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Abstract
Rotational Drift Spectroscopy (RDS) is a novel spectroscopic method for magnetic nanoparticles. It is based on
measuring the rotational drift of magnetic nanoparticle ensembles in a rotating magnetic field, which is below the
magnetic field strength necessary for rotating the magnetic nanoparticles synchronously. Magnetorelaxometry
(MRX) measures the decaying magnetization after applying a magnetic pulse, allowing to determine the zero-field
relaxation time of magnetic particle systems. It is used, e.g., for general particle characterization or bioassay
applications. The following work presents pulsed RDS sequences for measuring the zero-field relaxation behavior
of magnetic particles. Measuring the zero-field relaxation using an RDS setup provides the advantage of allowing
the combination of additional measurement sequences for more specific particle characterizations. The pulse
sequence can be tailored to the necessary relaxation time range of the particle system, allowing to cover a wide
range of different relaxation times.

I. Introduction

Magnetic particles show rotational drift in rotating mag-
netic fields, which are too weak to rotate them syn-
chronously. The resulting drift frequency of the magnetic
particles strongly depends on the rotational friction or
the amplitude and frequency of the rotating magnetic
field. This phenomenon was used in [1] for construct-
ing a single bacteria detector by optically measuring
the rotating frequency of a single functionalized mag-
netic microparticle. Rotating Drift Spectroscopy [2, 3]
aims at inductively measuring the rotational drift of mag-
netic nanoparticle ensembles in liquid suspension. This
requires orienting all magnetic moments in one direc-
tion before the measurements starts, otherwise all mag-
netic moments are oriented randomly, resulting in zero
net magnetization with respect to any asynchronous fre-
quency components. The start phase of an RDS measure-
ment therefore is very similar to MRX [4], which measures
the decaying magnetization after an initial pulse. While

MRX measures the magnetization directly, this is not eas-
ily possible in RDS, where the rotating magnetic field of
up to tens of millitesla is present during the measurement
and incompatible with highly sensitive magnetic field
sensors. Measuring the signal inductively makes it di-
rectly proportional to the derivative dM(t)/dt of the mag-
netization M(t). For a particle diameter range between,
20 to 200 nm the decay rate and hence the dM(t)/dt term
differs by three orders of magnitudes for Brownian relax-
ation, which scales proportional to the hydrodynamic
particle volume [4]. This makes inductive measurement
of the magnetization decay impractical.

In RDS as performed in [2], the rotating field is started
after a delay. The start of the rotating magnetic field
leads to a rotating magnetization, which induces a signal
proportional to the magnetization, which remains after
the delay time. This generated signal can have a much
higher dM(t)/dt value compared to the dM(t)/dt in the
zero-field relaxation process, depending on strength and
frequency of the applied rotating magnetic field. There-
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Figure 1: Schema of the used setup. Two orthogonal coil pairs
generate short rotating magnetic field pulses with about 15 mT
at 53.3 kHz. The pulse- and receive coil are diagonally oriented
in the center. The samples were 5 mm glass tubes filled with
40 µL suspension.

fore, the necessary signal strength can be forced by the
rotating magnetic field. This allows to measure the zero-
field relaxation for a wide range of particle types and
has the advantage of further combining the measure-
ment with RDS sequences. The following work evaluates
this measurement method with some basic RDS pulse
sequences.

II. Material and methods

The schema of the setup is shown in Fig. 1. The coil sys-
tem can accept 5 mm glass tubes. The receive coil inside
the coil system is realized as a gradiometer. The pulse
coil is wound coaxially to the reciever coil and decoupled
with an external air coil transformer. The x-, y- and pulse
coils were driven with three AE Techron 7000 amplifiers
(Indiana, USA).

The applied sequence is similar to the sequence used
in [2], which is shown in Fig. 2. An initial pulse generates
magnetization. The rotating field starts after a time delay.
The rotating magnetic field rotates the magnetization,
which generates the signal. In the example of Fig. 2, an
echo sequence was applied, leading to a signal echo train.
The presence of an alternating magnetic field (rotating or
linearly oscillating) typically also causes an accelerated
magnetization decay, as is the case in the example in
Fig 2.

In order to measure just the zero-field relaxation, the
sequence can be simplified. The sequence used for the
following measurements consisted of the repetition of
the following pattern shown in Fig. 3: a short pulse fol-

Figure 2: Example of a typical RDS sequence. It starts with
a short magnetic pulse (here 20 µs duration and 200 mT field
strength) and the rotating magnetic field starts with a certain
delay. The signal is generated by rotating the magnetization.
The first peak of this signal can be used to measure the zero-
field relaxation time, which requires at least two measurements
with different delay times.

Figure 3: Snippet of two signals for two different particle sys-
tems. Marked are the end of the 60 mT pulse and the start of
the 10 periods of the rotating field burst. The pulse generates a
signal heavily distorted by the chebychev low-pass filter (corner
frequency: 10 kHz). The main part of the signal starts after the
rotating field burst, which generally will be an exponentially
decaying sine curve. The signal peak is used for estimating the
zero-field decay time by comparing it for at least two measure-
ments with different delay times.

lowed by a short burst of 10 periods of a rotating magnetic
field with 53.3 kHz after a given delay time, reaching a
peak value of 15 mT at the end of 10 periods. The pulse
duration was 10 µs (half-sine shaped) and its peak value
around 60 mT. Fig. 3 shows a snippet of a signal gener-
ated by this sequence.

The full measurement sequence consisted of 50 rep-
etitions with a time delay increasing in steps of 50 µs
between each following repetition. The expected ra-
tio S(tn+1)/S(tn ) of two signal peaks S(tn ) and S(tn+1)
between two consecutive repetitions n and n+1 is
S(tn+1)/S(tn ) = exp( -∆t / τ ), with ∆t being the differ-
ence of the time delays applied for S(tn ) and S(tn+1) (here:
∆t=50 µs) and τ being the zero field relaxation time con-
stant of the given particle system. τ can therefore be
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Figure 4: Signal train for two different particles (same as Fig. 3).
Blue: plain iron oxide particles with 250 nm diameter (micro-
mod, Rostock, Germany); Orange: SHP30 (Ocean NanoTech,
San Diego, USA) with 70% glycerol added to the original sus-
pension. Black line: linear fit of the signal maxima for the iron
oxide particles.

Figure 5: Signal comparison for the original suspension of
SHP30 particles (blue) and with 70% glycerol added (orange).

calculated as

τ=
−∆t

log
�

S(tn+1)
S(tn )

� . (1)

III. Results and discussion
Fig 4. Shows two exemplary signals of a signal train. With-
out additional signal corrections, only a part of the signal
bursts can be used, since the signal caused by the pulse
is heavily distorted in the chebychev filter and interferes
with the signal caused by the rotating magnetic field if
the time delay is too short.

The zero-field decay time for the iron oxide particles
in Fig. 4 is 2.4 ms +/-10% according to the linear fit. A
linear fit is used as an approximation instead of an expo-
nential fit since the maximum delay time difference used
for the fit is 400 µs, which is significantly smaller than the
expected relaxation time in the order of milliseconds.

The calculated Brownian relaxation time for parti-
cles in water with a hydrodynamic diameter of 250 nm
at room temperature is 5.3 ms [4] and about a factor of
two higher than measured. Since the relaxation time de-
pends on the hydrodynamic diameter by the third power,
a 25% deviation in the average diameter would already

change the relaxation time by a factor of two. The used
evaluation does not yet account for the interference be-
tween the pulse response and the signal shape generated
by the rotating magnetic field, which are two linearly
superposed wavelets. They could in principle be mea-
sured separately and used for a more precise evaluation.
The corresponding error can be ignored if the delay time
is sufficiently large. This is not exactly the case in the
presented data and possibly the main reason for the dif-
ference between measurement and theoretical value.

Fig. 5 shows the signal difference for 30 nm parti-
cles with and without glycerol. The decay rate without
glycerol is too fast for the used setup. The magnetite
core diameter is 30 nm. Assuming 5 nm coating yields
a hydrodynamic diameter of 40 nm, resulting in a theo-
retical relaxation time of 22 µs for water. In this case, the
dM(t)/dt of the decay itself would yield sufficient signal.
Using this signal directly is only possible after correcting
for the distortion caused by the chebychev filter. The
relaxation time with 70% glycerol content is expected to
increase about a factor of 30 according to [5], which is
about 0.6 ms. The data in Fig. 5 yields 0.9 ms +/- 30%.
The mixing error in the glycerol content is estimated to
be more than 10% and probably the main reason for the
deviation between the calculated decay time and the
measured decay time.

IV. Conclusions

The presented work shows how to measure the zero-field
relaxation time with pulsed RDS sequences. This value
is well defined and widely known in the literature. It
avoids the magnetic field dependency of Néel relaxation
and is useful for characterizing and comparing mag-
netic nanoparticle systems. In magnetorelaxometry the
magnetic field of the magnetization decay is measured
directly. The presented method allows increasing the
signal-to-noise ratio for measuring the magnetization
decay inductively, even if the relaxation time is in the
order of seconds, resulting in a dM/dt that is otherwise
too low for inductive sensing. This allows combining this
measurement, e.g., with magnetic particle spectroscopy,
which almost exclusively uses inductive sensing.
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