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Insightfully understanding the size-dependent electromagnetic properties of magnetic NPs will be

of great importance to explore their microwave applications
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Graphical Abstract. To insightfully understand the size-dependent electromagnetic properties of

magnetic NPs will be of great importance to explore their microwave applications.

Highlights

* High performance Fe3Os4 NPs with different sizes were ultra-fast prepared by microwave assisted
thermal decomposition approach

* The size-dependent magnetic behavior and microwave absorption performance of these Fe3O4
NPs was studied systematically.

* The micromagnetic simulation (OOMMF) was used to insightfully understand the size effect

associated with energy variation in electromagnetic filed.

A great deal of effort has demonstrated magnetite nanoparticles (Fe3O4 NPs) are important subject
applied in tumor hyperthermia due to their excellent magneto-thermal effect. Our previous study
had ultrafast prepared 6 nm Fe3O4 NPs via microwave approach and found that these small size
NPs are responsible for microwave energy conversion to accelerate NPs formation. Hence, we
suppose that investigating the size-dependent behavior of Fe3Os4 NPs should be beneficial for
developing their electromagnetic energy conversion application for hyperthermia. In this study,
Fe3O4 NPs with four sizes (ie. 4 nm, 20 nm, 50 nm and 200 nm) were prepared by a rapid
microwave synthetic strategy. The specific absorption rate (SAR) value and reflection loss (RL)

value of samples were investigated by measuring the time-dependent temperature curves in
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alternating magnetic field (AMF, 390 and 780 kHz, 12A) and via vector network analyzer (VNA)
range from 2-18 GHz, respectively. Results indicated that using magnetic induction hyperthermia
frequency Fe3Os4 NPs with single domain size of 20 nm possess maximum, whereas the RL value
increases with the size at microwave frequency. More importantly, the frequency of maximum RL
value was matched with the clinical microwave hyperthermia. We subsequently introduce the
micromagnetic (OOMMEF) simulation to help understanding the issue due to the fundamental
importance of size effect for magnetic NPs in energy conversion. Simulation results suggested that
coupling interaction and magnetic dipole-dipole interaction between magnetic NPs and
electromagnetic field would be seen as synergistic effect to impact absorption behavior, and we
believe that this work can provide a valuable reference for size selection of magnetic nanoparticles

in clinical application of hyperthermia.

Keywords
magnetic nanoparticles, size-dependence, magnetic induction heating, microwave absorption,

micromagnetics simulations

1. INTROUCTION.

In the past few years, numerous investigations have focused on utilizing high quality magnetite
nanoparticles (Fe3O4 NPs) to solve mass practical issues, ranging from bio-medical applications
to electronic device, and even for military purposes!~. Currently, taking advantage from the high

saturation magnetization, good stability and excellent biocompatibility of Fe3O4 NPs for tumor
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hyperthermia have attached much concern*?. The heating behavior of magnetic NPs not only can
be induced by alternating magnetic field in terms of the linear response theory of Rosensweig
(Brownian relaxation and Néel relaxation) or nonlinear hysteresis losses, but also arisen from
magnetic NPs to absorb the electromagnetic wave and then attenuate it in the form of thermal
energy via magnetic or dielectric loss, respectively®®.

Since the magnetic property of Fe3Os4 NPs has been shown to have a direct impact on
hyperthermia performance, and the enhanced heating efficiency can be achieved by optimizing
their geometric shape, surface modification and composition, masses of synthetic method have
been made and demonstrated this issue with promising’!2. However, apart from the issue
mentioned above, the size factor was regarded as the most significant contributor for energy
conversion while exposed to electromagnetic field to affect final properties and performances '*
'8, For instance, Ma and co-workers prepared Fe3Os4 NPs by co-precipitation approach with
different diameters. The results indicate that the SAR values are strongly size dependent while
exposed them in an external alternating magnetic field (80 kHz, 32.5 kA/m). For small sizes
samples of 7.5 and 13 nm, the main contribution as consequence of a combination of Néel and
Brown processes, whereas the SAR values increase as sizes decreases from 416 to 46nm, then
hysteresis loss took charge!”. Besides, Lv et.al synthesized octahedral Fe3O4 NPs with sizes
varying from 43 to 98 nm via thermal decomposition route, and they found that these NPs also
exhibit high SAR values in accordance with size effect. As soon as the internal magnetic spins
of NPs relax in phase, energy associated with transitions would immediately emitted as heat
for high performance magnetic hyperthermia application'®,

In addition, Fe3sOs NPs also acting as an important subject for microwave absorption, which

owing to their high saturation magnetization and fine impedance match feature to achieve
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1920 and there have been many well-known papers for

electromagnetic energy conversion
magnetic NPs having excellent electromagnetic absorption performances and enhanced
microwave heating behavior?!->. Our previous study took advantage of it to ultrafast synthesize
monodisperse Fe3O4 NPs, and demonstrated that as-synthesized 6 nm NPs possess good absorption
ability and great RL value of -15 dB at 2.45 GHz, which is responsible for conversion of
microwave heat to accelerate nanoparticle ultrafast formation?*. Similarly, Ding et al. reported a
hydrogen-wet reduction template method in producing Fe3O4 nanodiscs with tunable size of 80 to
500 nm, the results also indicated that the particle size is crucial for the microwave electromagnetic
and absorption properties of the as-synthesized nanodiscs *°.

These characteristics illustrated that the ideal absorbing performance caused by particle size
could be well tuned via ingenious design of synthetic strategy. In fact, different absorption
behavior have been often reported for a given nanoparticle size, which arising mainly from the
inherent dillculties for obtaining monodisperse nanoparticles in a wide range of sizes using the
same synthesis method. Moreover, due to the limited studies on the size-magnetic property
relationships, so that a full understanding cannot be reached. Therefore, utilizing the feasible way
to obtain different size NPs and figuring out the interrelation between size and microwave
absorbing properties has become a particularly urgent need’*2%, Microwave irradiation in general
are thermal distributed uniformly and responsive to minimize thermal gradient, hence, could
achieve enhanced reaction rate and leading better results. Recent studies have demonstrated this
issue with promising and exciting, such as Li et.al used microwave heating for one-pot ultrafast
self-assembly of autofluorescent polyphenol-based core@shell nanostructures®, as well as the

recent related works can be seen in literatures®*-3*. Herein, we developed a universal microwave-

assisted thermal decomposition approach for Fe3O4 NPs preparation with 4 sizes (ie. 4 nm, 20 nm,
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50 nm and 200 nm). Meanwhile, the Vibrating Sample Magnetometer (VSM), Alternating
Magnetic Field (AMF) and Vector Network Analyzer (VNA) was used to evaluate the magnetic
property, magnetic-induced heating and microwave absorption performance of NPs. Furthermore,
the Object Oriented MicroMagnetic Framework (OOMMF) simulation was used to insightfully
understand the microwave absorbing regular pattern on size el Ject. Taken together, these findings

would provide evidences to improve the application of Fe3O4 NPs in magnetic hyperthermia.

2. MATERIALS AND METHODS.
2.1. Materials.

Ferric Acetylacetonate (Feacacys, 99.9 %), Oleic Acid (OA, 90 %) and Oleylamine (OAm, 90
%) were purchased from Sigma-Aldrich. Octadecene (ODE, 90 %) was obtained from Alfa Aesar.
The Ethylene Glycol (EG, 99 %) and Isooctane (99 %) were purchased from Aladdin Industrial
Corporation (China). Ethanol (95 %) and Acetone (99 %) were obtained from Sinopharm
Chemical Reagent Inc. (China).

2.2. Synthesis of 4 sizes FesOs NPs via Microwave-Assisted Thermal Decomposition
Approach.

Fe304 NPs were synthesized via the single mode microwave reactor monowave 300 (Anton-
Paar, Austria). Monowave 300 operates at 2.45 GHz frequency with a maximum input power of
850 W, temperature could be monitored by external infrared sensor (IR) and internal fiber-optic
(FO) probe simultaneously. The unique Pyrex vessel can withstand the highest reaction
temperature of 300 °C and pressure of 32 bar that is equipped to prevent from accident during
reaction.

2.2.1. Synthesis of 4 nm Fe3O4 NPs.
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Typically, I mmol Fe@cac)s was added into mixed solvent which consist of 10 mL OAm, 4 mL
OA and 2 mL ODE in a 30mL Pyrex vial. Under microwave power (max. 850 W), mixture was
firstly heated to 200 °C in a ‘ASAP’ procedure and kept 10 min. In succession, mixture was further
heated up to 230 °C in 5 min then hold 15 min till reaction done. Subsequently, system was cooled
down to 60 °C by compressed air in approximately 3 min. After 5 steps of operations, NPs washed
with ethanol and acetone then dried fully in a vacuum oven.

2.2.2. Synthesis of 20 nm Fe3O4 NPs.

The 20 nm in size of Fe3O4 NPs were synthesized similarly to the synthetic process of 4 nm in
size, 1 mmol Feacac)s was added to the Pyrex vial containing 8 mL OAm, 2 mL OA and 6 mL
ODE. After sealing was done, the vial was heated to 200 °C in appropriate rate for ca. 5 min, and
hold there for 10 min under microwave power (max. 850 W). The subsequent steps were following
a similar procedure as above, expect for heating source was then heated up to 270 °C in 5 min then
aged for 15 min until reaction done.

2.2.3. Synthesis of 50 nm FezO4 NPs.

The synthesis of 50 nm Fe3O4 NPs was conducted in a similar procedure as mentioned above,
except for adding additional of 2 mL EG into the mixture solvent system. Under microwave power
(max. 850 W), reaction was performed in totally the equivalent procedure.

2.2.4. Synthesis of 200 nm Fe3O4 NPs.

The larger size of Fe3O4 NPs can be formed in bulk OAm solvent. For a typical synthetic
procedure of 200 nm in size, the mixture in 30 mL Pyrex vial was heated to 220 °C in appropriate
rate for ca. 6 min and maintain this status for 10 min under microwave power (max. 850 W). The

system was then heated to 300 °C and aged in total 30 min until reaction done.
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2.3. Characterization of FesO4 NPs.

Transmission electron microscopy (TEM, Tokyo JEOL JEM-2100) with the addition of high-
resolution (HRTEM) and selected area electron diffraction (SAED) pattern was used to identify
the morphology and microstructure of microwave formed Fe3O4 NPs. The diameters of NPs were
measured with a particle size/potential analyzer (Malvern, Zetasizer ZS90, UK). The
corresponding composition of NPs was investigated by X-ray energy dispersive spectrometer
(EDX, Zeiss Ultra Plus, Germany). The phase of NPs was studied by using a Powder X-ray
dilJraction (XRD) spectra that recorded on a Bruker X-ray dillractometer (DS8-Discover,
Germany), operated at 40 mA and 40 kV. Magnetic property of the NPs was investigated in VSM
(Lakeshore 7407, USA) at room temperature. Iron concentration of NPs was evaluated by classical
1,10-phenanthroline (phen) complexation spectrometry method based on the C-A (absorbance
versus iron concentration) calibration curve by UV-visible spectrophotometer (Shimadzu, UV-
3600, Japan).

2.4. Inductive Heating Property of NPs under AMF.

The heating experiments were accomplished in the magnetic heating system (Shuangping SPG-
06-11, China) under frequency 390 and 780 kHz, 12 A respectively. 1 mL isooctane solution with
iron concentration of 1 mg/ mL in a thermal insulating plastic tube was placed inside the coil. The

temperature was measured with a FOT series fiber optic sensor (FISO, Canada).

2.5. Electromagnetic Characterization.
The microwave electromagnetic properties for FesOs NPs were measured by VNA (Agilent
PNA N5224A) using the coaxial transmission-reflection method under the frequency range of 2-

18 GHz. The samples are dispersed by homogeneously mixing with wax at the mass ratio of 7:3
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and then fill as toroidal-shaped (¢ in: 3.04 mm and ¢ out: 7.0 mm). Notably, the calibration of full
two-port should be done before initially performed to remove errors. Then the permittivity and

permeability can be calculated by the software which has been installed in Agilent PNA.

2.6. OOMMF Simulation.

Finite difference method was used to simulate the four sizes NPs (ie. 4 nm, 20 nm, 50 nm and
200 nm) and the same mesh of 1 nm *1 nm *1 nm was designed to be regular with shape for them,
respectively. In terms of the OOMMEF software description, the highest level of simulation
accuracy was assigned as atomic level (107'° m), hence, the currently cell size of the mesh would
not affect by the precision as well as the correctness can be guaranteed **. Note that the frequency
was inputted to be same of the microwave reactor at 2.45 GHz during the computational procedure.
The Oxs Runge Kutta Evolve was defined as: Time evolver implementing several Runge-Kutta
methods for integrating the Landau-Lifshitz-Gilbert. Since the smaller size superparamagnetic
NPs can be seen as single domain, therefore the four sizes NPs in the alternating magnetic field
were presented as a periodic sine function, and the boundary was defined according to the action

time: comment {run for 20 ns total, with a stage event triggered every 1 ns.} stopping_time le”.

3. RESULTS AND DISCUSSION.
3.1. Structural Characteristics.

The Fe304 NPs prepared by microwave approach with 4 different sizes were characterized by
TEM, HRTEM and SAED, as well as the DLS data can be seen in Figure 1. The TEM and DLS
results showed that the as synthesized Fe3Os NPs with single-crystal cubic spinel structure, and

the average sizes with respect to 4, 20, 50 and 200 nm, respectively (Figure 1 A1-DI1 and the
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insets). The HRTEM and SAED images indicated that lattice spacing of 0.281 nm and 0.289 nm
could be assigned to the (220) planes of magnetite for both 4 nm and 20 nm NPs, respectively
(Figure 1 A2-B2 and the insets). For 50 nm NPs, the lattice spacing of 0.462 nm and 0.249 nm
could be assigned to the (111) and (311) planes (Figure 1 C2 and the inset). Also, the 200 nm in
size NPs with lattice spacing of 0.463 nm was identified as the (111) plane of magnetite (Figure 1
D2 and the inset). The corresponding composition of microwave assisted thermal decomposition
formed NPs was investigated by Raman spectrum in our previously report®*. Typically, the EDX
analysis further revealed the Fe and O element composition of the microwave formed samples, as
shown in Figure S1 (supporting information). Besides, XRD pattern of the products at room
temperature revels all the signals of NPs are highly crystalline peaks in accord with the standard

crystal phase of magnetite (JCPDS No. 65-3107), (Figure S2).

3.2. Magnetic Characteristics.

It is well known the magnetic properties of NPs depend largely on particle size*>=¢. As expected,
these microwave formed NPs exhibited unique size-dependent magnetic performance. The
hysteresis loop measured in Figure 2A showed that the ca. 4 nm NPs are superparamagnetic due
to the hysteresis loop crosses the origin and there is almost no coercivity and remnant
magnetization observed. When the size increases to 20 nm, the coercivity and remnant
magnetization can be clearly seen in the inset of Figure 2B and the saturation magnetization (M)
value is 81 emu / g, which is about two times larger than the 4 nm NPs (42 emu / g). Similarly, the
hysteresis loops of 50 nm and 200 nm NPs exhibited the typical ferrimagnetic hysteresis behaviors
with the M; value of 85 and 95 emu / g, respectively, which are quite close to the bulk value of

Fe304 NPs (Figure 2C and D)*’.
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3.3. Magnetically Induced Heating Measurements.

These 4 sizes of microwave formed products were measured in AMF to evaluate their
magnetically induced heating efficiency. The specific absorption rate (SAR) value is for
quantifying the heating elIciency of the magnetic materials, in fact, it as a standard criterion is
significantly related to field amplitude and frequency, Ms, particle size, etc. The value of SAR can
be calculated by the following formula®®:

c;m; . AT
SAR::Z—ﬁEEX——
Mpre At

(1)

Where Ci is the specific heat of the species in solution, AT/At stands for the initial slope of T/t
curve; m; is the weight of the whole suspension and mr. means the total mass of iron. Temperature
rising curves in AMF (390 and 780 kHz, 12 A) of the as-synthesized NPs are exhibited in Figure
3, as well as the calculated SAR values of NPs with uniform iron concentration of 1.0 mg /mL in
isooctane solution (the specific heat capacity of isooctane is 3.23 kJ - kg - K'!) are presented in
Table 1. Notably, the enhanced heating capacity which is not consistent with the saturation
magnetization mentioned above, and there has no obvious heating behavior observed for the 4 nm
NPs, and the 200 nm NPs, respectively. Both of them own the poor SAR values (62.5 w/g for 390
kHz and 261.9 w/g for 780 kHz). Unexpected, the 20 nm NPs possess the highest SAR value
(398.4 w/g for 390 kHz and 1457.2 w/g for 780 kHz), which is 2 fold higher than 50 nm NPs
(151.3 w/g for 390 kHz and 678.2 w/g for 780 kHz) under identical conditions. As previously
reported, the high SAR values for 20 and 50 nm Fe3O4 NPs are due to comprehensive contributions
from Brownian losses (friction arising from total particle oscillations), Ne¢l losses (rotation of the

magnetic moment with each field oscillation) and single domain particle hysteresis effect®”.

12/30



Obviously, these microwave formed NPs 20 nm and 50 nm NPs own the outstanding magnetic-

induced heating performance will be promising for magnetic mediated hyperthermia.

3.4. Microwave Electromagnetic Properties.

In order to corroborate whether the magnetic nanomaterials possess the size-dependent
microwave absorption performance or not, the corresponding electromagnetic parameters of these
microwave formed Fe3O4 NPs were tested by VNA. Figure S3 shows the real part and imaginary
part for both permittivity (¢, €”) and permeability (¢’ u") of the as-synthesized NPs/paralin
composite (30% mass fraction) in the frequency range of 2-18 GHz. To our best knowledge,
microwave absorption properties are closely related to impedance matching, as well as the energy
loss that comprised of dielectric loss and magnetic loss. Here, the &’ value is almost constant for 4
samples in the 2-14 GHz range, 4, 20 and 50 nm NPs were maintain in the value range of 5-6,
whereas the 200 nm NPs kept the value around 12. In addition, the tendency of ¢" values for these
four samples in general agree well with the change mentioned above, and the typical dielectric
relaxation signal that value decreases with frequency increasing has not appeared*® (Figure S3 A
and B). However, different from ¢’ values, the ¢” value of 4 and 200 nm was much higher than 20
and 50 nm, obviously, the resonance peaks accrued not only shift across the higher frequency site
(14-17 GHz) but also become stronger. The resonance behavior for 4 nm NPs may be ascribed to
magnetic dipole polarization that arises from poor crystallinity, due to low aging temperature
formed NPs is easy to induce the lattice defects *!. Since the 200 nm NPs was obtained by changing
the aging temperature increasing from 230 °C to 300 °C, the temperature gradient can introduce

more external interface and enhance the crystallinity, so that the overall conductivity increases
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with increased temperature, then leading to a simultaneous increasing in dielectric imaginary and
energy loss, and more analysis and verification should be continued®.

Interestingly, the permeability for these samples seems probably not in order, but all of the real
part (u') and imaginary part (1#") values exhibited a sharp fall trend with increasing frequency
(Figure S3C and D). Especially, the ¢’ value for 20 and 50 nm NPs reached the minimum at the
frequency around 6-7 GHz, whereas the minimum x' value for 4 and 200 nm NPs can be reached
at the frequency of 17 and 15 GHz, respectively. Since the imaginary parts of the electromagnetic
parameter imply the loss of electric and magnetic energy, hence, the increased ¢” in compared with
the decreased u" value (-1 at 18 GHz and -0.4 at 17 GHz) for both 4 and 200 nm NPs indicated
that magnetic behavior would be modulated by the dielectric behavior. It should be noted that in
terms of Maxwell equations, if the magnetic field was induced by an ac electric field that would
dominate the external magnetic field, and then presented the change trend of permeability inversed
to that of the permittivity. Obviously, the negative permeability u " value was attributed to the large
eddy current induced, which indicated that magnetic energy is radiated out and transferred into
electric energy eventually* (Figure S3 C and D).

It is known that microwave magnetic loss is always in corresponding to hysteresis, eddy current
loss, and resonance that composed by domain wall and natural resonance. In fact, the values of
u"(u')f! should be constant as frequency increases if the magnetic loss only originates from the
eddy current loss, otherwise, other issues should be taken into consideration**. Apparently, the
eddy current loss is predominantly contributing to u" for 4 sizes NPs with varying frequency®,
Figure S3E. Meanwhile, the similar tendency for magnetic loss tangent tand, of these samples,
Figure S3F. Therefore, the magnetic loss in our case is mainly caused by eddy current loss rather

than domain wall resonance and magnetic hysteresis, due to magnetic hysteresis from irreversible
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magnetization only takes place with strong applied field, as well as the domain wall resonance
occurs usually in lower frequency (MHz)*.

In addition, based on the measured data of the complex permittivity and permeability, the
reflection loss value (RL) at a given frequency and coating thickness was calculated from the

transmission line theory*’:

" 2nfd
Zip = ZO\/E_rtanh (] % V.urgr) (2)
Co = 1" (W)f " = 2mped X 20 3)

RL (dB) = 20log|(Zin — Zo) + (Zin + Zo)|  (4)

Where Zin as the input impedance of the sample and Zy is treated as the impedance of air, as well
as f'is the matching frequency, c is the velocity of the electromagnetic wave in free space while d
is the thickness of the sample. As shown in Figure 4, all the RL curves reached minimum values
when the coating thickness and frequency satisfied the matching relationship. Notably, a
considerable RL less than -10 dB covering the frequency range of 2-4 GHz is regarded as the
suitable microwave hyperthermia medium. In fact, the 4 nm NPs exhibit the maximum RL value
of -12.8 dB at 17.5 GHz (thickness of 6 mm), and the bandwidth less than -10 dB covering the
16.4-18 GHz range (Figure 4A). Meanwhile, the maximum RL value -33.7 dB occurred at 4.6
GHz on the same thickness, and the bandwidth less than -10 dB covering the 2.3-7.7GHz range
was observed for 20 nm NPs, Figure 4B. However, the 50 nm NPs own the maximum RL of -37
dB at 2.68 GHz, and the RL value less than -10 dB was covered the range from 2 to 7.6 GHz.
Among which, the 200 nm NPs possess the highest RL value of -40.2 dB in 6 mm thicknesses
(2.96 GHz), and the absorption range less than -10 dB was located at the range between 2 to 8.9
GHz, Figure 4C and D. As a result, RL values raised with increasing size from 4 to 200 nm,

moreover, based on the microwave absorption features, we believe that the larger size NPs (ie. 50
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and 200 nm) are more suitable as energy conversion medium to meet the requirements of

microwave therapy.

3.5. Micromagnetic (OOMMF) Simulation.

Since the size-dependent microwave absorption and electromagnetic waves attenuation
behavior was confirmed by Fe3Os NPs to achieve energy conversion, hence, it is necessary by
virtue of OOMMEF simulation for providing theoretical basis to figure out the intrinsic mechanism
of relevant energy variation with different size. We firstly simulated the circumstance which only
in presence of single particle under the electromagnetic field, and the corresponding arrangements
of the magnetic moments in one period sine wave (0 s~3.04 €% s) for these 4 different sizes
samples were exhibited in Figure 5. Though subjects were set in the same sphere-like morphology
to suppress interference for easier comparison, the magnetization status in given fields were
significantly different at the same time. While at original time (0s) without applied magnetic field,
the magnetic moments were disordered for all NPs. As time goes by, the arrangement of magnetic
moments for 4nm, 20 nm and 50 nm NPs keep rotating different degrees with interaction time,
whereas for the 200 nm in size NPs exhibited vortex-like phenomenon. The behavior was matched
with the trend of size effect due to magnetite NPs become a single domain when the size is smaller
than 50 nm, the magnetization status is randomized by thermal energy to present
superparamagnetic. As the size gained to be multi-domain, where coercivity could be maximized
in behavior of ferrimagnetic or ferromagnetic*. In addition, we also investigated the status while
there were two particles in electromagnetic field with same conditions for further explore the effect
of the dipole interaction between magnetic nanoparticles on microwave absorption properties

under electromagnetic field, the variation in trend for 4nm, 20 nm were similar at the same point
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under microwave magnetic field. Whereas for 50 nm NPs was found to be vortex-like, and
different from both, the magnetic moments were disordered for the 200 nm sample, which means
that the interaction between particles affects the rotation of magnetic moment (Figure S4).
Taking into consideration that the total free energy of the system mainly composed by
magnetostatic energy, anisotropy energy, exchange and Zeeman energy, hence, not a single one
can be omitted due to it can reflect the stabilized state of magnetic NPs magnetization and their
dynamic process under the electromagnetic field. The value of free energy can be deduced in terms

of the Landau-Lifshitz-Gilbert formula**-:

dM a dM
&= —|)/|MXHeff+M—S(M><E) (5)

Where M is the magnetization, Hes is the effective field and o means the damping constant, as
well as y is the Gilbert gyromagnetic ratio. Generally speaking, the magnetostatic energy is making
responsible for the magnetic domain to be generated within the magnetic NPs. In Figure 6A, the
magnetostatic energy exhibited size-dependence. For 200 nm in size NPs, the value decreases
sharply to reach a minimum then surrounding in periodic change. In comparison, the 50 nm NPs
presented periodical trend change with time, whereas there has no obvious changing tendency for
4 and 20 nm particle due to the multi-domain structure and its movement is chaos for larger size
NPs, which would consume far more energy for domain walls keep moving while they become
pinned at grain boundaries through a sample®!. The tendency of anisotropy energy (magneto-
crystalline anisotropy) was similar for 200 nm particle as plotted in Figure 6B, except the value
was increased in the short beginning and then maintain the cycle fluctuations change, however,
the value decreases with the size decreeing for 50 nm, 20 nm and 4 nm particle, respectively. The
variation may in correspondence with the status of spin-orbit coupling, which could determine the

direction of magnetization for each magnetic domain in electromagnetic field *2.
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From the comparison in exchange energy, the value for both 50 and 200 nm decreases to reach
a minimum then became a constant, instead, the variation tendency for 4 and 20 nm are very trivial.
The situation indicated that in order to hinder the spin rotation, the parallel orientation of the atomic
magnetic moment inside the magnetic domain should overcome greater resistance for large size
NPs>?, Figure 6C. Meanwhile, part of Zeeman energy change is the same as to anisotropy energy
except the 200 nm NPs fluctuated in sharp distinction, which means that 200 nm Fe304 NPs show
stronger magnetic coupling interaction with microwave electromagnetic field than the others>,
Figure 6D.

Turning the case while concerning the interaction between magnetic NPs under the identical
conditions, apparently, the value of free energy for whole system increased significantly in
comparison to the case of single particle in electromagnetic field, which was ascribed to the
magnetic dipole-dipole interaction between MNPs had made a positive contribution, Figure S5 A-
D. The results from two models provide persuasive evidence for demonstrating the absorption
properties are strongly size dependent due to the larger size particle is more sensitive to the
magnetic field than the small one. More importantly, as the size increases, the coupling effect
between magnetic NPs combined with the interaction of electromagnetic field will be considered

as the synergistic effect to impact microwave absorption properties®>>°.

4. CONCLUSION.

In conclusion, the FesO4 NPs with different sizes were synthesized by our rapid microwave-
assisted thermal decomposition approach. These microwave formed magnetic NPs exhibit
interesting size-dependent magnetic behavior and microwave absorption performance. Moreover,

due to the fundamental importance of size effect for magnetic NPs in energy conversion, we
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introduce the micromagnetic (OOMMEF) simulation to help understanding the issue. The internal
connection between size and energy can be explained by Landau-Lifshitz-Gilbert equation. The
critical issue for size-dependent microwave absorption performance concern energy variation,
which was highly correlative with the electromagnetic field and interaction between NPs. We
strongly believe that, this work would not only deepen the understanding of size dependent

microwave absorption properties of magnetic NPs, but also can enrich the microwave applications.

SUPPORTING INFORMATION
The EDX analysis of microwave formed Fe3O4 NPs, XRD patterns of NPs with difference sizes,

electromagnetic parameters and OOMMEF simulation of two particles in electromagnetic field.
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Figure captions.
Figure 1. TEM images, HRTEM images and corresponding SAED patterns, as well as the DLS
measurement of microwave formed Fe3O4 NPs with difference sizes: (A) 4 nm, (B) 20 nm, (C) 50

nm and (D) 200 nm, respectively, scale bar 5 nm.
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Figure 2. Field-dependent hysteresis loops (M—H) at room temperature of microwave formed

Fe304 NPs with difference sizes: (A) 4 nm, (B) 20 nm, (C) 50 nm and (D) 200 nm.
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Figure 3. Experimental equipment of magnetically induced heating measurement (A), Time-
dependent temperature curves of 4 sizes Fe3O4 NPs in isooctane (Img/mL) under AMF with

frequency of 390 kHz (B) and 780 kHz (C), and both the current are 12 A.
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Figure 4. Frequency and thickness dependence of refection loss (RL) for (A)4 nm, (B) 20 nm, (C)

50 nm and (D) 200 nm Fe3O4 NPs in wax composite with different thickness, respectively.
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Figure 5. Corresponding OOMMF simulation on top view of magnetization status of single

particle in a certain cycle (A) 4 nm, (B)20 nm (C) 50 nm and (D) 200 nm, respectively.
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Figure 6. OOMMEF simulation of Free energy dependence on time of single particle with 4 sizes
for (A) magnetostatic energy, (B) anisotropy energy, (C) exchange and (D) Zeeman energy,

respectively.
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Table 1. The Calculated SAR Values, M; and size of microwave formed Fe3Os NPs.

Size (nm) 4 20 50 200
Frequency
(kHz) 390 780 | 390 780 |390 780 |390 780
Calculated

SAR(W/Q) | 336 g7 |3984 1457.2|151.3 678.2| 625 261.9

Ms(emu/ Q) 42 81 85 95
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