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Ferrofluids are considered

as potential magnetic

markers for biomagnetic measurements. One possible
application is the determination of the distribution of

such markers within the human body by the

measurement of the relaxation of the magnetization of
the marker. Due to the high magnetic moment of the
ferrofluid particles and the high sensitivity of SQUIDs
it is possible to detect minor quantities of markers.
However our relaxation measurements were up to now
performed in a magnetically shielded room. This limits
the application of high magnetizing fields in a large
volume, necessary for in vivo measurements. Here we
present high sensitivity relaxation measurements using
a SQUID gradiometer in unshielded environment,
which are a prerequisite for future in vivo applications.
INTRODUCTION
Beside the established use as contrast agents for MRI
investigations ferrofluids are now gaining new interest as

magnetic markers

for biomagnetic

measurements.

Ferrofluids are colloidal solutions of ferro- or ferrimagnetic
particles of typically 10 nm size, coated with a surfactant
and dispersed in a carrier liquid. Due to their size these
particles are single domain and magnetized to saturation.
Thus the high sensitivity of SQUID sensors allows the
detection of low concentrations of these particles.
Magnetorelaxometry GvRX) is the measurement of the
relaxation of the macroscopic sample magnetization after
removing a magnetizing field. Relaxation is either due to

field of some mT in a small sample volume

while
generating only a weak field at the location of the SQIJID
and the chamber wall. However for future detection of

magnetic markers in vivo large volumes must be
magnetized with strong fields. Consequently SQUID
systems suitable for MRX measurements must meet two
requirements: (i) functionality (quick recovery) after strong
magnetizing pulse and (iD operation in unshielded
environment.

METHOD

For the measurements in unshielded environment an
integrated planar SQUID gradiometer was used. A
gradiometer layout, which is sensitive only to a field
gradient allows to suppress the disturbances from remote
sources. However every real gradiometer is also sensitive to
a homogeneous field because of its imperfect balance [6].
Our thin film SQLJID gradiometers were fabricated in

NbNbO*-PbAuln-technology on 5 mm * l0 mm Si
substrates; the layouts and the fabrication procedure arc
described in detail in Ref. [7]. The SQUIDs have effective
pickup areas of 1.2 to 1.5 ffiffi2 , a baseline of Äx: 5 mm
and an intrinsic balance of some 10-5. The white noise level
corresponds to a field gradient of about 30 fT I cmHzrD.
The SQUID gradiometer is placed in the tail of a
fiberglass dewar in liquid helium without electromagnetic
shielding. A dc SQUID electronics with flux modulation at
125 kJIz was used in the flux locked loop mode.

reorientation of the whole particle in the carrier liquid
(known as Brownian relaxation) or due to the rotation of
the internal magnetization vector inside the particle Qrleel
relaxation) tU.

In

contrast

to

Dewor

susceptibility investigations MRX

SOUID

measurements are not affected by para' or diamagnetic
components within the body l2l and therefore yield a

signal specific only for the applied marker.
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It was shown

that the spatial distribution of ferrofluid can

be

reconstructed by measuring its N6el-relaxation [3]. An ex
viuo study [4] showed different accumulation of ferrofluid
marker in liver and spleen of test animals.
Our previous relaxation measurements were performed
using the PTB 37 channel SQUID magnetometer operated

inside the Berlin Magnetically Shielded Room. This
complicates the application of magnetizing fields in the
range of some mT t5l. Therefore samples were either
mugretized outside the shielded room (limited by time
spent to transport sample to SQUID and reproducibility)
[3] or inside the shielded room using a toroidal solenoid or
coil [1,5]. These special magnetizing coils provide a
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Setup for the relaxation measurement

In the present study we used a ferrofluid consisting of
magnetite particles of mean diameter l0 nm coated with
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dextran and dispersed in water. In order to observe pure
Neel Relaxation the samples were freeze dried. Thus by

removing the carrier liquid Brownian Rotation

of
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Fig. 1 shows the schematic setup used for the relaxation
measurement. The dried sample is placed in a plastic tube
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Fig. 2. Relaxation signal for a sample of
10 s magnetization in a field of 3.6 mT

I

pmol Fe after

The sample was magnetized in a field of 3.6 mT for
10 s. The sampling rate was 202.4 Hz. The internal output
signal was filtered by a 4O Hz low pass filter and a notch

filter of 50 Hz. This greatly reduces interference of the
power line frequency and its higher harmonics. However
50Hzbursts still remain. Since the relevant information of
the relaxation signal is mainly in the low frequency range,
further digltal low pass filtering of the collected data will
significantly increase the signal to noise ratio.
In conclusion we have shown, that after homogeneous
magnetization in a moderate field of about 4 mT N6el
relaxation signals of dilute ferrofluids can be detected with
a SQUID gradiometer in unshielded environment. This
enables in vivo investigations of ferrofluid distribution
which are the subject of a further study.
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