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Due to their non-toxicity and their ability to be functionalized, magnetite (Fe;O,) nanoparticles (NPs) are good candidates for
a variety of biomedical applications. To better implement their applications, it is crucial to well understand the basic structural
and magnetic properties of the NPs in correlation with their synthesis method. Here, we show interesting properties of Fe;O04 NPs
of various sizes ranging from 5 to 100 nm and the dependence of these properties on particle size and preparation method. One
synthetic method based on heating Fe(acac); with oleic acid consistently gives 5 &+ 1 nm NPs. A second method using the thermal
decomposition of Fe(oleate); in oleic acid led to larger NPs, greater than 8 nm in size. Increasing the amount of oleic acid caused
the average NP size to slightly increase from 8 to 10 nm. Increasing both the reaction temperature and the reaction time caused the
NP size to drastically increase from 10 to 100 nm. Powder X-ray diffraction and electron-microscopy imaging show a pure single
crystalline Fe;O, phase for all NPs smaller than 50 nm and spherical in shape. When the NPs get larger than 50 nm, they notably
tend to form faceted, FeO core-Fe; O, shell structures. Magnetometry data collected in various field-cooling conditions show a pure
superparamagnetic (SPM) behavior for all NPs smaller than 20 nm. The observed blocking temperature, Tz, gradually increases
with NP size from about 25-150 K. In addition, the Verwey transition is observed with the emergence of a strong narrow peak
at 125 K in the magnetization curves when larger NPs are present. Our data confirm the vanishing of the Verwey transition in
smaller NPs. Magnetization loops indicate that the saturating field drastically decreases with NP size. While larger NPs show some
coercivity (H,) up to 30 mT at 400 K, NPs smaller than 20 nm show no coercivity (H, = 0), confirming their pure SPM behavior
at high temperature. Upon cooling below Tp, some of the SPM NPs gradually show some coercivity, with H, reaching 45 mT at
5 K for the 10 nm NPs, indicating emergent interparticle couplings in the blocked state.

Index Terms— Magnetite nanoparticles (NPs), organic synthesis, structural properties, superparamagnetic (SPM) blocking

transition.

I. INTRODUCTION
AGNETIC nanoparticles (NPs), with typical sizes
below 100 nm, are increasingly used in nanotechnolo-
gies such as magnetic recording, magneto-transport, magneto-
plasmonic, and magneto-caloric effects, as well as in medical
applications, such as contrast agents for MRI, hyperthermia
treatment, magnetic separation, drug, and gene delivery [3],
[10], [12], [15], [17], [28]. Due to its non-toxicity, strong mag-
netization, and high chemical reactivity, magnetite (Fe;Oy) is
well suited for these applications. In order to optimize the
functionalities of magnetite NPs in the specific applications,
it is important to understand and control the structural and
magnetic behavior of a collection of such NPs in various
temperature and magnetic environments.

Given its crystallographic structure, where Fe’* and Fe’*
ions are distributed in an inverse spinel lattice, bulk magnetite
orders ferrimagnetically below 7. ~ 850 K [11]. When in NP
form, the internal ferrimagnetic ordering causes each particle
to carry a net magnetization. Since the size of the magnetic

Manuscript received June 19, 2020; revised July 24, 2020 and August 14,
2020; accepted August 15, 2020. Date of publication August 20, 2020; date of
current version October 19, 2020. Corresponding author: K. Chesnel (e-mail:
kchesnel @byu.edu).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMAG.2020.3018154

unit is here a few nanometers, we will refer to it as a nanospin.
If the particle size is below about 125 nm [21], the particle
is assumed to be magnetically monodomain, thus optimizing
the magnitude of its nanospin. In addition, when the particle
size is below 20 nm [22], a collection of such Fe;O4 NPs
exhibits superparamagnetic (SPM) behavior. Upon cooling,
the NPs undergo a blocking transition, typically below room
temperature, where the NPs transition from a freely fluctu-
ating SPM state to a magnetically frozen state. In addition,
the magneto-crystalline structure of Fe;0O4 may undergo a tran-
sition caused by charge ordering upon cooling, known as the
Verwey transition [36]. Observed in bulk Fe;O4 at 125 K, this
transition appears to vanish in small Fe;O4 NPs, depending
on their size, shape, and magnetic environment [24], [26],
[38]. These findings show that due to their nanostructuring,
SPM Fe;0,4 NP systems exhibit complex physical properties
that strongly depend on particle size, shape, and environment.
These complex properties still need to be explored at various
scales, from the atomic to the nanometric and macroscopic
scales.

To investigate the complex structural and magnetic prop-
erties of Fe3O4 NPs, a wide variety of techniques are now
available and have been used, including electron microscopy
[24], [40] and holography [39], magnetic force microscopy
[29], Mossbauer spectrometry [14], electron paramagnetic
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TABLE I
SUMMARY OF OUR SYNTHESIZED Fe304 NP BATCHES, LISTING THE PREPARATION METHOD, REACTION TEMPERATURE, REACTION TIME, AVERAGE

PARTICLE DIAMETER ESTIMATED VIA TEM AND BLOCKING TEMPERATURE ESTIMATED VIA FC/ZFC CURVES

resonance [26], [38], muon spin resonance, magnetometry
[5], [6], [31], X-ray magnetic spectroscopy [14], X-ray mag-
netic scattering [8], [19], [30], and neutron scattering [25].
However, given the diversity of preparation methods, and the
strong dependence of particle size, shape, and properties on
the synthetic method, there is still a lot to explore. Here,
we present a study on a wide range of particle sizes, ranging
from 5 to 100 nm, prepared by organic chemical synthesis
based on the decomposition of iron oleate or iron acac in the
presence of oleic acid. We explored the effect on the size
and shape by varying parameters in the synthesis method,
such as oleic acid amount, reaction temperature, and reaction
time. We then investigated their structure, crystallinity, and
their SPM behavior via magnetometry and show a consistent
but drastic dependence of the magnetic characteristics on
particle size.

II. CHEMICAL SYNTHESIS

The Fe;O4 NPs were synthesized following various organic
solution methods, which are summarized in Table I. For clarity,
we only present a selection of representative batches in Table
I, though we emphasize that multiple repetitions of each
method demonstrated reproducibility in the observed results
and trends. The first method, described by Altavilla er al. [1],
is based on the thermal decomposition of Fe(acac)s; in the
presence of phenyl ether, hexadecane, oleylamine, and oleic
acid at 275 °C for 30 min. This method consistently gave a
well-controlled particle size of 5 = 1 nm. With the solution
refluxing at around 275 °C, we found that varying the reaction

Reacti
n Chemical process SREHSR
Fe(acac);+ phenyl ether +
FEITIL hexadecane + oleic acid + —Ee
oleylamine
Fe(oleate); + octadecene .
Fe-oleate + 0.5 equiv. excess oleic acid 300°C
Fe(oleate); + octadecene .
Fe-oleate + 3 equiv. excess oleic acid S LURE
Fe(oleate); + octadecene .
Fe-oleate 2 aitefte et 295°C
Fe(oleate); + octadecene .
Fe-oleate o et 310°C
Fe(oleate); + octadecene .
Fe-oleate - aitEie 2] 305°C
Fe(oleate); + octadecene .
Fe-oleate » alete ] 320°C

Re?ctlnn Diameter (TEM) Blocking temperature
time (FC/zrC)
30 min 52+1.0nm 28K
30 min 8.6 £2.8nm 50K
30 min 101 £2.8 nm 110K
45 min 114+ 24 nm
20 min 11.8+ 1.1 nm 120K
60 min 143 £ 2.9 nm 150K
Single Fe;0,) 13
e (Single Fes0,) 13 nm 125 K (Verwey)

(Core/shell FeO/ Fe;0,):

70 nm, 85 nm 300K, 320 K bumps

temperature was challenging and did not cause a significant
change in particle size. For that reason, Table I includes
only one preparation batch (batch NP31) using the Fe-acac
method. In order to obtain larger particle sizes, we utilized
a second approach, described by Jana et al. [16], which is
based on the thermal decomposition of iron oleate, Fe(oleate)s,
in the presence of octadecene and oleic acid. Variations to this
method were investigated by either increasing the equivalents
of oleic acid, raising the reaction temperature, or increasing
the reaction time.

In batches NP20 and NP21, we used the Fe-oleate method
and increased the amount of oleic acid from 0.5 equivalents
in excess (NP20) to 3 equivalents in excess (NP21). For
both preparations, the reaction temperature was 300 °C and
reaction time was 30 min. In batches NP28, NP29, NP30, and
NP32, we again used the Fe-oleate method, but increased the
reaction temperature from 295 °C to 320 °C, and also the
reaction time from 20 up to 120 min. For all batches, once
the reaction was completed, the solution was slowly cooled to
room temperature, and particles were dissolved in chloroform,
precipitated in ethanol, and separated by centrifugation at a
speed of 5000 r/min for 15 min. After successive rounds of
precipitation, a black solid was obtained, whose appearance
was often wet until after being vacuum dried in a desiccator.

II1. METHODS

Once fabricated, the Fe;O4 NPs were characterized using
X-ray diffraction (XRD), transmission electron microscopy
(TEM), energy dispersive X-ray (EDX) spectroscopy, and
vibrating sample magnetometry (VSM).
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Fig. 1.

Selection of bright field TEM images for the various batches of Fe3O4 NPs, in increasing order of size. Insets: particle size distribution calculated

on several TEM images (including the showed one and other images not shown) for each batch. (a) NP31, average size 5.2 £ 1.0 nm. (b) NP20, average size
8.6 & 2.8 nm. (c) NP21, average size 10.1 & 2.8 nm. (d) NP29, average size 11.8 £ 1.1 nm. (e) NP30, average size 14.3 £ 2.9 nm. (f) NP32, average sizes

13 nm, 70 m and 85 nm.

The XRD data were collected on a PANalytical X Pert
Pro MPD diffractometer with sealed tube Cu X-ray source,
X’Celerator detector, and Ge monochromator. Rietveld refine-
ments were performed using the TOPAS Academic software
[9], using the line shape approach of Balzar [2] for the smaller
NP31 particles and a Thompson, Cox, Hastings [35] pseudo-
Voigt profile function for the larger NP32 particles.

TEM Images were acquired using a ThermoFisher Scientific
Tecnai F20 UT operating at 200 kV. For the TEM measure-
ments, the NPs were deposited on very thin carbon membrane
grids by dissolving a measured amount of the NPs in pow-
der or paste form in either chloroform or toluene and placing
a drop of the solution on the membrane. The concentration of
the solution was finely adjusted in order to deposit as close
as possible a monolayer of NPs (too concentrated solutions
lead to multilayered deposits and too diluted solutions lead to
sparse NP sets). A series of TEM images were collected on
each batch of NPs at various concentrations. To estimate the
average NP size, hundreds of individual NPs were manually
analyzed using the Imagel software. The average particle size
and size distribution were estimated using between 300 and
600 NPs for each batch. The EDX data were collected on the
TEM instrument using a focused beam mode (STEM) with
nominal beam diameter <1 nm. This allowed the collection
of EDX spectra at different locations of the NP assemblies
with a nanometric spatial resolution.

The VSM data were collected on a Quantum design phys-
ical properties measurement system (PPMS) that includes a

superconducting magnet able to produce up to 9 T and a
cryogenic sample holder using liquid helium. For the VSM
measurements, a small amount of the fabricated dried pow-
der/paste was inserted into a capsule of about 1 mm?® and
placed in the VSM instrument. The material was tightly
compacted inside the capsule, which was itself tightly secured
in place using pieces of quartz, so to prevent any motion
in the VSM instrument when under vibration during the
measurement. Magnetization loops were typically collected
over a field range of £5 T. Field cooling (FC) and zero-
field cooling (ZFC) measurements were typically carried out
in a field of 10 mT at a warming speed of 1 K/min over
the 5-400 K range. Data points were typically collected at
20 s intervals. SPM blocking transitions were identified by
comparing FC and ZFC curves.

IV. STRUCTURAL AND MAGNETIC PROPERTIES

Below, the structural and magnetic properties of the Fe;Oy
NPs measured by TEM and characterized XRD and VSM
are discussed, including: the particle size and shape, the
crystalline structure, the Verwey transition, the SPM blocking
temperature, and the magnetization characteristics such as
saturation and coercive field.

A. Particle Size and Shape

A selection of TEM images for each NP batch is shown
in Fig. 1. Batch NP31 synthesized via the Fe-acac method

Authorized licensed use limited to: Brigham Young University. Downloaded on June 29,2021 at 22:54:44 UTC from IEEE Xplore. Restrictions apply.



2300109

shows spherical particles with an average size of 5.2 & 1.0 nm.
The excellent size homogeneity causes the NPs to self-
assemble in a hexagonal lattice when deposited. Batches
NP20 and NP21 synthesized via the Fe-oleate method at higher
temperature (300 °C) compared with the Fe-acac method
(275 °C), but for the same reaction time (30 min), led to larger
but more disperse particle sizes. NP20 shows an average size
of 8.6 £ 2.8 nm, while NP21 (6 x oleic acid) shows an average
size of 10.1 £ 2.8 nm, indicating that increasing the amount
of oleic acid tends to produce larger particles, as also observed
by Jana et al. [16]. In their report, Jana et al. [16] interpret this
result as following: “When the fatty acid with a relatively long
chain is used, such as oleic acid, the size of the monodisperse
nanocrystals achieved before the Ostwald ripening stage is
fixed at a certain value that is dependent on the ligand
concentration” and “...the higher the ligand concentration,
the larger the size of the nearly monodisperse nanocrystals.”

Batches NP28, NP29, NP30, and NP32, synthesized via
the Fe-oleate method, where reaction temperature or time was
further increased, all show larger particle sizes. Interestingly,
batches NP28 (295 °C, 45 min) and NP29 (310 °C, 20 min)
show similar average particle sizes. However, comparing the
size distribution for NP28 (11.4 £+ 2.4 nm) and NP29 (11.8
4+ 1.1 nm) indicates that while increasing temperature and
reaction time both lead to larger particles, increasing the
reaction temperature provides a better control of particle size.
This is confirmed with NP30 (305 °C, 60 min), where the
reaction time was increased to 60 min and the particle average
size increased to 14.3 £+ 2.9 nm. When the reaction time is
further increased to 120 min, with NP32 (320 °C, 120 min),
a very wide range of particle sizes is produced, from as small
as 10 nm to as big as 200 nm. In this case, it appears that
the increase in temperature from 305 °C to 320 °C led to
larger particles and the significantly longer reaction time led
to a much wider size distribution. The overall size distribution
for NP32 (calculated using over 300 particles) shows three
main average sizes: 13, 70, and 85 nm. Also, while the shape
of particles smaller than about 50 nm is approximatively
spherical, larger particles exhibit more angular shapes, such
as cubic, hexagonal-parallepipedic, or thombohedric, with the
formation of clear facets.

B. Crystalline Structure and Core—Shell Formation

The crystallinity of the NPs was probed using powder XRD
as well as high-resolution transmission electron microscopy
(HRTEM). XRD data collected from each of the samples were
analyzed via Rietveld refinement. The results are illustrated
in Fig. 2, which shows XRD patterns for the smallest particles
NP31 (5 nm) and for the largest particles NP32 (up to about
100 nm). For the Fe;0, phase (Fd3m), the cubic cell parame-
ter is 8.3575(15) A for NP31 and 8.3973(7) A for NP32, with
all atoms on (x, x, x) Wyckoff sites, where x is 1/8 for Fe(tet),
1/2 for Fe(oct), 0.3687(4) for O in NP31, and 0.3630(12) for
O in NP32. In this notation, “tet” refers to the tetrahedral sites
and “oct” refers to the octahedral sites. The slight change
in cell parameter for the Fe3;O, phase, from 8.3575 A in
NP31 to 8.3973 A in NP32, suggests a topotactic transition,
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reflecting that NP31 is overall more oxidized than NP32, and
resonates with findings in [32]. For the FeO phase (Fm3m),
the cubic cell parameter was 4.3156(3) A, with Fe at (0,0,0)
and O at (1/2,0,0). Broad unidentified peaks (not from known
iron-oxide phases) at 260 = 19.5° and 35° were included
in the model as independent Gaussian functions. Isotropic
thermal parameters and full occupancies were employed for
all atoms. Using the method described in [2], and assuming
an approximately monodisperse size distribution, we obtain
an average NP diameter of 5.3 £ 0.1 nm from the XRD peak
shapes for NP31, which agrees very well with the estimate
of 5.2 nm from TEM images. For the NP32 sample, which
has a very broad NP size distribution in the range from 10 to
100 nm, as seen in Fig. 1(f), a meaningful estimate of average
diameter requires some advanced knowledge of the shape of
the distribution, which we do not have.

The XRD data for NP31 [Fig. 2(a)] reveal a nearly pure
100% FeszO4 phase. Since the XRD data were collected
between one and three years after the samples were synthe-
sized, we were concerned about possible oxidation to Fe,Os.
Indeed, it has been shown that oxidation of Fe;O4 NPs likely
impacts their crystalline and magnetic properties [33], [34].
However, in the present work, no significant trace of Fe,Os,
either as maghemite or hematite, was detected in the Rietveld
refinements in any of the samples, including NP31 and NP32.
The observed stability of our Fe;Os4 NPs is likely due to
storing them under mild vacuum in desiccators shortly after
their fabrication.

The HRTEM images of NP31, illustrated in Fig. 2(b),
confirm that the mostly spherical particles are monocrystalline.
The same result was observed for all of the NP batches, except
NP32.

Interestingly, the XRD diffractogram for NP32 [Fig. 2(d)]
showed an unexpected structure, indicating up to 94% of FeO
mixed with 6% of Fe;O4. In addition, HRTEM images of
NP32 revealed that many of the largest particles, typically
larger than 50 nm, exhibit a core—shell structure. As an
illustration, Fig. 2(e) shows one of these particles, with a
faceted shape and a largest diameter of around 75 nm, where
a shell of about 7 nm is clearly visible. To identify the
crystalline phases in the core and the shell, respectively,
energy dispersive X-ray (EDX) spectroscopy was carried out
at different locations on the shell [Fig. 2(f)] and on the core
[Fig. 2(g)]. The magnitude of the EDX peaks at the various
absorption edges depends on several parameters set by the
electron absorption/X-ray emission process, as well as the in-
depth structure and composition of the material being probed,
so comparing the absolute peak magnitude does not allow to
directly determine the phase. However, a comparison of the
respective peak magnitudes at the core and at the shell allows
seeing which locations are richer in Fe or in O, and ultimately
drawing conclusion about the location of the FeO and Fe;0,4
phases, respectively. Averaged over several particles, the ratio
of the signal at the Fe K-edge (around 7.1 keV) and the O
K-edge (around 530 eV) increases significantly from about
1:1 at the shell to around 2:1 at the core location. More
precisely, the core/shell ratio of these Fe/O signal ratios was
measured to be around 1.8 with a standard deviation of 0.2.
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(a) and (c) Structural properties of NP31 (5 nm particles). (a) XRD data with Rietveld refinement showing a pure 100% Fe3zO4 phase. (b) HRTEM

view of the particles showing single crystalline particles, assembling in a hexagonal lattice. (¢) EDX spectrum collected on about a hundred of particles
showing the signal at the oxygen K-edge and at the Fe K,L-edges. (d)—(g) Structural properties of NP32 (broad 10-100 nm range of particles). (d) XRD
data with Rietveld refinement showing a mixture of about 94% FeO with 6% Fe3O4 phases. (¢) HRTEM view of a ~75 nm particle showing a core—shell
structure. (f) EDX spectrum collected on the shell region. (g) EDX spectrum collected on the core region. The signal ratio between the Fe and O K-edges

suggests a core richer in iron than the shell.

This suggests that the core is richer in Fe compared with the
shell, indicating the core is made of FeO and the shell of
Fe;04. For comparison, the EDX spectrum collected on the
small NP31 particles [Fig. 2(c)] is similar to the spectrum
collected on the shell of the NP32 particles. The unexpected
formation of core—shell structures with our fabrication method
is likely caused by lack of oxygen and reductive conditions
in the core that reduce all of the Fe(IIl) ions to Fe(Il) ions.
Other fabrication methods, based on the decomposition of
iron oleate via ketonic decarboxylation, have been used to
produce FeO/Fe;O4 core—shell NPs in the range of 13-25 nm
[18], [20]. The formation of FeO/Fe;O4 core—shell particles
in the range of 50-100 nm in the present study provides
complementary data and broadens the range of NP sizes for
the size dependence study.

C. SPM Blocking Transition

While magnetite Fe;O4 orders ferrimagnetically (FIM)
below its Curie temperature of T¢ ~ 850 K, FeO is paramag-
netic (PM) at room temperature and transitions into its antifer-
romagnetic (AFM) phase below its Néel temperature of 7y ~
200 K [20]. The coexistence of these magnetic phases causes
all of our Fe;O4 NPs and core—shell FeO/Fe;04 NPs to exhibit
a substantial magnetization and to collectively show an SPM-
like behavior. A selection of FC/ZFC curves measured for each

NP batch is shown in Fig. 3. The FC/ZFC curves reveal an
SPM blocking transition, where the NPs are in an SPM state
at high temperature and enter a magnetically blocked state
upon cooling below a blocking temperature 7. Our estimate
of Tj is based on the peak location in the ZFC curve—which,
for most samples, approximately coincides with the merging
point with the associated FC curve. While commonly adopted,
this approach may yield a slight overestimate of 7 (more
rigorously located somewhat below the ZFC peak) [23], but
should not significantly affect the overall trend of 75 with
respect to parameters such as particle size. Note that we do not
use the estimates of Tp to quantify other physical properties
(such as the anisotropy constant) but instead focus on the trend
of Tp with particle size. Therefore, in order to be consistent
with earlier experimental estimates, we choose to use the ZFC
peak position to estimate 7.

We observe that T consistently increases with particle
size. The ZFC peak is the narrowest and its position is the
lowest for the 5 nm particles, which also have the narrowest
size distribution. The blocking temperature Ty, also plotted
in Fig. 4(c), drastically and consistently increases from 28 K
(for 5 nm particles) to 150 K (for 14 nm particles). The
FC/ZFC curves for batch NP32, which exhibits a wide mix
of particle sizes, show several peaks and bumps, suggesting a
blocking-like behavior where the blocking temperature is still
highly correlated with particle size. This suggests that even
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Fig. 3. Sets of FC/ZFC curves measured at 10 mT on the various batches of Fe304 NPs, in increasing order of size: (a) NP31 (5.2 nm), (b) NP20 (8.6 nm),

(c) NP21 (10.1 nm), (d) NP29 (11.8 nm), (e) NP30 (14.3 nm), and (f) NP32 (10-100 nm).
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(a) Normalized magnetization loops measured at 400 K for the various FezO4 NP batches (showing the positive branch only). The saturation field

Hg = Hj g estimated when M /M; = 0.98 is plotted in graph (b). Inset: zoomed-in view over a £200 mT range showing pure SPM behavior (no hysteresis)
for all particle sizes, except NP32 which shows a coercive field H. =~ 30 mT. (b) Plot of the blocking temperature 7p (in blue color) as a function of particle
size in the 0-20 nm range. T is here estimated from the FC/ZFC curves shown in Fig. 3. (c) and (d) Selection of magnetization loops at various temperatures
from 5 to 400 K for NP21 (10 nm particles). (c) Full view over the field range 0-5 T showing the asymptotic behavior toward saturation. (d) Zoomed-in view
over a £250 mT field range. (e) Associated coercive field H, versus temperature, confirming the SPM transition for NP21.
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for the core—shell NPs, in which the PM ordered FeO core
does not contribute to any spontaneous magnetization above
200 K, the FIM ordering in the Fe3;O, shell yields non-zero
nanospins. Magnetic couplings between these nanospins lead

to blocking-like behaviors, as also observed in the Lak ef al.’s
study [20].

D. Verwey Transition

The prominent narrow peak at 125 K in Fig. 3(f) is a clear
sign of the Verwey transition, a magneto-crystalline transition
established in bulk Fe;O4 [36], [37] and here observed in an
NP assembly containing particles as big as 100 nm. The shape,
magnitude, and sharpness of the peak at 7, = 125 K clearly
indicate that it does not correspond to a SPM transition but is
a signature of the Verwey transition. Not observed in any of
the other samples, the occurrence of the strong narrow peak at
125 K in the FC/ZFC data for NP32 confirms that the Verwey
transition, traditionally observed in bulk Fe;Oy4, vanishes in
Fe;04 NPs smaller than about 20-50 nm, depending on shape
and fabrication conditions [14], [24], [38]. Due to the difficulty
of observing the Verwey transition in small NPs, very few
studies report it. One magnetometry study [14] reports the
observation of the Verwey transition in 50 and 150 nm Fe;Oy4
particles based on a small kink in the ZFC curve, located
at 16 and 98 K, respectively, temperature points well below
the expected 125 K for the Verwey transition. In our study,
the peak is observed at 125 K exactly both in the ZFC and the
FC curves, confirming the occurrence of the Verwey transition
in our batch of larger NPs (NP32).

Also, the emergence of the Verwey transition in NP32 may
be associated with the formation of faceted NPs as shown in
the TEM image in Figs. 1(f) and 2(e). It has been reported [24]
that when comparing magnetometry data between faceted and
spherical (non-faceted) Fe;04 NPs of the same size (in the
range of 5-15 nm), the faceted ones showed indication of the
Verwey transition (kink in the ZFC curve near 120 K), whereas
spherical non-faceted ones did not. The unprecedented obser-
vation of a sharp narrow peak at 125 K in our FC/ZFC data
confirms existence of the Verwey transition in larger faceted
Fe;O4 NPs. The higher temperature bumps in the FC/ZFC
curve for NP32 suggest at least two additional SPM transitions,
at about 300 and 320 K, corresponding to the 70 and 85 nm
particle sizes, in addition to the Verwey transition peak.

Overall, the plot in Fig. 4(c) suggests that, present in all
Fe;O4 NP assemblies, the blocking temperature Tp strongly
depends on particle size. It gradually increases from 28 K for
5 nm particles to 150 K for 15 nm particle and, if extrap-
olated to larger particles, reaches up to 300 K for 80 nm
particles.

E. Magnetic Saturation

The magnetic response of the Fe;O4 NPs to the application
of an external magnetic field is illustrated in Fig. 4. In particu-
lar, Fig. 4(a) shows magnetization loops (showing the positive
branch only for positive field H > 0) collected at 400 K for the
different NP batches. These loops all exhibit an overall smooth
s-shaped curve (which can be approximated as a Langevin
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function), with little to no hysteresis, typical of SPM behavior.
After normalization to magnetization at saturation M, they
indicate that saturation depends strongly on particle size. The
‘saturating” field Hy = Hjos, here, estimated at 98% satu-
ration (i.e., when normalized magnetization M/M; = 0.98)
at 400 K, plotted as a function of particle size in Fig. 4(c),
indicates a drastic decrease from about 5200 mT for 5 nm
particles down to 2250 mT for 14 nm particles. The same
trend is observed at other temperatures including ambient tem-
perature 300 K. At a fixed temperature, the nanospins carried
by smaller particles require a stronger external magnetic field
to be collectively aligned than do the nanospins of larger
particles. This trend is mainly due to thermal effects being
stronger than the external magnetic dipolar energy, easing
magnetic flipping fluctuations for smaller particles (compared
with larger particles) at given temperature and field. This
subtle energy balance explains the lower blocking temperature
for smaller particles.

F. Magnetic Coercivity

To further characterize their SPM behavior, we looked at
the magnetic coercivity of our NPs. The inset in Fig. 4(a)
shows a zoomed-in view of the 400 K magnetization loops
around the origin (over a £200 mT range). No hysteresis
(coercive field H., = 0) is observed for any particle, except
for batch NP32. The absence of hysteresis confirms a pure
SPM behavior for particle sizes smaller than at least 15 nm,
as also observed by Li et al. [22]. In their study conducted on
cubic-like Fe;04 NPs, Li et al. [22] report a particle size limit
for SPM behavior to be around 20 nm using the coercivity
criterion. They observed the emergence of non-zero Hc for
particles larger than 20 nm, reaching up to H. = 20 mT for
76 nm particles at 300 K. In the present study, we as well
saw hysteresis emerge for the larger particle sizes (including
up to 100 nm) with H, reaching up to 30 mT at 400 K. While
particle shape and environment are significant factors, these
complimentary studies tend to indicate that the SPM behavior
and the emergence of magnetic coercivity are most strongly
affected by particle size.

Upon cooling below their blocking temperature, smaller
NPs, which behave purely SPM at high temperature, pro-
gressively show some magnetic coercivity. A selection of
magnetization loops collected at various temperatures through
the blocking transition is shown for an intermediate particle
size, 10 nm (NP21) in Fig. 4(c) and (d). At high temperature,
above T, the loops are smooth without hysteresis, whereas at
low temperature below Tp, hysteresis occurs. The coercive
field H, plotted as a function of temperature in Fig. 4(e)
shows a drastic drop from 45 mT at 5 K down to 20 mT
at 20 K, and eventually to zero above Tp = 110 K. The
smooth shape of the loop and absence of hysteresis above T is
characteristic of SPM behavior. The occurrence of hysteresis
and a significant coercivity below Ty indicates interparticle
magnetic couplings. As shown in an earlier study [6], smaller
5 nm particles do not show significant hysteresis. Hysteresis
seem to occur for particles larger than 8 nm, and coercivity
increases with particle size. The increased coercivity leads to
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stronger remanence effects, where the magnetization M of the
material does not completely return to zero when the applied
magnetic field is released back to zero. Consequently, one may
need to account for magnetic history when manipulating larger
(10-100 nm) Fe;O4 NPs with an external magnetic field, in
particular for applications where the net magnetization needs
to be switched on and off.

V. CONCLUSION

By implementing variations of an organic solution method
based on the thermal decomposition of either iron acac or iron
oleate in the presence of oleic acid, we have successfully
synthesized Fe;O4 NPs covering a wide range of sizes from
5 up to 100 nm. We found that the average particle size
can be increased by increasing either the amount of oleic
acid, the reaction temperature, or the reaction time. However,
particle size is most sensitive to increasing temperature. The
size distribution tends to be relatively wider for larger particles.
Smaller particles, below 50 nm in diameter, are generally
spherical. When their size exceeds 50 nm, the particles tend
to form facets. In addition, the specific procedure we used
to create larger particles led to the formation of core—shell
structures with the core made of FeO and the shell made of
Fe;04. The thickness of the shell is typically in the 5-10 nm
range for core diameters in the 50-100 nm range.

We characterized the collective magnetic properties of the
NPs and found that all the small particles show an SPM-
like behavior at 400 K and transition into a blocked state
upon cooling. The blocking temperature 7p estimated via
FC measurements gradually increases from 28 K for 5 nm
particles to about 150 K for 15 nm particles. A blocking-like
behavior is also observed for larger particles, with Tp reaching
320 K or room temperature for particles in the 75-100 nm
range. In addition, the Verwey transition at 7, = 125 K is
clearly observed in the largest-particle batch, which contained
faceted particles as big as 100 nm. Above T, all NPs smaller
than 20 nm show a smooth magnetization curve absent of
hysteresis, confirming their pure SPM behavior. Only larger
particles (up to 100 nm) show significant hysteresis at high
temperature up to 30 mT at 400 K. For the SPM NPs larger
than about 8 nm, however, hysteresis gradually emerges upon
cooling below Tp. For the 10 nm particles, the amount of
coercivity reaches up to 50 mT at 5 K. At given temperature,
the amount of coercivity increases with particle size.

These preliminary characterizations suggest that particle
size, size distribution, temperature, and magnetic history are
crucial parameters to account for when manipulating mag-
netite NPs under specific temperature and field environments.
Improved control of the particle size in the fabrication process
will allow refined studies of the blocking SPM and Verwey
transitions, as well as the formation of core—shell structures,
and their dependence on particle size. In addition, comple-
mentary tools such as Mossbauer and EXAFS [13], [27],
will greatly increase our understanding of the local chemical
and crystalline structures of Fe;O4 NPs versus FeO/Fe;Oq4
core—shell particles. Such structural and magnetic information
will be important for further investigations by synchrotron
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X-ray, neutron, and muon-spin resonance of spatiotemporal
behaviors at the atomic and nanometric scales in magnetic
NPs [7], [8], [19]. The dynamics of nanoscale fluctuations in
magnetic NP assemblies are particularly important aspects in
nanotechnology and biomedical applications.
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