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Orientation-dependent thermogenesis of assembled magnetic

nanoparticles in the presence of alternating magnetic field

Jianfei Sun*®, Fengguo Fan®® ™ Peng Wang®?, Siyu Ma!®, Lina Song®® and Ning Gu*®

Abstract: Thanks to the thermogenesis in the presence of
alternating magnetic field, magnetic nanoparticles have exhibited a
promising role in local heating in vivo. However, the flexible control
of thermogenesis for the given nanomaterials remains challenging.
Here, we proposed that the thermogenesis of assembled magnetic
nanoparticles can be controlled by orientation of the film relative to
external field. This idea arises from the principle of energy
conservation that is formulated by the Poynting’s theorem in
electromagnetics. We firstly proved the thermogenesis of magnetic
nanoparticles under alternating magnetic field was directly relative
with the energy flux of field rather than the field intensity. Then
alteration of orientation can lead to different incident electromagnetic
energy for the film of nanoparticles, where cross-section of energy
absorption played a crucial role. We developed a method to directly
measure the complex susceptibility of assembled film to confirm this
point. This work will be of great importance for the applications
based on the electromagnetic energy conversion of nanomaterials.

Thanks to the thermogenesis in the presence of alternating
magnetic field, magnetic nanoparticles have exhibited a
promising role in local heating in vivo, which can be used for
hyperthermal therapy™, controlled release of drugs™ 2, deep
brain stimulation™ and so on. There have been numerous
reports about the design of synthesis route to realize better
magnetothermal performance,” among which one significant
advance recently is the exchange-coupled magnetic
nanoparticles with efficient heat induction.®! As far as the
magnetic nanoparticles are concerned collectively, it was also
discovered that the interaction between nanoparticles can
significantly influence the collective thermogenesis.!® Although
the thermogenic mechanism of one nanoparticle seems clear,
how to control the collective thermogenesis flexibly for the given
nanomaterials remains challenging. This issue will become more
important with the emerging application of two-dimensional
granular  film-based devices because the collective
thermogenesis of granular film is dependent upon not only the
nanoparticles but also the interactions between them. With the
architecture  augmenting, the thermogenic control by
composition of individual nanoparticles is increasingly difficult to
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apply in whole system. Here, we proposed that the
thermogenesis of assembled film of magnetic nanoparticles can
be controlled by altering the orientation of film relative to the
external field. The mechanism lies in the different incident
energy which is formulated by the Poynting's theorem in
electromagnetics.” The magnetothermal effect can be regarded
as a conversion from electromagnetic energy into thermal
energy. Thus, the thermogenesis can be controlled by the input
energy from alternating magnetic field. This strategy has the
advantages of flexibility, simplicity and substantivity. In practical
application, this means is a complement to the tailored synthesis
of nanomaterials. Furthermore, the cross-section of energy
absorption was found to play an important role in the orientation-
dependent thermogenesis. We developed a method to measure
the complex susceptibility of assembled film. With these data,
the role of collective cross-section of energy absorption in the
thermogenic regulation process was proved.

For a time-varied electromagnetic field, the energy is
propagating along direction of the energy flux density vector, i. e.
the Poynting’s vector (§ , §=Exg) rather than that of the
magnetic field intensity (ﬁ). For a macroscopically continuous
medium, the input energy (E; ) from the electromagnetic field
into the medium relies on both the energy flux density and the
projected area (;) of the medium in the energy flux density
vector, which can be expressed by the Poynting’s theorem:

wattless

° @
where E_, E_, Ej and E ... meanthe magnetic loss, the
electric loss, the joule heat and the wattless power, respectively.
Because of the energy conservation, their sum should be equal
to the input energy. Seen from Eq. 1, the incident energy can be
tuned by the control of interaction between the medium and the
Poynting’s vector, including the morphology of medium and the
relative orientation of medium with the field if the alternating
magnetic field is given. As far as the aggregates of nanoparticles
are concerned, the case is a bit different because the medium is
not microscopically continuous. If there is negligible interaction
between nanoparticles, the energy absorption should be sum of
the individual nanoparticles. That means

Ein = Z Eiin
@

where Ein is the input energy of granular film, Ei'n the input
energy of individual nanoparticle and N the number of
nanoparticles. For one magnetic nanoparticle, the
thermogenesis in unit time is expressed by

P=(uHaor)?I[2ckTm1+ 0’7?)] ®3)
where u is magnetic moment of nanoparticle, H and @
intensity and angle frequency of alternating magnetic,

respectively, 7 relaxation time of nanoparticle, m mass of
nanoparticle and k and T Boltzmann’s constant and ambient
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temperature, respectively.®® When the interaction between
nanoparticles is incapable of neglect, the input energy on the
whole granular film should add influence of the magnetic
couplings on the basis of Eq. 1. That is

N N
1 1
Ei = Z Ein+z EirJ1 4)
i=1 i<j

where Ei'rj] means the energy absorption resulting from the
interaction between two magnetic nanoparticles. Regarding the
magnetic couplings between nanoparticles as “virtual particles”,
the thermogenesis may have the similar form as Eqg. 3, where
the “ 4 7 and “ 7 ” positively depends upon the strength of
interparticulate couplings. Seen from Eg. 4, the thermogenesis
of aggregated magnetic nanoparticles can be tuned not only by
the composition of individual nanoparticles but also by the
interaction between nanopatrticles. Furthermore, seen from Eq. 3,
if the interaction between nanopatrticles is adequately strong, the
influence from the interaction between nanoparticles may
overwhelm that from the nanoparticles themselves.

Here, the magnetothermal effect of two-dimensional
assembled film of iron oxide nanoparticles was chosen as a
model due to its role in theoretic analysis and practical
application. For one thing, the two-dimensional morphology is
succinct theoretically. In addition, the electromagnetic energy for
iron oxide nanoparticles here is mainly consumed on the
magnetic loss, excluding the influence from electric loss and
joule heat. For another, the model is significant for application.
Due to the flexibility and tailorability,””! the assembled film of
nanoparticles have been extensively used in the fabrication of
flexible devices and surface coating of biomedical materials.™”
Thus, the investigation in two-dimensional film of magnetic
nanoparticles will directly redound to guide the practical
application of magnetothermal effect. For instance, we can
properly design the structure of nanoparticles-based devices so
that the energy can be utilized as much as possible. Moreover,
the dependence of thermogenesis upon morphology can illume
the intelligent control of biomedical devices, such as flexible film
of magnetic nanoparticles. Finally, the energy viewpoint can
account for the thermogenesis of hybridized nanomaterials.
Introduction of matters with high electric or magnetic
polarizability will also enhance the thermogenesis of alternating
magnetic field.

In our experiments, the two-dimensional film of nanoparticles
was fabricated by layer-by-layer (LBL) assembly of y-Fe,Os
nanoparticles on a glass substrate of 25mm diameter (Fig. 1a).
The LBL assembly can produce the contact, uniform and
reproducible films of nanoparticles with controllable thickness.™
As the control, one mold was made to contain the colloidal
sample of y-Fe,O3; nanoparticles whose diameter and thickness
were 25mm and 1.5mm, respectively (Fig. 1b). The y-Fe,O3
colloidal nanoparticles were synthesized with co-precipitation
method and the physicochemical parameters were shown in
Supporting Information, Fig. S1. It was seen that the colloid was
polydispersed and negatively charged. The size was about
12nm. PDDA (Poly-acrylamide-co-diallyldimethylammonium
chloride) was used as polymer partner to make the LBL
assembly of y-Fe,Osz; nanoparticles. SEM images of fabricated
films after 20-layer assembly were shown in Fig. 1c, d where the
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assembled film of nanoparticles seemed uniform, contact and
homogeneous macroscopically but cluster-like microscopically.
Here one point should be noticed that the nanoparticles were
capped by a layer of PDDA molecules so that they were a bit
separated rather than closely contacted (Fig. 1d inset).

The alternating magnetic field in our experiments was
generated by a 4-turns coil which was schematically shown in
Fig. 2a. The frequency and field intensity were fixed to about
390KHz and 12mT, respectively. Then the energy flux density
(5 ) was simulated in the absence and presence of the magnetic
film, respectively (Fig. 2b). Corresponding distribution of
magnetic field (ﬁ) and induced electric field (E) were also
simulated, respectively (Supporting Information, Fig. S2). Seen
from the simulation, the energy flux was radial in x-y plane while
the magnetic field intensity was along z direction. The presence
of magnetic film seemed to enhance the local energy flux if the
film was parallel to H . This case hinted us that the
thermogenesis of magnetic nanoparticles in the presence of
alternating magnetic field should be dependent upon orientation
of the sample. However, the influence of sample placement was
seldom considered experimentally. This may be actually
inessential for the magnetic nanoparticles in colloidal
suspension. The thermogenic measurement of y-Fe,O3 colloidal
suspension in our lamella-like mold proved this point. The mold
was put in different orientations relative to H (from 0° to 90°)
and the results were nearly of total overlap (Fig. 2c). Based on
Eqg.1, the energy of electromagnetic field acting on medium
relies upon the projected area in the Poynting’s vector.
Therefore, the thermogenesis of y-Fe,O; colloidal suspension
seemed independent upon the input energy of alternating
magnetic field. However, when the LBL-assembled films of
nanoparticles were put into alternating magnetic field, the
thermogenic curves increasingly exhibited dependence upon the
orientation with the thickness growing (Fig. 2d-f). For the
assembled film of 3 layers, the thermogenic curves were similar
to that of colloidal suspension. When the layer number arrived at
20 or more, an evident correlation between the equilibrium
temperature and the inclined angle of film emerged. Here the
linear correlative coefficient can exceed 0.9. Interestingly, it was
along the direction parallel to H that the LBL-assembled film
yielded the maximal heating temperature. This seemed opposite
to our intuition because the interacted area between the film and
H was minimal in this direction. Therefore, the thermogenesis
of magnetic nanoparticles is possibly dominated by other factors
rather than the field intensity.

Due to its radial distribution, the Poynting’s vector was
considered to account for this phenomenon. In the direction
along H , the interacted area between the Poynting’s vector and
the film of nanoparticles is maximal. Based on Eq. 1, the film of
nanoparticles can get maximal energy from the alternating
magnetic field. Therefrom, it was hypothesized that the
orientation-dependent thermogenesis actually rooted in the
Poynting’s theorem. To confirm this point, three LBL-assembled
films were fabricated. They had same surface areas but different
projected areas in the Poynting’s vector. The morphological
photos of these samples were shown in Fig. 3a. In our
experiments, the top and bottom facets of these samples were
shielded from the contact with colloid suspension and their
lateral areas were intentionally designed to be identical. Thus,
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the ratio of projected areas for cylinder, square column and
triangle column on the Poynting’s vector was 1.66:1.3:1 (Fig. 3b).
Based on Eqg. 1, the ratio of heating temperatures should be
positively proportional to the ratio of projected areas. The
magnetothermogenic measurements proved this point (Fig. 3c),
where the linear correlative coefficient between the ratio of the
projected areas and that of the heating temperatures was
calculated to reach 0.997 (Fig. 3d). Thus, for the closely
assembled nanoparticles, the magnetothermogenic effect can
be regulated by the projected area of collective nanoparticles in
the Poynting’s vector.

Then based on Eq. 3 and Eg. 4, the thermogenesis for
assembled film of nanoparticles can be further enhanced by
regulating the interaction between nanoparticles. This also
means there is more energy converted into the heat rather than
the wattless power. Because the wavelength of alternating
magnetic field in our experiments was about 750m, either the
colloidal suspension or the assembled film can be penetrated by
the electromagnetic wave facilely. Thus, the energy absorption
by the nanomaterials became a critical issue. Here, the energy
absorption of medium can be indicated by the so-called energy
absorption cross-section which obeys the following formula:
o=bdzaVN (a, +a,)lc (5)
where o is the cross-sections of absorption, @ the angle
frequency of alternating magnetic field, V the volume of particle,
C the velocity of light in vacuum, &, and o " the imaginary
parts of electric and magnetic polarizability of the particle,
respectively.®? As far as the homogeneous film of y-Fe,Os
nanoparticles was concerned, the magnetic polarizability was
degraded to the susceptibility. The colloidal suspension and the
assembled film of y-Fe,O3; nanoparticles can be regarded as the
macroscopically continuous media. Then the Poynting’s theorem
was applied to them. The input energy was denoted as E, and
E ., meaning that the Poynting's vector was parallel to the
medium and perpendicular to the medium, respectively.
Certainly, E, << E . For the colloidal suspension of 0.089mg
ml™ (concentration in our experiment), the effective susceptibility
was actually very small because the magnetic nanoparticles just
occupied a tiny portion of the suspension. According to Eq. 5,
the absorption cross-section was also very small. This meant the
energy absorption for colloidal suspension was so weak that
even the minimal input energy was enough for the demand of
nanoparticles to heat up. For this reason, the thermogenesis of
y-Fe;03 colloidal suspension showed little difference with the
alteration of input energy. The superfluous energy was actually
dissipated as the wattless power. This mechanism was also
applicable for the film of nanoparticles with small assembled
layer number. Here, the density of nanoparticles on substrate
was very low. However, for the closely-assembled nanoparticles,
there were strong magnetic couplings between nanoparticles.™
The magnetic coupling can greatly augment the collective
susceptibility of assembled nanoparticles like magnetic
bonding.™ Our previous reports also partly proved this point
that the assembly of magnetic nanoparticles can lead to the
transition of collective magnetic property from
superparamagnetism into weak ferromagnetism owing to the
dipolar coupling of magnetic moments.*® Magnetization
simulation for a chain of magnetic particles also showed that
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there were magnetic responses in the spaces between particles
which can be regarded as the magnetic “virtual particles”
(Supporting Information, Fig. S3a). Seen from the simulation of
magnetothermogenesis, there was also thermogenesis in the
spaces between particles (Supporting Information, Fig. S3b).
This meant the assembled particles need more electromagnetic
energy to heat up, just as manifested by Eq. 4. As a result, the
thermogenesis of assembled film was changed along with the
different incident energy flux of alternating magnetic field. This
concept was schematically shown in Fig. 4.

Based on Eq. 5, the energy absorption cross-section is
directly relative with the imaginary part of complex permeability.
Thus, we developed a method to measure the complex
permeability of assembled film under the frequency of
experimental alternating magnetic field. For the assembled films
of 3 layers, 10 layers and 20 layers, respectively, the measured
results of complex permeability were shown in Supporting
Information, Fig. S4. It was seen that the value of u"
(imaginary part of permeability) was truly augmented with adding
number of assembled layers. Thus, the energy absorption cross-
section was also enlarged, which was in accordance with the
experimental results of thermogenic measurement. Then, it was
further inferred that the magnetic nanoparticles can have the
more thermogenesis collectively if the imaginary part of
collective complex permeability was increased. Based on this
idea, we fabricated three assembled films of y-Fe,Os
nanoparticles with nearly identical microstructure but different
magnetic couplings between nanoparticles. The films were
fabricated by the static magnetic field-directed assembly, the
alternating magnetic field-directed assembly and the natural
drying of nanoparticles, respectively. The morphological images
and the simulated arrangements of magnetic moments for these
samples were shown in Fig. 5a-c. They were seen to have little
difference in morphology while the arrangements of magnetic
moments were significantly different. The arrangement of
magnetic moments for magnetostatic field-directed assembly
was head-to-tail while that for alternating magnetic field-directed
assembly was vortex-like. Different from both, the magnetic
moments were disordered for the naturally-dried sample. The
heating curves of three samples were shown in Fig. 5d, where
the magnetostatic field-assembled sample exhibited the maximal
heating temperature and the naturally-dried sample had the
minimal heating temperature. VSM (Vibrating Sample
Magnetometer) and FMR (FerroMagnetic Resonance) had been
used to characterize the magnetic property of the three samples
(Supporting Information, Fig. S5). The results showed that the
magnetic coupling for the magnetostatic field-directed sample
was slightly stronger than that of the alternating magnetic field-
directed sample or that of the naturally-dried sample. However,
the latter two samples seemed little different. The measured
results of 4" with our method were shown in Fig. 5e (The
results of |4| and M ' were shown in Supporting Information,
Fig. S6.). Seen from the results, the magnetostatic field-directed
assembly led to the maximal value of imaginary part of complex
permeability while the natural drying caused the minimal value.
Moreover, the values for magnetostatic field-directed sample
and alternating magnetic field-directed sample were
approximating but both were significantly greater than that for
naturally-dried sample. Based on Eq. 5, although the physical
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areas of three films were identical, their energy absorption
cross-sections were different. Thus, the magnetic coupling
between particles can enhance the collective thermogenesis of
magnetic nanoparticles.

In conclusion, it was proposed that the thermogenesis of
magnetic nanoparticles in the presence of alternating magnetic
field is more dependent upon the energy flux density rather than
the field intensity. The thermogenesis can be regulated based
on the Poynting’s theorem. The critical issue lied in the cross-
section of energy absorption which was highly correlative with
the interaction between nanoparticles. Due to the fundamental
importance of the Poyting’s theorem in electromagnetics, this
work will deepen the understanding of thermogenic mechanism
of magnetic nanomaterials and enrich the application of
magnetothermal effect.

Experimental Section

LBL Assembly The colloidal suspension of y-Fe,O3; nanoparticles was
concentrated to 2mg/ml for the layer-by-layer assembly. The PDDA
(poly-diallydimethylammonium chloride) solution was diluted to 2% with
ultra-pure water. A glass slide was firstly treated by the boiling mixture of
H,SO4 and H,0, (volume ratio: 7:3) for 2h. After that, the glass slide was
washed by the ultra-pure water repeatedly and finally dried by N, gas
stream. Then, the glass slide was put into the PDDA solution and the
colloidal suspension of y-Fe,Os; nanoparticles for 10min and 20min,
respectively. The y-Fe,O3 nanoparticles were adsorbed on the glass slide
due to the electrostatic interaction which brought about the formation of
one bilayer. When the soak in one solution terminated, the glass slide
was washed by ultra-pure water repeatedly and finally dried by N, gas
stream. The steps were duplicated leading to the layer-by-layer assembly
of nanopatrticles.

The simulation of alternating magnetic field and thermogenesis of
particles The Poynting’s vector simulation of alternating magnetic field
was executed with Ansoft software and the magnetothermogenesis of
particles was done with Comsol software. Both methods are based on
finite element analysis. In the Ansoft simulation, the inner diameter of coll
was 45mm. The height was 20mm and the number of windings was 4.
The excitation current was 15A and the frequency was 390KHz. The
diameter of film was 20mm and the thickness was 2mm. In the Comsol
simulation, the diameter of particle was 1mm. The space was 0.2mm.
The field intensity was 34KA/m and the frequency was 390KHz.

The measurement of magnetothermal heating The measurement of
magnetothermogenesis of samples was by an optical-fibre temperature
sensor (FISO UMI 8, Canada, measuring range: -4°C-100°C). The
sample was fixed on a holder with different inclined planes so that the
inclined angles of sample can be changed. Then the holder with sample
was put into an alternating magnetic field (390KHz, 12mT) and the
optical fibre was stuck to the surface of film to collect the signal. The data
of heating temperature versus time were recorded with the Universal
Multichannel Instrument (Canada) and transferred to a computer for
analysis in real time.

The measurement of complex permeability The measurement of
complex permeability for film-like sample was based on the data of
surface impedance which was obtained from an impedance analyser
(Agilent 4294A, the United States, measuring range: 40Hz-110MHz).
The film was connected with the adapter of impedance analyzer by a
pair of alligator clips. Then after calibration, the machine can
measure the impedance along the surface of film. The original data
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were the module and phase angle of impedance, which were
denoted as |é’| (¢=¢ '+ j¢") and ¢ . Based on the definition of

c= =
&

surface impedance, , where 4 (u=p + ju’ ) is the

complex permeability and ¢ ( ¢=¢ + je )is the permittivity.
Because the macroscopic iron oxide is semiconductor, it was
supposed that the aggregation of y-Fe,Os; nanoparticles will have
little influence on ¢ . Thus, if the ¢ is known, the , can be
calculated from the data of impedance. Here, the collective ¢ of
assembled y-Fe,O3; nanoparticles was replaced by that of
assembled a-Fe,O3 nanoparticles which is identical with y-Fe,O3 in
composition but slightly different in crystalline structure. Due to the
paramagnetism, the , of assembled a-Fe,O; nanoparticles can be
considered as 1. Then the ¢ of assembled a-Fe,O; nanoparticles
can be calculated from the impedance data of a-Fe,O; film. Thus,
the 4 of assembled film of y-Fe,O3 nanoparticles can be calculated
with the same calculation process. As for the calculation, the
measured data of ¢ and ¢ were firstly fitted as a function,
respectively. Then we made derivation to on frequency so that the
4 can be obtained by solving the differential equation of impedance
versus frequency. The impedance data of assembled film of a-Fe,O3
nanoparticles showed that the ¢ truly kept constant in the range of
experimental frequency.
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Figure 1: characterization of the experimental samples. a) photo of
the LBL-assembled film of y-Fe,O3 nanoparticles (®=25mm). b)
photos (top view and side view) of the mould containing colloidal
suspension of y-Fe,O3 nanoparticles (®=25mm). ¢) SEM image of
the LBL-assembled film of y-Fe,O; nanoparticles with low
magnification. d) SEM image of the LBL-assembled film of y-
Fe,0; nanoparticles with high magnification. Inset, SEM image of
sparse nanoparticles capped by a layer of PDDA molecules.

Figure 2: Thermogenic measurement of magnetic nanoparticles. a)
schematic carton of thermogenic measurement for the film-like
samples in the experimental alternating magnetic field. The
inclined angle ¢ is indicated by the angle between the magnetic
field and diameter of film. b) simulations of the Poynting’s vector
for the alternating magnetic field in the absence and presence of the
film, respectively. It seemed that the energy flux was enhanced
when the film was parallel to the field intensity. c) thermogenic
curves of y-Fe,Oz colloidal suspension with different inclined
angle in the presence of alternating magnetic field. d-f)
thermogenic curves of y-Fe,Oz; assembled film with different
inclined angle in the presence of alternating magnetic field. The
number of assembled layers of d), €) and f) was 3, 10 and 20,
respectively.

Figure 3: Validation of relationship between the thermogenesis
and the projected area on the Poynting’s vector. a) the photo of
moulds with three shapes. The film of y-Fe,O5; nanoparticles was
assembled on them with LBL method. b) the schematic show of
projected area on the Poynting’s vector for the lateral area of
different assembled films. Actually, the projection is the inscribed
circle of different shapes. c) the thermogenic curves of different
assembled films in the presence of alternating magnetic field. d)
the linear correlation between the ratio of heating temperature and
the ratio of projected area on the Poynting’s vector. The values of
triangular column were used as the benchmark, which meant the
heating temperature and the projected area were regarded as 1 for
the triangular column.
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Figure 4: The conceptual scheme of the thermogenic mechanism
for y-Fe,O3; colloidal suspension and assembled films in the
presence of alternating magnetic field. a) y-Fe,O; colloidal
suspension under the alternating magnetic field of lateral incidence.
b) y-Fe,O3 colloidal suspension under the alternating magnetic
field of frontal incidence. c) assembled film of vy-Fe,Os
nanoparticles under the alternating magnetic field of lateral
incidence. d) assembled film of y-Fe,O; nanoparticles under the
alternating magnetic field of frontal incidence. Although the
alternating magnetic field is identical in these cases, the incident
energy is dissimilar due to the different interacted area between
energy flux and medium. However, the influence of incident
energy is dependent upon the energy absorption cross-section. For
v-Fe,O3 nanoparticles in colloidal suspension, the energy
absorption cross-section is too small to have significant response to
the different incident energy. For assembled film of y-Fe,Os
nanoparticles, the energy absorption cross-section is greatly
augmented so that the thermogenesis is significantly dependent
upon the incident energy.

Figure 5: Augmentation of energy absorption cross-section by
magnetic coupling to enhance the thermogenesis of assembled film.
a-c) the SEM images and the corresponding micro-magnetic
simulation of assembled film of vy-Fe,O; nanoparticles by
magnetostatic field-directed assembly, alternating magnetic field-
directed assembly and natural drying, respectively. d) the
thermogenic curves for the assembled films of a-c). e) the
calculated imaginary parts of assembled films of a-c with the
surface-impedance method. Our method showed the complex
permeability of samples by magnetostatic field-directed assembly
and alternating magnetic field-directed assembly were obviously
greater than that by natural drying but the former two samples just
had small difference.
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— 20 pm
Figure 1: characterization of the experimental samples. a) photo of the LBL-assembled film of y-Fe,O3 nanoparticles (®=25mm). b)
photos (top view and side view) of the mould containing colloidal suspension of y-Fe,O3 nanoparticles (®=25mm). ¢) SEM image of the
LBL-assembled film of y-Fe,O5 nanoparticles with low magnification. d) SEM image of the LBL-assembled film of y-Fe,O3 nanoparticles
with high magnification. Inset, SEM image of sparse nanoparticles capped by a layer of PDDA molecules.
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Figure 2: Thermogenic measurement of magnetic nanoparticles. a) schematic carton of thermogenic measurement for the film-like
samples in the experimental alternating magnetic field. The inclined angle ¢ is indicated by the angle between the magnetic field and
diameter of film. b) simulations of the Poynting’s vector for the alternating magnetic field in the absence and presence of the film,
respectively. It seemed that the energy flux was enhanced when the film was parallel to the field intensity. c) thermogenic curves of y-
Fe,O;3 colloidal suspension with different inclined angle in the presence of alternating magnetic field. d-f) thermogenic curves of y-Fe,O3
assembled film with different inclined angle in the presence of alternating magnetic field. The number of assembled layers of d), €) and f)
was 3, 10 and 20, respectively.
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Figure 3: Validation of relationship between the thermogenesis and the projected area on the Poynting’s vector. a) the photo of moulds
with three shapes. The film of y-Fe,O3 nanoparticles was assembled on them with LBL method. b) the schematic show of projected area
on the Poynting’s vector for the lateral area of different assembled films. Actually, the projection is the inscribed circle of different shapes.
c) the thermogenic curves of different assembled films in the presence of alternating magnetic field. d) the linear correlation between the
ratio of heating temperature and the ratio of projected area on the Poynting’s vector. The values of triangular column were used as the
benchmark, which meant the heating temperature and the projected area were regarded as 1 for the triangular column.

>
.

’

.

Ratio of heating temperature

Heating Temperature, AT (K)

a b

Alternating magnetic field Incident power

=
o i=g

Incident power Energy absorption cross-section Thermogenesis

Figure 4: The conceptual scheme of the thermogenic mechanism for y-Fe,O colloidal suspension and assembled films in the presence of
alternating magnetic field. a) y-Fe,O5 colloidal suspension under the alternating magnetic field of lateral incidence. b) y-Fe,O; colloidal
suspension under the alternating magnetic field of frontal incidence. c) assembled film of y-Fe,O3 nanoparticles under the alternating
magnetic field of lateral incidence. d) assembled film of y-Fe,O3 nanoparticles under the alternating magnetic field of frontal incidence.
Although the alternating magnetic field is identical in these cases, the incident energy is dissimilar due to the different interacted area
between energy flux and medium. However, the influence of incident energy is dependent upon the energy absorption cross-section. For y-
Fe,O3 nanoparticles in colloidal suspension, the energy absorption cross-section is too small to have significant response to the different
incident energy. For assembled film of y-Fe,O5 nanoparticles, the energy absorption cross-section is greatly augmented so that the
thermogenesis is significantly dependent upon the incident energy.
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Figure 5: Augmentation of energy absorption cross-section by magnetic coupling to enhance the thermogenesis of assembled film. a-c) the
SEM images and the corresponding micro-magnetic simulation of assembled film of y-Fe,O5 nanoparticles by magnetostatic field-directed
assembly, alternating magnetic field-directed assembly and natural drying, respectively. d) the thermogenic curves for the assembled films
of a-c). e) the calculated imaginary parts of assembled films of a-c with the surface-impedance method. Our method showed the complex
permeability of samples by magnetostatic field-directed assembly and alternating magnetic field-directed assembly were obviously greater
than that by natural drying but the former two samples just had small difference.
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Orientation-dependent
thermogenesis of assembled
magnetic nanoparticles in the
presence of alternating magnetic field

Assembled film of mangetic nanoparticles was fabricated with Layer-by-layer
method as a model to explore the orientation-dependent thermogenesis in the
presence of alternating magnetic field. It was found the thermogenesis can be
regulated by altering the orientation of film relative to field, which mechanism lied in
the different incident energy resulting from the interacting area between the film and
the energy flux of field.
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