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Scanning Hall probe microscopy of vortex patterns in a superconducting microsquare
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We present direct observation of vortices confined to a superconducting 4 X 4 um? square Pb film at 4.2 K
with a high resolution scanning Hall probe microscope. Integrals of the magnetic field penetrating the square
as a function of the applied field show that an applied-field dependence of vorticity L agrees with calculations
based on the Ginzburg-Landau (GL) equation for a square sample geometry. From asymmetric field distribu-
tion of the confined magnetic flux, the locations of vortices on the square are inferred for vorticities L=1-35.
The obtained vortex patterns are analogous with the calculations in the framework of the full GL equation for
temperatures considerably lower than the superconducting transition temperature 7.
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The geometry of superconducting samples (circular, trian-
gular, square, etc.) fully defines the symmetry of the vortex
patterns when the superconducting order parameter can be
well described by the linearized version of the Ginzburg-
Landau (GL) theory.'* Among others, peculiar vortex pat-
terns including a giant vortex™® and an antivortex® can be
realized in superconducting microstructures. The vortex pat-
terns vary with the applied field, accompanying the oscilla-
tion of the superconducting transition temperature as a func-
tion of the magnetic field, T.(H). This oscillation has been
observed in resistivity measurements and they give indirect
experimental evidence for the formation of the symmetry-
induced vortex patterns.3’4 However, vortex visualization ex-
periments have not given a sufficient direct evidence yet.

A few groups’® have applied imaging techniques to visu-
alization of vortex states in superconducting microstructures.
Earlier, scanning supperconducting quantum interference de-
vice microscopy’ has shown that vortex configurations in
30-50 pwm sized Nb films with triangular and square forms
are not exactly the same as the theoretical prediction. Bitter
decoration results® indicate that vortices form shell
structures’ in 1-4 pm sized Nb disks, while triangular and
square Nb films have no stable vortex configurations. Nb
films have typically the strong pinning property, so that
metastable states produced by strong pinning can easily de-
stroy symmetry-induced vortex patterns. In addition, small
coherence length £(0) (~10 nm) of a Nb film might make it
difficult to see stable vortex patterns because a theory re-
quests that & should be above ~0.1a,'” where a is a sample
dimension: the stability of vortex patterns is expected above
&la~0.1.

We now propose to study vortex configurations in super-
conducting Pb microstructures with a low pinning (the criti-
cal current j,. is considerably smaller than that of Nb films)
and relatively large £(0) [it has been reported to be 96 nm in
bulk Pb (Ref. 11)]. In order to look at vortex configurations
in the Pb sample, we use a scanning Hall probe microscope
(SHPM) with a high spatial resolution. In this Brief Report,
we present scanning Hall probe microscopy results for a
4 X4 pum? Pb microsquare, in which vortex patterns inferred
from multimonopole fits to flux images and its vorticity L are
compared with calculations®!? based on the GL equation.

A Pb film of 50 nm in thickness was deposited on a Si
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substrate with a resist on which an array of squares was
patterned by e-beam exposure. Subsequent lift-off proce-
dures produced an array of 4 X4 um? square Pb films. We
covered the films with a 50 nm thick Au film to make a
coarse approach in a SHPM measurement after depositing a
20 nm thick Ge film on the Pb film to suppress the proximity
effect! between Pb and Au films. Resistivity and magnetiza-
tion measurements for a large reference plane film deposited
under the same conditions give T,=7.2 K, £&0)=58 nm, and
the penetration depth A(0)=71 nm, which were estimated
from normal state resistivity p,, the mean free path /, and the
critical field H,,(T). A GL parameter « of 1.2 shows that our
Pb samples are in the type-II regime. The ratio between &
and a is 0.022 at 4.2 K, which is higher than the values
reported before for Nb microstructures® (~0.006 at 1.8 K).

We mounted the sample on a platform typical for a scan-
ning tunneling microscopy technique. A Hall bar made up of
GaAs/Aly3Gag;As was attached to a PZT5H piezoelectric
scanning tube with a stick-slip coarse approach mechanism,
which has a maximum scan range of ~18 wm in the xy
plane at 4.2 K. A Hall junction which is ~1.0 um (=z) away
from the surface has dimensions of 1X 1 um?, which yields
a spatial resolution of about 0.85 um.'> A magnetic field
sensitivity is ~1.1X 107 G/Hz"? at 77 K.!3 The whole as-
sembly was put in a cryostat mounted on a vibration isola-
tion platform with a double stage.

SHPM images of the flux in the square were taken on
field cooling and subsequent field removal at 4.2 K. The
Meissner effect observed as a square image after field cool-
ing shows the position of the square on the substrate, so that
basically we can know the location of the flux on the square
by comparing the images of the flux and the square.

Figure 1(a) shows a SHPM image of the flux at 4.2 K and
an applied field of 2.6 G. The trapped flux in the image has a
width larger than an effective penetration depth'* Nesr
(4.2 K) [=2\%(4.2 K)/d, where d is a film thickness] of
0.48 wm because the distribution of the magnetic flux which
comes out of a sample surface depends on the distance from
the surface. In the case that r2+zz>)\sz, where r=(x,y) is
the distance from the center of the flux, such as in our case,
in general, the field distribution of a vortex can be approxi-
mated by a monopole model,"
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FIG. 1. (a) A SHPM image of the flux confined to the square Pb
film at 7=4.2 K and H=2.6 G. A scan area is 10X 5 um?. (b) The
result of the two dimensional (2D) monopole fit. The monopole
position is shown as a black point. The broken lines show the shape
of the square in (a) and (b). (c) The vertical sections of (a) the flux
image and (b) the monopole image.

b0 2+ Ny
277[)’2 + (Z + )\Eff)

B (r2)= 22 (1)

where B.(r,z) and ¢, are the magnetic field perpendicular to
the surface and the flux quantum (20.7 G um?). As a result
of the single monopole fitting to Fig. 1(a) involving a con-
volution with the size of the Hall junction, the flux image
agrees well with the image of the monopole located at
0.12£0.15 um away from the center of the square, as
shown in Figs. 1(b) and 1(c). The fit gives z+\,r
=1.51*=0.10 um, which consistently results in )\eff
~0.5 wum. We have checked these values with those for
other squares and have obtained similar results. This fitting
procedure makes it possible to specify vortex locations on
the square within errors.

We note that integrals of the magnetic field within 5 um
from the centers of the vortex and the monopole are 18.2 and
19.8 G um?, respectively, which are in good agreement [an
integral for the monopole image in an infinite region gives
the flux quantum (20.7 G um?)]. We define an effective flux
quantum ¢;, which a single vortex has in our scan range, as
19.8 G um?.

Figure 2 shows the applied-field dependence of ¢/ ¢, de-
termined from the integrals taken within 5 um from the cen-

Applied field (G)

FIG. 2. Applied-field dependence of ¢/ ¢, (solid points). The
broken line shows an amount of the flux ¢/ ¢, across an a® (a
=4 um) square area with the applied field (see text). The GL cal-
culation for the vortex entry in the square sample is shown by solid
lines.
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ter of vortex images at applied fields from O to 10.6 G. Inte-
grated values change discontinuously with the applied field
as a step function and the jumps roughly fall on ¢y, 2¢,,...,
and 5¢;. It is natural to interpret these steps as changes in
vorticity L with the applied field. In a large plane film or a
bulk sample, the number of vortices increases when an
amount of the applied flux through a superconductor reaches
¢y, 2¢y,...: if the vortex entry in a microscopic supercon-
ductor behaved the same, L would increase at applied fields
where the broken line crosses ¢, 2¢y,..., and 5¢, (Fig. 2).
However, in the square, the increase of L does not follow this
behavior: applied fields for vortex entry are about two times
larger than in a large plane film. We have checked remnant
fields inside our cryostat and added it to applied fields, so
that the fact that the vortex entry fields are two times larger is
not due to the remnant field.

According to the GL theory,? applied fields changing L
depend on the lowest Landau level E;;;(H) of the GL equa-
tion. The E;;;(H) cusp’s positions for the square give an
applied-field dependence of L at 4.2 K shown as solid lines
in Fig. 2, which is weakly dependent on temperature near 7
and almost independent at lower temperatures. The experi-
mental data roughly fall on the solid lines. This agreement
indicates that the sample boundary surely affects the vortex
entry in our sample.

We now discuss some vortex images taken at higher ap-
plied fields [Figs. 3(a), 3(c), 3(e), and 3(g)]. We note that L’s
in those images have been already assigned by calculating
the number of the flux from the integrals for the vortex im-
ages [L from 2 to 5 is assigned to Figs. 3(a), 3(c), 3(e), and
3(g), respectively]. They do not look like images of several
¢, vortices though L’s are larger than 1. It is tempting to
suggest that these are giant-vortex images, but actually this is
not the case here. We note that the field distribution of a
single vortex in the square can be approximated by that of a
monopole. It is reasonable to expect that fits using the mul-
timonopole’s field can reproduce those images in the same
way. We attempt to fit the multimonopole’s field to Figs.
3(a), 3(c), 3(e), and 3(g).

Figures 3(b), 3(d), 3(f), and 3(h) show results of the two
dimensional (2D) multimonopole fits to data presented in
Figs. 3(a), 3(c), 3(e), and 3(h), respectively. The fits were
made assuming that the vortex images do not have contribu-
tions arising from a giant-vortex and a vortex-antivortex pair.
The resultant 2+ Nepr values are 1.32+0.05, 1.28 =0.11,
1.63*=0.05, and 1.50*0.03 um at L=2-5, respectively,
which should be almost same because z~ 1.0 um in each
scan. The small difference between them may come from
errors in a lift-off of the Hall probe z (~=0.1 wm). Experi-
mental errors in vortex positions are within =0.15 um.

In Fig. 4, comparisons of the distances from the center of
the square to contour lines of H=0.44 G (L=1), 1.0 G (L
=2), 1.3 G (L=3),22G (L=4), and 3.6 G (L=5) between
the observed SHPM images and the fits are displayed as a
function of the angle measured counterclockwise, showing
the accuracy in fitting. The peak positions denoted by broken
lines indicate the direction in which a vortex is sitting, so
that the number of the peaks implies the symmetry of the
vortex patterns, though small differences in peak height be-

012502-2



BRIEF REPORTS

;
.lllhlﬁmIII

FIG. 3. (Color online) SHPM images of vortices in the square at
applied fields of (a) 4.6 G, (c) 6.6 G, (e) 8.6 G, and (g) 10.6 G.
[(b), (d), (), and (h)] The results of the 2D monopole fits to (a), (c),
(e), and (g), respectively. The broken lines denote the shape of the
square. The locations of vortices are shown as white points, of
which diameter corresponds to an experimental error.

tween peaks show that the symmetry is not perfect.
Let us now consider the implications of these experimen-
tal findings.

(1) L=1. In a calculation for L=1,? the central position of
the square is energetically favorable when a vortex sits in the
square. Figure 1(b) shows that a vortex is within the error
from the center of the square.

(2) L=2. Calculations'® show that the giant-vortex state
persists below a?/&~50 and above it a 2¢, giant vortex
splits into two ¢, vortices arranged along the diagonal. A fit
of a single monopole with 2 ¢, does not reproduce the image
in Fig. 3(a) well. The best fit shown in Fig. 3(b) indicates
that vortices are arranged along the diagonal within the er-
rors. This is reasonable because the vortex image was taken
above the transition point between the giant-vortex and the
¢, vortex state. The GL theory™>!% predicts that vortices sepa-
rated at the transition point move away from each other rap-
idly as temperature decreases. Our calculation'® gives an in-
tervortex distance of 1.4 um at 4.2 K, which is close to an
experimental value of 1.3 um.

(3) L=3. It has been suggested that at the phase boundary
T.(H), an antivortex is spontaneously formed at the center of
the square with four vortices arranged along the diagonals
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FIG. 4. The distances between the center of the square and
contour lines as a function of the angle measured counterclockwise,
starting with 0° at the top of the images for (a) L=1 in Fig. 1 and
(b) L=2, (c) L=3, (d) L=4, and (e) L=5 in Fig. 3 (see text). The
circle and the solid line are derived from the SHPM images and the
2D monopole fits in Fig. 3, respectively. The broken lines show the
positions of the peaks in the fitting curves (see text).

below a?/&~50 and above it three vortices form a
triangle.>!° A fit of an antimonopole accompanying four
monopoles does not reproduce the vortex image in Fig. 3(c).
Triangular symmetry inferred in Fig. 3(d) is not inconsistent
with the theory for T<T..

(4) L=4 and 5. The fits in Figs. 3(f) and 3(h) show that
four vortices are located at the corners in L=4 and a vortex is
located at the center with four vortices at the corners in L
=5 within the errors, which is analogous to calculations? that
it is energetically favorable that vortices are sitting at each
corner in L=4 and, in addition to that, a vortex is located at
the center in L=5.

According to comparisons with fitting results for other
squares, the squares seem to possess equally those vortex
patterns and each pattern does not change with an increase of
the applied field which does not change L. The obtained
vortex patterns, which could be also affected by the presence
of pinning centers, are somewhat deformed in comparison
with calculations; however, they are all fairly good symme-
tries of the predictions from the GL equation for 7< T...

In summary, we have observed flux patterns in a
4X 4 um? square Pb film with a SHPM. An applied-field
dependence of L we obtained agrees with the predictions of a
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theory based on the GL equation with a square sample
boundary. As a result of multimonopole fits to observed flux
patterns, it is found that the inferred vortex patterns at 4.2 K
for L=5 are analogous to the predictions for T<T,.
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