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The generation of topological magnetic vortex-domain structures in iron-oxide nanomaterials has
promising applications in biomedical scenarios, such as heat generators for hyperthermia treatments.
In this report we describe alternative kinds of magnetic-vortex nanoparticles, circular Fe;O,4 nanodiscs
(NDs), and dissect their heating properties by in-depth investigation of their shape and size, stoichiometry,
orientations, and switching field “Hs” behaviors, through experiments and theoretical simulation. We find
that the stoichiometric NDs show better heating performance than nonstoichiometric materials because
of the significant electron hopping between Fe’* and Fe?* ion. The higher heating efficiency (in terms
of specific absorption rate, SAR) is observed only for the higher switching field regime, an effect that is
associated with the parallel and perpendicular alignment of nanodiscs with respect to low and high ac
magnetic field, respectively. A higher SAR of approximately 270 W/g is observed at a higher switching
field (approximately 700 Oe) for NDs of diameter 770 nm, which increases by a factor of 4 at a switching
field of approximately 360 Oe for NDs of diameter 200 nm. The reported results suggest that the heating
efficiency in these systems can be enhanced by controlling the switching field, which is, in turn, tuned by
size, shape, and orientation of circular magnetic vortex nanodiscs.

DOI: 10.1103/PhysRevApplied.15.014056

I. INTRODUCTION

The technological application of magnetic-oxide-based
nanoparticles (NPs), such as magnetite (Fe;O4) and
maghemite (yFe,;03) nanosystems, have been intensively
researched and screened over the last three decades in
biomedical domains, especially for their use in magnetic
resonance imaging (MRI), as drug-delivery systems and
in magnetic fluid hyperthermia (MFH) treatments [1-5].
Fe;O4 and yFe, O3 nanoparticles express high biocom-
patibility under physiological conditions and are efficient
magnetic nanoheaters. The heating efficiency of mag-
netic nanoparticles (MNPs) is therefore regarded by many
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researchers in the biomedical field as a promising thera-
peutic tool for enhancing selectivity in thermal therapies
[6-8]. The technique involves the use of MNPs intra-
venously administered that are subsequentially subjected
to an external ac magnetic field at a defined frequency; in
this way, it can be generated local heat to those tissues
in which NPs are mostly localized; in principle, this pro-
cedure allows specific tumor locations to be targeted and
heat only to be delivered in the tumor area without affect-
ing the healthy tissues [9,10]. Experimental work with
superparamagnetic Fe;O4 NPs showed, however, that the
induced heat diminishes due to low saturation magnetiza-
tion (Ms) and coercivity (H¢), and hence large quantities
of NPs need to be injected to obtain a therapeutic effect,
which in turn might enhance the toxicity [11]. To tackle
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this issue, several works have been optimized; which
include replacing iron oxide by others with higher My (Fe,
FeCo etc.); tuning the size of the nanoparticles; enhanc-
ing the H¢ (or anisotropy) through exchange coupling
and doping [12—15], or modifying the morphology (aspect
ratio, shapes): cubes, octopods, octahedral, cube octahe-
dral of the MNPs [3,9,16-20], to tune their anisotropy and
improve their overall heating efficiency. Ferro- and ferri-
magnetic (FM and FIM) iron-oxide NPs with multidomain
structure exhibit better heating performance as compared
with superparamagnetic Fe;O4. Nonetheless, proclivity to
agglomeration of FM and FIM NPs remains a major chal-
lenge to overcome the preparation of stable colloidal sus-
pension [3,21,22]. Recently, it has been shown that such
limitations can be addressed by tailoring NP geometry,
such as nanodiscs (NDs), nanorings (NRs) etc. [3,4,18,23—
26]. The disc-shaped MNPs have high Ms, large surface
energy, which increase their effective anisotropy, and at
bigger sizes, they develop a vortex magnetic domain struc-
ture (with negligible Hc and Mpy) that ensure null magne-
tization in the absence of magnetic field, hence reducing
the long-range dipole-dipole interactions and avoiding the
unwanted particle agglomeration. The nucleation (H,) and
annihilation field (H,,), also called switching field (Hy),
are responsible for the nucleation and annihilation of a
different state in the NPs.

An efficient magnetohyperthermia property has been
reported in the literature in the permalloy (FeyoNigg) nano-
and microdiscs (NDs and MDs) [24,27]. Recently, another
work describing orientation-mediated heating performance
of magnetic vortex in Fe;04 NDs has also been investi-
gated, which exhibited the highest specific absorption rate
(SAR) reported so far in the literature [3]. Nevertheless,
there is still a lack of critical understanding of the geomet-
rical variables connected to the observed switching field
distribution as a function of different shape, size, and ori-
entation of NDs. Understanding the physical principles
underneath such geometry-based switching field “Hg” and
their macroscopic effects on heating properties may lead to
the desired generation of nanomagnetic systems in which
the heating efficiency is achieved fully in a controlled way.
In this work we describe a systematic study of microwave-
assisted hydrothermal (MAH) synthesis of Fe;O4 NDs
(stoichiometric and nonstoichiometric) and analyze the
systems’ magnetic heating performances as a function of
stoichiometry, geometrical factors, and orientation- and
shape-mediated switching fields. We employ the MAH
route for the material’s assembly because it is fast and an
energy-efficient synthetic approach [28-30].

II. EXPERIMENTAL SECTION

A. Synthesis of «Fe; O3 and Fe;04 nanodiscs

Two a-Fe,O3 NDs are prepared by a MAH reaction of
iron chloride (FeCls) with addition of sodium phosphate

(NaH,PO,) and sodium sulfate (Na,SO,4) as additives at
temperatures 200 and 220 °C. These NDs prepared at 200
and 220 °C give a nonstoichiometric disc (NSD) and a sto-
ichiometric disc (SD), respectively. In brief, 0.06 mol1~!
of FeCl; with 35 ml of distilled water are stirred for
15-20 min. The additives NaH,PO, (4.32 x 10> mol1™!),
and Na;S04.10H,0 (1.65 x 1073 mol 1~") mixed with 3 ml
of distilled water separately and finally mixed with FeCl;
solution to make a mixture of final volume 38 ml. After
vigorous stirring for 10 min, the mixture is transferred
into a reaction vessel in a Synth’s microwave reactor, with
an output power of 1000 W. The working cycle of the
microwave reactor is set as 20 °C/min of rapid heating
until 200 and 220 °C from room temperature for 60 min.
The system is then allowed to cool down to room tempera-
ture, and the final material is centrifuged and washed with
excess of distilled water and absolute ethanol and dried in
a vacuum oven at 50 °C.

In this way, we obtain about 300 mg of «Fe, O3 NDs,
which is approximately 80% of FeCl;. Fe304 NDs are
obtained via a reduction process with the corresponding
aFe, 05 as the starting NDs. The dried aFe,O; powders
are annealed in a furnace at 550 °C under a continuous
hydrogen-argon gas flow [H,/(H; 4+ Ar) =4/100] for 6 h.
The furnace is allowed to cool to room temperature while
still under a continuous H, gas flow. As compared with the
starting materials of «Fe, O3, the size, shape, and morphol-
ogy of Fe;04 nanostructures are perfectly preserved in the
reduction process.

B. Characterization
1. X-ray diffraction

A commercial x-ray diffractometer (Bruker, model D8
Advance) equipped with Cu K|, radiation is used to assess
the crystal structure, in the 20 range of 15° to 85°. The
XRD patterns are analyzed with the Rietveld refinement
method using General Structure Analysis System (GSAS)
software within the EXPGUI Interface.

2. Electron microscopy

The morphology of the samples is investigated by using
a JEOL 7100FT field-emission scanning electron micro-
scope (FESEM, 1.2 nm resolution, operated at 1030 kV)
available at LABNANO/CBPF. The HRTEM is performed
on a JEOL 2100F instrument using an accelerating voltage
of 200 kV.

Fourier transform infrared spectroscopy: FTIR spec-
trometer (Bruker, model Tensor 27), equipped with atten-
uated total reflectance (ATR) accessory, is used to identify
functional groups present in the nanoparticles.

3. Méssbauer spectroscopy

The measurements of 3'Fe Mossbauer spectra are
performed in the transmission geometry using a constant
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acceleration-type spectrometer with a °’Co in Rh source
kept at room temperature. The spectrums are fitted by
Normas and MosWin4.0.

4. Magnetometry

Next, dc magnetization (hysteresis) measurements are
carried out in a vibrating sample magnetometer super-
conducting quantum interference device (VSM SQUID)
(MPMS Quantum Design) equipped with a superconduct-
ing coil that produces magnetic fields up to £70 kOe at
working temperatures from 5 and 300 K and zero-field-
cooled (ZFC) and field-cooled (FC) measurements are
performed in the temperature range of 5 to 350 K with
applying 50 Oe field.

5. Micromagnetic modeling

Micromagnetic simulations are performed using the
Mumax3.9 package. The magnetic parameters of Fe;O4
used in the micromagnetic simulation are listed as follows:
saturation magnetization Mg=480 emu/cc, exchange
stiffness constant 4 =1.2 x 107 erg/cm, magnetocrys-
talline anisotropy constant K;=-1.35x 10° erg/cc,
K> =-0.44 x 10° erg/cc [25]. The lateral cell size is
5% 5x5 nm?®; this lateral size (5 nm) is smaller than
the exchange length (approximately equal to 10.7 nm) as
defined by Loy = (24/ ,qusz)O'5 to assure the accuracy of
simulation [31]. The Gilbert damping coefficient « is used
as 0.5.

6. Construction of phase diagram

We start investigating the lower-energy configurations
in the case of nanodiscs of thickness “#” and diameter “d.”
In the case, three idealized characteristic configurations
are evaluated: (i) a single domain in plane (planar); (ii)
single domain out of plane (perpendicular); (iii) a vortex
state in which most of the magnetic moments lie parallel
to the plane of the nanodiscs. The system relaxed to a local
energy minimum, studied the final spin configuration and
the lower-energy states in nanodiscs. Thereafter, we com-
pare the energy of each final configuration, and select as
a ground state with a lower-energy value. This process is
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repeated for several diameter and thickness combinations
and the phase diagrams are constructed as a function of the
thickness “#” and diameter “d.”

7. Magnetic hyperthermia

Magnetic hyperthermia is performed using the mag-
neTherm system from nanoTherics. In order to estimate
the heating efficiency of the nanoparticles, we use the
standard hyperthermia calorimetric experiments. In these
experiments, a vial with the sample is placed into a coil
connected to a power generator, which allows us to control
the amplitude of the ac field inside the coil. While the field
is applied, a fiber optic temperature sensor inserted into the
vial with the solution records the increase in temperature,
and from the initial slope of these temperature versus time
curves, one can obtain the SAR values:

M dT

SAR = C —,
mynp dt

where C is the specific heat capacity of the medium, M
is the mass of the fluid, and mympp is the mass of the
nanoparticles.

ITI. RESULTS AND DISCUSSION

As shown schematically in Fig. 1, the first step in
the material synthesis involves assembly of the hematite
(aFe,03) nanodiscs, which are later reduced to Fe;04 in
the presence of Ar and H,. Controlling the conversion
of aFe;03 NDs to Fe;O4 is a challenging task because
it depends on several physiochemical factors, such as
the concentration of Fe’*, annealing temperatures, time,
gas-flow rate, concentration of H, gas, and amount of
phosphate anions. Uncontrolled combination of H, and
monobasic phosphate anions lead towards biphasic mate-
rial; the high temperature and long duration for thermal
reduction may provoke the shape coalescence [32,33]. In
the literature, some thermal reductions are performed using
a mixture of trioctylamine (TOA) and oleic acid (OA) in
order to avoid coalescence of bare NPs [3]. However, as
described in detail in the synthesis, we can maintain the

\P. Microwave

200/220°C, 1 h

FIG. 1.

Schematic illustration of the formation of Fe;O4 nanodiscs.
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ND size, phase, and morphology without any addition of
surfactants during the thermal reduction process.

Figure 2(a) shows the XRD pattern of the so-formed
Fe;O4 nanodiscs along with their Rietveld analysis. All
the diffraction peaks are readily indexed to a cubic
spinel phase (space group: Fd-3m) with JCPDS No. 19-
0629, a=b=c=837 A). No other scattering signals
are observed that are addressable to impurities, such as
aFe; 03, and yFe,05, an indication for the presence of
pure Fe;O4 phase in our NSD and SD samples. Figures
2(b) and 2(c) show the FESEM images of Fe;O4 NSD and
SD. These materials exhibit average thickness (7) approxi-
mately 100 nm and a mean diameter (d) approximately 745
for NSD and approximately 770 nm for SD with aspect
ratio (8 =t/d) ~0.13. The size of SD and NSD is similar
since the initial size and morphology are preserved after
reduction. The corresponding size distribution of «Fe,0;
and Fe;O4 SD and NSD is given in Fig. S2 within the Sup-
plemental Material [34]. HRTEM images reveal a lattice
spacing of 0.254 and 0.198 nm for NSD, which corre-
sponds to the lattice spacing of (311) and (400), whereas
0.253 and 0.197 nm for SD agrees well with (311) and
(400) planes of inverse spinel Fe;O4 [35] [see Figs. 2(d)
and 2(e)]. Polycrystalline structures are observed in both
samples, NSD and SD, as analyzed through FFT pattern
[inset of Figs. 2(d) and 2(e)].

The dc magnetization experiments, performed at 300 K,
show saturation magnetization Mg for SD and NSD of
approximately 83 emu/g and approximately 80 emu/g,
respectively, shown in Fig. 3(a). The higher “Ms” of
SD can be ascribed due its stoichiometry properties [36].
A small difference in “Mg” in both samples as compared
with the bulk magnetite is probably due to the presence of
cation vacancies and defects, and stoichiometry deviation

[36], which is subsequently discussed in Sec. 3. The low
value of the coercive field (H¢) is observed in these mate-
rials, approximately 232 Oe and approximately 182 Oe
for the SD and NSD, respectively. Although, the mor-
phology of SD and NSD is somewhat similar, the higher
“H¢” value for SD may point towards the existence of
enhanced surface anisotropy, the contribution to that may
arise from structural defects, broken symmetry bonds, and
surface-strain effects [37].

There is always an open space for defects namely point
defects, dislocations, stacking faults, subgrain boundaries,
inclusions, and voids in the nanoparticles generated during
the synthesis [38—40]. Generally, these defects can affect
magnetization in two ways: (i) they can act as centers for
the nucleation of new domain walls and aid magnetization
reversal. This occurs at sites where the domain-wall energy
is locally changed by physical or chemical defects, which
would decrease magnetocrystalline anisotropy by creating
a nucleation site and hence result in a decrease of H,
(i1) the existence of domain walls on the surface and their
movement can easily be blocked by the adsorbed phos-
phate layers, resulting in domain-wall pinning, which con-
tributes to effective anisotropy, which increases H¢ in SD.
It is worthwhile to mention that it is difficult to determine
the types of defects and the way in which they affect the
magnetization, but their influence on H¢ is easily under-
stood by analyzing the effective anisotropy (i.e., magne-
tocrystalline anisotropy, and surface anisotropy) [41]. In
the present study, the surface anisotropy might have the
contribution of defects; however, it is still hard to discern
the exact mechanism. The observed surface anisotropy
contribution is estimated as 3.02 x 10° erg/cc (for NSD)
and as 3.35 x 10° erg/cc (for SD). These values are calcu-
lated using the law of approach to saturation (Appendix)

Intensity (arb. units)

JCPDS:19-0629 ====Experiment 1
= Calculated
— Difference

SD

FIG. 2.

(a) XRD with Rietveld analysis, (b) and (c) are FESEM images after reduction, and (d) and (e) are HRTEM images of NSD

and SD, respectively. Upper insets of (b) and (c) are magnified images with the same scale. Upper and lower insets of (d) and (e) are

IFFT and FFT images.
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FIG. 3.
respectively, at 7=300 K.

[42], which is one order of magnitude larger than for bulk
Fe;04 (1.1 x 10° erg/cc) [9].

The zero-field-cooling and field-cooling (ZFC FC)
curves exhibit a prominent Verwey transition (“7}”) for
the SD at approximately 125 K, which is a typical char-
acteristic of stoichiometric Fe;O4, whereas no such tran-
sition is observed for the NSD, which is clearly seen in
Fig. 3(b). The “Ty” for bulk Fe;04, is Ty~ 119 K [43].
The term “T}” depends on the stoichiometry of Fe;O4
and is very sensitive to the composition of NPs as well as
on the growth mechanism [44,45]. The room-temperature
Mossbauer-spectroscopy analysis for both nanodiscs is
well fitted considering sextet patterns (magnetic subspec-
tra). From Fig. 3(c), the spectrum for SD is well resolved
by four sextets. The hyperfine parameters for both samples,
Fig. S4 within the Supplemental Material [34] are consis-
tent with the two crystallographic sites of iron cations in
the cubic spinel (Fd-3m) structure of Fe;O4 [35]. How-
ever, the spectral area ratio on Fe cations residing on 4
and B sites diverge from those present in the bulk mag-
netite (i.e., 1:2 for free-defect crystals) and is 1:1.38. Such

Velocity (mm/s)

(a) The hysteresis loop recorded at 300 K, (b) ZFC FC measurement, and (c) and (d) Mossbauer spectra of SD and NSD,

a divergent A/B ratio of the Fe population is evident for the
samples that are not perfectly stoichiometric. These results
can be interpreted by considering the existence of a core-
shell structure as the model system, assuming that the core
region follows the bulk Fe;O4 composition, i.e., stoichio-
metric, while the shell region is nonstoichiometric, due to
vacancies and defects. In Fig. 3(c), two sextets, blue and
pink line, are fitted using bulk parameters. These signa-
tures belong to the Fe residing in the core region. From
the fitting analysis we obtain Fe cations with 12 and 24%
residing in 4 and B sites, respectively, thus 36% popula-
tion of Fe is stoichiometric Fe;O4. In this region of SD,
charge ordering between Fe’* and Fe?* must occur, such
as electron hopping (Fe’* = Fe3*) at the octahedral sites,
a factor that has a major contribution in tuning the transi-
tion temperature as observed in ZFC magnetization data.
Similarly, the other two sextets considered for the shell
region, drawn in Fig. 3(c) with the navy line and the green
line, represent the Fe residing in the 4 site and the B site,
and their ratio is consistent with nonstoichiometric NPs.
The population ratio in the A site and the B site is, in
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fact, 1:1.13 and such a value indicates the presence of
cation vacancy and defects. In the case of cation vacan-
cies in the B site, the value A/B will correspond to the
nonstoichiometric magnetite with the chemical formula:

(Fe’™)4[Fet 77 Dos7150s. (1)

On the other hand, it is useful to consider the surface
effects. It has been reported that the magnetic moments of
some iron cations in the NPs could be pinned when they
belong to the surface layer, due to the presence of high
magnetic anisotropy [46]. Consequently, not all B-site iron
ions undergo electron hopping in response to the surface
effects. In this case, we may try to evaluate some of the iron
ions participating in the electron Fe?t = Fe’* exchange
in the stoichiometric magnetite at 7> 7. From the Moss-
bauer line intensities and hyperfine parameters, we derive
the charge distribution, as follows:

(Fe* g [FeéEo 2 Felk, Is2[ Feyl 1520a,
x (Fe’™) 4[Fel et Fegh, 1304 Q)

From the above analysis of the core-shell structure, we find
that the core region is a stoichiometric and has a major
contribution for Verwey transition “7” in SD.

The quantitative size of the core-shell structure of SD
is analyzed using Mdossbauer spectroscopy based on the
distribution of Fe’>* and Fe?* cations at the 4 and B site
and is found to be approximately 277@493 nm. Addi-
tionally, the observed magnetic moment “M” per formula
unit for the stoichiometric core region of Fe;O4 is approx-
imately 4.0p45 with density, p ~ 5.1 g/cm?, whereas the
shell component (nonstoichiometric) has “M” ~3.68up
with § =0.074 (p ~4.66 g/cm?) and is hence represented
as Fe;9304. The calculated value of Mg based upon the
Mossbauer analysis is approximately 87 emu/g, which is
very close to 83 emu/g, as obtained from dc magnetic
measurements. For NSD, it is clearly observed that the
presence of three sextets: one for Fe** cations at the 4
site and two for Fe?*, Fe>* cations at the B site, as shown
in Fig. 3(d). Here, the presence of two sextets at the B
site, each from Fe*™ and Fe?* cations, indicates clearly
the absence of electron hopping (Fe?™ = Fe’t) above
Ty. Based upon a comparative analysis of magnetization
data of bulk and the NSD sample, the observed magnetic
moment “M” per formula unit for the nonstoichiometric
disc is approximately 3.48up throughout the region and
density “p” ~4.43 g/cm? (as given in Table I).

TABLE L.

It is anticipated that the ND system should have a vor-
tex domain structure and should possess an onion structure
under application of sufficiently high magnetic field [3,27].
Such a property has been further studied by micromag-
netic simulation through Mumax3.9 software. The clear
observation of core (vortex core) in the center of SD at
H =0 and its gyrotropic movement under the application
of external field, H > 0, provides evidences of a vortex
configuration in SD. In such a magnetic vortex domain
structure, the hysteresis loop is composed of a two-step
magnetization reversal process, which involves onion-to-
vortex transition and vice versa [47,48]. At large external
magnetic field (H), SD falls into a saturation state or a sin-
gle domain state, as shown in Fig. 3(a(ii)) because all spins
are parallel to the field direction. The complete phenomena
of hysteresis loop (vortex, onion, annihilation, and c state)
in the SD nanomaterial is represented in Fig. 3(a(i—v)),
where the green color indicates saturation magnetization
in positive direction and navy color indicates the saturation
moment in negative direction.

The negligible coercive field and remanence are
expected to emerge in SD through simulation. Such a
difference between experimental results and simulated
envelope can be interpreted as an effect of the polydis-
persity of the sample, which is not taken into account
in the magnetic hysteresis simulation. Several experi-
mental studies of the magnetic vortex state in ferromag-
netic nanodisks and nanodots have been performed using
magnetic force microscopy [49,50], Lorentz microscopy
[50,51], and magneto-optical techniques [52—54], which
is in a good agreement with numerical micromagnetic
simulation. Indeed, micromagnetic simulation is a robust
numerical technique to probe the existence of vortex con-
figuration and is therefore used to confirm the magnetic
vortex configuration for the nanodisc samples. A micro-
magnetic phase diagram is constructed based upon the
lower-energy state and the relative stability of magnetic
phases as a function of diameter “d” and thickness “#’
[Fig. 4(b)]. This phase diagram is based on the Landau-
Lifshitz-Gilbert (LLG) equations (Appendix) and more
detail about its construction is given the Appendix. It is
clearly observed that the nanodisc samples are found in
the vortex region and far from any limit of other pos-
sible ground state. We find the point at which the three
ground states have the same energy, the so-called “triple
point” (“#’~80 nm and “d” ~ 66 nm) and clearly sep-
arates the three-ground-state region, i.e., in-plane single

Quantitative analysis of physical, structural, and magnetic composition of SD and NSD based upon the core-shell model.

Sample code Percentage (%) (2%) Size (nm) (15 nm) Magnetization, My (emu/g) Magnetic moment (113) Density, p (g/cm?)

SD Core—36 Core—277 Core—92 Core—4.00 Core—5.10
Shell—64 Shell—493 Shell—_83 Shell—3.68 Shell—4.66
NSD No core-shell 745 80 3.48 4.43
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FIG. 4.

vortex state
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(a) Simulated hysteresis loop showing magnetic states during switching of SD, (b) Represent the phase diagram of nanodiscs

indicating the region of single-domain out-of-plane, single-domain in-plane, and vortex state as a function of thickness and diameter,
(c) Schematic illustration of the vortex and onion state of SD in dispersion in the absence and presence of external magnetic field “H”,

respectively. Arrows indicate the spin direction.

domain, out-of-plane single domain, and vortex region
(multidomain). From the simulation, we find that the crit-
ical diameter (d.) approximately 66 nm; below which the
single domain region and above which the multidomain
region occurs (single domain < d,. < vortex or multido-
main), is very close to the theoretical critical size (d.)
approximately 64 nm for Fe;O4 [22]. A detail analyti-
cal description to find the phase boundary between the
in-plane, out-of-plane, and vortex magnetic phases is dis-
cussed in Refs. [52,55]. In this way, we construct and
analyze the ground states in magnetic nanodiscs provid-
ing explicit transition lines between vortex and in-plane
and out-of-plane single domain states, which is in a
good agreement with Refs. [52,56—58] and hence pro-
vides explicitly the magnetic vortex configuration in the
nanodisc samples.

The contribution of stoichiometric NDs on the heat-
ing profile versus the nonstoichiometric component is
analyzed using calorimetric experiments. The samples
are first coated with biocompatible citric acid as a sta-
bilizer, Fig. S3 within the Supplemental Material [34].
The SAR values are evaluated based on the temperature

versus time curves. To analyze the heating efficiency, the
samples are exposed to an ac magnetic field (H =200 Oe,
300 Oe, and 450 Oe, f =107 kHz) under biologically
safe conditions; the maximum product of our condition is
Hxf =38x10° Am~! s7!, which is under Dutz con-
ditions (5.1 x 10° Am~!s™!) [59]. It is observed that the
heat generated after 5—6 min of application of magnetic
field “H” and frequency “f ” produce a small increase in
temperature, AT, for the investigated samples (Fig. S5
within the Supplemental Material [34], which is expected
for large ferrimagnetic NPs. Generally, the heating perfor-
mance displayed by large NPs depends on the hysteresis
loss, due to its size dependency along with applied field
and frequency. Figure 5(a) shows the experimental and
simulated SAR values for SD and NSD. The obtained
SAR values are rather low, approximately 5 W/g for NSD,
6.5 W/g for SD, and approximately 7 W/g for SD (obtained
through simulation). The SAR value of SD is slightly
higher than NSD, However, it is worthwhile to remark that,
quantitatively, the difference observed between experimen-
tal SAR values of SD and NSD are rather small, falling
within the experimental errors. However, the heating
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profile as supports our assumption of the different contri-
bution in the SAR development brought by stoichiometric
over nonstoichiometric Fe.

The discrepancy between experimental and simulated
SAR values is probably due to the scattered alignment of
nanodiscs, in accordance with the previous published data
[3,60]. The obtained SAR values for SD and NSD systems
are much smaller than those reported by Yang et al. [3]
and Ma et al. [61]. Nevertheless, it should be noted that
even though the SAR values reported by Yang et al. [3]
are among the highest reported so far in the literature, these
materials remain difficult to implement in real clinical tri-
als, because the product of the field strength and frequency
(H x f ) range from 7.8 x 10° t0 2.3 x 10" Am~'s~! and
exceed the upper safe limit of 5 x 10° Am~!s™!. Indeed,
their SAR values will be lower under the application
of magnetic fields that falls within the clinical relevant
conditions.

For the field (H =400 Oe, 600 Oe) below switching
field “Hg”, no appreciable hysteresis loss is observed,
which clearly indicates that the field amplitude is not suffi-
cient to promote the nucleation of the vortex state to onion,

and hence results in a low SAR value. Due to the limitation
of the experimental setup, the maximum field and fre-
quency (H =450 Oe; f =107 kHz), further, we simulate
the SAR values for SD obtained above the “Hg”. The field-
dependence-simulated hysteresis curves at 400-800 Oe is
shown in Fig. S6 within the Supplemental Material [34]. A
significant hysteresis loss is observed at “H”” = 800 Oe due
to the switching phenomenon, which takes place around
600 Oe, thereafter vortex is nucleated to the onion state.
Theoretically, area 4 of a particular hysteresis loop can be
calculated in the variables (M/Mg, H). Hence the corre-
sponding SAR value is then calculated by the following
equation [22,62]

W/g, 3)

where p is the nanoparticle density, i.e., for magnetite,
p=>5.1 g/lem’. The inset in Fig. S6(a) within the Sup-
plemental Material [34], represents the simulated SAR
value at different field “H” and frequency “f ” where an
increase in SAR with “H” is observed at “H” =600 Oe.

(a) (b)
8 : : , - M =15° §=300 @=45
I NSD Experiment
I SD Experiment
6 " I Simulated 1
f=107 kHz
S
= 4+ - 9 =60°
o H
= 9 =75°
2¢ 1 o
o - o
0 H
200 300 400 500
H (Oe)
(c)
1.0 '-.-b“ l _.I_eof’ ' : :
—e—15° — 75°
05 -—0—300 —.—900 p
” ——45°
S 00
s
-05¢ .
-1.0
-800 600 —400 200 0 200 400 600 800
H (Oe)

FIG. 5. (a) Experimental and simulated SAR value NSD and SD (error bars indicate the standard error of the means of different SAR
measurements). (b) Orientation of NDs with the application of magnetic field at different angle (6), and (c) represents the hysteresis
loops of SD at different directions at “H”” = 800 Oe.
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At low field, the observed SAR has a rather small
value (<50 W/g). When “H” is more than 600 Oe, the
SAR rises sharply and reaches approximately 184 W/g
(“f”=107 kHz; “H” =800 Oe). In fact, the simulated
value of SAR for “H” in the range from 600—800 Oe, there
is a rapid increase in its value due to the inset of switching
field, see Fig. S6a within the Supplemental Material [34].

Recently, it is reported that the orientation-dependent
hysteresis loop of NDs with respect to ac magnetic field
has a significant impact in the enhancement of SAR value
[3,18,24]. The inclination of each SD in the application of
field “H” is shown schematically in Fig. 5(b), where sym-
bol “6” represents the angle between the magnetic field
“H” and the normal direction of the SD. The hysteresis
loops of SD along these incline directions are obtained
through simulation, as shown in Fig. 5(c), which disclose
the possible anisotropic magnetization reversal behaviors
of circular SD [63].

For 6 =0°-45°, no hysteresis loss is observed. In the
vicinity of the center of the nanodiscs, the angle between
adjacent spins becomes increasingly large when the spin
directions remain confined in plane. Consequently, at the
core of the vortex structure, the magnetization within a
small spot will turn out of plane and parallel to the plane
normal. Although, the concept of such magnetic vortex
with a turned-up magnetization core is introduced, direct
experimental evidence for this phenomenon is still lack-
ing. In the present work, the SD clearly shows the vor-
tex core whose spin configuration will be out of plane
under the application of field in perpendicular direction
(6 =0°), and hence will contribute nonzero magnetization
[Fig. 4(a)]. This is in a good agreement with the study
reported on the vortex state in magnetic nanodots and discs
exhibiting a core region in which the magnetization has a
nonzero component in the z axis, i.e., perpendicular direc-
tion [49,64,65]. From Fig. 5(c), no significant hysteresis
loss is observed in out-of-plane magnetization (6 = 0°).
The heating properties of nanodiscs depend on the area of
hysteresis loss. Therefore, we believe that the present SD
shows no significant heating efficiency in the perpendicular
direction even at higher magnetic field [H = 800, 3000 Oe
Figs. 5(a) and 5(b)].

The multiswitching in hysteresis loop is observed when
0 lies between 60°-90°. Figure 6(a) shows simulated
direction-dependent SAR values of SD and it is clearly
seen that the SAR changes efficiently with orientation.
When 6 =60°, the SAR rises quickly and reaches a maxi-
mum value of approximately 270 W/g. The rapid increase
in SAR at #=60° can be ascribed to the occurrence
of multiswitching hysteresis behavior at “Hg”~700 Oe,
clearly observed in the inset of Fig. 6(a). When 6 > 60°,
the SAR value starts to decrease until & = 90°, which indi-
cates the stability of the vortex state for a longer time at
6 = 60°, whereas the vortex state just undergoes a brief
stay and is then swiftly annihilated at 6 =75° and 90°

[63]. Thus, higher SAR is observed in the parallel align-
ment of SD at “6” = 60° to 90°. The orientation of SDs for
0 = 60° to 90° at “H” = 800 Oe can be considered as a vor-
tex region owing to their lowest total energy as shown in
Fig. 7(a). It is generally believed that nanostructures with
vortex domain structure should enhance the hysteresis loss
due to existence of different switching field Hs but it does
not mean that only the existence of vortex state is sufficient
to enhance the hysteresis loss and hence the SAR value
[3,18,27].

For this, the first requirement is the applied field “H”
should be able to nucleate the vortex state to the onion
state and this is possible only when H > Hs, where “Hs”
depends on size and shape [66,67]. In order to further
strengthen this point, we consider and simulate the small
hypothetical NDs (as denoted here by SND) of diame-
ter “d” =200 nm and thickness “#” =25 nm with aspect
ratio “B” =t/d =0.13 (same as for our SD) and exhibits
the magnetic vortex configuration, shown in phase diagram
Fig. 4(b). We perform direction-dependent hysteresis loss
at similar simulation condition as for SD. The observed
hysteresis losses are given in Fig. S6(b) within the Sup-
plemental Material [34] consisting of switching field “Hg”
approxiamtely 360 Oe (<for SD) and their respective SAR
value is shown in Fig. 6(a). In comparison, the simulated
result for SND and SD, the SAR value of SND is approx-
imately 4 times higher than that of SD, i.e., 1028 W/g,
which agrees well with the fact that the size is almost 4
times smaller than SD. However, the observed remanence
magnetization is very high, which indicates the possibil-
ity aggregation in SND. Here, the higher SAR of SD is
obtained at 6 = 60° whereas at 8 =90° for SND. These
results suggest that circular NDs provoke a higher SAR in
parallel alignment, and should be in the range 6 = 60°—90°
for H =800 Oe. In addition, the lowest total energy of
SND is lies in these direction (particularly 6 = 75°-90°),
Fig. 7(b), similar to the SD as discussed above. Although
the higher SAR of SD and SND are at different orientation
(“0”), interestingly the switching field “Hg” is well con-
sistent with obtained SAR for both samples, i.e., higher
SAR at higher “Hg” at a respective angle “6” as shown
in the inset of Fig. 6(a). These results indicate an interest-
ing connection between the size, orientation, and switch-
ing field, which affect tuning the SAR value for circular
F C3 04 NDs.

Furthermore, we explore this correlation at higher field
(“H”=3000 Oe) by analyzing similar angle-dependent
hysteresis loss. The obtained hysteresis loss is shown in
Fig. S7 within the Supplemental Material [34] and its cor-
responding SAR values is in Fig. 6(b). At6 = 0° and 5°, no
hysteresis loss is observed and the multiswitching in hys-
teresis loss takes place at 8 = 10°-90°. When 0 = 15°, the
SAR rises quickly and reaches a maximum value approxi-
mately 340 W/g and approximately 1452 W/g for SD and
SND, respectively. The direction-dependent higher SAR
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is obtained at 6 = 15°, which contradicts with direction-
dependent higher SAR at “H” =800 Oe. This contradic-
tion of angle-dependent SAR at different field is probably
due to the connection between the switching field (size),
orientation, and applied field during the formation of vor-
tex in the SD and SND. In addition, there is always the
possibility of anisotropic magnetization-reversal behav-
iors of NDs as mentioned above. However, the switching
field “Hg” is still well consistent with the SAR value of
SD and SND, i.e., higher SAR at higher switching field
“Hs”, as shown in the inset of Fig. 5(b). In both cases
(“H” =800 Oe and “H” =3000 Oe), the angle-dependent
SAR is in complete agreement with “Hs” and hence a
higher SAR is observed in higher “Hs” regardless of
orientation and applied field.

Furthermore, to study the effect of geometrical parame-
ters on switching field “Hg”, we analyze a thickness, i.e.,
“f* (25-300 nm) and a diameter, i.e., “d” (100770 nm),
dependent hysteresis loss in reference of SD, Fig. S6(c,d)
within the Supplemental Material [34]. The observed
“Hs” and SAR are shown in Figs. 6(c) and 6(d). The

(@) ] , , .
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gmoo —=—SND
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= |
o I
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FIG. 6.

obtained SAR values increase with diameter “d” and
reach a maximum value of approximately 348 W/g at
“d” =600 nm [i.e., at higher “Hg” as shown in the inset of
Fig. 6(d)], but starts to decrease to approximately 180 W/g
at “d” =770 nm at constant thickness “#’= 100 nm. The
total energy (Et) decreases with increasing diameter “d”
and reaches a minimum at “‘d” = 770 nm in our observation
limit as clearly seen in Fig. 7(d). Owing to lower energy at
“d” =770 nm, one can expect higher SAR at “d” =770 nm
instead of at “d” = 600 nm. But this result is ascribed due
to the stable vortex configuration at “d” = 600 nm as com-
pared with “d” =770 nm, which can efficiently enhance
the hysteresis loss. This result indicates that although the
vortex configuration is observed in SD, perfect geometry
for its stability is a major factor to enhance the heating
efficiency significantly, which is observed at “d” = 600 nm
rather than at “d” =770 nm in the present work. Thus, we
anticipate the region of vortex configuration of SD is in the
range of “d” = 600—770 nm at “#” = 100 nm, which is the
most energetically preferred region as shown in Fig. 7(d)
and lies within the vortex region given in the magnetic

(b) ‘ ‘
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——SN 1500} +SND
1200 - 1200} ]
S 900}
S 900} = o) -
= 300:\\,_.__._.
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(a), (b) Direction-dependent SAR value of SD and SND at f =107 kHz and respective insets show an angle-dependent

switching field “Hs”, respectively, and (c) and (d) thickness “#” and diameter “d”’-dependent SAR value of SD at f =107 kHz and
respective insets show thickness “#” and diameter “d”’-dependent switching field “Hg”, respectively.
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with respect to thickness “#” and diameter “d” at H = 800 Oe.

phase diagram, Fig. 4(b). Here, whatever the vortex con-
figuration, our concern is with diameter “d” dependent
switching field and its effect on the SAR.

Thus the observed result of higher SAR at higher “Hy”
further confirms the relation between switching field and
SAR as shown in Fig 6(d). Similarly, the hysteresis loops
for SD with thickness ranging from “f’=25-300 nm at
constant diameter 770 nm, the observed highest SAR
is approximately 322 W/g at t=75 nm, as shown in
Fig. 6(c), and 188 W/g at t=100 nm (“H” =800 Oe and
“f” =107 kHz). Here, the highest SAR is observed at
the second highest switching field “H” =500 Oe, which
is quite different than our expectation. This is probably
due to the absence of perfectness of geometry for vortex
configuration as mentioned above. Thus, the anticipated
region “” = 65—100 nm is the vortex-configuration region
at “d” =770 nm suggesting SD with “/’=75 nm and
“d” =770 nm has most stable vortex configuration due
to which higher heating efficiency is observed at higher
switching field “Hs”. The corresponding total energy (Eot)
decreases with increasing thickness “#’ and the corre-
sponding vortex region, as shown in Fig. 7(c), is well
agreed with magnetic phase diagram, Fig. 4(b). It can

32_\ | —O—SND‘ |

Vortex region

6 (deg)
(d) ‘ [ . . Y .
0 0 *._-_—*0-‘__- g u
—e—SD ?
05! 5
B >
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(a), (b) Total energy (Eot) of the SD and SND in application of field # = 800 Oe, and (c), (d) total energy (Ei) of the SD

be worthwhile to mention that SD seems to be flat with
increasing diameter (decreasing thickness) at constant “z”
(“d”), which means it grows towards thinner from thicker
with small aspect ratio (8 =t/d). For a thinner particle
(""" « "d"), the bending state tends to rotate as a whole
with a decrease in the applied magnetic field. Therefore,
the lowest energy state, i.e., the vortex configuration, is
not accessible during evolution of the magnetization pat-
tern in external magnetic field. At “#’ =25 nm, the vortex
could not nucleate during magnetization reversal, proba-
bly due to the small thickness ("#" < "d") of the SD where
the magnetization reversal resembles the process of qua-
siuniform rotation. When the thickness of SD is above
100 nm, the SAR abruptly falls to zero due to the absence
of hysteresis loss. Thus, the behavior of the particle resem-
bles a single-domain one, although the actual particle size
exceeds the effective single-domain regime. The shape of
SD is grown towards tubular structure with the increase
of thickness and one can expect the higher hysteresis
loss owing to the contribution of shape anisotropy. How-
ever, the size of these tubular structure is larger for which
“H” =800 Oe is insufficient to generate the hysteresis and
hence no efficient hysteresis loss is observed.
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IV. CONCLUSION

In conclusion, we present a circular magnetic vortex
NDs of Fe;O4 and investigate their heating properties
by both experimental as well as theoretical simulations.
It is observed that the heating performance is better for
stoichiometry Fe;O4 nanodiscs as compared with the non-
stoichiometry version owing to charge ordering between
Fe’* and Fe**, which is further tuned by controlling the
switching field—mediated shape, size, and orientation of
nanodiscs in the direction of applied field in a controlled
way. The larger the switching field, the higher the observed
SAR value. These findings could be a useful insurgency
in magnetic vortex nanoparticles that the existence of vor-
tex configuration is not only a factor to enhance heating
capability but switching field mediated by shape, size, and
orientation are also relevant factors to consider. Finally,
this study sheds light onto the effective design of vortex-
configuration Fe30,4 nanodiscs and studying their heating
performance by systematically adjusting their size, shape,
orientation-mediated switching field, and stoichiometry.
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APPENDIX

Micromagnetic simulation hysteresis loop for nan-
odiscs: the micromagnetic simulations are performed
using the Mumax3.9 package. The dynamic response to
fast external-field changes is considerably different from
that described by the hysteresis loop, and is in general gov-
erned by the Landau-Lifshitz-Gilbert Langevin equation:

oM (r, 1) —r M.ty H
= r, f) %
ot 1+ a2 ’ eff
B M(rt) % [M(r, ) % He]
- * *
(1+(x2)MS r, r: effl>
(A1)
where
8E'tot
Hyg = ——. A2
eff 8MS ( )

Here, M(r,f) is the magnetization distribution, H g is the
effective field, My is the saturation magnetization, y is the

gyromagnetic ratio (1.78 x 107 s~! Oe™!). The total energy
(Etor) 1s the sum of five terms, namely exchange energy,
self-magnetostatic energy, magnetocrystalline anisotropy
energy, surface anisotropy energy, and Zeeman energy.
Law of saturation approach (LAS): we calculate the
surface anisotropy by using the law of approach to mag-
netic saturation [42], expressed by the following equation:

b
M=Ms(1-—5).

where b is a factor correlated with the effect of the mag-
netocrystalline anisotropy. In the case of uniaxial magnetic
crystals, the fitting parameter b can be used to obtain an
estimate of the anisotropy term K:

15\ '/
K = MOMS(T) .

(A3)
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