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Ordered arrays of monodisperse cobalt ferrite �CoFe2O4� nanocrystals with highly controllable

spherical or cubic shapes have been synthesized via solution-based thermolysis of an intimately

mixed Co2+Fe2
3+-oleate precursor. The evolution from spherical to cubic morphology is achieved by

simply changing the precursor concentration, thereby controlling the nanocrystal growth rate.

Magnetic studies indicate that the saturation magnetization is independent of the shape and is solely

determined by the size of the nanocrystal. However, the coercivity does exhibit a small shape

dependence, primarily resulting from the influence of surface anisotropy. © 2008 American Institute

of Physics. �DOI: 10.1063/1.2917444�

Ordered arrays of monodisperse nanocrystals with con-

trolled shapes and sizes have gained importance in recent

years in the fields of materials chemistry and physics.
1–3

Nanometer-sized materials, including nanotubes, nanorods,

nanowires, nanocubes, etc, exhibit a wide range of optical,

electrical, magnetic, and catalytic properties that are highly

shape dependent.
1,2

A number of materials, including metals,

alloys, binary oxides and chalcogenides, and some ternary

compounds have thus far been investigated.
1,2

In addition to

their individual characteristics, the monodisperse nanocrys-

tals can serve as building blocks for the fabrication of thin

films and other functional systems, with applications in the

field of data storage, spintronics, solar cell, sensor, catalysis,

etc.
1,2,4

For data storage and spintronic applications, it is de-

sirable to develop strategies for the self-assembly of thin

films of shape-controlled magnetic nanocrystals, in particu-

lar, the complex metal oxides that display a wide range of

properties of practical interest.
5

The spinel ferrites of composition MFe2O4 �M =Co, Ni,

Mn, Fe, etc.� exhibit interesting magnetic, magnetoresistive,

and magneto-optical properties that are potentially useful for

a broad range of applications.
6

Their magnetic properties can

be systematically varied by changing the identity of the di-

valent M2+ cation or by partial substitution while maintain-

ing the basic crystal structure.
7

The magnetic properties can

additionally be tuned by controlling the shape of the nano-

cystals since the shape can influence the anisotropic

magnetic properties. Indeed, variations in the magnetic anis-

tropy have been observed in cubic and polyhedron-shaped

MnFe2O4 nanoparticles prepared by a seed-mediated growth

process involving thermal decomposition of mixed

Mn2+–Fe3+ acetylacetonates in a high boiling-point solvent

with added surfactants.
8

As one of the intensively investi-

gated ferrites, cobalt ferrite �CoFe2O4� with an inverse spinel

structure is well known to have a relatively large magnetic

anisotropy, moderate saturation magnetization, remarkable

chemical stability, and mechanical hardness. The seed-

mediated growth process has been previously utilized for the

preparation of monodisperse, shape-controlled CoFe2O4

nanoparticles.
9,10

In order to avoid the use of toxic and expensive organo-

metallic compounds, such as iron pentacarbonyl, an attrac-

tive alternative for the thermolytic synthesis of a wide range

of binary metal oxides is the use of metal-oleate complexes

prepared by reacting relatively inexpensive and environ-

mentally friendly metal chloride and sodium oleate

precursors.
11,12

With adequate choice of oleates that have

similar decomposition temperatures and are intimately

mixed, we have recently extended the process to the synthe-

sis of ternary MFe2O4 �M =Co, Ni, Mn, and Fe� ferrite

nanocrystals.
13

Herein, we report on the direct synthesis of

monodisperse spherical and cubic CoFe2O4 nanocrystals

by merely changing the concentration of the starting

Co2+Fe2
3+-oleate precursor. We achieve shape control by tak-

ing advantage of the fact that the growth of elongated non-

spherical nanocrystals requires a higher concentration of the

precursors in the solution. Additionally, we have investigated

the shape-dependent magnetic properties of the CoFe2O4

nanocrystals.

In a typical synthesis, 20 mmol FeCl3, 10 mmol CoCl2,

82.5 mmol sodium oleate, 40 ml H2O, 45 ml ethanol, and

90 ml hexane were mixed and refluxed at 60 °C for 4 h. The

initimately mixed Co2+Fe2
3+-oleate complex mixture was ob-

tained by separation of the water phase and evaporation of

the residual water, ethanol, and hexane from the solution.

Monodisperse �12 nm spherical and �17 nm cubic

CoFe2O4 nanocrystals were obtained by thermolysis of 3 and

6 g, respectively, of the Co2+Fe2
3+-oleate complex dissolved

in 20 ml of 1-octadecene at 320 °C for 1 h under N2 flow.

After reaction, the size distribution of the nanocrystals is

further reduced by centrifugation and the nanocrytals are

then dried in an oven at 35 °C. A small quantity �about

15 mg� of the dried CoFe2O4 powder is used for the mag-

netic measurements, while a dilute solution of the dispersed

powder in hexane is used for the microscopy studies.

Phase identification and the degree of crystallinity of the

products have been studied by using powder x-ray diffraction

�XRD�. The typical XRD patterns of both the spherical �Fig.

1�a�� and cubic CoFe2O4 nanocrystals �Fig. 1�b�� show

strong but relatively broad diffraction peaks that can be in-

dexed to the spinel CoFe2O4 phase without any evidence of

preferential crystallographic orientation. No additional or in-

termediate phase is detected in the products. The average
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crystalline sizes estimated using the Scherrer formula are

12.5 and 13.8 nm for the spherical and cubic nanocrystals,

respectively, based on the width of �311� peak.

It is interesting to note that the shape of the CoFe2O4

nanocrystals can be tuned from spherical to cubic shape

solely by increasing the concentration of the synthetic pre-

cursors. Figures 2�a�–2�d� show the transmission electron

microscopy �TEM� and high resolution TEM �HRTEM� im-

ages of the spherical �11.2�0.4 nm� and the cubic nanocrys-

tals �11.5�0.5 nm�, respectively. The observed sizes for

both shapes agree well with those estimated from the XRD

results. Both types of nanocrystals exhibit a narrow size dis-

tribution and, depending on the concentration of the nanoc-

rytals in solution, form ordered arrays of monolayer films

�Figs. 2�a�–2�d��. The HRTEM images �the insets to Figs.

2�b� and 2�d�� of the various CoFe2O4 nanocrystals show

clear lattice fringes corresponding to a group of atomic

planes, indicating their single crystalline nature. The shape

and the size of the synthesized nanocrystals are determined

by two related factors—the magic size nuclei and the con-

centration of the residual synthetic precursor monomers after

the initial nucleation stage. A higher monomer concentration

in solution is basically required for the growth of elongated

nanocrystals, such as the cubic nanocrystals.
1,14

The yields of

the perfectly spherical and cubic nanocrystals shown in Fig.

2 are essentially 100%. In contrast to the synthesis procedure

of the cubic nanocrystals, a reduction of the aging time to

10 min at 320 °C results in the formation of primarily the

cubic-shaped product with yield of over 90% and a few

spherical, spherical-to-cubic, near-cubic, and edge-grown

cubic-shaped nanoparticles �not shown�. The existence of

these intermediate-shaped nanocrystals provides support for

the initial formation of spherical nanocrystals with subse-

quent growth to form mostly the cubic shape nanocrystals.

The hysteresis loops of the different shaped CoFe2O4

nanocrystals have been measured by using a superconducting

quantum interference device at 10 and 300 K. The magneti-

zation curves, as shown in Fig. 3, display relatively high

saturation magnetization. The saturation magnetization val-

ues of the spherical and cubic CoFe2O4 nanocrystals are 72.9

and 73.3 emu /g, respectively, measured at 300 K, both close

to the bulk theoretical value of 71.2 emu /g. Although the

saturation magnetization of magnetic nanocrystals typically

exhibit a volume dependence for both shapes and sizes,
9,15–17

the present CoFe2O4 spherical- or cubic-shaped nanocrystals

do not exhibit much difference because of the relatively large

particle sizes. However, the coercivity of the cubic nanocrys-

tals �1980 Oe at 10 K and 200 Oe at 250 K� is somewhat

smaller than that observed for the spherical nanocrystals

�3000 Oe at 10 K and 500 Oe at 300 K�. Figure 4 shows the

field-cooled �FC� and zero-field-cooled �ZFC� magnetization

curves of the spherical and cubic CoFe2O4 nanocrystals.

Both the spherical and cubic CoFe2O4 nanocrystals exhibit

blocking temperatures, which are somewhat above room

temperature and relatively low coercivity values at room

temperature are observed, as compared to the bulk.

The initial increase in the coercivity with increasing vol-

ume has been attributed to the increase in magnetic aniso-

tropy since an applied field should be able to overcome the

energy barrier and change the orientation of magnetization.
5,9

FIG. 1. XRD patterns of �a� spherical and �b� cubic CoFe2O4 nanocrystals.

FIG. 2. Large- and small-area TEM images of ��a� and �b�� 11.2�0.4 nm

spherical and ��c� and �d�� 11.5�0.4 nm cubic CoFe2O4 nanocrystals,

showing highly ordered CoFe2O4 nanocrystal arrays. The insets to �b� and

�d� are HRTEM images of individual spherical or cubic CoFe2O4 nanocrys-

tals showing the crystal lattice fringes, indicating the single crystalline na-

ture of the CoFe2O4 nanocrystals.

FIG. 3. �Color online� Magnetic hysteresis loops of spherical CoFe2O4

nanocrystals measured at �a� 10 K �b� 300 K and cubic CoFe2O4 nanocrys-

tals measured at �c� 10 K �d� 300 K. The inset shows enlarged magnetic

hysteresis loops at low applied fields, more clearly displaying the coercivity

of the samples.

173101-2 Bao et al. Appl. Phys. Lett. 92, 173101 �2008�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.153.184.170 On: Sat, 22 Nov 2014 09:25:24



The subsequent decrease in the coercivity with size results

from a change of the magnetization process from coherent

rotation to domain wall switching.
5,9

The coercivity has to be

considered together with the surface pinning of magnetic

moments and the resulting surface anisotropy,
18

which can

influence the dipole interaction between the neighboring

nanocrystals. The surface magnetic disorder and pinning

originate from missing coordinating oxygen anions around

the surface metal cations. When the coordination of surface

metal cations has a closer similarity to the coordination sym-

metry of the metal cations in the core of a nanocrystal, the

surface anisotropy should be lower.
19

As compared to the

curved topology of spherical nanocrystals, the flat surfaces of

cubic nanocrystals enable the surface metal cations to pos-

sess a more symmetric coordination with fewer missing co-

ordinating oxygen ions. Cubic morphology nanocrystals,

with an aspect ratio of almost 1, are magnetically quasi-

isotropic, and, hence, magnetic shape anisotropy would not

be expected to be a significant contributor. Therefore, the

surface anisotropy should be smaller in cubic than in

spherical-shaped nanocrystals. The cubic nanocrystals thus

show a much lower coercivity than the spherical nanocrys-

tals for the same volume.
5

In the present study, the volume of

the cubic nanocrystals is about 1520 nm3, which is signifi-

cantly larger than the 735 nm3 volume of the spherical nano-

crystals. Therefore, the coercivity of the cubic nanocrystals is

not much smaller than that of the spherical CoFe2O4 nano-

crystals. It should be noted that the influence of the dipole

interaction between the neighboring nanocrystals is basically

averaged out because of the random orientation in the pow-

der samples.

In conclusion, shape-controlled CoFe2O4 nanocrystals

have been obtained via thermal decomposition of an inti-

mately mixed Co2+Fe2
3+-oleate complex, prepared via low

temperature reaction of the constituent metal halides with

sodium oleate. The use of an intimately mixed binary metal-

oleate precursor, with similar decomposition temperature of

the constituents, is critical for the compositional and struc-

tural uniformity of the synthesized CoFe2O4 nanocrystals.

The shape and average size of the monodisperse CoFe2O4,

primarily dictated by the initial concentration of the synthetic

precursors, vary from 11.2�0.4 nm for the perfectly spheri-

cal nanocrystals to 11.5�0.5 nm for cubic nanocrystals. The

saturation magnetization of the spherical and cubic CoFe2O4

is 72.9 and 73.3 emu /g, respectively, close to the bulk theo-

retical value. The coercivity of cubic nanocrystals is about

200 Oe, which is somewhat smaller �500 Oe� obtained for

the spherical nanocrystals.
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