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Abstract
Synthesis and coating of superparamagnetic monodispersed iron oxide nanoparticles was carried out by chemical
solution method. Controlled co-precipitation technique was used to prevent undesirable critical oxidation of Fe>. The
obtained Fe O nanoparticles were coated with sodium oleate. Low-"eld AC susceptibility and SQUID measurement
 
show superparamagnetism with a blocking temperature around 150 K, and almost immeasurable remanence and
coercivity.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Recently, synthesis of magnetic materials on the
nanoscale has been a "eld of intense study, due to
the novel mesoscopic properties shown by particles
of quantum dimensions located in the transition
region between atoms and bulk solids. Nanosized
particles have physical and chemical properties
that are characteristic of neither the atom nor the
bulk counterparts [1]. Quantum size e!ects and the
large surface area of magnetic nanoparticles dramatically change some of the magnetic properties
and exhibit superparamagnetic phenomena and
quantum tunneling of magnetization, because each
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particle can be considered as a single magnetic
domain. Based on their unique mesoscopic physical, tribological, thermal, and mechanical properties, superparamagnetic nanoparticles o!er a high
potential for several applications in di!erent areas
such as ferro#uids, color imaging, magnetic refrigeration, detoxi"cation of biological #uids, magnetically controlled transport of anti-cancer drugs,
magnetic resonance imaging contrast enhancement
and magnetic cell separation [2}5].
A di$culty related to the nature of ferro#uids is
that the nanoparticles, which have a large ratio of
surface-area to volume, tend to agglomerate in order to reduce their surface energy ('100 dyn/cm)
by strong magnetic dipole}dipole attractions between particles. Therefore, one of the main problems in producing stable magnetic #uid is to
prevent the agglomeration during the synthesis and
coating process.
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Table 1
Samples synthesized under di!erent conditions and their average particle sizes (D); calculated from XRD, TEM and magnetization data
Sample

pH

NaOH (M)

D

S1
S2
S3
S4
S5
S6

14
14
14
14
12.5
11.54

0.9
1.0
1.1
1.5
1.5
1.5

13
17
29
30
55
60

2. Experimental
All the chemicals were of reagent grade used
without further puri"cations. Ferric chloride hexahydrate (FeCl ) 6H O'99%), ferrous chloride


tetrahydrate (FeCl ) 4H O'99%) and sodium


oleate (C H NaO '99%) were obtained from
 

Aldrich while Sodium hydroxide (NaOH'99%)
and hydrochloric acid (HCl'37%) from KEBO.
Milli-Q water was re-deionized (speci"c conductance (0.1 s/cm) and deoxygenated by bubbling
N gas for 1 h prior to the use.

Stock solutions of 1.28 M FeCl ) 6H O, 0.64 M


FeCl ) 4H O and 0.4 M HCl were prepared as


a source of iron by dissolving the respective chemicals in Milli-Q water under vigorous stirring. In
the same way, stock solutions of 0.9}1.5 M NaOH
were prepared as alkali sources. A solution of
0.01 M HCl was prepared for surface neutralization, while a solution of 1.5 M sodium oleate (surfactant) at pH"9.4 was prepared for coating.
Aqueous dispersion of magnetic nanoparticles
was prepared by alkalinizing an aqueous mixture of
ferric and ferrous salts with ammonia at room
temperature [6]. In the present study, a solution of
NaOH was used as alkali source instead of ammonia. N gas was #own through the reaction medium

during synthesis operation in a closed system.
25 ml of iron source was added drop-wise into
250 ml of alkali source under vigorous mechanical
stirring (2000 rpm) for 30 min at room temperature.
Two operating conditions, (i) the concentration
of NaOH, and (ii) the pH, were varied for di!erent
synthesis experiments as shown in Table 1. The
precipitated powder was isolated by applying an
external magnetic "eld, and the supernatant was

60"

(As )

D

2#+

*
*
*
*
*
72

(As )

D

+%

(As )

*
*
*
*
*
54

removed from the precipitate by decantation. Deoxygenated Milli-Q water was added to wash the
powder and the solution was decanted after centrifugation at 3500 rpm. After washing the powder
4 times, 0.01 M HCl was added to neutralize the
anionic charge on the particle surface. The cationic
colloidal particles were separated by centrifugation
and peptized by adding deoxygenated Milli-Q
water.
Based on the XRD results, Fe O nanoparticles
 
6 nm in size (sample S6 in Table 1) were selected for
coating treatment. Coating was carried out using
surfactant solution under vigorous mechanical stirring for 30 min at 903C. After coating, the surfactant adsorbed physically on the particle surface was
removed by washing with deoxygenated Milli-Q
water, centrifugation and peptizing the solution for
three times.
All the main synthesis steps were carried out by
passing N gas through the solution media to

avoid possible oxygen contamination during the
operations. All the characterizations of the sample
were done in solid phase.
The structural properties of Fe O powders
 
obtained were analyzed by X-ray powder di!raction (XRD) with a Philips PW 1830 di!ractometer
using the monochromatized X-ray beam from the
nickel-"ltered Cu K radiation. The average size of
?
the crystals (D; As ) was estimated using Scherrer's
formula [7]. The particle size and morphology
were examined using a JEOL-2000EX transmission
electron microscope (TEM).
The DC magnetic properties were carried out
using a Quantum Design MPMS SQUID mag
netometer. The zero-"eld-cooled (ZFC) and "eldcooled (FC) measurements were performed by
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cooling the sample to 5 K at zero "eld or in the
presence of an external "eld of 10 Oe, respectively.
All the magnetic measurements during the warming runs were carried out in a "eld of 10 Oe. The
hysteretic loops were measured from 5 K to room
temperature. AC-magnetic measurements were also
performed using a high sensitive laboratory-built
two-position AC susceptometer with a three-coil
mutual inductance bridge. The driving "eld was
10 Oe (rms) in our measurement while the frequency was varied from 1 to 1031 Hz.
The precipitated powders are black in color. The
chemical reaction of Fe O precipitation is ex 
pected as follows:
Fe>#2Fe>#8OH\P
Fe O (black colloidal particles)#4H O.
(1)
 

According to the results of thermodynamic
modeling of this system, a complete precipitation of
Fe O should be expected between pH"7.5}14,
 
while maintaining a molar ratio of Fe>: Fe>
"1 : 2 under a non-oxidizing environment. Otherwise, Fe O might also be oxidized as
 
Fe O #0.25O #4.5H OP3Fe(OH) .
(2)
 



This would critically a!ect the physical and chemical properties of the nanosized magnetic particles.
In order to prevent them from possible oxidation in
air as well as from agglomeration, Fe O nanopar 
ticles produced by reaction (1) were usually coated
with organic or inorganic molecules during the
precipitation process. To control the reaction kinetics, which is strongly related with the oxidation
speed of iron species, the present method of #owing
N gas is introduced to compare with already pub
lished methods [6].
The experimental results have shown that #owing N gas not only protects critical oxidation but

also reduces the particle size when compared with
methods without removing the oxygen. For
example, the particle size was reduced from 80 (in
air) to 60 As (in N ).

Table 1 shows the average crystal sizes, measured
by XRD and TEM, of Fe O nanoparticles syn 
thesized under di!erent conditions. The crystal
sizes determined by Scherrer's equation with XRD
data have been found in a range of 13}60 As . When

Fig. 1. X-ray powder di!raction patterns for the as-precipitated
nanoparticles shown in Table 1 under di!erent pH and NaOH
concentration conditions.

the concentration of precipitating NaOH solution
is increased from 0.9 to 1.5 M at pH"14 (samples
S1}S4), the crystal size is increased from 13 to 30 As .
On the other hand, the pH value of the solution for
precipitation also plays an important role in controlling the crystal size. For solutions of 1.5 M
NaOH (samples S4}S6), decreasing the pH value
from 14 to 11.54 has resulted in increasing particle
size from 30 to 60 As .
Fig. 1 shows the XRD patterns for the as-precipitated powders of samples S1}S6. It indicates that
Fe O is the dominant phase in all the samples
 
though a remarkable broadening of the peaks goes
from sample S1 to S6. The crystallization of Fe O
 
nanoparticles at the most intense peak, corresponding to the (3 1 1) re#ection in Fe O , is related with
 
the mean size of the crystals according to the
Scherrer equation.
The particle-size distribution and morphology
were examined by TEM imaging. As shown in
Fig. 2, the Fe O powder of sample S6 consists
 
almost of perfect single particles, though their morphology is somewhat irregularly shaped from oval
to sphere. The size distribution was calculated using the following equation based on a log}normal
function [9]:



1
1
exp !
p(d)"
2
D (2



 
ln

D 
,
D


(3)

where  is the diameter standard deviation and

D is the mean diameter. These results hold for a
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Fig. 3. Magnetization vs. temperature measured at 10 Oe in the
zero-"eld-cooled and "eld-cooled states for nanoparticles (S6)
before and after being coated with sodium oleate.

Fig. 2. TEM micrograph of Fe O nanoparticles (sample S6,
 
Table 1).

volumetric standard deviation  "3 , and


a mean volume < "(/6) D particle size deter

mined in this way is 72 As with a standard deviation
 "0.2, which is close to the crystal size calculated

from XRD data (60 As ) for sample S6. This shows
that the Fe O powder of sample S6 is nano 
crystalline.
The temperature dependence of magnetization
(Fig. 3) of the nanoparticles exhibits a cusp around
150 K in the zero-"eld-cooled (ZFC) susceptibility,
and a blocking temperature ¹ determined from
the branching of the ZFC and FC data. As it is well
known, above ¹ , superparamagnetic particles become thermally unstable and the magnetizations
exponentially decrease as MV/KT become larger
than 1. The superparamagnetic particles de#ect
uniquely to the strong "eld side of the gradient
magnet, but this behavior decreases as a function of
increasing temperature. When the particles are
chemically coated with sodium oleate, as shown in
Fig. 3 the blocking temperature is suppressed to
a lower temperature. Without coating of surfactant
on the particles, due to the increase in the large
ratio of surface area to volume, the attractive force

between the nanoparticles will increase, and
agglomeration of the nanoparticles will take place,
as seen in Fig. 2. These agglomerated nanoparticles
act as a cluster, resulting in an increase of the
blocking temperature. In contrast, the surfactantcoated nanoparticles are more freely aligned with
the external "eld than the uncoated nanoparticles.
The repulsive force between hydrophobic surfactant molecules coated on single particles can
prevent them from agglomeration [10]. The total
e!ective magnetic moment of such coated particles
is found to decrease, which is most likely due to
a non-collinear spin structure originated from the
pinning of the surface spins and coated surfactant
at the interface of nanoparticles. The measured
magnetic moment is also found to decrease due to
the contribution of the volume of the diamagnetic
coating mass to the total sample volume.
The hysteresis loop measured from 5 to 300 K for
the uncoated Fe O nanoparticles is shown in Fig. 4.
 
As seen in the "gure, the typical characteristics of
superparamagnetic behavior are observed showing
almost immeasurable coercivity and remanence
above the blocking temperature. The magnetization
of the nanoparticles below the blocking temperature has a hysteretic feature. The magnetic particle
size and size distribution can be calculated from
these magnetization curves using the following formula [8]:
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Fig. 4. Magnetization vs. applied magnetic "eld for nanoparticles without coating (S6).
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Here,  is the initial magnetic susceptibility
 "(dM/dH)
and  is the density of Fe O
&
 
(5.18 g/cm). The initial slope near the origin was
determined from the hysteresis plots by curve-"tting the linear portion of the data. The saturation
magnetization M from the magnetization curve in
1
Fig. 4 for the uncoated Fe O nanoparticles was
 
found to be 42.1 emu/g at 300 K. Thus, the magnetic particle size D of sample S6 was calculated
with 56 As at 300 K. This value of D is smaller than
the particle size observed from TEM measurement.
The di!erence between D and D
is most likely
2#+
due to contributions of a magnetically `deada layer
reported to be present on the surface of particles
[11].
For superparamagnetic particles, the true magnetic moment at a particular temperature can be
calculated using the Langevin function [12].

  



H
k ¹
M"M coth
! 
,
(5)
1
k ¹
H

where ("M D/6) is the true magnetic moment
1
of each particle, k is the Boltzmann constant, ¹ is

the absolute temperature and M is the saturation
1
magnetization. Fig. 5 shows the best "t for the
Langevin function in Eq. (5). From this data "tting,
the mean-magnetic moment per particle of sample
S6 is found to be 7011

Fig. 5. Magnetization vs. applied magnetic "eld for nanoparticles (S6) without coating at 300 K. Experimental (solid rectangle) and calculated (solid line) data represent the best "t for
the Langevin function.

The dynamics of magnetic relaxation were investigated using AC-magnetic susceptometry. For
a non-interacting single particle with barrier energy
E and uniaxial anisotropy #uctuations, the ther
mal relaxation process follows the NeH el}Arrhenius
law [13],

  

1
E
 ,
"
exp

f
k ¹


(6)

where  is the relaxation time of the magnetic

moment of the particle, f is the attempt frequency

of the transition, k is the Boltzmann constant, and
¹ is the absolute temperature. The average energy
barrier E ("K<, where K is the e!ective aniso
tropy energy constant, and < the volume of the
particle) and f can be directly obtained by AC
magnetic susceptometry measurements. The cusp
temperature, i.e. the temperature corresponding to
the maximum of the in-phase component of the
AC-susceptibility, corresponds to the blocking temperature at which the relaxation time is equal to the
time scale of the measurement, and can be expressed by  "1/f . The plot of !ln( f ) vs. 1/¹


gives a straight line with a slope E and an inter
cept  , as shown in Fig. 6.
When the distance between the nanoparticles is
large enough, interparticle interactions between

D.K. Kim et al. / Journal of Magnetism and Magnetic Materials 225 (2001) 30}36

Fig. 6. AC-magnetic susceptibility data for nanoparticles (S6)
coated with sodium oleate measured in the frequency range
1}1031 Hz.

dipoles are negligible. Due to superparamagnetic
relaxation around the blocking temperature, at
which the relaxation time  becomes equal to zero,
the anisotropy energy barrier E is small enough
compared to thermal energy k ¹, and the direction
of the moment #uctuates rapidly and gives rise to
thermal #uctuation between the particles. The exponential factor  is usually found to be in the
order of 10\}10\ s for ferro- and ferrimagnetic
nanoparticles. The data for the frequency-dependent
susceptibility for sample S6 (shown in Fig. 7), coated
with sodium oleate, show that the relaxation time
follows the NeH el}Arrhenius law (Eq. (6)), but with an
unphysical value of  "7.8;10\ s. This experimental value of  has been related to interparticle
interaction, as the decrease in the interparticle surface area a!ects the anisotropy energy barrier.
Therefore, on reducing the sample amount or diluting this sample in solution, a value for  in the
range of 10\}10\ s can be expected [14].
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Fig. 7. Temperature dependence of the relaxation time of the
magnetization estimated from AC-magnetic susceptometry data
for nanoparticles (S6) coated with sodium oleate measured in the
frequency range 1}1031 Hz.

tion. It can be used as a source for direct incorporation with required coating materials or in the naked
form for ultrathin "lms without requiring additional processes to remove excessive surfactants.
After coating by surfactant, at the second stage,
the nanoparticles can be monodispersed. These
nanoparticles exhibit superparamagnetic behavior
and can be useful for relevant medical and physical
applications.
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3. Conclusion
We have presented a controlled coprecipitation
method, which demonstrates the feasibility of synthesizing monocrystalline nanoparticles of Fe O
 
with a size of a few nanometers. The hydrosol of
Fe O nanoparticles contains no surfactant, at the
 
"rst stage, and has a narrow particle-size distribu-
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