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Magnetic Gradiometer Based on a High-Transition
Temperature Superconducting Quantum Interference Device
for Improved Sensitivity of a Biosensor

SeungKyun Lee, W. R. Myers, H. L. Grossman, Y. R. Chemla, and John Clarke
Department of Physics, University of California, Berkeley, CA 94720 and
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA

94720

We describe a gradiometer based on a high-transition temperature
Superconducting Quantum Interference Device (SQUID) for improving the
sensitivity of a SQUID-based biosensor. The first-derivative gradiometer,
fabricated from a single layer of YBa,Cu307., has a baseline of 480 pm and a
balance against uniform fields of 1 part in 150. Used in our SQUID “microscope,” it
reduces parasitic magnetic fields generated by the measurement process to the level
of the SQUID noise. The gradiometer-based microscope is two orders of magnitude
more sensitive to superparamagnetic nanoparticles bound to biological targets than

our earlier magnetometer-based microscope.
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There is increasing interest in the use of Superconducting Quantum Interference Devices

(SQUIDs) to monitor samples at room temperature', especially for biological studies® > **

% 7% and nondestructive evaluation of materials’ '° '' 2. In particular, SQUID

5678 10 detect

"microscopes" are used as rapid, versatile and sensitive biosensors
superparamagnetic nanoparticles attached to pathogens or cells by means of an
appropriate antibody-antigen interaction. In one such scheme’, the resolution was
estimated to be approximately 50,000 particles. Since typically many particles are
attached to a single biological target, the number of targets detected is likely to be
substantially smaller, making this technique potentially competitive for biological assays.
In these experiments, the resolution was limited not by the intrinsic noise of the high-
transition temperature (T.;) SQUID magnetometer but rather by parasitic magnetic fields
generated by the magnetic pulses used in the detection scheme. In this letter we
demonstrate that the contribution from these parasitic fields can be greatly reduced by
replacing the SQUID magnetometer with a gradiometer', thereby improving the

sensitivity by a factor of 80. High-T, gradiometers have also been shown to reduce noise

. 8
from the external environment".

The inset of Fig. 1 shows the configuration of the SQUID and sample in our
microscopem. The thin film, YBa;Cu3;07x (YBCO) SQUID is mounted on top of a
sapphire rod which is thermally anchored to a can of liquid nitrogen; these components
are enclosed in a fiberglass vacuum chamber. A 3 pm-thick, 410 x 410 pm® silicon
nitride window patterned in a 0.5 mm-thick Si chip separates the SQUID from the sample

well, which has a volume of about 0.3 pL. Using three micrometers to lower the



window, we typically bring the sample to within 100 um of the SQUID. The entire
system is operated inside a triple-layer cylindrical p-metal shield, which reduces the

earth's field to about 4 nT and eliminates ambient magnetic field fluctuations.

In our earlier experiments with a SQUID magnetometer’, we pulsed a magnetic field
parallel to the plane of the magnetometer and detected the subsequent Néel relaxation of
superparamagnetic nanoparticles. In the absence of any sample, we observed an
exponentially decaying magnetic field with a time constant of about 30 ms; an example is
shown in Fig. 1. This decaying field limits the resolution. On investigation, we found
that the decaying field originated in either eddy currents induced in metal components or
reorientation of magnetic domains in the p-metal. To reduce the contribution from this
parasitic field, we replaced the magnetometer with the gradiometer shown in Fig. 2. A
uniform magnetic field B, induces a supercurrent around the rectangular washer, while a
gradient 0B,/0y generates a supercurrent in the center trace, coupling a flux

O, = AB, + o (L/L,) Ay (B, —B,,) (1)
into the SQUID. Here, A is the effective area of the SQUID, L is its inductance, o is
the fraction of the SQUID circumference through which supercurrent flows, A, is the
effective area of each pickup loop (estimated as the geometric mean of the inner and
outer areas), L, is the inductance of each loop including the contribution aL, from the
SQUID, B, is the average uniform magnetic field, and B,, and B, are the average fields

applied to the upper and lower loops in Fig. 2.



The gradiometer was designed to achieve good coupling to the sample. We calculated
the coupling by modeling the sample as a uniform distribution of magnetic dipoles,
magnetized in plane, on the microscope window. When the gradiometer is centered
beneath the sample, the flux @, through one pickup loop is equal and opposite to the flux
through the other pickup loop, ®,,, inducing a supercurrent 2d,,/L,, around the SQUID
loop and a flux 2a®,,Ly/L, into the SQUID. Assuming the gradiometer to be positioned
100 um below the sample, we calculated the geometry of the pickup loops which would
maximize the flux coupled into the SQUID and designed the gradiometer with
approximately these dimensions'”. The resulting gradiometer had an effective width of
400 um and a baseline of 480 um, dimensions comparable to the sample size. We
calculated'® L, = 630 pH, chose SQUID parameters such that Ly = 55 pH (the upper limit
for good SQUID performance), and estimated oo = 0.8. The use of narrow (4 um) lines
for the SQUID reduced flux entry'’. Since the nearest metal objects are 50 mm away, we

anticipated that the short-baseline gradiometer would substantially suppress the parasitic

field.

To compare the coupling of the gradiometer with that of our magnetometer’, we modeled
the magnetometer as a 128 x 128 pm? square (128 pwm being the geometric mean of the
inner and outer dimensions of the washer), located 50 um beneath the sample and offset
205 pm (half the sample length) from center. As with the gradiometer, we calculated the
flux coupled in from a uniform distribution of dipoles. We estimated that gradiometer

would have only 0.4 times as much flux coupled into it as the magnetometer. Despite



this loss in coupling efficiency, we anticipated a net gain in resolution due to the expected

reduction of the parasitic field contribution.

We fabricated gradiometers by laser-depositing a 200 nm-thick YBCO film on a 30°
SrTiO; bicrystal and patterning it with an ion mill. We made electrical contact to the
SQUID leads by means of evaporated Ag traces insulated from the pickup loops by a
layer of SiO. These traces extended over the beveled chip edge; electrical contact to the
wires was made with Ag paste. A multiturn gradiometric modulation/feedback coil was
patterned in a Ag film evaporated onto a sapphire chip. We used Apiezon® N-grease to
attach the gradiometer to this chip which, in turn, was glued to the sapphire rod.
Operated in a flux-locked loop with bias reversal'®, the SQUID achieved a flux noise of
17 pd, Hz ' at frequencies down to 2 Hz. The measured effective area of the
gradiometer in response to a uniform field is 94 pm” '*; dividing this by the modeled
effective area of one pickup loop, aA,(Ly/L,) = 14,000 um®, yields a balance of about 1

part in 150. Magnetization fields greater than 1.2 mT induce flux jumping.

Figure 1 compares the response of the gradiometer to a 1.2 mT field, pulsed on and off at
1 s intervals, with that of our earlier magnetometer with 0.3 mT pulses. The amplitude of
the parasitic field detected by the gradiometer has been reduced to a level comparable to
the SQUID noise. As a result, the previous detection limit of 87 ud,, due to the
background decay detected by the magnetometer, has been reduced by a factor of 30 to

2.9 n@,, the uncertainty in the fitted value of @5 due to SQUID noise.



To measure superparamagnetic particles, we positioned the microscope window 100610
Om from the gradiometer. This distance was limited by the uncertainty in the angular
misalignment between the SQUID chip and the window. To compare the coupling of a
given sample to the gradiometer and magnetometer, we measured five samples,
consisting of magnetic particles immobilized on a substrate, with each system. On
average, the gradiometer signal was 0.8 times that of the magnetometer. This is about
two times greater than our predicted value and illustrates the uncertainties in our
estimates of the various parameters. The gradiometer signal could be increased by
decreasing the SQUID-sample separation. However, calculations showed, and
measurements confirmed, that the coupling between the gradiometer and sample depends
only weakly on distance for distances smaller than the baseline (inset Fig. 3). Therefore,
even if the sample-SQUID separation could be reduced to 50 Im, the separation achieved

with the magnetometer, the gradiometer signal would increase by a factor of only 1.4.

A significant advantage of the gradiometer is that, by effectively eliminating the parasitic
background field, a larger magnetic field can be applied to the sample without a
concomitant increase in the background response. Therefore, we were able to apply a 4
times larger field, 1.2 mT, in the gradiometer system than in the magnetometer system.
The increase in signal is determined by multiplying the magnetization of each particle,
given by the Langevin function®, by its magnetic moment and integrating over the
distribution of particles in the sample. For the particles used in our experiment,
measurements showed that the 1.2 mT field resulted in a 3.4 times larger signal. Hence,

for identical samples, we find that the gradiometer 1s 30 (decrease in parasitic background



response) x 0.8 (loss in coupling efficiency) x 3.4 (increase in signal) = 80 times more

sensitive than the magnetometer.

Finally, we estimate the minimum number of superparamagnetic particles the
gradiometer can detect. In the immunoassay technique, the particles®', nominally 35 nm
in diameter, are bound to specific targets that are immobilized. The gradiometer detects
the logarithmic decay of the flux d(t) as the particles undergo Néel relaxation following
the removal of the magnetizing field. We fit this signal to**

D(t) = Dospoer + D In(14+Tmaglt), (2)
where Tmag = | s 1s the magnetization time, Dqfze; 1S an artifact of the SQUID electronics,
and @y is the fitted amplitude of the flux detected by the gradiometer. We calibrated the
sensitivity by depositing magnetic particles on a carbon-coated transmission electron
microscopy (TEM) grid, imaging the grid with TEM, and counting the number of
particles per unit area. Then we cut the grid into segments and measured the relaxation
signal of each piece with a pulsed 1.2 mT field (Fig. 3 upper trace). Between each
measurement, we recorded the background decay with no sample present (Fig. 3 lower
trace) to confirm there was no residual magnetic material on the window. We fit each
relaxation curve, divided the amplitude @ by the estimated number of particles on the
particular grid segment, and averaged the results. We found the mean relaxation
amplitude to be 0.8 n®, per particle. The minimum detectable signal is the uncertainty in
the value of @, 2.9 u®, for 100 averages. (This uncertainty is due solely to the SQUID
noise, since the gradiometer has effectively eliminated the parasitic background.)

Dividing by the flux per magnetic particle, we arrive at a detection limit (one standard



deviation) of about 4000 particlesB. If particles with a larger magnetic moment could be
obtained, the sensitivity would improve proportionally. A factor of two improvement in
the sensitivity of the gradiometer could be achieved by coupling the pickup loops to the

SQUID with a 3-turn, multilayer transformer™*.
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Fig. 1 Upper trace: magnetic background detected by the magnetometer in
response to a 0.3 mT field, fitted to ®(t) = Dyser + d)se't/ " (dotted line); lower trace:
background detected by the gradiometer in response to a 1.2 mT field. Applied field
was pulsed on for 1 s and off for 1 s, and data were recorded each time the field was
turned off; 100 averages were taken. Inset: Configuration of the SQUID
microscope. The sample, at room temperature and atmospheric pressure, is 100 pm

above the SQUID, which is at 77 K and in a vacuum.

Fig. 2 Schematic of the gradiometer. Lower loop attached to the SQUID reduces

imbalance caused by the SQUID.

Fig. 3 Upper trace: signal from superparamagnetic nanoparticles deposited on a
TEM grid versus time fitted to @ (t) = ®gpee¢ + PsIn(1+Tmag/t) (solid line); lower
trace: magnetic background with no sample present, fitted to ®(t) = @ se + (I)se't/ *
(solid line). A 1.2 mT field was pulsed on for 1 s and off for 1 s, and data were
recorded each time the field was turned off; 100 averages were taken. Inset: Néel
relaxation amplitude versus gradiometer-sample separation. Dots represent

experimental data, curve was calculated from our model and scaled to fit the data.
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