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Scanning superconducting quantum interference device susceptometry
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We report a scanning superconducting quantum interference device~SQUID! microsusceptometer
with a spatial resolution of 8mm, tested by measuring the susceptibility of individual 3mm diam
tin disks. Images of the disks agree well with numerical modeling based on the known geometry
of the SQUID microsusceptometers. The low-field spin sensitivity between 1.5 and 6 K is 1
3105 mB /AHz while scanning. ©2001 American Institute of Physics.
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I. INTRODUCTION

Superconducting quantum interference device~SQUID!
microsusceptometers1,2 have been used to measure the s
ceptibility of a 5mm tin particle2 and of iron nanotowers,3 to
perform nuclear magnetic resonance on a 50mm platinum
particle,4 and for picosecond magnetic spectroscopy of dil
magnetic semiconductors.5 With a scanning microsuscep-
tometer it would be possible to make measurements
samples which cannot be fabricated within the pickup lo
to look at several mesoscopic objects in a single cooldo
or to locally characterize macroscopic samples that may
mesoscopically inhomogeneous. In this article we rep
scanning microsusceptometer measurements of the susc
bility of 3 mm granular tin disks.

II. DESIGN OF THE SUSCEPTOMETER AND
CRYOGENIC SCANNER

The SQUID susceptometer is similar to the one desig
by Ketchen in Ref. 2, but modified for scanning~Fig. 1!. The
susceptometer’s primary pickup loop~8 mm by 8mm square!
captures flux over the region of interest near the sample
currentI a through an octagonal field coil is used to apply
local field. The same current runs through a secondary fi
coil around a counterwound secondary pickup loop 0.6 m
away, canceling the flux from the applied field. Thus, the
flux coupled into the SQUID is the response of the sample
the applied field. A center tap between the two field coils
used to compensate for slight differences in their mutual
ductance to the pickup loops, such as might be caused
variations in the geometry due to the limitations of the fa
rication process. The susceptometer was fabricated usi
multilayer Nb/AlOx /Nb process at HYPRES, a commerci
superconducting electronics foundry.6 The pickup loops are
fabricated as small as the HYPRES design rules allow,
the process tolerances give an inductance mismatch of
than about 6%, or 0.3 pH. A similar inductance misma
would be expected in pickup loops fabricated by other p
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cesses, including submicron pickup loops fabricated by e
tron beam lithography. The center tap is most important
relatively large applied local fields. At the maximum applie
local field, a 6% inductance mismatch leads to a net flux
8.25F0 through the SQUID. Nulling this mismatch signa
with the center tap allows us to measure weak response
relatively strong applied local fields.

The susceptometer chip is polished to a point close to
primary pickup loop@Fig. 1~b!#. It is then mounted on a
conducting cantilever which forms one plate of a variab
capacitor used to determine when the susceptometer tou
the sample surface. The variable capacitor and susceptom
are mounted on a piezoelectric scanner in a variable temp
ture flow cryostat. A passive impedance-matching circui
also mounted in the cryostat to match the low output imp
ance of the SQUID to the room temperature preamp. T
useful temperature range runs from 1.5 K, the base temp
ture of the cryostat, to slightly below the 9 KTc of the Nb in
the SQUID. The scanning system consists of anS-bender
scanner7 with a range of 70mm by 70 mm, and stick–slip
coarse motion with a 3 mmrange.

III. MODEL FOR MEASUREMENT OF INDUCED
DIPOLE

We tested the system by imaging the diamagnetic
sponse of individual small~3 mm diam! superconducting
disks. Each disk may be closely approximated by an indu
dipole, allowing us to test models of the resolution functi
of our susceptometer for future deconvolution. The disk
modeled as an induced dipole of magnitudemz}Haz , where
Haz is the field applied by the field coils and the volum
susceptibilitydmz /dHaz is an unknown. For simplicity, we
model the field coil as a circle of radiusRc510.5mm. With
the disk located at a positionr05(x0 ,y0 ,h) from the center
of the field coil and pickup loop, thez component of the field
at the center of the disk is
1 © 2001 American Institute of Physics
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Haz~r0 ,h!5
m0I a

4pRc
E

0

2p
S 12

r0

Rc

sinf D df

S 11
r0

21h2

Rc
2 22

r0

Rc

sinf D 3/2,

~1!

wherer05Ax0
21y0

2, and the integral is solved numericall
The flux from the dipole which is coupled into th

pickup loop, modeled as a square of sides, is

Fs~r0!5
m0

4p

dmz

dHaz

HazE
21/2

1/2 E
21/2

1/2 S 3h2

r 5 2
1

r 3D dx dy,

~2!

where r 5A(x2x0)21(y2y0)21h2. The susceptibility
dmz /dHaz and heighth are free parameters of the model.

IV. CHARACTERIZATION OF TIN MICRODISKS

The test sample consisted of granular tin disks 3mm in
diameter, with a typical grain size of a few hundred nan
meters, spaced 30mm apart on a silicon substrate. The u
patterned film had a critical temperatureTc.3.8 K and tran-
sition width DTc.0.34 K, as measured with a commerc
magnetometer in a 50 G applied field. In contrast, with

FIG. 1. ~a! Schematic of the SQUID susceptometer. Two drive coils~oc-
tagonal! are used to couple equal and opposite amounts of flux into
pickup loops~square!. The sample changes the amount of flux coupled i
the primary pickup loop.~b! Photograph of primary pickup loop with
shielded leads and field coil. Spatial resolution of the susceptometer is
ited by the size of the pickup loop~8 mm by 8 mm!. ~c! Diagram of pickup
loop and field coil over a dipole. The SQUID detects the net flux through
pickup loop. The field applied by the field coil is not shown.
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scanning microsusceptometer, the transition width of an
patterned region of the film measured in a 0.1 G applied fi
was found to be 0.1 K.

The susceptometry images shown in Figs. 2 and 3 w
taken with I a5440mA rms at 100 Hz, inducing an applie
field Ha50.23 G rms in the center of the pickup loop, abo
1% of the maximum field we can apply with these field coi
The in-phase 100 Hz component of the total flux through
SQUID Fs is shown in the color scale images~Fig. 2!. Fig-
ure 2~a! shows an image of two disks, which have pe
signals differing by 4%. We attribute this difference to th
granularity of the sample. Figure 2~b! shows an image of a
single 3mm diam tin disk. The protuberance on the top
due to the disk passing under the leads@Fig. 2~c!# of the
pickup loop.

o

-

e

FIG. 2. ~Color! ~a! Scanning susceptometry image of two 3mm tin disks at
2.3 K. While the pickup loop is over a disk, the signal from the field coil
suppressed by the addition of the diamagnetic response of the supercon
ing disk. The difference in signal between the two disks is attributed to t
granularity.~b! Scanning susceptometry image of a 3mm superconducting
tin disk at 1.8 K. The leads to the pickup loop are responsible for
keyhole shape.~c! Diagram of pickup loop drawn to the same scale as~b!.

FIG. 3. Cross section of susceptometry image~circles! of a tin disk. The
solid line is a fit to the data with the pickup loop modeled as a square,
field coil as a circle, and the disk as a dipole. The susceptibil
dmz /dHaz5(23.6560.07)3107mB /G, and the height of the pickup loop
above the disk,h53.060.1mm, are free parameters. Inset: Image indica
ing location of cross section.
e or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Figure 3 shows a fit to data from a cross section of
image of a single disk atT51.8 K. The best fit is obtained
for h53.060.1mm and dmz /dHaz5(23.6560.07)
3107 mB /G. The quoted errors include both the statistic
and the systematic deviation of the data from the fit. T
systematic deviation may be attributed to the simplifi
model, which neglects the shielded leads and the finite
of both the disk and the susceptometer wires. These assu
tions begin to fail at smaller heights as the disk gets clos
the susceptometer wires.

The net flux through the pickup loop is maximized wh
the height above the dipole is minimized and the dipole
in the corner of the loop@see Fig. 1~c!#. We have observed
this signal enhancement in images taken ath51.4mm. Al-
though measurements at lower heights could lead to gre
precision, accurate determination of the dipole mom
would require better modeling in this regime. For examp
we have also modeled the disk as a flat cylinder8 in the case
where it lies in the plane of the pickup loop (h50), at the
loop center. These calculations disagree with the dip
model by 4%, and the disagreement would be worse a
from the center of the pickup loop.

In the London model in the limit of zero penetratio
depth, a superconducting disk of diameterRd has an induced
dipole moment8,9

mz52
4p

m0

2Rd
3

3p
Haz . ~3!

For Rd51.5mm, this gives a theoretical value o
dmz /dHaz527.93107 mB /G. Various disks had measure
susceptibilities ranging from 23.53107 to 25.5
3107 mB /G. The ability to measure many mesoscopic o
jects individually is one of the strengths of the scanning m
crosusceptometer.

The temperature dependence of the susceptibility of a
disk, from fits of cross sectional data shown in Fig. 4~b!, is
shown in Fig. 4~a!, along with the susceptibility of an unpa
terned region of the film, also measured with the scann
microsusceptometer. The measurements were made wit
applied currentI a5200mA rms at 100 Hz, inducing an ap
plied field Haz50.1 G rms in the center of the pickup loo
The linearity of the susceptibility was checked within 0.1
for applied fields up to 0.12 G on this disk and up to 1.15
on another disk. The transition of the disk is marked
broader than the transition of the unpatterned film. We
tribute the broader transition of a single disk to the tempe
ture dependent penetration depth of the tin and the small
and granularity of the disk.

V. FIGURES OF MERIT AND APPLICATIONS

The SQUID noise isdFn5531023F0 /AHz under
typical conditions, which gives a spin sensitivity ofdm51
3105mB /AHz for our geometry. The spin sensitivity cou
be improved in three ways. First, the intrinsic noise level
the SQUIDs outside the scanning system is
31026F0 /AHz or lower, indicating that our flux sensitivity
could be improved by an order of magnitude. Second,
spin sensitivity could be increased by decreasing the sep
loaded 07 May 2011 to 171.67.216.23. Redistribution subject to AIP licens
n

l
e

ze
p-

to

s

ter
t
,

le
y

-
-

in

g
an

t-
-

ze

f

e
ra-

tion between the pickup loop and the sample, which is pr
ently limited by the wire bonds to the SQUID chip and b
the SiO2 layer covering the pickup loop. The signal could b
increased by a factor of 4 by placing the dipole in the cor
of the pickup loop and decreasing the height fromh
53 mm to h50.5mm. Third, the spin sensitivity could be
improved by fabricating susceptometer SQUIDs with sma
pickup loops.1 The spatial resolution could be improved wi
smaller pickup loops and, at least in principle, by applyi
deconvolution algorithms to future images using the m
sured geometry of the pickup loops.

Possible applications of the scanning SQUID micros
ceptometer include measurements of the penetration dep
superconductors, studies of persistent currents in mesosc
electronic systems,10 searches for trace amounts of superco
ductivity or magnetism in novel materials,11 and studies of
nanomagnets.
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FIG. 4. ~Color! ~a! Susceptibility of a 3mm tin disk as a function of tem-
perature, and susceptibility of an unpatterned region of the tin film, b
measured with the scanning SQUID microsusceptometer. Statistical e
are about 2%. Each curve is normalized toT52.1 K. The susceptibility of
the disk at 2.1 K is 53107mB /G. ~b! Susceptometry images of the disk a
a function of temperature~with background subtracted!. The diamagnetic
response from the disk appears as it cools throughTc and increases~from
right to left! as the temperature drops. Fits to cross sections of this data
used to generate the graph in~a!. ~Images above 4 K not shown.!
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