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The planar gradiometer consists of a directly coupled magnetometer inductively coupled to the
smaller loop of an asymmetric, two-loop flux transformer patterned in a single film of
YBa2Cu3O72x . The coupling is adjusted mechanically to balance the gradiometer to about 1 part in
3000 with respect to fields perpendicular to its plane. The baseline is 48 mm and the intrinsic
balance with respect to in-plane fields about 1 part in 1400. When a magnetic field is applied solely
to the magnetometer, its sensitivity is reduced by only 5% by the presence of the flux transformer.
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In many applications of superconducting quantum int
ference devices~SQUIDs!, notably magnetoencephalograph
and magnetocardiology, one needs to measure relati
weak magnetic signals from a nearby source in the prese
of a much higher background noise. One addresses this p
lem by using a magnetically shielded enclosure or spa
gradiometers,1 or often a combination of both. In the case
low-Tc SQUIDs, axial gradiometers consisting of two picku
loops wound in opposition from niobium wire are common
used, usually measuring either the first- or second-order
agonal derivatives]Bz /]z or ]2Bz /]z2 ~Bz is the component
of magnetic field in thez direction!.2 The baseline is, typi-
cally, 50–100 mm. Planar thin-film gradiometers measur
an off-diagonal gradient such as]Bz /]x are also used.3 An
alternative approach is to subtract the signals from two
more magnetometers to form diagonal or off-diago
derivatives.4,5 In the case of high-Tc SQUIDs, the use of wire
is currently not a viable option. Thin-film, planar gradiom
eters, albeit with rather short baselines, have been succ
fully demonstrated,6 as have gradiometers formed by ele
tronic subtraction.5,7,8 To our knowledge, however, there ha
not yet been a demonstration of a high-Tc gradiometer in-
volving a flux transformer with a baseline that is sufficien
long for biomagnetic measurements.

In this letter, we describe an asymmetric, planar gra
ometer measuring]Bz /]x fabricated from a thin film of
YBa2Cu3O72x ~YBCO! with a baseline of 48 mm. We hav
achieved a balance in thez direction of about 1 part in 3000
The gradiometer evolved from a design by Zimmerman1 for
a wire-wound, axial gradiometer coupled to a fractional-tu
SQUID machined from niobium; a thin-film version wa
demonstrated by Matlashovet al.9 The device, shown sche
matically in Fig. 1, consists of a directly coupled SQUI
magnetometer with a pickup loop of inductanceLm and area
Am , and a superconducting flux transformer with an inp
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loop of inductanceLi and areaAi coupled to a pickup loop of
inductanceLp and areaAp . The mutual inductance betwee
the magnetometer and input loop isMi5a(LmLi)

1/2.
We first find the condition for the gradiometer to b

balanced, that is, for the directly coupled magnetomete
produce zero output in response to a uniform magnetic fi
Bz @Fig. 1~a!#. Using flux conservation, we find

BzAm2LmJm2MiJt50 ~1!

and

Bz~Ap1Ai !2~Lp1Li !Jt2MiJm50, ~2!

whereJm andJt are the screening supercurrents in the m
netometer loop and transformer, respectively. To achieve
balance conditionJm50, we solve Eqs.~1! and ~2! to find

a5@Am /~Ap1Ai !#~Lp1Li !/~LiLm!1/2. ~3!

Obviously, one must choose parameters so thata<1. To
find the response to a gradient]Bz /]x, we apply a fielddBz

e

i-

FIG. 1. ~a! Schematic of the gradiometer, consisting of an asymmetric fl
transformer coupled to a directly coupled magnetometer; and~b! configura-
tion of the flux transformer inductively coupled to the magnetome
~shaded square!.
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to the magnetometer loop and input loop only. The curr
induced in the pickup loop of the magnetometer isdJm

5hdBzAm /Lm , where

h5@Lp /Li112a~Lm /Li !
1/2Ai /Am#/~Lp /Li112a2!, ~4!

represents the screening effect of the flux transformer. As
shall see, with appropriate designh is only slightly less than
unity so that the sensitivity of the magnetometer itself is
significantly reduced by the presence of the flux transform

To test this concept, we fabricated a gradiometer in
configuration of Fig. 1~b!. The single-layer, directly couple
magnetometer was patterned by photolithography and Ar
milling in a 150 nm thick film of YBCO laser deposited on
10310 mm2 SrTiO3 bicrystal. The outer and inner dimen
sions of the magnetometer loop are 10 and 2 mm, res
tively, yielding an estimated inductanceLm of 4 nH and an
estimated areaAm of 20 mm2.10,11 We estimate the SQUID
inductance to be 50 pH, including contributions from the tw
1 mm wide junctions. The critical current and resistance
junction are 200mA and 1.2V, respectively. The flux trans
former was fabricated from a 260 nm thick YBCO film c
evaporated at Conductus on a 100 mmr -plane sapphire wa
fer, buffered with CeO2, and patterned by photolithograph
and etching in a 0.05% aqueous solution of HNO3. We esti-
mate the inductance and area of the input coil to beLi

'10 nH andAi'36 mm2, and of the pickup loop to beLp

'5065 nH, including a 13 nH contribution from the strip
line, andAp'411 mm2. From Eq.~3!, these estimated value
lead toa50.4360.04, and from Eq.~4! to h50.95; thus,
the presence of the flux transformer reduces the intrinsic
sitivity of the magnetometer by only 5%. The gradiome
base line, given by the separation of the midpoints of
input and pickup loops, is approximately 48 mm.

We mounted the magnetometer and flux transform
face to face, separated by a 2.5mm thick mylar sheet and
~after some experimentation! several layers of 50mm thick
Teflon tape. The magnetometer was attached to a fiberg
mount while the flux transformer was attached to a de
mount, the position of which we could adjust in thex direc-
tion from outside the cryostat by means of a screw. In t
way, we could varya in situ to obtain the balance conditio
of Eq. ~3!; the position of the flux transformer could be a
justed to about 2.5mm. The gradiometer was immersed
liquid nitrogen with thex axis vertical and the magnetomet
at the lower end. There was no magnetic shielding. T
SQUID was flux modulated at 100 kHz and operated in
flux-locked loop. To assess the balance of the gradiome
we placed it at the center of a 1.2 m diam Helmholtz pa
with the axis of the coils perpendicular to the plane of t
gradiometer. We injected a 100 Hz current into the coils a
averaged the output from the flux-locked loop 200–4
times, using a spectrum analyzer.

The output of the magnetometer at a fixed 100 Hz m
netic field versus the position of the flux transformer is pl
ted in Fig. 2; atx50, the position of the input loop is entirel
outside the central hole of the magnetometer pickup lo
and the coupling between them is small. As we slide
input loop towards the opening in the magnetometer lo
the output from the flux-locked loop progressively decreas
dipping sharply nearx54.3 mm, and then increases aga
Appl. Phys. Lett., Vol. 71, No. 12, 22 September 1997
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Observations on an oscilloscope show that the phase of
output signal relative to the driving field changed sign acr
the minimum. The minimum represents the optimum bala
point of the gradiometer, and corresponds to a reduction
the response to the applied magnetic field of approxima
2930. This value may or may not represent the intrinsic b
ance limit; it is entirely possible that gradients introduc
into the 100 Hz magnetic field by nearby steel objects w
the limiting factor. The balance remains stable at 77 K,
requires readjustment after the gradiometer has been
mally cycled.

An important criterion for a useful gradiometer is th
the response to fields applied in the plane of the gradiom
should also be low. To evaluate the response in they direc-
tion, we first rotated the dewar by approximately 90° w
the gradiometer unbalanced (x50) to locate the precise
angle um , at which the minimum response to the 100 H
occurred. We restored the dewar to its original position, b
anced the gradiometer, and then rotated the dewar bac
um . This procedure yielded an average rejection in they
direction of about 1400. As before, we were unable to de
mine whether this residual response was intrinsic to the g
diometer or a measure of the nonuniformity of the 100
field.

As a demonstration of the reduction in ambient noise
Fig. 3 we show the output of the magnetometer for the
balanced (x50) and optimally balanced cases, with the s
nal from the Helmholtz pair switched off. The 60 Hz peak
reduced by a factor of 1600. This reduction is consistent w
the balance we have been able to achieve, but it is poss
that the residual signal arose from a gradient in the 60
field. The peaks at 40 and 80 Hz are of unknown orig
peaks at lower frequencies are due to microphonics.

Finally, we measured the response of the balanced
diometer to a gradient field]Bz /]x by passing a 100 Hz
current through a long wire in they direction placed verti-
cally below the gradiometer, parallel to its plane. The se
ration of the wire from the midpoint of the baseline w
changed progressively fromr 50.5– 0.75 m, distances sub
stantially greater than the base line. The gradiometer
sponse versus distance is shown in the inset in Fig. 3.
least-squares-fitted slope on this log–log plot,21.90
60.05, is close to the expected value of22. We note that

FIG. 2. Amplitude of the signal from the flux-locked loop for a uniform 10
Hz magnetic field applied at right angles to the gradiometer vs the pos
x of the input loop relative to the magnetometer. Right-hand ordinate is
balance factor. Inset shows expandedx axis.
1713Dantsker et al.
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distortions in the applied gradient due to nearby conduc
objects and, particularly, a slight residual response to a
form magnetic field, will cause deviations from the ideall /r 2

behavior.
This approach to planar gradiometers has several ad

tages. The flux transformer involves only a single layer
YBCO, and its length could readily be extended, to, say, 1
mm, thereby increasing its baseline. Furthermore, it sho
not be necessary to use particularly high quality films:
have shown previously12 that relatively high levels of intrin-
sic l / f noise due to the motion of flux vortices in a flu
transformer with a relatively large area and inductance
not contribute significantly to the overalll / f magnetic-field
noise. Thus, it may be possible to use sintered YBCO fi
on inexpensive polycrystalline substrates.13 The fact that the
intrinsic magnetic-field sensitivity of the magnetometer
reduced by only a few percent by the presence of the tra
former is particularly appealing for high-Tc devices, in
which resolution is at a premium. Needless to say, one co
use high-Tc magnetometers that are more sensitive than
directly coupled magnetometer used in this demonstrat
for example, a multilayer, multiturn flux transformer coupl
to a SQUID. The asymmetric flux transformer could be us
equally well with rf SQUIDs, and its simplicity makes
worthy of consideration for low-Tc gradiometers. The gen
eral principle could be extended to other derivatives. F
example, the addition of a second, identical pickup loop
the transformer on the opposite side of the input loop wo
produce a second derivative gradiometer measu
]2Bz /]x2. In principle, axial gradiometers are also possib
for example, using YBCO sintered on a tube,13 but it may be
difficult to achieve a high rejection of fields perpendicular
the axis.

Our asymmetric gradiometer has a base line of 48 m
and has achieved a measured balance of about 1 part in

FIG. 3. Output of the flux-locked loop for the unshielded gradiometer
optimal balance~lower trace! and with flux transformer atx50. Inset shows
the signal from the flux-locked loop for the optimally balanced gradiome
vs the distancer of a wire carrying 100 Hz current below the centerline
the gradiometer.
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with respect to magnetic fields perpendicular to its pla
Direct measurements and the observed reduction in the
bient 60 Hz noise indicate an in-plane rejection of better th
1 part in 1000. This combination of balance and relative
long base line, together with the minimal reduction in t
sensitivity of the magnetometer, make this high-Tc gradiom-
eter eminently suitable for multichannel arrays for bioma
netic measurements. One could subtract signals among
gradiometers to achieve higher-order gradients and use m
netometers measuringBx andBy to reduce the pickup of the
in-plane noise. However, in such arrays, it would be impr
ticable to balance the gradiometers mechanically in the w
we have described, not least because of the need to repe
procedure after thermal cycling. A more practicable a
proach might be to couple the flux transformer permanen
to the magnetometer in a flip-chip arrangement and
achieve the final balance by laser trimming a specially
signed region of the transformer.
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Lübbig ~Walter de Gruyter, Berlin, Germany, 1985!, p. 865.

12D. Koelle, A. H. Miklich, E. Dantsker, F. Ludwig, D. T. Nemeth, Joh
Clarke, W. Ruby, and K. Char, Appl. Phys. Lett.63, 3630~1993!.

13T. W. Button, N. McN. Alford, F. Wellhofer, F. Shields, T. C. Abell, an
F. S. Day, IEEE Trans. Magn.MAG-27, 1434~1991!.

t

r

Dantsker et al.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp


