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High-transition temperature dc superconducting quantum interference devices~SQUIDs! have been
fabricated with arrays of slots or holes patterned in the 1863204mm2 washers. In two designs, with
seven slots or 248 holes, the linewidth of the remaining YBa2Cu3O72x film was 4 mm. These
devices exhibited virtually no increase in their low-frequency noise when they were cooled in static
magnetic fields up to a certain threshold, above 100mT in the best case. Furthermore, the mutual
inductance between these devices and a seven-turn, spiral coil was at least 85% of that for a solid
SQUID with the same outer dimensions. ©1997 American Institute of Physics.
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A long-standing issue in the performance of hig
transition temperature (Tc) dc superconducting quantum in
terference devices~SQUIDs! has been the increase in 1f
noise at low frequenciesf when they are cooled and operat
in an ambient magnetic-fieldB0.

1,2 The noise arises from th
thermally activated hopping of flux vortices created in t
device during cooling. This excess noise has been a ser
limitation for SQUID magnetometers required to operate
the earth’s magnetic field with high sensitivity at low fr
quencies, for example, in geophysical measurements.
previous publication,3 we showed that the excess noise cou
be largely eliminated for single-layer, thin-film SQUIDs an
magnetometers by reducing the linewidth of the SQU
body. According to a prediction by Clem,4 a superconducting
film of width w cooled in a perpendicular magnetic field w
exclude magnetic flux for fields below a threshold val
pF0/4w

2. In our experiments, we found very little increa
in the low-frequency noise for fields below a threshold va
BT , and a rapid increase with field at higher values as fl
enters the superconductor.

For a pickup loop of given size, one can achieve a hig
magnetic-field sensitivity by means of a superconduct
flux transformer in which one connects the loop to a mu
turn input coil that is inductively coupled to a square was
SQUID with a relatively small central hole.5 In such
SQUIDs, however, the threshold for flux entry is very lo
and there is inevitably a substantial increase in lo
frequency noise in the earth’s magnetic field, about 50mT at
our location.

In this letter, we demonstrate that the excess noise
square washer SQUIDs can be eliminated when they
cooled in ambient fields as high as 100mT, without materi-
ally reducing the coupling efficiency to a multiturn coil, b
means of holes or slots of appropriate design. Moats h
been used in the past6–8 to reduce the density of flux vortice
trapped in superconducting digital circuits cooled in re
tively weak magnetic fields, up to 4mT.8 However, these
designs were not intended to exclude flux from devic
cooled in fields as large as that of the earth.

The guiding principle in our design is to maintain a na
row linewidth for the YBa2Cu3O72x ~YBCO! film: we chose
a value of 4mm, for which the predicted entry field is 10
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mT. Four designs are shown in Fig. 1, together with t
configuration of a ‘‘solid’’ SQUID in Fig. 1~a!; all five de-
vices have outer dimensions of 1863204 mm2. Figure 1~b!
shows a configuration in which eight slots, each 8mm wide,
separate nine YBCO strips, each 4mm wide. The innermost
slit is 4 mm wide and 100mm long. One can alternatively
regard this structure as eight pickup loops of a direc
coupled magnetometer connected in parallel to a sin
SQUID. Figure 1~c! shows our second design in which 24
holes, each 838 mm, divide the square washer into a grid
4 mm wide lines. In Figs. 1~d! and 1~e!, we have reduced the
number of slots to 5 and the number of holes to 125, resp
tively, leaving a superconducting band 40mm wide around
three sides of the devices.

Using pulsed laser ablation, we deposited a 150 nm th
film of YBCO on a 10310 mm2 SrTiO3 bicrystal with an
in-plane misorientation angle of 24°. We patterned a se
of SQUIDs using photolithography and argon ion milling
normal incidence. The bridges across the bicrystal bound
forming the junctions were approximately 1mm wide. The

FIG. 1. Photographs of the photomasks for~a! a solid, thin-film SQUID, and
for a SQUID with ~b! eight slots,~c! 248 holes,~d! five slots, and~e! 125
holes. The outer dimensions of each device are 1863204mm; ~f! shows a
seven-turn coil that was coupled to the designs in~a!–~c! in a flip–chip
arrangement.
203737/3/$10.00 © 1997 American Institute of Physics
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critical current and resistance per junction are listed in Ta
I for each of the seven SQUIDs for which we measured
noise. We estimate the inductance of the solid SQUID@Fig.
1~a!# to be 40 pH. The inductance of the devices contain
holes is likely to be comparable. The inductance of the
vices with slots are more difficult to calculate; we estima
the inductance of the innermost loop to be 90 pH, a va
that is reduced by the parallel inductances of the remain
loops.

We measured the flux noise of these SQUIDs cooled
liquid nitrogen in the presence of a magnetic-fieldB0, per-
pendicular to their plane, generated by a solenoid, powe
by a lead–acid battery. To reduce the earth’s field and
fluctuations, the solenoid was surrounded by a cold cryop
shield and the dewar by a triple mu–metal shield. We op
ated the SQUID in a flux–locked loop with 100 kHz flu
modulation and a 2 kHz bias current reversal scheme
eliminate the 1/f noise due to critical current fluctuations.

TABLE I. Critical currentI 0 and resistanceRper junction for SQUIDs with
configurations of Fig. 1;Aeff is the effective area andMi the mutual induc-
tance to a seven-turn coil. In the first column, letters in parentheses ref
Fig. 1.

SQUID
I 0

~mA!
R

~V!
Aeff

(1023 mm2)
Mi

~pH!

1 solid ~a! 19 3.8 5.01 148
2 eight slots~b! 40 2.0 5.45 125
3 eight slots~b! 35 2.0 5.58 •••
4 248 holes~c! 18 2.6 5.95 129
5 five slots~d! 21 2.0 6.81 •••
6 125 holes~e! 12 3.4 6.18 •••
7 125 holes~e! 60 2.2 6.67 •••

FIG. 2. Flux noiseSF
1/2( f ) vs frequency for~a! eight-slot SQUID~2! and~b!

248 hole SQUID~4!, each cooled in four values of magnetic field. A 60 H
spike is visible; the spike at approximately 4.5 Hz was due to an exte
source of unknown origin.
2038 Appl. Phys. Lett., Vol. 70, No. 15, 14 April 1997
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Figure 2 shows the rms flux noiseSF
1/2( f ) for SQUIDs

with ~a! eight slots@Fig. 1~b!# and ~b! 248 holes@Fig. 1~c!#,
each cooled in four different magnetic fields. In Fig. 2~a!,
there is no increase in the magnitude of the noise for fie
up to 60mT. At 130 mT, however, the noise at 1 Hz ha
increased, by a factor of about 2, indicating that flux ente
the YBCO film at a value between 60 and 130mT. In Fig.
2~b!, the low-frequency noise in unchanged for cooling fiel
up to 80mT. At 100 mT, the noise below about 50 Hz in
creases substantially, by a factor of about 5 at 1 Hz,
SF
1/2( f ) scales approximately as 1/f 1/2 in this frequency
range. In this case, flux evidently entered the YBCO film
a value between 80 and 100mT. We note that, in both cases
the white noise remains constant for all values of magn
field, an observation consistent with the fact that the criti
current of the SQUIDs did not change significantly.

Figure 3 shows the flux noise at 1 Hz,SF
1/2 ~1 Hz!, versus

cooling fieldB0 for all seven SQUIDs. For the solid SQUID
SF
1/2 ~1 Hz! increases rapidly withB0 to a value of 230

mF0 Hz21/2 at 20mT. For the device with five slots and on
of the devices with 125 holes, the noise increase is simila
that of the solid SQUID, suggesting that flux vortices en
the outer band of YBCO. The second device with 125 ho
however, is markedly less noisy, althoughSF

1/2 ~1 Hz! in-
creases linearly withB0; we have no explanation for thi
unusual dependence. This difference in behavior betw
two nominally identical devices implies that the quality
the films, most likely at the edges,9 remains a variable factor
For the devices with eight slots and 248 holes, the no
remains markedly lower asB0 is increased. The best SQUID
one with eight slots, exhibits no significant increase inSF

1/2 ~1
Hz! for values ofB0 up to above 100mT. At 130 mT, the
noise has increased slightly, by less than a factor of 2 ab
the zero-field value, suggesting that flux entry occurr
somewhat below this cooling field. This threshold field a
pears to be a little above the predicted value of 100mT. For
the second SQUID with eight slots, there is a modest
crease in the noise at 80mT. Once again, the fact that flu
entry occurs at a lower field than its nominally identic
companion suggests a materials dependence. For the SQ
with 248 holes, flux entry occurred between 80 and 100mT.
The value ofBT is lower than that of the better of the tw

to

al

FIG. 3. Noise at 1 Hz,SF
1/2( f ) vs cooling fieldB0 for the seven devices

listed in Table I.
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devices with slots: this may be a materials issue, but we n
that the result is consistent with the fact that the largest li
width of the YBCO film, at each intersection of two lines,
4A2 mm. For the SQUID with slots, there is only a sma
number of such wider regions.

We sometimes observed random telegraph signals~RTS!
resulting from the hopping of a single flux vortex. We cou
generally eliminate the RTS by raising the temperature of
SQUID, which was in a hermetically sealed capsu
equipped with a heater, aboveTc and lowering it again; this
procedure took about 5 min. As an example, the numbe
times we observed RTS after cooling SQUID 3 varied fro
about 1 out of 10 for fields up to 80mT to about 9 out of 10
at 150mT.

We now discuss the effective areaAeff , defined as the
flux quantumF0 divided by the applied magnetic field re
quired to produce one flux quantum in each SQUID confi
ration. These values are summarized in Table I. In all ca
the presence of holes or slots increasesAeff over the value for
the solid washer. For the two 125 hole SQUIDs~6 and 7!,
there is a surprisingly large difference between the two v
ues ofAeff , the device with the largerAeff producing the
higher noise in Fig. 3. Table I also shows the mutual ind
tanceMi between three SQUIDs and a seven-turn input c
@Fig. 1~f!#, fabricated from a thin film of CuAu on a separa
substrate. The coil was coupled to each SQUID in turn w
a 3mm mylar foil separating the two chips. We see that t
presence of slots or holes reducesMi only modestly com-
pared with the solid SQUID, by about 16% or 13%, resp
tively.

We turn now to the possible noise contribution of a m
titurn flux transformer. There are two sources of su
noise:10 ‘‘direct noise,’’ in which the motion of vortices in
the input coil couples flux noise directly into the SQUID, a
‘‘indirect noise,’’ in which vortex motion in both the inpu
coil and pickup loop generates a noise current in the fl
transformer and, thus, a noise flux in the SQUID. In pr
ciple, one should be able to eliminate both contributio
merely by making all of the linewidths in the transform
sufficiently small, say 4mm or less. However, it is often
desirable to increase the linewidth of the pickup loop s
stantially in order to reduce its inductance and thereby
crease the sensitivity of the magnetometer. In that case,
straightforward to show that the spectral density of the fl
noise coupled into the SQUID due to flux motion in th
pickup loop is10

SF~ f !'SF
u ~ f !~ l p /wp!/16n

2. ~1!

Here,SF
u ( f ) is the spectral density of an unpatterned fil

l p and wp are the perimeter and linewidth of the picku
loop, andn is the number of turns on the input coil. We ha
assumed ideal coupling between the SQUID and input
and that the inductances of the input coil and pickup lo
are equal. TakingSF

u ~1 Hz!&1029 F0
2 Hz21 ~Ref. 11!,
Appl. Phys. Lett., Vol. 70, No. 15, 14 April 1997
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l p540 mm, wp51 mm, andn516, we find SF ~1 Hz!
&10211F0

2 Hz21. This value is certainly below the lowes
spectral densities we have observed in our SQUIDs, and
conclude that the flux transformer should not add sign
cantly to the noise of the magnetometer.

In summary, we have shown that holes or slots of app
priate configuration substantially reduce the magnitude of
1/f noise in large-area SQUIDs cooled in an ambient m
netic field. Although it appears that the quality of the th
YBCO films, most likely at the edges, still plays a role
determining the properties of these devices, it is notewor
that all three devices uniformly penetrated with holes or sl
exhibited no excess noise at 50mT. We emphasize that the
key factor in the design of these SQUIDs is the narrow lin
widths of the YBCO films; the size of the slots or holes
likely to be unimportant provided the remaining YBCO
sufficiently narrow. The effective area of the various devic
with holes or slots is always higher than that of the so
device. The coupling efficiency of a spiral coil to the devic
with seven slots and 248 holes was not greatly reduced c
pared with the solid SQUID. This result implies that on
should be able to avoid a significant increase in the 1/f noise
of magnetometers, based on flux transformers with multit
input coil coupled to large washer SQUIDs, when they a
cooled in the earth’s magnetic field. We note, however, t
if one were to rotate the magnetometer in the field, curre
induced in the flux transformer might be sufficient to dri
vortices into the film, thus, generating 1/f noise. It is likely
that this problem could be avoided with a flux dam;12 other-
wise, one would have to momentarily raise the temperat
of the device aboveTc .
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