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Controlled Synthesis and Magnetic Properties of Bimagnetic Spinel
Ferrite CoFe,0, and MnFe,0, Nanocrystals with Core—Shell

Architecture
Qing Song§ and Z. John Zhang*
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ABSTRACT: A combination of hard phase CoFe,0, and soft
phase MnFe,O, as the bimagnetic nanocrystals in a core—shell
architecture has been synthesized, and their magnetic
properties have been systematically studied. Both HRTEM
and EDS results confirmed the formation of bimagnetic core—
shell structured nanocrystals. On the basis of the systematic
and comparative studies of the magnetic properties of a
mechanical mixture of pure CoFe,O, and MnFe,O, nano-
crystals, chemically mixed Co,_,Mn Fe,O, nanocrystals, and
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bimagnetic core—shell CoFe,O,@MnFe,0, and MnFe,0,@CoFe,0, nanocrystals, the bimagnetic core—shell nanocrystals show
very unique magnetic properties, such as the blocking temperature and coercivity. Our results show that the coercivity correlates
with the volume fraction of the soft phase as the theoretical hard—soft phase model has suggested. Furthermore, switching the
hard phase CoFe,0, from the core to the shell shows great changes in the coercivity of the nanocrystals. The bimagnetic core—
shell nanocrystals evidently demonstrate the rational design capability to separately control the blocking temperature and the
coercivity in magnetic nanocrystals by varying the materials, their combination, and the volume ratio between the core and the
shell and by switching hard or soft phase materials between the core and shell. Such controls via a bimagnetic core—shell
architecture are highly desirable for magnetic nanocrystals in various applications.

B INTRODUCTION

Core—shell architecture has been extensively studied in a wide
variety of nanomaterials. In addition to varying size, shape, and
composition,'* this approach becomes a prevailing strategy,
introducing a new variable for the rational material design and
property control in fundamental science and technological
applications.”™*® For magnetic nanomaterials, the core—shell
architecture enables us to independently address the competing
technical demands on the magnetic properties, such as the
thermal stability of magnetization and coercivity. Recent studies
have demonstrated some merits of bimagnetic core—shell
nanocrystals in improving the energy product of permanent
magnets*” and in enhancing the thermal stability of magnetic
nanocrystals to overcome the “superparamagnetic limitation” in
recording media.** Certainly, the exploration of various core—
shell combinations of different magnetic materials will provide a
better fundamental understanding of magnetic interactions and
achieve the desirable magnetic characteristics for specific
applications.

Several reports have been published on the magnetic
properties of bimagnetic nanocrystals with core—shell archi-
tecture produced by the evaporation—deposition, reduction—
surface oxidation, and high temperature thermal decomposition
methods.'”*****° For example, the studies of bimagnetic core—
shell nanocrystals comprised of a hard phase of FePt core and a
soft phase of Fe;O, shell showed that the coercivity is
monotonically decreased as the soft phase Fe;O, volume
fraction is increased.'”*"* A similar reduction of coercivity
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with increasing amount of soft magnetic material was also
reported in other bimagnetic core—shell typed nanoparticles
such as CoFe,O,@ZnFe,0, CoFe,O,@MnFe,0,, FePt@
CoFe,0,, and CoFezO4@CoFe2.17’23’32’53’54 However, a recent
report showed a large increase of coercivity in a bimagnetic
Fe;O, core and Mn—Zn ferrite shell cube-shaped nano-
particles® and in Fe,O@CoFe,0, bimagnetic core—shell
nanoparticles.”> When the core—shell nanoparticles were
formed by coordination compounds of Prussian Blue
analogues, Cs'[Ni"Cr'"'(CN),]@Cs'[Co"Cr™(CN);], the co-
ercivity was higher than that of the nanoparticles of either pure
Cs'[Ni'Cr'™(CN),] or Cs'[Co"Cr™(CN)4].* Surely, it is
almost impossible to draw any definite conclusions regarding
the unique magnetic properties in core—shell nanocrystals by
comparing these very diverse materials with contradicting
properties. A systematic study is essential to understand the
magnetic properties of bimagnetic core—shell nanomaterials
with a controlled variation of hard and soft magnetic phases.
As one of the most important and widely utilized magnetic
materials, the spinel ferrite system consists of both magnetically
hard and soft materials. For example, cobalt ferrite (CoFe,0,)
is magnetically hard with a large magnetocrystalline anisotropy
constant k > 10°J/m>. On the other hand, manganese ferrite
(MnFe,0,) is a typical soft ferrite with a much smaller
magnetic anisotropy constant k ~ 10° J/m>>”*® Due to the
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Figure 1. TEM images of 6 nm core MnFe,0O, nanocrystals (a) and core—shell MnFe,O,@CoFe,0, nanocrystals with shell thicknesses 0.75 nm

(b), 1 nm (c), 2 nm (d), and 2.5 nm (e); and HRTEM image (f).

same crystallographic structure and almost negligible lattice
mismatch among many different spinel ferrites,” it should be
markedly controllable to epitaxially grow a uniformed shell over
a core. The well-defined single crystalline bimagnetic spinel
ferrite nanocrystals with core—shell architecture can provide a
better platform for the fundamental understanding of magnet-
ism in the nanoscale regime. Furthermore, there already is a
well-established knowledge base on spinel ferrite nanocrystals.
Some spinel ferrites nanocrystals such as CoFe,O, and
MnFe,0, have been synthesized and systematically studied
regarding their magnetic properties varying with size, shape,
surface ligand, interparticle interaction, and electron spin—
orbital coupling effects.**~%

In this report, we utilized a combination of hard phase
CoFe,0, and soft phase MnFe,O, to clearly demonstrate that
the bimagnetic nanocrystals in a core—shell architecture possess
unique magnetic characteristics. To prove the distinct magnetic
properties of the core—shell structure, we conducted
comparative studies on two additional nanoparticulate systems.
One is the physical mixture of CoFe,O, and MnFe,O,
nanocrystals, and the other is the chemically mixing of
CoFe,0, and MnFe,O, phases to form a solid solution of
Co,_ Mn,Fe,0, nanocrystals. The magnetic properties of
CoFe,0, and MnFe,0, core—shell nanocrystals are distinc-
tively different from those of their counterparts in physically
and chemically mixing nanoparticulate systems, even though all
these nanocrystals were synthesized by the same method. For
further understanding the magnetic properties of bimagnetic
core—shell nanocrystals, we studied the effect of the volume
ratio of magnetic hard and soft phases. We also studied the
effect on the magnetic properties of the core—shell nanocrystals
by switching roles as core or shell between these two magnetic
materials, which were denoted as CoFe,O,@MnFe,O, and
MnFe,0,@CoFe,0,. Our results clearly show that the
magnetic properties, in particular the blocking temperature

(Tg) and coercivity (Hc), can be precisely tailored by varying
the core and shell materials as well as by controlling the volume
fraction of the magnetically soft phase.

B EXPERIMENTAL SECTION

Synthesis of Bimagnetic CoFe,0,@MnFe,0, and MnFe,0,@
CoFe,0, Core—Shell Nanocrystals. The core CoFe,O, and
MnFe,0, nanocrystals were synthesized by the previously reported
nonhydrolysis/seed-mediated growth method.*>*® To prepare a 6 nm
CoFe,0, core with 1 nm MnFe,O, shell bimagnetic nanocrystals, 60
mg of 6 nm CoFe,O, nanocrystals was mixed with 0.5 mmol of
iron(III) benzoylacetonate, Fe(bzac),, and 0.25 mmol of manganese-
(I) benzoylacetonate, Mn(bzac), or Mn(acac),, S mmol of 1-
octadecanol, 2 mmol of oleic acid, 2 mmol of oleylamine, and 30 mL
of phenyl ether or benzyl ether. The solution was then slowly heated
up to reflux for 30 min under N, gas flow. After the solution was
cooled down to room temperature and 30 mL of ethanol was added,
the black precipitates were collected by centrifugation. For further
purification, the bimagnetic core—shell CoFe,O,@MnFe,O, nano-
crystals were washed with a hexane/acetone mix solvent three times. A
similar synthetic procedure was used to make inverted MnFe,O,@
CoFe,0, core—shell nanocrystals.

Preparation of Physically Mixed CoFe,O, and MnFe,O,
Nanocrystals. The mechanically mixed CoFe,O, and MnFe,O,
samples were prepared by dispersing a proper amount of CoFe,0,
and MnFe,0, nanocrystals in hexane followed by removing hexane
under vacuum. All particle size was 6 nm with a size distribution less
than 7%. The molar ratios of CoFe,0, to MnFe,0O, are 4.42:1, 1:1,
and 1:3.27, respectively.

Synthesis of Co,_,Mn,Fe,0, Nanocrystals. A é)reviously
reported nonhydrolysis/seed-mediated growth method®**® was used
to produce chemically mixed Co,;_,Mn,Fe,O, nanoparticles with the
same sizes but different molar concentrations (x) ranging from 0.02 to
0.7. Both cobalt and manganese salts were added together in the
synthesis reaction, and the molar ratio of the reactant controls the
chemical composition in produced nanocrystals. All particle size was
6.5 nm with a size distribution about 10%.
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Figure 2. TEM images of 6 nm core CoFe,0, nanocrystals (a) and core—shell CoFe,0,@MnFe,0, nanocrystals with shell thickness 0.5 nm (b), 1

nm (c), 2 nm (d), and 3 nm (e); and HRTEM image (f).

Characterizations. Chemical analysis was performed using an
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
method. Typical transmission electron microscopy (TEM) studies
were performed using JEOL 100C operating at 100 kV. Direct
measurements of the number of core—shell nanocrystals in TEM
micrographs showed a size distribution less than 7%. High-resolution
TEM (HRTEM) studies and associated energy dispersive X-ray
spectroscopy (EDS) microanalysis were carried out on a Hitachi HF-
2000 field emission microscope at 200 kV. A superconducting
quantum interference device (SQUID) magnetometer (Quantum
Design MPMS-5S) with an applied field up to S T was used to
measure both temperature and magnetic field dependent magnet-
izations. The temperature range was varied from S to 400 K. All
samples for magnetic measurements were prepared by well dispersing
a certain amount of dry nanocrystals powder in eicosane (Aldrich,
99%) to eliminate the magnetic interparticle interaction effect.

B RESULTS AND DISCUSSION

Monodispersed bimagnetic nanocrystals of a CoFe,O, core
with a MnFe,O, shell (CoFe,O,@MnFe,0,) and a MnFe,0O,
core with a CoFe,O, shell (MnFe,O,@CoFe,0,) were
synthesized by a combination of a nonhydrolysis reaction and
a seed-mediated growth. The shell thickness was systematically
tuned from 0.5 to 3 nm. Figure 1 shows the TEM images of
CoFe,O0,@MnFe,0, nanocrystals with a core diameter of 6 nm
and various shell thicknesses.

The TEM images of MnFe,O,@CoFe,0, nanocrystals are
displayed in Figure 2 with a 6 nm core and various shell
thicknesses. The continuous atomic lattice fringes in high-
resolution TEM (HRTEM) images indicate that the shell
CoFe,0, or MnFe,O, is epitaxially overcoated on the
respective cores due to a negligible lattice mismatch, and the
nanocrystals are highly crystalline single crystals (Figures 1f and
2f). The lack of image contrast between the core and the shell
arises from the small difference in electron density between Mn
and Co. To verify the formation of core—shell architecture,

energy dispersive X-ray spectroscopy (EDS) was used to
analyze the chemical composition at the core and the shell
sections of MnFe,O,@CoFe,0, and CoFe,O,@MnFe,0,
nanocrystals with both a 6 nm core and 1 nm shell, as shown
in parts ab and c,d, respectively, of Figure 3.5 When the
electron beam passed through the center of an individual
nanocrystal, all elements of Mn, Fe, Co, and O from both the
core and the shell showed up in Figure 3a. In contrast, when
the electron beam was carefully aligned through any spot within
the shell part, only elements of Co, Fe, and O from the shell
were detected, as the representative data show in Figure 3b.
The absence of an elemental Mn signal indicates that the shell
is formed exclusively by CoFe,O,. Similarly, the EDS analysis
results in Figure 3c,d also clearly confirm the formation of
bimagnetic CoFe,0,@MnFe,0, core—shell nanocrystals.

To further confirm that the overall nanocrystals truly have a
core—shell architecture, we carried out systematic studies on
their magnetic properties to compare with two possible
situations. One is that if many CoFe,O, or MnFe,O, core
nanocrystals may not form a core—shell structure, it would lead
to a physical mixture of CoFe,O, and MnFe,O, nanocrystals.
The other is that CoFe,O, and MnFe,O, would diffuse into
each other to form a chemically mixed Co,_,Mn, Fe,O, system.

A set of the mechanically mixed samples of pure CoFe,O,
and MnFe,0, nanocrystals were used to study the magnetic
properties of the mixture of CoFe,0, and MnFe,0,. The molar
ratios of CoFe,0, to MnFe,0, in the mixture were controlled
at 4.42:1, 1:1, and 1:3.27, respectively. Their temperature
dependent magnetization under 100 Oe magnetic field and
their magnetic field dependent magnetization at 5 K are shown
in Figure 4.

Figure S shows the TEM images of the chemically mixed
Co,_,Mn,Fe,O, nanocrystals. Direct measurements of these
nanocrystals from these TEM images showed that they have a
very similar size of 6.5 nm with a 10% size distribution. The
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Figure 3. EDS spectra for MnFe,0,@CoFe,0, (panel a and b) and
CoFe,0,@MnFe,0, (panel ¢ and d) core—shell nanocrystals. The
schematic diagrams illustrate where the electron beam was aligned
when the corresponding EDS spectrum was acquired.

temperature and magnetic field dependent magnetization for a
set of the chemically mixed Co,_,MnFe,O, nanocrystals are
shown in Figure 6. The chemical composition variation (x)
based on Mn molar concentration is controlled from 0.02 to
0.7.

The correlation of the shell thickness with the blocking
temperature (Tj) and the coercivity (H,) of both bimagnetic
core—shell CoFe,O,@MnFe,0, and MnFe,O,@CoFe,0,
nanocrystals was investigated by keeping the same core size
(6 nm) while varying the shell thickness from 0.5 to 3 nm.
Figure 7a,c shows the temperature dependence of magnet-
ization under a 100 Oe applied magnetic field for both core—
shell nanocrystals. The blocking temperature in these two
core—shell nanoparticulate systems increases as the shell
thickness increases (Figure 7e). The magnetic field dependence
of magnetization is displayed in Figure 7b,d. The saturation
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Figure 4. Temperature dependent susceptibility under 100 Oe field
(a) and field dependent magnetization at S K (b) for physically mixed
CoFe,0, and MnFe,0, nanocrystals.

magnetization and remanent magnetization in both core—shell
nanocrystals do not vary much.

However, the coercivity changes significantly as the shell
thickness increases. More interestingly, the coercivity increases
with the increasing CoFe,O, shell thickness in core—shell
MnFe,0,@CoFe,O, nanocrystals. On the contrary, it
decreases with increasing MnFe,O, shell thickness in
CoFe,0,@MnFe,0, nanocrystals (Figure 7f).

Clearly, the bimagnetic core—shell CoFe,0,@MnFe,0, and
MnFe,0,@CoFe,0, nanocrystals possess distinct magnetic
properties that are far different from those for the physical and
chemical mixture of MnFe,O, and CoFe,O, nanocrystals. The
easy comparison is the variations of blocking temperature and
coercivity as a function of magnetic MnFe,O, component.
When pure MnFe,0, nanocrystals were mechanically com-
bined with pure CoFe,O, nanocrystals to form a physical
mixture, the temperature-dependent magnetization shows two
distinct peaks at low and high temperature regions (Figure 4a).
These two peaks can easily be attributed to the blocking
temperatures of MnFe,O, and CoFe,O, nanocrystals,
respectively. The field-dependent magnetization shows a typical
two-phase magnetization behavior as a consequence of weak

dx.doi.org/10.1021/ja302856z | J. Am. Chem. Soc. 2012, 134, 10182—10190



Journal of the American Chemical Society

Figure S. TEM images of Co,_,Mn,Fe,O, nanoparticles with X as 0.1
(a), 0.3 (b), 0.5 (c), and 0.7 (d), respectively. The size is about 6.5 nm
with a 10% size distribution.

(or none) exchange coupling between hard phase CoFe,0, and
soft phase MnFe,O, nanocrystals (Figure 4b).

The chemically mixed solid solution of MnFe,O, and
CoFe,0, nanocrystals displays uniformed single phase
magnetic characteristics. Although this nanoparticulate system
itself possesses some unique magnetic properties, these
properties are distinctively different from those of the
bimagnetic core—shell nanocrystals. The temperature depend-
ent magnetization measurements show a decreasing blocking
temperature of Co,_Mn,Fe,O, nanocrystals with increasing
molar percent of Mn (Figure 6c). The reason could be that
MnFe,0, has a much smaller magnetocrystalline anisotropy
constant because of very weak electron spin—orbit coupling of
the Mn cation. Consequently, as more Mn>* cations substitute
for Co® cations in CoFe,0O,, the blocking temperature
decreases. From magnetic field dependent studies, the
coercivity is first increased as Mn molar percent is increased
from 0.02 to 0.5, and then it is decreased as Mn is further
increased to 0.7 (Figure 6d). It is still unclear how to
understand such a correlation between the coercivity and the
chemical composition in Co;_Mn Fe,0, nanocrystals. Further
systematic studies are needed. Nevertheless, the comparison of
the magnetic properties between the core—shell nanocrystals
and these physical and chemical mixtures unambiguously
supports the TEM-EDS studies on the formation of well-
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displayed in panels e and f, respectively.

defined bimagnetic core—shell CoFe,O,@MnFe,0, and
MnFe,0,@CoFe,0, nanocrystals.

The unique magnetic properties of bimagnetic core—shell
nanocrystals using the same two magnetic materials can be
greatly different, when the roles as the core or shell are inverted.
As shown in Figure 7e, although the Ty values of both
CoFe,0,@MnFe,0, and MnFe,0,@CoFe,0, core—shell

nanocrystals increase with increasing shell thickness, the value
rises much faster for MnFe,0,@CoFe,O, core—shell nano-
crystals than that for CoFe,O,@MnFe,O, ones. Such a
discrepancy can be understood by the Stoner—Wohlfarth
model,*® where the magnetic anisotropy energy (E,) is
determined by the magnetocrystalline anisotropy constant
(K) and volume (V). Since Ty is correlated to E,, it thus

10187 dx.doi.org/10.1021/ja302856z | J. Am. Chem. Soc. 2012, 134, 10182—10190
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depends on K and V accordingly. T} increases in general as the
total volume increases with adding more shell volume. The
increase of Ty is more drastic by the enhancement of
magnetocrystalline anisotropy from the addition of CoFe,O,
for MnFe,0,@CoFe,0, core—shell nanocrystals, if considering
K of CoFe,0, is close to 2 orders of magnitude larger than K of
MnFe,O,. The change is very profound even if the shell
thickness is only 0.75 nm. Considering the lattice constant is
0.838 nm for a CoFe,0, cubic unit cell, the shell thickness of
0.75 nm implies less than even one complete unit cell on the
MnFe,0, core. It is very possible that the shell is still in the
process of formation and does not completely cover the
MnFe,0, core. The uncertainty associated with a mixed
MnFe,0, and CoFe,O, surface may be the reason for the less
than normal temperature dependent magnetization as the
core—shell nanocrystals with 0.75 nm shell show in Figure 7a.

The magnetic coercivity studies have shown a significant
difference between the core—shell and Co,_Mn,Fe,0, nano-
crystals as well as between two different shells in the core—shell
nanocrystals. In Co,_,Mn Fe,O, nanocrystals, the coercivity
displays an initial increase and then a decrease as the molar
ratio of Mn increases. The coercivity decreases in core—shell
nanocrystals as the overall molar ratio of Mn increases
regardless of whether MnFe,0, is the core or the shell. The
only increase with MnFe,O, observed is the initial addition of a
MnFe,0O, shell on a CoFe,O, core. When MnFe,O, acts as a
shell on the magnetically hard phase CoFe,O, core, the
coercivity steadily decreases with increasing shell thickness
from 10,791 Oe of the core alone to 4,363 Oe for the
nanocrystals with 3 nm shell thickness (Figure 7f). After the
shell of CoFe,0, is formed on a 6 nm MnFe,O, core, the
coercivity rapidly increases from a magnetically soft state of 221
Oe to a magnetically hard state of 18,175 Oe at the shell
thickness of 2.5 nm. Such a straight increase occurs as the molar
ratio of Mn relatively decreases, which is consistent with the
trend in CoFe,O,@MnFe,0, nanocrystals.

Although bimagnetic core—shell nanocrystals are composed
of magnetically hard and soft phases, the magnetic interactions
within the bimagnetic core—shell nanocrystals are thoroughly
integrated. The temperature-dependent magnetization varies as
smoothly as the variation of magnetization in single phase
magnetic nanocrystals (Figure 7a,c and Figure 6a). So does the
field-dependent magnetization behavior as a single phase
hysteresis (Figures 7b,d and 6b). The smooth variations of
magnetization imply that the exchange interaction or coupling
effectively propagates through the entire bimagnetic core—shell
nanocrystal without hindrance. On the basis of some theoretical
studies and recent experimental results,*”*"**%*7" for an
exchange coupled hard—soft magnetic system to coherently
respond to the temperature and magnetic field, the hard and
soft phases should be intimately orientated, and the thickness of
the soft phase should be within twice the domain wall width of
the hard phase (6y).>® The domain wall width can be

calculated as
8,y = (A/K)? (1)

where A is the stiffness constant and the magnitude is about ~1
X 107° erg/cm; K, is the uniaxial magnetocrystalline anisotropy
constant. For CoFe,O,, K, is about 2.6 X 10° erg/cm’.
Therefore, Our estimated Jy; of hard phase CoFe,0, is about 8
nm. For all bimagnetic core—shell nanocrystals in this work, the
shell thickness is much smaller than the 28y, of hard phase
CoFe,0, (16 nm). Therefore, the magnetization of bimagnetic

core—shell nanocrystals characteristically resembles that of
single phase magnetic nanocrystals.

The coercivity is a measure of reverse field strength to
overcome E, and the surface magnetic anisotropy due to the
surface spin pinning.****”" The trend that the coercivity of
bimagnetic core—shell CoFe,0,@MnFe,0, nanocrystals de-
clines with the increasing of the magnetically soft shell is
consistent with those previously reported results.>* According
to theoretical study on the exchange-coupled hard—soft two
phase composite,”” the coercivity can be expressed as

_, KHfH + KSfS
T M, + M, )

where K is the anisotropy constant, M is the saturation
magnetization, and f is the volume fraction. H and S denote
hard and soft phase, respectively. Equation 2 can be further
simplified, given the fact that K of CoFe,0, is nearly 2 orders of
magnitude larger than that of MnFe,O,, and the difference of
M between CoFe,O, and MnFe,0, is insignificant. Since the
coercivity of pure CoFe,O, nanocrystals, Hy, can be
approximated as 2Ky/My, the new expression for bimagnetic
core—shell nanocrystals can be

Hc = Hy(1 _fs) 3)

Thus, it is linearly propositional to the volume fraction of the
soft phase. For both CoFe,O,@MnFe,O, and MnFe,O,@
CoFe,0, core—shell nanocrystals, the coercivity as a function
of the volume fraction of soft phase MnFe,0O, is plotted in
Figure 8. In both cases of bimagnetic core—shell nanocrystals,

O CoFe,0,@MnFe, Oy
20 —— Linear fitting
B O MnFe,0,@CoFe,0,
E —— Linear fitting
_ 15}
w
e
<
10~ g
51 -
O | | I | |

0.2 0.4 0.6 0.8 1.0
Volume fraction of MnFe,0,

Figure 8. Coercivity of bimagnetic core—shell nanocrystals CoFe,O,@
MnFe,0, and MnFe,0,@CoFe,O, as a function of the volume
fraction of the magnetically soft phase MnFe,O,. The solid lines are
the linear fittings (O, CoFe,0,@MnFe,0,; [J, MnFe,0,@CoFe,0,).

the variation of coercivity has a linear trend with the volume
fraction of magnetically soft phase MnFe,O,. Such results
suggest somewhat agreement with the theoretical hard—soft
composite model. Certainly, we have to bear in mind that the
linear expression in eq 3 is the consequence of an
approximation resulting from oversimplifying several parame-
ters.
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These results suggest that the model using the volume ratio
of hard and soft magnetic phases is very useful but has a severe
limitation. The coercivity is dominated by the CoFe,O, phase
because of its large magnetic anisotropy. However, as Figure 8
shows, it can be dramatically different at the same hard and soft
volume ratio if the hard phase switches the role from forming
the core to forming the shell. Using the core—shell nanocrystals
with an overall diameter of 10 nm as an example, both
CoFe,O,@MnFe,O, and MnFe,O,@CoFe,0, nanocrystals
have almost the same coercivity of ~9.7 kOe. However, to
achieve this coercivity, CoFe,0, as the shell requires about 3.6
times the volume in the MnFe,O,@CoFe,O, nanocrystals, as it
acts as the core in CoFe,O,@MnFe,0, nanocrystals. This
dramatic difference may suggest a different magnetization
switching mechanism in the hysteresis loop. When the hard
phase CoFe,O, forms the shell, it is very possible that its
magnetic moments switch directions with those of the curling
mechanism through a process of noncoherent rotation to keep
them mostly parallel to the particle surface.”” This mechanism
should require much less energy, since it does not need to
overcome large electrostatic energy. For the CoFe,0, phase in
the core, the magnetization switching may go through the
Stoner—Wohlfarth coherent rotation mechanism that usually
gives a relatively large coercivity. Surely, such speculations can
be verified after detailed theoretical and experimental studies. In
addition, it is very interesting that the coercivity increased
initially when the MnFe,O, shell was added onto CoFe,O, core
nanocrystals even though MnFe,O, is magnetically soft. The
possible mechanism for this initial increase is unclear, and
further studies are needed. The results from this well-defined
magnetic spinel system provide an excellent starting point for
further theoretical studies on nanomagnetism. From a practical
application point of view, it is probably more important to
recognize that, besides the size and shape, the coercivity of
magnetic nanocrystals can be precisely modulated by the
selection of proper hard and soft magnetic materials with a
suitable volume ratio via a core—shell architecture. In particular,
both the thermal stability associated with the blocking
temperature and the magnetic stability related to the coercivity
can be decoupled and independently controlled to satisfy the
specific application requirements.

Bl CONCLUSION

We have demonstrated the controlled synthesis of bimagnetic
CoFe,0,@MnFe,0, and MnFe,0,@CoFe,0, core—shell
nanocrystals. The bimagnetic core—shell nanocrystals have
shown very unique features in both blocking temperature and
coercivity. For instance, a Ty of 276 K in MnFe,O,@CoFe,0,
nanocrystals with an overall diameter of 11 nm is distinctly
different from the T of ~110 K and ~320 K for 11 nm pure
MnFe,0,°° and CoFe,O, nanocrystals,’” respectively. The
coercivity even displays more drastic differences. Although the
Ty of 11 nm pure CoFe,O, nanocrystals is higher than that of
the same sized MnFe,0,@CoFe,0, nanocrystals, its coercivity
of ~17,000 Oe is smaller. Pure 11 nm MnFe,0, nanocrystals
only have an H, of ~370 Oe. The bimagnetic core—shell
nanocrystals here evidently demonstrate the rational design
capability to separately control the blocking temperature and
the coercivity in magnetic nanocrystals by varying the materials,
their combination, and the volume ratio between the core and
the shell and by switching hard or soft phase materials between
the core and shell. Such controls via a bimagnetic core—shell
architecture are highly desirable for magnetic nanocrystals in

various applications such as high-density storage media,
magnetic imaging, sensing, drug delivery, and magnetic
hyperthermia.
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