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MnFe,O, nanoparticles in a size range of 4—14 nm have been synthesized from water-
in-toluene reverse micelles by using sodium dodecylbenzenesulfonate (NaDBS) as surfactant.
The blocking temperature, saturation magnetization, and coercivity of the nanoparticles are
clearly size-dependent. The blocking temperature increases from 20 to 250 K when the mean
size of the nanoparticles increases from 4.4 to 13.5 nm. The coercivity at 20 K increases
from 30 to 300 Oe with increasing nanoparticle size. The field-dependent magnetization
hysteresis disappears above the blocking temperature. Due to high saturation field, the
saturation magnetization of the nanoparticles has been obtained by the extrapolation of the
magnetization vs 1/H plot to 1/H = 0. The saturation magnetization decreases with decreasing
nanoparticle size. The high saturation field and the size-dependent saturation magnetization
suggest the existence of a magnetically inactive layer on MnFe,O,4 nanoparticles. The linear
fitting of the saturation magnetization vs 1/d plot gives the thickness of this inactive layer

as 0.45 nm.

Introduction

The relationship between the size and the physical
properties of nanoparticles inevitably is the issue that
always attracts great interest in fundamental science
and in technological applications.>? Magnetic nanopar-
ticles usually have a single domain magnetic structure.?
They provide great opportunities to understand mag-
netic properties at the atomic level without the interfer-
ence from complicated domain wall movement, espe-
cially for studying the size-dependent magnetic proper-
ties. Certainly, some fundamental issues such as quan-
tum tunneling of magnetization could be elucidated by
studying magnetic nanoparticles.* A fundamental un-
derstanding to the magnetic properties of nanoparticles
also can have a profound impact on modern technolo-
gies. For instance, the unique superparamagnetic re-
laxation of magnetic nanoparticles is critically related
to the thermal stability of magnetic media in high-
density data storage devices.> Furthermore, magnetic
nanoparticles have great potential for applications in
modern medical science such as acting as drug carriers
for site-specific drug delivery.®

The size-dependent magnetic properties of Mn spinel
ferrite (MnFe,O,4) nanoparticles have attracted consid-
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erable attention in recent years. This is largely due to
the controversy surrounding the size-dependent Curie
temperature shifting in MnFe,O4 nanoparticles.”~12 It
has been demonstrated that rapid nucleation and
growth in coprecipitation for forming MnFe,O4 nano-
particles can result in a metastable cation distribution,!3
and different cation distributions will alter the magnetic
properties of MnFe,O,; nanoparticles greatly.’* The
studies on MnFe,O, nanoparticles prepared by copre-
cipitation illustrate the close relationship between the
magnetic properties and the crystal chemistry of nano-
particles, especially for a complex metal oxide system
such as Mn spinel ferrite.’> Regarding the magnetic
properties of a spinel ferrite system, several factors have
to be considered such as the chemical composition,
cation distribution, oxidation states, and nanoparticle
size.

The magnetic properties of MnFe,O4 nanoparticles
have been studied on the samples that were synthesized
by the coprecipitation method.”~914 Although the co-
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precipitation synthesis provides a quick and easy way
to prepare MnFe,O4 magnetic nanoparticles, it usually
produces nanoparticles with large size distribution and
less defined crystal chemistry. Because of the rapid
formation of nanoparticles, the cation distribution in
such MnFe;0,4 samples tends to be random and far from
the equilibrium state.!® Recently, we have been able to
synthesize MnFe,O,4 nanoparticles by using a water-in-
toluene reverse micelle method.® Since the growth of
nanoparticles is relatively slow in reverse micelle syn-
thesis, the obtained MnFe,O, nanoparticles usually
have an equilibrated cation distribution and a narrower
size distribution. Moreover, these nanoparticles possess
little lattice strain and, therefore, avoid unpredictable
changes in magnetic properties that commonly come
with the strain in the crystal lattice. Combined X-ray
diffraction and transmission electron microscopy studies
have shown the high quality of these nanoparticles.
Each MnFe,O4 nanoparticle is a single crystal, and the
size distribution of these nanoparticles is under 15%.

The MnFe,O, nanoparticles prepared from the re-
verse micelle method show typical superparamagnetic
properties. Such interesting and important magnetic
properties make MnFe;O4 nanoparticles strong candi-
dates for advanced technological applications, including
ferrofluid technology,” magnetocaloric refrigeration,8
contrast enhancement in magnetic resonance imaging
(MRI),2® and magnetically guided site-specific drug
delivery.® We herein report the systematic studies on
the size dependence of the superparamagnetic proper-
ties of these MnFe,O, spinel ferrite nanoparticles. The
mean particle size varies from 4.4 to 13.5 nm. The
blocking temperature, saturation magnetization, and
coercivity of the nanoparticles are clearly size-depend-
ent. The blocking temperature increases from 20 to 250
K with increasing nanoparticle size. The coercivity and
saturation magnetization at 20 K increase from 30 to
300 Oe and from 35 to 73 emu/g, respectively. The
superparamagnetic behaviors of these MnFe,O,4 nano-
particles are consistent with the Stoner—Wohlfarth
theory on single domain magnetic particles.

Experimental Section

Synthesis of Magnetic Nanoparticles. MnFe,O, spinel
ferrite nanoparticles were synthesized by using a water-in-
toluene reverse micelle method with sodium dodecylbenzene-
sulfonate (NaDBS, [CH3(CH>)11(CsH4)SO3]Na) as surfactant.
The details for the synthesis can be found elsewhere.'® The
size of the MnFe,O, nanoparticles was controlled by adjusting
the volume ratio of water to toluene.

Neutron Diffraction. Neutron diffraction data were col-
lected using the HB4 powder diffractometer at the High-Flux
Isotope Reactor (HFIR) of Oak Ridge National Laboratory. The
MnFe,O, sample was placed in a vanadium can for data
collection at room temperature over the 26 range of 11° to 135°
in steps of 0.05°. The wavelength was precisely determined to
be 1.4997(1) A based on the refinements of the Si standard.
The data were corrected for the variation in detector efficien-
cies, which were determined using a vanadium standard.
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Figure 1. Neutron diffraction pattern of 13.5 nm MnFe,04
nanoparticles at room temperature. The “goodness of fit”, x2,
is 1.35 and R(f?) is 0.0877. Below the pattern, the first row of
sticks marks the peaks from the magnetic scattering of
MnFe,O, nanoparticles. And the second row of sticks corre-
sponds to the peaks from the nuclear scattering.

Magnetic Measurement. Magnetic properties of the
MnFe,0, spinel ferrite nanoparticles were studied by using a
Quantum Design MPMS-5S SQUID magnetometer with a
magnetic field up to 5 T.

Results and Discussion

X-ray powder diffraction studies have confirmed that
the MnFe,O, nanoparticles synthesized from reverse
micelles have the spinel structure. Elemental analysis
by inductively coupled plasma—atomic emission spec-
troscopy (ICP—AES) has shown that the ratio of Mn to
Fe is 1:2 in these MnFe,O4 nanoparticles. Mdssbauer
spectroscopy studies showed that all Fe cations were
at their +3 oxidation state. The particle size was
determined from peak broadening in X-ray powder
diffraction pattern using the Scherrer equation. In
addition to confirming the mean size of the MnFe;0,
nanoparticles, the bright field images from transmission
electron microscopy (TEM) studies showed the size
distribution to be less than 15%.

Neutron diffraction studies have been carried out to
determine the magnetic structure and cation distribu-
tion in MnFe,0O4 nanoparticles. Figure 1 displays the
neutron diffraction pattern obtained at room tempera-
ture from the MnFe,O4 nanoparticles with a mean size
of 13.5 nm. The Rietveld refinement shows that there
is a well-defined magnetic order. The magnetic moment
is 3.839 and —3.217 up at the tetrahedral and octahedral
lattice site, respectively. The magnetic structure clearly
indicates the antiferromagnetic exchange nature for the
magnetic couplings between tetrahedral and octahedral
lattice sites. The lattice constant for the cubic MnFe;O4
spinel unit cell is 8.4803(4) A. As the size of the
MnFe,O4 nanoparticles varies, the magnetic structure
and cation distribution remain the same.

The temperature dependence of the magnetization of
MnFe,O4 nanoparticles has been studied from 5 to 300—
350 K. The nanoparticulate samples were initially
cooled to 5 K without any magnetic field applied. After
a magnetic field of 100 Oe was applied, the magnetiza-
tion was recorded as the temperature slowly rises. The
temperature-dependent magnetization is shown in Fig-
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Figure 2. Magnetization vs temperature for MnFe,O,4 nano-
particles with various sizes under a 100 G magnetic field. The
inset shows the correlation between the blocking temperature
and nanoparticle mean diameter.
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Figure 3. Temperature dependence of magnetization for zero-
field-cooled (ZFC) and field-cooled (FC) 10 nm MnFe;O4
nanoparticles under various magnetic fields.

ure 2 for MnFe,O4 nanoparticles with various sizes. For
all sizes of MnFe,O4 nanoparticles, the magnetization
initially increases starting from 5 K. Eventually, the
magnetization reaches the maximum point at certain
temperature, which is defined as the blocking temper-
ature, Tg. At the temperature above Tg, the MnFe;04
nanoparticles show paramagnetic features. The blocking
temperature increases with increasing mean size of the
nanoparticle as the inset in Figure 2 displays.

The temperature-dependent magnetization of the
MnFe,O4 nanoparticles clearly shows different behav-
iors under different cooling processes (Figure 3). For the
measurements, the cooling of the nanoparticulate
samples to the initial lowest measuring temperature can
be with or without an applied magnetic field. After a
zero-field-cooling (ZFC) process, the magnetization of
the MnFe,O4 nanoparticles under a 100 Oe field in-
creases with rising temperature. It reaches a maximum
at the blocking temperature of these nanoparticles and
then decreases (plot a in Figure 3). Plot b in Figure 3
shows the temperature-dependent magnetization be-
havior of the nanoparticles with a field-cooling (FC)
process under a 100 Oe applied field. The magnetization
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Figure 4. Field-dependent magnetization hysteresis of
MnFe,O4 nanoparticles with various sizes at 20 K. The inset
shows partial hysteresis curves at expanded scale of field
strength.

under the same field maximizes at 5 K, and it decreases
steadily with increasing temperature. After the tem-
perature rises above the blocking temperature, the FC
magnetization plot overlaps with the ZFC magnetization
plot under the same magnetic field strength.

The blocking temperature of the MnFe,O4 nanopar-
ticles depends on the strength of the applied magnetic
field for the FC process and magnetization measure-
ment. The blocking temperature is 170 K for MnFe,0,4
nanoparticles with a mean size of 10 nm under an
applied field of 100 Oe (plot a in Figure 3). The blocking
temperature shifts down to 110 and 60 K when the
applied field is increased to 500 and 1000 Oe, respec-
tively (plot c and e in Figure 3). Large discrepancies are
also clearly visible in temperature-dependent magne-
tization between ZFC and FC processes under a field
of 500 and 1000 Oe.

MnFe,O, nanoparticles show typical hysteresis for
their field-dependent magnetization below the blocking
temperature. Figure 4 shows the hysteresis loops of the
MnFe,O4 nanoparticles with different mean sizes at 20
K under an applied magnetic field having a strength
up to 5 T. The inset in Figure 4 displays the field
dependence of magnetization of the MnFe,O4 nanopar-
ticles plotted at a very small scale, which clearly shows
that all these MnFe,O,4 nanoparticles possess the coer-
civity at 20 K. As temperature increases, the coercivity
steadily decreases. When temperature reaches the
blocking temperature of the MnFe;O, nanoparticles
with a given mean size, the coercivity of these nano-
particles disappears. Figure 5 shows the field-dependent
magnetization of MnFe;O,4 nanoparticles with various
mean sizes at 400 K. The coercivity has become zero,
and the change of nanoparticle magnetization direction
follows the orientation change of the applied magnetic
field simultaneously.

The MnFe,O4 nanoparticles behave like an assembly
of paramagnetic atoms at room temperature, which is
higher above the blocking temperature for these MnFe,O4
nanoparticles at all sizes (Figure 2). However, the
neutron diffraction studies clearly show a well-defined
magnetic order in these nanoparticles at room temper-
ature (Figure 1). These studies unambiguously show
that the MnFe,O, nanoparticles go through the super-
paramagnetic transition at the blocking temperature.2°
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Figure 5. Field-dependent magnetization hysteresis of
MnFe.O4 nanoparticles with various sizes at 400 K.

The correlation between the blocking temperature and
the size of the MnFe,O4 nanoparticles is consistent with
the size dependence of the magnetocrystalline aniso-
tropy in the nanoparticles (inset in Figure 2). According
to the Stoner—Wohlfarth theory, the magnetocrystalline
anisotropy (Ea) of a single domain particle can be
expressed as

E,= KV sin? 6 (1)

where K is the magnetocrystalline anisotropy constant,
V is the volume of the nanoparticle, and 6 is the angle
between the magnetization direction and the easy axis
of the nanoparticle.2! This anisotropy serves as the
energy barrier to prevent the change of magnetization
direction. When the size of the magnetic nanoparticles
is reduced to a threshold value, Ea is comparable with
the thermal activation energy, kgT, with kg being the
Boltzman constant. Consequently, the magnetization
direction of the nanoparticle can be easily moved away
from the easy axis by thermal activation and/or by an
external magnetic field.22 The blocking temperature is
the threshold point of thermal activation, at which
magnetocrystalline anisotropy is overcome by thermal
activation and the nanoparticles become superparamag-
netic. The larger the nanoparticles are, the higher the
Ea is. Consequently, a larger kgT is required for
superparamagnetic transition. Therefore, Tg increases
with increasing nanoparticle size (inset in Figure 2).
The discrepant magnetization below the blocking
temperature is a characteristic behavior of superpara-
magnetic nanoparticles having underwent different
cooling processes. This discrepancy is due to the mag-
netic anisotropy energy barrier in MnFe,O4 nanopar-
ticles.?2 The nanoparticles from a ZFC process need to
overcome the magnetic anisotropy during the temper-
ature-dependent magnetization measurement. The mag-
netic anisotropy does not have an effect on the magne-
tization of the nanoparticles from a FC process. Both
thermal activation and applied magnetic field contribute
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Figure 6. The correlation between the coercivity and the
mean size of MnFe,O, nanoparticles. The inset displays the
plot of coercivity versus the sixth power of mean nanoparticle
diameter.

to overcoming the magnetic anisotropy barrier in the
zero-field-cooled nanoparticles. When a stronger mag-
netic field is applied, the magnetization direction of the
nanoparticles becomes easier to switch to the field
direction, and less assistance is required from thermal
activation. Consequently, the blocking temperature
shifts to a lower value with increasing strength of the
applied field (Figure 3).

The hysteresis in the field-dependent magnetization
of MnFe,O4 nanoparticles below the blocking temper-
ature shows that the magnetic anisotropy prevents the
magnetization direction of the nanoparticles to closely
follow the direction of the applied magnetic field. The
coercivity represents the certain strength of the field
that is needed to surpass the anisotropy barrier and to
allow the magnetization of the nanoparticles following
the field orientation (Figure 4). Since the magnetic
anisotropy is overcome above the blocking temperature,
the hysteresis disappears and the direction of the
nanoparticle magnetization changes simultaneously
with the applied field (Figure 5).

The required field strength for switching the magne-
tization direction is surely higher at a given tempera-
ture as the magnetic anisotropy of the nanoparticles
increases. Therefore, the coercivity of the MnFe;O4
nanoparticles increases with increasing nanoparticle
sizes (Figure 6). For the nanoparticles with a mean size
below 8 nm, the coercivity seems linearly dependent on
the sixth power of the mean diameter of the MnFe,04
nanoparticles (d) (Inset in Figure 6). Such a dependency
may suggest that the exchange interaction between the
nanoparticles has reduced the magnetic anisotropy of
the small, randomly orientated MnFe,O, nanopar-
ticles.23 However, further studies are certainly required
before any firm conclusion can be drawn.

The saturation field of the MnFe,O4 nanoparticles can
be obtained from a magnetization hysteresis measure-
ment. Although MnFe;O;4 in bulk form has the satura-
tion field of about 0.5 T, the magnetization (M) mea-
surements under a magnetic field (H) up to 5 T have
not shown that the saturation magnetization was
reached for the nanoparticles at various mean sizes
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Figure 7. Plots of the magnetization of MnFe,O, nanopar-
ticles with various sizes at 20 K against the reciprocal of the
applied magnetic field. The inset shows the correlation be-
tween the saturation magnetization and the mean nano-
particle size.

(Figure 4). The unusually high saturation field in
magnetic nanoparticles has been attributed to the
existence of a magnetically inactive layer.?* For MnFe,O4
nanoparticles, the saturation magnetization has been
obtained through the extrapolation of the M vs 1/H plot
to 1/H = 0 (Figure 7). The saturation magnetization of
MnFe,O4 nanoparticles decreases as the nanoparticles
size decreases (inset in Figure 7). The size-dependent
saturation magnetization has also been considered due
to the MnFe;O4 nanoparticle having a magnetically
inactive shell.?> As the surface-to-volume ratio increases
with decreasing nanoparticle size, the saturation mag-
netization decreases. The thickness (t) of this magneti-
cally inactive layer can be derived from a linear fitting
of the saturation magnetization plotted against 1/d
(Figure 8).1* The relationship between the saturation
magnetization (os) and the nanoparticle diameter (d) is

o5 = og(bulk)(1 — 6t/d) )

From the data fitting, the derived bulk saturation
magnetization, os(bulk) is 89 emu/g at 20 K, which
agrees with the literature reported values for bulk
MnFe,O4 materials.26 The thickness of the magnetically
inactive layer is 0.45 nm. This number is comparable
with the results obtained from a MnFe,O,4 nanoparticle
prepared by coprecipitation, which has an inactive layer
of 0.5 nm at 10 K.1* Certainly, the results from our field-
dependent magnetization studies support the existence
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Figure 8. The linear correlation between the saturation
magnetization and the reciprocal of the mean diameter of
MnFe,O4 nanoparticles at 20 K.

of a magnetically inactive layer on MnFe;O4 nano-
particles.

Conclusions

MnFe,O4 nanoparticles show typical size-dependent
superparamagnetic properties. Their blocking temper-
ature increases with increasing mean size of the nano-
particles. The coercivity decreases as temperature in-
creases. Above the blocking temperature, the field-
dependent magnetization hysteresis disappears and the
coercivity becomes zero. The high saturation field and
the size-dependent saturation magnetization suggest
the existence of a magnetically inactive layer on MnFe;O4
nanoparticles. The linear fitting of the saturation
magnetization vs 1/d plot gives the thickness of this
inactive layer as 0.45 nm. The unambiguous superpara-
magnetic behavior certainly demonstrates MnFe;O4
nanoparticles as an excellent superparamagnetic nano-
particulate system for potential technological applica-
tion such as MRI contrast enhancement and magneti-
cally guided drug delivery.
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