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Cobalt ferrite (CoFe2O4, CFO) nanoplatelets with a rhomboidal shape were synthesized through a

facile hydrothermal route using a very low concentration precursor at low temperatures. The

effects of reaction temperature and time on the morphologies as well as the sizes of the products

were systemically investigated. The as-synthesized CFO nanocrystals showed a special rhomboidal

shape with crystal growth along the (111) direction. The very low concentration precursor plays an

important role in forming CFO nanocrystals with such special shape and ultrafine size. The

single-phase CFO nanoplatelets synthesized at 180 �C with size of 17 nm present high saturation

magnetization (79.7 emu/g) and high coercivity (3100 Oe). The preparation conditions have

significant effects on the crystal size and shape, magnetization and relaxation activation of the CFO

nanoplatelets. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4765033]

INTRODUCTION

Magnetic fine particles have potential applications in

the field of biotechnology, data storage, environmental

remediation and catalysis.1–3 Spinal cobalt ferrite (CoFe2O4,

CFO) is an outstanding magnetic material with high Curie

temperature, large magneto-crystalline anisotropy, reasona-

ble large magnetization, remarkable chemical stability and

mechanical hardness.4–6 Being a promising magnetic and

electrical resistive material, CFO has attracted considerable

attention for their applications as high density information

storage device,7 spintronic devices,8,9 magnetoelectric trans-

ducers,10,11 and actuators.12,13 On the other hand, it is

well-known that materials in nanoscale size range show sig-

nificantly different physical and chemical properties as

compared to their corresponding bulk solids. For example,

CFO nanoparticle (above a certain size) is generally mag-

netic at room temperatures due to its large magneto-

crystalline anisotropy and transition temperature, and thus is

in great demand in various fields such as gas sensor and

high density data storage. However, low-dimensional CFO

crystal (�5 nm) with low energy barrier becomes superpara-

magnetic at room temperatures due to thermal fluctuations.

This made them potential application in biomedicine field

such as cell-separation and drug delivery.14–17

Considerable efforts have been spent on the synthesis of

low-dimensional CFO including nanodots, nanorods, nano-

tubes, nanowires, and so on. Pham-Huu et al. synthesized

CFO nanowires using the confinement effect concept

provided by the carbon tubular morphology.18,19 Similar,

Ji et al. used anodic aluminum oxide (AAO) as templates to

obtain CFO nanorods.20 A particularly interesting work by

Kinsella et al.21 was to fabricate one-dimensional ordered

CFO nanoparticles chains using DNA as sacrificial guiding

molecule. Using this bottom-up DNA guide method instead

of other conventional fabrication approaches, they obtained

ordered CFO chains with very high aspect ratio (�103) that

is in the range of several microns in length and less than

10 nm in diameter. Besides using template-based methods,

some research groups22,23 used a solution-based micelle

method to synthesize one-dimensional CFO nanorods with

the help of organic surfactants such as cetyltrimethylammo-

nium bromide (CTAB). Apart from one-dimensional CFO,

zero-dimensional CFO such as spherical and cubic nanocrys-

tals, hollow spheres, microsphers and nanorings have been

prepared in recent years.24–29 Some groups reported that

monodisperse CFO nanocrystals can be grown into a nearly

spherical shape or an almost perfect cubic shape by using a

seed-mediated growth approach. Indeed, the shape of the

nanocrystals can be reversibly interchanged between spheri-

cal and cubic shape by controlling the nanocrystal growth

rate.24,25 Prozorov et al. developed a novel bioinspired syn-

thesis route, employing a combination of bacterial minerali-

zation proteins and hierarchically self-assembling polymers

for synthesis of well-defined and shape-specific CFO nano-

crystals. The as-synthesized nanoplatelets showed hexagonal

shape with crystal growth along [111] direction, which are

likely templated by the protein localized on hexagonally

packed micelles.30

So far, most of these efforts devoted to the controlled

synthesis of CFO nanostructures are based on wet chemistry

synthesis, which relies on templates with either specific

shape or organic molecules (surfactants, polymers, capping
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ligands, or bio-molecular) to manipulate the final sizes and

shapes of the CFO nanocrystals. Herein, we introduce a

high-yield synthesis of technologically important CFO nano-

crystals with a rhomboidal shape, using a simplified hydro-

thermal method without the assistance of any surfactants or

templates. The hydrothermal synthesis possesses remarkable

reliability and selectivity as well as high efficiency at low

temperature. It does not require any expensive precursors or

equipment and can be readily adopted for industrial produc-

tion processes. Although there were some studies on the syn-

thesis of CFO nanocrystals by hydrothermal method in the

last decade,31–33 reports on CFO nanoplatelets syntheses

with rhomboidal shape have not been found. We try to

understand the initial formation process of the CFO crystals

under the hydrothermal environment. We found that reaction

temperature, reaction time and precursor concentration have

great impact on the size and resultant morphology of the

nanocrystals formed.

EXPERIMENTAL METHODS

Synthesis of CoFe2O4 nanocrystals

CFO spinel ferrite nanocrystals were synthesized by a

hydrothermal method using a very low concentration precur-

sor. The reagents Co(CH3COO)2.4H2O (Co(ac)2, Aldrich)

and FeCl3 (Aldrich) with a molecular ratio of 1:2 were mixed

to form an homogeneous aqueous solution. After stirring for

30 min, appropriate KOH were added into the solution and

followed with another 30 min stirring to form the precursor.

The final concentration of CFO precursor was fixed at

0.03 M. Then the precursor was transferred to a 50-ml Tef-

lon-lined stainless autoclave, appropriate distilled water was

put into it until 80% of its volume was filled. The mixture

was sealed and allowed to heat at various temperatures

(between 90 and 180 �C) for various time (between 3 and

24 h) under autogenous pressure. After cooling, the powders

were centrifuged, washed with deionized water, ethanol and

deionized water in sequence to remove the impurities and

carbonate byproduct. The final product was dried in air at

60 �C overnight and weighted. The product yield was calcu-

lated to be 94%.

Characterization of CoFe2O4 nanocrystals

The CFO crystal structure of the samples was studied by

a four-circle x-ray diffractometer (XRD, Philips X’pert Sys-

tems) with CuKa (k¼ 0.154 nm) radiation operated at an

acceleration voltage of 50 kV. For the Fourier transform

infrared spectroscopy (FTIR, NICOLET MAGNA-IR 760)

investigation, the CFO nanocrystals were mixed with KBr

powders and then pressed into semi-transparent pellets for

measurements in transmission mode. Raman spectra were

taken using 488 nm laser line of an air cooled Ar-ion laser. A

microscope was used to focus the incident laser beam to a

spot of about 100 lm in diameter. Raman spectra were

recorded by a 100� lens system in back scattering geometry

using a Horiba Jobin Yvon HR800 spectrometer with a

charge-coupled device (CCD) detector. The size and shape

of the obtained CFO nanocrystals were studied by the trans-

mission electron microscopy (TEM, JEOL JEM2010), and

from its selected area electron diffraction (SAED) and high

resolution results, the crystal structure of the samples was

further identified. Magnetic properties (M-H loop and tem-

perature dependence of magnetization) of the CFO nanocrys-

tals were characterized by a vibrating sample magnetometer

(VSM, Lakeshore Model 7300 series). The AC susceptibility

was investigated by a SQUID magnetometer (Quantum

Design MPMS-5 S).

RESULTS AND DISCUSSION

XRD, FTIR, and Raman analysis

Figure 1 shows the XRD spectra of CFO nanocrystals

obtained at different synthesized temperatures. The crystal-

line peaks (220), (311), (222), (400), (422), (511) and (440),

indexed as cubic CFO (Fd3m, a¼ 8.394 Å), is consistent

with the reported data (JCPDS File No. 22-1086, as shown in

the bottom of Fig. 1). The XRD pattern indicates that the

nanocrystals obtained via the current synthetic method has

high phase purity. In fact, CFO is such a material which eas-

ily crystallizes under low hydrothermal temperature. We put

the original precursor in the reaction vessel at room tempera-

ture for 24 h, and then washed the precursor by deionized

water and ethanol and dried at room temperature for XRD.

Surprisingly, two weak peaks corresponding to (311) and

(440) were observed (Fig. 1(a)), indicating that part of the

precursor materials were converted from amorphous to crys-

tals. The broadness of the peaks exhibited the nanocrystalline

nature of the sample. The observed peaks become sharper

and stronger in intensity as the temperature increased from

120 to 180 �C. The average particle size of the nanoparticle

was determined using the Scherrer formula,34

D ¼ kk
bcosh

: (1)

Here k is a constant and equals to 0.89, b is the full-width at

half maximum (FWHM) of the diffraction peak (400), k is

FIG. 1. XRD patterns of the CFO nanocrystals synthesized at (a) room tem-

perature; (b) 120 �C; (c) 150 �C and (d) 180 �C. The bottom pattern is the

standard of CFO from JCPDS File No. 22-1086.
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the x-ray wavelength and h is the Bragg angle. Since the

peak of (311) is very close to (222) and this could induce

some problems due to the overlap of the signals, we selected

the diffraction peak (400) to calculate the size. The result is

listed in Table I. The average crystallite size of CFO

increases from 7.5 to 16.9 nm as synthesis temperature

increases from 120 to 180 �C, respectively. This is well con-

sistent with our TEM results.

In order to further monitor the CFO nanocrystals forma-

tion process, we use the FTIR to observe the change of chemi-

cal bonds of the CFO precursor during the hydrothermal

synthesis process. Figure 2 shows the FTIR spectra of the

CFO nanocrystals synthesized at various temperatures. The

spectrum of CFO crystals synthesis at room temperature

shows an absorption broad band at�3400 cm�1, some absorp-

tion characteristic peaks at region of 1000� 1700 cm�1, and a

band at 600 cm�1. The large absorption band centered at

3400 cm�1 can be assigned to the stretches of hydroxyl groups

of gallery water molecules and hydrogen-bonded hydroxyl

groups in cobalt and iron hydroxide.35 The absorption band

around 600 cm�1 is slightly larger than the typical value of

metal oxide (�560 cm�1) but smaller than that of metal hy-

droxide (�660 cm�1).36 Thus, it might be considered to be

arisen from vibrations of mixture of O-Co-O, O-Fe-O and Co-

OH, Fe-OH. This means, after hydrothermal treatment at

room temperature, some cobalt and iron oxides were formed.

This is consistent with the XRD result. Apart from these

bands, two noticeable bands around 1515 and 1346 cm�1

were observed. We believe that these two bands are related to

the intercalation of CH3COO- groups with cobalt hydroxide in

the as-prepared precursor.37 The peaks at 1515 and 1346 cm�1

with a frequency separation of 169 cm�1 can be attributed to

the antisymmetric stretching and symmetric stretching vibra-

tions of the free acetate ion (�COO�), respectively.38

The FTIR spectra (Figs. 2(b) to 2(d)) of the spinel fer-

rites show two strong absorption bands in the range of

550� 600 cm�1. Normally, the IR bands in the range of

300� 1000 cm�1 are assigned to the vibration of inorganic

ions in the crystal lattice. These bands are assigned to the

vibration of the metal ion-oxygen complexes in the tetrahe-

dral and octahedral sites, respectively.39 The existence of a

band around the 560 cm�1 band strongly suggests the

stretching of Me-O in tetrahedral sites, typical of the cobalt

ferrite phase (c1 mode).39 After hydrothermal treatment at

above 120 �C, as shown in Fig. 2, most of the peaks assigned

to –OH and -COO- (at around 1000� 1700 cm�1) disappear,

and a new peak around 569 cm�1 assigned to the stretching

mode of tetrahedral complexes in the spinel lattice occurs

and the peaks become sharper with increasing temperature,

which suggests that the CFO nanocrystals are basically

formed and the nanocrystals synthesized at higher synthesis

temperature show better crystalline quality.

Figure 3 shows the Raman spectra of the CFO nanocrys-

tals synthesized at different temperatures. The spectrum of

CFO ceramics synthesized by solid-state reaction method is

also recorded and displayed for comparison. All the Raman

bands are consistent with those reported for other cubic

inverse spinel ferrite structures, which belong to the O7
h

(Fd �3m) space group. The metallic cations occupy two types

of positions: either surrounded by six oxygen ions to form an

octahedron, or by four oxygen ions to form a tetrahedron.

This spinel structure gives rise to 39 normal modes, among

which 5 are Raman active.40 The two Raman modes at

around 461 cm�1 and 680 cm�1 are the characteristic modes

of spinel ferrite: the low-frequency mode at 461 cm�1 is

TABLE I. Crystal size, Hc and Ms of CFO nanoparticles synthesized at dif-

ferent temperatures.

Temperature (oC) 120 150 180

XRD (nm) 7.5 6 0.3 8.7 6 0.3 16.9 6 0.4

TEM (nm) 7.8 6 0.4 9.0 6 0.4 17.6 6 0.6

Hc (Oe) 113 6 2 353 6 4 3100 6 9

Ms (emu/g) 49.8 6 2 68.8 6 2 79.7 6 3

Mr/Ms 0.12 6 0.01 0.18 6 0.01 0.54 6 0.02

FIG. 2. FTIR spectra of the nanocrystals synthesized at (a) room tempera-

ture; (b) 120 �C; (c) 150 �C, and (d) 180 �C.

FIG. 3. Raman spectra of (a) bulk CFO and the CFO nanocrystals synthe-

sized at (b) 120 �C; (c) 150 �C, and (d) 180 �C.
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assigned as the vibrations of the octahedral sublattice,

whereas the high energy phonon mode at 680 cm�1 origi-

nates from vibrations of the tetrahedral sublattice. On the

other hand, it is important to note that the Raman peaks of

the CFO nanocrystals are very broad and shift to low fre-

quency as compared to that of the polycrystalline bulk fer-

rites; moreover, they broaden and soften as the nanocrystals

size decreases. This feature is believed to be related to a con-

sequence of phonon confinement effects in nanocrystals.41

The microstructure and morphology of the CFO nano-

crystals were further examined using TEM, SAED and high

resolution transmission electron microscopy (HRTEM), as

shown in Fig. 4. The TEM micrograph in Fig. 4(a) reveals

that though the sizes of the particles are not very uniform, all

nanoplatelets synthesized at 180 �C show rhomboidal shape.

Figure 4(b) is a SAED acquired from the assembly of CFO

nanoparticles. Figure 4(c) is the HRTEM image of a typical

CFO nanocrystal and the corresponding lattice Fourier trans-

form pattern (inset in Fig. 4(c)). In order to confirm the mor-

phology of the CFO nanocrystals clearly, herein, we present

four HR-TEM pictures of four different CFO nanocrystals.

The diffraction rings were indexed as (111), (220), (311),

(400), (422), (511) and (440), respectively, which is consist-

ent with the XRD data. The HRTEM studies confirm that

these nanoparticles are single crystals with no evidence of

defects such as grain boundary, dislocation or stacking fault.

Energy dispersive x-ray spectroscopic (EDS) analysis shows

that there are elements of Fe, Co, and O in the sample (Fig.

4(d)), and the atom ratio of Co:Fe:O is 1:2.08:4.25, which is

close to that of CoFe2O4 formula. All of the above analyses

confirm that the synthesized sample is spinel CFO without

any impurities.

Interestingly, in contrary to most published results

where CFO powders presented spherical, cubic, rod-like or

other shapes,18–29 our synthesized CFO nanocrystals present

a very regular rhomboidal platelets shape. The interplanar

distance of the crystal fringes with an angle of 70.5� is

0.48 nm, which agrees well with the separation between the

(111) lattice planes. What are the factors controlling such do-

main patterns and shapes? To address this issue, we consider

the growth of a crystalline nucleus in hydrothermal condi-

tions. In the early stages of nucleation and growth, the nu-

cleus tends to grow in shapes dominated by surface energy

terms. The surface energy anisotropy of spinels is different

from that of perovskites such as BaTiO3 and SrTiO3.42,43

Most perovskite phases are characterized by low-energy

{100} surfaces and a corresponding equilibrium shape of a

cube dominated by six {100} facets; in case of spinels, the

{111} surface possesses low surface energy as compared to

other surface,44 as reflected in an equilibrium shape of an oc-

tahedron bounded by eight {111} facets.

Generally, 0-dimensional nanostructures tend to be cir-

cular due to their relatively low surface energy, but the CFO

in this study developed into regular rhomboidal shape. In

order to understand the possible morphological evolution

mechanisms of the CFO nanocrystals with rhomboidal

shapes, controlled experiments were conducted at 180 �C
with various hydrothermal times. Figures 5(a) to 5(c) show a

series of TEM images of CFO at different reaction stages

corresponding to the reaction durations of 3, 12, and 24

hours, respectively, together with schematic illustration of

the whole evolution process of the rhomboidal CFO nano-

crystals. During the initial stage of the reaction (<3 h), the

as-synthesized products consist of precipitates of hydroxides

and amorphous nanoparticles caused by the incomplete reac-

tion. The precursors subsequently self-assembled to grow

and form CFO nanocrystals with an elongated plate mor-

phology (Fig. 5(a)) after a prolonged reaction time of 3 h.

The large particles grew at the expense of the smaller ones,

driven by the tendency of the solid phase in the system to

achieve a minimum total surface free energy. Upon extend-

ing the reaction time to 12 h, rhomboidal nanoplaletes grew

out on these aggregated elongated plates (Fig. 5(b)). In the

final stage of evolution (�24 h), most of the products were

FIG. 4. (a) LRTEM (inset is distribution of particle size), (b) SAED, (c)

HRTEM and (d) EDS of the CFO nanocrystals synthesized at 180 �C. The

inset of part of (c) is the FFT pattern.
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ready to evolve into regular rhomboidal shapes (Fig. 5(c)). It

is believed that smoother crystal facets and bigger crystal

size may be attained with a longer reaction time. Moreover,

the concentration of the precursor in this experimental is

very low, which plays an important role in the process of the

nano CFO nuclear formation. We believe that it is helpful

and feasible to investigate the initial stage of the CFO nu-

clear formation process using a very low concentration pre-

cursor. The formation of CFO nanoplatelets should be

relevant to functionalized Co(OH)2 as a soft structural tem-

plate. In the precursor, the high concentration OH-1 gives a

basic environment for the formation of cobalt hydroxide. A

2-dimensional sheet-like structure Co(OH)2 forms as a gen-

eral morphology due to its intrinsic lamellar structure, as

reported by Yang et.al.45 Under hydrothermal condition, the

interlayers of 2-dimensional lamellar Co(OH)2 micelles

serve as microreactors and react with Fe3þ in the water to

finally form CFO nanoplatelets in the interlayers. Here, we

should notice that the low concentration precursor with low

viscosity can slow the reaction speed and prohibit the aggre-

gation of nanosheets to form bigger spatial structures.

Magnetic properties

Figure 6 shows the room temperature magnetization

loops of CFO synthesized at different temperatures and syn-

thesis duration. Hysteresis loops show that synthesized CFO

nanocrystals depict ferromagnetic behavior. The inset of

Fig. 6(b) shows photographs of CFO nanocrystals synthe-

sized at 180 �C dispersed in ethanol without magnetic field

and with magnetic field for 5 min. It proves that the as-

synthesized CFO nanocrystal shows magnetic behavior and

can be captured and easily separated by means of a simple

magnet. As shown from TEM and XRD results, the crystal

size increases with increasing synthesis temperature.

Obviously, coercivity (Hc), saturation magnetization (Ms),

remanent magnetization (Mr), and reduced remanent magnet-

ization (Mr/Ms) show particle size dependency, that is, they

all increase with increasing nanocrystal size, shown in Table

I. The Ms value was obtained by fitting the high-field part of

the hysteresis curve using the relation:46

M ¼ Ms � ð1�
a

H
� b

H2
Þ; (2)

Where H is the field strength, and a and b are parameters

determined by the fitting procedure. It is noticed that

Ms value of nanocrystals synthesized at 120 �C min is

49.8 emu/g, while for those prepared at 180 �C, the Ms

increases dramatically to 79.7 emu/g corresponding to 98%

of the reported bulk value (80.8 emu/g).47 Normally the mag-

netization value of nano-sized crystals is influenced by two

FIG. 5. TEM images of the products obtained

from different reaction times of (a) 3 h (b) 12 h;

and (c) 24 h; (d) Schematic illustration of the

morphological evolution process for the rhom-

boidal CFO nanocrystals.

FIG. 6. Room temperature hysteresis loops of CFO nanoparticles synthe-

sized at (a) different temperatures (The inset shows enlarged magnetic hys-

teresis loops at low applied fields); and (b) different time (at 180 �C) (The

inset shows photographs of CFO nanocrystals dispersion in ethanol without

magnetic field and with magnetic field for 5 min).
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main factors, namely, the presence of parasitic phases and

inversion degree. The existence of parasitic phases such as

Fe2O3, Fe, Co, is eliminated by our XRD and Raman results.

The spinel ferrite structure contains two interstitial sites,

occupied by metal cations, with tetrahedral A-site and octa-

hedral B-site. The cationic distribution in octahedral and tet-

rahedral sites may be quantified by the inversion degree,

which can be defined as the fraction of divalent ions in the

octahedral sites. The net magnetization is proportional to the

difference between A and B sublattice magnetization, thus,

the saturation magnetization depends on the cationic distri-

bution (inversion degree). In nanostructured spinel ferrite

material, the inversion degree is related surface spin-canting

and finite size-effect. The reduction of saturation magnetiza-

tion with the particle size is attributed to surface spin canting

that yields magnetic disorder at the particle surface.6,24,48

We also note that reduced remanent magnetization of CFO

nanocrystals synthesized at 180 �C is around 0.5 at room

temperature, indicating that these CFO particles possess uni-

axial magnetic anisotropy. Note that reduced remanent mag-

netization decreases with the particle size, this is due to the

change in magnetization reversal mode from coherent to

incoherent rotation.49 The reduced remanence of 180 �C syn-

thesized nanocrystals is equal to 0.54 which is close to the

theoretical value of 0.5 expected for noninteracting uniaxial

single-domain particles with the easy axis randomly ori-

ented. The reduction of saturation magnetization of nano-

crystals synthesized at 180 �C is much larger than those of

120 and 150 �C synthesized samples due to the enhancement

of the effective anisotropy.50

The Hc refers to the amount of external magnetic field

required to reduce the overall magnetization of the sample to

zero, after the sample has reached magnetic saturation. The

coercivity varies from 114 to 3100 Oe as the crystal size

increase from 7 to 18 nm. Generally the magnetization rever-

sal mechanism includes magnetization vector rotation in

mono-domain crystals and domain wall motion in multi-

domain crystals. The critical size of a mono-domain CFO par-

ticle is estimated to be 40 nm,51 which is far larger than the

average diameter of our CFO nanocrystals. So the obtained

magnetic CFO nanoparticles possess single magnetic domain.

In single domain magnetic nanoparticles, the particles become

spontaneously magnetized with net ordered magnetic

moments pointed to some preferred direction when the tem-

perature is below Curie or N�eel magnetic temperature. The

preferred direction usually is some certain crystallographic

axis associated with the magneto-crystalline anisotropy energy

(EA). The correlation between EA and the volume of the nano-

crystal V can be expressed by the Stoner-Wohlfarth theory,52

EA ¼ KVSin2h; (3)

where K is the magneto-crystalline anisotropy constant, and

h is the angle between the easy axis and the magnetization

direction. This anisotropy serves as the energy barrier to pre-

vent the change of magnetization direction. Therefore, big-

ger particles would result in a larger EA, and a higher

magnetic field is needed to change the moment direction,

resulting in higher value of Hc.

Figure 7 shows the temperature dependence of the mag-

netization of the CFO synthesized at 180 �C. With increasing

temperature, a large drop in magnetization occurred. This indi-

cates a sharp ferromagnetic to paramagnetic transition, and the

Curie temperature Tc derived by the peak of dM(T)/dT (as

shown in the inset of Fig. 7) is 787 K, which is close to that of

the bulk (792� 798 K).53

For nano-sized magnetic mono-crystals, we are also inter-

ested in their superparamagnetic behavior at room tempera-

ture; in such a state, the magnetic order still exists in the

nanoparticles, with each particle behaves like a paramagnet

but with a giant magnetic moment. When a superparamag-

netic state is achieved, the magnetic nanoparticle goes through

a superparamagnetic relaxation process, in which the magnet-

ization direction of the nanoparticle fluctuates instead of being

fixed along certain direction, yielding a zero net magnetiza-

tion. The blocking temperature TB is defined as the tempera-

ture at which the magnetic anisotropy energy barrier of a

nanoparticle is overcome by thermal activation and becomes

superparamagnetic relaxed. As shown in Fig. 6, all CFO nano-

crystals synthesized above 120 �C show ferrimagnetic behav-

ior at room temperature. If the size is further decreased, the

CFO nanocrystals will present superparamagnetic behavior at

room temperature. Thus, we further lowered the synthesized

temperature to 90 �C to get smaller CFO nanocrystals

(�5 nm). Figure 8(a) shows the zero-field-cooled (ZFC) and

FC results measured in the field of 1.5 K Oe. It is found that

the ZFC curve gradually deviates from the FC curve at tem-

peratures below 170 K. Thus, we obtained the blocking tem-

perature, TB, of about 170 K. The inset of Fig. 8(a) shows the

M-H loop measured at 300 K and 5 K respectively. It is

obvious that the CFO nanocrystals synthesized at 90 �C shows

superparamagnetic properties at nearly room temperature.

Meanwhile, this ultrafine nanocrystals have a reduced rema-

nence Mr/Ms of 0.42 at 5 K which is close to theoretical value

of 0.5 for noninteracting uniaxial single-domain particles with

the easy axis randomly oriented.54,55

Understanding and controlling the superparamagnetic

properties of nanocrystals is crucial to many important

FIG. 7. Temperature dependence of the magnetization of the CFO nanocrys-

tals synthesized at 180 �C. The left inset is the hysteresis at various tempera-

tures. The right inset is the relationship of dM/dT vs T.
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applications. For instance, to pursue high-density informa-

tion storage, the size of magnetic bits should be further

reduced. However, in order to keep the digital data usable,

the superparamagnetic relaxation of the magnetization direc-

tion in the data bits should be avoided. On the other hand,

superparamagnetic relaxation is an essential requirement for

the magnetic nanoparticles used as magnetic resonance

imaging, cell-separation and drug delivery. All of these can

be achieved through controlling the size and magnetic ani-

sotropy (shape) of CFO nanocrystals by changing the synthe-

sis temperature and duration (Fig. 8(b)).

CONCLUSIONS

In summary, a facile hydrothermal method was devel-

oped to synthesize spinel CFO nanoplatelets with a regular

rhomboidal shape. This method allows the size and shape

control with high yield, where both size and shape are two

very important aspects for practical applications. The mor-

phological evolution process for the rhomboidal CFO nano-

platelets was discussed through investigating the

morphology of nanocrystals synthesized with different dura-

tions by TEM. The ultra low surface energy of {111} facet

of spinels is believed to be responsible for the formation of

the special rhomboidal shape. The single-phase CFO nano-

platelets synthesized at 180 �C with size of 17 nm present

high saturation magnetization (79.7 emu/g) and high coerciv-

ity (3100 Oe). The CFO nanocrystals synthesized above

120 �C show a ferrimagnetic behavior while the CFO nano-

crystals synthesized at 90 �C present a superparamagnetic

behavior. The ability to design the nanoparticles with or

without superparamagnetic properties over a large size range

certainly facilitates the applications of magnetic nanocrystals

for high-density data storage, DNA separation and drug

delivery using nanoparticulate magnetic carriers.
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