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Imaging Local Dissipation and Magnetic Field in
YBCO Films With Artificial Defects

D. V. Abraimov, D. M. Feldmann, A. A. Polyanskii, A. Gurevich, S. Liao, G. Daniels, D. C. Larbalestier,
A. P. Zhuravel, and A. V. Ustinov

Abstract—We used Low Temperature Laser Scanning Mi-
croscopy (LTLSM) to investigate dc current flow in high-J.
YBCO thin films with artificially prepared defects and correlated
the LTLSM response to Magneto Optical Images (MOI). Artificial
defects model current blockages such as cracks, high angle grain
boundaries or voids. Because the LTLSM voltage response is
associated with the local electric field, while MOI shows the local
perpendicular magnetic field, the combination of techniques gives
complementary local information about the effect of current-lim-
iting defects in superconductors.

Index Terms—High-temperature superconductors, laser appli-
cations, local electric field, local magnetic field, low temperature
scanning laser microscopy, magneto optical imaging.

1. INTRODUCTION

ECENT progress with coated conductors has been very

strong—two US companies have developed continuous
processes that are yielding >10 m lengths of coated conduc-
tors with properties that now approach the best Generation I
high temperature superconductor tapes made from Bi-2223 [1],
[2]. However, the dominant current-limiting mechanism in these
tapes still occurs at grain boundaries, even when the full-width
of half-maximum (FWHM) of the texture distribution is only
4-5° [3].

As was shown recently [4], to understand current limiting
mechanisms it is important to correlate the local dissipation dis-
tribution with structural defects. In this paper we choose cuts
as simple model defects. Using the LTLSM [5]-[8] and MOI
[9], [10] techniques correlated to images of surface structure,
we clarify the influence of these defects on local dissipation and
local magnetic field. Non-uniform flux flow channels occur well
above I even in these quasiideal films and synergistic flux flow
near coupled defects is made clear.

II. EXPERIMENTAL TECHNIQUES
A. Sample Sets

To explore the impact of obstructions on current flow, we pre-
pared two test samples. Both are made from similar 250 nm
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thick epitaxial YBCO films grown on a single crystal substrate
for which MO investigations [11], [12] show that the current
flow on scales of a few pum was uniform. The films were de-
posited on SrTiO3z by pulsed laser deposition at 310 mTorr
oxygen pressure and 820°C, and then annealed in oxygen at
830 Torr and 520°C for 30 min. The films were lithographi-
cally patterned for four-point measurement and etched by Ar
ions while mounted on a cooled sample mount. Both measured
links are 200 pm wide and have voltage probes 1 mm apart.
Link #1 is the same as described in [4]. A photolithographically
patterned notch 20 pm broad and 1 ym wide made a 10% ob-
struction of the film width. This cut models current blockages
such as cracks, high angle grain boundaries or voids, now rec-
ognized to be common in high-J. coated conductors [13]. The
transport current presents itself perpendicular to this cut and is
forced to deviate around it.

We scribed a more complex obstacle pattern on link #2 using
a focused ion beam (FIB). Defects are vertical cuts of about
1 pm width (see Fig. 2(a)) through the YBCO film thickness.
The undamaged cross-section at section A is 40% and 30% at B.

B. Visualization Techniques

The LTLSM sample was varnished to a copper cold finger
and placed in vacuum in a nitrogen-filled optical cryostat.
Temperature was stabilized actively with a precision about
1073 K so as to provide stability during the 15-40 minute long
scans. Using an adjustable weak thermal coupling between the
nitrogen can and the sample holder, we are able to measure
for about 1.5 hours without refilling the nitrogen. No magnetic
shield or external magnetic field was applied.

The optical part of the LTLSM is placed outside the cryostat.
To obtain a Gaussian beam intensity distribution a single mode
4 pm fiber was used to connect the diode laser (A = 670 nm)
with the scanning laser microscope. Stepping motors move the
optical path relative to the cryostat for rough positioning, while a
galvanic mirror x-y scanner deflects the probe beam while scan-
ning areas up to 250 pm x 250 pm. To achieve high optical res-
olution at large working distance, we used an infinity-corrected
objective with numerical aperture 0.42. The optical resolution
defined as the FWHM of the focused Gaussian laser beam is
1.32 pm [14]. We used two lasers; one for scanning and one
for pumping. The low power scanning laser was used to initiate
the local voltage change response, while the higher-power pump
laser was used to create a point-like dynamic defect where de-
sired. The pump diode laser, also with A = 670 nm, was con-
nected by a single mode fiber and deflected by a second set of
controllable galvanic x-y mirror scanners and focused through
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Fig. 1. LTLSM 6V responses measured on link #1 with the single cut at top
center at constant bias currents corresponding to the same average voltage
(V) =3.6mV at T = 86.6 (a), 88.7 (b), 89.2 (c), 89.6 K (d). Macroscopic
current flow direction is horizontal.

the same objective lens as the probe laser. The power ratio of
about 30 between the two lasers was achieved by adjusting the
laser-to-fiber coupling. After reflection from the sample, the
light is detected by a video camera and photo detector. It is pos-
sible to record a photo image of the scanned area, even while
scanning.

The LTLSM voltage change responses 6V were measured
in a standard way [15], [16] at constant bias currents [}, as a
function of the laser beam irradiation. To increase the signal-to-
noise ratio laser intensity is TTL modulated at the maximum
frequency f = 102 kHz of our SR830 Lock-in amplifier and
0V was measured at the same frequency with time constants up
to 30 ms per point. To measure the voltage response noninva-
sively we adjusted the intensity of the probing laser such that
further decrease of intensity did not change the voltage image
pattern. The local heating was so minimal, that critical current
1. did not drop to zero, even while the pump laser was used.
LTLSM measurements have been performed at the University
of Erlangen-Nuremberg, Germany.

To investigate the flux distribution in this sample, mag-
neto-optical (MO) images were obtained with a Bi-doped
YIG film with in-plane magnetization grown on Gadolinium
Gallium Garnet (GGG) substrate [9], [10]. The sample was
mounted on a cooling finger of a continuous flow optical cryo-
stat located on the X-Y stage of a polarized optical microscope
in reflective mode. A digital camera was used to acquire the H,
component of the field induced in the indicator film placed on
the superconductor film surface. Measurements of the magnetic
field distribution above the surface of superconductors provide
information on the pattern of current flow within the samples.

III. RESULTS

The typical 6V images measured symmetrically around the
10%-obstructed link #1 at temperatures from 81 to about 87 K
are presented in Fig. 1(a). The dark areas correspond to higher
0V amplitudes as noted in the scale to Fig. 1. Triangles mark the
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Fig. 2. Images of YBCO thin film with artificial defects. (a) Photo image
of sample surface. Light vertical lines in (a) are FIB cuts. (b) 6V response
measured at T = 86.7 K, I,, = 114 mA, (V) = 110 uV. The 6V signal
varies from 0 ¢V to 1.95 p'V. Macroscopic current flows horizontally. (c) Zero
field cooled MO image measured at 10 K in 40 mT external magnetic field
directed perpendicular to the sample plane. Cross-sections A and B are marked
with arrows.

edges of the YBCO film. At temperatures below about 81 K our
links becomes unstable to temperature fluctuations, increasing
the risk of burning the link. Therefore we did not measured
0V below 81 K. We measured §V responses at different I, and
did not detect 6V, when the sample was biased well below 1.
The streams of dissipation which emanate from the defect are
very striking, showing the great influence that the defect has
on the dissipation track. For these images (E) is very high,
~36 mV/cm. Nevertheless, even for these single crystal PLD
films, there is evidently enough local variation of microstruc-
ture to produce locally weaker tracks along which the flux flows
preferentially, even far above the conventional 1 4V /cm crite-
rion. At the higher temperatures (Fig. 1(b)—(d)) we do see vortex
streams emanating from the high field edges of the strip away
from the notch.

The 6V response of the multi-obstacle link #2 imaged at
lower (E) of 1.1 mV/cm is shown in Fig. 2(b). The dissipation
is highly localized at the tips of the FIB cuts in the undamaged
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Fig. 3. LTLSM 6V responses measured on link #1 with a single cut at bath
temperature 88.7 K and I;, = 142.6 mA. Control image (a) was measured
while the pumping beam is off. Images (b), (c), (d) were measured with the
pumping beam on. Ratio between scanning and pumping lasers was kept the
same during scanning these images. Arrows indicate position of the pumping
beam. The 6V response amplitude scale is the same for all images in this figure.
Preferential current flow direction is horizontal.

area. In this case the zone of dissipation is most highly local-
ized in an ellipse emanating from the center cuts through the
whole of the residual 15% sections that lie on either side of the
cuts. By contrast the edge-cut obstacles produce much less ef-
fect, showing that the average electric field measured at the end
of the track is largely produced by the two center cuts. The MO
response in Fig. 2(c) provides a complementary view of the in-
fluence of the cuts. The image was made by zero-field cooling to
10 K and then applying a field of 40 mT perpendicular to the film
which is above the field of full flux penetration. Light areas cor-
respond to regions of easy flux penetration, whereas dark areas
correspond to higher .J,. regions. Clearly there is no obstacle to
penetration along the exterior cuts, but it is also noteworthy that
the central cut is partially penetrated too.

As described above, the 6V response of the single notched
link #1 appears as flux-flow channels lying preferentially in
the direction perpendicular to the current flow at temperatures
higher then 87 K (see Fig. 1). Close to T. the 6V response
is more complex then described in the model of [4]. 6V be-
comes dependent on both .J. and the local resistivity. We ob-
serve that channels do not necessarily take the narrowest that
is the notched cross-section, which suggests the importance of
the resistivity component for V. According to the 1D model of
the voltage response [15], the maximum signal appears in areas
corresponding to the cross-sections with the smallest /..

The imaged channels do not change their shape or position
during the ~1 hour of our experiment, nor does change of scan-
ning direction by 90° or decrease of beam scan rate change the
0V pattern. However, we have observed broadening of the chan-
nels with increasing temperature very close to T, (Fig. 1).

The pump laser was used to create an additional artificial dy-
namic point-like defect in link #1. With 30 times higher inten-
sity, it can locally destroy superconductivity, while still leaving
a none zero I.. We see that there is synergistic influence of the
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permanent 10% cut and the point-like dynamic defect produced
by a varying position but constant-power pump laser, as shown
in Fig. 3.

Fig. 3(a) shows an image without the pump laser at rather
lower (E') than in Fig. 1, such that only small dissipation is seen
at the notch. When the pump laser is turned on near the mid strip
and just to the right of the notch (Fig. 3(b)), strong dissipation
streams appear that are channeled through the pump location.
On moving away from the notch (Fig. 3(c)) the vortex chan-
nels disappear because the edge notch and the effective center
notch do not interact. Moving the pump beam back into the in-
fluence zone of the edge notch brings back the strong channel
patterns (Fig. 3(d)). No response of the scanned beam is de-
tected in the pump laser focus area, since superconductivity is
destroyed there.

IV. DISCUSSION

Using the same arguments as in [4] we treat our observed 6V
responses as being proportional to the local electric field aver-
aged over the thermal spot (~ 3 — 4 pm) diameter. The images
in Figs. 1 and 2 are indeed very similar to the local electric field
distributions calculated in [17], [18]. Given the difficulty of ap-
plying the hodograph method to complex geometries, it is valu-
able to have an experimental tool like the LTLSM that can also
image the local F distribution. The case of the multiple-notched
sample in Fig. 2(b) is interesting because it is immediately clear
that the maximum dissipation is different for cross-sections A
and B. One reason is that the cross-section differs from A to B
while a second is that the local self field varies strongly. The
undamaged width of A is 40%, whereas for cross-section B it is
only 30% of the width. Additionally the self field of the trans-
port current is smaller in the middle of the film and J. is less
decreased by self field in the middle of the link. Therefore /.
at cross-section A is higher than at cross-section B. The highly
nonlinear influence of defect size on the dissipation predicted by
the calculations of Gurevich and Friesen [17], [18] is very well
supported by Fig. 2(b). We can also notice that the MO image
can produce a deceiving impression of the impact of the two
links. Much greater flux penetration is observed into cross-sec-
tion A than into B (Fig. 2(c)), but this is an artifact of the fact that
the cuts at A are fully open to the external field while those at
B are partially shielded by magnetization currents surrounding
the slots. Fig. 2 shows that two techniques give complementary
information about local fields in the superconducting film.

As seen in Fig. 1(c), the channels of high 6V response
emanate principally from the defect tip, where the cross-section
is minimum. Away from the tip, channels diverge as if they
repel each other. Dynamic imaging of such effects is shown
quite effectively when a second high-intensity pump beam is
used to locally destroy superconductivity as in Fig. 3. The
LTLSM voltage response has much larger amplitude along the
channels that pass through the pumped hot-spot. Using the
pump beam, we see that channels connect areas with reduced
J., revealing the lower I. cross-sections. The strong synergy
possible between closely spaced defects is directly shown in
this experiment.
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V. CONCLUSION

Whereas MO imaging reveals magnetic flux penetration in
areas immediately adjacent to defects and on defects itself, the
LTLSM 6V response shows the local dissipation caused by such
defects. Such coupled characterizations provide important ad-
ditional and complementary information about the influence of
defects on current transport in 2D superconductors. In these
single crystal YBCO films with nominally very uniform mi-
crostructure, the LTLSM 6V responses has shown up stable
flux-flow channels which occur at average electric fields well
above those used to define 1.
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