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Operation of high-temperature superconductor magnetometer
with submicrometer bicrystal junctions

M. I. Faley,a) U. Poppe, and K. Urban
Institut für Festkörperforschung, Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

V. Yu. Slobodchikov and Yu. V. Maslennikov
Institute of Radio Engineering and Electronics, 101999 Moscow, Russia

A. Gapelyuk, B. Sawitzki, and A. Schirdewan
Franz Volhard Hospital, D-13125 Berlin, Germany

~Received 6 June 2002; accepted for publication 29 July 2002!

We investigated the noise properties of dc superconducting quantum interference device flip-chip
magnetometers with submicrometer-wide bicrystal junctions operating at 77.4 K. The noise of the
magnetometers with electronics was about 6 fT/AHz at frequencies above 100 Hz increasing up to
about 20 fT/AHz at 1 Hz. The operation of the magnetometers was characterized in an electronic
axial first order gradiometer system, which was employed for biomagnetic measurements. The
system demonstrated a gradient resolution of about 1 fT/cmAHz at 77.4 K and stable operation in a
standard magnetically shielded room under clinical conditions. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1508419#
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At the present stage of the development of high tempe
ture superconductor~HTS! technology a production of HTS
dc superconducting quantum interference device~SQUID!
magnetometers with a magnetic field resolution bel
10 fT/AHz at 77.4 K is possible.1–3A further improvement of
the resolution and yield of the sensors is required for
development of multichannel systems. The sensitivity of d
SQUIDs can be improved with Josephson junctions havin
higher normal state resistanceRn and characteristic voltag
Vc5I cRn , whereI c is the critical current of the junction. I
was observed4,5 that theI cRn product of bicrystal junctions
increases with critical current densityJc as I cRn}(Jc)

0.6. In
order to keepI c fixed at an optimal level for SQUID opera
tion, to provide narrow junction conditions, and simult
neously to increaseJc and Rn it is necessary to reduce th
junction width to a submicrometer scale. It is very importa
to prove the quality and applicability of such submicrome
junctions for HTS dc–SQUID magnetometers operating
77.4 K.

The development, optimization, and demonstration
HTS structures are very effective by incorporating them i
system for some particular sophisticated application. Bio
agnetic measurements are especially interesting because
require an ultimate combination of field and spatial reso
tion achievable exclusively with SQUID sensors. A flip-ch
arrangement of the SQUID with a multiturn flux transform
allows to obtain the magnetometers with the highest res
tion, which is partially limited by the noise of the junction
Here we present the characteristics of HTS dc–SQUID fl
chip magnetometers with submicrometer-wide bicrys
junctions and their operation in a magnetocardiograp
~MCG! system under clinical conditions at 77.4 K.

The high-oxygen-pressure dc-sputtering technique6 was
used for the deposition of the YBa2Cu3O72x films on 24°
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bicrystal SrTiO3 substrates. C-oriented 200-nm-thick
YBa2Cu3O72x films show typical critical current densitiesJc

of about 63106 A/cm2 at 77.4 K and a transition tempera
ture Tc above 91 K measured by magnetic susceptibil
Some inclusions of secondary phases served as effective
ning centers. The junctions~see Fig. 1! had a width between
0.4 and 1mm, a normal state resistance of about 10V, and a
critical current density of about 23104 A/cm2 at 77.4 K.
The junctions were prepared by optimized conventional p
tolithography with AZ5214 photoresist, 0.3mm UV-light ex-
posure, and Ar ion milling.

16 mm flux transformers3 were prepared by a
poly~methylmethacrylate!-photoresist technique described
Ref. 7 with a PrBa2Cu3O72x insulation layer between the

FIG. 1. Optical image of the bicrystal junctions, obtained in a combinat
of transmission and reflective illumination. A magnification of31000 and a
green filter were used. The white arrows indicate the position of the bicry
boundary. The black arrows determine the width of the 0.4mm wide junc-
tion.
6 © 2002 American Institute of Physics
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windings of the multiturn input coil and the return strip. Th
PrBa2Cu3O72x film prevents a superconducting shortage a
provides a normal conducting shunt of the 16 mm multila
flux transformer to avoid high-frequency resonances in
multiturn coil structure~see, e.g., Ref. 2, and referenc
therein!. The effective SQUID inductance of the flip-chi
sensor was about 100 pT and demonstrated a modula
voltageVpp up to 80mV ( ]V/]F'pVpp'250mV/F0) at
77.4 K. HereF is the magnetic flux through the SQUID loo
and F052.05310215 T/m2 is the flux quantum. For com
parison, similar magnetometers with 1.5mm wide junctions
showed values ofVpp of only up to about 30mV at 77.4 K.
The flip-chip magnetometers were sealed vacuum tigh
fiberglass epoxy encapsulations.3 A Pt heater integrated into
the encapsulation allowed trapped flux to be removed.
encapsulations damp the thermal fluctuations and pro
long-time stability of the sensors.

Two encapsulated magnetometers were fixed paralle
each other on a fiberglass epoxy rod. The gradiometer b
line of 10 cm is determined by the distance between the
transformers of the magnetometers. Two channel ac-
electronics~Cryoton! provided a simultaneous operation
the magnetometers and an electronic subtraction of the
put signals. The sensors were immersed in liquid nitroge
a 1.5 l fiberglass epoxy cryostat. The cryogen hold time
the cryostat with the gradiometer insert was 10 days. T
cold-warm distance at the cryostat bottom was about 10 m

The measurements were performed in the magnetic
shielded room~MSR! of the Franz Volhard Hospital, Berlin
The current shielding factor of the MSR is about 104 at 50
Hz and about 10 at 0.1 Hz. A slow variation of the magne
field in the middle of the MSR was observed during t
daytime. A typical time constant of this drift was about 10
and the amplitude was up to 5 nT. No active compensatio
this low-frequency environmental field noise in the MS
was performed during the measurements. The feedbac
the electronics was adjusted to follow the maximal chan
of the magnetic field in the MSR.

The system noise spectrum with one of the individu
magnetometers@curve ~a!# and the spectrum of the differen
tial signal @curve ~b!# are presented in Fig. 2. The observ
increase of the field noise at 1 Hz is associated with
reduced shielding factor of the MSR at low frequencies. T

FIG. 2. Noise spectrum of single magnetometer~a! and the spectrum of the
differential signal~b! measured in the MSR of the Franz Volhard Hospital
77.4 K. For comparison the noise of the bottom magnetometer measur
a HTS shield is included~c!.
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magnetic field signals observed in the frequency range fr
10 to 30 Hz @curve ~a!# were mainly caused by building
vibrations. In a HTS shield the individual magnetomete
demonstrated a field noise below 10 fT/AHz down to 10 Hz
increasing up to 20 fT/AHz at 1 Hz@curve ~c!#.

In the differential signal an essential part of the no
determined by the low frequency signal, vibrations effec
and 50 Hz interference is subtracted. Taking into account
10 cm baseline of the electronic gradiometer the spectrum
the differential signal is presented in Fig. 2 with the calibr
tion scale on the right in (fT/cmAHz) units. The resolution of
the gradiometric signal is below 1 fT/cmAHz at frequencies
above 100 Hz and below 2 fT/cmAHz in the frequency range
down to about 4 Hz. No 50 Hz filter was applied during t
measurements presented in Fig. 2. At lower frequencies t
is a significant increase of the noise due to the uncomp
sated part of the magnetic field drift in the MSR. An acti
compensation of the environmental field in the MSR wou
improve the low-frequency resolution of the system. T
white noise of the electronic gradiometer exceeded the n
of the individual magnetometers by a factor of aboutA2 in
accordance with theoretical expectations.

The MCG measurements were performed in the M
with a volunteer having a maximal peak-to-peak amplitu
of about 30 pT for the magnetic signal of the heart. Bo
magnetometer signals were measured with a simultane
recording and processing of the differential signal. The re
time result of the subtraction of the reference channel is d
onstrated in Fig. 3. A line-frequency synchronous filter co
bined with a bandpass filter suppressed the residues of 5
interference with its harmonics. The measurement freque
bandwidth~0.03–125! Hz covered the most significant fre
quency range of the heart signal. The observed peak-to-p
amplitude of the noise band is about 500 fT. This cor
sponds to an effective resolution ofSf

1/2;17 fT/AHz.
The stability of the system operation was demonstra

by the measurements of MCG maps. Similar to a stand
1-channel MCG mapping~see, e.g., Ref. 8!, the magnetic
field measurements were carried out at a 636 rectangular
grid over the thorax with a distance of 4 cm between nei
boring positions of the measurements in both directions~see
Fig. 4!. The total scan area was 20320 cm2. At each point
the differential signal was averaged for 30 s. The simu
neously measured electrocardiography channel served

in
FIG. 3. Real-time MCG response of the electronic gradiometer. The
quency bandwidth ranges from 0.03 to 125 Hz.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



in
e

n
io

ou
at
e
o

te
er
m

p
g
th
a

ng
sons

o-

ary

ral
e
en-
sor.

ring

een
o-
ur-
-
ide
red

ip
ph-
p-
77.4
tics
ea-
etic

N.

pl.

aly,

,

n,

U.

na

f th
po

2408 Appl. Phys. Lett., Vol. 81, No. 13, 23 September 2002 Faley et al.
trigger. The earlier-mentioned drift of the magnetic field
MSR of around 0.1 Hz and the effect of breathing caus
some shifts of the averaged differential signal in Fig. 4.

Equi-inductional maps of magnetic field distributio
were plotted on the basis of a two-dimensional interpolat
according to the minimum curvature surface method~see
Fig. 5!. The MCG measurements for one mapping took ab
30 min. The magnetometers demonstrated a stable oper
with no changes in the noise characteristics during the m
surements. This allowed low noise two-dimensional plots
the magnetic field distribution to be obtained. The charac
istics of the magnetometers were not changed even aft
year of storage and multiple tests accompanied by ther
cyclings.

The demand to improve the parameters of HTS Jose
son junctions has determined the present trend of reducin
the junction width to a submicrometer scale. In this case
main difficulty is how to maintain the superconducting p

FIG. 4. The plots in the rectangular cells show the averaged MCG sig
measured with the electronic gradiometer at 636 grid positions with a 4 cm
pitch over the thorax. The recording time was 30 s per location.

FIG. 5. Magnetic field distribution over the scan area at the moments o
~a! S and~b! T peaks, calculated on the basis of a two-dimensional inter
lation.
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rameters at 77.4 K in narrow bicrystal junctions preventi
degradation during the patterning process. Possible rea
for the degradation are chemical reactions in a humid atm
sphere and deoxygenation of the YBa2Cu3O72x films. Both
occur about 100 times faster along the bicrystal bound
compared to single crystalline films in thec-axis direction. It
is important to achieve the highest possible microstructu
quality of the YBa2Cu3O72x film and to keep the substrat
cold during the ion beam etching process. A subsequent
capsulation then ensures the long-term stability of the sen
The average size of the growth spirals of the YBa2Cu3O72x

films, deposited by the high-oxygen-pressure dc-sputte
technique,6 is about 1mm compared to the about 0.3mm
grains of conventional laser-ablated films.9 This makes it
possible for the sputtered films to produce junctions betw
the individual growth spirals, thus contributing to the hom
geneity and increasing the tunneling part of the critical c
rent density of the junction.10 A detailed study of the trans
port and microstructural properties of submicrometer-w
bicrystal Josephson junctions prepared with the sputte
YBa2Cu3O72x films is in progress.

In conclusion, we investigated HTS dc–SQUID flip-ch
magnetometers with submicrometer-wide bicrystal Jose
son junctions. The overall resolution and stability of the fli
chip magnetometers was demonstrated by operation at
K in a biomagnetic measurement system. The characteris
of the system correspond to demands for routine MCG m
surements under clinical conditions in a standard magn
shielded room.
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