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Abstract—We developed a high-resolution superconducting
quantum interference device (SQUID) microscope, which
employs a hollow cryostat, for magnetic field imaging of rock
samples at room temperature. A directly coupled lowtemperature SQUID with a 0.2 x 0.2 mm2 pick-up loop, mounted
on a sapphire conical rod, is separated from a sample at room
temperature through a vacuum gap and a 40-micrometer-thick
sapphire window. Precise and repeatable adjustment of the
vacuum gap is performed by rotating a micrometer spindle
connected to the sapphire rod through the hollow of the cryostat.
We have achieved the separation of 0.23 mm between the SQUID
and a sample. We also demonstrated imaging of the magnetic
field of a zircon crystal having magnetite grains.
Keywords—SQUID microscope; magnetic imaging; geological
sample

I. INTRODUCTION
Superconducting quantum interference device (SQUID)
microscopy for room-temperature samples is a very useful
technique to image weak magnetic field distributions with high
spatial resolution in the order of 100 μm [1-4].
Geological studies such as paleomagnetism and planetary
science are one of the interesting applications of this technique
[4-9]. In a recent work, a SQUID microscope played an
important role in magnetostratigraphic dating as a powerful
tool to image fine magnetic stripes related to geomagnetic
reversals preserved in rock samples [10].
The SQUID chip in a SQUID microscope is separated
from a room-temperature sample through a vacuum gap and a
thin non-magnetic window. It is required that the SQUID chip
should be as close as possible to the sample in order to obtain
not only a good signal-to-noise ratio but also high spatial
resolution. Precise adjustment of the vacuum gap with respect
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to the sample is essential.
In practical use of a SQUID microscope, users often warm
up the system. In this case, the SQUID chip must be
sufficiently separated from the window before warming up so
that it does not touch and break the thin window because of
thermal extension of the cryogenic components. Therefore, the
SQUID microscope requires an easy, reliable and repeatable
mechanism to adjust the vacuum gap.
In this study, we designed and developed a SQUID
microscope for geological sample imaging, emplying a hollowstructured cryostat, which easily allows the precise and
repeatable adjustment of the vacuum gap.
II. DESIGN OF SQUID MICROSCOPE
A. Structure of the Cryostat
A photograph of the cryostat and a schematic of its cross
section are presented in Fig. 1. The thermal shields and super
insulations are not shown in the cross section. The cylindrical
vacuum chamber, whose diameter is 370 mm, is made of
aluminum except for the bottom. The liquid helium reservoir
made of GFRP (glass fiber reinforced plastics) has a hollow
through its center. The diameters of the reservoir and the
hollow are 240 and 20 mm, respectively. The liquid helium
capacity is about 10 liters. The liquid helium supply and gasexhaustion ports are located symmetrically with respect to the
center.
A rigid GFRP shaft is passed through the hollow and
connected to a small bellows that is fixed to the top flange of
the vacuum chamber. A micrometer spindle is attached to the
bellows so that its rotation expands or shrinks the bellows.
Thus, the rigid shaft moves up and down by rotating the
micrometer spindle at room temperature. The end of the shaft
is connected to a copper rod with a flexure spring, which
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making precise adjustments using the micrometer spindle.
(a)

(b)

B. SQUID and Assembly
The SQUID is a simple washer-type magnetometer
fabricated on a 1 × 1 mm2 silicon substrate using a
Nb/AlOx/Nb-based process. The sizes of the SQUID washer
and the hole are 200 × 200 μm2 and 30 × 30 μm2,
respectively. The maximum voltage output was 76 μV in a
superconductive shielding in liquid helium.
This SQUID chip was glued on the tip of the sapphire rod
and electrically connected to silver-based thin-film electrodes
using silver paste. The silver-based thin-film electrodes were
metalized on the surface of the sapphire rod from the bottom
to the conical top in advance. Fig. 2 is a photograph of the
SQUID chip mounted on the sapphire tip. The diameter of the
tip is 2 mm.

Fig. 1. Photograph of the SQUID microscope (a) and schematic of its cross
section (b). The SQUID chip mounted on the sapphire tip is moved up and
down by rotating the micrometer spindle on the top.

allows the rod to move only in the vertical direction. The
copper rod is thermally anchored to the helium reservoir by
copper-wire bundles. A sapphire rod with a SQUID chip
mounted on the conical top is tightly connected to the copper
rod. Using this mechanism, the vertical movement of the
SQUID chip was achieved with an accuracy of ~ 5 μm in the
movable range of 1 mm.
The vacuum space is separated from room-temperature
environment are separated by a 40-μm thick sapphire window
with 3 mm in diameter. We estimate the bowing of the
window due to the atmospheric pressure to be ~ 10 μm [11].
The sapphire window is supported by a thicker sapphirebacking plate attached to a GFRP cone, and the cone is
connected to an aluminum bellows, which is attached to the
bottom of the vacuum chamber. By moving the bellows using
vertical and horizontal screws, we roughly position the
SQUID chip with respect to the sapphire window before

Fig. 2 SQUID chip mounted on the sapphire tip.

Electrical wiring from the sapphire rod to roomtemperature electronics passes through the vacuum layer of
the cryostat. Copper wires, soldered to the electrodes at the
bottom of the sapphire rod, were connected to highly-resistive
wires via an RC filter to eliminate high-frequency interference.
The highly-resistive wires were terminated at the connectors
on the top flange of the liquid helium reservoir.
C. Low-Drift Flux-Locked Loop
While scanning a rock sample with the SQUID
microscope, low-frequency drift noise in the output signal
should be eliminated because high-spatial-resolution scanning
takes hours. In flux-locked loop operation of low-temperature
SQUIDs, the low-frequency drift noise is mainly attributed to
the temperature change of the preamplifier. We developed a
low-drift FLL with direct voltage readout in combination with
switching and sample hold functions in order to eliminate the
low-frequency drift noise.
Fig. 3 is an equivalent circuit of the low-drift FLL with
voltage readout. The bias current applied to the SQUID
switches on and off at 20 kHz. The output from the
preamplifier also switches to two circuits with the same timing.
When the bias is off, the signal is output through the upper
circuit (A) in Fig. 3, where only the drift noise is sampled and
held. While the bias is on, the measurement signal including
the drift noise is sampled and held through the circuit (B). By
subtracting the signal measured through (A) from the signal
measured through (B) in front of the integrator, we eliminate
the low-frequency drift in the measurement signals.

Fig. 3. Equivalent circuit of the low-drift FLL with voltage readout.
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D. Performance
When the SQUID microscope was cooled with liquid
helium, the temperature of the sapphire rod reached 4.8 K. The
maximum output voltage of the SQUID was 67 μV, which was
15 % smaller than that observed in liquid helium. When the
SQUID was operated with the low-drift FLL, we obtained the
field noise of 1.1 pT/ √ Hz at 1 Hz in a superconductive
shielding. We also confirmed that the low frequency drift due
to temperature change was ~ 10 pT/ºC.
The separation between the SQUID and the sapphire
window was estimated by scanning the magnetic field
generated with a 1-mA DC line current, which was applied to a
25-μm-thick and 100-mm-long aluminum wire. We have
achieved the separation between the SQUID and the wire of
230 μm. We evaluated the precision of the adjustment of the
separation between the SQUID and the sapphire window,
repeating up-and-down movements of the sapphire rod by
rotating the micrometer spindle. The difference in the
separation among five runs was within ±5 μm for a movement
of 200 μm.
The boil-off rate of the liquid helium was 3.3 L/day, and
stable performance of the SQUID was maintained for almost
3.5 days until the liquid helium reservoir was empty.
III. DEMONSTRATION OF IMAGING
We demonstrated magnetic imaging of a natural zircon
crystal using the SQUID microscope. The zircon crystal was
about 0.5 mm in size and contained magnetite grains.
Isothermal remanent magnetization with a field of 140 mT was
artificially imparted to the zircon crystal, resulting in the
magnetic moment of 1.9 × 10-10 Am2. Then, the zircon crystal
was buried in the surface of a resin cylinder with 25 mm in
diameter and 5 mm in thickness so that the magnetic moment
was perpendicular to the surface of the cylinder. The distance
between the surface of the resin and the SQUID was set to be
about 500 μm. Fig. 4a shows a microscopic picture of the
surface of the resin, where the zircon crystal is inside the white
dotted circle. By scanning this zircon sample with the SQUID
microscope, we obtained an image of a magnetic dipole-like
field of ~180 nT (Fig. 4b), which is consistent with the
calculated magnetic field using the magnetic moment of 1.9 ×
10-10 Am2 and the distance of 500 μm. According to this result,

Fig. 4 Microscopic picture of a zircon crystal buried in the surface of a resin
(a), and the scanned results (b).

we consider that this SQUID microscope has the sensitivity to
image magnetic moments in the order of 10-14 Am2 or smaller.
IV. CONCLUSION
We developed a SQUID microscope employing a hollowstructured cryostat and a low-drift FLL. We confirmed that the
SQUID microscope could be applied for the fine magnetic
imaging of geological samples.
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