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Manipulation of vortices by magnetic domain walls
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In a type-ll superconductor, the magnetic field penetrates in the form of thin filaments called
vortices. The controlled behavior of these vortices may provide the basis for a new generation of
nanodevices. We present here a series of experiments showing simultaneous manipulation and
imaging of individual vortices in a Nb$esingle crystal. The magnetic field from a Bloch wall in a
ferrite garnet film(FGP is used to manipulate the vortices. High-resolution magneto-optical
imaging enables real-time observation of the vortex positions using the Faraday effect in the same
FGF. Depending on the thickness of the sample, the vortices are either swept away or merely bent
with the Bloch wall. © 2003 American Institute of Physic§DOI: 10.1063/1.1533120

The vortices in a type-1l superconductor consist of anor-  In an FGF with in-plane magnetization, two domains
mal core surrounded by supercurrents creating a magnetigith an opposite magnetization direction will be separated
field along the vortex. Recent developments in magnetic pinby a Bloch wall** The domain wall will give rise to a stray
ning by nanoengineered pinning arrayssuggest the possi- localized field outside the film which will interact with
bility of developing a new generation of devices based on theortices see Fig. 2. In the experiments described next, the
controlled behavior of vortices. Creation and manipulation ofposition of the Bloch wall was controlled by applying a
single vortices were recently demonstrated using a miniaturemall horizontal field 0.1 mT).
field coil mounted on a scanning superconducting quantum The first experiment was carried out on a cleaved
interference device microscopeMagnetic domain walls 2H-NbSg single crystal® with T,=7.2K, penetration
produce an alternative magnetic pinning potential. Thes€epthA =70 nm, and thickness=30 um. Upon cooling to
walls can be shaped and controlled by external stress patteriis=4 K in B,=0.1 mT, a disordered vortex lattice with lat-
and magnetic fields. For low coercivity ferrite garnet films tice constanti;=4.5um was formed, see Fig.(8. At this
(FGF9 with in-plane magnetization, domain walls can belarge inter vortex spacing, vortex—vortex interactions are
manipulated at frequencies in the GHz regifwehich makes  negligible. We then moved a Bloch wall across the image
them suitable for use in potential devices. Moreover, thearea and looked for changes in the vortex positions. As Fig.
strong Faraday rotation in FGFs can be used for direct rea(b) shows, the upper ends of the vortices were displaced a
time imaging of vortices, as recently demonstrafe&uch
simultaneous manipulation and imaging of vortices without
any external mechanical motion may provide a useful tool in
the development of vortex based nanodevices.

In this work, we directly image pinning and manipula-
tion of vortices in NbSgby a movable magnetic Bloch wall
in a bismuth-doped FGF. The Faraday effect in the same

FGF is used simultaneously for imaging of vortex positions. P
We estimate the strength of the domain wall—vortex interac- >
tion and find that for sufficiently thin samples, the domain
wall can sweep a region clear of vortices. @
Figure 1 shows the principle of magneto-optical imaging
>

(MOI). When passing through the FGF, linearly polarized
light will have its polarization plane rotated an angle propor- ;
tional to the strength of the magnetic field present. When i
using a crossed polarizer/analyzer setting, maxima in rota- , ’ , ' ‘_ E
tion will give maxima in recorded intensity, hence, a vortex FGF H» i}_‘
will appear as a bright spot. The main improvements in our :
setup compared to conventional M®involves minimizing
the gap between the superconductor surface and the FGF SC
(only 0.14 um), using a very thin and sensitive FGF, and
building an open modular microscope optimized for polar-
ization contrast. FIG. 1. Principle of MOI. The maxima of the magnetic field from vortices
in a superconducting sample give maxima in the Faraday rotaiionf

incoming plane polarized light in a FGF near the sample. Vortices appear as
¥Electronic mail: p.e.goa@fys.uio.no bright spots when imaged using a crossed polar2gdnalyzerf\) setting.
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FIG. 2. Experimental procedure: A magnetic domain wall in a FGF is
passed above a vortex in a superconducting sample. The interaction between
the two can cause the vortex to move if the interaction force is large enough.

few microns, but the overall vortex distribution was pre-
served. In conclusion, we see that for this sample, the force
from the moving domain walf,, is smaller than the single
vortex pinning forcefp' and we were not able to freely FIG. 4. Results for thel=0.3 mm sample. Starting from the initial field-
manipulate the vortices. cooled vortex latticga), we can create vortex free channels at the turning

Since the total pinning force on each vortex is prOpOI’-pOim of the dom_ain wallb an_d 9. The domain \_NaII has been moved down _

. . from the upper right-hand side corner of the image area and turned at dif-
tional to the sample thickness, we chose a new sample fqgrent positions. The channels can be subsequently erased by passing the
the second experimeftleaved from the same initial crystal domain wall across the whole field of vietd).
with d=10um. We applied the same external field before
cooling, see Fig. @). When We_passed the domain _vvaII e relationf,= | .®od, whered,=2.07x 10~ 15 Wh is the
across the image area, the vortices followed the motion oﬂLX quantum:
the wall and were swept out of the field of view, see Fig. ’
3(d). Hence, in this sampld,, is larger thanf ;. fo(d=10 um)=0.8 pN,

In order to give a lower and upper estimate fqr, we
determined , for the two samples from an independent mea- fp(d=30 um)=2.5 pN.
surement. The remaining part of the crystal with
=0.3 mm was mounted for global MOl at=4 K. By mea- Hence, the interaction force between the Bloch wall and a
suring the position of the penetrating field edge at a certaisingle vortex is on the order of 1 pN.
applied field, we found the critical current density for the In a final experiment, the Bloch wall-vortex interaction
crystal: j;=4x10> Alcm?. From this, we calculated the was examined in thel=0.3 mm sample. We cooled the
single vortex pinning force for the two first samples usingsample in a 0.5 mT applied field, which gaag=2 um, see
Fig. 4(a). Using the obtained value fqg, this sample has a
single vortex pinning forcé,=25 pN, which is one order of
magnitude larger thah,,. By passing the domain wall back
and forth across the image area, a vortex free channel was
created at the turning point of the wall, Figlbd We were
able to create more such channels by turning the domain wall
at different positions at the sample, see Fi@)4The chan-
nels were easily erased by passing the domain wall over the
whole field of view as shown in Fig.(d).

These observations clearly show that vortices can be
moved even in a sample where the applied fdigés much
smaller than the single vortex pinning forég. A plausible
explanation is that only the upper part of the vortex is bent
under the application of,,, leaving the rest of the vortex
undisturbed. Support for this is found by calculating the elas-
tic force fo on a bent vortex®

after

u
fer=2e0~0.5 pN.

10 um

FIG. 3. Results for two samples with different thicknesses. In dhe Hereu is the transverse distortioh, is the vortex length, and

=30 um sample, only small changes in the vortex positions are observed, _ 12 2. ; ; ;

from before(a) and after(b) a pass of the domain wall. In thet=10 um %O_(DOMW’MO)\ 30 ,pN is the vortex line tension f’ﬂ-

sample, all initial vorticesc) are swept away with one pass of the domain = 4 K. We see that, is much lower tharf,= 25 pN, which

wall (d). means it is easier for the vortex to bend than to move as a
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