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Local visualization of asymmetric flux pinning by magnetic dots with perpendicular magnetization
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Field polarity-dependent flux pinning is investigated in a superconducting Pb film on an array of Co/Pt dots
with out-of-plane magnetization. With the magnetic momentsf all dots aligned, the pinning force strongly
depends on the mutual orientationrofand the magnetic fieltl. By scanning Hall probe microscopy, we have
revealed the origin of this field polarity-dependent pinning. For antiparaileind H, vortices are loosely
“caged” at interstitial positions, while for paralleh and H, vortices are strongly pinned on the dots, thus
providing a strong pinning asymmetry.
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Artificial pinning centers in superconductors are used tadirectly via local visualization using SHPM with single vor-
significantly increase the critical current densjtyand as tex resolution, which provides key insights into the micro-
model systems to study the fundamental properties of th&copic interaction of FL's with magnetic pinning centers.
interaction between flux lines and different types of pinningSimple energy considerations support the SHPM observa-
centers. Advances in lithography have enabled their contions, and reveal the microscopic origin of a pronounced
trolled fabrication at submicron and nanometer scales.  field-polarity dependent pinning. o

Previous work has focused on pinning by artificial arrays A schematic drawing of the investigated sample is given
effects between the vortex lattice and a pinning array hav@hous SiQ top layer. The magnetic dots consist of a
been observed in electrical transport and macroscopic mag;:‘)(o-3 nm)/Pt(1.1 nni), multilayer an a 3 nm Pt buffer
netization measurements, and in molecular dynamiciyer and are fabricated by electron-beam lithography,
simulationst”* Vortex pinning by artificial pinning arrays electron-beam evaporation in ultrahigh vacuum, and lift-off
has also been investigated on a microscopic scale by loc#chniques. They have a square shape with a side length of
imaging techniques as Lorentz microscbpgnd scanning 400 nm and rounded corners and are arranged in a square
Hall-probe microscopySHPM),1320-24which are powerful lattice with a 1um period. Hysteresis loops measured at
tools for understanding the macroscopic transport and magoom temperature using the magneto-optical Kerr effect have
netization data. confirmed the perpendicular anisotropy of the Co/Pt dots.

When using ferromagnetic dots as pinning centers, th&Vith H perpendicular to the substrate, the dot array had a
artificially created pinning potential in the superconductingcoercive field of 2.3 kOe and showed 100% magnetic rema-
film depends not 0n|y on the geometry, but also on the magnence. After saturating the dot$ could be SWGpt within
netic properties of the dots, such as their magnetization di—1 kOe<H<1 kOe without changing the magnetic re-
rection, magnetic moment, stray field direction and strengthsponse of the array, indicating that the magnetic state of the
etc. For dots with out-of-plane magnetization significantlydots remains virtually unchanged.
stronger pinning was observed when the applied fi¢laind Layers of 10 nm Ge, 50 nm Pibehaving as a type-Il
the magnetic moments of the dots have the same polarity superconductor with critical temperatufie,=7.17 K), 25
(“parallel”) compared to the case of opposite polarityNm Ge(protective layer, and 50 nm Au were consecutively
(“antiparallel”).1%12 A local imaging study of these systems deposited on top of the dot array. The insulating Ge layers
is still lacking. For the strong pinning caskl @andm paral- ~ avoid proximity effects between the metallic and supercon-
lel) it is reasonable to assume that the FL's are pinned at th@ucting layers, while the Au layer facilitates the approach of
dots (on-site pinning. The much weaker pinning for antipar- the SHPM probe in a tunneling control mode. Further prepa-
allel H andm can result from weaker on-site pinning or from o - -
interstitial pinning where the FL's are repelled by the dots / : ‘
and positioned between them due to “cagirfg.”

In this paper, vortex pinning is investigated in a thin Pb-
film with an array of submicron magnetic Co/Pt dots with _
perpendicular anisotropy. Macroscopic magnetization mea- =
surements reveal strongly asymmetric pinning with respect
to the polarity of the applied field. We demonstrate that the
interaction between FL's and magnetic dots can be switched
from attractive to repulsive by changing their mutual mag- FIG. 1. Schematic drawing of a cross section of the studied
netic alignment from parallel to antiparallel. This we prove sample. For clarity, vertical dimensions ar& 7magnified.

Au 50 nm
Ge 25 nm
Pb 50 nm
Ge 10 nm
Si/SiO, substrate Co/Pt dots
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FIG. 3. Zero field SHPM images showing the local inductign
above the sample surface over a (4&)? area at(@ T=7.4 K
>T,. and (b) 6.8 K<T, after magnetizing the dots in a negative
S Porod field (m<0). The dots appear as dark spots, the dotted line indi-
A N I O B cates the square dot array. The peak-to-valley contrast is 0.30 and
TR i 1ol Ti=7.00K 0.25 G for(a) and(b), respectively.
gp=d ¢ gl ek

a strong periodic pinning potential. H andm have opposite

2 polarity, AM is substantially reduced and weak matching
2 features are observed [d/H,|=1/2, and 1.

2 " High-resolution SHPM was used at low temperatures to
o r image the local magnetic inductiob,(x,y) above the

E sample surface. The experimental setup is based on a modi-

fied commercial low temperature scanning tunneling micro-
scope(STM), in which a microfabricated GaAs/AlGaAs het-
erojunction chip replaces the tunneling tip. The Hall cross
(0.25 wm wire width) is defined in the 2D-electron gas at the
corner of the chip a fewem away from an integrated STM
H/H tip. The used SHPM set-up at the University of Bath is de-
! scribed in more detail in Ref. 27. To increase the signal-to-
FIG. 2. M(H/H,) magnetization curves at different tempera- NOise ratio, the images shown in this paper are obtained by
tures neaff; (7.00 K open symbols, 7.10 K filled symbpkhowing ~ averaging severdtypically 20) image scans.
the superconducting response of the Pb layer on top of the Co/Pt dot To reveal the microscopic origin of the strorg(H)
array with all dots aligned in a positiv@pper paneland negative ~asymmetry, we have used SHPM to investigate the vortex
(lower panel senseH;=20.68 Oe is the first matching field. patterns in the sample. Images are first recorded in zero ap-
plied field at temperatures slightly above and beldw.
ration details are given elsewhére!®?® The penetration \When the dots are magnetized in a large negative perpen-
depth\ (0)=48 nm and the coherence lengf{0)=35 nm  dicular field, they appear as a square array of dark spots at
in our sample could be estimated from electrical transporT=7.4 K>T, [Fig. 3(@]. The peak-to-valley, contrast of
measurements on a 25 nm reference Pb film. Clos€.to the image in Fig. @) is 0.30 G. After zero field cooling the
when A>t, with t=50 nm the thickness of the supercon- sample tol =6.8 K< T, the b, peak-to-valley amplitude de-
ducting layer in our sample, this results in an effective pencreases by about 20% to 0.25 G, as can be clearly seen from
etration depthA (T)=\%(T)/t=46 nm/(1-T/T,). the weaker contrast in Fig(l8). This effect is believed to be
The macroscopic pinning properties of the hybrid systemdue to the response of the superconductor to the local mag-
(dots with superconducting filrare investigated in a Quan- netic stray field of the dots»%162328n which, depending
tum Design superconducting quantum interference devicen the strength of the stray field, it will be screened or non-
(SQUID) magnetometer. Figure 2 shows(H) magnetiza-  zero fluxoids will be induced in the superconductor. Below
tion curves neaf . in perpendicular fieldH after the dots T. supercurrent patterns appear in the Pb film encircling
were magnetized above, in H=+40 kOe(i.e., m>0) and the dots, which depend on the amount of flux generated by a
H=—40 kOe (n<0) perpendicular to the surface. The field dot>?®In our sample, the stray field of the dots is not suf-
axes are normalized to the first matching fiéld given by ficiently large to induce nonzero fluxoids in the supercon-
woH1=¢o/1 um?=2.068 mT at which exactly one super- ductor. Consequently, local supercurrepgsscreen the flux
conducting flux quantung, is generated per unit cell of the of the dots and reduce the measured fibldabove the
dot array. The width of the loopaM=M*—=M"~ (with M™* sample surface. The reason why the Hall probe still measures
and M~ the upper and lower branchesan be considered a non zero field above the dots is probably related to incom-
proportional to the critical current densify(H).®> WhenH plete screening since at temperatures closk. tihe effective
and m have the same polarity, we observe a large widthpenetration depth is of the order of the spacing between the
AM(H) and pronounced matching effects at integer2, dots (A(T=6.8 K)=900 nm). Moreover, the field, is
and 3 and several fractional multiplé¢&/4, 1/3, 1/2, 2/3, 3/4, measured at a certain distance Z00 nm) above the super-
5/4, 413, 3/2, 5/3, and 7)4of H,. The matching effects in- conductor surface.
dicate the presence of commensurate vortex configurations in Figures 4a) and 4b) are SHPM images obtained after
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count the rather small energy contributions related to the
reduced order parameter in the vortex core and near the mag-
netic dots.

Since in our case the stray fieldlux) of the dot is
screenedE;qq is effectively reduced to the field energy of
the FL. Hence we need only considBfieiict Emoment fOr
on-site and interstitial pinningE°"s" and EMe'sy for the
case wheréd (or b,) andm are parallel and antiparallel. For

FIG. 4. SHPM images of a (10,6m)” area of the sample in  the parallel case the screening curreitsf the dot and the
H=—-1.6 Oe (left pane) and H=+1.6 Oe (right pane, at T cyrrentj, of the FL have opposite circulation sense and will
=6.8 K (field-cooled. The tiny black/white dots indicate the posi- artially cancel one another if the FL is positioned on the

tions of the Co/Pt dots, which are all aligned in the negative sens% on-site_ —interst
(m<0). The flux lines emerge as diffuse dark<0) or bright Ot. ThereforeE jneic< Eynetc- Whenm andb, are parallel,

(H>0) spots in the SHPM images. Emomen=0, but the energy reduction is much higher for the

; i on-site interst
on-site pinning, thereforeE , men< Emoment AS @ result

-sit interst :
field cooling the sample in small negativél € —1.6 Oe) ESTH<ET®™ and the FLs are strongly pinned at the dots

and positive fieldsii =+ 1.6 Oe), respectively, correspond- WhenH andm are parallel. _ _

ing to about 85 flux quanta in the scanned area of FOr the antiparallel alignment ohandH, js andj, have
(10.5 xm)2. One can clearly recognize nine negatigark  the same circulation sense. TherefdEg i is proportional
vortices in Figs. 4) and 8 positive(bright) vortices in Fig.  to (js+]j,)?. For an interstitial FLEgraq. is roughly propor-
4(b), in perfect agreement with the expected number of fluxional to j§+jf (assuming no overlap of the current pat-

quanta. The square array of do®<0) produces a much terns, so thatEgnsie=Ejirans. For the antiparallel alignment
weaker contrast and is _|nd|cated by small dot; for clar!ty.of m and b,, Ejomen iS always positive a”dE%ndrSrifm
The location of th? vortices depends on t_he f|_eld polarity. Emfr{fém. We can therefore conclude for the case of anti-
When the magnetic field of the vortex points in the same , : - .
L . . parallelm andH that FL's are caged interstitially, leading to
direction as the magnetic moments of the dé&tg. 4(a), m h Ker pinni
<0 andH < 0], the vortices are positioned at the dot sites. [ Much weaker pinning. . . .
contrast, vortices with opposite field polariffig. 4b), m With increasing vortex densn)_/, collec_:tlve effects set in
<0, H>0] are located at interstitial positions. due to the'growmg vortex—vortex interaction. qu the case of
These Iocal visualization experiments can be correlate@2'alle! alignment, this leads to the observation of nicely
with the global magnetization experiments depicted in Fig. 20rdered on-site pinned vortex configurations in the SHPM
WhenH andm are parallel, the flux lines are pinned by the IMmages at the matching fields and at fractional matching
dots and high critical currents and pronounced matching effi€lds (e.g., 1/3, 1/2, while the ordering of the interstitial
fects are observed. On the other hand, for the antiparalldfL’s for the antiparallel case is much less pronounced due to
alignment ofH andm, the FL's are caged at interstices where the weak and much less confined caging. Since these collec-
they have a higher mobility and the pinning is substantiallytive effects do not depend on field polarity, they have no
reduced. direct implication on the above discussed energy balance.
The field polarity-dependent pinning can be explained byField polarity-dependent pinning has also been observed in a
considering a balance of several mutually dependent energguperconductor with in-plane oriented magnetic dipdfds.
terms. The relevant energy contributions describing a magthat particular case, nonzero fluxoids were induced in the
netic dot with fixed moment along thedirection interacting  superconductor by the flux of the dipoles. Similar energy
with a single FL can be written aByinetict Efieldt Emoment ~ CONSiderations with the relevant contributions in that case
Exinetic is the kinetic energy associated with the total current€ing Egieig+ Einetic (for in-plane dipoles,Eqomen: AN be
in the system(screening currenis of the dot and supercur- omitted lead to the conclusion that positive flux lines would
rentsj, encircling the FI); Eqq is related to the field energy be located at the negative pdkend vice versg in agreement
in the superconductor~ ¢?) and the magnetostatic energy With the direct SHPM observations.
of the stray fields outside the SC; In conclusion, we have investigated vortex pinning in a
superconducting Pb film on an array of Co/Pt dots with per-
pendicular anisotropy, by combining integrated response
E moment —f m(r).b(r)dr (1)  technique(magnetization measurementsith a local probe
dot techniqgue(SHPM). With all dots aligned, the magnetization
curve of the hybrid system is extremely asymmetric with
is the energy of the magnetic moment of the dot in the locatespect to the sign of the applied magnetic field, indicating
field b of the FL(see also Ref. 0In addition, the geomet- that the flux pinning strength is clearly field polarity depen-
ric modulation of the Pb filmdeposited on top of the dot dent. We find strong pinning when the field and the moment
pattern can create a pinning contribution with attractive sitesof the dots point in the same directigparalle) and much
at the dot positions. This geometric pinning contribution isweaker pinning when they are antiparallel. Direct local stud-
however not dependent on field polarity and we thereforées of the pinning phenomena by SHPM and simple energy
leave it out of this discussion. We also do not take into acconsiderations yield key insights into the microscopic origin

014509-3



M. J. VAN BAEL et al. PHYSICAL REVIEW B 68, 014509 (2003

of the field polarity-dependent pinning. The higher critical ~The authors thank L. Van Look, K. Temst, J. Bekaert, and
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rounding magnetic dots. This implies that for the antiparallelResearch Action§GOA) programs, by the ESF “VORTEX”"
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