
VOLUME 71, NUMBER 18 PH YSICAL REVI EW LETTERS 1 NOVEMBER 1993

Direct Spatial Imaging of Vortices in a Superconducting Wire Network
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We report direct observations of vortices in a square superconducting wire grid imaged using scanning
Hall probe microscopy. Real space images of vortex configurations are obtained as a function of the Aux

per unit cell f by measuring the local magnetic field just above the sample. At f=1/2 we observe
domains of the checkerboard ground state. As f is reduced from 1/2 to 1/3 vacancies first penetrate the
grain boundaries and then the checkerboard domains. Near f=1/3 we observe domains of the 1/3 stair-
case ground state. Heating the sample close to T, produces correlated vortex hopping.

PACS numbers: 74.60.Ge, 61.16.Ch, 74.25.Ha, 74.80.—g

Two-dimensional superconducting wire networks have
been studied extensively in the past decade [1-4]. The
ability to vary experimental parameters, such as the size
and symmetry of the network and the flux per unit cell or
frustration f, makes these networks attractive and con-
venient for detailed investigation. The effects of f on the
superconducting transition have been studied theoretical-
ly with a frustrated xy model of the phase of the super-
conducting order parameter, and detailed predictions for
ground state vortex configurations at rational f fractions
have been made [1-3]. However, past experimental stud-

ies of these networks [4] were limited to macroscopic
transport measurements and average magnetic behavior
because microscopic vortex configurations were experi-
mentally inaccessible.

In this Letter we present direct observations of the vor-

tex configurations in a superconducting wire network as a
function of the frustration f using high-resolution scan-

ning Hall probe microscopy. In a perpendicular magnetic
field B a fraction f(B) of the grid holes in the square su-

perconducting wire grid are penetrated by a flux quan-
tum. We observe these vortices in individual grid holes,
and image their spatial distribution in a field of view con-
taining —400 squares. At fillings f=1/2 and f= I/3 the
domains observed are consistent with predicted ground
state configurations [1-3]. For higher order fractions we

do not observe large ordered regions possibly due to the
difficulty of equilibrium. We also find that heating the
sample close to T, produces correlated vortex hopping.

The sample was a 100x 200 element square grid of
0.25 pm wide niobium wires with a 0.95 pm periodicity.
It was fabricated by patterning a 1000 A thick Nb film

on a sapphire substrate using electron beam lithography
and reactive ion etching. The Nb has a superconducting
transition temperature T, =8.8 K at B=O 6, a room
temperature resistivity of 1.5 ~ 0.5 0/square, and a resis-
tivity ratio at 300 to 10 K of —2. To test sample quality
and calibrate the filling from the applied perpendicular
magnetic field B, we performed in situ four-point trans-
port measurements. The measured variation of T, as a
function of B is similar to previous reports [5]: T, is

periodic in the field B =22.6 G and corresponds to f=1

(and defines the 0.95 pm period) with substructures at

f=1/2 and f=1/3.
Experiments were done by cooling the sample slowly

(—I mK/sec) in the applied field B of a persistent super-
conducting magnet to below T, . We then used a scan-

ning Hall probe microscope [6] to detect the local mag-
netic field above the sample. The probe, a GaAs hetero-
structure patterned into a Hall bar by electron beam

lithography (0.3 pm square junction), was positioned
0.22 pm above the sample surface and then raster
scanned to record the local-field-induced Hall voltage.
The images were acquired well below T, at a temperature
T =5 K, where the vortex configurations are observed to
be identical after repeated imaging and where the flux is

tightly confined. The probe is relatively noninvasive with

a maximum perturbative field imposed on the sample of
Sx10 G.

Figure 1 shows real space images of vortex config-
urations obtained at diiterent values of filling. Shown in

the top row of Fig. 1 are the Hall voltage data with gray
scale values proportional to measured local magnetic
fields. The second row in Fig. 1 shows corresponding oc-

cupancy maps: Each square in a grid is colored white if
occupied by a vortex and gray if empty. The value of f
indicated was determined by the applied field B and

confirmed by measured vortex densities. To create the

occupancy maps from the raw data, we identified the po-

sition of each vortex by its magnetic field profile within

the grid. The size and orientation of the grid relative to
the scan direction were confirmed by using the Hall bar
as a scanning tunneling microscope. Figure 1(a) taken at
B=O G (f=0) contains three isolated vortices: two vor-

tices and one antivortex. Since the sensitivity of the Hall

probe and its position above the sample are well charac-
terized, a fit to the measured field profile of an isolated
vortex (amplitude —5 G) indicates that only a fraction
(—40%) of a Ilux quantum is confined to the grid hole

containing the vortex center. The remaining flux

penetrates across the 0.25 pm wires into neighboring
holes with an eAective film penetration depth X,g of —0.2
pm. This is consistent with an independent estimate of
X,tr based on the sample resistance [7]. The fitted field
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profile of such isolated vortices was used to determine
vortex occupancy in a grid: Starting with the most prom-
inent vortex, we successively subtracted the fitted field
profile from the raw data at the site of each new vortex
located, until the positions of all vortices in a given image
were uniquely identified.

The most striking vortex configurations are observed
near f=1/2 and f=1/3 [see Figs. 1(c) and 1(e)]. The
largest domains are observed near f=1/2, where alter-
nate grid holes are occupied to form a checkerboard pat-
tern. In Fig. 1(e) at f=0.50 the two degenerate phases
of the 1/2 checkerboard ground state, described theoreti-
cally by Teitel and Jayaprakash [2] (JT), are separated
by a grain boundary. In Fig. 1(c) at f=0 35 (near .1/3)
we observe the predicted JT I/3 staircase patterns in

which diagonal rows of vortices are spaced by two empty
rows. Configurations similar to the 1/3 state are observed
in Figs. 1(g) and 1(h) at f=0.69 (near 2/3, with occu-
pied and empty sites reversed) and at f=1.37 (near 4/3).
In the same manner, the configuration in Fig. 1(d) at

f=0.42 (near 2/5) resembles that in Fig. 1(f) at f=0.61
(near 3/5, reversed). In Fig. 1(b) at f=0.26 (near 1/4)
the vortex density is low and the configuration is disor-
dered.

Figure 2 shows the evolution of vortex configurations as

f varies from 1/3 to I/2. We highlight the coordination,
the I/2 state domains, and the 1/3 state domains of this
sequence in the diAerent rows of Fig. 2. The row labeled
"pattern" shows the occupation maps at the values of f
indicated. In the top row each vortex is assigned a color
corresponding to the occupation n of the eight adjacent
sites. The row labeled "1/2" shows data masked by the
predicted JT 1/2 checkerboard ground state [2], which
has two possible phases colored yellow and blue. The
rows labeled "1/3R" and "1/3L" show data masked by
the two degenerate JT 1/3 staircase ground states [2],
each of which has three possible phases colored yellow,
blue, and pink.

At f=0.50 we see large checkerboard grains with only
a few interstitials, vacancies, and grain boundaries [see
Fig. 2(h) row 1/2, also Fig. 1(e)]. As f decreases below
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0.5, in Figs. 2(g) and 2(f), the checkerboard grains be-

come smaller in size and the added vacancies accumulate
predominantly along grain boundaries. A further de-
crease [Fig. 2(e)] results in some vacancies penetrating
the checkerboard grains. At yet lower f the checker-
board grains become even smaller and more porous, until
in Fig. 2(a) at f=0.34 we observe alternating narrow di-

agonal stripes of the two checkerboard phases.
The 1/3 staircase grains near f=1/3 [see Fig. 2(a)

rows 1/3R and I/3L] are not as large as the checkerboard
grains near f= I/2, perhaps because the 1/3 staircase
state has six competing degenerate patterns instead of
two in the checkerboard state, the six patterns have a
larger nucleation size (the unit cell is 3&&3 instead of 2X 2
in the checkerboard), and domain walls between the six
patterns are inexpensive compared to energetically expen-
sive checkerboard grain boundaries. The 1/3L and 1/3R
rows in Fig. 2 indicate that as f deviates from 0.33 the
1/3 staircase grains become small rapidly.

To quantify domain areas we measured the fraction of
each image fit by the JT 1/2 checkerboard and 1/3 stair-
case states. The area coverage, measured by occupied
sites, in units of the image size is plotted vs f in Fig. 3.
Open symbols represent the expected coverage of the per-
fect 1/2 checkerboard and 3/7, 2/5, and 1/3 staircase JT
ground states by I/2 and 1/3 domains. As shown the 1/2
checkerboard state fills the entire image near f=0.50 and
covers over 80 unit cells. As f decreases the image area
covered by the checkerboard state (now reduced to diago-
nal lines) gradually decreases to the expected value of 2/3
near f=0.33. The 1/3 staircase fits the image well near

f=0.33 (the largest domain covering about 20 unit cells)
and the coverage drops to zero at f=0.50. Grains of the
higher order 2/5 staircase state are always small (in the
number of unit cells) perhaps because there are now ten

competing degenerate patterns with a large nucleation
size (unit cell is 5 x 5).

The single domain JT 1/2 checkerboard, JT 1/3, 2/5,
and 3/7 staircase, and the Kolahchi and Straley (KS) [3]
3/7 vacancy-array theoretical ground states shown at the
left [2,3] of Fig. 4. We characterize the local order of the
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FIG. 2. Evolution of the vortex configuration as filling f varies from I/3 to 1/2. The row labeled pattern shows the occupation
maps at the values of f indicated. In the top row each vortex is assigned a color corresponding to the occupation n of the II adjacent
sites. The colors used are shown to the left of this row. The row labeled I/2 highlights domains of the theoretical I/2 checkerboard
ground state which has two phases colored yellow and blue, and the rows labeled I/3R and I/3L highlight domains of the two
theoretical 1/3 staircase ground states, each of which has three phases colored yellow, blue, and pink (see text).
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FIG. 3. Fraction of image fit by domains of the theoretical
I/2 checkerboard (black circles) and I/3 staircase (black trian-
gles) ground states plotted vs f Open symbols repre.sent the
corresponding coverage of single domain I/2 checkerboard and
3/7, 2/5, and 1/3 staircase ground states predicted in theory.

vortices at arbitrary f in two ways: by coordination and
by two-particle positional correlations. These experimen-
tal quantities can be compared to the local order of the
various theoretical ground states. Deviations between ex-
periment and theory provide a measure of the defects that
exist in vortex patterns.

The average vortex coordination evolution of the exper-
iment from n =2 near f=0.33 to n=4 near f=0.50 is
shown in the top row images of Fig. 2 as a green-yellow-
red progression. The probability distributions P(n) of

these images are plotted vs filling in Fig. 4 using the same
labels (a) to (h). This can be compared to the probabili-

ty distribution P(n) of the theoretical ground states of
the filling sequence I/3, 2/5, and 1/2 (also shown in Fig.
4, open circles), which are delta functions and unity at
n =2, 3, and 4. The measured distributions match this
progression well, although they appear broadened. The
broadening is most pronounced in the higher order frac-
tions: it is maximal at 2/5, followed by 1/3, and smallest
at I/2.

More detail on the local order is provided by the two-

particle distribution functions g(r) for vortices (occupied
sites) and e(r) for vacancies (empty sites), which are
plotted vs spacing r in units of grid size a. For reference,
Fig. 4 also includes plots of g(r) and e(r) for the theoret-
ical ground states. Comparing the experimental states la-
beled (a) through (h) with theoretical states of compara-
ble filling, we find very similar peaks in the distribution
functions indicating similar local order. For the JT 1/2
checkerboard state, g(r) and e(r) are identical because
the checkerboard pattern is symmetric in the positions of
vortices and vacancies. The measured g(r) and e(r) in

Fig. 4(h) at f=0.5 match theory well. Additional peaks
highlight defects in the experimental patterns. For exam-
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FIG. 4. Probability distributions P(n) of a vortex having
coordination n plotted vs n, and two-particle distribution func-
tions g(r) and e(r) for the vortices (occupied sites) and vacan-
cies (empty sites) in the grid, respectively, plotted vs spacing r
in units of the grid size a, at the fillings f indicated. The mea-
sured traces (a) to (h) correspond to those in Fig. 2. Also
shown are traces for the single domain theoretical ground states
illustrated at the left; we show the 1/3, 2/5, and 3/7 staircase,
the 3/7 vacancy array (labeled 3/7*), and the I/2 checkerboard
ground states (see text).

pie, checkerboard grain boundaries along the grid pro-
duce additional peaks in both g(r) and e(r) at r/a = I

and J5, while vacancies produce these peaks only in e(r)
and interstitials produce these peaks only in g(r). As the
filling f decreases from I/2 [Figs. 4(f) and 4(g)] these
peaks appear in both g(r) and e(r) and are more prom-
inent in e(r) consistent with the presence of checkerboard
grain boundaries and vacancies in the images. We ob-

serve a strong peak in g(r) at r/a=f5 (see arrows)
which is present in the JT 3/7 state but not in the KS 3/7
state, indicating that vortices tend to accumulate at
checkerboard grain boundaries rather than within grains.
The patterns we observe near f=3/7 and f=2/5 contin-
ue to look like a disordered checkerboard state with grain
boundaries and vacancies. We do not observe the pre-
dicted 3/7 and 2/5 ground states at these fillings. Close
to f= I/3 [Fig. 4(a)] the measured g(r) matches that for
the JT 1/3 staircase state with additional peaks at 1, 2,
and 410 due to domain walls between the six degenerate

patterns.
DiA'erent polycrystalline realizations of a particular

vortex ground state at a filling f are thermally frozen in

at T=5 K. We visualize the vortex motion between dif-
ferent realizations by imaging at 5 K, warming to close to

boa s

FIG. 5. Vortex occupancy maps near f= I/3. Highlighted
brighter vortices have moved from highlighted darker vacancies
after successive warming to 0.99T,.

T, for 2-5 min, and then recooling for the next image. A
sequence of three such warming cycles at f=0.33 result-
ed in the images of Fig. 5. Vortices which moved in each
warming cycle are highlighted. Groups of vortices moved
together by one unit cell in the same direction. This
correlated hopping suggests that fluctuating field gra-
dients with a large spatial length scale are the driving
forces. The observed variety in similar low-temperature
polycrystalline realizations suggests that a freezing tran-
sition close to T, rather than imperfections in the grid
lithography is responsible for the disorder. The lowest
temperature where vortex motion is observed (8.7 K)
agrees with that derived from an energy barrier argu-
ment. As one approaches T, from below, at 0. 1 K belo~
T, the film penetration depth becomes —10 times larger
than that at 5 K, reducing the energy barrier for an indi-
vidual vortex hop by —2-3 orders of magnitude to
—10ktt T, [7,8]. A high freezing temperature may
prevent the higher order ground states, such as 2/5, from
developing.
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