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Local, deterministic manipulation of individual vortices in type 2 superconductors is
challenging. The ability to control the position of individual vortices is necessary in
order to study how vortices interact with each other, with the lattice, and with other
magnetic objects. Here, we present a protocol for vortex manipulation in thin
superconducting films by local contact, without applying current or magnetic field.
Vortices are imaged using a scanning superconducting quantum interference device
(SQUID), and vertical stress is applied to the sample by pushing the tip of a silicon chip
into the sample, using a piezoelectric element. Vortices are moved by tapping the
sample or sweeping it with the silicon tip. Our method allows for effective manipulation
of individual vortices, without damaging the film or affecting its topography. We
demonstrate how vortices were relocated to distances of up to 0.8 mm. The vortices
remained stable at their new location up to five days. With this method, we can control
vortices and move them to form complex configurations. A reliable This technique for
vortex manipulation could also be implemented in applications such as vortex based
logic devices.
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Dear Editor,

Please find enclosed our manuscript entitled "Scanning SQUID Study of Vortex
Manipulation by Local Contact” that we would like to submit to the Journal of
Visualized Experiments. This paper highlights a protocol for manipulation of
individual vortices in thin superconducting films, using local mechanical contact.

We consider these data suitable for the Journal of Visualized Experiments, as our
protocol allows effective, deterministic manipulation of vortices. Our protocol
describes a new method for vortex manipulation. Our method does not require
applying current, magnetic field or additional fabrication steps, and enables
manipulation of vortices at a temperature range wider than previously used
methods.

The techniques presented in this paper and demonstrated in video format will be
highly useful for researchers working in the field of condensed matter physics, but
could also be of interest to a broader scientific community, because tunable and
localized control of nano-magnetic objects is essential for various applications, such
as logic elements and spintronic devices. In our studies we use scanning SQUID
microscopy, but this method can be easily implemented by other scanning probe
techniques, such as scanning Hall probe, or scanning magnetic tunnel junction.

Anna Kremen and Beena Kalisky designed the procedures described in the
manuscript. All authors performed the experiments and analyzed the data. Finally,
Eylon Persky wrote the manuscript, with contribution from all authors.

During the preparation and submission of this manuscript, we have been kindly
assisted by Mr. Benjamin Werth.

We have provided below contact information for four potential reviewers.
Thank you for your consideration of this manuscript. We look forward to hearing

from you.

Sincerely yours,
Beena Kalisky
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SHORT ABSTRACT:

We present a protocol for manipulation of individual vortices in thin superconducting films,
using local mechanical contact. The method does not include applying current, magnetic field
or additional fabrication steps.
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LONG ABSTRACT:

Local, deterministic manipulation of individual vortices in type 2 superconductors is
challenging. The ability to control the position of individual vortices is necessary in order to
study how vortices interact with each other, with the lattice, and with other magnetic objects.
Here, we present a protocol for vortex manipulation in thin superconducting films by local
contact, without applying current or magnetic field. Vortices are imaged using a scanning
superconducting quantum interference device (SQUID), and vertical stress is applied to the
sample by pushing the tip of a silicon chip into the sample, using a piezoelectric element.
Vortices are moved by tapping the sample or sweeping it with the silicon tip. Our method
allows for effective manipulation of individual vortices, without damaging the film or affecting
its topography. We demonstrate how vortices were relocated to distances of up to 0.8 mm.
The vortices remained stable at their new location up to five days. With this method, we can
control vortices and move them to form complex configurations. This technique for vortex
manipulation could also be implemented in applications such as vortex based logic devices.

INTRODUCTION:

Vortices are magnetic objects at the nanoscale, formed in type 2 superconductors in the
presence of external magnetic field. In a defect free sample, vortices can move freely.
However, different defects in the material result in regions of reduced superconductivity
which are energetically favorable for vortices. Vortices tend to decorate these regions, also
known as the pinning sites. In this case, the force required to move a vortex must be greater
than the pinning force. Properties of vortices, such as vortex density, interaction strength and
range, can be easily determined by external field, temperature, or geometry of the sample.
The ability to control these properties makes them a good model system for condensed
matter behavior that can be easily tuned, as well as suitable candidates for electronic
applications®2. Control of the location of individual vortices is essential for the design of such
logical elements.

Mechanical control of magnetic nanoparticles had been achieved before. Kalisky et al.
recently used scanning superconducting quantum interference device (SQUID) to study the
influence of local mechanical stress on ferromagnetic patches in complex oxide interfaces3.
They were able to change the orientation of the patch by scanning in contact, pressing the tip
of the SQUID into the sample, applying a force of up to 1 uN in the process. We have used a
similar method in our protocol in order to move vortices.

In existing studies of vortex manipulation, motion was achieved by applying current to the
sample, thus creating Lorentz force*®. While this method is effective, it is not local, and in
order to control a single vortex, additional fabrication is required. Vortices can also be
manipulated by applying external magnetic field, for example with a magnetic force
microscope (MFM) or with a SQUID field coil”2. This method is effective and local, but the
force applied by these tools is small, and can overcome the pinning force only at high
temperatures, close to the critical temperature of the superconductor. Our protocol allows
effective, local manipulation at low temperatures (4K) without additional fabrication of the
sample.

We image superconducting vortices using scanning SQUID microscopy. The sensor is
fabricated on a silicon chip which is polished into a corner, and glued on a flexible cantilever.



The cantilever is used for capacitive sensing of the surface. The chip is placed at an angle to
the sample, so that the contact point is at the tip of the chip. We apply forces of up to 2 uN
by pushing the chip into the sample. We move the sample relative to the SQUID by piezo
elements. We move the vortex by tapping the silicon tip next to a vortex, or by sweeping it,
touching the vortex.

PROTOCOL:

1. Access to a Scanning SQUID system
1.1.  Use a scanning SQUID system that includes a SQUID sensor fabricated on a chip®,
stick slip coarse motion stage, and a piezo-based scanner for fine motion. See Figure 1.

1.2.  Polish the SQUID chip into a corner around the pickup loop. The material of the chip
needs to be removed all the way to the pickup loop.

1.2.1. Gently polish the SQUID, using a 5 to 0.5 um nonmagnetic polishing paper.

Note: After the polishing stage the pickup loop can be brought into close proximity, or
contact, with the sample.

2. Deposition of Niobium (Nb) thin film with direct current (DC) sputtering.
2.1.  Obtain a substrate. In this work, use a boron-doped silicon substrate with 500 nm of
silicon oxide. Other substrates such as SrTiO and MgO are possible.

2.2. Reach a base pressure of 107 Torr in the chamber. Pre-sputter the evaporation
chamber at room temperature with a 99.95% Nb target, in an argon environment at a
pressure of 2.4 mTorr with a deposition rate of 1.8 A/s for 10 min. Note that the deposition
process can start only when the base pressure in the chamber is less than 10”7 Torr. If pressure
is higher repeat the pre-sputtering stage.

2.3. Place substrate in the chamber.

2.4. Deposit Nb thin film by sputtering at room temperature from a 99.95% Nb target, in
an argon environment at pressure of 2.4 mTorr with a deposition rate of 1.8 A/s.

3. Sample-tip alignment

3.1. In this stage, align the sensor chip with the sample so that the tip of the chip makes
contact with the sample when moving the vortices. To achieve this, use an alignment angle
of at least 4°.

3.2.  Glue a flexible cantilever on a conducting plate with a dielectric layer. Then, glue the
SQUID chip on the cantilever. The capacitance between the cantilever and a static plate
determines the contact with the sample and the extent of stress applied.

3.3. Load sample on the microscope. Glue the sample to a designated sample mount using
a varnish or silver paste. Glue the mount to the Z piezo element (Figure 1a).



3.4. Connect the stick slip coarse motion system to a controller.

3.5.  Set up optical imaging from two angles - the front and the side of the chip. Use two
telescopes placed on translation stages, directed to the front of the chip and one of its sides.

3.6.  Usingthe Z stick slip coarse motion stage, move the sample to a distance of 1 um from
the sensor, so that the sensor’s reflection is visible on the sample.

NOTE: Contact between the sample and the sensor at this stage may harm the SQUID.

3.7. Move the sample 0.5 -1 mm away from the sensor using the Z stick slip coarse motion
stage to prevent damage to the SQUID.

3.8. Rotate the alignment screws (Figure 1a) to get equal front angles (i.e. angles the sides
of the chip's tip make with its reflection, as seen in Figure 1c).

3.9. Move the sample to a distance of 1 um from the sensor. Check the angles and repeat
step 3.7 and 3.8 if necessary.

3.10. Rotate the alignment screws to get an angle of 4 degrees between the sensor and the
sample (Figure 1d). Make sure the tip of the chip is the part which makes contact with the
sample.

4, Measurements
4.1. Load the scanning head (Figure 1a) to a 4K cooling system.

Note: Scanning head should be connected to a cold plate, and surrounded by a vacuum can.
Wire a coil around the can for applying external magnetic field (low fields of several Gauss are
sufficient for this study). Cover this setup with a Mu-metal shield.

4.2. Cool in the presence of magnetic field, by applying current through the coil
surrounding the microscope. Choose the field strength carefully to achieve the desired vortex
density. Use 1d, = 20.7G/um? to calculate the cooldown field. For example, for 10 vortices

ina 10 um by 10 um area, apply 2.07 G.

4.3. For changing to a new vortex density heat sample above the superconducting
transition temperature (For Nb, heat above 10 K). Apply the new field.

4.4. Cool sample to 4.2 K.
4.5.  Turn magnetic field off. Turn SQUID on.

4.6. Move the sample close to the SQUID using the stick slip coarse motion system.

4.6.1. Apply increasing voltages on the Z- stick slip cube to move the sample closer to the
SQUID chip.



4.6.2. Apply voltage between the cantilever and the plate for reading the capacitance using
a capacitance bridge (0.1-1 V typically).

4.6.3. Sweep the voltage on the Z piezo element. Measure the capacitance between the
cantilever and the plate. If a large change in the capacitance occurs, the sample is in contact
with the SQUID chip.

4.6.4. Ifthe sample did not make contact with the chip, repeat steps 4.6.1-4.6.3 until contact
is observed.

4.6.5. Optional: Use course motion to adjust the spacing between the tip and the sample so
that contact occurs at low voltages (0 — 10 V applied on the Z piezo).

4.6.6. Once there is contact, repeat steps 4.6.2-4.6.3 in several locations in order to
determine the tilt angles of the surface and to define the plane of the sample, relative to the
sensor.

4.7. Sweep the voltage on the X and Y piezo elements in order to move the sample relative
to the sensor. Scan at a constant height above the sample, without contact between the tip
and the sample, in order to map vortex distribution. Achieve a constant scan height by
changing the voltage on the Z piezo according to the X and Y locations, and to the plane
defined in 4.6.

4.8. Choose a vortex and scan around it to precisely determine the location of its center.
Note that the vortex location is relative to the SQUID’s pickup loop, not to the contact point.

4.9.  Turn SQUID off.

4.10. Apply a voltage that is greater than the touchdown voltage to the z piezo and either
tap next to the vortex center or sweep the vortex by dragging the sensor (in contact with the
sample) slowly on the sample to a desired location. The vortex will move towards the tap or
in the sweeping direction. Typical values to add to the applied z piezo voltage are 2-5 V.

4.11. Turn SQUID on.

4.12. Image again at a constant height without contact to locate the new location of the
vortex.

REPRESENTATIVE RESULTS:

Our protocol was successfully tested on thousands of individual, well separated vortices in
two samples of Nb, and nine samples of NbN. We generate new vortices on the same sample
by heating the sample above Tc, and cooling it back to 4.2K in the presence of a magnetic
field. We chose the external magnetic field to achieve the desired vortex density. We show
here data from these experiments. These results have been described in detail by Kremen et
al't,



The protocol described here allows for controllable manipulation of vortices into various
configurations (Figure 2). Single vortices were moved over distances up to 1 mm (Figure 3),
and remained stable at their new locations.

Figure 1. Scanning SQUID system.

(a) The scanning head. (b) Enlarged photo of the area circled in (a). (c) Sample-sensor front
angle. The angles aand B between the chip and its reflection from the sample should be equal
on both sides. (d) The chosen alignment angle between the sensor and the sample. The angle
between the chip and the reflection is twice the desired angle, which should be at least 4°.

Figure 2. Manipulation of vortices to form the letter B.
(a) Initial configuration after cooling the sample in the presence of magnetic field. (b) A new
configuration after moving the vortices, in the shape of the letter B.

Figure 3. Several manipulations of a single vortex, dragging it over a distance of 820 um.
Inset: (a) A single vortex. The keyhole shape is due to convolution between the magnetic
signal and the sensor’s point spread function. (b) A scan in contact with the SQUID turned on.
The initial location of the vortex is at the left of the picture. The peak of the signal moves to
the right with the vortex, until the vortex is relocated at the right end and no longer moves.
(c) A sketch of a scan in contact. The tip of the sensor is the first to make contact with the
sample, while the vortex location received from the scan is relative to the pickup loop, which
is offset from the tip.

DISCUSSION:
Successful manipulation of vortices depends on several critical steps. It is important to align
the sensor at an angle, such that the tip of the chip will be the first to make contact with the
sample. Second, it is important to note that the force exerted on the sample is determined by
the mechanical properties of the cantilever that the chip is mounted on. In the elastic regime,
the force applied is proportional to the deflection, x, according to Hooke’s law:
F = —kx
Where k is the spring constant, determined by Young’s modulus of the material, and its
physical dimensions, and is given by
Et3w
4B

Here, E is Young’s modulus, t is the thickness of the beam, w is the width and | is the length.
For a copper cantilever, E = 117 GPa. Our cantilever was 0.017 mm thick, 3 mm wide and
10.7 mm long, which give k = 0.35 N/m. When the voltage in the Z piezo was 1 V below
touchdown, the deflection was 1.6 um. This gives a force of 0.56 uN. It is important to choose
the cantilever material and dimensions properly, to get the desired force.

It is also important to note that the location of the vortex as scanned by the SQUID is relative
to the pickup loop, and that the contact point is displaced from the pickup loop according to
the size of the chip and the polishing. This displacement is to be accounted for when choosing
the location of the tap event, or the contact scan, to insure that the tip of the chip makes
contact near the vortex location.



If a vortex was not displaced after scanning in contact, applying more stress by pushing the
tip harder into the sample, pressing the sample for a longer period or dragging the tip more
slowly across the sample may help overcome the pinning force and dislocate the vortex.

The sample did not show memory of the manipulation; we observed no change in the
diamagnetism of the sample, corresponding to the superfluid density, as well as no change to
the topography of the sample. New vortex configurations created after reheating and cooling
in the presence of magnetic field did not show memory of previous manipulations either?’,

Our method is limited by the size of the contact point. The technique has the potential for
fine tuning the location of vortices, but so far we have demonstrated the abilities of the
protocol for rather large, polished tips of the chip (from 100 nm up to 1 um). Characterization
of the tip is needed in order to know the strain gradients.

In conclusion, our protocol allows for manipulation of individual vortices in superconducting
thin films at low temperatures and without further fabrication of the sample. Mastering the
ability to control the location of vortices may have applications in the design of flux based
logic gates, as well as in the study of interactions of vortices with other vortices, the lattice,
and other magnetic particles.

ACKNOWLEDGMENTS:

We thank A. Sharoni from Bar-llan University for providing the superconducting films. This
research was supported by European Research Council Grant ERC-2014-STG- 639792, Marie
Curie Career Integration Grant FP7-PEOPLE-2012-CIG-333799, and Israel Science Foundation
Grant ISF-1102/13.

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:

1 Olson Reichhardt, C. J. & Hastings, M. B. Do Vortices Entangle? Phys. Rev. Lett. 92,
157002 (2004).

p MiloSevi¢, M. V., Berdiyorov, G. R. & Peeters, F. M. Fluxonic cellular automata. Appl.
Phys. Lett. 91, 212501, doi.org/10.1063/1.2813047 (2007).

3 Kalisky, B. et al. Scanning Probe Manipulation of Magnetism at the LaAlO3/SrTiO3

Heterointerface. Nano Lett. 12, 4055-4059, doi:10.1021/nl301451e (2012).
4 Silva, C. C. D. S., Van de Vondel, J., Morelle, M. & Moshchalkov, V. V. Controlled
multiple reversals of a ratchet effect. Nature 440, 651-654, doi:10.1038/nature04595 (2006).

5 Kalisky, B. et al. Dynamics of single vortices in grain boundaries: I-V characteristics on
the femtovolt scale. Appl. Phys. Lett. 94, 202504, doi:10.1063/1.3137164 (2009).

6 Embon, L. et al. Probing dynamics and pinning of single vortices in superconductors at
nanometer scales. Sci. Rep. 5, 7598-7598, d0i:10.1038/srep07598 (2015).

7 Auslaender, O. M. et al. Mechanics of individual isolated vortices in a cuprate
superconductor. Nature Phys. 5, 35-39, doi:10.1038/nphys1127 (2008).

8 Kalisky, B. et al. Behavior of vortices near twin boundaries in underdoped Ba(Fel-

xCox)2As2. Phys. Rev. B 83, 064511 (2011).


http://dx.doi.org/10.1063/1.2813047
http://dx.doi.org/10.1063/1.3137164

9 Huber, M. E. et al. Gradiometric micro-SQUID susceptometer for scanning
measurements of mesoscopic samples. Rev. Sci. Instrum. 79, 053704, doi:10.1063/1.2932341
(2008).

10 Koshnick, N. C. et al. A terraced scanning super conducting quantum interference
device susceptometer with submicron pickup loops. Appl. Phys. Lett. 93, 243101 (2008).
11 Kremen, A. et al. Mechanical Control of Individual Superconducting Vortices. Nano

Lett. 16, 1626-1630, doi:10.1021/acs.nanolett.5b04444 (2016).


http://dx.doi.org/10.1063/1.2932341

Figure 1 Click here to download Figure figure 1.pdf =

H alignment screws

cantilever
SQUID chip Piezoelectric' e
sample Z bender km

alignment screws

-~
-~--_
—~
-~

Piezoelectric e —"—"t e aras’

stick-slip coarse ' X,Y bender

motion system
cantilever

SQUID chip
sample



http://www.editorialmanager.com/jove/download.aspx?id=515536&guid=50019f96-1a98-4f02-b795-927fc4c0e737&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=515536&guid=50019f96-1a98-4f02-b795-927fc4c0e737&scheme=1



http://www.editorialmanager.com/jove/download.aspx?id=515537&guid=53d9304f-5e5d-43b6-9453-59e7f8c962c3&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=515537&guid=53d9304f-5e5d-43b6-9453-59e7f8c962c3&scheme=1

final location
800t

initial location

contact point

pickup loop

10pum

attempt #1 attempt #2 attempt #3 attempt #4 attempt #5


http://www.editorialmanager.com/jove/download.aspx?id=515532&guid=eef315b2-802e-49fc-bc40-0c8bf49424a4&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=515532&guid=eef315b2-802e-49fc-bc40-0c8bf49424a4&scheme=1

Excel Spreadsheet- Table of Materials/Equipment Click here to download Excel Spreadsheet- Table of Materials/Equipment
Materials.xIsx

Name of Reagent/ Equipment Company Catalog Number |Comments/Description
stick slip coarse motion system attocube ANPx-101 X,y motion

stick slip coarse motion system attocube ANPz-101 z motion

stick slip coarse motion system controller |Attocube ANC 300

high voltage amplifier Attocube ANC 250

data acquisition card National Instruments NI PCle-6363

piezo elements Piezo Systems Inc T2C non magnetic

low noise voltage preamplifier Stanford Research Systems |SR 560

capacitance bridge General Radio 1615A

telescope NAVITAR 1-504516

camera MOTICAM MP2

dewar Cryofab N/A

insert ICE oxford N/A

Mu-metal shield Amuneal N/A

vacuum cap ICE oxford N/A

sputtering system AJA international Inc N/A

lapping film 3M 261X non magnetic

Nb target Kurt J. Lesker EJTNBXX351A2

GE Varnish CMR-Direct 02-33-001 for cryogenic heatsinking
Silver paste Structure Probe Inc 05063-AB
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or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

Beena Kalisky

Name:
Department: Department of Physics
Institution:
Article Title:

Beena  Halisky
Signature: el

Institute of Nanotechnology and Advanced Materials, Bar-llan University, Ramat-Gan, Israel

Scanning SQUID Study of Vortex Manipulation by Local Contact

10/5/2016
Date:

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe documentto +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Dear Editor,

We thank you and the referees for the helpful comments. We have corrected the manuscript
accordingly, and we submit a revised version, with the changes highlighted.
In the list below, we address each comment in blue.

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any
errors in the submitted revision may be present in the published version.

We corrected a few typos and changed some words to make sentences more clear (lines 81,
116,267,280).

2. Please decide between open access and standard access. On Editorial Manager, you have
selected access but on the Author License Agreement, you have selected open access.
We chose the green route and have been in touch with Alex Bhatty regarding some details.

3. Please provide a scale bar in Figure 2.
We added a scale bar and resubmitted the figure.

4. Formatting:

-Please define all abbreviations at first occurrence (e.g. DC).

We defined the abbreviations (lines 78,115).

-2.3 —Itis unclear why Kurt J. Lesker is cited here. If the target was obtained from him, this
should be indicated in the materials table. Is anything done to the sample after deposition (like
any cleaning)?

We removed Lesker from the protocol (line 128) and added the target to the materials table.
The sample is ready for use after the deposition.

5. Grammar:

-1.2 — Please clarify what is meant by “Polish the SQUID chip into a corner located near the
pickup loop”. This reads as though the chip is moved into a corner by polishing it.

We rephrased 1.2 to clarify that the material of the chip is removed all the way to the pickup
loop (lines 109-113).

-4.6.1 — Should be “to move the sample”.

We rephrased the sentence (line 189).
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-Figure 3 legend — “Several manipulation”
We changed "manipulation" to "manipulations" (line 248).

6. Additional detail is required:

-2.2 — Is the substrate placed in the chamber after the pre-sputtering step? What are the
settings for pre-sputtering?

We added the pre sputtering settings to the protocol, and added step 2.3 to clarify that the
substrate is placed in the chamber after the pre-spattering (lines 119-125).

-3.1 —How is the sample loaded on the microscope?

We added a step to the protocol describing this stage (lines 140-141), and added GE Varnish
and silver paste to the materials list. We have also added directions for loading the SQUID chip
to the microscope (lines 136-139).

-3.5 — How and how far away is the sample moved from the sensor?

The sample is moved using the Z direction stick-slip motion stage, to a distance of 0.5-1mm
from the sensor. We added this information to the protocol (line 154).

-3.6 — Please describe the angles. Are they between the sample and the sensor?

We rephrased the sentence (lines 156-157), and changed figure 1 (panels c and d) to better
explain this.

-3.7 — How close to the sensor?

Sample should be 1um away from the sensor. We added the information to the protocol (line
159).

-3.8 — Please clarify “the first to make contact.” Will anything else be making contact with the
sample?

We rephrased the sentence so that the meaning is clear (line 163).

-4.2 — How is the magnetic field generated? How does one know the number of vortices?

We added an explanation regarding how the magnetic field is applied (lines 171-172). We have
also added information to instruction 4.1 and updated the equipment table, in order to further
clarify the setup (lines 167-169).

-4.6.2 — How is this monitored? Is there an output to view?

We have changed step 4.6 in order to describe more accurately the approach sequence to the
sample (lines 183-201).

-4.7 — How is scanning performed/initiated?

We added a sentence to explain that (lines 203-204), we also added an explanation for
achieving a constant height above the sample (lines 205-207).

-4.10 — How greater of a voltage? How is the sensor moved?

We added the information (line 214). We explained the movement of the sensor in 4.7.

7. Branding should be removed from steps 1.1 and 3.4 - attocube
We removed the branding (lines 106, 149).
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8. Results: Please discuss the results presented in more detail. Two sentences is insufficient.
We expanded the introduction to the presented data (lines 226-229). Please advise if this is
what you meant.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This is a very strong paper and fits in well with this journal on visualization.

Major Concerns:
N/A

Minor Concerns:
N/A

Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

The authors present an elegant way of manipulating superconducting vortices which may guide
future works where removing or controlling vortices in other materials or devices could be
useful.

Major Concerns:

1) Mention that these are superconducting vortices right away in the abstract.

We clarified that in the abstract (line 49).

2) In one place the authors say thousands of vortices, which seems to be unrealistic for
manipulating such a large number of vortices.

We added a sentence to clarify that (lines 226-229).

3) The table needs a better formatting: lines, text alignment, another column explaining what
each component is for.

The table was a template we filled. However, we resubmitted the table and added a version
with better formatting.

Minor Concerns:
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A suggestion only: add a flow diagram to describe better what each component (in the table)
function is.

It seems unclear what "by local contact" means in the abstract. Perhaps, "by local elastic
deformation" would be more appropriate if that is the underlying mechanism for the vortex
manipulation.

The table was a template we filled. We rephrased to “local physical contact” to clarify “local
contact” (line 53).

We thank the referee for his\her helpful comments.

Additional Comments to Authors:
N/A

Reviewer #3:
Manuscript Summary:
This manuscript describes a method for moving vortices using a scanning SQUID microscope.

Major Concerns:
N/A

Minor Concerns:
Reference 3 is the same as reference 5
We changed reference 5, so it is now the correct one (lines 319-323).

Additional Comments to Authors:
N/A

We thank the referees, and we hope the revised version is suitable for publication.

Sincerely,
Eylon Persky

Beena Kalisky’s scanning SQUID lab
beenalab.biu.ac.il
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