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Rotational dynamics of magnetic
nanoparticles in different matrix systems

Abstract: Dynamic magnetic measurements onmagnetic nanoparticle (MNP) samples
have been widely used for the determination of structural MNP parameters as well as
for the realization of bioassays. On the other hand, proposed that the MNPs are ther-
mally blocked, i.e., that the dynamics are dominated by the Brownian rotation, and
knowing the distribution of their hydrodynamic size, information on the matrix
properties can be obtained. In contrast to conventional rheology, the local environ-
ment of the MNPs is sensed on the nanoscale so that important information on the
embedding of MNPs in the matrix and thus the particle-matrix interaction is obtained.
Depending on the characteristic length scales of the matrix and the size of the
MNPs, rheological parameters, such as viscosity and shear modulus, derived from
nanorheological measurements can differ from the values obtained from conventional
rheology. To measure the MNP dynamics, different experimental techniques can be
applied. In this contribution, the focus lies on ac susceptometry and fluxgate mag-
netorelaxometry. The analysis of the complex ACS spectra is generally carried out
within a modified Debye model. Different approaches for the estimation of rheological
parameters from the complex ACS spectra will be presented. Two model systems will
exemplarily be discussed in detail. As a Newtonian matrix system, water-glycerol
mixtures were studied. It is demonstrated that the dynamic viscosity can accurately be
estimated from ACSmeasurements on well thermally blocked single-core as well as on
multicore MNP systems, which include Brownian and Néel dynamics. As a viscoelastic
matrix system, aqueous gelatin solutions were studied. Gelatin is known to be a Voigt-
Kelvin model system, in which elastic and viscous forces are parallel. In particular, we
studied the gelation dynamics by repetitive measurements of the complex ACS spec-
trum. Different approaches to derive viscosity and shear modulus are applied and
compared. In order to identify magnetoviscous effects in dynamic magnetic mea-
surements, the magnetic field dependence of the Brownian relaxation time has to be
eliminated. ACS measurements on various sufficiently strongly diluted aqueous MNP
suspensionswere performed in dependence of ac field amplitude and superimposed dc
field strength and compared to theory. Excellent agreement was found.
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1 Introduction

The dynamics of magnetic nanoparticles (MNPs) have been widely studied theoreti-
cally [1–4] as well as experimentally [5–7]. It is characterized by two distinct
mechanisms—the Brownian and the Néel one. In the former, the whole particle
including shell rotates, and the Brownian relaxation time is given by

τB = 3ηVh

kBT
(1)

with hydrodynamic volumeVh, dynamic viscosity of themedium η, temperature T, and
Boltzmann constant kB. In the latter one, the magnetic moment flips thermally acti-
vated between easy axes, and the Néel relaxation time—for uniaxial anisotropy—is
given by [2]

τN =
̅̅
π

√
τN0

2(KVc/kBT)1/2 exp(
KVc

kBT
) . (2)

Here Vc is the (magnetic) core volume, K is the effective anisotropy constant (or often
denoted as effective anisotropy energy density) and tN0 is a constant of the order of
10−9 s [5]. For simplicity, Equation (2) is often simplified to

τN = τ0 exp(KVc

kBT
) . (3)

If both processes can take place—for example when MNPs are suspended in a liquid—
dynamics in the small field limit is characterized by an effective relaxation time [8]

τeff = τBτN
τB + τN

 , (4)

i.e., the faster of the two mechanisms dominates. Figure 1 depicts the relaxation times
for typical parameters of magnetite (Fe3O4) MNPs in dependence of hydrodynamic
diameter (spherical shapes are assumed, i.e., Vh = (π/6)d3

h) for different values of the
dynamic viscosity.

Dynamic magnetic measurements combined with Equations (1)–(4) have been
widely used for the characterization of MNPs [6, 9–11]. While the Néel process contains
information on the core size (to be more precise on the anisotropy energy KVc), the
Brownian relaxation times allows one to determine the hydrodynamic size of theMNPs,
provided that the viscosity η is known.

If the Brownian relaxation time is smaller than the Néel one, i.e., MNPs is thermally
blocked, dynamicmagnetic measurements have also been proposed for the realization
of homogeneous bioassays [12–19]. Here the basic idea is that the hydrodynamic size
and consequently the Brownian relaxation time increase upon specific binding of
analytes to the functionalized surface of the MNPs.
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On the other hand, if the MNPs are thermally blocked (the magnetic moment is
“pinned” to the easy axes) and if their hydrodynamic size is known, dynamic magnetic
measurements can be applied for the determination of the (local) dynamic viscosity.
The use of MNPs as probes for measuring the local viscosity was first reported by Bacri
et al. [20]. Later on, similar studies, utilizing different magnetic markers and different
experimental techniques, were presented by a number of groups extending the work to
non-Newtonianmedia [21–25]. In contrast to conventional rheology, applyingMNPs as
probes, the local environment is sensed on the nanoscale, yielding to the term
“nanorheology”. Nanorheological investigations can also be applied to understand the
embedding of MNPs in the matrix and thus the particle-matrix interaction, which is
central topic of the SPP1681 and this book. Depending on the characteristic length
scales of the matrix and the size of the MNPs, rheological parameters, such as viscosity
and shear modulus, derived from nanorheological measurements, can differ from the
values obtained from standard rheology.

In this contribution, the basics of nanorheology based onMNPs as local probes are
summarized. In particular, experimental techniques will be described and compared,
and models for the estimation of (nano)rheological parameters from the experimental
data will be discussed. The application of nanorheology will be described for two
model systems: First, the dynamics of MNPs in water-glycerol mixtures, known to be
Newtonian media, will be presented. Then, the gelation kinetics of aqueous gelatin
solutions and the analysis of experimental data with the Voigt-Kelvin model will be
presented.

Figure 1: Relaxation time versus hydrodynamic diameter calculated for four different viscosities.
Parameters: K = 104 J/m3, T = 296 K, shell thickness dsh = 10 nm, τ0 = 1 ns.
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Regarding the control or material parameters by external magnetic fields, several
groups reported on magnetoviscous effects applying conventional rheology [26]. Here
one has to distinguish between the rotational viscosity, which is the hindrance of the
rotation of single particles and which was theoretically described by Shliomis [27], and
the increase of viscosity with rising magnetic field strength caused by dipolar in-
teractions and thus structure formation [28]. While the former mechanism does—for
geometric reasons—not take place in a dynamic magnetic measurement with station-
ary sample, the latter can principally occur. In order to identify magnetoviscous effects
in nanorheology, one must, however, keep in mind that the Brownian relaxation time
itself depends on the amplitude of the applied magnetic field. Therefore, the field
dependence of the Brownian relaxation time is studied applying ac susceptometry and
results are comparedwith theoreticalmodels. It will be shown that excellent agreement
with a theoretical model, based on solving the Fokker-Planck equation, is observed for
Brownian relaxation.

2 Dynamic magnetic measurement techniques

In order to measure the dynamics of MNPs, several magnetic measurement techniques
have been developed and established. Measurements can be carried out in the time or
in the frequency domain. In time domain, one generally applies amagnetic field pulse,
and measures the decay of the magnetic signal form the sample after switching off the
field. This technique, also known as magnetorelaxometry (MRX), has been realized
with variousmagnetic sensors. The pioneeringMRXwork at the PTBwas realized using
highly sensitive Nb SQUIDs as sensors [6, 29, 30]. In our work, we employ a custom-
built MRX setup based on fluxgate magnetometers. Although not reaching the reso-
lution of the mentioned SQUID MRX setup, the differential fluxgate setup provides a
number of practical advantages [7, 11].

In the frequency domain, most commonly ac susceptometry (ACS) is used. A si-
nusoidal magnetic field with amplitude in the range of a few 100 μT is applied and a
frequency sweep (at ideally constant field amplitude) is performed. The magnetic
signal from the MNP sample is generally detected by a gradiometric detection coil.
Many of the custom-built and the commercial ACS systems from Rise-Acreo [31] are
designed for isothermal measurement around room temperature. Temperature-
dependent measurements of the complex (ac) susceptibility (χ(T)) are mainly per-
formed utilizing commercial systems, such as the Magnetic Property Measurement
SystemMPMS fromQuantumDesign [32]. The custom-built ACS systems applied in this
work cover frequency ranges from 10 Hz to 10 kHz (NF system with field amplitude of
567 µT) and 200 Hz–1 MHz (HF system with field amplitude of 90 µT). Another system
operating in the frequency domain is the fluxgate-based setup, which was originally
realized for measurements of the response of the sample’s magnetic moment to a
rotating magnetic field [33]. The rotating magnetic field is generated by two Helmholtz
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coils. Frequency can be varied between 2 and 9 kHz. Using just one of the two Helm-
holtz coils, the system can also be operated as an ac susceptometer. In contrast to the
ACS systemsmentioned above, this system allows one to apply ac magnetic fields with
amplitudes up to 9 mT. Alternatively, a small ac field can be superimposed by static
magnetic fields having magnitudes of up to 9 mT with directions parallel or perpen-
dicular to the ac field. Thus, ACSmeasurements can also be carried out in the nonlinear
regime, which allows one to study, e.g., the magnetic field dependence of relaxation
times. In addition, this system allows a variation of sample temperature from room
temperature to about 80 °C.

3 Models for analysis of dynamic magnetic
measurements

3.1 AC susceptibility of MNPs in Newtonian fluids

The complex (ac) susceptibility is generally described by the Debye model and it is
given by

χ(ω) = χ0
1 + iωτeff

. (5)

Here ω is the angular frequency 2πf, and χ0 is the static susceptibility given by

χ0 = μ0nm
2

3kBT
(6)

with vacuum permeability µ0, number density of magnetic nanoparticles n, and
magnetic moment of a single MNPm. Splitting the complex susceptibility into real and
imaginary parts, the following equations are obtained:

χ ′ (ω) = χ0
1 + (ωτeff )2 (7)

χ″ (ω) = χ0
ωτeff

1 + (ωτeff )2 (8)

Figure 2 shows real ( χ ’) and imaginary part ( χ ’’) versus the normalized frequencyωτeff.
Most pronounced is the maximum in the imaginary part, which lies at ωτeff = 1.
Consequently, from knowing the frequency of the maximum, the effective relaxation
can be determined. In practice, there is a distribution of relaxation times f(τeff), so that
Equation (5) modifies to

χ(ω) = χ0 ∫
∞

0

f(τeff )
1 + iωτeff

dτeff + χ∞  . (9)
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Here χ∞ denotes the finite value of the real part at high frequencies, which is caused by
either small superparamagnetic MNPs with relaxation times well below 1 µs and/or by
intra-potential-well contributions [34–36].

Provided that the MNPs are thermally blocked, so that the effective relaxation time
is given by the Brownian one, and assuming that the hydrodynamic size of the MNPs
has some distribution with probability density function f(Vh), Equation (9) modifies to

χ(ω) = χ∗∗0 ∫
∞

0

f(dh)
1 + iωτB

ddh + χ∞ (10)

with

χ∗∗0 = μ0nM
2
s

3kBT
(π
6
d
3

c)2

 .

HereMs is the saturationmagnetizationanddcthemeancorediameter (assuming spherical
cores). If the MNPs are not fully blocked, i.e., the dynamics of a certain portion is domi-
nated by the Néel mechanism, the following, more complex model has to be applied [37]:

χ(ω) = χ∗0 ∫
∞

0

∫
∞

0

d6
c f(Vh,Vc)
1 + iωτeff

ddcddh + χ∞ (11)

with

χ∗0 = μ0nM
2
s

3kBT
(π
6
)2

 .

Here f(dc,dh) is a bivariate probability density function, which accounts for correlations
between core and hydrodynamic size (for single-core MNP with very thin shell, the
correlation factor between core and hydrodynamic size ρ = 1). For fitting ACS spectra
measured on MNPs, generally a bimodal lognormal distribution is assumed:

Figure 2: Real and imaginary parts of the ac susceptibility versus ωτeff within the Debye model.
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f(dh, dc) = 1
2πdcdhσcσh

̅̅̅̅̅
1 − ρ2

√ exp

⎡⎢⎢⎢⎢⎣ −
1

2(1 − ρ2)
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
ln2(dc

μc
)

σ2
c

+
ln2(dh

μh)
σ2
h

− 2ρ
ln(dc

μc
)

σc

ln(dh
μh
)

σh

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎦

These and various other generalizations of the Debye model for the determination of
MNP structure parameters are described in detail in the study by Ludwig et al. [37].

3.2 AC susceptibility of MNPs in non-Newtonian media

Assuming again that the MNPs are thermally blocked so that only Brownian relaxation
takes place, the Debye model can be modified to non-Newtonian media. Analogously
to the model by DiMarzio and Bishop for the dielectric case [38], the spectrum of the
complex susceptibility can be modified by replacing the dynamic viscosity η by a
complex value η* = η’+iη’’. With the complex shear modulus G* = G’ + iG’’ = iωη*,
Equation (5) reads

χ(ω) = χ0
1 + AG*

+ χ∞  . (12)

Here A = πd3
h/(2kBT) is a geometry factor, as introduced in the study by Roeben et al.

[21]. Ignoring a distribution of hydrodynamic size, Equation (12)—normalized to χ0,
corrected for χ∞ and splitted into real and imaginary parts—can easily been used to
determine both storageG′ and lossmodulus G’’ for each frequency [21]. The situation is
more complicated if a distribution f(A)must be considered. In the studies by Gratz and
Tschöpe [39] and Sriviriyakula et al. [23], the distribution f(A) is determined on a
sample with known viscosity (generally using a Newtonian fluid) and assumed to
remain unchanged when analyzing susceptibility spectra measured for non-
Newtonian systems. A similar approach was proposed by Roeben et al. [21]. The pro-
posed procedures turned out to work at least for non-Newtonian media with weak
elastic contributions, such as PEG solutions [24].

The situation changes, if a certain viscoelasticmodel can be assumed. The simplest
viscoelastic models are the Maxwell model with a viscous and an elastic term in series
and the Voigt-Kelvin model with viscous and elastic terms in parallel. Basic rules for
the arbitrary combination of viscous and elastic forces (torques) provide the following
expressions for the complex shear modulus for the two cases:

G* = iωηG
G + iωη

 for the Maxwell model

G* = η + iωG for the Voigt − Kelvin model

Here η is the dynamic viscosity and G = G′ is the storage part of the complex shear
modulus. For example, for MNPs with a distribution of hydrodynamic diameters f(dh)

Dynamics of nanoparticles in matrix systems 987



embedded in a Voigt-Kelvin-like medium, the normalized complex susceptibility is
given by

χn(ω) =
χ(ω) − χ∞

χ∗∗0
= ∫

∞

0

f(dh)
1 + AG + iAη

ddh  . (13)

The simulated susceptibility spectra for MNPs—ignoring a distribution f(dh)—in a
Maxwell-type medium are depicted in Figure 3. As for a Newtonian medium, an
increase of the viscosity causes a shift of the susceptibility spectrum to lower fre-
quencies (Figure 3(a)). An increase of the shear modulus G causes an increase of
the real part at high frequencies, while its zero-field value is not affected, and a
shift of the position of the maximum in the imaginary part to higher frequencies,
while its amplitude increases (Figure 3(b)). The limit of a Newtonian fluid is reached
for G →∞.

Figure 4 depicts the simulated results for a Voigt-Kelvin model. As before, an
increase of the viscosity causes a shift of the spectrum to lower frequencies. However,
an increase of the shear modulus G results in a decrease of the real part at low fre-
quency and of the amplitude of the maximum of the imaginary part. In contrast to the
Maxwell model, the real part of the susceptibility values at high frequencies decreases
to zero, independent of shear modulus. An increase of G causes a shift of the frequency
at which the maximum in the imaginary part occurs to higher frequencies and a
decrease of its amplitude. Note that this behavior is qualitatively similar to the case
when a static magnetic field is superimposed [40].

The same general behavior for the complex susceptibility of aMaxwell and aVoigt-
Kelvin systemwas also derived by Tschöpe et al. [22] by solving the regarding equations
of motion. Importantly, information on what type of viscoelastic model one deals with

Figure 3: Simulated spectra for MNPs in a Maxwell-type medium. (a) Variation of viscosity and
(b) variation of shear modulus (dh = 46 nm, T = 296 K).
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can be seen from the general characteristics of the complex spectrum, which signifi-
cantly differs for a Maxwell and a Voigt-Kelvin system.

Theoretical models for the complex susceptibility of thermally blocked MNPs in
Maxwell- and Voigt-Kelvin-type matrices were proposed by Raikher and colleagues
[41–43]. Here the authors solved the regarding equations of motion including thermal
agitation. In the following, we will focus on the Voigt-Kelvin model [41].

The equation of motion is given by

Iϑ̈ + ζ ϑ̇ + Kϑ = y(t) (14)

with the angle betweenmagnetic moment and appliedmagnetic field ϑ, the moment of
inertia of the particle I, the rotational friction coefficient ζ = 6ηVh, the linear elastic
restoring parameter K = 6GVh and the stochastic driving torque due to thermal energy
y(t). The magnetic torque is assumed to be small. For the dynamic susceptibility, the
following expressions were derived:

χα(ω) = χ0, α(1 + iω ∫
∞

0

dτeiωτGα(τ)) . (15)

with

χ0, ∥ =
nm2

kBT
exp(−kBT

K
)[cosh(kBT

K
) − 1] and χ0,⊥ = nm2

kBT
exp(− kBT

K
)sinh(kBT

K
)

as well as

G∥(τ) =
(cosh(kBTK exp(− t

τK
)) − 1)exp(iωt)

cosh(kBTK ) − 1
 and G⊥(τ) =

sinh(kBTK exp(− t
τK
))exp(iωt)

sinh(kBTK )  .

Figure 4: Simulated spectra for MNPs in a Voigt-Kelvin-type medium. (a) Variation of viscosity and
(b) variation of shear modulus (dh = 46 nm, T = 296 K).
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The total susceptibility is then given by

χtot(ω) =
1
3
(χ∥ + 2χ⊥) . (16)

The symbol α in Equations (15) denotes the orientations parallel (ǁ) or perpendicular
(⊥) to the excitation field. The time constant τK = ζ/K. Note that the equation for the
Brownian relaxation time in the study by Raikher et al. [41] differs from the expression
in Equation (1) by a factor of 2 (this also results in a shift of the frequency of the
maximum in the imaginary part when solving Equations (15) and (16) in the limit of
vanishing elasticity), so that we tentatively replaced kBT in Equation (15) by 2kBT
[25, 44].

Lateron, Rusakov et al. [45] extended their theoretical work, which for the case
described above is limited to the case of planar (1D) rotation, to complete angular space
(2D). The equations for the complex susceptibility they obtained qualitatively differ,
however, from the ones derived for the 1D case (Equations (15) and (16)) and from the
experimental data, which will be described in Section 4.2. Therefore, spectrameasured on
blocked MNPs in a Voigt-Kelvin-type matrix were analyzed with Equations (15) and (16).

Figure 5 displays the ac susceptibility spectra numerically calculated with
Equations (15) and (16) for the same set of parameters as for Figures 3 and 4. Quali-
tatively, the same behavior as in Figure 4 is obtained. In comparison with the modified
Debye model (Equation (13)), the numerical model by Raikher et al. requires consid-
erably higher computational effort, especially when extending it by parameter distri-
butions and implementing it in fitting routines.

Figure 5: Spectra for MNPs in a Voigt-Kelvin-type medium calculated with model by Raikher et al. (a)
Variation of viscosity and (b) variation of shear modulus (dh = 46 nm, T = 296 K).
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3.3 Magnetorelaxometry of MNPs in Newtonian fluids

For a sample consisting of identical MNPs, an exponential decay of the relaxation
signal is expected:

B(t) ∼ exp(− t
τeff

) (17)

If there are distributions of core and hydrodynamic size, generally the cluster magnetic
moment superpositionmodel (CMSM)—as originally proposed by Eberbeck et al. [6]—is
applied. Here the decay of the net magnetic moment of the sample is given by [6, 11]

B(t) = ΦMs ∫
∞

0

f(Vh) ∫
∞

0

f(Vc)VcL(Vc)[1 − exp( − tmag

τeff ,H
)]exp(− t

τeff
)dVcdVh (18)

with a system factorΦ and the Langevin function L(Vc). The Langevin function is given
by L(ξ ) = coth(ξ ) − 1/ξ with the Langevin parameter ξ = mB/(kBT) . Note that the
effective relaxation time teff, H comprises the Brownian and Néel relaxation times in a
static magnetic field. If the MNPs are thermally blocked, teff and teff, H can be replaced
by tB and tB, H, respectively, and integration has to be carried out over Vh only.

3.4 Magnetorelaxometry of MNPs in viscoelastic matrices

Currently, there are nomodels, which describe the complete magnetorelaxation signal
for a given type of viscoelasticity. In the studies by Raikher and coworkers [41, 45], an
equation for the effective relaxation time of thermally blocked MNPs in a Voigt-Kelvin-
type matrix is provided:

τeff ,VK = τB(1 + K
2kBT

) (19)

Here tB is the Brownian relaxation time in a purely viscous medium (Equation (1)), and
K = 6GVh is the elastic restoring parameter. Note that again a difference of a factor of 2 is
found comparing the studies by Raikher et al. [41] and Rusakov and Raikher [45].
Equation (19) already includes the correction.

In order to analyze experimental MRX curvesmeasured onMNPs in a Voigt-Kelvin-
type matrix, Equation (18) with expression (19) for the effective relaxation time can be
applied.

3.5 Magnetic field dependence of Brownian relaxation time

Equations (1) and (2) provide the zero-field expressions for the Brownian and Néel
relaxation times. In standard ACS measurements, where ac magnetic fields with
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amplitudes of well below 1 mT are applied, i.e., the Langevin parameter ξ = mB/
(kBT) << 1, they can reliably be used in the analysis. However, as soon as ξ becomes
larger, significant changes of the relaxation time constants occur.

The dependence of the Brownian relaxation time of thermally blocked MNPs in
large ac magnetic fields was theoretically studied by Yoshida and Enpuku [46] by
solving the Fokker-Planck equation. Based on the simulated ACS spectra, they derived
a set of empirical equations, which can be used to fit experimental data. Here the
Brownian relaxation time in dependence of Langevin parameter ξ is given by [11, 40]

τB,H = τB̅̅̅̅̅̅̅̅̅̅̅
1 + 0.126ξ 1.72

√  , (20)

i.e., the Brownian relaxation time decreases with increasing ac field amplitude. Similar
expressions were also derived by Gratz and Tschöpe [47] as well as by Fock et al. [48].

The Brownian relaxation time for the case of a superimposed static magnetic
field—either parallel or perpendicular to the ac probing field—were theoretically
derived by Martsenyuk et al. [8] and are given by

τpar = d ln L(ξ)
d ln ξ

τB and τperp = 2L(ξ)
ξ − L(ξ)τB  . (21)

The situation is more difficult for the Néel relaxation since one has to account for the
generally randomdistribution of easy axes. TheNéel relaxation ofMNPswith their easy
axes parallel to an applied static magnetic field is given by [2]

τN ,H =
̅̅
π

√
τN0

σ3/2(1 − h2)[(1 + h)exp( − σ(1 + h)2) + (1 − h)exp( − σ(1 − h)2)]−1 (22)

with the normalized magnetic field h = B/Bk, Bk = 2K/Ms and σ = KVc/(kBT). There is no
expression for the Néel relaxation time of an ensemble of randomly oriented MNPs in a
large ac magnetic field.

4 Experimental results

4.1 ACS and MRX measurements on MNPs in Newtonian media

ACS and MRX measurements were performed on a series of samples with different
viscosities. Here water-glycerol mixtures were prepared. First, SHP-25 from Ocean
Nanotechnology was studied. These MNPs are single core, thermally blocked nano-
particles consisting of magnetite and having a nominal (geometric) core diameter of
25 nmwith a narrow size distribution [40]. Figure 6 depicts the spectra of the imaginary
part of the complex susceptibility for samples with glycerol contents ranging from 0 to
86.8wt%.One discerns a pronouncedmaximum,which shiftswith increasing viscosity
to lower frequencies, as expected for Brownian-dominated MNPs. In contrast to the
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theoretical expectations (cf. Figures 4(a) and 5(a)), its amplitude decreases, which is
compensated by an increasing width of the imaginary part peak, which is related to an
increase of the distribution of Brownian relaxation times.

In order to precisely determine the frequency fch atwhich the imaginary part peaks,
data points were fitted with the phenomenological Havriliak-Negami model. Here the
complex susceptibility is given by

χ = χamp(1 + (iωτ)1−α)β + χ∞ (23)

where χ∞ is the real-valued susceptibility at high frequencies, and χamp is the amplitude
of the frequency-dependent part. The parameter α accounts for the width of the
spectrum, while the parameter β reflects its asymmetry. For α = 0 and β = 1, the Debye
model is reconstituted.

The values for the dynamic viscosity were estimated from the measured imaginary
part applying

η = kBT
6πfchVh

 , (24)

which is obtained from Equation (1) and the condition 2πfchτB = 1.
To determine the viscosity values from the MRX curves depicted in Figure 7,

Equation (18) was applied. The parameters of core diameter distribution and of the
anisotropy energy density were estimated from measurements on an immobilized (by
freeze-drying in a mannitol matrix) reference sample. Knowing these parameters, the

Figure 6: Imaginary part versus frequency for SHP-25 MNPs suspended in different water-glycerol
mixtures. Numbers in inset give glycerol concentration. Symbols are measured data points, lines are
fits with phenomenological Havriliak-Negami model (Equation (23)).
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parameters of the distribution of hydrodynamic diameter were obtained from the MRX
curve measured on an aqueous suspension, i.e., with known viscosity. Then keeping
these parameters constant, the viscosity is the only free parameter for fitting the
relaxation curves for SHP-25 MNPs in water-glycerol mixtures.

The viscosity values, estimated from ACS and MRX data, are displayed in Figure 8
versus the glycerol concentration. Good agreement with the theoretical values calcu-
lated with the equation by Cheng [49] is found.

Figure 7: Normalized relaxation curves measured on SHP-25 MNPs suspended in different water-
glycerol mixtures.

Figure 8: Viscosity values determined from ACS, ACF (refers to fluxgate-based ACS setup) and MRX
measurements on SHP-25 versus concentration of glycerol. Dashed line displays theoretical viscosity
calculated using the equation by Cheng [49].
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In order to test, how reliably dynamic viscosities can be determined from ACS
measurements on MNP systems, which exhibit Brownian and Néel contributions,
measurements on a viscosity series of FeraSpin XL from nanoPET Pharma GmbH were
performed. FeraSpin XL is a size fraction of FeraSpin R with a mean hydrodynamic
diameter of about 60 nm. FeraSpin R is a multi-core particle system comprising of
densely packed iron oxide cores with sizes of 5–7 nm [50]. The imaginary parts of the
measured ACS spectra are shown in Figure 9. The aqueous sample measurement dis-
plays a maximum at about 1.8 kHz and a shoulder around 100 kHz. With increasing
viscosity, the frequency of the low-frequency maximum shifts to lower frequencies,
indicating that it is caused by Brownian-dominated MNPs while the wide high-
frequency maximum remains unchanged, i.e., it is related to Néel relaxation.

To fit themeasured spectra, Equation (11) is applied. For simplicity, the correlation
coefficient ρ is set to zero (i.e., we ignore a correlation between core and hydrodynamic
size). As for the analysis of the MRX curves in Figure 7, core parameters are indepen-
dently estimated from relaxation curves of the immobilized reference samples, while
the parameters of the hydrodynamic size distribution were obtained from the analysis
of the ACS spectrum measured on the aqueous suspension of FeraSpin XL. Dashed
lines in Figure 9 display the fitted spectra. Note that—for all samples except the
aqueous one—viscosity is the only free parameter. In contrast to the viscosity series
measured on SHP-25, the standard deviation of the lognormal distribution σh of hy-
drodynamic diameters (and Brownian relaxation times) remained nearly constant
(σh ≈ 0.28). Consequently, the observed decay in the amplitude of the maximum is
caused by a gradual decrease of the Brownian-dominatedMNP portion with increasing

Figure 9: Imaginary part versus frequency for FeraSpin XL MNPs suspended in different water-
glycerol mixtures. Numbers in inset give glycerol concentration. Symbols are measured data points,
lines are fits with Equation (11).
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viscosity (transition from Brownian to Néel relaxation). As Figure 10 shows, excellent
agreement between experimental and theoretical values is found again.

4.2 Investigation of gelation dynamic of aqueous gelatin
suspensions

As Voigt-Kelvin-type matrix system, aqueous gelatin solutions are chosen. As demon-
strated by Tschöpe et al. [22] using Ni nanorods as magnetic markers, rheological pa-
rameters of aqueous gelatin solutions from dynamic opto-magnetic measurements can
well be estimated on the basis of the Voigt-Kelvin model. Here single-core CoFe2O4

synthesized at theUniversity of Cologne [21] are applied asmarkers. Theyare surrounded
by a PAA shell, havemean core diameters of 15 nmanda hydrodynamic diameter—when
suspended inDIwater—of 18nm.Due to the comparably highanisotropy energydensity,
CoFe2O4 nanoparticles of this size are well thermally blocked.

Similarly to the procedure executed by Tschöpe et al. [22], CoFe2O4 MNPs were
suspended in aqueous gelatin solutions with different gelatin contents (2.5, 5, 7.5 and
10 wt%). These suspensions were first heated up to 40 °C, thus being in the sol state,
and the hydrodynamic diameter was determined from the position of the maximum in
the ACS imaginary part and the known viscosity at 40 °C. The viscosity values at 40 °C
were independently determined using an Anton Paar SVM 3000 Stabinger viscosim-
eter. Knowing the dynamic viscosity at this temperature, the ACS spectra measured at
40 °C were fitted with the Debye model extended by inserting a lognormal distribution
of hydrodynamic diameters. For the 2.5wt%sample, ameanhydrodynamic diameter of

Figure 10: Dynamic viscosities determined from ACS spectra on FeraSpin XL viscosity series versus
calculated values.
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37 nmwas determined; for the 5 wt% sample, a value of 46 nmwas found. The increase
in hydrodynamic size compared to the value of the aqueous sample at room temper-
ature is attributed to an adsorbent gelatin layer. Repeated heating of the samples to
40 °C after gelation always resulted in the same hydrodynamic size, so that we assume
that the thickness of the absorbent gelatin layer does not change with time.

Figure 11 depicts real and imaginary part of the sample with 5 wt% gelatin,
measured at different stages of the gelation process. Apparently, the magnitude of the
real part at low frequencies continuously decreaseswith increasing gelation timewhile
it approaches zero at high frequencies, as expected for a Voigt-Kelvin-type system.

Figure 12(a) and (b) shows the ACS imaginary parts measured on the (a) 2.5 and (b)
5 wt% samples. For the 2.5 wt% gelatin sample, a gradual shift of the peak frequency to

Figure 11: Real and imaginary parts of ACS spectra recorded at different stages of the gelation
process.

Figure 12: Evolution of ACS imaginary part of (a) sample with 2.5 wt% gelation and (b) with 5 wt%
gelatin. Symbols show data points, lines are fits with Equations (15) and (16).
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lower frequencies and of its magnitude is observed. At the same time, the width of the
spectrum increases with increasing gelation time. In contrast, the spectrum of the
imaginary part measured on the 5 wt% gelatin sample first shows a shift of the peak
frequency to lower frequencies but after a certain time, it reverses and increases again.
But similarly to the 2.5wt% sample case, themagnitude of themaximumdecreases and
the width increases with increasing gelation time.

The behavior observed for the 5 wt% sample is qualitatively similar to that
observed by Tschöpe et al. [22] applying an oscillating magnetic field to Ni nanorods
and detecting their response by a magneto-optic technique.

Reminding the fundamentals of a Voigt-Kelvin model (Section 3.2), the observed
behavior is very clear: An increase of the (local) dynamic viscosity of the medium
causes a shift of the imaginary part to lower frequencies. An increase of the shear
modulus results in a decrease of the ACSmagnitude and a shift of the position of the χ’’
maximum to higher frequencies. The latter effect is very pronounced for the sample
with 5 wt% gelatin. But at the same time, a significant increase of the width of the
spectrum is discernable. In order to extract values for viscosity η and shear modulus G,
the measured spectra of the imaginary part were fitted with Equations (15) and (16).
Since they do not consider distributions of parameters, they were generalized by
inserting lognormal distributions of hydrodynamic diameter f(dh) and (local) dynamic
viscosity f(η). Obtained parameters for η and G are shown in Figure 13 as a function of
gelation time.

Obviously, the same general trend is found for both samples. The viscosity
continuously increases with rising gelation time, while the shear modulus first in-
creases, followed by a plateau and then starts rising again. The main difference be-
tween both samples lies in the different magnitudes of the (nano)rheological
parameters. While viscosity and shear modulus of the 2.5 wt% sample at 1000 min
amount to about 10mPa s and 8 Pa, respectively, they are 30mPa s and 9 Pa for the 5wt

Figure 13: Viscosity η and shear modulus G as a function of gelation time for the samples with (a) 2.5
and (b) 5 wt% gelatin.
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% sample. The different ratio of viscosity and shear modulus causes that the elastic
term starts dominating for the 5 wt% gelatin sample at high gelation times.

Similar findings were obtained when analyzing themeasured ACS spectra with the
modified Debye model (Equation (13) extended by a distribution of local viscosities).
Figure 14 displays the fitting results obtained with the numerical model by Raikher
et al. [41] and the modified Debyemodel. The viscosities estimated by both approaches
agree very well. Regarding shear modulus, its evolution with gelation time is quali-
tatively the same but the absolute values differ by a factor of about two. At this stage, it
remains open what the reason is. As pointed out in Section 3.2, kBT in the original
equations given in the paper by Raikher et al. [41] was replaced by 2kBT so that—in the
limiting case of vanishing elasticity—the well-known expressions for the Brownian
relaxation time and the standard Debye model are re-established.

According to Normand et al. [51], there are four phases in the gelation kinetics of
gelatin. Comparing Figure 13 with their findings, the time interval up to 300min can be
attributed to phase 2, which is characterized by the gel formation and a rapid increase
ofG and η. The time up to about 4000minmay be related to phase 3, which—according
to Normand et al.—is characterized by the extension of existing cross-links in the
network rather than the formation of new ones. The rise of G at longer times—as
discernable in Figures 13 and 14—was also observed by the authors applying a stress-
controlled rheometer technique.

The ACS spectra measured on samples with 7.5 and 10 wt% gelatin could not be
analyzed since the characteristic features were outside the accessible frequency
window.

The same samples were also investigated by magnetorelaxometry. The aqueous
gelatin solution samples were heated to 40 °C for about 60 min, and after quickly

Figure 14: Comparison of temporal evolution of viscosity and shearmodulus values determined from
measured ACS spectra with numerical model by Raikher et al. [41] and modified Debye model.
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cooling them down to 23 °C, successive MRX measurements were performed. The
measured MRX curves, measured on the 2.5 wt% gelatin sample and normalized to the
signal before themagnetic field pulse is switched off, are depicted in Figure 15(a). With
increasing gelation time, the decay of the relaxation signal monotonously slows down.
An independent estimation of viscosity η and shear modulus G by fitting the measured
MRX curves with Equations (18) and (19) is not possible. Therefore, Figure 15(b) shows
the normalized MRX curves simulated with Equations (18) and (19) using the param-
eters obtained from the analysis of the corresponding ACS spectra. A reasonable
agreement is found. A qualitatively similar behavior was observed for the 5wt%gelatin
sample. The behavior measured for the 7.5 and 10 wt% gelatin samples is more com-
plex. The not normalized MRX curves for the 7.5 wt% gelatin sample are depicted in
Figure 16(a). The change of the curves with increasing gelation is no longer monoto-
nous and even a crossing can be observed. As for the ACS case, this may be caused by
the different effect of viscosity and shear modulus changes on the MNP dynamics.
Figure 16(b) shows the MRX curves measured on the sample with 10 wt% gelatins at
different times after reaching 23 °C. Apparently, no significant differences between
curves and the reference curve measured on a freeze-dried sample of CoFe2O4 nano-
particles are discernable, meaning that the dynamics of this sample is dominated by
the Néel mechanism.

4.3 Investigation of magnetic field dependence of Brownian
relaxation time

All ACSmeasurements described in Section 4.1 and 4.2were carried out at small ac field
amplitudes (200 µT, i.e., ξ << 1). To extract nanorheological parameters from

Figure 15: Normalized (a) measured and (b) simulated MRX curves of the samples with 2.5 wt%
gelatin. The numbers in brackets in the legend of (b) denote the applied values for viscosity and shear
modulus.
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measurements at higher ac field amplitudes or large-magnitude superimposed dc
fields, the effect of magnetic field amplitude on the Brownian relaxation time has to be
separated. The magnetic field-dependence of the Brownian relaxation time was
investigated by measuring the ACS spectra with the setup originally developed for
measuring the dynamics in a rotating magnetic field. Experimental details were briefly
summarized in Section 2.

Experimental studies of the dependence of Brownian and Néel relaxation times of
iron-oxide single-core MNPs (SHP-20 and SHP-25 from Ocean Nanotech) on ac field
amplitude and on a superimposed dc magnetic field—either parallel or perpendicular
to the ac probing field—were presented in the study by Dieckhoff et al. [40]. It was
demonstrated that Equations (20) and (21) can well be applied. In order to extend the
range of the Langevin parameters ξ, ACS measurements were also performed at Ni
nanorods [52]. Combining their magnetic moment of the order of 10−17 Am2 and the
maximum field amplitude of 9 mT, which can be applied with the given setup, Lan-
gevin parameters up to 80 are covered. For comparison, the spherical CoFe2O4 nano-
particles used for the nanorheological studies have magnetic moments of the order
of 7⋅10−19 Am2, providing a Langevin parameter at room temperature and 9 mT of
approximately 1.5. Caused by shape anisotropy, these Ni nanorods with lengths of
about 270 nm are strongly blocked so that dynamics are solely determined by the
Brownian mechanism.

Figure 17(a) depicts the spectra of the imaginary part measured on an aqueous
suspensions of Ni nanorods for different amplitudes of the acmagnetic field. To reduce
dipolar interactions between nanorods, the nanorods volume fraction amounted to
5⋅10−5. With increasing ac field amplitude, the position of themaximum shifts to higher
frequencies and at the same its magnitude decreases. With the assumption that the
maximum occurs at ωτB = 1, Equation (20) can be applied to fit the dependence of the

Figure 16: MRX curves measured on (a) 7.5 and (b) 10 wt% gelatin samples at different times of the
gelation process.
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characteristic frequency fch on ac magnetic field amplitude. The best fit to the experi-
mental data is shown in Figure 17(b). As can be seen, Equation (20) can be applied for
the ac magnetic field amplitude dependence of the Brownian relaxation time over a
large range of Langevin parameters.

In order to determine the effect of an oscillating magnetic field—as applied by
Tschöpe et al. [22, 39] for their nanorheological studies using magneto-optical detec-
tion—on the Brownian relaxation time, we also performed ACS measurements in a
small acmagneticfield and aperpendicular staticmagneticfieldwithmagnitudes up to
9mT on the aqueous Ni nanorod suspension. The characteristic frequency versus static
magnetic field magnitude is shown in Figure 18. Note that fitting the characteristic
frequency (or Brownian relaxation time) with Equation (21) with the two parameters ξ
and tB is only unique at low ξ values. Therefore, the dashed line in Figure 18 was
calculated with the parameters from the fit of the data in Figure 17(b). The good
agreement between experimental results andmodel indicates that Equation (21) can be
applied to determine the effect of a perpendicularly applied staticmagnetic field on the
Brownian relaxation time. This is important for the determination of rheological pa-
rameters from ACS measurements since they are included only in the zero-field
Brownian relaxation time tB.

5 Discussion

The use of thermally blocked MNPs as local probes for nanorheological investigations
is straight forward for viscous media. The Brownian relaxation time τB, which is pro-
portional to the dynamic viscosity, can be determined by any dynamic magnetic

Figure 17: (a) Imaginary part versus frequency measured on Ni nanorod sample for different
amplitudes of the ac magnetic field. (b) Extracted characteristic frequency versus field amplitude.
Solid line shows fit with Equation (20) and assuming ωchτB = 1.
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measurement method. Here we focused on measurements of the complex (ac) sus-
ceptibility and the magnetorelaxation signal. The advantage of ACS is that a rather
large range of relaxation times can be covered, while MRXmeasurements are generally
restricted to relaxation times above a few 100 µs.

The situation is more complex for viscoelastic media. Aswe have demonstrated for
the cases of aMaxwell and aVoigt-Kelvinmodel as the two limiting cases, viscosity and
shear modulus have a very different effect on the ac susceptibility spectrum. A quali-
tative analysis of the ACS spectrum already gives some indication on the dominating
viscoelastic model. The ACS spectrum of blocked MNPs in any viscoelastic matrix can
basically be described by Equation (12). In contrast to numerical models for a Maxwell
[42] or Voigt-Kelvin system [41], the computational effort is much smaller. The analysis
procedure is straight forward for systems without parameter distributions: Using
measured values of real and imaginary parts, the complex shear modulus or complex
viscosity can be calculated as a function of frequency. If distributions (e.g., of the
hydrodynamic size) have to be considered, the equation system is still solvable, pro-
posed that the distribution—as generally determined from a fit of the ACS spectrum
measured on a sample withMNPs in a Newtonian fluid with known viscosity—does not
change. For the temporal evolution of the gelation process, as studied in this contri-
bution, this is certainly a coarse assumption.

Comparing ACS and MRX for nanorheological studies applying MNPs as local
probes, ACS has the advantage that there are theoretical models for Maxwell, Voigt-
Kelvin and Jeffrey systems [41–43] describing the complex susceptibility spectrum.

Figure 18: Dependence of the characteristic frequency on the magnitude of the perpendicular static
magnetic field magnitude. Dashed line shows dependence calculated with Equation (21) using the
parameters for ξ and τB from Figure 17(b).
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As we have described in Section 3.2, the Debye model can easily be modified for non-
Newtonian media by inserting a complex viscosity/shear modulus. In contrast, for
the analysis of MRX data, there are currently only expressions for the effective
relaxation time, which depend on both viscosity and shear modulus, i.e., their in-
dependent determination from a single MRX curve is not possible. For comparison, in
an ACS measurement, real and imaginary parts of the complex susceptibility as a
function of frequency can be used for the independent extraction of rheological
parameters.

In conventional rheology, the relationship between stresses and strains is
measured in order to determine the complex shear modulus. As a result, frequency-
dependent values for storage G’ and loss modulus G’’ are obtained. In Section 4.2, we
have demonstrated (similar results were obtained by Tschöpe et al. [22]) that experi-
mental spectra could only be fitted by implementing a distribution of (local) dynamic
viscosity. The main difference between conventional rheology and nanorheology is
that MNPs are used in the latter one as probes for the local (nano)environment.
Ignoring interactions between MNPs, the measured ACS spectrum is the superposition
of the contributions from the individual nanoparticles inside the sample. Since—in a
complex matrix as an aqueous gelatin solution—each MNP senses its own local envi-
ronment, measured spectra cannot be described by a single value of complex viscosity
(or shear modulus). Injecting MNPs as local probes into a matrix, the MNPs’ response
crucially depends on the way they are embedded in the matrix and on their size
compared to the characteristic length scales of the matrix material [24, 53]. For
example, if the nanoprobes are larger than the mesh size of a gel network, their
response is expected to reflect themacrorheological properties of thematrix [22]. If they
are “swimming” inside a mesh, they will sense the viscosity of the liquid. Thus, dy-
namic magnetic measurement techniques, such as ACS, provide more information
than just the rheological parameters of the matrix on the nanoscale. Also, their dy-
namics strongly depends on whether they are functionalized so that they can be
directly linked to the surrounding matrix [54, 55].

Whilemagnetoviscous effects—caused by dipolar interactions and thus structure
formation—were observed in conventional rheology [28], we did not observe any
indications on magnetoviscous effects in dynamic magnetic measurements. Impor-
tantly, one should keep in mind that the magnetoviscous effect as theoretically
proposed by Shliomis [27] does not occur in a dynamic magnetic measurement with
stationary sample and that the Brownian relaxation time itself depends on magnetic
field strength. For all samples investigated so far, the change of the ac susceptibility
spectrum with magnetic field amplitude could well be described by the field-
dependent Brownian relaxation time. Performing ac susceptibility measurements on
samples with significantly higherMNP concentrations—as, e.g., done by Fischer et al.
[56], the additional problem arises that dipolar interactions directly causes a shift of
the ACS spectrum toward lower frequency [57, 58], thus pretending amagnetoviscous
effect.
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6 Conclusions

Dynamic magnetic measurement techniques such as ACS and MRX in combination
with thermally blocked MNPs are a powerful tool to study the interaction between
MNPs and the surrounding matrix. Applying appropriate models, such measurements
can be used to determine rheological parameters on the nanoscale. However, one
should keep inmind that these parameters, extracted from theMNPdynamics,may not
be the same as the ones obtained from conventional rheology. But since MNPs sense
their local environment on the nanoscale, dynamic magnetic measurements provide
important information on the MNPs’ embedding in and interaction with the matrix.

This contribution focused onACS andMRXmeasurements. However, similarly, the
dynamic magnetic response of MNPs can also be studied in oscillating—as performed
by Tschöpe et al. [22, 39]—or rotating magnetic fields.

The methodology described in this contribution can be applied to different matrix
systems, as, e.g., cells in biomedicine, other gel-likematerials such as xanthan [23] and
liquid crystals.
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