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Mesoscopic domains of cobalt nanocrystals*
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Abstract: In this paper, various mesoscopic structures made of cobalt nanocrystals are pre-
sented. It is demonstrated that the evaporation time and the application of an external mag-
netic field during the evaporation process play a major role in the shape of mesostructure
obtained. Their magnetic properties change with the shape of the mesostructure.

INTRODUCTION

In recent years, ferromagnetic nanomaterials have received considerable attention, both theoretically
and experimentally, owing to their potential in developing high-density magnetic recording media, and
to their fascinating experimental behavior. The behavior of isolated magnetic nanoparticles has been
extensively studied and is rather well understood [1]. In these dense systems, the mutual interactions,
in particular the dipolar interactions, play an important role. These studies have been greatly extended,
as the smaller magnetic particles become superparamagnetic at room temperature. This induces random
fluctuations of the magnetic moment in the nanocrystals and then a limit in the storage density. On the
other hand, when they are agglomerated in dense systems such as granular films, the magnetic proper-
ties largely differ both from those of the individual nanocrystals and the bulk materials [2].

There are numerous results for granular magnetic solids [1,2], but none for 3D superlattices. For
nonmagnetic material, 3D “supra” crystals of nanoparticles are produced [3—7]. By controlling substrate
temperature and evaporation rate, “supra” crystals made of more than a thousand layers of nanocrystals
are obtained [6,7]. With magnetic nanocrystals, until now, it was impossible to produce “supra” crys-
tals. However, very recently [8], in our laboratory, we have been able to make large “supra” crystals.
This provides great hope and a fascinating new field of physical chemistry. These artificial structures
can be manipulated to achieve tailored materials for application and for exploration of physical phe-
nomena, as the magnetic properties of this new class of materials should, as with dense films, differ both
from those of individual nanoparticles and bulk materials.

In our laboratory, collective magnetic properties have been demonstrated when cobalt nanocrys-
tals are self-organized in a 2D hexagonal network. There is an increase in the blocking temperature, and
the magnetization curve, when measured with an applied field parallel to the surface, is squarer than
that of the same nanocrystals isolated in liquid solution [9,10]. This behavior is explained in terms of
dipolar interactions between adjacent nanocrystals in the self-organized monolayer [11]. The organiza-
tion induced by an applied magnetic field enables fabricating 3D superlattices of ferrite nanocrystals
[12,13]. Collective magnetic properties due to partial orientation of easy magnetic axes during the dep-
osition were reported [13].
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SYNTHESIS OF COBALT NANOCRYSTALS

Cobalt nanocrystals [9,14] are produced by using reverse micelles made of cobalt 2-ethylhexyl sulfo-
succinate, usually called Co(AOT),, ([Co(AOT),] = 0.125 M). The water content, defined as w = [H,OV/
[AOT], is fixed at 35, and Co(AQT), is reduced by using sodium tetrahydroboride, NaBH,, (2 X 1072 M).
Immediately after borohydride addition, the color of the micellar solution turns from pink to black, indi-
cating the formation of particles. Addition of lauric acid, C;,H,sCOOH, to the micellar solution
induces an attachment with cobalt atoms located at the interface. The coated cobalt nanocrystals are
extracted from reverse micelles by ethanol addition. The particles are then washed and centrifuged sev-
eral times with ethanol to remove all the surfactant. A black powder is obtained. This chemical surface
treatment highly improves the stability of cobalt exposed to air, and cobalt nanocrystals can thus be
stored without aggregation. The powder is analyzed by the extended X-ray absorption fine structure
(EXAFS) technique and compared to a reference of pure cobalt metal. The best fitting of the EXAFS
spectrum for nanocrystal powder [15] is obtained by assuming a core of cobalt metal with an inter-
atomic R -, =2.5 A. Tt is characteristic of the metallic behavior of the cobalt nanoparticles and a sur-
face shell, where Co atoms are linked to light elements such as oxygen with a distance R, o =2 A.
The presence of oxygen at the surface is due to the coating of the nanocrystals by lauric acid,
C,,H,sCOOH. Of course, a cobalt oxide layer surrounding the cobalt core cannot be excluded. From
these, it is concluded that there is formation of cobalt metal nanoparticles. The average diameter of
these nanoparticles, determined by transmission electron microscopy (TEM), is 8.0 nm (Fig. 1) with a
polydispersity of 14 %.

Fig. 1 TEM image of cobalt nanocrystals.

MESOSCOPIC STRUCTURES MADE OF 8-nm COBALT NANOCRYSTALS

To grow 3D superlattices of cobalt nanocrystals, the evaporation rate has to be very low. Freshly cleaved
HOPG substrate is immersed a solution composed of cobalt nanocrystals dispersed in hexane. The
evaporation occurs under air or hexane vapor and produces a black magnetic film. The evaporation time
is 45 min under air and 12 h under hexane vapor.

Mesoscopic structures obtained in absence of external forces [16]

Without any applied magnetic field during the deposition process, the scanning electron microscopy
(SEM) images differ with the deposition conditions. For evaporation under air, the SEM pattern is that
of a homogeneous film (Fig. 2A). Magnification of this image shows that it is highly porous (Fig. 2B)
and made of spherical aggregates with an average diameter of 70 nm (Fig. 2C). It must be pointed out
that these 70-nm aggregates consist of 8-nm coated cobalt nanocrystals.
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Fig. 2 SEM patterns at different magnifications of the film, deposited without a magnetic field, obtained by
evaporating a solution of cobalt nanocrystals on HOPG substrate. A, B, C: The evaporation time under air is 45
min. D, E, F: The evaporation time under hexane is 12 h.

A change in the film behavior is observed when the evaporation occurs under hexane vapor. The
film is more homogeneous and smoother (Fig. 2D) than that observed under air (Fig. 2A). However,
numerous discontinuities are present. There is a large domain formed by the stacking of several layers
of nanocrystals, and holes are observed on the film (black spot on the SEM patterns). The height of the
film is around 2 um (Fig. 2E). The internal structure of the film appears homogeneous (Figs. 2E and
2F) without any spherical aggregates as observed after evaporation under air (Fig. 2C). X-ray reflectiv-
ity measurements show one large peak at 0.07 Al corresponding to an average characteristic distance
between two nanocrystals of 9 nm. This is close to that observed by TEM in 2D monolayers [15]. The
lack of peaks at high ¢ values indicates the absence of long-distance order in the film. From these data,
it is concluded that the film obtained when the evaporation is performed under hexane vapor is more
homogeneous, but there is no long-distance order.

These changes in morphology with evaporation under either air or hexane vapor are related to the
evaporation rate. Under hexane vapor atmosphere, the nanocrystals freely diffuse in solution leading to
the formation of homogeneous structures. Hence, the observed film is made of aggregates, without a
defined shape, dispersed or agglomerated on the substrate. No 3D “supra” crystals are observed.
However, by changing the experimental conditions, the produced cobalt nanocrystals self-organize in
well-ordered 3D superlattices [8].

Mesoscopic structures obtained by applying a magnetic field perpendicular to the
substrate [17]

An external magnetic field perpendicular to the substrate is applied during the deposition process. It is
expected that each nanocrystal moment is aligned in the field direction. Figure 3 shows a large variety
of mesoscopic structures of cobalt nanocrystals with various shapes, which depend on the field strength.
As shown above with no applied field, a large-scale SEM picture shows a very inhomogeneous and
amorphous structure (Fig. 3A). At a very low applied field (H = 0.01 T), there are large dots as shown
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Fig. 3 SEM patterns obtained by evaporating a concentrated solution of cobalt nanocrystals deposited under a
magnetic field perpendicular to the HOPG substrate. The evaporation time is 12 h. The strength of the applied field
is 0 (A); 0.01 T (B); 0.27 T (C); 0.45 T (D); 0.60 T (E); and 0.78 T (F).

in Fig. 3B with a rather wide size distribution. On increasing the applied magnetic field to 0.27 T, well-
dispersed dots are observed (Fig. 3C). A further increase in the applied field to 0.45 T shows patterns
similar to those seen under 0.27 T (Fig. 3C). However, the average diameter and inter-dot distance are
markedly reduced. More quantitative data can be derived from enhancement of the various structures
(Fig. 4). At a low applied field (0.01 T), the size, inter-dot distance (core to core), and the size distri-
bution of the dots are rather large (see Fig. 4A and Table 1). The increase in the applied magnetic field
strength induces formation of well-defined columns with a very sharp interface (Fig. 4B) and also
results in a drastic decrease in the height of these columns (Table 1). A further increase in the applied
field (Fig. 4C) induces a marked decrease in the diameter of dots, the inter-dot distance, and in the
height. The size distribution of dots slightly increases compared to that observed when the applied field
is 0.27 T. Hence, for a given applied field, the size and inter-dot distance are rather low. On increasing
the applied field, the diameter, the height, and the distance between dots decreases. The latter evolves
continuously with the reciprocal of the applied magnetic field. By applying a magnetic field of 0.60 T,
drastic changes are observed. Figure 3E shows the presence of dots, worm-like and labyrinth-like struc-
tures. A further increase in the magnetic field to 0.78 T enables formation of a homogeneous labyrinth
structure.

From these data, it is concluded that by applying a magnetic field during the cobalt nanocrystal
deposition on a substrate, it is possible to form well-defined 3D superlattices. The structure is observed
on a very large scale (up to 0.02 mm?). Addition of a hexane drop to the substrate totally destroys these
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Fig. 4 SEM patterns at different magnifications of superlattices obtained on HOPG substrates, with an applied field
of 0.01 T (A), 0.27 T (B), and 0.45 T (C). The tilted SEM patterns showing the 3D structures and height of the dot
are deduced for each pillar.

Table 1 H, Do, Di, ¢, and h are the strength of the applied field, the dots
diameter, the inter-dots distance, the size distribution and the height of the
dots, respectively.

H(T)  Do(m)  Dium)  o(%)  h(um)
0.01 11.7 143 25 8
0.27 1.7 2.4 5% 0.5
0.45 0.75 1.1 10 0.3

structures, and cobalt nanocrystals are dispersed in the solvent. The TEM images for these collected
nanocrystals remain the same as that observed in Figure 1, indicating that no coalescence takes place
when nanocrystals form a 3D film. Whatever the superlattices are, the background of the sample is cov-
ered by multilayers made of cobalt nanocrystals. The superlattices sit on the film having an average
height of a few wm. Similar patterns were observed previously [18-22]. When a magnetic fluid is con-
fined with an immiscible nonmagnetic liquid between closely spaced horizontal glass plates
(Hele—Schaw cell) and subjected to an external magnetic field perpendicular to the plate, labyrinths and
hexagonal arrays of columns are formed [19,23-29]. These patterns are produced at the interface
between the magnetic and nonmagnetic phases, and they are explained in terms of competition between
the magnetic and surface energy. The surface tension tends to minimize the area of the interface,
whereas the interactions between magnetic dipoles favor its extension. The size of the patterns is deter-
mined by minimizing the free energy [30,31]. The influence of the method for computing the magnetic
energy has been studied. The ratio of the magnetic to the nonmagnetic liquid is an important factor for
the relative stability of the patterns.

© 2002 IUPAC, Pure and Applied Chemistry 74, 1707-1718
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More quantitative data are deduced by using the same parameters developed by Flores et al. [32]
for magnetic fluids. These parameters are:

d The parameter e is the ratio of the end-to-end length to width. If e > 2, the superlattice is classi-
fied as worm-like. If e = 1, it is called dots, and if 1 < e < 2, it is disk-like.

. P is the ratio of the number of worms to the total number of aggregates:
pP= NeZZ /Ntotal

. C is given by the perimeter of (aggregates) / 2\(T area of aggregates). Thus, the average com-
plexity is :
<C>= z Ci / Ntotal

Figure 5 shows that the superlattice evolves from disk-like to columns and then to worms. The
data presented above show three behaviors:

. Under a very low perpendicular applied field (H < 0.01 T), a transition from agglomerated cobalt
nanocrystals to disk-like structures with a rather large size, shape, and inter-dot distance distribu-
tion takes place.

. Inthe 0.01 T < B <0.47 T range, well-defined hexagonal patterns are observed.

At 0.47 T, the transition onset from columns, well dispersed in a hexagonal network, to worms

and labyrinths is observed. At and above 0.78 T, well-defined labyrinths are seen, and they are

probably due to fusion of dots (Fig. 6).
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Fig. 5 Variation of the average form factor <e> (A); the worm ratio, P (B); the average complexity <C> with the
intensity of the applied field during the deposition of the cobalt nanoparticles on the substrates.
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Fig. 6 SEM patterns at different magnifications of superlattices obtained on HOPG substrates, with an applied field
of 0.56 T. The tilted SEM pattern shows the 3D structures.

Mesoscopic structures of cobalt nanocrystals obtained by applying a magnetic field
parallel to the substrate [16]

Shape of mesoscopic structures

When a 0.78 T magnetic field is applied during evaporation under air, linear structures of cobalt
nanocrystals, aligned along the applied magnetic field direction, are observed (Figs. 7A-7C). The
increase in the magnification shows that the film is still highly porous (Fig. 7C) and is made of 70-nm
spherical aggregates, as observed in the absence of a magnetic field (Fig. 2C). Hence, at high mag-
nification, no differences in the SEM patterns obtained in the absence (Fig. 2C) and in the presence
(Fig. 7C) of a magnetic field are observed, indicating that the organization takes place at the macro-
scopic level. When the evaporation occurs under hexane vapor, at a fixed applied magnetic field
(0.78 T), the structure of the film drastically changes (Figs. 7D, 7E, and 7F). Long stripes in the direc-
tion of the applied field without any holes and cracks are formed. Magnification of the stripes shows a
highly compact film (Figs. 7E and 7F) with 2 um average film height. From these data, it can be con-
cluded that evaporation in a high applied magnetic field leads to the formation of mesoscopic scale
structures of nanocrystals aligned along the field direction.

Similar behavior to that described above under hexane evaporation is observed at various applied
fields. Figure 8 shows that, for any applied field, stripes are formed with a periodic structure. The rough-
ness and the average distance between two adjacent stripes vary. A characteristic wavelength, A, , is
defined as the average distance between two adjacent stripes. With increasing the strength of the applied
field, this distance decreases to reach a plateau around 0.56 T (Fig. 9). Simultaneously, the stripes are
sharper. The order and compacity of stripes increases with increasing the applied field [12,13]. Similar
behavior was observed by applying a parallel field in a Hele—Shaw cell, with organization of magnetic
fluids in stripes. The process takes place in two steps [18,33,19]:

© 2002 IUPAC, Pure and Applied Chemistry 74, 1707-1718
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. Formation of single chains or small linear aggregates is rapid and occurs in a few minutes.

. On a longer time scale, in order to minimize the magnetic energy, the chains clump together to
form regular stripe patterns. This dynamic process takes place in one or two hours, depending on
the materials and on the thickness of the cell. The differences in the stripe organization (Fig. 7)
observed under air and hexane vapor are related again to the evaporation rate: with fast evapora-
tion (under air), chains are formed on a macroscopic scale. With slow evaporation, the two
processes described in a magnetic fluid occur with formation of parallel stripes and local homo-
geneous structures. However, a major difference can be noticed in the nature of the patterns: con-
versely to the ferrofluids, the array of cobalt nanocrystals persists after the field is switched off.

Fig. 7 SEM patterns at different magnifications of the film, deposited with a magnetic field parallel to the substrate,
obtained by evaporating a solution of cobalt nanocrystals on HOPG substrate. A, B, C: The evaporation time under
air is 45 min. D, E, F: The evaporation time under hexane is 12 h.

Fig. 8 SEM patterns, and one tilted at 45°, of the film obtained in various magnetic fields by evaporating a solution
of cobalt nanocrystals on HOPG substrate.

© 2002 IUPAC, Pure and Applied Chemistry 74, 1707-1718



Mesoscopic domains of cobalt nanocrystals 1715

__1-; T T T T T
wf 1 :

Ac(jum)

0.2 0.3 0.4 0.5 0.6 0.7
H (T)

Fig. 9 Variation of the critical wavelength, 7»%, (distance center to center between two adjacent stripes) with the
intensity of the field applied during the evaporation process.

MAGNETIC PROPERTIES [16]

The magnetic properties of the compact 3D organization in stripes, shown in Fig. 8, are recorded. For
simplicity, the samples obtained by applying 0.01, 0.27, 0.45, 0.56, and 0.78 T fields are called A, B,
C, D, E, respectively. The hysteresis loops are recorded at 3 K when the applied magnetic field is par-
allel to the substrate and to the direction of the stripes. Under these experimental conditions, the
nanocrystals form a thin film, and the demagnetizing factor is close to zero for each sample. Figure 10
shows a change in the hysteresis loop with the various samples. The hysteresis loop of A is inside that
of B. Similarly it is squarer for C than B, for D than for C. The higher the deposition field, the squarer
is the hysteresis loop. At the highest deposition field value (sample E, H = 0.78 T), a slight decrease in
the hysteresis squareness is observed. This increase in the reduced remanence with increasing the
applied field can be due either to orientation of the easy axes during the evaporation process, as already
observed with maghemite nanocrystals [13], or to formation of ferromagnetic domains induced by dipo-
lar interactions. To differentiate between these two phenomena a model is developed.

The magnetization curves are numerically calculated for an assembly of noninteracting particles
with cubic anisotropy. Two possibilities, namely, K > 0, where the particles have 3 easy axes and K <0
where the particles have 4 easy axes ([111] directions) are considered. With cubic anisotropy totally ori-
ented in the field H , the reduced remanence is M, /M = 0.90 and M /M = 1.00, for H, normal and
parallel to H j, respectively. In the case of a random distribution of the easy axes, one has M, /M = 0.832
if K>0and M /M= 0.866 if K <0 [34]. This small variation shows that it is nearly impossible to ascer-
tain if the easy axes of cobalt nanocrystals are oriented only from the knowledge of M(Hm// ) and
M( Hm‘L ). Due to this, it is impossible reach a conclusion concerning the orientation of the easy axes for
cubic anisotropy nanocrystals from the comparison of the magnetization curves M( Hm// ) and M( Hm‘L).
This is confirmed experimentally. Figure 11 shows the magnetization hysteresis loops recorded when
the applied field is parallel and perpendicular to the stripes. The two curves are more or less superim-
posed, and there are no significant differences between them. However, the increase in the reduced
remanence with increasing the magnetic field applied during the deposition cannot be neglected. This
can be related to the decrease in the characteristic distance of the stripes. It decreases with increasing
the applied magnetic field during the evaporation process. This is confirmed by the fact that the reduced
remanence increases linearly with the reciprocal of the characteristic distance (Fig. 12). This could be
explained by:

© 2002 IUPAC, Pure and Applied Chemistry 74, 1707-1718
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. The surface anisotropy is predominant compared to the magneto-crystalline one. This has been
demonstrated with cobalt clusters (3—4-nm diameter) fabricated by the low-energy cluster beam
deposition technique [35].

. These nanocrystals embedded in the niobium film are characterized by a cubic anisotropy.
Magnetization of an individual cluster (3-nm) provides the main contribution to magnetic
anisotropy [36]. Hence, the cubic magneto-crystalline anisotropy is negligible compared to the
surface anisotropy due to the symmetry breaking and surface strains.

. Because of the long alkyl chain used as coating, van der Wals interactions between objects
increase during the evaporation process. This has been well demonstrated with reverse micelles
[37]. Under an applied field, dipole—dipole interactions are added to the previous one. Such inter-
actions increase with the strength of the applied field. Hence, in solution, aggregates made of iso-
lated nanocrystals, at a fixed distance from each other, can be formed. The size of such aggregates
increases with the strength of the applied field. At the end of the evaporation process, the field is
formed by aggregates composed of isolated nanocrystals, inducing formation of ferromagnetic
domains. Simulations developed previously for nanocrystals organized in 2D on hexagonal net-
works having a large coupling constant indicate formation of a ferromagnetic domain induced by
dipole—dipole interactions [38]. In a previous paper [11], it is shown that cobalt nanocrystals are
characterized by a low coupling constant (0,; = 0.05), whereas such ferromagnetic domains
appear at zero field for a coupling constant greater than 0.2. However, the simulations were done
at zero field for a 2D superlattice organized in a hexagonal network and not for a 3D film com-
posed of several layers of cobalt nanocrystals deposited in a field. Thus, both the effect of dipo-
lar interactions between adjacent nanocrystals and a partial alignment of the easy axes could
explain the increase in the reduced remanence with increasing the applied magnetic field during
the deposition with appearance of collective properties due to organization of cobalt nanocrystals
are observed.

5

M/
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Fig. 10 Hysteresis curves measured at 3 K of samples obtained by applying a magnetic field during the deposition
process: 0.01, 0.27, 0.45, 0.56, and 0.78 T.
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Fig. 11 Hysteresis curves obtained at 3 K for samples D (obtained) at 0.56 T. The measurement field is either
parallel (light gray) or perpendicular (black) to the stripes. The substrate is kept parallel to the measurement field.
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Fig. 12 Variation of the reduced remanence of the 3D arrays of cobalt nanocrystals with the reciprocal of the critical
wavelength, kx. The solid line is a visual guide.

CONCLUSION

In this paper, it is demonstrated that cobalt nanocrystals are organized in 3D superlattices. However, to
obtain such patterns, it is necessary to apply a magnetic field during the evaporation process in order to
overcome the magnetic frustration of the 2D superlattices. Thus, depending on the intensity of the
applied field, various structures are obtained, such as unorganized dots, hexagonal networks of mag-
netic pillars, or a labyrinth. This is the first evidence of the formation of dense hexagonal patterns of
magnetic dots made with cobalt nanocrystals obtained by wet chemistry. Such a new class of magnetic
materials could offer numerous applications both in applied and theoretical physics, particularly for
studying the collective magnetic properties in 3D supra organization of magnetic nanocrystals.

The magnetic properties of the superlattices show collective behavior related to the dipolar inter-
actions between adjacent nanocrystals in the 3D structure and/or to the orientation of the magnetic
moment of the particles during the deposition process in a magnetic field. However, due to the cubic
anisotropy of cobalt nanocrystals, it is not possible at this stage to ascertain if the order has a strong
influence on the magnetic properties of the magnetic film.

© 2002 IUPAC, Pure and Applied Chemistry 74, 1707-1718
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