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Low noise operation of integrated YBa 2Cu3O7 magnetometers in static
magnetic fields
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The noise of two integrated YBa2Cu3O7-SrTiO3-YBa2Cu3O7 multilayer magnetometers in static
magnetic fields up to 110mT is investigated: An inductively coupled magnetometer with integrated
flux transformer and a multiloop magnetometer. In both samples, only a moderate increase of the
low frequency flux noise is found in high fields, due to the high epitaxial quality of the involved
multilayer films. So for moderately shielded or unshielded applications in the earth’s magnetic field,
high-quality integrated YBa2Cu3O7 magnetometers can be operated with low excess noise.
© 1998 American Institute of Physics.@S0003-6951~98!01924-X#
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The most sensitive superconducting quantum inter
ence devices~SQUIDs! from high transition temperatur
(Tc) superconductors are integrated magnetometers f
YBa2Cu3O7 ~YBCO! multilayers. Today, the noise level o
these devices has reached a level close to that achieved
commercial low-Tc systems.1,2 However, this sensitivity was
obtained in heavily shielded settings which often cannot
used for economical or practical reasons. So, for many
plications SQUID magnetometers have to be operated
moderately shielded or unshielded environment, where t
are influenced by the earth’s magnetic field of about 50mT.
The performance of high-Tc devices usually suffers from
increased flux noise, if they are cooled throughTc in a mag-
netic fieldB0 . This causes flux vortices to be trapped in t
superconducting thin films, and excess noise is generate
the thermally activated random hopping of the vortices
tween their pinning sites.3 The spectral densitySF of the
excess flux noise typically scales with 1/f as a function of
the frequencyf and therefore adversely affects low fr
quency applications such as biomagnetism or geophys
measurements. The number of vortices is proportional to
applied field, and one expectsSF( f ) to scale linearly withB0

if the vortex motion is uncorrelated.
At present, only measurements on single layer device

a magnetic field have been reported. Miklichet al.4 investi-
gated the performance of a bare SQUID and a dire
coupled magnetometer in static magnetic fields. They fo
an increase of the 1/f noise at 1 Hz by an order of magnitud
for B0550mT. Similar measurements were made by Fa
et al.5 and Schmidtet al.,6 but they did not observe any sig
nificant increase of flux noise up to 100mT. Recently,
Dantskeret al.7 examined the influence of the device geo
etry on the excess noise. For washer SQUIDs, they foun
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large increase of the flux noise of more than one order
magnitude, if the devices were cooled in fields up to 60mT.
By reducing the washer’s linewidth, they could keep the fl
noise low up to a threshold field of 33mT, but at higher
fields the noise rapidly increased. In Ref. 8 they furth
showed that this threshold field can be shifted towards hig
values, if the SQUID washer is provided with slots or hole
giving sufficiently small structure widths to prevent vorte
penetration.

Here we present the first noise measurements on
integrated multilayer devices operated in static magn
fields: An inductively coupled magnetometer with integrat
flux transformer and a multiloop magnetometer. Each dev
is patterned on 10310 mm2 SrTiO3 ~STO! substrate and in-
corporates YBCO step-edge junctions. The YBCO-ST
YBCO multilayer fabrication process is described in det
elsewhere.9 We deposit the YBCO films and the intermedia
STO insulation layer by high oxygen pressure off-axis
magnetron sputtering and pattern them by standard pho
thography and Ar-ion beam etching. The magnitude of
low frequency flux noise in YBCO thin films strongly de
pends on their epitaxial quality and degree ofc-axis
orientation,10 usually leading to a higher excess noise level
a multilayer device, if the upper film contains areas of low
quality.11,12 This in mind, we generally pattern the large s
perconducting areas from the lower YBCO film, direct
grown on the substrate. The steep step required for the ju
tions is milled under normal incidence into the insulati
layer and the Josephson junctions are patterned from the
per YBCO film.

The inductively coupled magnetometer is described
detail in Ref. 13. The 1012 turn input coil is placed on a
7003700mm2 square washer and connected to a pick
loop with 8.8 mm outer diameter and a pickup area ofAp

554 mm2. The estimated SQUID inductance isLS

585 pH. The multiloop layout used in this study is an im
5 © 1998 American Institute of Physics
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proved version of the WH1 layout described in Ref. 14. W
enlarged the outer diameter to a value of 8.5 mm and
justed the pickup coil widthwp and total spoke widthDs to
give the maximum effective area while keeping the SQU
inductance constant atLS5145pH. With wp51095mm and
Ds5280mm, we obtain a measured effective area ofAeff

52.31 mm2 in good agreement with the calculated value
2.35 mm2. This is, as far as we know, the largest effecti
area reported yet for a high-Tc SQUID magnetometer on
131 cm2 substrate. The transport properties of both mag
tometers are listed in Table I.

All noise measurements were performed inside a m
netically shielded room, where the magnetometers were
stalled in a low noise cryostat for biomagnetic measu
ments, filled with liquid nitrogen. The intrinsic nois
characteristic of both devices was measured with an a
tional Cryoperm shield, using the standard flux locked lo
~FLL! technique. For the multiloop magnetometer we fou
ASB(1 kHz)539 fT/AHz in the white noise regime an
ASB(5 Hz)592 fT/AHz for the low frequency noise. No fur
ther noise reduction with bias current reversal~ac bias! could
be achieved at 5 Hz, due to residual ambient noise. Desp
comparable voltage swingDV, the inductively coupled mag
netometer showed a higher white noise level
ASB(1 kHz)566 fT/AHz, which raised to 85 fT/AHz with
bias current reversal. We attribute this to the resonant
voltage characteristic of this device, which is often observ
for magnetometers with integrated flux transformers.1 It pre-
vents the optimal adjustment of the flux-modulation schem
especially with bias reversal. However, with ac bias the l
frequency noise was reduced fromASB(5 Hz)5188 to
161 fT/AHz, indicating that the former value includes a co
tribution from critical current fluctuations in the junctions.

For the measurements in static fields, we removed
additional shield. Instead, we centered the magnetom
within a copper coil, fed by a high capacity lead-acid acc
mulator in series with an appropriate resistor for the fieldB0 .
For B050 but without the extra shield, we found a high
low frequency noise level that increased faster than 1/f with
approximatelySB} f 22.4 and a corner frequency of about 1
Hz, due to ambient noise penetrating the shielded room.
magnetometers were enclosed in capsules of glasfiber e
together with two heating resistors in close contact to
substrate. With a heating power of 0.7 W, we were able
rise the magnetometer’s temperature aboveTc in about 2
min. With the magnetometer in normal conducting state,
applied the magnetic fieldB0 and subsequently switched o
the heating current. In two different experiments we m
sured the noise of the field cooled magnetometers either

TABLE I. Transport properties of the investigated inductively coupled a
the multiloop magnetometer measured at the temperatureT577 K.

Device
Inductively

coupled Multiloop

Voltage swing DV 6.8 6.9 mV
Critical currenta I 0 42 13 mA
Normal resistancea Rn 2.6 5.3 V
Sensitivity B/F 1.290 0.897 nT/F0

Effective area Aeff5F/B 1.60 2.31 mm2

aValues given per junction.
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switching off the magnetic field or in the permanent field.
the first case, both magnetometers presented here shoul
have differently. In a changing magnetic field a shieldi
current is generated in the pickup loop of the device that
induce vortices into the film by the Lorentz force. The mu
tiloop magnetometer contains anintrinsic flux dam,15 limit-
ing the shielding currents in the loops, because they
forced across the Josephson junctions, whereas the cu
within the flux transformer of the inductively coupled devic
can become much larger.

Figure 1~a! shows the measured flux density noi
ASB( f ) of the multiloop magnetometer as a function of t
cooling field B0 . For both experiments, a continuous i
crease in low frequency noise with nearly the same no
levels is found, indicating that our current source for the c
does not contribute significantly to the noise. Also the d
vice’s critical currents were not markedly reduced in t
field. The inset of Fig. 1~a! depicts three noise spectra r
corded in zero field with the field cooled multiloop magn
tometer forB050, 53, and 110mT. In the permanent field
B05110mT we measuredASB(5 Hz)5340 fT/AHz, which
includes an environmental contribution of abo
ASB,env(5 Hz)5144 fT/AHz, yielding a net increase o
@SB(B0)2SB,env#

1/25308 fT/AHz at 5 Hz. This is about a
factor 3.3 above the value taken with the additional shie
ing. In zero field, this excess noise could always be remo
by the heating procedure. For the inductively coupled dev
we found a much stronger increase of the low frequen
noise in low fields, if we switched off the field prior th
measurements. We measured a random telegraph s
~RTS! that was probably caused by the switchin
transients.16 Interestingly, for larger field changes than 40mT
this RTS was not observed anymore and the device sta
much quieter. We presume, that the stronger Lorentz fo
due to the larger shielding currents prevents the vorti
from escaping from their metastable pinning sites.

Figures 2~a! and 2~b! show the spectral density of th
excess flux noiseSF,exc(B0)5SF(B0)2SF,env as a function
of B0 in the permanent field, not including the environmen
contribution. For both magnetometers we find an overall l
ear increase ofSF,exc with B0 . No threshold field for flux

FIG. 1. ~a! Flux density noise of the multiloop and~b! the inductively
coupled magnetometer as a function of the cooling fieldB0 . Filled symbols
indicate measurements in the permanent field, open symbols mark mea
ments with the field switched off. The inductively coupled device show
random telegraph signal~RTS! for B0,40mT, induced by the switching
transients. The inset of~a! depicts three noise spectra recorded in zero fi
with the field cooled multiloop magnetometer forB050, 53, and 110mT.
The spikes are due to microphonic pickup and power line interference.
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entry is observed, probably due to the large linewidths of
magnetometers. The slope at 5 Hz is about twice as large
the inductively coupled device, what may suggest that
latter is more sensitive to flux entry if we assume the sa
mechanism for flux noise as in Ref. 4. The main candid
for flux penetration may be the input coil of the flux tran
former which is patterned from the upper YBCO layer a
which is the most crucial part of the inductively couple
device, due to its many edges and narrow crossovers. M
over, flux lines moving there couple very effectively into th
SQUID. However, both devices show a performance tha
not seriously affected by fields up to 110mT. The induced
low frequency flux noise is of the same order as the amb
noise penetrating the shielded room.

In summary, we have measured the noise levels o
multiloop magnetometer and an inductively coupled mag
tometer from YBCO-STO-YBCO multilayers in static ma
netic fields up to 110mT. Both devices show only a mode
ate increase of the low frequency flux noise that underli
the high quality of the involved thin-films. The good perfo
mance of both devices in high fields, together with their la

FIG. 2. Spectral density of the excess flux noiseSF,exc(B0)5SF(B0)
2SF,env, due to the cooling fieldB0 , not including the environmental con
tribution SF,env. Dashed lines are least-squares fits to the data. Measur
5 Hz ~solid symbols! and 10 Hz~open symbols!.
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effective area at a small chip size makes multilayer devi
attractive for future multichannel applications in moderate
shielded or unshielded environment.
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