one in the magnetoresistance
curve. Such phenemon depends on the depth of holes.

Keywords : cylindrical wave, periodic corrugated metal wire, microwave, terahertz, Nb thin
film, pinning, magnetoresistance, matching field
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etal Phys. Lett. A373, 3594(2009).

B TR RN BERFAIARES (Terahertz) 11 & @ 4% _EAFRCENIFES YR P R
HEEHFHIETEEFR 1] 2% Linfang Shen, Xudong Chen, K7 Tzong-Jer Yang, Optics
Experess, 16, 3326 (2008); Jin-Jei Wu, Tzong-Jer Yang, and Linfang Shen, J. of
Electromagnetic waves and Application, 23,11 (2009).
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6534(1998); R. cao, Lance Horng, T. C. Wuand T. J. Yang, J. Phys. : condensed Matter
21, 075705 (2009).
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reflection-and-transmission filter containing an ultra metallic film.” Jz JAP 105,
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Research Achievement of 2009

Tzong-Jer (Watson) Yang (3 % 17)

Professor; Dept. of Electrical Engineering, Chung Hua University, Hsinchu,
Taiwan, Rep. of China. (2007, 08 — present)

(1). International conference and Symposium

1. Session Organizer in PIERS International conference 2009 in Beijing, China.
(March 23-28).

2. Invited Speaker in The Seventh International Conference on New Theories,
Discoveries, and Applications of Superconductors and Related Materials, May
13-16, 2009, Beijing, China.

3. Session organizer and Session Chair in PIERS International conference in
Moscow, Russia. (Aug. 18-21, 2009).

(). Publications only in 2009

1. J.M. Chen, J.M. Lee, T.L Chou, KT. Lu, K.S. Liang , Chien-Te Chen, H.T. Jeng,
S.\W. Hwang ,Tzong-Jer Yang, C.C. Shen, Ru-Shi Liu, Jiunn-Yuan Lin, Z. Hu,
“Bonding anisotropy in multiferroic TbMnO3 probed by polarization
dependent X-ray absorption spectroscopy”, Applied Physics Letters 94, 041105
(2009, 27 Jan.). (3.726)

2. R.Cao, Lance Horng, T. C. Wu, J.C. Wu, and T.J. Yang, “Temperature dependent
pining phenomenon in superconducting Nb films with triangular and
honeycomb pining arrays” , J. Phys.: Condensed Matter 21, 075705 (2009, Jan.
23).(1.9)

3. T.C. Wu,R. Cao, T.J. Yang, Lance Horng, J.C. Wu, Jan Kolacek, “Rectified vortex
motion in an Nb film with a spacing-graded array of holes”, Solid State
Communications in press, 2009, 11, 06. 5-pages. (1.557)

4. M.NN. Ou, TJ. Yang, and YY. Chen, “Anisotropic magnetism and
magneto-resistance in iron nanowire arrays”, to be published in Chinese J. of
Physics, (2009, 12). (0.27)

5. Szu-Cheng Cheng , Jing-Nuo Wu, Tzong-Jer Yang, and Wen-Feng Hsieh , “Effect
of atomic position on the spontaneous emission of a three-level atoms in a
coherent photonic band gap reservoir”, Physical Review A79, 013801 (2009,
01). (2.908)



10.

11.

12.

13.

14.

15.

Jin-Jei Wu, Tzong-Jer Yang, and Linfang Shen, “Sub-wavelength microwave
guiding based on surface plasmon polaritons”, J. of Electromagnetic Waves
and Application, vol.23, 11-19, (2009, 01). (3.134)

Chien-Jang Wu, Heng-Tung Hsu, and Tzong-Jer Yang, “Microwave resonant
transmittance in a super-conducting Fabry-Perot two-layer coating”, J. of
Superconductivity and Novel Magnetism, 22, 487 (2009, July; Feb. online
published) .(0.571)

Yang-Hua Chang, Chi-Chung Lin, Tzong-Jer Yang, and Chien-Jang Wu, “Angular
dependence of a narrow band reflection-and —transmission filter containing
an ultra metallic thin film”, J. Optical Society of American B26, 1141
(2009,05,01). (2.181)

Arafa H. Aly, Heng-Tung Hsu, Tzong-ler Yang, Chien-Jang Wu, and Chang
Kwong Hwangbo, “Extraordinary optical properties of a superconducting
periodic multilayer structure in near zero permittivity operation range”, J. of
Applied Physics 105, 0839178 (2009,04,24). (2.201). This paper is selected by
Virtual Journal of Superconductivity.

Mei-Soong Chen, Chien-Jang Wu, Tzong-Jer Yang, “Optical properties of a
superconducting annular periodic multilayer”, Solid State Communication,
149, 1888(2009, Nov.; online published in Aug. 6, 2009.). (1.557)

Mei-Soong Chen, Chien-Jang Wu, Tzong-Jer Yang, “Wave properties of an
annular periodic multilayer structure containing the single-negative materials”,
Physics Letters A 373, issue 39, 3594-3600( 21 Sept. 2009; online published on
8 Aug.,2009). (2.174)

Wen-Long Liu, Yeuh-Yeong Liou, Jung-Chun Wei, and Tzong-Jer Yang, “Band
gap studies of 2D photonic crystals with hybrid scatterers”, Physica B 404,
4237-4242, Nov.15, 2009. (0.822)

JJ. Wu, D. Chen, K. L. Liao, T. J. Yang, and W. L. Ouyang, “The optical
properties of Bragg fiber with a fiber core of 2-dimension elliptical-hole
photonic crystal structure”, Progress in Electromagnetic Research Letters, Vol.
10, 87-95, 2009.(not SCI journal)

Chien-lJang Wu, Cheng-Li Liu, and Tzong-Jer Yang, “Investigation of photonic
band structure in a one-dimensional superconducting photonic crystal”,
Journal of Optical Society of America B 26, No. 11, 2089 (2009, 09, 15,
accepted; 2009, 09,19, posted; 2009, Nov. 1 published) . (2.181). This paper is
selected by Virtual Journal of Superconductivity.

Chi-Chung Liu, Yang-Hua Chang, Tzong-Jer Yang, Chien-Jang Wu, “Narrowband
filter in a heterostructured multilayer containing ultrathin metallic films”,
PIER(Progress in Electromagnetic Research) 96, 329-346, 2009. (4.735)



16. X.F. Zhang, L. F. Shen, J. J. Wu, and TJ. Yang, “Terahertz surface plasmon
polaritons on a periodically structured metal film with high confinement and
low loss”, J. of Electromagnetic. Waves and Applications, Vol. 23, 2451-2460,
2009. (3.134)

17. Heng-Tung Hsu, Kuan-Chung Ting, Tzong-ler Yang, Chien-lJang Wau,
“Investigation of photonic band gap in a one-dimensional lossy DNG/DPS
photonic crystal”, Solid State Communications (online published on 24 Dec.,
2009). (1.557)

(111). Conference Papers

1. R. Cao, TJ. Yang, T.C. Wu, Lance Horng, "Novel pinning phenomena in Nb
thin films with the hetero-structure pinning arrays”, J. of Physics: Conf. Ser.
150, 052030 (2009, 31 March, online published). (1.9)

2. Kun-Lin Liao, Jin-Jei Wu, Tzong-Jer Yang, Daru Chen, and Linfang Shen, “A
novel fiber sensor based on a Bragg fiber with a defect layer”, PIERS 2009
Beijing, 2009, 03, 23-27; page 193.

3. Jin-Jei Wu, Tzong-Jer Yang, Kun-Lin Liao, Daru Chen, and Linfang Shen,
“Highly birefringent Bragg fiber with a fiber core of 2-dimension
elliptical-hole photonic crystal structure”, PIERS, Beijing, China, March
23-27, 2009. Page 185.

(IV). Papers presented in Conference

1. lJin-Jei Wu, Tzong-Jer Yang, and Linfang Shen, “Sub-wavelength microwave
guiding on a periodically corrugated metal wire”, PIERS 2009 Moscow, 2009,
08, 18-21.

2. Yuan-Fong Chau and Tzong-Jer Yang, “Scattering field interactions and
surface Plasmon resonance in a coupled silver nano-capsule”, PIERS 2009
Moscow, 2009, 08, 18-21.

3. Yuan-Fong Chau, Din Ping Tsai, and Tzong-Jer Yang, “Enhanced surface
Plasmon effects excitation from several pair arrays of nano-shell structures”,
PIERS 2009 Moscow , 2009,08,18-21.

4. Heng-Tung Hsu, Tzong-Jer Yang, Chien-Jang Wu, “Design rules for a
multilayer Fabry-Perot narrow band transmission filter containing a
metamaterial negative-index defect”, PIERS 2009 Moscow, 2009, 08, 18-21.

5. Daru Chen, Tzong-Jer Yang, Jin-Jei Wu, Linfang Shen, “A novel band-rejection
filter based on a Bragg structure”, PIERS 2009 Beijing, 2009,03, 23-27.



6.

10.

11.

12.

13.

14.

Kun-Lin Liao, Jin-Jei Wu, Tzong-Jer Yang, Daru Chen, and Linfang Shen, “A
novel fiber sensor based on a Bragg fiber with a defect layer”, PIERS 2009
Beijing, 2009, 03, 23-27.

Jin-Jei Wu, Tzong-Jer Yang, Kun-Lin Liao, Daru Chen, and Linfang Shen,
“Highly birefringent Bragg fiber with a fiber core of 2-dimension
elliptical-hole photonic crystal structure”, PIERS 2009 Beijing, 2009, 03,
23-27.

T.J. Yang, T.C. Wu, Lance Horng, R. Cao, and J.C. Wu, “Pinning effects in Nb
thin films with artificial pinning arrays”, New3SC-7, Beijing, 2009, 05, 13-15.
C.J. Wu and T.J. Yang, “Analysis of optical properties in a superconducting
photonic crystal”, New3SC-7, Beijing, 2009, 05, 13-15.

T.C. Wu, R. Cao, Lance Horng, and T.J. Yang, “Superconducting vortex pinning
with artificial magnetic nanostructures”, Presented in 2009 Annular Meeting
of Physical Society of Republic of China, National Chang Hua university of
Education, Changhua, 2009,01,19-21.

R. Cao, Lance Horng, T.C. Wu, J.C. Lin, J.C. Wu, T.J Yang, “Missing Matching
Peaks in Nb Thin Films with Square Pinning Arrays”, Presented in 2009
Annular Meeting of Physical Society of Republic of China, National Chang
Hua University of Education, Changhua, 2009,01,19-21.

J.C. Wang, T.C. Wu, R. Cao, J.C. Wu, T.J. Yang, and Lance Horng, “Mechanism
of vortex pinning by honeycomb arrays of submicrometric defects in a
superconducting Nb film”, Presented in 2009 Annular Meeting of Physical
Society of Republic of China, National Chang Hua University of Education,
Changhua, 2009,01,19-21.

Kun-Lin Liao, Jin-Jei Wu, Tzong-Jer Yang, Daru Chen, and Linfang Shen,
“Highly birefringent Bragg fiber with a fiber core of 2-dimension
elliptical-hole photonic crystal structure”, Presented in 2009 Annular
Meeting of Physical Society of Republic of China, National Chang Hua
University of Education, Changhua, 2009,01,19-21.

Jin-Jei Wu, Daru Chen, Kun-Lin Liao, Tzong-Jer Yang, and Linfang Shen, “A
novel fiber sensor based on a Bragg fiber with a defect layer”, Presented in
2009 Annular Meeting of Physical Society of Republic of China, National
Chang Hua University of Education, Changhua, 2009,01,19-21.

(V). Affiliation and honors

1.
2.

Investigator of The physical society of Republic of China.(two year terms)
Member of AAPT(American Association of Physical Teachers).
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Member of The Physical Society of Republic of China.
Member of Sigma Xi.
Life member of Material Science of Republic of China.

Fellow of Electromagnetics Academy.
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Novel Pinning Phenomena in Nb Thin Films with the

Heterostructure Pinning Arrays

1. Introduction

Superconductors

R.Cao’, T.J. Yang %, T. C. Wu?, Lance Horng *

'Department of Physics, National Changhua University of Education,
Changhua 500, Taiwan

*Department of Electrical Engineering, Chung Hua University, Hsinchu 300,

Taiwan

E-mail: phlhomg@cc.ncue.edu.tw

Abstract. Superconductor thin films with full or partial regular triangular hole
arrays have been fabricated to explore the vortex pinning behavior. Electron beam
lithography and reaction dry etching techniques have been used. The area of the
regular square hole arrays is changed from 50umx50um for sample A to
50umx5um for samples B and C, and the area of the superconducting film remains
the same. Magnetotransport measurements were carried out by a four-probe
technique. Periodic critical current matching peaks are observed for all three
samples. The small area hole arrays and their neighboring normal superconducting
film without holes form heterostructure and novel pinning phenomena are
observed. At certain temperatures, sample A has five matching peaks. However,
samples B and C have two and one matching peaks, respectively. A strange
phenomenon is observed that a negative resistance appears for the

heterostructure films at zero field.

with periodic pinning arrays have been explored intensively through

experiments and simulations during the past decade [1-10]. Square, triangular and hexagonal

pinning arrays have all been explored with the help of modern nanolithographic techniques.

Usually, these arrays are uniform all over the studied superconductor film. Some niobium thin

films with spacing-graded arrays were studied by our group recently [11]. Those films are

nonuniform, however, the pinning arrays are also over the entire superconducting films. In

this research, we fabricate film with full area regular triangular pinning array and films with

partial area pinning array. For the films with partial area pinning array, the pinning array part

and its neighboring normal superconducting film without holes form a heterostructure.

Some interesting phenomena are observed.


mailto:phlhorng@cc.ncue.edu.tw

2. Experiments

Square arrays of submicrometer holes with a spadng of about 400 nm and diameter of about
200nm have been prepared on Si;N4,-coated Si wafers using electron-beam lithography in
conjunction with reactive ion etching. Then a dc sputtering completed the four-terminal
geometry niobium films over the circular-hole array with a thickness of about 100 nm. This
process is similar to that published in our previous reports [4]. Figure 1 shows a scanning
electron microscopy (SEM) micrograph for part of the triangular array of corrugated pinning

sites. MR measurements were carried out by a four-probe

Figure 1. SEM image of the Nb film on top of
the hole array after patterning. The pinning

sites spadng is about 400 nm and the pinning

Figure 2. Sketch of the measurement setup.

technique in a superconducting quantum interference device (SQUID) system with a
temperature fluctuation within 3 mK and the extemal magnetic field was applied
perpendicular to the plane of the film and transport current. The voltages are measured at
the opposite sides of the sample as shownin figure 2.

Three different samples were prepared. Sample A is with a 50umx50um pinning array
and sample B and C are with 50umx5um pinning arrays. The area of pinning sites in sample B
and C are only ten percent of total film area. The difference between sample B and Cis the
etching time. The etching time is 1 minute for sample B and 30 seconds for sample C. Figure

3 is the sketches of these samples, showing the distributions of pinning sites clearly.



Figure 3. Sketches of the samples, showing the distributions of
pinning sites in (a) sample A (b) sample B and C.

3. Experimental results

Figure 4 shows the normalized critical currents as a function of the magnetic field for the
three different samples. These curves show a set of maxima of critical currents at
specific value of external fields. There are five matching peaks for sample A at the
observed temperature. These intervals between two consecutive maxima (H;) are about
150 G. The experimental results of H; are in good agreement with the calculation
based on the geometry of triangular unit cell of the pinning sites. Therefore, the vortex
pinning can be strongly enhanced when there is a geometric matching between the
vortex lattice and the pinning arrays. The critical temperature for sample A is 8.15K. The
critical temperature for sample B and C is 8.51K. To have a reasonable comparison for the

results of these samples, we select the same reduced temperature T/T.,, which is about 0.985.

As shown in this figure, although sample B and C are with pinning sites for only a small part
of the total area, they still have obvious matching effects. The first matching field is also
determined by the density of the regular pinning sites. All the samples have the same Hj
about 150G. The reason is that the pinning enhancement in the pinning area for samples B
and C determines the pinning effect for the whole film. However, the total numbers of the

matching peaks for sample B and C are much fewer
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| | —®—5*50um-1min
| 50*50um

=8.38/8.51

1E-4 4

Ic(A)

1E-54
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Figure 4. Critical current as a function of the
magnetic field for Nb films with a triangular array

of pinning sites.

than sample A. There are only two matching peaks for sample B and only one for sample C.
It shows that pinning effect is greatly affected by the total number of pinning sites. The
pinning sites in sample B are etched for 1 minute and the pinning sites in sample C are etched
for 30 seconds. It is a natural result that they have similar curves for critical current’s
dependence on magnetic field, but the pinning effect for sample C is weaker. It seemed that
the curve for sample C is a down shift of the curve for sample B.

Figure 5 show the temperature dependence of the critical current to magnetic field
relation for sample A and B. It is clearly seen that sample A has many matching peaks. But
with the increase of temperature, the number of matching peaks reduces from six to five.
One of our similar sample shows that matching peaks reduces from six to four when
temperature reduces form 8.02K to 7.97K. For sample B, there are always two matching
peaks for a relatively wide temperature range. The temperature is an important factor in
determining the number of matching peaks for sample A but not an important factor for
sample B. The reason may be that the global pinning in sample B is already weak so that the
increase of penetration depth of vortex does not affect the individual pinning of vortex very
rfaich. The situation is different for sample A. The p@pletration depth of vortex increases
dramatically with the temperature increasing close to the critical temperature. This affects
the pinning of individual vortex very much and hence reduces the number of matching peaks.
This difference may imply that the local analysisis invalid for the heterostructure type

samples such as samples B and C.
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Figure 5. Critical current as a function of the magnetic field for (a) sample A and

(b) sample B at different temperatures.
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Figure 6. |-V curves at different magnetic fields for sample B at 8.35K.
The first matching field is 148 Oe, so the magnetic fields here are 0.5,
1,1.5, 2, 2.5, 3 matching fields, respectively.

Figure 6is the I-V curves at different magnetic fields for sample B. There is a negative dip
at zero field. The current is applied along the long side of the pinning array. The voltage is
measured at the opposite side of the short side of the pinning array as sketched in figure 2. If
voltage is measured at the same side of the short side of the pinning array, this negative dip

will disappear. This is an interesting phenomenon need to be explained.

4. conclusion

We have investigated vortex pinning in superconducting films with triangular array holes. The
area of the regular square hole arrays is changed from 50umx50um for sample A to
50umx5um for samples B and C, and the area of the superconducting film remains the same.
Obvious matching effects are observed for all the samples, whether full or partial areas are
etched with pinning sites. The different temperature dependences of critical currents for
these two kinds of samples are observed, which imply the special characteristic for the

heterostructure samples. Negative resistance is observed at zero field in |-V curves for the



heterostructure samples.
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PINNING EFFECTS in Nb THIN FILMS with ARTIFICIAL PINNING ARRAYS

R.CAO, LANCE HORNG and J. C. WU, Department of Physics, National Changhua University of Education,
Changhua 500, Taiwan.

T.J. YANG and T. C. WU, Department of Electrical Engineering, Chung Hua University, Hsinchu 300, Taiwan.

Abstract: We summarize some results on the behavior of vortex dynamics and pinningeffects in superconducting
films with artificial pinning centers. Superconducting thin films with regularamays of holes were fabricated using
electron beamlithographyand reaction dry etching techniques. Vortex dynamics in the mixed statein type Il
superconductors is stronglyinfluenced by the presence of defects, which actas pinning centers. Periodic critical
current matching peaks were observed in magnetotransport measurements. The matchingeffectis caused by the
interplay between the pinning centers and vortex lattice. Therefore, vortexlattice behaviors are changed for
different temperature and the geometry of the pinning centers. Moleculardynamicsimulations are made to
study this phenomenon. The ground state distribution of vortices obtained from simulations cans give a

reasonable explanation of the prominent matching peaks we foundin the experiments.

l. Introduction

During the past decade, the thin superconducting films with artificial pinning arrays
are studied intensively by many research groups.[1-9] It is well know that above the
lower critical field Hc, the magnetic field will penetrate into type Il superconductors,
and appear as vortex arrays when the field is close to the upper critical field Hc,. By
introducing artificial pinning array, which is usually periodic, many interesting and
complex vortex dynamic phenomena appear due to the interaction between the
vortex array and the periodic pinning array. One prominent phenomenon is the so
called matching effect. When the number of vortex is an integer multiple or rational
fraction of the number of pinning sites, the vortex array will match the pinning site
array, thus the critical currents at these corresponding magnetic fields will have high
peaks and the magnetoresistence will have low dips. We have made samples with
relatively large pinning sites. Some special pinning phenomena are observed in films
with square arrays and honeycomb arrays [10,11]. We made molecular dynamic
simulations to study these pinning phenomena. It was found that the interaction
between the interstitial vortices and the multivortices captured within the pinning
sites has large impact on the pinning phenomena. The simulation results we obtained
give good explanations to the experimental results and confirm that the ground state

vortex configuration has close relation with the matching effect.

Il. Experiments

In our experiments, the desired arrays of submicrometer holes were prepared on



SizN4-coated Si wafers using electron-beam lithography in conjunction with reactive
ion etching. Then a dc sputtering completed the four-terminal geometry niobium
films over the circular-hole array with a thickness of about 100 nm. So there is no
hole in the niobium film and the pinning sites obtained are close to blind holes. The
pinning is mainly caused by the corrugation at the edge of the pinning sites. We have
manufactured films with square, triangular and honeycomb arrays of pinning sties.
This process is described in more detail in our previous reports [9]. MR
measurements were carried out by a four-probe technique in a superconducting
guantum interference device (SQUID) system with a temperature fluctuation within 3
mK. The external magnetic field was applied perpendicular to the plane of the film
and transport current.

lll. The experimental and simulation results for films with square pinning arrays

Fig. 1 shows the normalized critical currents as a function of magnetic field for
three different samples. For sample A, the pinning sites spacing dis about 400 nm
and the pinning site diameter a is about 120 nm; for sample B, d = 500 nm and a =
200 nm; for sample C, d = 500 nm and a = 250 nm. The matching effects are observed
clearly in these figures. The first prominent peak is corresponding to the first
matching field, which is in good agreement with the calculations based on the
density of the pinning sites. The special phenomenon in Fig.1 is that there seems to
be a missing peak in all three I.-H figures. The third peak seems to be missing in Fig.
1(a). If observed closely, that peak is not missing but it is much lower than the second
peak and has almost the same height as the fourth peak. Similar missing peaks are
found in Fig. 1(b) and 1(c).
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FIG. 1: Critical current as a function of the magnetic field for three different Nb films with a square

array of pinningsites. For sample A, d =400 nmand a =120 nm for sample B, d = 500 nm and a =200



nm; for sample C, d = 500 nmand a =250 nm.
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Fig. 2: The simulation ground state distribution of the vortices for different pinning site diameter and
magnetic field: (a) r,=0.55, H=2H; (b) r,=0.55, H=3H; (c) rp=0.55, H=4H; (d) r,=0.65, H=3H; (e) r,=0.65,
H=4H, (f) r,=0.65, H=5H; (g) r,=0.75, H=4H, (h) r,=0.75, H=5H; (i) r,=0.75, H=6H;. The circles represent

pinning sites and the dots represent vortices.

We think this effect have close relation with the ground state vortex
configurations and made simulations to study it. The simulation methods we used
here are similar to those in [12] and our previous reports [10]. We model a 2D system
with periodic boundary conditions in x and y with Nv vortices interacting with Np

pinning sites. We numerically integrate the overdamped equations of motion:

nv; =f. =fY +£° +f, Here, f; is the total force acting on vortex i, f;"" is the force on

the it vortex due to interactions with other vortices, f;'? is the vortex pin interaction
force, fqis the driving force and n is the viscosity, which is set equal to unity.

The ground state vortex configurations for different pinning strength and
pinning size are given in Fig. 2. For rp=0.55, all the vortices are captured within the
pinning sites at the second matching field. At the third matching field, because the
pinning sites are already saturated, every interstitial position begins to have one
vortex. The appearance of interstitial vortices is corresponding to the sudden drop of
the critical currents in this case. At the fourth matching field, there is still one vortex
at each interstitial position and the added vortices are pinned in the pinning sites.
The critical current at the fourth matching field will be close to that at the third
matching field, because each interstitial vortex is caged by similar forces from the
neighboring pinned vortices. This is corresponding to the experimental results in Fig.
1(a). The simulation results for rp=0.65 and rp=0.75 are corresponding to the
experimental results in Fig. 1(b) and 1(c). The explanations are similar to those for

rp=0.55. The only difference is that more vortices are in the pinning sites for larger



pinning site, thus the missing peak appears at higher magnetic field.
IV. The experimental and simulation results for films with honeycomb pinning

arrays
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Fig. 3: Critical current as a function of the magnetic field for the Nb film with

honeycomb pinning array at different temperatures.
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Fig. 4: The simulated ground state vortex configration for the Nb film with honeycomb pinning array at

the third and half matching field. The circles represent pinning sites and the dots represent vortices.

The pinning effect observed in Fig. 3 is also very interesting. The matching peak
at the third and half matching field at the lowest temperature is very high and as high
as the peak at the first matching peak. There is no peak at the third matching field.
The critical current increases when the magnetic field increases to the third matching
field. However, after the third matching field, the critical current does not decrease
as we expected, instead it increases until the third and half matching field. We made
simulations about the vortex ground state at these fields to understand this special
phenomenon. One thing to be noticed is that the ground state vortex configuration
at the first matching field is a honeycomb array. The elastic energy of a honeycomb
vortex array is much higher than that for a triangular array. The ground state vortex
configuration at the third and half matching field is shown in Fig. 4. There are three

vortices in every pinning site and they form an equilateral triangle. There is one



vortex at each interstitial position, and the vortex at this site form six triangles with
the neighboring vortices in the pinning sites. The elastic energy of the vortex array is
not very high. Most of the vortices are pinned in the pinning sites and the pinning
energy is fully exploited. Thus this configuration is very stable and the critical current
is relatively high.

V. Conclusion

We made superconducting thin films with artificial pinning arrays and found special
pinning phenomenon. In the film with square pinning array, matching peak seems to
be missing at particular matching field, and this missing peak s at different matching
field for different pinning sizes. In the film with honeycomb pinning array, the
matching peak at the third and half matching is very high at low temperature. These
interesting pinning phenomena are explored through molecular dynamic simulations.
The simulation results we obtained give reasonable explanations to these
experimental results. This confirms that the ground vortex configuration has close
relation with the matching effect.
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