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In this work, we investigated the effects of postdeposition heat treatment on structural and

magnetic properties of CoFe2O4 nanoparticles produced by pulsed laser deposition. Structural

analysis by X-ray diffraction, transmission electron microscopy (TEM) and M€ossbauer spectros-

copy indicate the formation of a single phase cobalt ferrite nanoparticles with the size ranging from

4.3 to 33.3 nm depending on the annealing temperature. The magnetic properties of the samples

were investigated in a wide temperature range (50–400 K). Noticeable effects of the cubic magne-

tocrystalline anisotropy on the magnetization process of nanoparticles were observed for samples

annealed at 450 �C and 600 �C, while for samples as-deposited and annealed at 300 �C the magneti-

zation properties were dominated by a uniaxial effective anisotropy. DM technique was used to

investigate the magnetic interaction among the nanoparticles. Only demagnetizing interactions

were observed for the sample annealed up to 300 �C, while for the samples treated at 450 �C and

600 �C, both magnetizing and demagnetizing interactions were observed. The results are discussed

considering the evolution of the nanoparticles’ nanostructure with anneals and its effects on the

magnetic properties. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4985789]

I. INTRODUCTION

Magnetic nanoparticles have been subject of extensive

research over the last few decades. These systems exhibit

unique nanoscale properties that offer several opportunities

in industrial application, as well as in scientific research.1,2

Particularly, cobalt ferrite CoFe2O4 (CFO) nanoparticles

with a cubic spinel-type structure has been intensively stud-

ied in recent years due to their high coercivity and rema-

nence, high coercivity, remanence, magnetocrystalline

anisotropy, moderate saturation magnetization, magneto-

strictive behavior, and efficient hyperthermia.3–7 These char-

acteristics make it a candidate system in applications such as

magnetic recording, permanent magnets, microwave absorp-

tion, and biomedical applications such as drug delivery and

magnetic resonance imaging.8–12 CFO nanoparticles have

been synthesized by several techniques, such as sol-gel pro-

cess, citrate-gel, microemulsions, solid state route, chemical

precipitation, and thermal decomposition of organometallic

precursors.13–18 However, these methods are often not sim-

ple, and some of them produce undesirable chemical waste.

In addition, some methods produce CFO nanoparticles sys-

tems with large size distribution and magnetic transitions at

low temperatures, indicating the presence of others

phases.13,14 Therefore, the search of a simple and economic

route, which allows the preparation of single phase nanocrys-

talline CoFe2O4 without the production of chemical residues,

is necessary and may increase the applications of this inter-

esting material.

Pulsed laser deposition (PLD) has emerged as a rela-

tively simple, cheap, and highly versatile technique for the

growth of nanostructures of a variety of materials including

complex oxides directly on substrates.19,20 Interesting multi-

functional materials have been prepared by PLD, including

nanopillars of CFO in self-assembled heteroepitaxial nano-

structures and thin films.21–25 However, to our knowledge,

no studies on CFO nanoparticles produced by PLD have

been published. In this work, we report on the structural and

magnetic properties of CFO nanoparticles deposited on the

silicon substrate by PLD in the presence of oxygen back-

ground. In order to study nanoparticles with different mor-

phologies, the samples were subject to postdeposition heat

treatments at 300, 450, and 600 �C. By varying the annealing

temperature, the diameter of particles could be controlled

between 4.3 and 33.3 nm. The magnetic measurement analy-

sis shows an increase in the blocking temperature from 50 K

to beyond room temperature during the annealing process.

The nanoparticles exhibit interesting magnetic properties

resulting from the evolution of the nanoparticles’ nanostruc-

ture during annealing.

II. EXPERIMENTAL PROCEDURE

CFO nanoparticles were deposited on Si substrates by

using the PLD system with a Nd:Yag laser (k ¼ 1064 nm)

with 10 ns pulse duration, 10 Hz repetition rate, and 37 J/cm2.

Before deposition, the vacuum chamber was evacuated to

10�6 Torr, by a turbomolecular pump. For the deposition

procedure, O2 gas was introduced into the chamber by a

mass flowmeter, in order to achieve 1 Torr pressure. The

laser beam was then impinged with 45� incidence angle onto
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a commercial CoFe2O4 commercial target, which was main-

tained in a 10�/s rotation. The ablation plume expansion in

the background is then responsible for the formation of CFO

nanoparticles. The nanoparticles were then collected on

Si(100) non-heated substrates, which were placed at a dis-

tance of 3.3 cm from the target, with 1 h deposition time.

After deposition, the samples obtained were annealed in a

1 Torr O2 gas atmosphere, at 300, 450, and 600 �C for 1 h.

X-ray diffraction analysis was performed using a

Panalytical XPert PRO diffractometer in the h–2h configura-

tion, with Cu Ka1 X-ray. The Raman spectra of the obtained

samples were taken in a Witek alpha-300 R confocal Raman

microscope, under 532 nm laser irradiation.

Experiments of 57Fe M€ossbauer spectroscopy were done

in order to obtain details on the samples’ structure. The

experiments were performed at room temperature in trans-

mission geometry, with a Co-57 in the Rh-matrix source,

moving sinusoidally, also at room temperature. All the iso-

mer shift IS values are obtained relative to metallic iron. The

morphology and structure of the CFO nanoparticles were

investigated by the transmission electron microscope (TEM,

JEOL JEM-2100 F) with 200 keV electron acceleration volt-

age. For TEM observation, the nanoparticles were removed

and suspended in a 10% oleic acid-isopropyl alcohol solu-

tion. After sonication, the nanoparticles suspension is

dropped over a carbon film covered Cu TEM grid. Magnetic

measurements were performed on a Quantum Design

VersaLab VSM magnetometer equipped with a 30 kOe mag-

net in the 50–400 K temperature range. Zero field cooled

(ZFC) magnetization curves were measured upon warming

with an external field applied after cooling the sample in the

zero magnetic field. Field cooled (FC) magnetization curves

were measured upon warming under the same applied field

used during cooling. Delta-M curves were measured in an

alternating gradient magnetometer (Princeton Micromag).

III. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction related to the as-

deposited sample and to the annealed ones. The X-ray dif-

fractograms of the samples annealed at 450 �C and 600 �C
show sharp peaks, clearly related to the CFO spinel structure.

On the other hand, the diffractograms of the as-deposited

and 300 �C-annealed samples show only very broad peaks.

In the 300 �C-annealed sample diffractogram, we can see the

development of a maximum in the (222) and (400) CFO

peak regions. The general behavior of the samples indicates

a progressive crystallization as the annealing temperature

increases. The lattice parameter of the samples annealed at

450 �C and 600 �C was determined from the diffractogram,

and values 8.377 and 8.356Å were obtained, respectively.

These values agree well with the lattice parameter obtained

by bulk CFO.26

Raman spectra of the as-prepared and annealed samples

are shown in Fig. 2. The samples exhibit four of the active

modes expected by group theory analysis for cubic spinel

CFO.27 All studied samples exhibit a similar Raman spectral

profile except for the sample annealed at 300 �C, which

shows a pronounced difference between the intensity of peak

at around 675 cm�1 and 460 cm�1. The band around

460 cm�1 has been assigned to vibration of oxygen towards

Co2þ at octahedral sites, whereas the Raman signal near

675 cm�1 to the vibration of oxygen towards Co2þ and Fe3þ

at tetrahedral sites. Since the temperature has a significant

effect on the Co2þ distribution in the lattice of the spinel

structure, the changes in the relative Raman intensities

observed for the sample annealed at 300 �C would indicate a

decrease in Co2þ into the octahedral site of the spinel fer-

rite.28 This effect can affect the magnetic behavior, since

decreasing of Co2þ into the octahedral site can increase the

moment per molecule of CFO.15

The particle size and crystalline structure of the nano-

particles were analyzed by means of transmission electron

microscopy (TEM) and selected area electron diffraction

(SAED). The results obtained for all samples are shown in

Fig. 3. As expected, our CFO nanoparticles are quite

agglomerated, as can be seen in low magnification TEM

images (left image of each sample in Fig. 3). The as-

deposited nanoparticles do not present well-defined shape or

clear border. Increasing the annealing temperature, from

300 �C to 600 �C, the particles’ growth and a re-arrangement

of the atoms occur due to high mobility of these at higher

temperatures. The size distribution histogram of each sample

is shown in Fig. 3 (up-right). The particle size analysis shows

FIG. 1. XRD pattern of CFO samples. The Si substrate peak is marked (*).
FIG. 2. Raman spectra of the as-deposited and the annealed samples.

Numbers indicate the positions of active Raman modes of CFO.
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a progressive growth of the particle size when the sample is

annealed, mainly for the sample annealed at 600 �C. All par-

ticle size distributions were fitted using a log-normal distri-

bution, considering the average diameter (D) and width of

distribution (r) as fit parameters. The red lines in Fig. 3 were

obtained from the best D and r values shown in Table I. We

observed an evolution of the microstructure of the sample as

the heat treatment temperature increased. Indeed, the border

of the particles becomes clearer, showing regular shapes

with regular surfaces corresponding to atomic planes, as

seen in SAED patterns (see insets in Fig. 3). The diffraction

of the as-prepared sample shows several homogeneous rings

with very few bright points, which is a typical character of

the nano-crystalline sample with random grain orientation.

More bright points are visible in the diffraction pattern of

sample annealed at 300 �C, which started breaking the homo-

geneous rings. For annealed sample at 450 �C, clear points

are observed in the diffraction patterns, although weak rings

are still present. The sample annealed at 600 �C shows only

bright points and the number of crystals in the selected area

decreased significantly, indicating the growing and crystalli-

zation of the nanoparticles. The diffraction patterns of all

samples could be indexed using a cubic structure in the

Fd3m space group of spinel CFO. The HRTEM images (bot-

tom-right of each figure) give direct evidence of the above

observation. It is possible to observe a grain boundary in a

nanoparticle of the as-prepared sample, which suggests that

the grain size is smaller than the particle size. Also, the con-

trast between nanoparticles and amorphous background is

quite small, indicating a crystalline structure with a lot of

defects. However, the higher was the heat treatment tempera-

ture, the better was the contrast observed between the nano-

particles and the background, confirming the crystallization

process with annealing.

The M€ossbauer spectra (MS) recorded at room tempera-

ture are shown in Fig. 4 for all samples. The MS of as-

deposited and samples annealed at 300 �C exhibit a doublet,

which is typical behavior expected for materials in the para-

magnetic or superparamagnetic regime. Since the Curie tem-

perature of CoFe2O4 bulk is about 520 �C,29 we attribute the

FIG. 3. TEM image (left), SAED pattern (inset left), particle size histogram (top-right), and HRTEM (bottom-right) of sample as-deposited (a), annealed at

300 �C (b), 450 �C (c), and 600 �C (d). Some planes identified in SAED patterns were indexed considering spinel CFO with the Fd3m space group. Red lines

are log-normal distributions fitted to the particle size histogram.

TABLE I. Mean diameter (D) and width of size distribution (r, obtained by TEM analysis), coercive fields (HC) at 50 and 300 K and squareness ratio (MR/MS)

at 50 K (obtained of M vs H curves), mean blocking temperature TB and its width distribution (calculated from HC vs T curves), and effective magnetic anisot-

ropy constant Keff (calculated using the N�eel Model).

Sample D (nm) HC [50 K] (kOe) HC [300 K] (kOe) MR/MS [50 K] HK (kOe) TB (K) Keff (erg/cm3)

As-deposited 4.3 6 1.7 2.0 0.1 0.12 17 69 6 9 5.7 � 106

300 �C 4.7 6 1.8 3.4 0.3 0.20 22 119 6 15 7.6 � 106

450 �C 8.5 6 3.4 13.8 0.6 0.78 74 235 6 33 2.5 � 106

600 �C 33.3 6 10.0 12.7 1.3 0.94 65 289 6 41 5.1 � 104
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M€ossbauer doublet observed at room temperature to nano-

particles in the superparamagnetic regime. In fact, X-ray dif-

fraction and electronic microscopy results show average

nanoparticle sizes for as-deposited and samples annealed at

300 �C, which are smaller than the critical diameter to form a

domain wall in CFO (�80 nm).30

Two doublets were considered in the analysis of the

M€ossbauer. One doublet was assigned to high-spin Fe3þ

located in the tetrahedral site A and the other to high-spin

Fe3þ in the octahedral site B of the CoFe2O4.31,32 From the

ratio fA/fB between the absorption area of the doublets, we can

obtain the relative fraction of Co in tetrahedral and octahedral

sites for each analyzed sample (see Table II). The ration value

taken for the as-deposited sample [0.94(9)] is close to the

value 0.94 of the ideal ferrite,31 indicating that our compound

has the same amount of Fe in the octahedral coordination than

an ideal ferrite. When the sample is annealed at 300 �C, the

ratio decreases slightly (Table II), indicating an increase in the

amount of Fe with octahedral coordination and a consequent

decrease in the amount of Co with octahedral coordination.

Indeed, the decrease of the octahedral sites for the sample

annealed at 300 �C is supported by Raman spectroscopy. The

linewidth (C) of the doublets for sample annealed at 300 �C is

smaller compared to the values of the as deposited sample

(Table II), indicating a higher crystallinity with the annealing

at 300 �C, in agreement with TEM results.

The sample annealed at 450 �C shows a broadened mag-

netic spectrum. This spectrum was analyzed with two sextets,

which we attribute to tetrahedral and octahedral Fe sites in

larger blocked particles, plus a magnetic hyperfine distribution

which simulate a distribution of particles sizes showing super-

paramagnetic relaxation. This result agrees with the TEM

images showing a broadened distribution of particles sizes

centered at 8.5 nm in a size range of 3–20 nm (Fig. 3). From

the absorption area of the sextets and hyperfine distribution,

we estimated that �20% of the particles are blocked and 80%

are in the superparamagnetic state with different relaxation

times. Joining this result with the TEM images which shows

that the majority of the nanoparticles in this compound have

sizes less than 8.5 nm, we arrived to blocking temperatures

�300 K for this sample.

The MS corresponding to the sample annealed at 600 �C
shows a well resolved magnetic sextet. The spectrum was

analyzed with two sextets attributed to the Fe in tetrahedral

and octahedral coordination in a static magnetic field, indi-

cating that the majority of the nanoparticles are blocked at

room temperature. The ratio between the tetrahedral and

octahedral sites remains the same as that for as-deposited

samples.

Figure 5 displays the zero field cooled (ZFC) and field

cooled (FC) magnetization curves measured in the plane

direction for all samples. Both ZFC and FC magnetization

curves of the as-deposited and samples annealed at 300 �C
exhibit typical features expected for single-domain nanoparti-

cle systems with irreversibility between ZFC and FC curves

below the ZFC maximum.2 For a superparamagnetic system

of noninteracting nanoparticles, the peak of the ZFC curve is

strongly related to blocking temperature (TB), below which

most part of the nanoparticles are magnetically stable. As can

be seen in Fig. 5, TB increases with annealing at 300 �C, and

one can infer that it increases than room temperature for the

samples annealed at 450 �C and 600 �C. Furthermore, the

decrease of the FC magnetization with decreasing temperature

below the ZFC peak observed for samples annealed at 300 �C
and 600 �C suggests that the dipolar interactions play an

important role in the magnetic properties of these systems.33

The low temperature hysteresis loops measured in plane

of the as-deposited and the annealed samples are shown in

Figs. 6(a) and 6(b). The coercive field (HC) and the square-

ness ratio (Mr/MS) values obtained at 50 K are reported in

FIG. 4. 57Fe M€ossbauer spectra obtained for all the samples at room temper-

ature. The subspectra corresponding to the tetrahedral (green) and octahedral

(blue) sites are shown. The subspectra of the sample annealed at 450 �C
have an additional subspectrum corresponding to the magnetic hyperfine

field distribution.

TABLE II. Room temperature 57Fe M€ossbauer spectra of the studied sam-

ples. C is the linewidth and fA/fB is the ratio between the absorption areas of

the Fe with tetrahedral and octahedral coordination.

Samples Fe-sites C (mm/s) fA/fB

As-deposited Tetr 0.51(7) 0.94(9)

Oct 0.48(6)

300 �C Tetr 0.43(3) 0.91(5)

Oct 0.41(2)

450 �C Tetr 0.40(3) 0.93(9)

Oct 0.70(5)

Dist h0:90ia

600 �C Tetr 0.40(2) 0.93(7)

Oct 0.70(2)

aThe numbers in brackets correspond to the average values of hyperfine

parameters of the magnetic distribution.
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Table I. The annealing process produces significant change

in the hysteresis loops of the CFO nanoparticles including an

enhancement in the coercivity and Mr/Ms ratio values. As

shown in Table I, the coercivity of the nanoparticles at 50 K

increases from 2 kOe to about 13 kOe, and Mr/MS increases

from 0.1 to 0.9 with the annealing process at or above

450 �C. The values observed for Mr/MS and coercivity in the

present study are in the same range of values of those found

for CFO nanoparticles produced by the chemical method.34

The samples annealed at 450 �C and 600 �C exhibit almost

rectangular M(H) loops at 50 K with the squareness ratio

well above the value expected from the Stoner and

Wohlfarth model for uniaxial anisotropy with easy axis ran-

domly oriented (0.48). The Mr/MS value for system particles

with multiaxial cubic anisotropy was calculated by Walkers

et al.35 neglecting interparticle interactions. They found that

the Mr/MS value for temperature below TB is 0.866 for

K1< 0 and the value 0.831 for K1> 0. The CFO has cubic

magnetocrystalline anisotropy with a very large bulk anisot-

ropy constant (K1¼ 18.7� 106 erg/cm3 at 50 K),36 and

hence, the commonly uniaxial anisotropy contribution as

shape and magnetoelastic anisotropy should not have signifi-

cant influence on effective anisotropy of CFO nanocrystals.

On the contrary, according to the random anisotropy model,

it is expected that the anisotropy of polycrystalline nanopar-

ticles will be an average over several structural units and,

thus, be reduced in magnitude,37 and consequently, the shape

anisotropy can be more relevant than other contribution to

the magnetic anisotropy of polycrystalline CFO nanopar-

ticles. Indeed, Mr/MS values observed at 50 K for samples

having CFO nanocrystals (annealed at 450 �C and 600 �C)

are in good agreement with the value expected for CFO

cubic nanocrystals (0.831). A fairly larger value for the Mr/

MS value was observed for sample annealed at 600 �C, which

we attribute to the interparticle interaction. In contrast, for

samples with polycrystalline nanoparticles of CFO (as-

deposited and annealed at 300 �C), the Mr/MS values

observed at 50 K were much smaller than the value expected

of Stoner and Wohlfarth model (0.48). This last result may

be caused by the large number of nanoparticles in superpara-

magnetic states for these samples at 50 K.

FIG. 5. ZFC (empty circles) and FC (filled circles) magnetization curves as

a function of the temperature measured for as-deposited and annealed

samples.

FIG. 6. Normalized moment curves as a function of the field for all samples

taken at 50 K (a) and 300 K (b). In (c) the coercive field, HC versus tempera-

ture is plotted for all samples. The inset of (b), we show a zoom of curves

measured in 300 K. The solid lines are adjusted considering Eq. (1).
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To assess the average TB, the coercive field experimental

(Hc) data were analyzed according to a non-interacting

model.38 Figure 6(c) shows Hc temperature behavior for as-

deposited and annealed samples. The HC vs T curves were

fitted using a distribution of blocking temperature according

to the equation38

HC ¼ aHK 1� T

hTBi

� �1=2
" #

; (1)

where a ¼ 0.48 for uniaxial anisotropy and a ¼ 0.32 for

cubic anisotropy,35,38 HK is the anisotropy field, and hTBi is

the average blocking temperature, which takes into account

only the volume fraction of particles that is in blocked state

at temperature T. We considered a log-normal distribution of

block temperature f(TB) with the distribution width r. The

lines in Fig. 6(c) were obtained from the best fit parameter

HK, TB, and r (see Table I). The agreement between experi-

mental data and the fitting based on the superparamagnetic

framework is quite good, especially considering that neither

the nanoparticles are dispersed in a matrix nor their surfaces

functionalized. We found a low TB value of 69 K for the as-

deposited sample. In contrast, TB obtained for the samples

annealed at 450 �C and 600 �C are near room temperature.

Although Eq. (1) does not consider the interaction between

nanoparticles, it can describe the curves of interacting the

nanoparticles’ systems, but the blocking temperature

obtained from this analysis is different from other experi-

mental curves (e.g., ZFC/FC curves).39

We can derive a mean value of the effective magnetic

anisotropy constant Keff considering that the nanoparticles

have uniaxial anisotropy and the time of measurement of

about 100 s; thus, KeffV¼ 25kBTB, TB obtained by the HC

curves fitting, and the average particle size of TEM analysis.

The obtained Keff values are shown in Table I. As bulk crys-

tal of CFO has cubic anisotropy with magnetocrystalline

anisotropy constant K1> 0, the comparison of Keff with K1 is

given by the relation Keff¼K1/4;40 hence, at 300 K, the bulk

Keff �1.0� 106 erg/cm3.36 The Keff values obtained for sam-

ples annealed at and below 450 �C are fairly larger than the

bulk value, whereas it is much smaller for sample annealed

at 600 �C. The properties of magnetic nanoparticles are not

the same as those of bulk materials, and many experiments

have shown an increase of the effective magnetic anisotropy

due to the surface anisotropy.41 The exceptions are systems

with very strong interparticle interactions where, according

with some authors, the magnetic properties provide informa-

tion not of individual nanoparticles but of group of nanopar-

ticles with very small effective magnetic anisotropy.42 Thus,

the very low value of Keff obtained for the sample annealed

at 600 �C can be claimed to the influence of interparticle

interactions.

The interactions among nanoparticles were further

investigated by using the DM technique (also known as the

Henkel plot).43 This formalism is based on the comparison

of the isothermal remanent magnetization (MIRM) and dc-

demagnetization (MDcD) curves. Both MIRM and MDcD are

remanence curves that depend on the switching field

distribution in the system. However, although the MIRM

curve is taken from an initial state in which the nanoparticles

have randomly oriented moments, MDcD is taken from an ini-

tial state in which the magnetic moments are aligned. The

DM is calculated from these two curves,

DM ¼ MDcD Hð Þ
MIRM 1ð Þ

� 1� 2
MIRM Hð Þ
MIRM 1ð Þ

 !
: (2)

Effectively DM gives the difference between the fractions of

magnetic moments switched by the applied field in MIRM and

MDcD modes. As the effect of interaction depends on the

moment configuration, the DM(H) curve can provide rele-

vant information about the nature and strength of such inter-

actions, for instance, for a noninteracting system one expects

DM¼ 0.43 Fig. 7 (inset) shows typical room temperature DM
curves for the as-deposited sample calculated from MIRM(H)

and MDcD(H) curves. Similar curves were obtained for other

samples. For all samples, the DM curves display negative

peaks suggesting that the interparticle interaction is domi-

nated by the magnetostatic interaction. The negative peak is

more pronounced for annealed at 300 �C and 600 �C samples

indicating that these samples have higher interaction

strength. In fact, FC curves of these samples show a bump at

low temperature that corroborates with a demagnetizing inter-

action among nanoparticles; see Fig. 5. The origin of high

interaction strength observed for annealing at 600 �C may be

related to the increase of nanocrystals size and, consequently,

their magnetic moment with the annealing. The origin of this

increases observed for sample annealed at 300 �C is more

complex, because these nanoparticles have nearly the same

size and the effective anisotropy value of the as-deposited

sample that has lower interaction effects on its magnetic

properties. This effect observed for sample annealed at

300 �C may be related to the increase of the effective mag-

netic moments of the CoFe2O4 nanoparticles with the diffu-

sion of the Co2þ ions from octahedral to tetrahedral sites, as

observed in the Raman and M€ossbauer analyses.

FIG. 7. DM curves measured in 300 K for the as-deposited sample, annealed

at 300 �C, annealed at 450 �C, and annealed at 600 �C. The inset shows the

normalized isothermal remnant magnetization MIRM(H) and the demagnetiz-

ing remanence MDcD(H) of the as-deposited sample.
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A carefully analysis of DM curves obtained for samples

annealed at 450 �C and 600 �C shows the positive DM value

for high applied field values, which suggests that interparti-

cle interactions in these samples also support the magnetized

state. Although the magnetic properties of sample annealed

at 450 �C are affected by the interparticle interaction, it is

not stronger enough to couple group of nanoparticles. On the

other hand, the annealing at 600 �C promotes a significantly

decrease in the effective anisotropy constant as well as an

increase of the nanoparticles average size and the magnetic

interaction.

IV. CONCLUSION

In conclusion, we have deposited nanoparticles of

CoFe2O4 with spinel phase directly on the Si substrate by a

relatively simple and highly versatile technique, the pulsed

laser deposition. With post annealing up to 600 �C, it was pos-

sible to change the size, crystallinity, and coercivity of the

nanoparticles, which will be useful in investigations of mag-

netically interacting nanostructure, as well as for permanent

magnetic devices based on nanoparticles. We found that the

magnetization properties of the CFO nanoparticles can be

dominated by cubic magnetocrystalline or a uniaxial effective

anisotropy depending on the annealing temperature.
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