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Abstract

High resolution scanning Hall probe microscopy has been used to study flux line pinning in a thin superconducting Pb
film evaporated on top of an ordered array of ferromagnetic Co dots. After magnetisation along the easy axis, all the

Ž .nanomagnets are seen to be in single domain magnetic states with dipole stray field distributions T)T . Upon coolingc

through the critical temperature of the superconducting film at Hs0, we observe strong screening of the dipole fields which
we attribute to fluxoid quantisation. After field cooling, we find that flux lines are selectively pinned at poles with the
opposite sign of field and ordered structures which are commensurate with the underlying pinning array are observed. Each
pinning site appears to be capable of trapping at least two flux lines, and no evidence has yet been seen for interstitial
vortices at low temperatures. Results will be compared with those from the disordered pinning system found naturally in
Cu-rich epitaxial YBCO thin films. These typically contain micron-sized normal Cu-rich precipitates, which have a similar
density to other artificially patterned systems. We show that the precipitates act as strong pinning sites close to T , and alsoc

give rise to weak magnetisation peaks at average matching fields. q 2000 Elsevier Science B.V. All rights reserved.

PACS: y74.60.yw; 74.60.Ge; 74.72.Lw; 74.80.yg
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1. Introduction

Recent advances in nanofabrication and thin film
deposition have made it possible to produce high
quality superconducting samples containing ordered

w x Ž .pinning arrays 1–3 . The bulk magnetisation M
Ž .and critical current j can be strongly enhanced inc

such samples and they have also proved to be useful

) Corresponding author.

model systems for studying the microscopic nature
of pinning. The commensurability effects between
the periodic vortex lattice and the ordered pinning
arrays have been explored and stable vortex configu-
rations inferred from macroscopic measurements
Ž .e.g., M, j or by direct imaging, e.g., Lorentzc

w xmicroscopy 4 . More recently, attention has turned
to arrays of ferromagnetic dots where, besides the
core pinning, additional contributions arise due to the
interaction of the flux lines with the local magnetic
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w xfields of the dots 5–8 . While macroscopic com-
mensurability effects have been observed in such
systems, insight into the microscopic nature of these
flux structures is still lacking. We report the use of a
high resolution scanning Hall probe microscope
Ž .SHPM to image these commensurate flux struc-
tures in a superconducting Pb film deposited over a
square array of Co dots with in-plane magnetisation.
Our experiments show that fluxoid quantisation at
each pole of the dot causes pronounced screening of
the dipole fields when the sample is zero field
cooled. Upon field cooling, flux lines are preferen-
tially pinned at the side of the dot where the stray
field is opposite to that of the flux line and at high
fields a range of commensurate multi-quanta vortex
lattices can be distinguished.

We also present results on a ‘natural’ antidot
pinning system found in Cu-rich epitaxial YBa -2

Cu O thin films containing micron-sized normal3 7yd

precipitates. We show that these precipitates repre-
sent strong pinning sites for flux lines, and such
samples display weak commensurability effects rem-
iniscent of ordered arrays.

2. The scanning Hall probe microscope

The SHPM used is a modified commercial low
temperature STM where the tunnelling tip has been
replaced by a GaAsrAlGaAs heterostructure chip. A
Hall probe was defined in a two-dimensional elec-
tron gas at the intersection of two ;200 nm wide
wires ;5 mm from the corner of a deep mesa etch.
The latter had been coated with a thin Au layer to act
as an integrated STM tip, allowing the simultaneous
measurement of local magnetic induction and surface
topography. In practice, the sample is first ap-
proached towards the sensor using an inertial coarse
approach mechanism until tunnelling is established
and then retracted ;100 nm allowing rapid scan-
ning with little risk of damaging the Hall sensor. The
Hall probe is mounted at an angle of 1–28 with
respect to the sample plane to ensure that the STM
tip is always the closest point to the surface. We
estimate that the active Hall sensor was ;200–300
nm above the sample during the scans shown here. A
more detailed description of the SHPM can be found

w xelsewhere 9 .

3. Imaging in Pb films containing Co dots

Ž .Square lattices 1.5 mm period of rectangular
sub-micron magnetic dots, consisting of a trilayer of

Ž . Ž . Ž .Au 7.5 nm rCo 20 nm rAu 7.5 nm on an SiO2

substrate, were fabricated by molecular beam deposi-
tion and electron-beam lithography. The dots have

Ž .lateral dimensions of 540 nm easy axis =360 nm.
The MFM measurements at room temperature reveal
a multidomain structure in the as-grown state. After
magnetisation along the easy axis, all dots are in a
stable remanent single domain state. The lattice of
Co dots was covered with a 50-nm superconducting

Ž .Pb film, a protective Ge layer 20 nm and a 10 nm
Au layer for the STM control of the microscope.
Further details of the sample fabrication and charac-

w xterization are presented elsewhere 7 .
Prior to the measurements, the sample was mag-

netised along the easy axis of the dots in a 0.5 T
in-plane field. Experiments were then performed both

Ž .above and below T s7.16 K of the Pb film with ac
Ž .small magnetic field -20 Oe applied perpendicu-

lar to the sample plane. The first matching field B1

is defined as the field at which exactly one flux
quantum is associated with each unit cell of the
pinning array, i.e., B sF ra2 s9.2 G.1 0

Fig. 1 shows an SHPM image of a region near the
center of the sample at Hs0 and Ts77 K. At this
temperature the Pb film is in the normal state and the

Fig. 1. SHPM image of the square lattice of single domain Co
dots at 77 K. The grayscale spans ;4.0 G from black to white.
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dipole stray fields characteristic of an ordered array
of single domain particles can be clearly seen.

As the sample is zero-field cooled through T ofc

the Pb film, we see a sudden increase in the ampli-
tude of the dipole stray fields. Fig. 2 shows a plot of
the measured peak-to-valley magnetic induction of
SHPM images of the type shown in Fig. 1 at various
temperatures. An increase of ;0.35 G is clearly
observed below T , which persists down to lowerc

temperatures. Noting that the low temperature pene-
tration depth in the Pb film is somewhat smaller than
the length of the Co dot, we attribute this observation
to the need to satisfy fluxoid quantisation above each
magnetic pole in the superconducting state. For T)

T , such considerations do not apply and we estimatec

that slightly less than 1F threads the film at each0

pole. Once the sample becomes superconducting, the
flux threading the Pb film at each pole must be
quantised, and screening currents flow which in-
crease the associated flux to 1F .0

Fig. 3 shows images of the same sample region
after field cooling in BrB sy1r2. In order to1

identify the vortex locations, we subtract the dipole
Ž .contribution at T)T from the images at T-T .c c

This is illustrated in Fig. 3a–c where the image at
Ž . Ž7.5 K Fig. 3b is subtracted from that at 6 K Fig.

.3a to generate the ‘‘difference image’’ shown in
Fig. 3c containing predominantly only information

Fig. 2. Average peak-to-valley magnetic induction span over a
3=3 mm area of the sample during zero field cooling. The critical
temperature of the film is indicated by the vertical dashed line.

Ž . Ž .Fig. 3. SHPM images a at T s6 K -T and BrB sy1r2; bc 1
Ž .image of the same sample area at T )T and BrB sy1r2; cc 1

Ž . Ž . Ž .image obtained after subtracting b from a . d Linescan across
Ž .the difference image in the direction of arrow shown in c after

Ž .field cooling in BrB sy1r2 circles and BrB sq1r21 1
Ž .squares .

about the flux lines. Two black ‘down’ vortices are
resolved in the subtracted image which are located at

Ž .the white ‘up’ poles of the Co dots T)T . Thisc

pole selectivity is not surprising since we know that
a free vortex and the ‘antivortex’ represented by the
opposite pole of the magnet will attract and ulti-
mately annihilate one another. Fig. 3d shows lines-
cans along the easy axis of the Co dots for BrB s1

y1r2 and BrB sq1r2. Upon field reversal, vor-1

tices are added in different positions and the centers
Ž . Ž .of the up B)0 and down B-0 flux lines are

separated by about 600 nm, which is very close to
the dot length and indicates that they are selectively
pinned at the opposite ends of the nanomagnets.
Contrary to the case of perpendicularly magnetized

w xdots 6 where positive ‘‘up’’ vortices are pinned at
dots with moment pointing up, the direct interaction

Ž .between the perpendicular local vortex field and
the magnetic moment of the dot can be disregarded
for dots with in-plane magnetisation.

Fig. 4 shows the difference images generated as
described earlier after field cooling at BrB s1r2,1
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Fig. 4. SHPM images at T s6 K after subtraction of the dipole
Ž . Ž . Ž .field contribution at Bs a q B r2, b q B , c q3B r2,1 1 1

Ž .and d q2 B .1

1, 3r2, and 2. In all cases, we see ordered vortex
structures which are commensurate with the underly-

Ž .ing square pinning array. At BrB s1r2 Fig. 4a ,1

we observe the ‘checkerboard’ structure where every
second pinning site is occupied by a flux line form-
ing a square vortex lattice rotated by 458 with respect

Ž .to the pinning array. At B Fig. 4b , every pinning1

site traps a single flux line and the vortex structure
Žmirrors that of the dot array. For BrB s3r2 Fig.1

.4c , the structure is a direct superposition of that for
BrB s1r2 and BrB s1, where half of the sites1 1

pin two flux quanta while the rest trap just one.
Ž .Finally, for BrB s2 Fig. 4d , every dot has trapped1

two flux lines, except for one dot in the bottom right
corner which has three flux quanta associated with it,
possibly due to a small sample inhomogeneity or
because the applied field slightly exceeds 2 B . While1

the location of the first pinned vortex can be well
established, it is not clear from an experimental or

Žtheoretical point of view where the second or addi-
.tional vortices are attached. We are therefore unable

to decide at this point whether we observe multi-
quanta vortices with a single normal core or strongly
overlapping multiple single quantum vortices. Up to
2 B , we see no evidence for vortices occupying1

Žinterstitial positions at these low temperatures T-
. Ž . Ž .6.5 K . Earlier macroscopic M B and j B data onc

similar samples at temperatures very close to Tc

have shown an abrupt drop at BsB , which was1

attributed to the presence of weakly pinned intersti-
w xtial vortices 1,10,11 . We note that care must be

taken when comparing measurements at different
temperatures, since the penetration depth will be-

Ž .come very large close to T . If l T becomes largerc

than half the length of the Co dot, then the two
magnetic poles can no longer be considered indepen-
dently, and the physics of the situation is qualita-
tively different.

4. Imaging in YBCO films containing normal
precipitates

The YBa Cu O film was grown on an MgO2 3 7yd

substrate at 6908C by electron beam co-evaporation
of the metals in the presence of atomic oxygen with

w xa subsequent anneal, also in atomic oxygen 12 . The
sample was grown with excess Cu to produce a
random array of Cu-rich precipitates. The film used
here was 0.35 mm thick, had a critical temperature of
86.4 K as measured by magnetisation, and the growth

Ž .direction was 001 . The precipitates consisted of a
non-superconducting phase, had sizes in the range of
0.2–2 mm and were homogeneously distributed in

Ž . 7 y2the film with a density n of about 2=10 cm
Ž .yielding a mean matching field nF of ;5 G.0

Fig. 5 shows a typical optical micrograph of the
surface of the film containing precipitates. In con-
trast to the earlier work on the PbrCo system, a

Žlower resolution Hall probe active area ;0.8=0.8
.mm was used to study the YBCO film.

Unfortunately, due to poor quality tunnelling with
our integrated STM tip, we were unable to simulta-
neously image a precipitate and a flux line pinned on
it. However, the following observations reveal pre-
cipitates to be pinning centres for flux lines. For a
range of field-cooled measurements with different
field polarities and strengths, we find flux lines tend
to be located at the same positions in the scanning
area of the sample. This is illustrated for four differ-
ent applied fields in Fig. 6a–d. Flux lines A, B, C,
and a cluster of lines D are common to at least two
of the images indicating the location of a few partic-
ularly strong pinning sites. Note that we would
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Fig. 5. Optical micrograph of a YBCO thin film with precipitates.

expect the strongest pinning precipitates to be occu-
pied at very low fields, but this is no longer necessar-
ily the case at higher fields due to flux line interac-
tions.

Fig. 6. SHPM images of a YBCO thin film with precipitates after
Ž . Ž . Ž .field-cooling to 77 K in a 0.1 Oe grayscale spans 0.73 G , b

Ž . Ž . Ž . Ž . Ž .y0.1 Oe 0.8 G , c 1.1 Oe 1.1 G , d y0.9 Oe 1.1 G . The
symbols A–D highlight common features in the images.

We also find a wide distribution of measured flux
line diameters suggesting that they are pinned on
precipitates of different size. This is illustrated for
two neighbouring flux lines in Fig. 7a,b. Linescans
in the directions indicated clearly reveal flux line A
Ž .diameter ;5 mm at 77 K to be considerably

Ž .broader than flux line B diameter ;3 mm at 77 K
at all temperatures; a discrepancy that far exceeds
any possible asymmetry due to the relative tilt angle
between the sample and the scanning plane. More-
over, as the temperature decreases the measured flux
line half-width saturates to a size which is many
times larger than the dimensions of the Hall probe
Ž .;0.8 mm or a typical vortex diameter for precipi-

Ž w x.tate-free YBCO films ;2 mm 13 , indicating the
presence of a large core. Despite having different
core sizes, the flux lines appear to have a universal
decay length at a given temperature, supporting the
picture of vortices pinned on precipitates. In some
images we also observe two flux lines very close

Ž .together d-l . At such small separations, flux line
repulsion must be very strong indicating that both
are firmly pinned on adjacent precipitates.

Finally, we have studied local magnetisation Mloc
Žas defined by M sB yH , where H is theloc loc a a

.applied field and B is the local induction loopsloc

for the YBCO film with precipitates at various tem-
peratures. A typical scanning region of 25=25 mm
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Ž . Ž .Fig. 7. Linescans across a flux line a at the bottom, and b at the top, of the SHPM image shown in the insets for a YBCO thin film with
precipitates at various temperatures.

was very much smaller than the sample size yet still
Ž .contained a large number )150 of precipitates.

Thus, the average of the local magnetisation over the
scan area yields the mean local response of a reason-

Fig. 8. The local magnetisation averaged over the scanning area as
a function of the mean local induction at 86 K extracted from the
initial part of the hysteresis loop after zero field-cooling.

ably large ensemble of precipitates. Fig. 8 shows the
local magnetisation averaged over the scan area as a
function of the mean local induction at 86 K for the
initial part of a hysteresis loop after zero field-cool-

Žing. Four weak matching anomalies plateaux and
.minima can be seen at approximately equal intervals

of B ;5 G, which are significantly larger than them

noise level indicated by the error bars. These features
were more pronounced for temperatures closer to the
transition temperature and disappeared below 83 K.
The spacing of these matching peaks is very close to
the matching field estimated from optical micro-
graphs of our films, and we conclude that their origin
must be similar to that of the commensurability
features observed in ordered pinning arrays.

5. Conclusions

In conclusion, we have used a high resolution
SHPM to identify stable vortex configurations in thin
Pb films containing square arrays of ferromagnetic
pinning sites. Strong screening of the Co dipole
fields is observed when the film is cooled below Tc
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in zero applied field, which we attribute to fluxoid
quantisation. In applied perpendicular magnetic
fields, we clearly observe that the first flux line is
selectively pinned at the pole of the magnet with the
opposite sign of field. Ordered vortex structures,
which are commensurate with the underlying pinning
array, are imaged at fields up to twice the matching
field.

We have also shown that the precipitates formed
naturally in Cu-rich YBCO films effectively pin flux
lines. Weak matching anomalies were observed in
the average local magnetisation for the random array
of precipitates under magnetic field sweeps. Up to
four orders of matching peaks were seen in the initial
part of zero field-cooled hysteresis loops as a func-
tion of the mean local induction very close to T .c
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