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Abstract
SQUID (superconducting quantum interference device) microscopes are
versatile instruments for biosensing applications, in particular for magnetic
nanoparticle detection in immunoassay experiments. We are developing a
SQUID microscope based on an HTS rf SQUID magnetometer sensor with a
substrate resonator. For the cryogenic set-up, a configuration was realized in
which the cryostat is continuously refilled and kept at a constant liquid
nitrogen level by an isolated tube connection to a large liquid nitrogen
reservoir. The SQUID is mounted on top of a sapphire finger, connected to
the inner vessel of the stainless steel cryostat. The vacuum gap between the
cold SQUID and room temperature sample is adjusted by the precise
approach of a 50 µm thin sapphire window using a single fine thread wheel.
We investigated possible sensing tip configurations and different sensor
integration techniques in order to achieve an optimized design. A new
scheme of coupling the rf SQUID from its back to a SrTiO3 substrate
resonator was adopted for the purpose of minimization of the
sensor-to-sample spacing. By SQUID substrate thinning and washer size
reduction, the optimum coupling conditions for back coupling were
determined for different rf SQUID magnetometers prepared on LaAlO3 and
SrTiO3 substrates. The SQUID microscope system is characterized with
respect to its spatial resolution and its magnetic field noise. The SQUID
microscope instrument will be used for magnetic nanoparticle marker
detection.

1. Introduction

SQUID microscopes have proven useful tools for numerous
applications in magnetic imaging with high spatial resolu-
tion [1, 2]. The use of HTS SQUIDs permits relatively simple
cryogenic designs with only a moderate loss in sensitivity as
compared to conventional LTS sensors. To our knowledge,

all HTS SQUID microscopes realized thus far are using dc
SQUIDs. Utilizing HTS rf SQUIDs, however, allows a purely
inductive, non-galvanic readout of SQUIDs with a high field
sensitivity in single layer technology. Since our SQUID micro-
scope set-up is aimed for magnetic nanoparticle marker detec-
tion and quantification for monitoring biological immunore-
actions [3, 4], we need a high magnetic field sensitivity and
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Figure 1. Sketch of the SQUID microscope set-up.

a small spacing between the room temperature sample and
cryogenic SQUID. This paper describes the optimization of
the HTS rf SQUID for this microscopic application using the
substrate resonator scheme [5].

2. Experimental set-up

Our set-up for the HTS rf SQUID microscope is illustrated in
figure 1. The casing of the microscope is manufactured from
stainless steel and contains a copper cold finger block with a
sapphire cold finger mounted on top. A double-walled tube
connects the microscope recipient to a liquid nitrogen supply
Dewar. By means of a fine thread with a pitch of 0.5 mm, an
adjustment wheel made from Plexiglas is connected to the steel
flange. A 50 µm thin sapphire window is glued to cover the
8 mm bore of a Vespel jacket carrier which is inserted in the
cold finger element using o-ring seals. This ensures vacuum
tight vertical mobility of the jacket when the distance between
the window and SQUID underneath is altered by rotating the
Plexiglas wheel. Rotating the disc by one of the pins distributed
around the circumference corresponds to an approach of the
window by 3.9 µm. Two cold finger supports with sharp tips
ensure minimal thermal losses and allow additional adjustment
of the SQUID position below the measurement window.

The coupling coil is affixed in the bottom groove of the
sapphire with two-component epoxy glue. In the slot above the
coupling coil, the substrate resonator is inserted. The substrate
resonator is fixed only using silicone grease because it might
need to be changed. The SQUID is also fixed with a very thin
layer of silicone grease.

3. RF SQUID optimization

3.1. Washer size and effective area

The washer size of a standard SQUID (diameter 3.5 mm) is
too large for SQUID microscopy since it requires too large
a window diameter and thus a thick window. Therefore, the
effect of size reduction of the SQUID washer was examined.
The effective area, the reciprocal of the field-to-flux coefficient,
was measured for different SQUID washer diameters (left
graph of figure 2). A washer diameter of 2 mm (Awasher =
1.57 mm2) turned out to still yield a high effective area and thus
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Figure 2. Measured effective area of the SQUID as a function of its
washer area (coupled face to face to the substrate resonator) and of
the substrate material and thickness (distance to the substrate
resonator).

a good sensitivity. For washer diameters below 1.5 mm, the
effective area of the magnetometer drops considerably. Thus, it
was concluded that a washer diameter of 1.5–2 mm constitutes
a good compromise between size reduction and performance.

The standard configuration of coupling an HTS rf SQUID
to a substrate resonator is realized by mounting the SQUID
chip on the resonator chip in a flip-chip configuration with
their superconducting washers face to face [5] (see the left
inset in figure 2). For a SQUID microscope, this configuration
is unsuitable because the substrate thickness prevents the
active SQUID layer from being brought close to the window.
Therefore, we need to adopt a new scheme called back coupling
(sketched in the right inset in figure 2): the SQUID is flipped
such that its active superconducting layer directly faces the
window, not the resonator. Thus, the coupling of the SQUID
to the resonator has to be performed through the SQUID
substrate. We examined the consequences of back coupling for
both LaAlO3 and SrTiO3 substrates. The measured effective
area of the SQUID magnetometer as a function of the substrate
thickness is plotted in the right graph of figure 2 for both
substrate materials. The value at tSubst = 0 was taken in
the standard orientation as sketched in the left inset. As
expected, the effective area of the sensor drops considerably
with increasing distance between active SQUID layer and
resonator washer layer, independently of the substrate material.
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Figure 3. Measured pear-to-peak amplitude of a SQUID, back
coupled to a substrate resonator, as a function of the substrate
material and thickness.
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Figure 4. Measured resonance frequency of a substrate resonator
with a back coupled SQUID, as a function of the SQUID substrate
material and thickness.

3.2. Coupling between the SQUID and substrate resonator

Adopting the scheme of back coupling for rf SQUIDs with the
substrate resonator has a number of consequences for SQUID
operation. We examined the open-loop peak-to-peak signal
amplitude (also called the modulation depth) of the rf SQUID
as a function of substrate thickness for both LaAlO3 and SrTiO3

substrate material in the configuration of a flipped SQUID with
its superconducting side facing away from the resonator, as
seen in figure 3. The signal amplitude is given at the output of
the SQUID electronics after rf demodulation and amplification
by about a factor of 1000. Except for a significant decrease at
large substrate thickness observed for both substrate materials,
only slight amplitude variations were observed.

Furthermore the dependence of the parameters of the
resonance of the substrate resonator–SQUID system was
examined as a function of substrate thickness. Figure 4 depicts
the measured resonance frequency. Figure 5 displays the
experimentally determined quality factor of the resonance.

We note that the resonance frequency decreases steadily
with increasing substrate thickness for both substrate materials.
The quality factor, however, exhibits a maximum at a substrate
thickness of 0.4 mm in both cases. We conclude that the
coupling resonance is overdamped in the case of standard

0.0 1.0
0

100

200

300

400

Q
ua

lit
y 

fa
ct

or
 Q

 [-
]

Substrate thickness tsubst [mm]

0.5 1.5

SrTiO3

LaAlO3

Figure 5. Measured quality factor of a substrate resonator with a
back coupled SQUID, as a function of the SQUID substrate material
and thickness.
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Figure 6. Measured signal-to-noise ratio of a SQUID, back coupled
to a substrate resonator, as a function of the substrate material and
thickness.

face-to-face coupling and underdamped for large substrate
thickness.

The most important factor for determining optimum
operation conditions of a back coupled rf SQUID, however,
is the ratio of the SQUID signal amplitude to its noise at a
constant ambient field. Figure 6 displays this experimentally
determined signal-to-noise ratio (SNR) as a function of the
SQUID substrate thickness and material.

For both substrate materials, the maximum SNR was
found for a thickness around 0.4 mm. This finding is
consistent with the measured maxima in the quality factor of
the resonance. It was concluded that a suitable rf SQUID
configuration should consist of a 1.5 mm washer SQUID on a
0.4 or 0.5 mm substrate, coupled to a substrate resonator from
the back. With this configuration, a sensitivity of 13.1 nT/�0

and a white magnetic field noise of 0.9 pT Hz−1/2 were
achieved.

4. Experimental results

4.1. Spatial resolution

The effective magnetic field spatial resolution of the SQUID
microscope set-up was determined experimentally by scanning
a current-carrying wire (diameter 0.1 mm) across the
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Figure 7. Measurement of the spatial resolution with a 1.5 mm
diameter washer SQUID on a 1 mm thick LaAlO3 substrate, back
coupled to a SrTiO3 substrate resonator. A current-carrying wire
was scanned across the microscope head at a distance of
approximately 0.2 mm.

measurement window. The wire was stretched between two
plastic supports. Care was taken to ensure that the wire
is continuously touching the sapphire window while gliding
across. The wire support was moved using a micrometer screw
driven by a stepper motor. The isolation vacuum distance
between the SQUID and window was about 0.1 mm, leading
to a total minimum distance a ≈ 200 µm between the SQUID
and wire.

Figure 7 displays the result of a lock-in measurement of
the field of the wire measured with the SQUID during the
scanning. From the expression for the magnetic field of a
current-carrying wire, |B(r)| = µ0 I

2πr , the vertical magnetic
field is derived as B(x) = µ0 I

2π
· x

a2+x2 (see the inset of figure 7).
The experimental data could be fitted well with this expected
behaviour, but with an effective distance a = 1.83 mm. Thus,
the substrate resonator SQUID magnetometer behaves like a
point sensor at a distance of 1.83 mm from the source even
though the spacing between the active SQUID layer and source
is only about 0.2 mm.

This large discrepancy between the small SQUID–sample
distance and large effective spatial resolution is attributed to
the flux focusing effect of the substrate resonator. Its 10 mm ×
10 mm YBCO washer stands back only 0.5 mm behind the
SQUID and focuses the field within a radius of 1.9 mm
according to the Ketchen formula [6]. However, as we intend
to measure the magnetic moment of a solution containing
magnetic nanoparticles in a confined volume (e.g. one well of a
96-well microtitre plate), a small distance in conjunction with a
high field sensitivity is more important than spatial resolution.
It only has to be ensured that neighbouring volumes do not
contribute. With our SQUID–sample distance of a = 200 µm
and with an optimized pickup area of 2πa2, we expect a signal
of 500 pT from a large magnetic bead (Dynabead M450 from
Dynal, Inc., magnetic moment approximately 10−13 A m2 [7]).

4.2. Magnetic field noise

Figure 8 shows a noise spectrum of the SQUID microscope
recorded during operation without the sample and with the
vacuum pump switched off. As shown in the figure, the
1/ f noise dominates below 10 Hz. From 10 to 600 Hz,
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Figure 8. Measured magnetic field noise of the SQUID, back
coupled to a substrate resonator, mounted in the SQUID
microscope, with the vacuum pump switched off.

discrete disturbance frequencies such as the line frequency and
harmonics are observed. When the turbomolecular pump is
running, additional vibrational lines at its rotational frequency
and harmonics appear. At frequencies above 600 Hz, white
noise is predominant. As the magnetic detection of magnetic
nanoparticles is usually performed at a single frequency, this
measurement frequency should be chosen in a frequency
regime where the noise is minimal. Since the frequency regime
from 1 to 50 kHz is most relevant for magnetic nanoparticle
measurements, one can expect to operate in the regime of
intrinsic white SQUID sensor noise.

5. Conclusions and outlook

For the first time, a SQUID microscope based on an HTS
rf SQUID magnetometer sensor was realized. The new
back coupling scheme was developed in order to achieve an
optimum rf SQUID configuration with a substrate resonator
which allows minimum distance to the sample at room
temperature. We analysed the effective area, the signal
amplitude, the resonance frequency, the quality factor and
the signal-to-noise ratio of the rf SQUID as a function of the
relevant washer and substrate parameters. Thus, the optimum
coupling conditions for back coupling were determined for
rf SQUID magnetometers prepared on LaAlO3 and SrTiO3

substrates. The characterization of the SQUID microscope
system proved that a high magnetic field resolution and a
close SQUID–sample spacing were indeed achieved, albeit at
reduced spatial resolution.

Future work will be directed towards determination
of the minimum detectable magnetic moment and, if
necessary, an improvement of the spatial resolution. The
SQUID microscope instrument will be operated and used in
experiments involving magnetic nanoparticles for magnetic
immunoassay characterization in the near future. Other
intended applications include the investigation of antigen–
antibody reactions in fluid samples and DNA detection and
hybridization based on the detection of magnetic nanoparticle
markers. It is expected that the SQUID microscope will be a
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valuable tool in magnetic imaging of biomagnetic samples and
will become a prerequisite in magnetic biosensing.
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