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Abstract. Clustering of magnetic nanoparticles can drastically change their
collective magnetic properties, which in turn may in
uence their performance
in technological or biomedical application. Here, we investigate a commercial
colloidal dispersion (FeraSpinTM-R), which contains dense clusters of iron oxide
cores (mean size around 9 nm according to neutron di�raction) with varying
cluster size (about 18 to 56 nm according to small angle X-ray di�raction), and
its individual size fractions (FeraSpinTM-XS, S, M, L, XL, XXL). The magnetic
properties of the colloids were characterized by isothermal magnetization, as well
as frequency-dependent optomagnetic and AC susceptibility measurements. From
these measurements we derive the underlying moment and relaxation frequency
distributions, respectively. Analysis of the distributions shows that the clustering
of the initially superparamagnetic cores leads to remanent magnetic moments
within the large clusters. At frequencies below 105 rad/s, the relaxation of the
clusters is dominated by Brownian (rotation) relaxation. At higher frequencies,
where Brownian relaxation is inhibited due to viscous friction, the clusters still
show an appreciable magnetic relaxation due to internal moment relaxation within
the clusters. As a result of the internal moment relaxation, the colloids with the
large clusters (FS-L, XL, XXL) excel in magnetic hyperthermia experiments.

Keywords: magnetic nanoparticles, multi-core particles, core-clusters, magnetic
hyperthermia, nano
owers, numerical inversion
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1. Introduction

The collective magnetic properties of magnetic
nanoparticle ensembles critically depend on interpar-
ticle interactions, which may also signi�cantly in
u-
ence the performance of the particles in technologi-
cal or biomedical applications [1, 2]. When particles
are introduced in physiological environments, such as
cells for example, they often aggregate and form clus-
ters [3,4]. This induces signi�cant dipolar interactions
and is thus a decisive factor for a variety of biomedical
applications, in particular magnetic hyperthermia [5].

Magnetic hyperthermia utilizes magnetization
reversal losses of nanoparticles in alternating �elds to
achieve local heating of the surrounding tissue to treat
tumors [6,7]. For small �eld amplitudes the heating is
theoretically either achieved by (i) physical rotation
of the whole particle, in case of thermally blocked
particles (Brownian relaxation), or by (ii) intrinsic
moment 
uctuations, in case of superparamagnetic
particles (usually described by the N�eel-Brown model)
[8]. Aggregation of magnetic nanoparticles can thus
modify the heating behavior in two ways. First,
for thermally blocked particles the physical rotation
can be inhibited, which may drastically decrease
the dissipated heat by Brownian relaxation [5, 9].
Second, for intrinsically superparamagnetic particles,
interparticle interactions (dipolar and/or exchange)
may shift the characteristic N�eel relaxation times and,
as a result, either decrease or increase the performance
[10{16].

The observation of an increased heating for some
nanoclusters motivated the synthesis of mechanically
stable core-clusters, commonly referred to as multi-
core particles [17]. A special class of multi-core
particles is so-called nano
owers, in which the cores
are so densely packed that they are essentially in direct
contact (i.e. nanocrystalline nanoparticles) [14,18,19].
The resulting strong interactions between the cores
can lead to collective magnetization states within the
clusters. The results of several experimental studies
indicate that particularly these particle systems excel
in magnetic hyperthermia [14{16].

In the current work we have characterized a com-
mercial colloidal dispersion (FeraSpinTM-R), which
contains clusters of iron oxide cores with varying clus-
ter size, and its six size fractions (FeraSpinTM-XS, S,
M, L, XL, XXL). Their quasi-static and dynamic mag-
netic properties were determined by isothermal mag-
netization, optomagnetic and AC susceptibility mea-
surements. From these measurements we extract the
underlying moment and relaxation frequency distribu-
tions, respectively. Analysis of the distributions, in
combination with magnetic hyperthermia experiments,
enables us to relate the magnetic structure of the core-
clusters with their heat dissipation in alternating �elds.

2. Experimental details

2.1. Samples

The seven water-based colloidal dispersions FeraSpinTM-
(FS)-R, XS, S, M, L, XL and XXL were supplied by
nanoPET Pharma GmbH. FS-R exhibits a broad size
distribution and is the mother batch from which the
other samples FS-XS!XXL were derived by fraction-
ation [20]. The particles consist of primary core par-
ticles with similar size, but which are aggregated to
core-clusters with increasing size (XS!XXL) [20{22].
For the AC susceptibility measurements all seven col-
loids had an iron concentration of 3:7 mgFe=ml and for
the hyperthermia experiments 5 mgFe=ml. For freeze-
drying d-mannitol was added to act as sca�old and
thus preventing the particles from agglomeration.

2.2. Methods

From the sample FS-R we took transmission electron
microscopy (TEM) images with a FEI Tecnai T20
TEM, using a carbon coated copper grid as sample
support.

To determine the size of the iron oxide cores, we
analyzed X-ray di�raction (XRD) patterns, which were
detected with a Bruker D8 Advance di�ractometer,
using Cu-K� radiation (� = 1:5418 �A) with a Bragg-
Brentano con�guration. The freeze-dried samples were
placed on a Si single-crystal low background sample
holder and the measurements were performed at room-
temperature (RT).

Additionally, we conducted a neutron powder-
di�raction (ND) experiment on the FS-L freeze-dried
sample [23]. The sample was loaded into a vanadium
can and data were collected at RT with the high-
resolution neutron powder di�ractometer D2B at the
Institute Laue Langevin with a wavelength of 1.594 �A.
Rietveld re�nement analyses were performed on both
the XRD and the ND data with the FULLPROF
Suite [24], using a Thompson-Cox-Hastings pseudo-
Voigt pro�le function to describe the shape of the
di�raction peaks.

The total particle (i.e. core-cluster plus surround-
ing coating) size was deduced from small-angle X-ray
scattering (SAXS) measurements of the colloidal dis-
persions, which were performed with a Kratky system
with slit focus, SAXSess by Anton Paar, Graz, Austria.
The measurements at RT were obtained in absolute
units by subtracting the water and sample holder con-
tributions, and the curves were deconvoluted with the
beam pro�le curve to correct for the slit focus smear-
ing. By performing indirect Fourier transforms (IFTs)
of the radially averaged reciprocal scattering intensi-
ties I(q), we extracted the underlying real-space pair
distance distribution functions P (r) [25{28]. These
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distribution functions provide information about the
average shape and maximum size of the scatterers in
dispersion [29,30].

The quasi-static magnetic properties of the
colloids were investigated by analyzing isothermal
DC magnetization (DCM) measurements, which were
detected at RT in a Magnetic Property Measurement
System (MPMS)-XL (Quantum Design, USA) with
applied magnetic �elds up to 5 T in logarithmically
spaced steps. A volume of 30�l of the colloids was
measured �ve times and the data points were averaged
to determine the measurement uncertainty. The
diamagnetic contributions of the empty sample holder
and the water were subtracted from the data. The
corrected magnetic moment in Am2 was normalized to
the iron mass, which was determined by inductively
coupled plasma optical emission spectrometry (ICP-
OES), to obtain the magnetization M in units of
Am2=kgFe. From the resulting M(H) curves we
derived the underlying apparent moment distributions
P (�) by numerical inversion [28,31].

The apparent moment distributions P (�) were
also extracted from �eld-dependent optomagnetic
(OM(H)) measurements, which were performed at RT
in a custom-built cuvette setup described in [32] with
low excitation frequencies (in quasiequilibrium). In
this setup, the complex even harmonic signal ~Vn(!) =
V 0n(!) + iV 00n (!) (for n = 0; 2; 4; 6; 8; 12) in response
to a sinusoidal applied magnetic �eld was found from
measured time-traces using FFT. All measurements
were normalized by the sum of even harmonics, Vref =P 6

i=0 V2i, to correct for any possible variations in the
intensity of incoming light.

Moreover, analysis of OM measurements ob-
tained as function of �eld and frequency dependent
(OM(H;!)) were used to estimate the bivariate lognor-
mal distribution of magnetic moments and relaxation
frequencies including their correlation for the particle
ensemble [33]. The distribution of relaxation frequen-
cies P (!c) could be extracted from this distribution to
enable comparison to other methods.

The relaxation dynamics of the colloids at RT
was also determined by frequency-dependent AC
susceptibility (ACS) measurements. The complex
volume susceptibility �(!) = �0(!) + i�00(!) was
measured with a custom-built setup described in [34],
which uses an �eld amplitude of 95�T, following the
protocol described in [20]. By a numerical inversion
of the ACS spectra we derived P (!c) [31, 35]. The
uncertainty was not known and we assumed for each
data point a reasonable value of � = 0:05 � �0max.

Magnetic hyperthermia measurements were per-
formed using a magnetic alternating current hyperther-
mia ’MACH’ system (Resonant Circuits Ltd, UK) fol-
lowing a previously described sample preparation and

Figure 1. TEM image of the sample FS-R (mother batch) from
which the six size fractions FS-XS, S, M, L, XL and XXL were
derived. inset : Typical cluster found in FS-L.

ILP analysis method [36]. The applied alternating uni-
axial �eld had an amplitude of �0H = 8:8 mT and an
angular frequency of ! = 5:9 � 106 rad=s.

3. Results

3.1. TEM

Figure 1 shows a representative TEM image of FS-R.
As can be seen, the cores are quite irregular in shape
and partially aggregated to clusters with varying size,
although quite many of the cores seem to be dispersed
individually. The inset of �gure 1 displays a typical
cluster of the sample FS-L. A more detailed TEM
analysis of the individual cores (sample FS-XS) and
of the sample FS-L can be found in [21], where the
authors found the mean core size to be around 6 nm
and a quite broad distribution of the core-cluster size.
In this work we use XRD and ND to estimate the mean
core size, and SAXS to determine the average core-
cluster size of the individual size fractions.

3.2. XRD and ND results

Figure 2 contains the XRD and the ND pattern of the
FS-L sample. The XRD patterns of the FS-XS and
R sample are shown in �gure A1 and the results of
the Rietveld re�nements are given in table A1 in the
appendix.

In the XRD patterns, two groups of peaks hav-
ing di�erent widths can immediately be distinguished.
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