
DOI: 10.1002/chem.200801469

Sonochemical Synthesis under a Magnetic Field: Fabrication of Nickel and
Cobalt Particles and Variation of Their Physical Properties

Riam Abu-Much* and A. Gedanken*[a]

Introduction

A fundamental of the physics and chemistry of solids is the
understanding that most of their properties depend signifi-
cantly on the size of a solid particle in one, two, or three di-
mensions. Whether it can be called a revolution or simply
continuous evolution, the development of new materials and
their understanding on an increasingly smaller length scale
is clearly at the root of progress in many areas of materials
science.[1] This is particularly true in the development of
new magnetic materials for a variety of important applica-
tions.[2–5] Nanoscale magnetic materials have attracted inten-
sive interest because of their potential applications in fields
such as high-density magnetic recording and magnetic sen-
sors. In addition, the nanoscale magnetic materials also ena-
bled some basic issues of magnetic phenomena in low-di-
mensional systems to be addressed.[6–9] Ferromagnetic metal-
lic materials such as Fe,[10,11] Co,[12–14] and Ni[15,16] have been
studied for many years. During the last decade, due to the
emergence of a new generation of high-technology materi-
als, the number of groups involved in nanomaterials re-
search has increased exponentially. Various approaches have
been developed to prepare nanoscale magnetic metal mate-

rials, including pyrolysis of metal carbonyls,[17,18] water-in-oil
microemulsions,[19] g-ray irradiation,[20] borohydride reduc-
tion of metal salts,[21] and template synthesis.[22] The study of
colloidal magnetic fluids is of increasing interest in different
technological areas, from mechanical antivibration systems
to biomedical applications.[23–25] These fluids are suspensions
of ferri- or ferromagnetic particles dispersed in aqueous or
nonaqueous carrier liquids. Since their initial synthesis in
the 1960s, their technological applications have continued to
expand.[26] Different kinds of ferrofluids (FFs), such as
water-based FFs and FFs based on organic compounds, have
been obtained and widely used in dynamic loudspeakers,
computer hardware, dynamic sealing,[29] electronic packing,
mechanical engineering, aerospace applications, and bioen-
gineering.[30] Particle content, saturation magnetization, sus-
pension viscosity, and surfactant stabilizers[31] are vital for
product performance.[32] The stability of ferrofluids depends
on a balance between repulsive and attractive interactions
among the magnetic nanoparticles.[27] In addition to thermal
motion, steric and electrostatic repulsive interactions act
against van der Waals and dipolar attractive interactions.[28]

For a stable FF, the repulsion should be at least as strong as
the attractive forces in the range of the attractive interac-
tion. Stability can be obtained by surrounding the colloidal
particles with an electrical double layer, adsorbed or chemi-
cally attached polymeric molecules, or with free polymers in
the dispersion medium (depletion/stabilization).

The depletion/stabilization of colloidal particles is impart-
ed by macromolecules that are free in solution, and their
free polymer chains can play a crucial role in preventing ag-
gregation of the particles. A variety of innovative techniques
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have been employed to prepare cobalt and nickel nanomate-
rials, for example, template electrodeposition[33] and rapid
decomposition in the presence of linear amines.[34] In gener-
al, chemical dissolution techniques are superior to the other
methods because of their better capabilities for controlling
the composition, size, and shape of the nanoparticles, and
the ease of scale-up. This is especially true for the precipita-
tion of metals from aqueous solutions of metal salts with hy-
drazine or hydrogen as reducing agents.[35] The polyol pro-
cess, in which a polyol or a mixture of polyols is used as
both solvent and reducing agent, can be used to prepare
more uniform and well-dispersed metal powders (e.g., Ni,
Co) in comparison with other chemical reduction methods,
because the polyol process is slow and requires high temper-
atures and refluxing for several hour, or even days.[36,37] This
reflux helps to form a more uniform distribution of nanopar-
ticles through cycles of dissolution/precipitation, as in the
previously described process of Ostwald ripening.

Little attention has been paid to the effect of an external
magnetic field on the nucleation and growth process of mag-
netic particles, and on the self-assembly behavior of magnet-
ic nanocrystallites. A magnetic field can significantly influ-
ence the movement of magnetic particles.[38–40] It is therefore
interesting to study the growth behavior of magnetic parti-
cles during their fabrication under an external magnetic
field. Recent developments have indicated that a magnetic
field can be elegantly employed to orient self-assembling
magnetic nanoparticles into nano- or microscale structures
in which dipole interactions between adjacent magnetic
nanoparticles couple them together and force reversible for-
mation of an anisotropic structure.[40–44] These magnetic
nanoparticles encompass fascinating aspects such as super-
paramagnetism, dipolar interactions, and Zeeman energy.
One- to three-dimensional (1D to 3D) self-assembled struc-
tures of magnetic nanoparticles have been synthesized
through magnetic interactions and the application of a mag-
netic field.[45–51]

In the current work we first explored the feasibility of so-
nochemical fabrication of nickel and cobalt particles, varia-
tion of their size, and formation of colloidal solutions with
different solvents. Second, we studied the effect of applying
a magnetic field during fabrication.

Ultrasound influences chemical reactivity through an
effect known as cavitation. Cavitation occurs on applying
high-intensity ultrasound to liquids, which results in super-
position of sinusoidal pressure on the steady ambient pres-
sure. Sound is transmitted through a fluid as a wave consist-
ing of alternating compression and rarefaction cycles. In cav-
itation, the microbubbles formed during the rarefaction
cycle of the acoustic wave collapse violently during the com-
pression cycle of the wave. The contents of the bubble are
estimated to be heated to 5000 K, and the implosion of the
cavitation bubble also produces high-energy shock waves
with pressures of several thousand atmospheres.[52] The ulti-
mate consequence of the high temperature is a chemical re-
action. The high pressure leads to an increased number of
molecular collisions owing to enhanced molecular mobility

and decreased overall volume, and hence also to high chem-
ical reactivity.

Results and Discussion

Characterization of Ni and Co particles : Sonochemical reac-
tions involve a combination of high temperatures, high pres-
sures, and rapid cooling. Under these extreme conditions,
fine cobalt and nickel spheres are produced.

The X-ray diffraction pattern of an as-prepared Ni sample
(Figure 1a) confirms the crystalline nature of the particles.

The three characteristic peaks that appear at 2q values of
44.7, 52.07, and 76.638 are assigned to diffractions from the
(111), (200), and (222) planes of cubic Ni. The calculated
cell parameter is a=3.514 J. These values are in good
agreement with the diffraction peaks, peak intensities, and
cell parameters of cubic Ni (PDF No. 00-003-1051). The
XRD patterns of the as-prepared cobalt spheres and the
product after annealing at 600 8C for 6 h, are presented in
Figure 1b and c, respectively. The as-prepared sample shows
low-intensity diffraction peaks indicating production of
poorly crystalline cobalt, whereas the heated sample shows
sharp diffraction peaks that could be indexed to fcc cobalt
(PDF No. 00-0001-1255). The morphology and structure of
the aggregated particles obtained both by the regular sonica-
tion procedure and sonication under a magnetic field were
studied by HRSEM and HRTEM measurements. HRSEM
images with different magnifications are presented in
Figure 2. Figure 2a and d show nanospheres of Ni and
cobalt formed in the absence of a magnetic field. Character-
ization of the spheres as pure nickel or pure cobalt was

Figure 1. a) XRD pattern of as-prepared nickel particles. b) XRD pattern
of as-prepared cobalt particles. c) XRD pattern of cobalt particles after
heating to 600 8C
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based not only on XRD but also on selected-area electron
diffraction (SAED) analysis conducted on the SEM images
(not shown). In both cases, this showed the presence of a
high percentage of Ni or Co and the C and Cu peaks origi-
nating from the carbon grid. The average diameter of the
nickel spheres, calculated by using Scion Image software,
was 52 nm, whereas bigger spheres are obtained for cobalt
particles. Their average size, calculated from an SEM image,
was 350 nm. Conducting the sonication process under an ex-
ternal magnetic field has a significant influence on the mor-
phology of both cobalt and nickel particles. On the basis of
these results, it can be concluded that the major factor de-
termining the size and morphology of the products is the
magnetic field. Figure 2b, c, e, and f vividly demonstrate the
creation of nanowires. The high-magnification images show
that the nanowires are produced as a consequence of the ag-

gregation mechanism of the
magnetic spheres driven by
strong magnetostatic (dipolar)
and Zeeman interactions.
HRTEM analysis provided
more detailed structural infor-
mation on Ni and cobalt parti-
cles obtained both by the regu-
lar sonication procedure and
under an external magnetic
field. Figure 3a further sup-
ports the crystalline nature of
nickel particles obtained sono-
chemically. In the absence of a
magnetic field, the interlayer
distance was calculated to be
about 2.01 J, which agrees
well with the literature value
for the separation between the
(111) lattice planes. Similar re-
sults were obtained for Ni rods
prepared under a magnetic
field. For the cobalt particles it
was more difficult to recognize
the arrangement of atomic
layers because of their low
crystallinity. Nevertheless, the
measured distance of about
2.1 J between the (111) lattice
planes (Figure 3b) is very close
to that reported in the litera-
ture for the fcc crystal struc-
ture.

The differences between the
nickel and cobalt particles ob-
tained without and with an ex-
ternal magnetic field were also
reflected in differences in the
magnetic properties. Figure 4
shows magnetization loops of
the products. They reveal that

the magnetic structure of Ni and Co particles can be modi-
fied during their formation under a magnetic field. Differen-

Figure 2. SEM images of nickel and cobalt particles. a) Nickel particles synthesized by the regular sonication
procedure. b, c) Nickel nanowires prepared in the presence of an applied magnetic field. d) Cobalt particles
prepared by the regular sonication process. e, f) Cobalt nanowires synthesized under a magnetic field.

Figure 3. a) HRTEM image of a nickel particle. b) HRTEM image of a
cobalt particle.
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ces in saturation magnetization Ms between samples ob-
tained under an external magnetic field and those obtained
without an applied magnetic field are clearly evident. The
difference in Ms between the samples prepared with and
without a magnetic field can be attributed to spin disorder
and surface oxidation. The magnetic behavior of nanoparti-
cles has a marked dependence on the decrease in particle
size and when surface effects start to dominate.[42] For nano-
particles with a large surface/volume ratio, the surface-spin-
driven arrangements (spin disorder) may eventually modify
the magnetic properties. This spin disorder is caused by the
lower coordination number of the surface atoms, whereby
broken exchange bonds produce a spin-glass-like state of
spatially disordered spins on the surface with a high-aniso-
tropy surface layer.[43,44] In addition, the change in the mag-
netic structure can be also the reason why, when a magnetic
field is applied, the magnetic easy axis of nickel could align
along the nanowires. This may be also responsible for the in-
crease in the saturation magnetization of the cobalt parti-
cles, as can be seen in Figure 4B. However, the reason for
the low saturation magnetization of the nickel particles ob-
tained under an MF (Figure 4A) is not clear. Perhaps the
large shape anisotropy of the nanorods prevents their be-
coming magnetized in directions other than their easy mag-
netic axis. Our assumption is related to a random orienta-
tion of nanorods, for which the projection of the magnetiza-
tion vectors along the field direction is smaller than that of

a collection of nanoparticles without the large shape-aniso-
tropy effect.

We also measured the magnetic moment as a function of
temperature for nickel particle prepared by the regular soni-
cation process and under an external magnetic field by three
procedures: 1) The samples were zero-field-cooled (ZFC) to
5 K, a field was applied, and the magnetization was mea-
sured as a function of temperature; 2) The samples were
field-cooled (FC) from above 300 to 5 K and the magnetiza-
tion was measured; 3) The samples were field-cooled to 5 K,
after which the field was reversed in sign and the magnetiza-
tion was measured as a function of temperature (RFC). The
results are shown in Figure 5.

Below the blocking temperature TB, the ZFC and FC
curves do not coincide. Above TB they coincide, and the ma-
terials exhibit superparamagnetic behavior. The blocking
temperature of the samples obtained without a magnetic
field (TB�320 K) is lower than that of the sample synthe-
sized in the presence of a magnetic field (TB0400 K). This
difference is accounted for by the relation TB=KV/25k,
where K is the effective uniaxial anisotropy energy per unit
volume, V is the particle volume, and k the Boltzmann con-
stant. The K and V[54] values of the rods obtained with ap-
plied magnetic field are larger than those of the products
obtained without a magnetic field. The blocking tempera-
ture of these rods is therefore higher. The blocking tempera-
ture also depends on size, shape, and material, and it usually
increases with increasing number of atoms. Shape also mat-
ters: Nanorods usually have a higher blocking temperature
than nanodots.

Significant decrease in particle size and formation of stable
organosols in PEG-400 : We sought a facile and direct
method for fabrication of stable organosols of nickel and
cobalt nanoparticles. The main aim was to significantly de-
crease the particle size and hence obtain a stable dispersion.
This was achieved by restricting the growth process and lim-
iting the collision rate between particles. This was effected
by varying the physical properties of the solvent.

Using triethylene glycol as solvent instead of ethylene
glycol gave smaller particles of both nickel and cobalt, but a

Figure 4. A) Magnetization loop of nickel particles obtained without a
magnetic field (a) and magnetization loop of nickel particles obtained
under a magnetic field (b). B) Magnetization loop of cobalt particles ob-
tained without a magnetic field (a) and magnetization loop of cobalt par-
ticles obtained under a magnetic field (b).

Figure 5. Magnetic moment versus temperature. a) Nickel particles pre-
pared without applied magnetic field. b) Nickel particles prepared under
a magnetic field.
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stable colloidal solution was not obtained. Unlike the corre-
sponding reaction in ethylene glycol, in which a precipitate
was observed immediately after sonication, in triethylene
glycol it took about 30 min for the precipitate to appear. Ac-
cording to the HRSEM images (Figure 6), nickel and cobalt

spheres with average particle sizes of 120 and 100 nm, re-
spectively, are produced in triethylene glycol. Compared
with the reaction in ethylene glycol, the size of the cobalt
spheres has decreased significantly, from 350 to 100 nm. Ex-
posing the reaction cell to an external magnetic field in-
duced assembly of the nanomagnetic particles into macro-
scopic arrays (Figure 6c, d).

A dramatic effect was observed when polyethylene glycol
400 (PEG-400) was used as solvent in the sonication cell:
the higher viscosity and long polymer chains act as physical
barriers to aggregation of the particles, which is reflected by
the formation of a stable colloidal solution of smaller nano-
particles. The restricted motion of the particles due to the
high viscosity and the polymer chains resulted in a slow
growth process of the particles, reflected by formation of
nanoparticles with average sizes of 3.2 and 2.3 nm for Ni
and Co, respectively. Thus, a significant decrease in particle
size is obtained by using PEG-400 as solvent instead of eth-
ylene glycol or triethylene glycol. A very stable colloidal so-
lution is obtained for both metals and flocculation, and
hence gravitational settling, is avoided. The solutions were
stable for at least four months. Figure 7a and b show
HRTEM images of the uniform and monodisperse nickel
and cobalt nanoparticles with perfect arrangements of the
atomic layers. The measured distance between the (111) lat-
tice planes of the Ni nanoparticles of about 2.02 J is very

close to that reported in the literature for cubic nickel (PDF
No. 00-003-1051). In addition, the calculated distance be-
tween the (111) lattice planes of the FCC cobalt of about
2.0 J is very close to the literature value (PDF No. 00-0001-
1255). The SAEDS results (not shown) confirm the presence
of high percentages of Ni and Co, respectively. Histograms
of size distribution were calculated by using Scion Image
software by measuring more than 40 nanoparticles (Fig-
ure 7c, d).

We assume that the stability of the nanoparticles against
aggregation is due to the presence of the free polymer
chains of the solvent (depletion/stabilization), while its vis-
cosity restricts the growth process of the particles. This is re-
flected by the formation of very small nanoparticles. The ab-
sence of a direct interaction between the polymer chains
and the nanoparticles is supported by the FTIR spectra of
pristine PEG and organosols of nickel and cobalt nanoparti-
cles. The FTIR spectra of Ni and Co organosols showed no
shifts or changes in the intensity of the absorption bands rel-
ative to pristine PEG (Figure 8), especially the nCO band at
about 3400 cm�1, which would perhaps be susceptible to
changes if PEG and a magnetic metal interact. Surprising
results emerged when the effect of applying an external MF
during sonochemical preparation of the organosols was stud-
ied. In both cases, stable solutions of nickel and cobalt nano-
particles were produced. The influence of the magnetic field

Figure 6. HRSEM images of nickel and cobalt particles. Nickel (a) and
cobalt (b) particles synthesized by the regular sonication procedure in tri-
ethylene glycol. Nickel (c) and cobalt (d) particles prepared in the pres-
ence of an applied MF with ethylene glycol as solvent.

Figure 7. a) HRTEM image of stable organosol of nickel nanoparticles
synthesized by the regular sonication procedure. b) HRTEM image of
stable organosol of cobalt nanoparticles synthesized by the regular soni-
cation process. c) Histogram of the average size of the nickel nanoparti-
cles from image a). d) Histogram of the average size of the cobalt nano-
particles from image b).
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on the morphology of the nanoparticles was investigated by
HRTEM analysis, which showed small and uniform nano-
particles (Figure 9). No differences in morphology or size of

the nanoparticles were found. Thus, unlike the Ni and Co
reactions under nonstabilized conditions, application of an
external magnetic field of 0.5 T during synthesis of these
colloidal solutions has no appreciable effect. We argue that,
despite the fact that the application of an external magnetic
field causes the particles to attain large magnetic moments
aligned in the direction of the magnetic field and thus
strong magnetic interaction, the restricted motion of the par-
ticles due to the high viscosity of the continuous phase and
the presence of long polymer chains are the dominant fac-
tors. This is also reflected in the formation of small particles,
consistent with a slow growth process. These results reveal
the importance of the physical properties of the continuous
phase. In our case, the interparticle magnetic attraction was
too weak to overcome the physical barriers that surround
each particle.

Discussion

In the current investigation, ultrasonic waves served as a
source of energy to drive the reactions. The preparation of
both nickel and cobalt particles was based on a reduction
mechanism using a small amount of hydrazine as a reducing
agent.[53] To confirm that the reduction was conducted
mainly by hydrazine rather than by ethylene glycol, a con-
trol reaction was performed without the addition of hydra-
zine. No nickel or cobalt was obtained, even after several
hours of sonication.

More significant results were obtained by introducing
PEG-400 as dispersive medium and stabilizer. It also caused
a dramatic decrease in particle size. The presence of poly-
mer chains restricts the growth process and increases the
number of nucleation sites. Thus, nanoparticles with average
sizes of 3.2 and 2.3 nm for Ni and Co, respectively, were ob-
tained. In contrast, particles with sizes of 52 and 350 nm
were formed when ethylene glycol was used as a solvent.

The DLVO theory[55] has traditionally been used to evalu-
ate the onset of aggregation by calculation of stability ratios
(i.e., the ratio of the aggregation rate in the absence of col-
loidal interactions to that when interactions are present).
According to this theory, the colloids are the only solute,
and electrolytes and solvent effects are captured in an effec-
tive interparticle potential. Another significant parameter is
the collision efficiency (i.e., the ratio of the number of parti-
cle collisions resulting in formation of an aggregate to the
total number of collisions). These collisions between the par-
ticles are the result of the Brownian motion. The stability of
the colloid is thus determined by the interaction between
the particles during such a collision. Stability can be ob-
tained by surrounding colloidal particles with an electrical
double layer, adsorbed or chemically attached polymer mol-
ecules, or a free polymer in the dispersion medium (deple-
tion/stabilization). The depletion/stabilization of colloidal
particles is caused by macromolecules that are free in solu-
tion. Their free polymer chains can have a crucial role in
preventing the aggregation of the particles. According to
our results, the stability of the nickel and cobalt sols is due
to the presence of free polymer chains. We believe that the
viscosity of the PEG solvent plays an important role in the
stabilization mechanism. It restricts diffusion of the particles
through the dispersion medium, and hence reduces the
probability of collision. We based our assumption on the
Einstein theory (1905)[56] that deals with a mathematical ex-
pression for the diffusivity of colloid particles into solvents.
The diffusivity is proportional to KT/6pmRa, where m is the
viscosity of the solvent, K the Boltzmann constant, Ra the
radius of the colloid spheres, and T the absolute tempera-
ture of the solution. According to this equation, increasing
the viscosity of the dispersion medium limits the motion of
the particles and hence reduces the collision ratio, which
could lead to aggregation and sedimentation by gravity.

The extreme conditions that occur when the bubble col-
lapses might lead to the assumption that sonochemistry de-
termines the shape and size of the reaction products, and ap-

Figure 8. FTIR spectra of a) pristine PEG, b) organosol of nickel nano-
particles in PEG, and c) organosol of cobalt nanoparticles in PEG.

Figure 9. a) HRTEM image of stable organosol of nickel nanoparticles
synthesized under a magnetic field. b) HRTEM image of stable organosol
of cobalt nanoparticles synthesized under a magnetic field.
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plication of a magnetic field during sonication would have
only a minor effect. This is especially true since the term de-
scribing the magnetic dipole interaction does not contain
the intensity of the external magnetic field and is propor-
tional only to m1m2/R

3
ACHTUNGTRENNUNG[2 cosACHTUNGTRENNUNG(q1�q2)�3cosq1cosq2] .

[54] Howev-
er, the results obtained with the aggregated nickel and
cobalt particles reveal the important role of the magnetic
field in determining the shape and magnetic properties of
the products. Our explanation of these results is based on
the location of the sonochemical reaction. It is well known
that the sonochemistry of ionic reactants takes place in the
interfacial region of about 200 nm surrounding the collaps-
ing bubble[52] at temperatures and pressures much lower
than those developed at the center of the bubble. This di-
minishes the effect of the ultrasonic event in comparison to
a gas-phase reaction which occurs with a volatile precursor.
When an external magnetic field is applied during the
growth of ferromagnetic particles, particle growth is consid-
ered to be a slow diffusion-assisted process. Our investiga-
tion revealed that the extreme conditions resulting from
sonication can not act as a barrier against the effect of a
magnetic field on the growth process of the magnetic nickel
and cobalt particles. The magnetic field led to the formation
of nanowires rather than sphere-shaped particles when par-
ticle aggregation occurred.

A significant result was obtained when we introduced
PEG-400 as solvent. Although application of an external
magnetic field causes the nanoparticles to attain large mag-
netic moments aligned in the direction of the magnetic field,
and hence a strong magnetic interaction, we found no differ-
ence in the morphology and the size of the particles. More-
over, stable colloidal solutions were obtained under these
conditions. We argue that the physical parameters responsi-
ble for the stabilization mechanism of the nickel and cobalt
sols produced by the regular sonication procedure dominate
over the magnetic interactions caused by the applied exter-
nal magnetic field. This is reflected in the stability, morphol-
ogy, and the size of the particles. Thus, the solvent can affect
not only the aggregation process, but also can act as a barri-
er against external magnetic forces.

Conclusion

We have synthesized cobalt and nickel particles using ultra-
sonic irradiation and characterized them. The particle size
and morphology depend on the physical properties of the
solvent. The influence of an applied magnetic field during
sonochemical preparation is also affected by the physical
properties of the solution.

Experimental Section

General : Ethylene glycol (J. T. Baker), triethylene glycol (99%, Aldrich),
nickel(II) nitrate hexahydrate (Aldrich), hydrazine monohydrate (98%,
Aldrich), sodium hydroxide (Bio LAB), polyethylene glycol 400 (Al-

drich), and cobalt(II) nitrate hexahydrate (Riedel-de Haen) were used
without further purification.

Synthesis of pure nanometer-sized Ni and Co particles : Based on the
work of Li and Han[53] on the reaction mechanism and kinetics of reduc-
tion of metal cations, especially Ni2+ , by hydrazine, sonochemical synthe-
ses of Ni and Co particles were carried out as follows. Nickel(II) nitrate
or cobalt(II) nitrate (0.05m) was dissolved in ethylene glycol, and hydra-
zine (2.5 mL, 1 m) was added. The solution was sonochemically irradiated
under ambient atmosphere for 30 min with a high-intensity ultrasonic
horn (Ti horn, Sonics and Materials VCX600 sonicator, 20 kHz). During
sonication, an appropriate amount of NaOH (0.003m) was added to the
solution. The powder obtained was isolated by centrifugation, washed
three times with ethanol (9000 rpm), and dried under vacuum at room
temperature. The same procedure was carried out by replacing ethylene
glycol with triethylene glycol.

Synthesis of stable organosols of Ni and cobalt nanoparticles : Nickel(II)
nitrate or cobalt(II) nitrate (0.05m) was dissolved under ultrasound radia-
tion in PEG-400, and hydrazine (2.5 mL) was added. The solution was so-
nochemically irradiated under ambient atmosphere for 1 h by using a
high-intensity ultrasonic horn (Ti horn, Sonics and Materials VCX600
sonicator, 20 kHz). During sonication a desired amount of NaOH
(0.003m) was added gradually. After sonication a black solution was ob-
tained.

Sonication under an external magnetic field : The reaction procedures de-
scribed above were conducted under an external magnetic field of 0.5 T.

Characterization : Powder XRD measurements were carried out on a
Rigaku model-2028 diffractometer. The morphologies and structures of
the as-synthesized products were further characterized with a JEM-
1200EX TEM and a JEOL-2010 HRTEM. Samples for TEM and
HRTEM were prepared by dispersing the products in ethanol, placing a
drop of the suspension onto a copper grid coated with an amorphous
carbon film, and then drying under inert atmosphere. HRSEM analyses
were conducted with a JEOL-JSM 840 scanning electron microscope.
Scion Image software was used to measure the mean particle size by
measuring more than 50 particles from the HRSEM images. Magnetiza-
tion measurements were conducted with a Quantum Design MPMS
SQUID magnetometer. First, the blocking temperature was measured by
cooling the sample in zero field down to 5 K, at which point a magnetic
field of 100 Oe was applied. Then the sample was slowly warmed to high
temperature in steps of a few kelvin, with stabilization at each tempera-
ture and subsequent measurement of the magnetic moment (zero-field
cooled (ZFC) measurement). Then, without turning off the magnetic
field, the sample was cooled and the magnetic moment measured at each
intermediate temperature (field-cooled (FC) measurements). The stable
organosols were further analyzed by IR spectroscopy (Nicolet Impact
410).
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