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CoFe2O4-TiO2 and CoFe2O4-ZnO nanoparticles/film composites were prepared from directed assembly of
colloidal CoFe2O4 in a Langmuir-Blodgett monolayer and atomic layer deposition (ALD) of an oxide (TiO2 or ZnO).
The combination of these two methods permits the use of well-defined nanoparticles from colloidal chemistry, their
assembly on a large scale, and the control over the interface between a ferrimagnetic material (CoFe2O4) and a
semiconductor (TiO2 or ZnO). Using this approach, architectures can be assembled with a precise control from the
Angstrom scale (ALD) to the micrometer scale (Langmuir-Blodgett film). The resulting heterostructures present wellcalibrated thicknesses. Electron microscopy and magnetic measurement studies give evidence that the size of the
nanoparticles and their intrinsic magnetic properties are not altered by the various steps involved in the synthesis
process. Therefore, the approach is suitable to obtain a layered composite with a quasi-monodisperse layer of
ferrimagnetic nanoparticles embedded in an ultrathin film of semiconducting material.

1. Introduction
The possibility of mixing two or more dissimilar materials on
the nanometer scale allows for the fabrication of organized
nanostructures and nanostructured materials with improved or
new properties as compared with their bulk counterparts. An
exciting aspect is the possibility of creating heterostructures that
exhibit multiple properties and functionalities in a material.1-4
For example, ferromagnetic nanoparticles surrounded by an
insulating layer can display magneto-resistive properties.5,6 In
addition, composites of ferroelectric or piezoelectric and ferromagnetic oxides have led to multiferroic materials.7-9 Different
types of heterostructure can be realized, such as layered film,
horizontal and vertical structures, core-shell particles, and superlattice materials. In most of the reports, one single elaboration
technique is used for all components of the heterostructure.
Solution phase chemistry has proven to be the method of choice
for the synthesis of core-shell particles and the design of complex
superlattices (binary, ternary, etc.) of nanocrystals with different
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physical properties.10 One of the drawbacks of this approach is
due to the presence of organic ligands that surround the nanocrystals. Whereas they are very effective for synthesis and assembly of nanocrystals, they are detrimental for most of the applications. These ligands potentially contaminate the resulting device
and form an insulating layer influencing electrical connection.
Regarding the coating of particles, gas-phase techniques stand as
the most accurate deposition processes. Among these techniques,
ALD is one of the most powerful in terms of the control of
deposition thickness and conformality and is further outstanding
as a low temperature process.
The heterostructures presented in this work are films of magnetic nanoparticles of cobalt ferrite (CoFe2O4) that were covered
by a semiconducting dielectric material, namely, ZnO (also piezoelectric) or TiO2. Cobalt ferrite is a well-known hard magnetic
material that has been studied in details because of its high
coercivity and moderate saturation magnetization (∼80 emu/g)
as well as its remarkable chemical stability and mechanical hardness.2,11 Homogeneous particles can be easily synthesized by
solution phase thermal decomposition in the presence of stabilizing ligands.2,12,13 The deposition of well-defined monolayers of the
magnetic nanocrystals was achieved through Langmuir-Blodgett
(LB) film formation. LB is a room-temperature deposition process
suitable for the deposition of monolayer and multilayer films of
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molecular or nanoscale materials to form self-assembled monolayers (SAMs).14-22 The successive deposition of the oxide matrix
was made using atomic layer deposition processes, which allows a
conformal coating of the particles.23 The combination of the
techniques used in this work has peculiar advantages compared
with other approaches. As a matter of fact, the solution-based
synthesis and the self-assembly of nanoparticles are promising
toward the fabrication of ordered superstructures by making
possible an accurate control of size, shape, composition, surface
chemistry of the nanobuilding blocks, and their two and three
dimension assembly, whereas ALD permits an accurate control of
the thickness and conformal film deposition even on high aspect
ratio structures.24,25

2. Experimental Details
2.1. Particles Synthesis and Film Depositions. Iron(III)
chloride hexahydrate 98%, cobalt(II) chloride hexahydrate 98%,
oleic acid 90% (cis-9-octadecenoic acid), and 1-octadecene 90%
were purchased from Aldrich and used as received. Iron and cobalt
oleate complexes were synthesized from their metal chloride counterpart using modified known procedures.26,27 Ferrite nanoparticles with an average size of 10 nm were obtained through the
thermal decomposition of metal oleates in the presence of oleic
acid. In a round-bottomed flask, 0.85 g (0.94 mmol) of iron oleate,
0.44 g (0.7 mmol) of cobalt oleate, 0.45 g (1.6 mmol) of oleic acid,
and 10 mL of octadecene were heated at ∼5 °C/min under vigorous
stirring. The reaction was then kept at 300 °C for 1 h. The
nanoparticles were separated from the solution by centrifugation
and thoroughly washed in ethanol, hexane, and dichloromethane.
Finally, a dark waxy solid made of 10 nm CoFe2O4 nanoparticles in
the presence of oleic acid was obtained.
A laboratory Langmuir-Blodgett trough made of PTFE
(trough width 7.5 cm, area 242.25 cm2) equipped with two mobile
barriers and a Wilhelmy balance measuring the interfacial pressure was used for the deposition of the films. Milli-Q water and
chloroform were used as subphase and spreading solvent, respectively. The cobalt ferrite nanoparticles were dispersed in the
minimum of chloroform just after their synthesis/washing, and
the obtained solutions were passed through a PTFE filter to
remove any dust, aggregated particles, or precipitates. After the
spreading of a few drops of the solution onto the water surface,
15 min were allowed for solvent evaporation. The film was
compressed at a rate of 5 mm/min to a pressure of 15 mN/m.
The transfer was performed using a vertical dipper at a rate of
3 mm/min and at a constant pressure (maintained by a feedback
loop). A waiting time of 30 to 60 min was given to the system to
reach equilibrium prior the transfer. We used 25  25 mm glass
substrates (1 mm thick) and 15  20 mm Si wafers (0.5 mm thick)
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were used as film substrates. For all substrates, the transfer was
performed by upward dipping, that is, from the subphase to air.
Titania films were deposited by an ALD process using titanium
isopropoxide (Aldrich, 99.99%) and acetic acid (Fluka 99.8%).23
Pure nitrogen was used as carrier and purging gas. Ti precursor
and acid vapors were generated in external reservoirs preheated at
80 and 40 °C, respectively, and introduced to the reactor through
an ALD valve. All tubes of the circuit were maintained at 100 °C
during the deposition process. The substrate temperature was
maintained at 200 °C, and nitrogen gas flow was maintained at 5
sccm. In a typical experiment, the valves were opened for 0.02 s for
carboxylic acid and 1 s for the metal alkoxides, whereas the
residence and purging periods were 20 and 15 s, respectively.
ZnO films were deposited from a well-established process28-30
using a Savannah 100 ALD system (Cambridge Nanotech).
Diethylzinc (DEZ, Zn(CH2CH3)2) (Aldrich) and water were used
as sources for the metal and oxygen, respectively. The samples
were placed in the ALD chamber at 70 °C in vacuum (1  10-2
Torr) with a steady Ar stream (20 sccm). The pulse, exposure, and
purge time were 0.5, 30, and 40 s for the DEZ and 1.5, 30, and 40 s
for H2O, respectively. The thickness of the ZnO films was adjusted
by the number of cycles (750, 400, and 150 cycles).
2.2. Characterizations. TEM and EDX were carried out on
a JEOL 2200 FS microscope operating at 200 kV. UV-vis spectra
were recorded with a Unicam UV 4 spectrophotometer. SEM
images were performed without carbon coating using a FEGSEM Hitachi S4100 microscope operating from 5 to 25 kV. Rapid
thermal annealing was carried out on a JIPELEC JETFIRST 100
instrument. FTIR spectra were measured on a Matson 7000 FTIR
spectrometer. XRR data were collected on a X’Pert MRD Philips
diffractometer (CuK X-radiation at 40 kV and 50 mA). The
surface morphology was characterized by atomic force microscopy (AFM) in semicontact mode (NT-MDT) using a commercial NSG 10 tip with a force constant of 12 N 3 m-1 and a resonant
frequency of 220 kHz. Magnetic properties were measured using a
SuperQuantum Interference Design (SQUID) magnetometer
MPMS XL7 in the temperature range of 2-350 K and at fields
of 0 to 5 T. The temperature-dependent susceptibility was measured using a DC procedure; the sample was cooled to 1.8 K under
zero magnetic field; magnetic field was then applied and data were
collected from 2 to 350 K (zero-field cooled, ZFC). Field-cooled
(FC) measurements were performed from 2 to 350 K with an
applied field during the cooling. AC susceptibility was measured
in a zero external field with frequencies ranging from 10 to 1000 Hz.
For the films, the magnetic field was applied parallel to the
substrate plane.

3. Results and Discussion
3.1. Synthesis of CoFe2O4 Particle. Cobalt ferrite nanoparticles were synthesized by the thermal decomposition of the respective metal oleates in the presence of oleic acid as surfactant. This
procedure, which has already been used to synthesize oxide nanoparticles such as Fe3O4, cobalt ferrite, CoO, and MnO,13,27,31-33 permits
an accurate control of the particle size. To obtain a ferromagnetic
behavior at room temperature (i.e., a blocking temperature higher
than room temperature), the synthesis conditions were adjusted
to obtain particles with a size of 10 nm. After synthesis, the surface
of the particles is covered by a certain amount of surfactant, and
(28) Lujala, V.; Skarp, J.; Tammenmaa, M.; Suntola, T. Appl. Surf. Sci. 1994,
82-83, 34.
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Figure 1. (a) TEM overview image of around 8-10 nm cobalt ferrite nanoparticles, (b) high-resolution TEM of a set of particles, (c) a particle
oriented along the [1-1-2] direction showing clear lattice fringes, and (d) its respective power spectrum.

Figure 2. Surface pressure versus surface area isotherm obtained
on spreading oleic-acid-coated CoFe2O4 nanoparticles on water
surface. Inset: transfer ratio versus number of dipping.

even after meticulous washing, the particles are obtained as a waxy
brown solid.
TEM observations reveal spherical particles of around 8-10 nm,
homogeneous in shape and with a narrow size distribution
(Figure 1A,B). High magnification shows that the particles
are monocrystalline and randomly oriented on the TEM grid
(Figure 1B). A high-resolution TEM image of a single particle
oriented along the [1-1-2] direction is presented in Figure 1C. Its
corresponding power spectrum (Figure 1D) can be indexed to the
cubic spinel structure of CoFe2O4 (JCPDS card no. 22-1086). The
Co/Fe ratio, verified by EDX recorded in the TEM, appears to
be exactly one Co for two Fe atoms for the conditions of synthesis
used (Supporting Information, Figure S1).
3.2. Deposition of CoFe2O4 Particles. The LangmuirBlodgett technique was used to deposit films of these particles
on silicon wafers and glass substrates. For this purpose, a stable
dispersion of the particles in a highly volatile solvent was prepared.
The surfactant that remains after synthesis at the surface of the
particles, allows us to obtain a floating Langmuir monolayer at
the air/water interface without further surface modification of the
particles. After spreading some drops of the dispersion onto the
water of a LB trough and evaporation of the solvent, the film was
compressed by two mobile barriers to ensure a symmetrical compression. Figure 2 presents the pressure-area isotherm obtained for
the particles. It presents a plateau at very low-pressure immediately
followed by a rapid pressure increase until 50 mN/m with some
discontinuities. Even for low water surface area, the pressure
analysis gave no evidence of collapsing of the particle film into
3D structures (no plateau or decrease in the pressure). However, we
18402 DOI: 10.1021/la103364y

Figure 3. UV-visible spectra of cobalt ferrite particles films deposited onto glass substrates for 1 (solid line), 2 (dotted line), 4
(dashed line), 6 (dotted-dashed line), and 11 (dotted-dotted-dashed
line) layers. The curves were corrected for the contribution of the
glass substrate. Inset: absorbance at 300 nm as a function of the
number of layers deposited.

observed cracks and wrinkling of the film at the surface of the water
for a pressure >20 mN/m. The transfers of film were, therefore,
made at a constant pressure of 15 mN/m onto silicon and glass by
dipping the substrates through the monolayer upward (rate of
vertical transfer was 3 mm/min). In general, the direction of dipping
is dictated by the wetting properties (hydrophobicity of the substrate/particles). However, in the present case, no difference was
observed between the Si and glass substrates. The achieved transfer
ratio (ratio between the decrease in monolayer area during a
deposition and the area of the substrate) was high. It was possible
to deposit up to four layers by successive dipping through the same
Langmuir film (Figure 3 inset).
To study the effect of coverage on the magnetic properties of
the composite, we prepared mono-, bi-, and trilayer films of
magnetic particles. The successful deposition of multilayers
films was monitored by UV-visible spectroscopy on the glassdeposited samples. From the linear increase in the absorbance versus the number of dipping cycles (Figure 3, inset), it
appears that for each layer the same amount of material was
deposited. SEM pictures of one layer deposited on silicon
wafer are shown in Figure 4. The particles are organized in
chains and form interdigitated islands. The domains formed
are homogeneous over several hundred nanometers. Furthermore, it is clear from SEM images that it is a monolayer that
is transferred on the substrate. The formation of domains
is probably related to the presence of free surfactant in
the spreading solution. However, domain formation could
Langmuir 2010, 26(23), 18400–18407
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Figure 4. SEM images at different magnifications of a monolayer
film of CoFe2O4 nanoparticles deposited on Si substrate.

also be due to dipole-dipole interaction of the magnetic
particles. 15,20,34
To remove the surfactant from the surface of the particles, we
have performed postdeposition calcinations. Oleic acid is usually
strongly grafted at the surface of the nanoparticles, and high
temperature is needed for its complete removal. For example, a
temperature of 400 °C in vacuum is needed to eliminate oleic acid
at the surface of Co metal and 600 °C under N2 atmosphere for
oleic-acid-coated cobalt ferrite.35,36 However, a temperature superior
to 400 °C or a long calcination time (>10 min) lead to the shrinking
of the film and segregation of the particles (Figure 5A,B). To
overcome this problem, rapid thermal annealing was used to
perform short time calcination under controlled atmosphere
(vacuum and O2). Different conditions were tested, and infrared
spectroscopy was used to examine the removal of the oleic
acid (Supporting Information, Figure S2). It was found that an
annealing of 2 min at 400 °C (at a slope of 47 °C/s) in vacuum or
O2 was not sufficient for a complete elimination. Even heating
in vacuum and switching to oxygen after 1 min was not enough
to eliminate the surfactant (Supporting Information, Figure S2).
It turned out that either a higher temperature (450 °C) or a slower
heating slope (1.3 °C/s) was required. Because a temperature
>400 °C induced aggregation of the particles, the films that have
been used in the following studies were calcined at 400 °C for
2 min with a heating slope of 1.3 °C/s. SEM images (Figure 5C,D)
taken after annealing under these conditions illustrate the effect
of the calcination. The films of particles did not shrink, and no
aggregation was observed.
3.3. Deposition of ZnO and TiO2 Thin Films. After the
annealing, the films of the cobalt ferrite particles were coated with
either zinc or titanium oxide using atomic layer deposition. The
process permits a pinhole-free and homogeneous coating of the
particles. Standard ALD protocols that have previously been
developed and thoroughly tested in the group have been used. The
(34) Meldrum, F. C.; Kotov, N. A.; Fendler, J. H. J. Phys. Chem. 1994, 98, 4506.
(35) Perez-Dieste, V.; Castellini, O. M.; Crain, J. N.; Eriksson, M. A.; Kirakosian, A.; Lin, J. L.; McChesney, J. L.; Himpsel, F. J.; Black, C. T.; Murray, C. B.
Appl. Phys. Lett. 2003, 83, 5053.
(36) Zhao, S.-Y.; Lee, D. K.; Kim, C. W.; Cha, H. G.; Kim, Y. H.; Kang, Y. S.
Bull. Korean Chem. Soc. 2006, 27, 237.
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Figure 5. SEM images of a monolayer film of particles deposited
on Si substrate (A,B) calcined under nonideal condition (15 min at
380 °C) and (C,D) after 2 min calcination with a slow heating slope
up to 400 °C under vacuum and oxygen.

Figure 6. SEM images of cobalt ferrite monolayer film covered by
50 nm of ZnO (A,B) and bilayer film covered by 27 nm of TiO2 (C,D).

depositions were monitored and verified using a blank substrate.
The obtained deposition growth per cycle was in agreement with
the expected values, indicating normal growth. Zinc oxide films
were deposited using a low-temperature process based on the
reaction of diethyl zinc and water.28-30 The deposition leads to a
crystalline film at 100 °C. ZnO was deposited on mono- and bilayer
films up to a thickness of 20, 50, or 100 nm. To characterize the
coating, semicontact mode AFM was performed on a composite
film composed of a monolayer of CoFe2O4 nanoparticles coated
by 100 nm of ZnO (Supporting Information, Figure S3). As a
reference, a Si substrate coated with 100 nm of pure ZnO was also
measured. As expected, the zinc oxide film consists of nanocrystallites (Supporting Information, Figure S3 left). This was already
DOI: 10.1021/la103364y
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Figure 7. (left) ZFC/FC mass susceptibility curve under an applied field of 500 Oe and (right) mass magnetization versus field loops at 2
(dotted line), 150 (dashed line), and 300 K (solid line) of cobalt ferrite nanoparticles powder.

reported for the growth of ZnO by ALD process from DEZ and
water even at low temperature (i.e., T < 100 °C).30,37 Therefore, the
films present a certain roughness that is more pronounced for the
films containing cobalt ferrite nanoparticles (Supporting Information, Figure S3 right). SEM observations of the composite films
(Figure 6A,B) show that the coating is uniform along the whole
surface and presents a grain-like surface structure due to the
polycrystalline nature of the ZnO films. The images appear noisy
because no conductive carbon or gold film was deposited prior to
SEM investigations. Compared with the SEM images of the
uncoated particles on the support, the particles in Figure 6 are
not very well visible. Indeed, the low contrast variation is due to the
homogeneous coating of the particles. Only the fact that the coating
is thin allows that the images still reveal the positions of the particles
and that regions corresponding to coated particles can be distinguished from regions where the blank support was coated.
The process of depositing TiO2 films, based on the reaction of a
carboxylic acid with a metal alkoxide, leads to amorphous films
showing an excellent uniformity and good dielectric properties.23
Following this approach, films of particles coated with 20 and
27 nm of amorphous TiO2 have been produced. The thickness of
the oxide layer was measured by X-ray reflectometry (XRR). The
spectra recorded from pure TiO2 films as reference (Supporting
Information, Figure 4 solid line) display various periodic well-defined
oscillations, proving that the films have a homogeneous thickness.
Measurements performed on the film constituted by a monolayer of
particles only show less-defined oscillations. This is due to a lower
thickness and a higher roughness of the film, reflecting the particulate
nature and the long-range inhomogeneity of the deposited particles
(Supporting Information, Figure S4 dashed line). The pattern of the
composite film (Supporting Information, Figure S4 dotted-dotteddashed line) presents intense oscillations that are not periodic,
stressing the presence of two films with different thickness. Indeed,
the observed nonperiodic signal corresponds to the superposition of
two signals of different frequency. The surface coating, monitored by
SEM (Figure 6C,D), appeared to be uniform. Because the coating is
thin, the film of particles underneath is still visible. Furthermore,
because of the amorphous character, the roughness of the TiO2 films
was much lower than the case of ZnO.
3.4. Magnetic Properties. The magnetic properties of the
waxy powder of CoFe2O4 particles were studied using a SQUID
(37) Kowalik, I. A.; Guziewicz, E.; Kopalko, K.; Yatsunenko, S.; WojcikGlodowska, A.; Godlewski, M.; Dluzewski, P.; Lusakowska, E.; Paszkowicz, W.
J. Cryst. Growth 2009, 311, 1096.

18404 DOI: 10.1021/la103364y

Figure 8. Temperature dependence of the in-phase (χ0 ) and out-ofphase ( χ00 ) components at different frequencies of the ac susceptibility of cobalt ferrite particles powder.

magnetometer in static (dc) or alternating (ac) magnetic field
modes. The susceptibility versus temperature plot, using ZFC and
FC procedures between 2 and 350 K shows that the material is
magnetic until room temperature (the blocking temperature (TB)
being just above 300 K) (Figure 7 left). The separation of the ZFC
and FC curves appears very close to the maxima of the ZFC curve,
indicating that the particles are homogeneous in size. The anisotropy constant K, estimated by the relation K ≈ 25kB  TB/<V>,
where kB is the Boltzmann constant and <V> is the mean volume
of the particles, is about 2.80  105 J/m3 (2.80  106 erg/cm3).
This value is consistent with the value for bulk cobalt ferrite ((1.8
to 3.0)106 erg/cm3).38-40 Magnetization versus field (M-H) measurements are plotted in Figure 7 (right). At 2 K, the magnetization
does not saturate at an applied field of μ0H = 5.0 T and reaches the
value of 28 emu/g, whereas the magnetization at saturation for
bulk cobalt ferrite is ∼90 emu/g.11 The total magnetic moment of a
(38) Hyeon, T.; Chung, Y.; Park, J.; Lee, S. S.; Kim, Y.-W.; Park, B. H. J. Phys.
Chem. B 2002, 106, 6831.
(39) Meron, T.; Rosenberg, Y.; Lereah, Y.; Markovich, G. J. Magn. Magn.
Mater. 2005, 292, 11.
(40) Rondinone, A. J.; Samia, A. C. S.; Zhang, Z. J. Appl. Phys. Lett. 2000, 76, 3624.
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Figure 9. (left) Susceptibility versus temperature for films of particles on Si substrate composed of two layers (b), one layer (9), one layer
after calcination (2), and (f) Si substrate only. (left) Magnetization versus field at 2 K for bilayer film (solid line), monolayer film (dotted
line), and calcined bilayer film (dotted-dashed line) and at 300 K for bilayer film (dashed line).

magnetic single-domain nanoparticle (i.e., the magnetization at
saturation extracted from M-H experiments) should be, in principle,
directly proportional to the number of magnetic atoms in the
particle. However, the magnetization at saturation measured for
nanoparticles is often lower than expected.11,41-44 This is principally
due to two reasons in the case of oxides: (i) The reduction of the
particle size results in a large amount of magnetic atoms on the
surface of the particle. Because these atoms have fewer nearest
neighbors to interact with their moments become randomly oriented at the surface (spin-canting), and higher applied fields are
needed to align them. (ii) The synthesis in the presence of surfactants
leads to a large amount of organic species at the particle surface.
These can contribute to 30% or more of the total weight of
the sample.45 Therefore, the magnetization is artificially lowered by
the weight fraction of these impurities. At 2 K, the particles show a
very high coercivity of 1.8 T and a ratio of remanent to saturation magnetizations (Mr/Ms) of 0.7, as expected for 8-10 nm
particles.42,46,47 The coercivity decreases rapidly with increasing
temperature (0.33 T at 150 K and 4.5 mT at 300 K), but the
magnetization remains relatively constant (Figure 7 right). The
superparamagnetic behavior of the particles was further investigated by alternating current (ac) susceptibility measurements made
in a zero external field with different frequencies ranging from 10 to
1000 Hz. The temperature dependence of the in-phase ( χ0 ) and outof-phase ( χ00 ) components is plotted in Figure 8. Both χ0 and χ00
responses shift toward higher temperature with increasing frequency. The frequency dependence of the χ00 susceptibility maxima
can be analyzed by the Arrhenius law, τ = τ0 exp(ΔE/kBT), in
which ΔE is the average energy barrier given by the equation ΔE=
KV (K being the anisotropy energy constant and V being the particle
volume). Although the pre-exponential factor τ0 can be determined
(Supporting Information, Figure S5), its value does not stand for an
isolated nanocrystal because the system is not diluted and the
particles are in interaction. Nevertheless, ΔE was estimated, and the
calculated anisotropy constant was 4.85  105 J/m3. This value is

slightly higher that the one extracted from the ZFC/FC curves but
of the same order of magnitude.
The magnetic properties of the films of nanoparticles deposited
on silicon wafers and glass substrates are presented in Figures 9
and 10, respectively. ZFC/FC measurements (susceptibility versus temperature) made on samples deposited on silicon substrate
(Figure 9 left) show that, like for nanoparticles in powder form,
the films are ferrimagnetic until around 300 K. Furthermore, the
difference of susceptibility between the ZFC and FC curves is twice
as large as that for the film made of two layers of particles compared
with the one composed of a monolayer only (Figure 9 left), confirming the successful deposition of multilayer. When the films are
annealed, a slight decrease in the susceptibility is observed, but the
gap between the ZFC/FC curves remains constant (Figure 9 left). In
the case of films of particles deposited on glass substrate (Figure 10
left), the ZFC/FC curves are dominated by the paramagnetism
coming from impurities of the glass. As previously observed, the
susceptibility shows a dependence on the number of layers deposited
(Figure 10 left inset). The magnetization versus field measurements
display a weak hysteresis at very low field for all samples deposited
on Si wafer (Figure 9 right). It is compensated at high field by the
diamagnetism of the substrates. For the samples deposited on glass
substrates, the M-H measurements at 2 K are presented in Figure 10
(right). The hysteresis is greatly reduced compared with powder
samples because the system displays the lowest energy configuration
of the 2D sample. However, the sharp decrease is up to now difficult
to understand. Moreover, the magnetizations at saturation and
coercitive fields decrease with increasing number of layers. Surprisingly, the hysteresis curves are not centered on zero and are inverted,
that is, clockwise loops. A displaced hysteresis loop is usually observed when an antiferromagnetic/ferromagnetic or ferromagnetic/
spin glass composite material is cooled in a magnetic field because
of exchange anisotropy.48-50 This effect was also observed for
nanoparticles having surface spin disorder that presents a spin-glass
behavior.51-53 The phenomenon of negative remanence, already
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Figure 10. (left) Susceptibility versus temperature for films of one layer (9), two layers (f), and three layers (b) of particles on glass substrate.
(right) Magnetization versus field at 2 K for one-layer (solid line), two-layers (dashed line), and three-layer (dotted line) films of particles
deposited on glass substrate.

that the experimental approach is suitable to obtain a composite with
a quasi-monodisperse layer of ferrimagnetic nanoparticles. To characterize the film and acquire knowledge about magnetic interactions
between the particles through the oxide film, one can measure the
relaxation time by ac mode magnetic measurement. Unfortunately,
because of the weak signal of the system, we did not yet succeed to
measure such phenomenon with a Squid magnetometer, even when
using a reciprocating sample (RSO) measurement system.

Figure 11. Susceptibility versus temperature of monolayer film of
particles on silicon coated with 100 nm of ZnO (O) and 20 nm of
TiO2 (9).

observed for 2D layers, has been attributed in the literature to dipolar interactions between blocked and superparamagnetic nanoparticles.54,55 The superparamagnetic nanoparticles in the vicinity of
blocked nanoparticles are antiferromagnetically coupled to these
latter when the dipolar field is larger than the external field.54
Nevertheless, in the present study, these effects were observed at very
low temperature (T = 2 K), where all particles are assumed to be in
the blocked state and without a field-cooled presequence. The
observed behaviors are more probably attributable to the nonzero
magnetic state of the films. Indeed, the large anisotropy and size of
the particles could lead to a nonrandomly dispersed state for the
particles. This nonrandom distribution of the anisotropy easy axes
may explain the observed hysteresis, even if a detailed simulation is
needed to accredit this assumption.
Susceptibility versus temperature measurements for films made of
a monolayer of nanoparticles covered with TiO2 and ZnO are
depicted in Figure 11. The ZFC/FC curves are similar to the ones
of uncoated films of particles on Si substrates. Indeed, the blocking
temperature of the magnetic phase appears slightly above 300 K,
indicating that the coating did not affect the size of the particles. This
is in agreement with the SEM and AFM observations. This confirms
(54) Yang, J. Y.; Kim, J. H.; Lee, J. S.; Woo, S. J.; Kwak, J. S.; Hong, J. P.; Jung,
M. H. Phys. Rev. B 2008, 78, 094415.
(55) Yan, X.; Xu, Y. J. Appl. Phys. 1996, 79, 6013.
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4. Conclusions
Nanoparticles of cobalt ferrite have been synthesized by the
thermal decomposition of transition-metal complexes in a high
boiling point solvent in the presence of surfactants. This procedure
led to 8-10 nm spherical monocrystalline particles homogeneous in
size and shape, which present a typical superparamagnetic behavior
above 300 K. Below this temperature, the particles are blocked and
display a high coercivity. Mono-, bi-, and trilayer films of the cobalt
ferrite particles were successfully deposited by a Langmuir-Blodgett
technique onto glass and silicon substrates. A careful annealing of
these films permits the removal of the surfactant that was used for
controlling the size and shape of the particles during synthesis and
that also allowed their deposition by LB, without deterioration of
the films. Homogeneous domains of particles could be obtained over
several square micrometers. Magnetic measurements performed on
the films confirmed the successful deposition of multilayers. Furthermore, the films show a ferromagnetic behavior with a blocking
temperature similar to the one found for the as-synthesized particles.
The coating of the particles by oxide materials (ZnO and TiO2) was
realized in a conformal way by ALD. The magnetic measurements
together with microscopy observations demonstrate that the particle
size remains constant through all synthesis steps. Therefore, the
approach introduced in this work, which combines solution routes
for the fabrication and assembly of nanoparticles and low-temperature gas-phase deposition, is suitable for the design of multifunctional layered composite with a calibrated thickness and a quasimonodisperse layer of ferrimagnetic nanoparticles. Therefore, the
resulting heterostructures could be used as model systems for the
investigation of the magnetic interactions between magnetic particles
through the continuous oxide thin films.
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