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ABSTRACT

A special apparatus was designed in order to “write”, with nanometric resolution,
microsize-confined nanostructures in oxide samples. The nanostructures are produced by
high energy heavy ion irradiation that allows nanostructuring the sample over its full
thickness. The properties of the nanostructured areas can be further modulated by choosing
the proper energy and fluence of the incoming ion beam. We present this set-up and
different kinds of nanostructured patterns created on high temperature superconducting
films. We used the magneto-optical analysis to directly show the effect of the confined
nanostructures on the micron scale. The confined nanostructured area, embedded in the
virgin matrix, is demonstrated to be a fruitful element for designing a new class of devices.

KEYWORDS: High-temperature superconductors; High-energy heavy-ion irradiation;
Confined Nanostructuring
PACS: 74.25.Qt, 74.25.Sv, 85.40.-¢

INTRODUCTION

High Energy Heavy Ion (HEHI) irradiation has been widely used to increase the pinning
capabilities of superconductors, especially high temperature superconductor specimens [1].

The HEHI irradiation exhibits many advantages over other kinds of nanostructuring
techniques (even keV irradiation [2]): the defect density, very often measured as a
matching equivalent field B, can be accurately determined, the defect size is optimally
matching with the coherence length of high temperature superconducting materials [3] and
the shape is well correlated along the irradiation direction. These defects (called columnar
defects — CD’s), allow a three dimensional (3D) modulation of the vortex pinning by tilting

CP824, Advances in Cryogenic Engineering: Transactions of the
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the vortex direction with respect to the CD one [4]. The capability to modulate the vortex
pinning through introduction of micrometric size periodic structures by HEHI lithography
has recently be demonstrated [5]. The micrometric modulation provides a valuable tool for
studying the vortex matter behaviour into confined geometries [6] and, in turns, for
controlling both the pinning [7] and the screening capabilities of the superconducting
system in a reliable way, i.e., to modulate both Meissner and critical currents. In
dependence on the irradiation energy, which determines the implantation depth into the
substrate, and on the fluence the superconducting properties can be easily enhanced or
depressed. Because of the strong intrinsic pinning of the superconducting oxide films, a
depression of the pinning potential would be very effective for obtaining sharp current
modulation in a stronger superconducting matrix. Therefore, the local modulation can be
exploited for confining external perturbation as a local dissipative state generated in an
irradiated region.

Following these ideas, we developed two tailored protocols for producing the
micrometric size modulation: laser-cut metal mask as fixed micro-collimators [8] (at the
Tandem facility, INFN-LNL) and a novel apparatus that allows the 2D movement of the
confined HEHI beam on the sample surface with nanometric resolution [9] (at the
Superconducting Cyclotron facility, INFN-LNS). In this way, we are able to pattern any
kind of micrometric size geometries, included also not simply connected regions. Here, we
briefly present the irradiation apparatus, some irradiation geometries, and the basic slit
geometry used as a local magnetic field detector. The paper is organized as follows. The
experimental set-ups for micro-collimated irradiations are described in Section 2. In this
section, the issues of beam calibration and local fluence evaluation are addressed. In
Section 3, “writing” of micropatterns of any programmed shape is demonstrated. Then, a
single nanostructured region is presented as a local magnetic field detector.

EXPERIMENTAL APPARATUS

The HEHI beam is confined by means of laser-cut stainless steel masks, with a
pinhole or a slit of micrometric size. The micrometric aperture lateral size depends on the
mask thickness, e.g., for a 150 um thick masks we obtained a 30 um diameter pinhole. The
thickness of the mask has to be chosen in dependence on the HEHI energy, for stopping the
incoming ions outside the micrometric aperture. These masks can be directly fixed on the
sample holder, over the sample surface, after the alignment under an optical microscope
(INFN-LNL).

For generating complex patterns, such as not simply connected geometries, a
dedicated in-vacuum irradiation apparatus was designed at INFN-LNS [9]. In Figure 1, the
schematic drawing of the experimental set-up of this apparatus is shown. The basic
components are two cross-mounted MICOS Linear Stages LS-110 (Fig. 1, n.7) which
control the bi-directional movement of the target in a plane perpendicular to the HEHI
direction. Optical encoders and motor controller electronics Micos SMC Taurus enable the
target to be moved with a resolution of 15 nm over a total length of 28 mm. The target and
a scintillating screen (Fig. 1, n.4) are positioned on a sample holder of transparent lead
glass (Fig. 1, n.5). A CCD camera is positioned close to the backside of the sample holder
and is centered with respect to the HEHI direction (Fig. 1, n.6), in order to visualize the
HEHI spot hitting the scintillating screen. The irradiation-fluence is measured by a suitably
assembled Faraday Cup (henceforth labeled FC#1).
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FIGURE 1. Schematic drawing of the experimental arrangement of the irradiation set up for high-energy
heavy-ion patterning: (1) Faraday Cup #1 — (2) Small size cylinder — (3) Stainless steel disk with micrometric
pinhole aperture — (4) Scintillating screen — (5) Lead-glass sample holder — (6) CCD camera — (7) Linear
stages — (8) Sample.

Another Faraday Cup (henceforth labeled FC#2) positioned upstream the apparatus is
used as a shutter as well as a reference for beam current evaluation. The FC#1 has a
threaded hole (@ 15 mm) at the bottom. A stainless steel cylinder closed by a micrometric
pinhole can be screwed to the FC#1 in order to act as micro-collimator (Fig. 1, n.3). Both
the Faraday Cups are connected to an electronic apparatus with two input channels: the first
one is a current/voltage converter used for reading the reference FC#2, the second one is a
charge/pulse converter (1 pC/pulse), used for integrating the HEHI current during the
irradiation, see Figure 2. The typical beam current for the irradiation is lower than 1 nA.
The electronic board is connected with a NI-PCI 6024E DAQ board installed into the local
PC that also drives the motor controllers.

The first step for the beam calibration is a tuning procedure aimed at achieving a
suitable homogeneity of the HEHI beam profile. During this operations, the micro-
collimator is removed and the beam distribution is studied by the profiles visualized by the
CCD camera.

MICOS
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total charge
MICOS charge per step
Linsar Stage (x,y) coordinates
- N b o1 Software
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FIGURE 2. Block diagram of the main electronic components of the irradiation apparatus.
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Once optimal beam conditions are steadily obtained, the microcollimator is screwed
on the bottom of FC#1. The HEHI beam passing through the pinhole aperture hits the
scintillating screen and is visualized by the CCD camera. The user, by means of the camera
zoom, can control the alignment of the beam with respect to the sample position.

In order to evaluate the irradiation fluence hitting the sample, ¢, we first measure the
two-dimensional charge probability density function f{x, y) from the HEHI beam profile.
Then the relation between gnole (Charges crossing the microcollimator) and the total released
charge gy is:

- ] st i g

and:
P =Gpore [(n-€- A) (@)
where 7 is the ion charge, e is the elementary charge and 4 is the pinhole aperture area.
The apparatus allows one to measure the HEHI current inside the FC#1 and the total
charge, grci, released onto it. Therefore gt = grc1 + gnore » and the relation between grc; and
Qhoie TESULLS 1O be:

)

([ it

It turns out that ghole is about 0.2% of qrc; for a 70 pm pinhole aperture and becomes about
0.04 % for a 30 um pinhole aperture.

After the beam calibration, the nanostructured patterns are obtained by giving a user
defined coordinate set to the control software. To increase the smoothness of the drawn
patterns, each couple of x-y coordinates can cover a fraction of the pinhole aperture
diameter (due to the nanometric resolution of the movement stage). The dose to be
released, step by step, is also chosen by the user; therefore, inside the nanostructured
pattern, any dose profile can be obtained [10]. For a more detailed description of this
equipment see [9].

Dote = ‘]Fa[

RESULTS AND DISCUSSION

High temperature superconducting YBa,Cu30;.« (YBCO) films were grown by means
of thermal co-evaporation technique on yttria stabilized zirconia (YSZ) substrate, with a 40
nm thick CeO, buffer layer [11]. The critical current density is over 10'' A/m” at T = 4.2 K.
All the films here presented are 300 nm thick.

The HEHI beam was always directed perpendicular to the film surface, so CD’s are
parallel to the YBCO c-axis. Au-ions cross the YBCO film (and the CeO, buffer layer), and
implant in the YSZ substrate. The energy released by the ions is almost constant along the
whole YBCO film thickness and is high enough to induce columnar tracks, even at
250 MeV [12]. The implantation of the ions into the substrate leads to a feedback stress
toward the YBCO film that depends on the depth of implantation, i.e., on the HEHI energy.
For a given energy, there is a threshold fluence corresponding to the crossover between
enhancement and depletion of the pinning properties, thus we can completely modulate the
superconducting capabilities through the defect density and the released dose.

Direct visualization of the effects of confined nanostructuring into superconducting
films is achieved by the magneto-optical analysis [13,14,15]. The magneto-optical signal is
obtained by coupling the superconductor with a ferromagnetic indicator film that rotates
the polarization plane of an incident light beam in dependence on the local magnetic field.
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FIGURE 3. a) Nanostructured linear gradient on YBCO film: the irradiation fluence increases from left to
right. The image is taken in remnant state after a field cooling in a magnetic field of 90 mT at T = 40 K. The
damage threshold is at a fluence of about 3.25-10"" ion/cm? (4.2 GeV Au ions). As the fluence increases the
pinning strength increases too (left side of the figure) until at higher fluences, above the dotted line (crossover
fluence), the dark zone is less able to pin the vortices and is permanently damaged. b) Magneto-optical
images of another YBCO sample after ion patterning with ring geometries. These patterns were obtained by
means of 4.2 GeV Au-ions (¢ = 1.0-10" ion/cm?) by collimating the ion beam through a circular 70 um large
pinhole. The images were taken at T = 50 K in remnant state after a field cooling in a magnetic field of 80
mT. Brighter gray levels: higher magnetic flux density regions (higher remnant magnetic field), darker grey
levels: lower magnetic flux density regions.

The local polarization modulation can be imaged in real-time over the whole sample
surface and can be converted into quantitative magnetic field and supercurrent values [16].

In Figure 3, the magneto-optical images of different pattern geometries (a linear dose
gradient and several rings) are reported. The linear gradient displays the above mentioned
crossover threshold, corresponding to about 3.25-10'! ion/cm™, for 4.2 GeV Au ions.

Inside the superconducting condensate, these patterns behave as macroscopic defects
[17]. Many features, which are typical of the nonlinear electrical current flow, e.g., the
characteristics magnetic flux jets starting from the nanostructured pattern edges and
pointing toward the sample center, are well visible in the ring patterns. They indeed reveals
long range disturbances of the normal component of B(x,y) due to the interaction of
vortices and screening currents with the whole ensemble of CD’s.

In Figure 4, an infinite-shaped nanostructured area was created in a disk patterned
sample, in order to measure the local supercurrent density [16]. The irradiation fluence was
chosen in such a way to deeply inhibit the critical currents, since, as said above, the YBCO
film already shows very strong pinning capabilities. The irradiation pattern is very evident
and the vortex distribution resembles its shape. The current density distribution shows that
the critical current was sharply modified with respect to the pristine part. Moreover, the
local current density inside the irradiated area is further modulated by the vortex position
outside the pattern (due to the long-range disturbance). In the center of the irradiated
region, a depleted critical current surprisingly corresponds to a high vortex density. All
these effects can be suitably controlled by changing the pattern geometry [18].
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FIGURE 4. a) Scheme of the sample with the “infinite” like pattern. b) Magnetic field (z component) over
the YBCO sample surface at T = 5 K with an applied magnetic field of 78.3 mT, after zero field cooling. The
profile below is traced on the same location shown in the inset of the graph in c¢). The nanostructured pattern
was created with a HEHI beam confined in 30 pm (5-10" ion/cm?, 4.2 GeV Au ion). ¢) Current density
modulus distribution corresponding to the magnetic field map shown in b).
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The possibility to strongly modulate the superconducting properties without any other
deposition or chemical process, allows us to design local nanostructured regions that act as
local detectors for an external perturbation. Namely, if the local superconducting properties
are depleted (without completely destroying the superconducting state and leaving
untouched the sample shape), the whole sample can be electrically biased at a temperature
where the nanostructured region is in the so-called “flux-flow” state, while the remaining
part are in the “vortex glass” phase. In this way, the vortices can freely move only in the
nanostructured region and their movement, under the action of a transport current, will
produce a dissipative signal only across it.

A magneto-optical picture, Figure 5(a), demonstrates the depleted pinning capabilities
of the nanostructured region, although still superconducting. This effect is schematically
drawn in Figure 5(b).

In this configuration, an external magnetic field can be locally detected and measured
as the vortices are freely generated and move across the nanostructured pattern. The
voltage drop can be easily tuned by changing the temperature in the neighborhoods of the
transition temperature, see Figure 6, where it is presented a 4-contacts transport
measurement in increasing and decreasing magnetic field.

nanostructured
virgin supercondictor region virgin supercondctor

R=0 [R(H)>0] R=0

LA
)

Ve am

b)

FIGURE 5. a) Magneto-optical image of a YBCO strip, nanostructured with a slit of 70 pm. The region,
corresponding to the center of the image, was irradiated with a fluence of 10" ion/cm® (250 MeV Au ion).
The image was taken at T = 70.3 K, with an applied field of 50 mT. The reduction of the pinning capabilities
and the increased vortex mobility are evident from the much softer critical gradient. The dissipative effect of
the interfaces is also clearly visible. b) Scheme of the electrical behaviour of such a nanostructured strip in
presence of an applied magnetic field, under an electrical bias.
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FIGURE 6. Transport measurement of the nanostructured YBCO strip (see Figure 5), in increasing and
decreasing magnetic field (points overlap), at different temperatures and for I= 5 mA. For the shown range of
temperatures and applied magnetic fields, the virgin part of the sample does not contribute to the measured
signal (its T, is around 90.5 K).

CONCLUSIONS

We presented a thorough approach for confined nanostructuring of oxide films. The
basic approach consists into confining the HEHI beam in a micrometric size spot, then a
special apparatus was designed in order to produce any kind of drawing on the sample
surface, with nanometric resolution. The properties of the nanostructured areas can be
further modulated by choosing the proper energy and fluence of the incoming HEHI beam.

We demonstrated the feasibility and the powerful use of this set-up by producing
different kinds of nanostructured patterns on high temperature superconducting films. The
confined nanostructured area is then shown to be a fruitful element for designing a new
class of devices. In particular, we demonstrated that a simple pattern can be readily used for
a local magnetic field detector.
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