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Cubic and spherical superparamagnetic iron oxide nanoparticles with comparable diameters are chemically

synthesized via thermal decomposition to investigate shape-dependent characteristics. Various measurements

reveal that nanocubes exhibit higher saturation magnetization, larger coercivity, and elevated blocking tem-

perature relative to nanospheres due to the reduced surface spin disorder and stronger shape anisotropy. Elec-

tron spin resonance spectroscopy exhibits a resonance field shift and linewidth broadening in cubic particles

based on the enhanced effective anisotropy. Micromagnetic simulations support these trends that cube edge-

length variation induces resonance splitting absent in spheres, supporting cubic superparamagnetic iron oxide

nanoparticles as promising candidates for hyperthermia and imaging agent applications.
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1. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs),
among the smallest multi-functional magnetic nanomaterials,
have attracted significant attention in biomedical fields
due to their unique magnetic properties and excellent
biocompatibility [1, 2]. Unlike bulk ferromagnetic materials,
SPIONs exhibit zero remanent magnetization and coercivity,
becoming magnetized only under an external field and
losing magnetism once it is removed [3, 4]. This
superparamagnetic behavior enables precise, remote control
without inducing unwanted aggregation in vivo, while
surface functionalization with biocompatible polymers
and ligands allows targeted interaction with biological
molecules for selective diagnostic and therapeutic
applications [5-7].

Biomedical use of SPIONs requires both high saturation
magnetization (Ms) for effective magnetic responsiveness

and negligible remanence/coercivity to prevent aggregation
and ensure reversibility [8]. However, increasing Ms via
larger particle size often induces ferromagnetism, characterized
by hysteresis and residual magnetization—reducing colloidal
stability and promoting undesirable aggregation.

Superparamagnetism is a magnetic phenomenon observed
in single-domain nanoparticles, typically below 50 nm,
where thermal energy (kBT) is sufficient to overcome the
magnetic anisotropy energy barrier (KeffV). This causes
the magnetic moments of individual particles to randomly
flip their direction, leading to a zero net magnetization in
the absence of an external magnetic field. The characteristic
time scale for these flips is defined by the Néel relaxation
time (N), which is exponentially dependent on the
particle's volume (V), magnetic anisotropy constant (Keff),
and temperature (T), as described by the Néel-Arrhenius
equation: 

. (1)

A critical point in this behavior is the blocking temperature
(TB), the temperature below which the nanoparticles'
magnetic moments become “blocked” in a specific orientation,
exhibiting a behavior similar to ferromagnetism. The
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blocking temperature is not a fixed material property but
is determined by the balance between the Néel relaxation
time and the measurement time (M), following the
relationship:

. (2)

Traditionally, research on iron oxide magnetic nanoparticles
has focused on spherical geometries. However, recent
efforts have increasingly targeted anisotropic morphologies,
including nanocubes, nanorods, nanoflowers, and octapods,
since shape control can significantly enhance both magnetic
behaviors and biological activities. By leveraging shape
anisotropy, researchers aim to overcome the traditional trade-
off between saturation magnetization and superparamagnetic
stability, marking a shift from simple synthesis toward
deliberate, design-based nanostructure engineering.

In this study, we systematically investigate the static and
dynamic magnetic properties of cubic-shaped SPIONs with
an edge length of 10 to 12 nm, synthesized chemically
and compared against similarly prepared spherical SPIONs.
Static magnetic moments are characterized at room and
low temperatures via Superconducting Quantum Interference
Device - Vibrating Sample Magnetometer (SQUID-VSM)
[9], while Electron Spin Resonance (ESR) is used to
probe dynamic responses. As expected, cubic SPIONs
exhibit a broader magnetic field response than spherical
ones, attributed to shape anisotropy. Micromagnetic simulations
of spin alignment and relaxation dynamics are performed
for both morphologies, showing good agreement with
experimental results.

2. Experiments

Iron oxide nanoparticles are synthesized via a high-
temperature thermal decomposition method using a preformed
Fe-oleate (Fe(OL)₃) precursor in 1-octadecene (ODE) in
the presence of sodium oleate (NaOL). The Fe-oleate
complex is first prepared by reacting ferric chloride
hexahydrate (FeCl₃·6H₂O, 40 mmol) with sodium oleate
(120 mmol) in a mixed solvent of ethanol, distilled water,
and hexane. The reaction mixture is heated to 70°C and
maintained at that temperature for 4 h. The upper brown
organic phase containing Fe(OL)₃ is then collected and
purified by washing three times with distilled water, after
which the mixture is evaporated to remove hexane, yielding a
waxy solid iron-oleate complex. For the synthesis of
spherical nanoparticles, a solution containing Fe(OL)₃
(5 mmol) and oleic acid (2.5 mmol) in 30 mL of ODE is
loaded into a three-neck round-bottom flask and degassed

under vacuum at 120°C for 60 min to remove residual
moisture and oxygen. The atmosphere is then switched to
Ar, and the mixture is heated to 318°C at a constant rate
of 3.0°C min⁻¹ and held at that temperature for 60 min.
After cooling to room temperature, ethanol is added to
induce precipitation, and the resulting spherical nanoparticles
are isolated by centrifugation. For the synthesis of cubic
nanoparticles, a solution containing Fe(OL)₃ (5 mmol)
and NaOL (5 mmol) in 35 mL of ODE is similarly degassed
under vacuum at 120°C for 60 min. The atmosphere is
replaced with Ar, and the mixture is heated to 318°C at
the same rate of 3.0°C min⁻¹ and maintained for 60 min
to enable cubic particle growth. After cooling to ambient
temperature, ethanol is added to promote precipitation,
and the cubic nanoparticles are recovered by centrifugation
[10-12]. 

3. Results and Discussion

Transmission electron microscopy (TEM) images of the
synthesized iron oxide nanoparticles are presented in Fig. 1.
The spherical nanoparticles exhibit an average diameter
of 10.51 ± 0.68 nm (see Fig. 1(a)), whereas the cubic
nanoparticles display an average edge length of 11.35 ±
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Fig. 1. Transmission electron microscopy (TEM) images of
iron oxide nanoparticles. (a) Spherical nanoparticles with an
average diameter of 10.51 ± 0.68 nm. (b) Cubic nanoparticles
with an average edge length of 11.35 ± 1.00 nm. (c) Commer-
cial iron oxide nanoparticles with a nominal diameter of 10
nm (Sigma-Aldrich). (d) Commercial iron oxide nanoparticles
with a nominal diameter of 20 nm (Sigma-Aldrich). All scale
bars represent 100 nm.
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1.00 nm (see Fig. 1(b)). For comparison, commercially
available cubic and spherical nanoparticles with nominal
diameters of 10 nm and 20 nm are shown in Fig. 1(c) and
Fig. 1(d), respectively. Both the spherical and cubic particles
synthesized in this study demonstrate high mono-dispersity

and uniform morphology, in contrast to the broader size
distribution observed in the commercial 10 nm spherical
sample. These results confirm that the employed thermal
decomposition method enables precise control over
nanoparticle shape and size, particularly near 10 nm,
which is crucial for investigating shape-dependent magnetic
properties [13, 14].

For the static magnetic properties, the field-dependent
magnetization, M(H), of the laboratory-synthesized Fe₃O₄
spherical and cubic nanoparticles is systematically examined
by SQUID-VSM at 300 K and 5 K, as shown in Fig. 2(a)
and (b). During the measurement, the nanoparticle
samples are prepared in a powder form, where individual
nanoparticles are randomly oriented with respect to the
applied magnetic field, yielding a powder-averaged
macroscopic magnetic response. At 300 K, both
morphologies exhibit superparamagnetic behavior with
negligible coercivity and remanence, and the Ms values
are comparable, measured at 40.6 emu/g for the spherical
nanoparticles and 38.9 emu/g for the cubic ones. At 5 K,
the magnetic response transitions to a blocked ferromagnetic
state, accompanied by a significant increase in Ms and the
appearance of open hysteresis loops, with the cubic
nanoparticles exhibiting a higher Ms of 53.5 emu/g compared
to 47.6 emu/g for the spherical counterparts. This enhancement
in low-temperature magnetization for the nanocubes is
attributed to the suppressed surface spin disorder on the
flat facets of the cubic morphology, whereas the higher
curvature of the spheres likely induces a thicker magnetically
dead layer [15, 16]. A distinct difference is also observed
in the magnetic hardness, as quantified in Fig. 2(b), where
the cubic nanoparticles display a noticeably larger coercivity
field (Hc) of 86.7 mT compared to 69.0 mT for the spheres.
This increased coercivity serves as direct experimental
evidence of shape-induced anisotropy, which adds to the
magnetocrystalline anisotropy and creates a higher energy
barrier for magnetization reversal. 

Fig. 2(c) presents the temperature-dependent magnetization,
M(T), curves measured under zero-field cooling (ZFC)
and field cooling (FC) protocols with an applied field of
10 mT, where the ZFC curves show a broad maximum
corresponding to TB. The TB for the spherical nanoparticles
is determined to be 190 K, while the cubic nanoparticles
show a shift to a higher temperature of 195 K. Since the
particle volumes, V are comparable, the relation TB∝

KeffV ∝ implies that the Keff of the nanocubes is superior
to that of the nanospheres, and the broadening of the ZFC
peak in the cubic sample further suggests a wider distribution
of energy barriers, likely arising from intensified dipolar
interactions between the flat-faced particles.

 The dynamic responses of the nanoparticles are probed

Fig. 2. (Color online) Static magnetic properties of spherical
and cubic iron oxide nanoparticles measured by SQUID-VSM.
(a, b) Field-dependent magnetization M(H) at 5 K and 300 K
in near low applied field, respectively. The insets show full
range of the M(H) curves. (c) ZFC and FC magnetization
curves, indicating a blocking temperature (TB) of around 190
K and 195 K for the spherical nanoparticles and the cubic
nanoparticles, respectively.
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using ESR spectroscopy at 9.16 GHz (X-band) at room
temperature to investigate the effect of particle shape and
uniformity on magnetization dynamics, as shown in Fig. 3
[17]. Figs. 3(a) and (b) show the ESR spectra in absorption
and derivative spectra, respectively. While the absorption
curve indicates the actual magnitude of microwave
absorption, the derivative form depicts the differentiation
of this profile as a function of the magnetic field. Quantitatively,
the resonance field extracted from the derivative spectra
(Fig. 3(b)) shifts from approximately 285 mT for the
spherical particles to approximately 294 mT for the cubic
particles. This shift in resonance field reflects both the
size of the SPIONs and the additional internal demagnetizing
field imposed by the flat facets and sharp edges of the
cubic geometry, relative to the uniform demagnetizing
factor of a sphere. Furthermore, this shift is accompanied
by linewidth broadening evidenced by an increase in the
full width at half maximum (FWHM) from 96 mT for the
spheres to 112 mT for the cubes. Even in a randomly
oriented ensemble, the shape anisotropy of cubic geometry
does not average out into an isotropic response. Instead,
the distinct local anisotropy fields generated by the non-
equivalent geometric dimensions such as the flat faces
(a), face diagonals (√2 a), and corners (√3 a) induce
significant inhomogeneous broadening across different
orientations. By comparison, the resonance fields of
commercial reference samples appear at markedly higher
fields (337 mT for the uniform and 410 mT for the non-
uniform commercial sphere) with larger or split linewidths,
indicating a larger mean size and greater polydispersity
than the in-house synthesized particles.

Consequently, commercial non-uniform samples display
multiple peaks in the derivative spectra due to their broad

size distribution, whereas the synthesized spherical
nanoparticles exhibit a narrow, symmetric resonance with
reduced full-width at half-maximum (FWHM), consistent
with their uniform size distribution. However, cubic
nanoparticles display a resonance-field shift compared
with the spherical ones (See Fig. 3(a) and (b)). This shift
originates from the contribution of shape anisotropy,
which alters the internal demagnetizing field and thus
modifies the resonance condition. The broader resonance
features observed in the cubic nanoparticles highlight
their sensitivity to morphological effects and suggest an
enhanced capacity for radio frequency (RF) absorption
across a wider field range, a behavior that is highly
advantageous for biomedical applications such as magnetic
resonance imaging and hyperthermia therapy.

To gain further insight into the experimental observations,
micromagnetic simulations (Mumax3) are carried out for
cubic and spherical nanoparticles (Fig. 4) [18-21]. The
three-dimensional simulation geometries are depicted in
Fig. 4(a) and (b). The material parameters in our simulations
are summarized in Table 1. The simulations are performed by
varying the single particle size to account for the different
effective dimensions expected in a randomly oriented
ensemble. The Ms is determined by SQUID-VSM results.

Fig. 3. (Color online) Dynamic magnetic properties of iron
oxide nanoparticles obtained by electron spin resonance (ESR)
at 9.16 GHz (X-band). (a) Absorption spectra and (b) Deriva-
tive spectra. Commercial non-uniform samples exhibited
multi-peak features due to broad size distribution, while uni-
form spherical nanoparticles displayed narrower FWHM.
Cubic nanoparticles showed a distinct resonance-field shift,
reflecting the contribution of shape-induced magnetic anisot-
ropy.

Fig. 4. (Color online) (a, b) Top-view configurations of cubes
and spheres under external magnetic field (Hext), where the
cube assemblies were rotated by 10° increments around the z-
axis to mimic powder averaging. (c) Simulated ferromagnetic
resonance (FMR) spectra of cubes with edge lengths of 11 and
12.5 nm, showing multiple peak splitting and linewidth broad-
ening with increasing size. (d) FMR spectra of spheres with
identical size (11 nm) and ±10% radius variation, exhibiting
negligible change in resonance behavior.
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Aex is set to be a small value to confine magnetic interaction
within individual particles. Furthermore, magnetocrystalline
anisotropy and the Dzyaloshinskii-Moriya interaction
energy density are neglected. Under these conditions, the
effective anisotropy, Keff is primarily governed by the
demagnetization energy determined by the particle geometry.
Finally, the magnetic parameters for the background are
set to zero. To ensure that the modeling is conducted
under conditions equivalent to the ESR experiments, nine
cubes and nine spheres with randomly distributed sizes
and dimensions are defined as a single system following
the TEM results in Fig. 1. For cubic assemblies, rotational
averaging around the +z-axis in 10° increments is performed
to reproduce powder-like experimental conditions. The
RF magnetic field applied along the +y-axis is efficiently
delivered to the system via a SINC function of the form
H(x, y, z) = Hrf sin[2fH(t  t0)]/2fH(t  t0), thereby
achieving broadband excitation suitable for probing
ferromagnetic resonance (FMR) [22]. The simulation is
carried out under the static magnetic field of 300 mT and
rf magnetic field for 100 ns by taking t0 = 50 ns in the
above equation. The time step is taken to be 1 fs.

The simulated FMR spectra (Fig. 4(c) and (d)) clearly
distinguish the two morphologies. In nanocubes, increasing
the edge length from 11 to 12.5 nm results in resonance
peak splitting and linewidth broadening, reflecting enhanced
shape anisotropy effects. Conversely, spherical nanoparticles
show nearly identical resonance profiles regardless of
±10% size variation, demonstrating their isotropic nature
[23]. These results are in excellent agreement with the
ESR measurements and confirm that cubic nanoparticles
possess pronounced shape-induced anisotropy, leading to
broader resonance profiles. Such linewidth broadening is

expected to improve magnetic hyperthermia efficiency by
enhancing RF energy coupling across a wider frequency
range. Therefore, cubic nanoparticles represent a promising
geometry for biomedical applications requiring efficient
magnetic energy absorption and dissipation.

4. Summary

In summary, the combination of experimental data and
micromagnetic modeling confirms that cubic SPIONs
exhibit superior magnetic responses compared to spherical
counterparts, largely due to shape anisotropy. These
insights pave the way for rational nanostructure design,
where particle morphology can be deliberately engineered
to achieve optimal performance in specific biomedical
and technological applications.
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