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We report the experimental results that show the operation of superconducting quantum interference
device �SQUID� microsusceptometers immersed in the 3He– 4He mixture inside the mixing
chamber of a dilution refrigerator at high frequency �1 MHz� and down to very low temperatures
�13 mK�. The devices are based on highly sensitive and easy-to-use commercial SQUID sensors.
The integrated susceptometers are fabricated by rerouting some connections of the SQUID’s input
circuit. Examples of measurements on molecular magnets Mn12 and HoW10 are shown.
© 2010 American Institute of Physics. �doi:10.1063/1.3280169�

The research on the properties of magnetic materials at
very low temperatures has been stimulated in the last fifteen
years by the observation of fascinating quantum phenomena,
such as quantum tunneling of spins,1 quantum coherence,2–5

and quantum entanglement.6,7 Besides providing a direct
hindsight on the not yet fully understood quantum-to-
classical transition, these phenomena might also find appli-
cation in the development of solid-state quantum information
technologies.8 Their study has fuelled the development of
new magnetic sensors with improved performances that ap-
proach the experimental limits in terms of sensitivity and
operation conditions. Experiments need to be performed at
very low temperatures, when zero-point quantum fluctua-
tions become dominant over classical thermal fluctuations. A
very high spin sensitivity is also desirable to enable detecting
the magnetic response of single layers of nanomagnets and
eventually of individual ones. In addition, by magnetically
diluting the samples, the decoherence caused by spin-spin
interactions can be minimized. Another crucial point is the
access to broader frequency bandwidths than those offered
by commercial magnetometers, since the time scales of
quantum dynamics can vary over many decades depending
on the spin value, the magnetic anisotropy, and the couplings
to the environment. The many recent advances in this
field include the development of miniature magnetometers,
based on the use of either micro-Hall bars or micro- and
nanosuperconducting quantum interference device �SQUID�
sensors.9 Another application with similar stringent perfor-
mance is found in the use of metallic magnetic microcalo-
rimeters as radiation detectors.10

Our purpose has been to develop an ac magnetic suscep-
tometer that combines high sensitivity and broad frequency
bandwidth with operation down to very low temperatures
and user friendliness. Commercial SQUID technology and
readout electronics �e.g., from Magnicon GbR, Germany� are
now available with sensitivities near the quantum limit at
mK temperatures and room temperature electronics adapted
for operation with broad bandwidths.11 We have taken advan-

tage of such optimized devices as the starting point for the
fabrication of our susceptometers. It turns out that, via a
simple modification of the chip’s input wiring, a fully inte-
grated thin-film SQUID susceptometer can be obtained. This
modification is carried out by focused ion beam etching and
the subsequent in situ deposition of a superconducting mate-
rial with nanoscale control.12–14 The problem of achieving a
good thermal contact at very low temperature has been
solved by immersing the microsusceptometer inside the mix-
ing chamber of a 3He– 4He dilution refrigerator �Leiden
Cyrogenics� adapted to this end; this ensures a good thermal-
ization of the sample down to �13 mK.

All the coils in the chip’s layout of the Magnicon/PTB
SQUID sensors have a gradiometric design in order to mini-
mize the sensitivity to homogenous magnetic fields. For
sensors with high input inductance, a double-transformer
scheme is used to couple a low-inductance SQUID to a high-
inductance input coil �see Fig. 1�. The input signal is first
coupled to an intermediate loop and the flux is then trans-
ferred to the front-end SQUID through a second flux trans-
former. This SQUID incorporates an additional positive feed-
back and it is read out with a second-stage array of 16
SQUIDs �flux noise at T=4.2 K is S�

1/2�800n�0 /Hz1/2�.11

Sensors with a low input-coil inductance do not use the
intermediate loop. The input coil is then directly coupled
to the front-end SQUID. We have converted these chips
into SQUID-susceptometers13 with the diagram shown in
Figure 1.

Sensors are mounted on printed circuit board �PCB�
holders and installed inside the mixing chamber of a dilution
refrigerator �see Fig. 2�. This chamber is made of plastic
and has 24 electrical connections with vacuum tight
feedthroughs. To reduce the effect of electromagnetic inter-
ferences, a small Pb shield covers the SQUID holder inside
the mixing chamber and a Cryoperm shield surrounds the
whole inner vacuum chamber �IVC� of the refrigerator. In
addition, special care has been taken to electrically isolate
the cryostat and connecting tubes and to rf-filter all the lines
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used for thermometry. A commercial low-thermal conductiv-
ity cryocable from Magnicon was used for the wiring from
the mK region to 300 K at the top of the cryostat were the
XXF-1 Magnicon read-out electronics is connected.

The thermalization of the sensor and the sample is en-
sured by the direct contact with the 3He– 4He mixture of the
dilution refrigerator. In this way, the heating of the sample
due to the absorption of energy from the ac magnetic field
�when the imaginary susceptibility component �� is not zero�
is also prevented since we profit the most from the cooling
power of the refrigerator. We have observed that cooling
power and base temperature �13 mK� have not been affected.
Decreasing the temperature of the SQUID sensors also modi-
fies some of their electronic properties. The critical current of
the SQUID array increases a few 10% below 1 K. However,
this change implies no distortion in the V-� curve at very
low temperatures. More importantly, the flux noise spectrum,
measured at different temperatures �see Fig. 3�, shows that
the white noise decreases with the square root of temperature
until it saturates, below approximately 300 mK, probably

due to hot-electron effects.14 At 13 mK and 100 kHz, an
uncoupled energy sensitivity S� /2L=7� is obtained, where
S�

1/2=0.20��0 /Hz1/2 is the magnetic flux noise, L=115 pH
is the inductance of the front-end SQUID, and �=h /2� is
the Planck constant.

We have performed a calibration of the sensors follow-
ing the procedure developed by D. D. Awschalom et al.15

Small Pb filings were obtained from 99.99% Pb foil �Good-
fellow�. By melting these filings under Ar atmosphere, we
got small Pb spheres, which are stabilized by their surface
tension. A Pb sphere with radius R=45 �m was used as the
sample for the calibration of our microsusceptometer. As the
device is cooled through the transition temperature of Pb
�Tc�7 K�, we measure a relative inductance variation of
�M /M =3�10−3, consistent with the geometrical estima-
tions done by M. B. Ketchen et al.16 The calibration factor
can then be obtained from the formula

F =
4H�R3

3�1 + D���	
= 10−11 Am2/	0. �1�

Here, H=4.8 A /m is the estimated magnetic field at the
sample’s position, D=1 /3 is the demagnetization factor of a
sphere, �=−1, and �	 is the variation of the flux in the
SQUID caused by the superconducting transition of the Pb
sphere. Taking into account the measured flux noise of
these sensors, we can estimate their spin sensitivity, that is,
the figure of merit proposed by Ketchen et al.17 Our spin
sensitivity �each spin having a moment of �B, where �B is
the Bohr magneton� is �9.6�105�B /Hz1/2 at 4.2 K and
�2.1�105�B /Hz1/2 at 13 mK for a sensing area of approxi-
mately 350�600 �m2. We have also fabricated SQUID-
susceptometers with no intermediate loop, for which we
measured a calibration factor 1.15�10−12 A m2 /	0 and a
spin sensitivity of �2.4�104�B /Hz1/2 at 13 mK for a sens-
ing area of approximately 50�200 �m2. This follows the
known rule that better sensitivities are achieved with smaller
dimensions.17 Previous results have indeed shown sensitivi-
ties of 103 spins /Hz1/2 at 290 mK for a sensing area of 25
�25 �m2,18 2�102 spins /Hz1/2 at 200 mK for a circular
sensing area with 4 �m diameter,19 and 102 spins /Hz1/2 at
4.2 K for a sensing area of 200�200 nm2.20

Figure 4 illustrates the extreme performance of our inte-
grated susceptometers. The top panel shows susceptibility
data measured at 4.2 K on a micron-sized crystal of
Mn12–Bz single-molecule magnets21 placed directly on the
SQUID loop. In a single run, the frequency dependent sus-
ceptibility enables measuring, under identical conditions, the
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FIG. 1. Schematic diagram of the SQUID susceptometer chip �inside dashed
line�. Input current IP is controlled with the internal oscillator of the lock-in
amplifier Vlock-in and series resistance R. IP couples flux to the first order
gradiometer of the intermediate loop through mutual inductances M and M�.
These mutual inductances have the same geometry and their values differ
only when a magnetic sample is present, in that case M�=M�1+F��, where
� is the magnetic susceptibility of the sample and F is a calibration factor.
The flux coupled by the signal-SQUID is given by 	SQ= IPMSQ�M�
−M� /LLOOP= IPMSQF�M /LLOOP. A second stage 16-SQUIDs array is used
to read-out 	SQ. Magnicon XXF-1 electronics is used to operate the system
in flux-locked loop �FLL� mode. Finally, the in-phase and out-of-phase com-
ponents of Vout are read-out with the lock-in amplifier.
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FIG. 2. �Color online� �Left� Representation of the lower part of the dilution
refrigerator insert. The sensor lies inside the mixing chamber immersed in
the 4He rich phase, with the PCB holder plugged into electrical feedthroughs
connected to the cryocable in the IVC. �Right� photograph of SQUID-
susceptometer chip mounted on PCB holder, it can be easily manipulated for
changing sample. Chip size is 3�3 mm2.
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FIG. 3. Flux noise of the sensor measured at 4.2 K and 13 mK with a HP
3562A dynamic signal analyzer �limited to 100 kHz�.
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very different magnetic relaxation times 
 of the two species
of Mn12 clusters present in this sample: the “fast relaxing
species,” about 90% of the clusters in this compound, with
relaxation times of order 3�10−7 s at 4.2 K, and the remain-
ing 10% of standard, or “slow relaxing,” Mn12 molecules, for
which 
�0.026 s. The bottom panel shows measurements
performed at very low temperatures, down to 15 mK, on
HoW10 mononuclear single-molecule magnets. The relax-
ation rates of these nanomagnets remain sufficiently large
even down to the close vicinity of the absolute zero, which
our powerful dilution refrigerator enables us to explore.

The susceptometry setup developed by us combines the
high sensitivity and broad bandwidth of the Magnicon/PTB
SQUIDs sensors with the possibility of measuring samples in
direct contact with the 3He– 4He mixture of a dilution refrig-
erator unit. The device, fabricated by a simple modification
of the electrical circuit carried out in our laboratories can be
applied to investigate quantum dynamics of single-molecule
magnets and even isolated paramagnetic spins in the neigh-
borhood of the absolute zero of temperature. Samples of mi-
crometer size can be easily placed onto the pick-up coils,
gluing them with vacuum grease. Thanks to their high sen-
sitivity, these susceptometers should also enable the detec-
tion of single layers of molecular nanomagnets, therefore
providing a relatively simple tool to ascertain if these mate-

rials preserve their interesting magnetic properties �magnetic
memory and quantum tunnelling�. For this, we plan to de-
posit dots of a controlled amount of sample at a desired
location by using dip-pen lithography. Preliminary results
have shown that this technique enables depositing ferritin
proteins with single-molecule precision.22
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FIG. 4. �Top� In-phase and out-of-phase ac susceptibility components of a
100�50�20 �m3 single crystal of Mn12Bz single-molecule magnets
�SSM� at T=4.2 K. Measurements within the whole bandwidth of the sys-
tem enable us to observe the magnetic relaxation of the two molecular
species present in this sample. The respective relaxation times have been
determined by fits of a combination of two Cole–Cole laws to the experi-
mental data �solid lines�. The inset shows a larger 800�200�200 �m3

single crystal of HoW10 SSM attached with vacuum grease onto the inter-
mediate loop �pick-up coil� of a SQUID susceptometer. �Bottom� Real and
imaginary component of the susceptibility of the same HoW10 crystal fitted
to Cole–Cole functions �solid lines�. Measurements at different temperatures
down to 15 mK provide much information about the nature of the relaxation
process taking place in the sample.
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