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Magnetic Particle Spectroscopy (MPS) is a characterization method for investigating the nonlinear properties of
magnetic nanoparticles (MNP) using magnetic field strengths in the order of a few tens of millitesla. Its ex-
ploitation for particle characterization is of high significance for biomedical applications such as Magnetic
Particle Imaging (MPI) and magnetic hyperthermia. Since the dynamic characteristics of MNP are influenced by
both the Néel and the Brownian relaxation mechanism, harmonic spectra in MPS measurements are directly
linked to ambient influences like temperature or viscosity of the surrounding medium. Experimental data of

multiparametric measurements helps one to evaluate and validate mathematical models of dynamic particle
magnetization. This contribution deals with the investigation of temperature-dependent harmonic spectra of
different commercially available single-core and multi-core particle systems. It is shown, that dominating re-
laxation mechanisms can be determined from temperature-dependent MPS measurements.

1. Introduction

Magnetic Particle Spectroscopy (MPS) was developed as a zero-di-
mensional measurement method to examine the suitability of magnetic
nanoparticles (MNP) for the medical imaging modality Magnetic
Particle Imaging (MPI) [1]. MPS and MPI are both based on the same
nonlinear dynamic properties of MNP. When excited by an externally
applied magnetic field, the resulting higher harmonics of the magne-
tization processes are very sensitive to small changes of particles’ en-
vironments. Although MNP are commonly used as tracer materials in
medical imaging [2,3] or magnetic hyperthermia approaches, signal
generation is still a wide area of research. Often, the dependence of
harmonic ratios (e.g. As/Az) is addressed [4] but the complex behavior
of higher harmonics or even the total harmonic spectra is neglected,
although higher harmonics contain sensitive information and are of
particular importance for functional MPI. This contribution deals with
the investigation of temperature-dependent harmonic spectra in MPS
measurements. Fokker—Planck simulations help to understand the ef-
fects of temperature on the measured data and enable one to attribute
the dominating dynamic magnetization process. These information are
of particular interest for e.g. the evaluation of the suitability of MNP for
mobility MPI (mMPI) [5] or magnetic hyperthermia [6].
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2. Theory

The cores of magnetic nanoparticles (MNP) with diameter d. and
core volume typically consist of a ferro- or ferrimagnetic material with
a specific saturation magnetization M;. Due to their small sizes, the
thermal fluctuations of the particles lead to a zero net magnetization in
absence of an externally applied magnetic field. Therefore, the quasi-
static magnetization behavior of magnetic nanoparticles is described by
the Langevin function

M, (H) = Ms{coth(f) - 1),

§ ¢h)
where & = EE—”;’ denotes the ratio between magnetic energy Ey = mB and
thermal energy Er = kgT using the magnetic moment m = MV, the
externally applied flux density B, the Boltzmann constant ks and the
temperature T. However, the magnetic response of magnetic nano-
particles in dynamic applications is significantly influenced by mag-
netization dynamics. Thus, only dynamic models can be used to explain
dependencies on physical values. One of the most common approaches
to describe such relationships is a numerical model based on the
Fokker-Planck equation [7] which describes the cylindrically sym-
metric time-varying probability density function W of the magnetic
moment m. For a symmetry of the magnetic interaction energy with
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respect to a line in direction z and easy axes aligned along the z-axis, the
partial differential equation is given by
xW) } .
(2)

[(1 - xz)(a—W - m—BW
ox kg T
The Fokker—Planck equation includes an intrinsic field dependence and
just requires the field-independent relaxation time 7, of the appropriate
relaxation process. The influence of the anisotropy energy Ex = KV,
including the anisotropy constant K occurs in the case of Néel relaxa-
tion only and must be neglected for Brownian relaxation. The temporal
evolution depends on the polar angle 6 between the field direction
vector z and the direction of the magnetic moment 71, in which x de-
notes the cosine of 6 and can be expressed by the dot product of the
field unit direction vector Z and the reduced magnetic moment vector

ow 48
2T0— = —
ot ox

2KV,
kg T

ny = % The Fokker-Planck equation can be solved by an expansion in
terms of Legendre polynomials and results in two different numerically
solvable iterative algorithms for both the Brownian and the Néel re-
laxation process. The coefficients for the Brownian relaxation (FP-B)

can be calculated from

da, _n(n+1) a4+ mB( An_1 Ani1 )
dt 2750 "TkgT\2n—-1 2n+3/[ 3
Here, the Brownian zero-field relaxation time 3, = Z?—VT" including the

hydrodynamic volume Vj, = %n’d;f with the particles’ hydrodynamic
diameter dj, and the dynamic viscosity 7 of the medium must be used.
The temperature dependence of the dynamic viscosity is described by
the Arrhenius-Andrade relation 7 = noexp(g—:) including the medium-
specific activation energy E, [8]. For the following simulations, the
dynamic viscosity was set to the one of water neglecting the amount of
particles due to the small mass percentage. The Néel relaxation algo-
rithm (FP-N) includes another term describing the anisotropy depen-
dence. Furthermore, the field-independent Néel relaxation time

Ve
o = ToEXP

,i T) must be considered instead of the Brownian zero-field
relaxation time. The coefficients for the Néel relaxation are given by

da, _nn+1)|_ rn_B( An1  Gnyl )
dr 21y ksT\2n—1 2n+3
ZKVZ an—Z(n - 1) + an _ an+2(n + 2)
kT\@n-3)2n-1) @n-1)2n+3) @n+502n+3))|
@
The time-dependent magnetization signal
2
M) = MV () -

for n particles with the molar particle concentration ¢, where [¢] = 1/m?
can be derived from the first order moment of the Legendre coefficients.
Subsequently, a digital lock-in method [9] is used to evaluate the odd
higher harmonics of the simulated magnetization signal.

3. Methods & materials

agnetic Particle Spectroscopy (MPS) utilizes a pure sinusoidal
excitation signal to force the net magnetic moment of the magnetic
nanoparticles into the saturation regime. The change of the magnetiza-
tion response induces a voltage in a gradiometric detection coil, which is
amplified and measured using an analog-digital converter directly
connected to a personal computer. A Fourier transform or digital lock-in
method of the measured signal leads to a frequency domain
representation. Since the excitation signal and therefore the magnetiza-
tion response is symmetric around zero, the measured signal contains
odd higher harmonics only. To be able to better distinguish series of
curves, the higher harmonics are typically linked by lines. Our custom-
built MPS setup allows temperature-dependent measurements in a wide
sample temperature control range from — 20 °C to 120 °C and was first
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Table 1

Particle properties of Ocean NanoTech SHP-30 and micromod synomag -D.
Parameter SHP-30 synomag’-D
M;/kAm™! 366 366
dc./nm 30 20
dp/nm 57 34
K/kJ/m? 5.0 5.0

introduced in [10]. Furthermore, different series resonant circuit stages
are available to match the inductance of the excitation coil allocating a
set of excitation frequencies in the range 100Hz < f, < 25kHz.
Additionally and more trivially, a change of the excitation field ampli-
tude can be used to perform multi-parametric MPS measurements. A
differential pick-up coil providing an attenuation of the excitation field of
— 70 dBy enables a measurement of higher harmonics as well as the
fundamental frequency generated by the particles. Samples were pre-
pared as undiluted suspensions (iron concentrations cge sgp = 5 mg mL!
and cpe,synomag = 25 mg mL™") in ThermoFisher Nunc MaxiSorp™ micro-
titer vials with an amount of 150 uL each from commercially available
stock material for different types of magnetic nanoparticle systems
SHP-25 and SHP-30 ordered from Ocean NanoTech (San Diego,
California) and synomag’-D from micromod Partikeltechnologie GmbH
(Rostock, Germany). Corresponding particle properties, which were
determined from AC susceptometry (ACS) measurements by fitting a
generalized Debye model [11], were used for the simulations and are
summarized in Table 1. In comparison to SHP-30, Ocean NanoTech
SHP-25 exhibit a mean core diameter of d. ~ 25 nm and a corresponding
hydrodynamic diameter of d, ~ 50 nm.

4. Simulation

To be comparable to measurement results, the magnetic field am-
plitude of the pure sinusoidal excitation signal was set to
Hy = 25mT/u, and the frequency was set to fo = 1kHz for the fol-
lowing simulations. All data in this contribution are normalized to My
representing the magnitude maximum value (which is the funda-
mental’s magnitude) for each set in the series of temperature-dependent
curves. Furthermore, we concentrate on the magnitude spectra of the
magnetization [M (f)| only. The Langevin function explains the non-
linear magnetization curve of isotropic superparamagnetic nano-
particles in a static scenario. The temperature dependence of simulated
higher harmonics based on the Langevin function model are plotted in
Fig. 1 exemplarily for SHP-30 particle properties. The steepness of the
magnetization curve becomes shallower for increasing temperatures.
This relationship results in decreasing higher harmonics in the fre-
quency domain representation of the magnetization signal for in-
creasing temperatures. Since MPS excitation typically works in the
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Fig. 1. Temperature dependence of simulated harmonic spectra for Ocean
NanoTech SHP-30 based on Langevin function model.
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Fig. 2. Temperature dependence of simulated harmonic spectra for Ocean
NanoTech SHP-30 and micromod synomag’-D based on Fokker-Planck equa-
tions. Particle parameters are given in Table 1. Arrows indicate the trend of
higher harmonics for increasing temperatures.

kilohertz regime, measurement results are — depending on the particle
properties — particular sensitive to both dynamic magnetization me-
chanisms [12,13]. Fig. 2 depicts the temperature dependence of simu-
lated harmonic spectra based on Fokker-Planck equations (3) and (4)
implemented in a Python simulation environment exploiting the 1soda
solver for stiff ordinary differential equations (SODE). As both equa-
tions describe a single relaxation mechanism only and do not allow to
predict coupled behavior, two temperature-dependent series of curves
are shown for each particle system. Simulations were performed for the
particle properties given in Table 1 and normalized to the magnitude of
the fundamental frequency. As can be seen in Fig. 3b, the Brownian
simulation results show a more significant temperature influence than
the Néel simulation results for the same range of temperatures. Fur-
thermore, the trend is inverse for both relaxation mechanisms. Néel
simulations show a drop of the higher harmonics for increasing tem-
peratures, while the magnitude of the higher harmonics increases for
the Brownian simulations. The trend is similar for synomag’-D particle
properties as it is shown in Fig. 2, but the temperature influence in the
Brownian simulation results is less pronounced, while the temperature
dependence for Néel simulations is more distinct. The differences be-
tween the two simulations of different particle parameters are due to
the size properties. It should be noted, that presented simulation data
were generated neglecting particle size distributions. Nevertheless, the
simulations represent qualitative trends which will be discussed in
comparison with experimental data.

5. Experimental

Experimental MPS magnitude spectra for Ocean NanoTech SHP-30
and micromod synomag’-D are shown in Fig. 3. Measurements were
performed for a comparably low excitation frequency of f; = 1kHz at
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Fig. 3. Temperature dependence of measured harmonic spectra for Ocean
NanoTech SHP-30 and micromod synomag’-D particle suspensions acquired at
fy = 1kHz and p H = 25 mT.

an excitation field amplitude Hy, = 25 mT/u, to be especially sensitive
to Brownian relaxation. For SHP-30 (Fig. 3a), increasing sample tem-
peratures lead to more pronounced higher harmonics. The decay of the
higher harmonics is significantly flattened at high temperatures. Com-
pared to the change of the higher harmonics at low temperatures from
— 10°C to — 15 °C, a non-continuous jump of the higher harmonics is
observed for the small temperature change of — 2 °C from — 15 °C to
— 17 °C which is due to the optically verified phase transition of the
particle suspension to ice. The synomag’-D particle suspension shows
an opposing temperature-dependent trend of the higher harmonics as
can be seen from Fig. 3b. The non-continuous jump of the higher har-
monics which is due to the suspension’s frozen state is observed at
— 15 °C. Further measurements were performed using Ocean NanoTech
SHP-25, which exhibit similar magnetic properties as SHP-30. The
temperature dependence of the higher harmonics of SHP-25 acquired at
fo 5kHz and Hy = 25 mT/u, is shown in Fig. 4. Conspicuously, a
crossing of the temperature-dependent series of curves is observed.

6. Discussion

A comparison of experimental with simulated data allows one to
link the temperature dependence with the dominating relaxation me-
chanism as it is already annotated in all figures. Since the magnitudes of
the higher harmonics of the single-core particle system SHP-30 increase
for increasing temperatures (Fig. 2a), the prevailing dominated
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Fig. 4. Temperature dependence of measured harmonic spectra of Ocean
NanoTech SHP-25 suspension acquired at f; = 5kHz and u,H = 25 mT.

relaxation mechanism can be attributed to the Brownian rotation of
particles (Fig. 3b). Measurements of the multi-core particle system sy-
nomag’-D show the opposite behavior of the harmonic response
(Fig. 2b) which is due to a Néel-dominated relaxation process as cor-
responding simulations in Fig. 2 indicate. MPS measurements of SHP-25
show a crossing of the temperature-dependent series of curves, which
can be traced back to an appearance and coupling of both relaxation
mechanisms. While lower odd harmonics exhibit a positive temperature
coefficient (the magnitude increases with increasing temperatures),
higher odd harmonics possess a negative temperature coefficient (the
magnitude decreases with increasing temperatures). Thus, the sample
contains a mixture of particles dominated by the Brownian relaxation
mechanism and by the Néel relaxation mechanism. Similar sharp bends
in the linked curves of higher harmonics are often observed in MPS
measurements. Typically, lower harmonics exhibit a steep decay, while
higher harmonics feature a shallow decay and minor magnitudes. The
temperature-dependent results approve an assignment of both parts to
specific relaxation behavior.

7. Conclusion & outlook

Experimental data of temperature-dependent MPS measurements
contain sensitive information about dynamic particle magnetization
properties. Measurement results were compared to Fokker-Planck si-
mulations to explain physical dependencies. In this case, the acquisition
of a set of different temperatures for the same sample enables the
conclusion of the dominating relaxation process at a certain excitation
frequency and field amplitude due to opposing temperature coefficients
of the Brownian and the Néel relaxation mechanism. Furthermore,
complex crossings of the temperature-dependent series of curves of
SHP-25 can be attributed to superimposing and coupled relaxation
mechanisms. To verify the relationships, extended [14] and coupled
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modeling approaches including core and hydrodynamic size distribu-
tions are required, which will be explored in future work.
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