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Direct imaging of vortices in a square 
superconducting MoGe networks

Ho Thanh Huya, M. Hayashib, T. Yotsuyac,d, M. Katod,e, T. Ishidaa,b

aDepartment of Physics and Electronics, Osaka Prefecture University
bFaculty of Education and Human Studies, Akita University
cNanoSquare Research Center, Osaka Prefecture University

dInstitute for Nanofabrication Research, Osaka Prefecture University
eDepartment of Mathematical Sciences, Osaka Prefecture University

  
 

Vortex configuration of superconducting networks in a magnetic field has 
been focused as a theme of intensive studies both experimentally and 
theoretically [1,2]. In our preceding studies, we observed that the vortex 
pattern of superconducting Pb networks was in good agreement with 
predictions based on the framework of Ginzburg-Landau theory [3]. In this 
study, we report the vortex structures of superconducting MoGe networks by 
changing an applied magnetic field. The MoGe films are amorphous, and has a
crystalline disorder on the atomic scale. Since a scale is much shorter than 
superconducting coherence length, the pinning in “homogeneous” MoGe films 
is supposed to be very weak. We fabricated 10 x 10 MoGe square networks 
with lattice constant of 10 μm (a matching field HΦ=0.2068 G), line width of 2 
μm and thickness of 0.2 μm with the aid of photolithography.

Vortex configuration was directly observed by means of a scanning 
superconducting quantum interface device (SQUID) microscope. We found 
that vortex distribution in network evolves with applied magnetic field. At 
half matching field, the vortices showed a checkerboard pattern, being in good 
agreement with theoretical calculations. We also investigate how vortices 
occupy network holes at different temperatures. Vortices tend to align in a
“diagonal” direction at high temperatures. On the contrary, vortices repel each 
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other to become isolated vortices at lower temperatures. Our results are
consistent with theoretical calculations for nanoscopic superconducting 
network.

Fig.1 Scanning SQUID microscopy image (left figure) of vortices in an amorphous MoGe 
network at 4 K in different applied field. The applied magnetic field is 96.5 mG (46.6% of 
the matching field H�). We applied the inverse Biot-Savart law to recover the vortex 
image (right figure) at the sample surface.

We also discuss our attempts to improve a spatial resolution of SQUID 
microscopy by utilizing the inverse Biot-Savart law [4]. The correction for the 
height of the SQUID coil is also taken into account in obtaining local 
magnetic field on sample surface. In Fig. 1, we show an example of the 
restored vortex images. One finds that the vortex image becomes much 
sharper than the original image [5]. We also demonstrate that our numerical
method is able to see the superconducting network pattern possibly due to the 
Meissner effect of the network.

REFERENCES
[1] M. Hayashi et al., Physica C 426–431 (2005) 136–140.
[2] M. Hayashi et al., Physica C 437–438 (2006) 93–95.
[3] T. Ishida et al., Physica C 460–462 (2007) 1226–1227.
[4] M. Hayashi, Ho T. Huy, and T. Ishida, to be published.
[5] Ho T. Huy et al., Physica C, submitted to.  
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Abstract: Narrow 2-mm coated conductors are selected to 
design a set of superconducting power transmission cables. 
Their AC loss characteristics are studied under different 
conditions, classified as number of layers, size of gaps and 
lateral Jc distributions. A 2-D FEM model is applied for 
numerical analysis and results are well organized and 
analyzed, comparing to Norris Strip. Numerical analysis 
shows that AC loss can be reduced by increasing the 
number of layers and reducing the size of gaps. Lateral Jc 
distribution has a significant impact on AC loss. 
Nevertheless, along with the increasing number of layers, 
cables are getting more robust against gap and lateral Jc 
distribution. 

Fig. 1 Transport current and magnetic field of an isolated 
single tape coated condutor. 
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Index Terms: AC loss, critical current density distribution, 
gaps, multilayer, narrow coated conductor, superconducting 
power transmission 
 
1. Introduction 

Superconducting power transmission cables with 
coated conductors have attracted broad attention as one 
of the most valuable and feasible applications of high Tc 
superconductors. Nowadays, narrow 2-mm coated 
conductors with 2 μm superconductor-thickness are 
proposed to construct practical cables, and furthermore 
they have been testified to be with great advantage on 
AC loss reduction comparing to standard 4-mm/5-mm 
coated conductors recently being widely used. Therefore, 
it is important and necessary to make a detailed 
discussion on AC loss characteristics of 2-mm cables. Fig. 2 Diameter of one layer in a cable and configuration of 

one coated conductor. The AC loss characteristics of superconducting power 
transmission cables constructed with standard 4-mm 
coated conductors (named 4-mm cables) have already 
been presented by [1]. Some properties of 2-mm cables 
are discussed while they are compared to 4-mm cables 
[2, 3]. However, there is no detailed study on 2-mm 
cables specifically. This paper is going to present a 
comprehensive analysis on the AC loss characteristics of 
2-mm cables. Different number of layers, size of gaps 
between adjacent coated conductors and critical current 
density (Jc) distributions are selected for numerical 
analysis applying a 2-D FEM model. 

 
external magnetic field, as shown in Fig. 1. In this way 
AC loss power density per unit volume P can be 
calculated by (1). 

sc
2 /�JJEP ��  (1) 

While designing the cables, inner and outer diameters 
of each layer are calculated to avoid overlapping, as 
shown in Fig. 2, by using (2). 

1
1 1 u 1

1

cos( / )
2sin 2sin

n n
n n n

n n

G GN t� �
� �
�

� � �
�

ant� � 	 �  (2) 

 
The configurations of 1-layer and 6-layer cables are 

presented in Fig. 3. The left column is designed using 
small gaps, whereas the right one using large gaps. In the 
same way, 2-layer and 4-layer cables are constructed as 

2. Numerical model and cable configuration 
2-D FEM model has been developed and applied to 

calculate AC losses. Governing equations are set for 
each coated conductor with transport current, exposed to 
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well. The detailed parameters are presented in Table 1. 
Small gap is 0.26 mm, medium 0.36 mm and large 0.56 
mm. All cables are designed to be with the same 
capability, which means the same critical current (Ic). 
Calculations are carried out under the same transport 
current (It). Therefore, AC loss of each cable can be 
compared easily. Detailed information can be found in 
Table 1 as well. Fig. 5 AC loss of cables with different number of layers under 

different Jc distributions.  
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3. Numerical results and analyses 
Trapezoidal Jc distribution with 0.3 mm shoulder, 

which is practical when using laser cut technique, is 
applied with altering the size of gaps. As shown in Fig. 4, 
it can be obtained that AC loss of cables can be reduced 
while increasing the number of layers. Apparently, 
6-layers cables generate AC loss less than half of 1-layer 
cables do. 

Cables with medium gaps are selected which 
changing the Jc distributions. Uniform Jc distribution is 
an ideal case for comparison. The results in Fig. 5 show 
that all cables are sensitive Jc distributions, no matter the 
number of layers. In 1-layer cables, AC loss increases 
dramatically when the size of shoulders increase from 0 
to 0.2 mm, and finally to 0.3 mm. Jc distributions have 
less impact on 6-layer cables, however, there is still an 
increase of AC loss around 30%. 

Fig. 6 AC loss distributions among layers in 6-layer cables 
under different size of gaps. 

 
the number of layers. Cables with more layers are also 
more robust against gap size and Jc distributions. 

Fig. 6 shows the detailed AC loss distributions among 
layers in 6-layer cables, which explains how AC loss of 
each layer changes while increasing the size of gaps. AC 
loss of the inner 4 layers increases along with the 
increasing size of gaps, because distortion of magnetic 
field is getting big, whereas AC loss of the outer 2 layers 
decreases, because increasing size of gap causes 
increasing diameter that weakens the magnetic field. 
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Nonlinear Response of YBa2Cu3O7-δ Thin Films to High-Field Terahertz Pulses 
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 Abstract—We are examining the time-resolved behavior of 
the high-temperature superconductor YBa2Cu3O7-δ in the 
presence of strong THz electric fields polarized in its a-b plane. 
It is found that for increasing field strengths, there is a sharp 
drop in the spectral weight of the superconducting contributions. 
At the same time, the imaginary part of the conductivity strongly 
decreases. The frequency and temperature dependence for weak 
THz electric fields agrees with previous studies of YBa2Cu3O7-δ. 
This dampening of the superconductivity for strong fields is 
highly remarkable, because the photon energy was more than an 
order of magnitude smaller than the energy gap of YBCO. This 
eliminates photon-induced Cooper pair breaking as a possible 
reason for the sharp decrease of the imaginary part of the 
conductivity. We therefore conclude that field-related effects are 
the probable cause for the breakup of superconducting pairs. 
 

I. INTRODUCTION 
 
 YBa2Cu3O7-δ has been studied in great detail with 
Terahertz Time-Domain Spectroscopy (THz-TDS) and pump-
probe experiments have allowed for the in-depth investigation 
of nonequilibrium phenomena. In particular, the 
superconducting pair and quasiparticle relaxation dynamics 
have been extensively examined [1]. Most recently, the 
electron-lattice interactions in YBa2Cu3O7-δ have been 
investigated after midinfrared excitation. It was shown that a 
strong femtosecond excitation leads to a competition between 
the population of phonons and the depletion of the 
superconducting condensate [2]. 
 To our knowledge, however, none of the high-Tc 
superconductors has been examined for its time-resolved 
response to the transmission of intense single-cycle THz 
pulses. For the first time, we are looking at YBa2Cu3O7-δ thin 
films in presence of THz electric fields of tens of kV/cm. The 
field polarization in the a-b plane allowed for a direct 
examination and modification of the in-plane conductivity. 
 

II. EXPERIMENT 
 
 Optical rectification in a LiNbO3 crystal was used to 
generate the intense single-cycle THz pulses. The tilted-pulse-
front method ensured a high pump-to-THz generation 
efficiency. In a setup similar to the one by Hirori et al. [3], a 
1800 grooves/mm diffraction grating and two cylindrical 
lenses allowed for a high diffraction efficiency and a 
minimization of pulse distortions. The THz beam was focused  

 
tightly onto the YBa2Cu3O7-δ thin films which were cooled 
below their critical temperature.  
 To vary the electric field strength at the sample position 
while keeping the polarization constant, a set of rotatable wire 
grids was used. This was possible because of the excellent 
signal-to-noise ratio of our system. It permitted both low- and 
high-field measurements at temperatures far below Tc, even 
though the high surface impedance of the thin film leads to a 
small transmission in the superconducting state. 
 

III. RESULTS 
 
 We find that the superconducting properties of the 
YBa2Cu3O7-δ thin films clearly depend on the THz electric 
field strength. This is already evident from the bare time-
domain data as measured with electro-optic detection. For 
temperatures below Tc the pulse shape changes strongly with 
varying field strength (Fig. 1). In the case of strong applied 
THz fields, the kinetic inductance of the superconducting film 
is altered and the transmission increases drastically (red 
curve). Above Tc, no evident field-dependence is observable 
in the time-domain transients. 
 

 
FIGURE 1: THz pulses transmitted through a 45 nm 
YBa2Cu3O7 thin film on LSAT. The time-domain transients, 
measured by electro-optic sampling, are shown for 
temperatures well below (upper half) and above (lower half) 
Tc=88 K. All curves were normalized to measurements of the 
bare LSAT substrate in the same configurations. 
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FIGURE 2: Field-dependent complex relative permittivity. E0 
corresponds to a field strength of roughly 30 kV cm-1 and the 
lines are fits according to the two-fluid model of 
superconductivity. 

 
 The field-dependent behavior is clearly reflected in a 
change of the electrodynamic properties of the sample. The 
imaginary part of the conductivity shifts to lower values in the 
frequency range between 0.2 and 0.8 THz when the applied 
field is stronger. Similarly, the real part of the relative 
permittivity increases for high electric field strengths  
(see Fig. 2), until the sample becomes almost non-
superconducting. 
 A two-fluid model fit of the data for weak electric fields 
yields scattering rates and spectral weights of the 
superconducting contributions that agree with previous 
determinations [4, 5].  
 

IV. DISCUSSION 
 
 Remarkably, the field-dependent, nonlinear behavior of the 
superconductivity in YBCO cannot be explained by 
conventional effects. Photon-induced pair breaking is not 
possible because the photon energy in the used frequency 
range is far below the energy gap of YBCO. Similarly, in 
spite of the high electric fields that were applied, the THz 
pulse energy was merely in the microjoule range. This rules 
out heating of the sample as an explanation for the Cooper 
pair breakup and the evident dampening of the 
superconductivity in the YBCO thin film samples. 
 Our results therefore clearly suggest a field-induced 
destruction of the superconducting pairs. We find that the 
high THz field strengths of several tens of kV cm-1 are 
leading to a deformation of the band structure of YBCO, 
similar to the dynamic Franz-Keldysh-effect in 
semiconductors. This band structure change in turn facilitates 
the breakup of Cooper pairs, which explains the drastic field-
dependence of the electrodynamic properties at 
superconducting temperatures. 

 Those remarkable results would not have been possible 
without the availability of high-field single-cycle THz pulses. 
The ultrashort, intense pulses allow for a clear separation of 
this Franz-Keldysh-like behavior from other effects such as a 
photon-induced pair-breaking or heating of the sample. 
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