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Synthesis and magnetic properties of monodisperse Fe 30, nanoparticles

K. Parvin, J. Ma, and J. Ly
Department of Physics, San Jose State University, San Jose, California 95192-0106

X. C. Sun and D. E. Nikles
Center for Materials for Information Technology, The University of Alabama, Tuscaloosa,
Alabama 35487-0209

K. Sun and L. M. Wang
Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor, Michigan 48109

(Presented on 8 January 2004

We report the high temperature reaction of iron acetylacetonate in phenyl ether in the presence of
oleic acid and oleylamine that was used to synthesize monodispes€g Ranoparticles. X-ray
diffraction profile and high-angle annular dark-field images give evidence of self-assembled arrays
with nanoparticle size of 4 nm. Magnetization versus temperature in the temperature range 2.5-160
K was measured in zero-field-cooled and field-cooled experiments and a blocking temp&gature
=20K was obtained. Abovel,, the nanoparticles show superparamagnetic behavior and the
magnetization versus field for various temperature follows the Langevin funddehl curves

below T, indicate the ferromagnetic behavior wittH.=60-4000e for temperature
T=25-18.5K. ©2004 American Institute of Physic§DOI: 10.1063/1.1682783

INTRODUCTION Fe;O, rendering a superparamagnetic material with a very
low blocking temperature:’ Although the significance of

Magnetite or FgO, is one of inverse spinel group mem- sun and Zeng method is in its capability to control the par-

bers with the general formula(B),O,. In F&O,, the A ticle size and the lattice structure, we have only taken advan-

metal is F&" and theB metal is Fé". The structure of tage of the small size and have focused on particles in a

magnetite consists of a fcc closed-packed oxygen arranggowder form. The magnetic studies of same nanoparticles

ment with the divalent F&" ion in tetrahedral sites and the dispersed on a substrate with a two-dimensional lattice struc-
trivalent FEé™* ions in octahedral sites. The nanoparticle pow-tyre will be discussed elsewhere.

der of m?gnetite has already been synthesized for use as
ferrofluid.” Also c_iue to their Stabl|lt¥ and _nontoxm prope_rty EXPERIMENT
Fe;0, nanoparticles have been investigated for various
medical applicationd As an example, if magnetite nanopar- Two millimole of Fgacacy was mixed in 20 mL of
ticle is coated with proper organic compounds, the resultingphenyl ether with 10 mmol of 1, 2-hexadecanediol, 6 mmol
material can be dispersed in water and is biocompatible. Duef oleic acid, and 6 mmol oleylamine. The mixture was kept
to the interaction of these magnetic nanoparticles with exterunder nitrogen and was refluxed at 260 °C for 30 min. The
nal field they may be guided by appropriate magnetic field tamixture was then cooled to room temperature and a dark-
a specific point in body and used as contrast agent in madrown substance was produced that was treated with ethanol
netic resonance imaging or for targeted drug delivé®yich  under air. This resulted in the precipitation of a dark-brown
applications require the nanoparticles to be superparamagarticulate material from the solution. The particles were
netic. Moreover, the physical properties and, in particularthen dissolved in hexane, oleic acid, and oleylamine and re-
magnetic properties depend on the size of particles and theprecipitated with ethanol to give colloidal &, nanopar-
distribution. Monodisperse particles are easily managedicles. The main advantage of this method, also referred to as
theoretically since one does not need to include the particleigh temperature polyol reduction, compared to chemical co-
size distribution function such as lognormal in calculations.precipitation or hydrothermal approach is that the particles
In this paper we present the synthesis of®Gegnanocrystals are nearly spherical, monodisperse, and the size is easily
following the procedure developed by Sun and Zeagd controlled. Also highly pure phase of §@, crystal is usually
present a detailed magnetic study of the nanoparticles in prepared.
powder form with no substrate. This includes blocking tem- A JEOL 2010 STEM/TEM analytical electron micro-
peraturel ,, measurements, and superparamagnetic and ferr@scope operating at 200 KV was used to record high-angle
magnetic properties verification above and belgyy respec- annular dark-fieldHAADF) images, and the particle com-
tively. position was determined by energy dispersive x-ray analysis
To our knowledge the detailed magnetic characterizatiomusing a Philips model XL-30 scanning electron microscope.
of the particles in a powder form synthesized by the methoK-ray diffraction (XRD) data were obtained on a Rigaku
of Sun and Zeng has not been done before. Moreover, thB/MAX-2BX horizontal XRD thin film diffractometer using
size of the particle$4 nm) is among the smallest reported for CuK, radiation. The magnetization versus field €0 to
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FIG. 3. M vs T for field-cooled(FC) and zero-field-cooledZFC) experi-
FIG. 1. XRD pattern for as-prepared §& particles. ments.

field H=1000 Oe was then turned on and the magnetic mo-
rgent versus temperature was measured as the sample was
heated from 2.5 to 160 K. In the field-cooled experiments the
field H=1000 Oe was applied at 160 K and the magnetic
moment was measured as the sample was cooled to the low-
est temperature of 2.5 K. Figure 3 shows the magnetization
RESULTS AND DISCUSSION versus temperature for these experiments showing a maxi-

Figure 1 shows the XRD pattern of the nanoparticlesum of 20 K for the zero-field-cooled experiment, which is
displaying all major lines of F®,. The position and rela- the blocking temperature. o
tive intensity of XRD peaks of 4 nm §@, nanoparticle is in Above blocking temperature the material is superpara-
good agreement with those of the commercial magnetiténagnetic and below that it is ferromagnetic. To verify these
powder (Aldrich catalog No. 31, 0069 The HAADF im- features the curves of magnetization versus field were mea-
ages(Fig. 2) reveal the monodisperse feature of nanoparsured at few temperatures above and below blocking tem-
ticles. The average particle diameter of 4 nm estimated fronperature. Figure 4 shows! versus field for temperatures
Scherrer formulafrom XRD is also consistent with the par- Pelow blocking temperature 20 K. The saturation magnetiza-
ticle size obtained from HAADF images. tion is about 37 emu/g and coercive field depends on tem-
The magnetization versus temperature and field wagerature ranging from 60 Oe to 400 Oe for the temperature
measured for monodisperse samples in powder form withoUgnge 18.5 K-2.5 K, respectively. The data\biversusH/T
any substrate. The powder was mixed with low temperatur@doveT,, for temperatures 30 K—150 K fit to the Langevin
epoxy inside a gel capsule and allowed to dry to immobilizefunction
the particles. Magnetic moment versus temperqture in the M (H/T)=Mg[ coth( MomH/kgT) — (ke T/MomH)], (1)
temperature range 2.5-160 K was measured in the zero-, ) o .
field-cooled experiments where the initial field was set toWith Mo the saturation magnetization, in emu/g, andhe

zero as the sample was cooled to the lowest temperature. THeaSS of individual particle, in gram. If we consider, and
m as fitting parameters, the valu&,=36.2 emu/g andn

+5 T) and temperatureT(=2.5—160 K) were measured us-

ing a Lakeshore 4500 vibrating sample magnetometer and
Quantum Design MPMS superconducting quantum intefer
ence device magnetometer.
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FIG. 4. M vs H for temperatures below blocking temperature showing the
FIG. 2. HAADF image of as-prepared &, particles. ferromagnetic behavior of the nanoparticles.
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FIG. 5. M vs H/T for temperature 30—-150 K with the fitted Langevin
function.

=1.81x 10 °g are calculated for all temperatures 30—150
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spinel structure and monodisperse feature of the particles.
Magnetization measurements on powder samples revealed a
blocking temperature of ,=20 K. Above this temperature
the material shows superparamagnetic behavior. From the fit
of the magnetization data to Langevin function the particle
diameter of 4 nm is obtained, which agrees with the diameter
estimated from XRD and HAADF images. The same fit also
gives magnetization of 36.2 emu/g for the nanoparticles. Be-
low T, the nanoparticles are ferromagnetic with coercive
field of 400 Oe at 2.5 K and decreasing to zero as the clock-
ing temperature is approached.
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