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Abstract 
Biomedical applications of magnetic nanoparticles (MNP) fundamentally rely on the 

particles’ magnetic relaxation as a response to an alternating magnetic field. The magnetic 

relaxation complexly depends on the interplay of MNP magnetic and physical properties with 

the applied field parameters. It is commonly accepted that particle core size is a major 

contributor to signal generation in all the above applications, however, most MNP samples 

comprise broad distribution spanning 10 nm and more. Therefore, precise knowledge of the 

exact contribution of individual core sizes to signal generation is desired for optimal MNP 

design generally for each application. Specifically, we present a magnetic relaxation 

simulation-driven analysis of experimental frequency mixing magnetic detection (FMMD) for 

biosensing to quantify the contributions of individual core size fractions towards signal 

generation. Applying our method to two different experimental MNP systems, we found the 

most dominant contributions from approx. 20 nm sized particles in the two independent MNP 

systems. Additional comparison between freely suspended and immobilized MNP also reveals 

insight in the MNP microstructure, allowing to use FMMD for MNP characterization, as well 

as to further fine-tune its applicability in biosensing. 

  



1 Introduction 
Magnetic Nanoparticles (MNP) are being widely researched for frequency-dependent 

biomedical applications [1–3] in diagnostics such as magnetic resonance imaging (MRI) and 

magnetic particle imaging (MPI) as well as in therapy [4,5] using magnetic fluid hyperthermia 

(MFH). As of recent, the combination of both diagnostic MPI and therapeutic MFH 

applicability was researched [6] and early feasibility has been successfully demonstrated 

[7,8]. Beyond these promising research examples noted above, MNP are also showing high 

potential as biomarkers for biomolecules in immunoassays. Here, established techniques such 

as AC-susceptibility [9] and relaxometry [10], are being increasingly complemented by the 

emerging frequency mixing magnetic detection (FMMD) technique [11]. FMMD achieves 

high detection sensitivity by using dual frequency excitation of the MNP employing a high-

frequency/low-amplitude excitation field superimposed on a low-frequency/high-amplitude 

driving field [12]. FMMD has been successfully demonstrated to reliably detect analytes such 

as viruses [13], antibiotics [14] and bacterial toxins [15]. 

The majority of the applications noted above rely heavily on the relaxation of the MNP within 

the applied excitation frequencies, which is particle core size dependent [16,17]. Theoretical 

and experimental research on the core size dependency of MPI [18–20] and MFH [21–24] has 

been extensive. However, there is no such research for FMMD as of now. Furthermore, there 

is an ongoing discussion which particle properties are best suited for any specific application 

[1,4,25]. The main reason for this ambiguity lies in the multidimensional effects that the core 

size has on the desired effect in the specific application, either directly (e.g. on magnetic 

relaxation, iron content per particle and magnetization) and/or indirectly (e.g. on magnetic 

anisotropy constant, local iron concentration and hydrodynamic size). As tailor-made MNP 

are limited and costly [16], state-of-the-art magnetic relaxation dynamics simulations are 

commonly being used to predetermine optimal MNP properties for MPI and MFH application 

[20,24,26]. However, despite existing counter-examples [27–29], simulations are often 

presented stand-alone, missing direct validation against experimental results and thus their 

predictive power is questionable and/or limited for applications, as discussed most recently 

for e.g. MFH [30].  

In the present study, we demonstrate how state-of-the-art magnetic relaxation dynamics 

simulations can be adapted and implemented to quantify the size-dependent contributions to 

the overall signal generation of an experimental FMMD measurement. The method is robust, 

as it is readily applicable to two different types of MNP (Perimag and Nanomag-D), and is 

able to provide further insight into the MNP properties at microscale. Furthermore, the results 

serve as a major validation step towards using the presented simulations as a stand-alone 

methodology to predict optimal MNP properties for advanced FMMD-based biosensing in the 

future.  

2 Simulation 

2.1 Physical description of non-linear Néel-Brown magnetic relaxation dynamics 

We model the MNP relaxation dynamics under non-equilibrium conditions using combined 

Néel-Brown relaxation dynamics, as described in detail previously [20,24]. The magnetic 

moment of a single MNP, 𝒎𝑝, evolves with Néel relaxation under an applied AMF, 𝑯 (cf. eq. 

4), according to the Landau-Lifshitz-Gilbert equation (LLG) [31]: 

𝑑𝒎𝑝

𝑑𝑡
=

𝜇0𝛾

1+𝛼2
⋅ (𝑯eff × 𝒎𝑝 + 𝛼𝒎𝑝 × (𝑯eff × 𝒎𝑝))   (1) 



with the permeability of free space, 𝜇0, the electron gyromagnetic ratio, 𝛾, the damping 

parameter, 𝛼, and the effective field 𝑯eff. The easy axis of the MNP, 𝒏, evolves via Brownian 

rotation and is described by a generalized torque, 𝚯 [32]: 

𝑑𝒏

𝑑𝑡
=

𝜣

6𝜂𝑉𝐻
× 𝒏       (2) 

with the carrier matrix viscosity, 𝜂, and the MNP hydrodynamic volume, 𝑉ℎ = 𝜋/6 ⋅ 𝑑ℎ
3, in 

which 𝑑ℎ is the hydrodynamic particle diameter. The Néel relaxation and Brownian rotation 

are combined in the internal particle energy:  

𝑈 = −𝜇0 ⋅ 𝑚𝑝(𝒎𝑝 ⋅ 𝑯) − 𝐾 ⋅ 𝑉𝑐(𝒎𝑝 ⋅ 𝒏)
2

  + 𝜀𝐼𝐴  (3) 

where 𝑚𝑝 = |𝐦p| = 𝑉𝑐 ⋅ 𝑀𝑆 is the magnitude of the MNP magnetic moment, and 𝑉𝑐 = 𝜋/6 ⋅

𝑑𝑐
3 is the MNP core volume. The first term summarizes the Zeeman energy including the 

applied field 𝑯. The second term describes the magnetic anisotropy energy via the effective 

anisotropy constant, 𝐾, assuming uniaxial anisotropy and spherically shaped particles. The 

third term incorporates the magnetic dipole-dipole interaction among MNP. However, in our 

case, particle-particle interaction is negligible, as the thermal energy 𝐸therm dominates 

magnetic interaction energy, 𝐸𝐼𝐴, by two orders of magnitude in our MNP samples (i.e. 𝐸𝐼𝐴 ≪

𝐸therm) for a number of particles 𝑐 < 1015 1

ml
. For the given particles with 𝑐~1013 1

ml
 (s. 

Table 1), we neglect particle-particle interactions further on. Please refer to our previous work 

for a detailed estimation of the effect of magnetic dipole-dipole interaction energy that 

corroborates our assumption [4,33]. Further details on the full numerical description and 

implementation of our simulation method are described in our previous works [4,24,25,33].  

2.2 Simulation implementation 

Relaxation dynamics simulations used 1,000 particles simultaneously, with the magnetization 

vector and easy axes of each MNP initialized in randomized directions and then thermalized 

for 1/5 of the total number of time steps, 𝑁, before the magnetic field was applied. We used 

𝑁 = 850,000 and averaged the resulting magnetization over 5 independent simulation runs to 

achieve a suitable compromise between accuracy and acceptable computation time. The time 

step sizes then translate to less than 1 ns. Simulations were performed on a cluster computer 

consisting of 2x Intel Xeon 8168 CPUs with 2.7/3.7 GHz and 24 cores each and 768 GB total 

RAM at 2666 MHz. 

3 Material and methods 

3.1 Frequency Mixing Magnetic Detection (FMMD) Setup 

The custom-built FMMD setup for simultaneous sample excitation and signal detection 

comprises two excitation coils and differentially wound pick-up coils for directly recording 

the digital frequency demodulations for each measurement. The experimental details can be 

found in our previous works [12,34,35]. The magnetic excitation field is described 

mathematically as 

𝐻(𝑡) = 𝐻0 + 𝐻1sin(2𝜋𝑓1𝑡) + 𝐻2sin(2𝜋𝑓2𝑡)         (4) 



with the experimental parameters chosen as 𝐻0 = (0, … ,24) mT/µ0 for the static offset field 

(1 mT/µ0 step size),  𝑓1 = 136 Hz and 𝐻1 = 14.55 mT/µ0 for the low-frequency excitation 

field and 𝑓2 = 40 545 Hz and 𝐻2 = 1.25 mT/µ0 for the high-frequency excitation field. 

Both real and imaginary part of the first four nonlinear magnetic moment demodulations 

(𝑓1 + 𝑛 ⋅ 𝑓2 with 𝑛 = 1,2,3,4) are recorded. Before each measurement, a reference 

measurement with no sample installed is performed and used for background subtraction with 

phase correction of frequency-dependent phase shifts in post-processing of data. Please note 

that resistive heating inside the coil increased the temperature 𝑇 in the measurement head 

from ambient conditions to approximately 310 K, which is also considered in simulations (s. 

Table 2). 

3.2 Sample preparation 

Two types of commercially available MNP were used: nanomag-D-SPIO and perimag (both 

available from Micromod Partikeltechnologie GmbH, Rostock, Germany; product codes 79-

19-102 and 102-00-132, respectively). They were characterized according to the 

manufacturer’s data sheet with the following parameters (Table 1).  

Table 1. Properties of the MNP stock solutions used for experimental studies. 

Particle Type 
Hydrodynamic size 

𝑑𝐻 [nm] 

Poly-dispersity 

index (PDI) 

Particle 

concentration 

[mg/mL] 

Particles per 

mL 

Coating 

Perimag 130 < 0.25 25 1.6 ⋅ 1013 Dextran 

Nanomag-D-spio 100 < 0.25 5 4.3 ⋅ 1013 Dextran 

Of each type of MNP, a liquid sample of particles freely dispersed in water suspension, and a 

sample with particles immobilized on filters were prepared for FMMD measurement as 

follows: 20 µL of MNP stock solution was diluted in 280 µL of Milli-Q water. Half of the 

suspension was set aside as the liquid sample. The other half was dried on 5x5 polyethylene 

filters (Senova Immunoassay Systems, Weimar, Germany) at 70 °C to immobilize the MNP. 

Further details on the preparation method are found within this special issue in reference [36]. 

3.3 Simulation input 

All simulation input parameters were chosen to match the experimental input parameters for 

magnetite MNP, as listed in Table 2.  

Table 2. Simulation input parameters applied in the micromagnetic simulation model. 

Effective 

anisotropy 

constanta 

Saturation 

magnetization 

Ms 

Mass 

density of 

Magnetite 

 

Static field 𝑯𝟎 Excitation 

frequencies 

f1 and f2 

Excitation 

amplitudes 

H1 and H2 

Viscosity of 

surrounding 

(water) 

Temperature 

11 kJ/m³ 476 kA/m 5.2 g/cm³ 
(0, … ,24) mT/µ0; 

step size 1 mT/µ0 

136 Hz 

40 545 Hz 

14.55 mT/µ0 

 1.25 mT/µ0 

8.9 ⋅ 10−4 

Pa⋅s 
310 K 

a The literature value for bulk magnetite from [37] was used. Please find a short discussion 

explaining why we chose this value as the last paragraph in the discussion (section 5). 



The damping parameter 𝛼 was set to unity [38]. Simulations were carried out with Brownian 

rotation enabled and disabled (modelling freely suspended and immobilized MNP, 

respectively). Using a very narrow size distribution of 𝜎 = 0.05 and mean core sizes of 𝑑0 =
(10,15,20,25,30) nm as input for the relaxation dynamics simulations, we are able to 

generate the FMMD-signal isolatedly for a specific size-fraction of MNP. The narrow size 

distribution is chosen according to approximate the most monodisperse (narrow) MNP size 

distributions synthesizable at present [28,39].  

4 Results 
4.1 Experimental results from FMMD measurements  

Figure 1 shows the first four demodulations for 𝑓1 + 𝑛𝑓2; 𝑛 = {1,2,3,4} for both Perimag and 

Nanomag MNP suspended in water (Brownian & Néel relaxation allowed) and immobilized 

on filter columns (only Néel relaxation allowed). The data is normalized to the single highest 

intensity, occurring at an offset field 𝐻0 = 13 mT/µ0 in the first demodulation 𝑓1 + 𝑓2 for 

MNP in suspension in both samples. 

 

Figure 1: Experimental non-linear magnetic moment for (a) Perimag and (b) Nanomag MNP detected after dual frequency 
excitation at mixing frequencies 𝑓1 + 𝑛 ⋅ 𝑓2 with 𝑛 = 1,2,3,4 for immobilized and freely suspended (water) samples. Lines 
are meant to guide the eye. 

As can be easily seen from Figure 1, the FMMD signal is substantially diminished for 

immobilized MNP, which amounts to a decrease in the maximum of the first demodulation 

𝑓1 + 𝑓2 on approx. 45% for Perimag and approx. 30% for Nanomag. From a direct 

comparison between the two samples, one observes furthermore that Perimag MNP show 

generally sharper and more pronounced peaks in all four demodulations.  

4.2 Predicted results from relaxation dynamics simulations 

The relaxation dynamics simulated results predicting the FMMD signal for specific core size 

fractions are shown exemplarily for Perimag MNP in suspension (Figure 2a) and immobilized 

(Figure 2b). The data is normalized to the single highest intensity, occurring at an offset field 

𝐻0 = 13 mT/µ0 for 𝑑0 = 30 nm in the first demodulation 𝑓1 + 𝑓2 for MNP in suspension. 

Simulation data on Nanomag MNP can be found in Appendix A, Figure A1, which does show 

the exact same trends as seen for Perimag MNP, to be discussed later in section 5.  



 

Figure 2: Simulated non-linear magnetic moment for Perimag MNP (a) in suspension and (b) immobilized for dual frequency 
excitation at mixing frequencies 𝑓1 + 𝑛 ⋅ 𝑓2 with 𝑛 = 1,2,3,4 with specific core size fractions of mean core sizes 𝑑0 =
{10, … ,30} nm. Normalized to the highest total intensity. 

Figure 2 allows the following observations from comparison: 

 Larger mean core size distributions generally generate stronger FMMD signals. 

 10 nm mean core size distributions do not contribute to the signal at all. 

 The decrease in signal intensity for smaller mean core size distributions is more 

prominent for MNP in liquid suspension compared to immobilized MNP (cf. e.g. 𝑑0 =
20 nm; 𝑓1 + 𝑓2 and 𝑓1 + 2𝑓2).  

 For identical field and MNP properties, MNP in suspension generate a stronger signal 

than immobilized MNP; e.g. specifically for 𝑓1 + 𝑓2 and 𝑑0 = 30 nm (where the effect 

is strongest) the decrease for immobilized MNP compared to freely suspended MNP is 

25%. 

4.3 Consolidating experimental and simulated results 
In order to decide which specific size-fraction is actually applicable to either of the 

experimental MNP samples (Perimag and Nanomag), we calculated the respective size 

distributions according to the log-normal size distribution with a probability density function 

(PDF) given by [40]: 

PDF(𝑑𝑐 , 𝑑0, 𝜎) =
1

√2π⋅𝑑𝑐⋅𝜎
⋅ exp (−

ln2(𝑑𝑐/𝑑0)

2𝜎2 ) ,    (5) 

using 𝑑0 = 19 nm for Perimag [41] and 𝑑0 = 9 nm for Nanomag [42,43], both with a 

distribution width of 𝜎 = 0.3 in accordance with literature [17,42,44] and manufacturer data 

(Table 1). Figure 3 shows a comparison of these PDF for the experimentally used MNP to 

those distributions with input parameters used for simulations as described above. The PDFs 

are weighted to the number of particles. 

a) b)



 

Figure 3: Number-weighted probability density for (a) Perimag MNP (𝑑0 = 19 nm; 𝜎 = 0.3) and (b) Nanomag MNP (𝑑0 =
9 nm; 𝜎 = 0.3) compared to five different mean core sizes fractions (given in legend) of narrow distribution width (𝜎 = 0.05). 
Perimag and Nanomag are calculated for 50,000 particles; simulated size-fractions for 10,000 particles each (i.e. total areas 
under the curve are equal for experimental vs. simulated distributions). 

Figure 3 clearly indicates that Perimag MNP comprise a broad distribution of core sizes up to 

well above 𝑑𝐶 = 35 nm, with the most particles ranging in sizes of 𝑑𝐶 ≈ (15 − 20) nm. 

Contrastingly, Nanomag MNP display a narrower size distribution peaking at sizes 𝑑𝐶 ≈
(10 − 12) nm with the largest particles measuring 𝑑𝐶 ≈ 25 nm.  

From comparison to the overlaying distributions of the simulated size fractions, one sees 

directly that the contributions of 𝑑0 = 30 nm shall be discarded for Nanomag, as there is no 

overlap. Furthermore, taking into account that simulation showed no contribution to signal 

generation for 𝑑0 = 10 nm in both Perimag and Nanomag (s. section 4.2; Figure 2), we 

henceforth use simulations with 𝑑0 = {15,20,25,30} nm and 𝑑0 = {15,20,25} nm to describe 

Perimag and Nanomag MNP, respectively.  

For qualitative comparison of measured and predicted FMMD signal generation, Figure 4a 

exemplarily shows the experimentally measured data for immobilized Perimag MNP together 

with the simulated data for size fractions with 𝑑0 = {15,20,25,30} nm. All data lines are 

normalized to their individual highest value, therefore only allowing qualitative comparison 

of trends. Comparing simulated size fractions to experimental data, one sees that 𝑑0 = 15 nm 

does neither resemble the shape nor contribute substantially to the experimental signal. For 

the other size fractions, one observes that 𝑑0 = 25 nm qualitatively resembles the 

experimental data best across all four demodulations, while 𝑑0 = {20,30} nm frames the 

experimental data generally well. 

a) b)



 

Figure 4: Non-linear magnetic moment for dual frequency excitation at mixing frequencies 𝑓1 + 𝑛 ⋅ 𝑓2 with 𝑛 = 1,2,3,4 for 
immobilized perimag MNP for (a) qualitative comparison of experimental (open squares) and simulated data (solid lines) 
and (b) quantitative comparison showing the best fitting linear combination of simulated (transparent lines) to experimental 
data. Contributions for 𝑑0 = 15 nm is excluded from (b) as the linear contribution is negligible (s. Table 3). For comparison, 
all data-lines are individually normalized to itself. 

In order to also allow quantitative comparison of simulations to measured data, we use least-

square fitting to determine the most suitable linearly-weighted combination of the simulated 

size fraction signal, 𝐴sim,𝑑0
 (section 4.2), to the experimental data, 𝐴ex (section 4.1): 

𝐴ex = ∑ 𝑎𝑑0
⋅ 𝐴sim,𝑑0𝑑0

,     (6) 

with 𝑑0 = {15,20,25,30} nm for Perimag and 𝑑0 = {15,20,25} nm for Nanomag. Figure 4b 

shows the fitting exemplarily for immobilized Perimag MNP with very good agreement 

derived across all four first demodulations (𝑛 = {1,2,3,4}) of 𝑅2 = 0.995. The contributions 

of each simulated size fraction to the experimentally measured FMMD signal from fitting, 

𝑎𝑑0
, for Perimag and Nanomag-D, in liquid suspension and immobilized, are listed in Table 3. 

Table 3. Fitting parameters from least-square fitting size-fraction contributions from 

simulation to experimentally measured FMMD signal for 𝑑0 = {15,20,25,30} nm (Perimag) 

and 𝑑0 = {15,20,25} nm (Nanomag) for all samples. 

Sample: 𝒂𝟏𝟓𝐧𝐦 [%] 𝒂𝟐𝟎𝐧𝐦 [%] 𝒂𝟐𝟓𝐧𝐦 [%] 𝒂𝟑𝟎𝐧𝐦 [%] 𝑹𝟐 

Perimag 

in suspension 
<0.1 38.2 14.5 47.3 0.9921 

Perimag 

immobilized 
<0.1 46.0 27.7 24.3 0.9953 

Nanomag 

in suspension 41.1 34.4 24.5 N/A 0.9957 

Nanomag 

immobilized 36.6 33.6 29.8 N/A 0.9950 

With 𝑎15nm < 0.1 for Perimag, the fitting corroborates the qualitative observation made from 

Figure 4a that contributions from size fractions with 𝑑0 = 15 nm are not contributing to the 

measured FMMD signal. Furthermore, fitting suggests for suspended Perimag MNP that the 

a) Qualitative comparision b) Quantitative comparision



largest contribution to the measured FMMD signal stems from the size fraction of large 

particles with 𝑑0 = 30 nm (47.3%), followed by mid-size particles with 𝑑0 = 20 nm 

(38.2%), with 𝑑0 = 25 nm showing only minor contributions (14.5%). Contrastingly, for 

immobilized Perimag MNP, the order is reversed: the largest contribution stems from the 

mid-size particles with 𝑑0 = 20 nm (46.0%), followed almost evenly by 𝑑0 = 25 nm 

(27.7%) and 𝑑0 = 30 nm (24.3%).  

For Nanomag MNP we observe identical trends for suspended and immobilized samples in 

the fitted size-dependent contribution to FMMD signal generation with 𝑎20nm(≈
(36 − 41)%) > 𝑎25nm(≈ 34%) > 𝑎30nm(≈ (25 − 30)%). As will be discussed in section 

5, we attribute relative independence on the binding state to the intrinsic microstructure of 

individual Nanomag MNP. 

5 Discussion 
Our results confirm that larger particles dominantly contribute to the FMMD signal 

generation as previous research literature suggests [33,45]. This assumption is confirmed by 

extensively investigated results for other prominent biomedical applications of MNP, rating 

𝑑0~25 nm favorable for MPI signal generation [18,46] as well as heat generation for 

therapeutic MFH application [27,47]. Both theory and experiment predict the best results for 

close-to-superparamagnetic-limit sized magnetite particles (𝑑0~25 nm). Such monodisperse 

particles remain a general challenge in particle synthesis for many labs and for commercially 

available MNP formulations [43]: Especially for co-precipitation synthesis, broad size 

distributions spanning a range of up to 20 nm are still commonly found [17]. To improve 

FMMD applicability and sensitivity as a competitive biosensing procedure, it is therefore 

critical to quantify the exact contribution of each individual MNP systems size distribution to 

the overall FMMD signal generation. This quantification could then guide towards the most 

suitable MNP systems depending on the specific application. 

The presented method of using advanced magnetic relaxation simulations to predict the 

FMMD signal of size-fractions of MNP and fitting these to experimental data allows to 

directly quantify the specific size-dependent contributions to the overall signal, as 

summarized in Table 3. At first sight, our study corroborates generally that larger MNP with 

core sizes 𝑑𝐶 ≥ 15 nm generate the FMMD signal, as shown previously [33]. At a closer look 

of the analyzed MNP systems, however, there is more insight to be gained: The contribution 

of 𝑑0 = 15 nm size fraction is dominant in Nanomag MNP ((36 − 41)%) while it is 

negligible in Perimag MNP. Furthermore, Perimag MNP shows the strongest contribution to 

the signal for the largest size fraction with 𝑑0 = 30 nm (47.3%) when freely suspended but 

recedes to dominant contribution for 𝑑0 = 20 nm (46.0%) when immobilized. The former 

observation can be explained by the size distribution of the MNP samples, while the latter is 

addressed in terms of the availability of Brownian relaxation in the samples. Additionally, 

both phenomena can be linked to the specific microstructural arrangements of the MNP, as 

will be outlined in the following. 

As Figure 3 depicts, Nanomag MNP are more narrowly distributed, dropping to insignificant 

amounts of MNP with 𝑑𝐶 > 25 nm, while for Perimag, a substantial fraction of MNP with 

sizes 𝑑𝐶 > 30 nm are expected. As the fitting process (section 4.3) also takes the quantitative 

availability of MNP per sample into account, the fitting results (Table 3) confirm the natural 

assumption that for each MNP sample, the best combination of availability and core size is 

chosen. Therefore, knowledge of the MNP size distribution is indispensably important for the 

future design of ideal MNP-markers in FMMD-based immunoassays [35,48,49]. However, if 



such knowledge is inaccessible for any reason, the method presented in this work allows for a 

quantitative analysis.  

It is noteworthy that Nanomag MNP do not show a remarkable change in size fraction 

contributions for freely suspended versus immobilized particles, while Perimag does (i.e. 

shifting from dominant contribution for the largest fraction 𝑑0 = 30 nm for freely suspended 

towards a mid-size fraction 𝑑0 = 20 nm for immobilized (cf. Table 3). This observation can 

be explained in terms of the different microstructure of the samples: From XRD and SANS 

analysis, Nanomag MNP are confirmed to have its particles cores individually bound inside 

the dextran matrix [42]. With knowing the mean core size 𝑑0 = 9 nm, which is generally 

expected to relax Néel-dominated [50], an immobilization-independent trend in size-fraction 

contributions seems reasonable for Nanomag. Contrastingly, Perimag MNP have generally 

larger cores (𝑑0 = 19 nm) and are furthermore prone to clustering (see manufacturer’s data 

sheet and [51]), we expect a generally Brownian-dominated relaxation mechanism, especially 

since clustering is known to potentially increase the effective magnetic anisotropy constant 

and thereby further favoring Brownian relaxation contributions [52,53]. Therefore, it seems 

again reasonable that Perimag in suspension is predicted dominant contributions for large 

size-fractions with 𝑑0 = 30 nm, which also enables clusters to generate the signal. For 

immobilized MNP on the contrary, Brownian contributions of large single particles and 

especially clusters are cut back and the dominant contribution derived from fitting stems from 

the size-fraction 𝑑0 = 20 nm.  

The drop in FMMD signal for immobilized MNP compared to freely suspended MNP is 

experimentally found to be ≈ (30 − 45)% (Figure 1) and ≈ 25% in simulation (Figures 2 

and 1A) in both particle systems. This can be explained by the blocking of the Brownian 

relaxation mechanism, as both samples are expected to show significant Brownian 

contributions due to their significant content of large-core particles with 𝑑𝑐 ≥ 15 nm and their 

large hydrodynamic sizes of 𝑑𝐻 ≥ 100 nm (Table 1) [1,16]. A comparable effect has been 

reported experimentally for MFH applications, where MNP heating ability was demonstrated 

to drop by ~35% for MNP with 𝑑0 = 9 nm [54] and by ~50% for MNP with 𝑑0 = (12 −
15) nm [55] upon particle immobilization, both attributed to a total blockade of Brownian 

rotation. The discrepancy in experimentally and simulated decrease in our comparison might 

arise from excluding particle-particle interactions in simulations, which, however, are 

suggested to dominate in dried samples as our immobilized MNP and could further increase 

the effective anisotropy constant, as outlined in the former paragraph. Potentially, it would 

therefore be of interest to integrate clustering effects in future simulations [56] to further 

investigate this hypothesis. 

Lastly, the effective magnetic anisotropy constant, 𝐾eff, is generally dependent on the MNP 

core size, as for such a high surface-to-volume ratio, the crystal symmetry at the surface is 

broken by structural defects and broken exchange bonds [57]. The exact impact of core size 

on anisotropy, however, is still under discussion, with evidence for either an increase (e.g. 

[58]) or decrease (e.g. [59]) in 𝐾eff with increasing core size [60]. To deliberately excluded 

this discussion from the present study, we have therefore fixed the value of effective magnetic 

anisotropy to 𝐾 = 𝐾eff = 11 kJ/m³ in our current simulations (s. Table 2). This value 

represents magnetite bulk value and is commonly accepted as a valid (starting) assumption to 

model 𝐾eff [16]. However, we plan to see beyond this current limitation in our study design 

by varying 𝐾 values and probing its impact on FMMD signal generation in future simulation-

based studies. 



6 Conclusions 
We report on correlating experimental FMMD measurements on Perimag (𝑑0 = 19 nm) and 

Nanomag (𝑑0 = 9 nm) MNP systems with non-linear Néel-Brown magnetic relaxation 

dynamics simulations of different narrow size-fractions with 𝑑0 = {10,15,20,25,30} nm. In 

addition, MNP are prepared and simulated in suspension and immobilized. Experiment and 

simulation support the same conclusions, independently and for each of the MNP systems 

individually, as follows:  

 First, that large particles (𝑑0 = 30 nm) contribute strongest to the FMMD signal 

generation.  

 Second, that the underlying size distribution of the MNP must also be taken into 

account, regulating the quantitative contribution of each size-fraction.  

 Third, that blocking Brownian contributions by particle immobilization causes a 

decrease in FMMD signal by approx. 25%. 

By using weighted-fitting of results for simulated size-fraction to the measured FMMD signal, 

it is possible to quantify the size fraction that is majorly generating the FMMD signal under 

specific field and MNP conditions, which even allows to draw conclusions about the MNP 

microstructure and intraparticle arrangement (e.g. individually arranged MNP bound in matrix 

or potentially clustered cores). Such quantifications will allow to further fine-tune FMMD 

setup parameters (excitation amplitudes and frequencies) on the one hand, and specific MNP 

properties (mean core size, size distribution and other factors such as the magnetic anisotropy 

constant [16,61]) on the other hand, in order to advance FMMD utility in general and 

biosensing applicability in specific. 

As outlined in section 5.1, the presented work also generally demonstrates the capability and 

versatility of using advanced magnetic relaxation simulations to predict the FMMD signal 

generation along the following effects: 

 Reasonably predicting FMMD signal for two independent MNP systems; allowing 

assumptions about the underlying microstructure (individual MNP vs clusters) 

 Reproducibly and comprehensively deriving size-fraction dependent contributions to 

the signal in accordance with experimental size distributions 

 Resolving remarkable differences in the signal due to blocking of Brownian relaxation 

contributions for immobilized MNP in accordance with literature 

We have presented a comprehensive prediction of FMMD signals using micromagnetic 

relaxation simulations. In comparison to previous comparative modelling of simulated vs 

experimental FMMD signals (cf. [33]), it seems majorly important to choose the exact 

experimental field parameters for simulation input to calculate correct results. We consider 

our current results as a cornerstone to design solely simulation-based field-and MNP-

properties-dependent studies to further investigate and thereby reliably predict the ideal 

conditions for most sensitive FMMD biosensing application.  

Appendix 

Appendix A: Simulated prediction of FMMD signal for Nanomag MNP 

Figure A1 shows simulated size-dependent FMMD signal intensity for Nanomag MNP (a) in 

suspension and (b) immobilized. The data is normalized to the single highest intensity, 



occurring at an offset field 𝐻0 = 13 mT/µ0 for 𝑑0 = 30 nm in the first demodulation 𝑓1 + 𝑓2 

for MNP in suspension. The decrease in FMMD signal between freely suspended and 

immobilized MNP amounts to 24,0% for 𝑓1 + 𝑓2 and 𝑑0 = 30 nm. 

 

Figure A1: Simulated non-linear magnetic moment for Nanomag MNP (a) in suspension and (b) immobilized for dual frequency 
excitation at mixing frequencies 𝑓1 + 𝑛 ⋅ 𝑓2 with 𝑛 = 1,2,3,4 with specific core size fractions of mean core sizes 𝑑0 =
{10, … ,30} nm. Normalized to the highest total intensity. 
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