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In this study we investigate the magnetic behavior of magnetic multi-core particles and the differences in
the magnetic properties of multi-core and single-core nanoparticles and correlate the results with the
nanostructure of the different particles as determined from transmission electron microscopy (TEM). We
also investigate how the effective particle magnetic moment is coupled to the individual moments of the
single-domain nanocrystals by using different measurement techniques: DC magnetometry, AC suscep-
tometry, dynamic light scattering and TEM. We have studied two magnetic multi-core particle systems –
BNF Starch from Micromod with a median particle diameter of 100 nm and FeraSpin R from nanoPET
with a median particle diameter of 70 nm – and one single-core particle system – SHP25 from Ocean
NanoTech with a median particle core diameter of 25 nm.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

In biomedical applications where magnetic nanoparticles are
used, both magnetic multi-core and single-core particles can be
found [1,2]. Magnetic multi-core particles consist of several
magnetic single-domain nanocrystals, geometrically positioned
in different types of configurations while single-core particles only
consist of one single-domain nanocrystal. Depending on the size
distribution and configuration of the nanocrystals inside the
multi-core particle and the hydrodynamic particle size distribu-
tion, different types of magnetic behavior can be obtained. The
magnetization process of the magnetic multi-core ensemble will
depend on both the individual magnetic moments of the nano-
crystals as well as on the total effective magnetic moment of the
particle (which in turn depends on both the magnetic moment
values and moment orientations of the individual nanocrystals).
Magnetic nanocrystals can be coarsely divided into small crystals
that show internal magnetic relaxation, Néel relaxation, and larger
hansson).
crystals with thermally blocked magnetic moment where the
nanocrystal magnetic moment is locked in a specific direction in
the nanocrystal. If the magnetic nanocrystals are dispersed in a
carrier liquid the nanocrystal magnetic moment can be decoupled
from the physical particle rotation in the liquid and give rise to
Néel relaxation, or the nanocrystal magnetic moment can be
physically locked in the nanocrystal. In the latter case, magnetic
relaxation occurs at the same rate as the rate of particle rotation in
the liquid and gives rise to Brownian relaxation. The parameters
that determine whether we have Néel or Brownian relaxation at a
given temperature are the size distribution of the nanocrystals, the
magnetic material properties (through the magnetic anisotropy),
the viscous properties of the liquid and magnetic interactions
between the nanocrystals (for instance the interactions between
the nanocrystals in a magnetic multi-core particle system). In
order to study the magnetic interaction effects in multi-core
particles Monte Carlo simulations can be used [3,4]. In these
simulations the effects of magnetic interactions between the
nanocrystals in the multi-core structure, the nanocrystal size
distribution and the magnetic anisotropy can be studied indepen-
dently from each other. It is seen from these results that in order to
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fully understand the magnetic properties of magnetic multi-core
particles it is important to include all of these effects.
Fig. 1. TEM images showing the BNF Starch (left top) and FeraSpin R (right top)
multi-core particles and SHP25 single-core particles (bottom). All particles in the
images are dispersed on holey carbon films. In the two upper TEM pictures some of
the multi-core structures are shown for the BNF Starch and FeraSpin R particle
systems, together with free nanocrystals in the FeraSpin R particle system. Contrast
variations among the individual single core particles are due to diffraction contrast
in the TEM. The median diameter of the BNF Starch particle system is about 100 nm
and 70 nm for the FeraSpin R particle system. The median diameter of the single-
core SHP25 particle system is about 25 nm. The clustering of the SHP25 particles as
seen in the TEM picture is due to the TEM sample preparation.
2. Material and methods

The BNF Starch particles from Micromod are iron oxide based
multi-core structured particles with a median particle size of
about 100 nm. The particles are prepared by high-pressure homo-
genization according to the core–shell method [5]. The core of the
multiple magnetite nanocrystals is coated with a shell of hydro-
xyethyl starch. The particles are supplied as suspension in water.
The BNF particles are widely used in hyperthermia studies for
cancer treatment [6–8] and show interesting properties as con-
trast agent for magnetic resonance imaging [9]. The FeraSpin R
particle system from nanoPET is also an iron oxide multi-core
particle system with a median particle size of about 70 nm. The
FeraSpin R particles are carboxydextran coated multicore particles,
i.e. the multi-core particles consist of clusters composed of smaller
nanocrystals of about 5–8 nm [10,11]. The multi-core particles
exhibit a size distribution with the smallest one comprising only
one nanocrystal per multi-core particle and the larger ones
containing multiple nanocrystals per multi-core particle. The
Feraspin R multi-core particles are dispersed in water. In the case
of the multi-core particles, the particle sizes are defined as the size
of the clustered nanocrystals. One major application of FeraSpin R
is its use as MRI contrast agent for small animal imaging for
pharmaceutical research purposes. The SHP25 particle system
from Ocean NanoTech is an iron oxide based single-core particle
system (with only one core per particle) with a median particle
size of 25 nm. The SHP25 particles are dispersed in water with
amphiphilic polymer coating.

In order to study the dynamic magnetic properties, three AC
susceptometers were used. The DynoMag system [12] was utilized
between 1 Hz and 500 kHz, a lab high frequency AC susceptometer
[13] was used in the frequency range between 10 kHz and 10 MHz
and an additional lab high frequency susceptometer up to 1 MHz
[14]. Measurements were carried out at 300 K.

Magnetization versus field was measured with a MPMS SQUID
magnetometer from Quantum Design. The ultra-low field mode
utility was used in order to optimize the low field magnetic
measurements.

Transmission electron microscopy (TEM) was performed using
two different instruments: (1) A FEI Tecnai F20 equipped with a
LaB6 electron gun and operated at 200 kV and (2) a FEI Titan 80-
300 equipped with a field emission gun and operating at 80 or
300 kV.
3. Results and discussion

In Fig. 1, TEM images of the BNF Starch and FeraSpin R multi-
core particle systems and the SHP25 single-core particle system
can be seen.

The median value of the multi-core particle size of the BNF
Starch particle system is 100 nm with a distribution in diameters
of 750 nm, by defining circles around the multi-core structures
and determining the diameters of these circles. The multi-core
particle size is defined as the total size of the clustered nanocrys-
tals (see Fig. 4). An evaluation of 200 multi-core structures was
carried out to determine the distribution of the particle sizes. The
individual nanocrystal size in the multi-core structure is in the
range of 10 nm–20 nm. For the FeraSpin R system the median total
particle diameter was determined to be in the range of 70 nmwith
a distribution in diameters in the range of 750 nm and with
individual nanocrystal sizes in the range of 5–10 nm. The
determined nanocrystal median diameter of the single-core par-
ticle system SHP25 is 25 nm with a distribution in diameters of
about 75 nm.

In Fig. 2, AC susceptometry data of the three particle systems
can be seen. From measurements on dilutions of the samples we
found no evidence of interactions between the particles in the
dynamic magnetic response (the concentration normalized AC
susceptibility curves overlapped and the Brownian relaxation
frequencies were constant with particle concentration). Therefore
we give the dynamic susceptibility data given in Fig. 2 for the
original particle concentrations.

In the AC susceptibility versus frequency data in Fig. 2b we can
see three peaks in the imaginary part of the AC susceptibility at
460 Hz for the BNF Starch system, 1 kHz for the FeraSpin R system
and 11 kHz for the SHP particle system. As was mentioned in the
introduction chapter, magnetic particle systems (multi-core and
single-core) can show Brownian or Néel relaxation when they
are dispersed in carrier liquid. The type of relaxation depends
on particle size parameters (hydrodynamic diameter DH and
nanocrystal diameter DC), magnetic anisotropy (K), temperature
(T) and viscosity (η) of the carrier liquid. From the Brownian
relaxation time τ π η= D kT( /2 )B H

3 and the Néel relaxation time
(τ τ π= K D kTexp( /6 )N C0

3 ) where k is the Boltzmann constant and τ0
the Néel relaxation pre-factor, it is possible to estimate the
effective relaxation times for a specific particle system. If we take
the BNF Starch system as an example (with DH¼97 nm,
DC¼20 nm, η¼10�3 Pa s, T¼300 K, K¼2.104 J/m3 and τ0¼10�9 s)
we get τB¼346 μs and τN¼0.6 s. Due to that τBooτN the
Brownian relaxation will dominate with a relaxation frequency
of about 460 Hz ( πτ=1/2 B) which is the lowest relaxation frequency
that can be obtained for this particle system. The same discussion
has been carried out for the other two studied particle systems
with the conclusion that they also relax substantially via the
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Fig. 2. Real part (a) and imaginary part (b) of the AC susceptibility versus frequency
of the three different particle systems. The susceptibilities are given as volume
susceptibilities. The AC susceptibility data shown in the figures are for particle
concentrations; 24 mg/ml for BNF Starch, 10 mg/ml for FeraSpin R and 4.1 mg/ml
for SHP25. The particle concentrations are given as mg particles per ml sample
solution. The solid lines through the data points are the results of the fitting
procedure described in the text.

Table 1
Compilation of the magnetic particle AC susceptometry size analysis and the
estimated effective particle magnetic moments, μeff , determined from the AC

susceptometer analysis and Eq. (1). In the last two columns to the right the
magnetic moments of the individual nanocrystals, μC , and the effective magnetic

particle moment divided by the magnetic moment of the nanocrystals are shown.
The determination of μC is explained in the text below Table 1. The hydrodynamic

sizes as determined from DLS analysis are 97 nm for BNF Starch, 66 nm for the
FeraSpin R system and 25 nm for the SHP25 system.

Particle
system

Type Particle and core
median sizes (nm)

μeff
(10�18

Am2)

μC
(10�18

Am2)

μeff/μC

BNF Starch Multi-core 97 (particle) and
12 (core)

11.9 0.7 17

Fera Spin R Multi-core 69 (particle) and
14 (core)

6.5 0.1 65

SHP25 Single-core 35 (particle) and
20 (core)

3.1 3.4 0.9
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Brownian relaxation. The relations above are for the non-interacting
case but they give estimates of the order of magnitude of relaxation
times. From the AC susceptibility analysis we then conclude that the
BNF Starch, FeraSpin R and SHP25 systems exhibit Brownian
relaxation frequencies at 460 Hz, 1 kHz and 11 kHz, respectively.
From the analysis and modeling of the AC susceptibility data
(described below in the text) we find that the BNF Starch system
shows only Brownian relaxation, while FeraSpin R exhibits both
Brownian relaxation and a contribution from Néel relaxation due to
small “free” nanocrystals that exhibit fast relaxations (the free
nanocrystals are visible in the TEM images, see Fig. 1). For the
BNF Starch particle system above the Brownian relaxation
frequency there is still some high frequency relaxation process
(above about 10 kHz) that gives the non-zero value of the real part
of the AC susceptibility, see Fig. 2. This high frequency relaxation
process is probably due to the intra-potential-well contribution of
the single-domain nanocrystals to the AC susceptibility [13,16]. The
Néel relaxation contribution to the AC susceptibility for the Fer-
aSpin R particle system can best be seen in Fig. 2 as “shoulders” in
the imaginary part of the AC susceptibility spectra at frequencies
around 300 kHz for the FeraSpin R and SHP25 particle systems.

By using different AC susceptibility models based on Debye
relations for multi-core and single-core particles integrated over a
size distribution (log-normal distribution) considering both Brow-
nian and Néel relaxation behavior [12–15] and fitting the AC
susceptibility data to these models, we are able to determine the
particle and nanocrystal (core) size of the particle systems. The
determined particle size from the AC susceptibility analysis is
largely dependent on the surrounding liquid (that is the viscosity
of the carrier liquid) while the determined nanocrystal (core) size
is largely dependent on the nanocrystal intrinsic magnetic aniso-
tropy. From the results of the fitting procedures we are also able to
determine the proportion of Brownian relaxation in relation to
Néel relaxation in the AC susceptibility response. The results of the
particle and core size determinations from the AC susceptometry
analysis are summarized in Table 1 and the result of the fitting
procedure can be seen as solid lines in Fig. 2. The determined
particle sizes from the AC susceptometry analysis are comparable
to sizes determined from TEM and dynamic light scattering (DLS)
data (data given in Table 1). The determined nanocrystal sizes
differ from the sizes determined from the TEM pictures for the
multi-core particles. The determined nanocrystal sizes are some-
what lower for the BNF Starch system and much larger for the
FeraSpin R system, which is probably due to neglecting magnetic
interaction effects between the nanocrystals in the multi-core
structures in the used models. For the SHP25 particle system both
the particle and core size are comparable to the TEM images. The
difference between the particle and core size is due to the particle
coating.

Further, from the DC susceptibility determined from the fitting
result and only consider the parts of the AC susceptibility models
that are dependent on the Brownian relaxation, we can determine
the blocked effective magnetic moment of the particles. These
blocked effective magnetic moments follow the particle rotations
and is responsible for the Brownian relaxation that is seen in Fig. 2.
The value of the effective particle moment, μeff , can be determined
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Fig. 3. Magnetization versus field in the range of 750 mT (a) and a close up view
in the field range of 710 mT (b) at 300 K for BNF Starch, FeraSpin R and SHP25. The
particle concentration of the studied particle systems was 6.9 mg/ml, except for the
SHP25 particle system with a particle concentration of 4.1 mg/ml. Even if the
nanocrystal sizes are not exactly the same between the studied particle systems the
differences in the magnetization processes of the multi-core and single-core
behavior are clearly seen. The intrinsic saturation magnetization is 370 kA/m for
the BNF Starch system, 350 kA/m for the FeraSpin R system and 430 kA/m for the
SHP25 system, determined from the high field magnetization data at 300 K (not
shown).
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by using the low field expansion of the Langevin expression:

χ μ
μ

= n
kT3 (1)B
eff

0 0

2

where χ B0 is the DC susceptibility due to the Brownian relaxation,
μ0 the permeability of vacuum and n number of particles per unit
volume (determined from the particle concentration given in mg/
ml and the particle or core volume of the particle ensemble as
determined from the TEM analysis). In Eq. (1) magnetic interac-
tions between the particles are neglected.

The determined particle sizes (of the multi-core particle
systems), nanocrystal (core) size (for the single-core particle
systems) and the values of the effective magnetic moment for
each of the three particle systems, can be seen in Table 1.

In Table 1, μC is the magnetic moment of the nanocrystals
(¼MSV, where V is the nanocrystal volume determined from the
TEM analysis and MS is the intrinsic saturation magnetization).
MS¼370 kA/m (BNF Starch), 350 kA/m (FeraSpin R) and 430 kA/m
(SHP25) determined from the high field magnetization data at
300 K (not shown).

Magnetization versus field measurements at 300 K (above the
melting temperature of the carrier liquid) of the three investigated
particle systems can be seen in Fig. 3.

In a multi-core particle containing several nanocrystals the
individual magnetic moments of the nanocrystals add up vecto-
rially to form the effective particle magnetic moment, see Fig. 4.

If the individual nanocrystal moments in the multi-core parti-
cle are thermally blocked with respect to the time scale of the
physical rotation of the particle (that is the Néel relaxation time is
longer than the Brownian relaxation time, τN44τB, as discussed
earlier in the text in connection to Fig. 2) the effective particle
moment will be blocked along a specific direction. In this case the
effective particle moment rotates with the same rate as the
particle itself and the particle ensemble relaxes via the Brownian
relaxation mechanism, which is the case for all of the BNF Starch
particles and a fraction of the FeraSpin R particles. In the case of
the single-core nanoparticle system, SHP25, the majority of the
nanocrystals exhibit Néel relaxation times that are longer than the
Brownian relaxation time of the particles (τN44τB) and also
show Brownian relaxation behavior. In the Feraspin R and SHP25
particle systems there are also some Néel relaxation that con-
tributes to the measured AC susceptibility. This is discussed in
connection to Fig. 2.

For the single-core nanoparticle system (SHP25) the value of
the effective particle magnetic moment and the nanocrystal
magnetic moment is very similar (see Table 1), which is expected
since there is only one nanocrystal per particle. There is a small
difference between the two values and this is due to measurement
and analysis errors in the two used methods to determine the
effective particle moment (AC susceptometry and magnetization
versus field measurements at high fields) and also that the two
methods probe somewhat different magnetic moments when
there is a size distribution. For the multi-core particle systems
(BNF Starch and FeraSpin R) these two magnetic moments are not
equal (see Table 1). If the nanocrystals in the multi-core structure
are assumed to have the same magnetic moment μC and to be
magnetically non-interacting one would expect that the effective
particle magnetic moment will follow the statistical relation for
randomly oriented independent (non-interacting) nanocrystal
magnetic moments according to

μ μ= N (2)eff C

where N is the number of nanocrystals in the multi-core structure.
In order to estimate values of N we assume a nanocrystal volume
packing fraction ratio in the multi-core structure of about 50% and
use the values of the particle and nanocrystal sizes as determined
from the TEM analysis. If we do this we find that the ratio of μeff

and μC using Eq. (2) is about 12 for the BNF Starch system (using
N¼150) and about 18 for the FeraSpin R system (using N¼330).
The magnetic moment ratio value is in the same range for the BNF
Starch but not for the FeraSpin R system, see Table 1. Even if we
assume a higher packing fraction of 74% (hexagonal close packed)
which gives a ratio value of 22, it is not close to the value for
Feraspin R as given in Table 1. In order to obtain the moment ratio
of 65 we need in the range of 4000 nanocrystals per particle for
the FeraSpin R system which is unrealistic. From this we can



Fig. 4. Schematic picture of a multi-core particle. The figure shows the effective
particle moment, μeff , which is equal to the vector sum of all nanocrystal magnetic
moments, μi in the particle. Only some of the nanocrystal magnetic moments are
shown. The multi-core particle sizes given in the text is defined as the total size of
the clustered nanocrystals.
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Fig. 5. Magnetic moment versus field for BNF Starch, FeraSpin R and SHP25. The
measured sample magnetic moments were normalized with the number of
particles per unit volume, taking into account only the blocked magnetic moments
of the Feraspin R particle system. By normalizing in this way the magnetic moment
reflects the mean value of the of the particle magnetic moment projected onto the
field direction.

F. Ahrentorp et al. / Journal of Magnetism and Magnetic Materials 380 (2015) 221–226 225
conclude that the magnetic interactions between the nanocrystals
in the multi-core structures for the BNF Starch system are weaker
than for the FeraSpin R system. The result also implies that the
magnetic interactions cause the nanocrystal moments in the
FeraSpin R multi-core system to be more aligned with respect to
each other compared to random oriented nanocrystal moments.
The higher magnetic interaction effect in the FeraSpin R system
can also be seen by comparison of the size analysis of the
nanocrystals from AC susceptometry, see Table 1 and the size
values determined from the TEM pictures. The nanocrystal sizes
from the AC susceptometry size analysis are closer to the values
determined from the TEM pictures for the BNF Starch system
compared to the ACS and TEM size analysis for the FeraSpin R
system. In our modeling of the AC susceptometry spectra we have
not yet included the effects of magnetic interaction in the
magnetic multi-core structures. This will be one of the future
tasks, to fully account for the magnetic interactions in the
magnetic models. The nanocrystals in the FeraSpin R particle
system are more densely packed than for the BNF Starch system
(which can be seen from Fig. 1). This will give a larger magnetic
interaction effect in the FeraSpin R system compared to the BNF
Starch system.

The difference in the magnetic behavior between multi-core
and single-core particles can also be seen in the magnetization
versus field data, cf. Fig. 3. The particle concentration is almost the
same and the measured sample magnetic moment is normalized
to the sample volume. As can be seen the magnetization increase
with field in the low field region is almost the same for all particle
systems (i.e. the particle systems almost exhibit same low field
susceptibility, which is in agreement with the AC spectra shown in
Fig. 2). We can also see in Fig. 3 that when the field increases the
magnetization increases faster for the single-core particle system
as compared with the magnetization for the multi-core particle
systems. This can be explained by that at low field the magnetiza-
tion of the multi-core particle systems is dominated by the partial
alignment of the effective magnetic moment along the field
direction and at higher fields the individual nanocrystal magnetic
moments in the multi-core structure become aligned along the
field direction which is “hindered” by the magnetic anisotropy in
the nanocrystals and thereby the magnetization increase is smaller
than for the single-core particle systems. For the single-core
nanoparticles the nanocrystals can physically rotate and are not
“hindered” by the magnetic anisotropy of the nanocrystals, which
increase the magnetization.

The initial susceptibility of the particle systems as shown in
Fig. 3 is almost the same for the three particle systems despite the
fact that the effective magnetic moments are different, cf. Table 1.
This is due to the fact that the number of single-core particles
(SHP25) per unit volume is larger than for the multi-core particle
systems (BNF Starch and FeraSpin R) and also that the FeraSpin R
system has a contribution from particles that exhibit Néel relaxa-
tions, which is a superparamagnetic contribution to the magneti-
zation versus field measurements. The superparamagnetic Néel
contribution can be distinguished from the Brownian contribution
in the AC susceptometry analysis. If the low field magnetization
curves are normalized with the number of particles per unit
volume and for the FeraSpin R particle system if also the Néel
relaxation contribution is removed from the magnetization, we get
the magnetization versus field curves shown in Fig. 5.

In Fig. 5 we can clearly see the difference in the magnetization
at low fields that is due to the differences in the effective particle
magnetic moments.
4. Conclusions

For the studied multi-core particle systems BNF Starch and
FeraSpin R, the effective particle magnetic moment of the multi-
core particle system is affected by magnetic interactions between
the nanocrystals that build up the multi-core particles. The effect
of the interactions between the nanocrystals in the multi-core
particles is larger for the FeraSpin R system compared to the BNF
Starch system. In the FeraSpin R multi-core particle system we
have many more nanocrystals (but smaller in nanocrystal size) and
more densely packed nanocrystals compared to the BNF Starch
multi-core system. We are now working with a Monte-Carlo
model to further explain and understand this situation in detail.

Even if the sizes of the individual nanocrystals are not exactly
the same for the studied particle systems, the different magnetiza-
tion behavior can be seen in both the magnetization versus field
curve as well as in the AC susceptometry data, which is due to the
formation of a blocked effective magnetic moment in the multi-
core structured particles.
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As shown here, by combining different analysis techniques, AC
susceptometry together with magnetization versus field measure-
ments and TEM and DLS data, the degree of magnetic interactions
in magnetic multi-core particles can be determined, by studying
the result of size analysis using the different methods.
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