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Here we report the formation of void (hole) structures when concentrated colloidal solutions of
magnetic nanocrystals are subjected to a magnetic field during slow evaporation. This presents a new
type of solid mesostructure obtained by self-assembly of nanocrystals. The voids are characterized by a
cylindrical shape with either circular or elliptical base. We show that the morphology of these patterns is
essentially controlled by the fraction of the volume occupied by the magnetic phase to the total volume of
the film. Monte Carlo simulations carried out using a Stockmayer fluid model agree remarkably well with
the experiments for the formation of void structures in the range of considered volume fractions.
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Formation of domain patterns as arrays of columns
or labyrinths with submicron dimensions are observed
in a variety of experimental systems like ferrofluids,
films of magnetic garnets, diblock copolymers, phospholi-
pid monolayers, superconductors, semiconductors, and
Rayleigh Bernard instabilities [1-7]. Recently, mesostruc-
tures of hexagonally ordered columns and labyrinths were
observed when colloidal solutions of magnetic nanocrys-
tals are subjected to a magnetic field during the evaporation
[8—12]. The morphology of these patterns was described by
the order parameter @ defined as the ratio of the volume
occupied by the magnetic phase to the total volume of the
film after the total evaporation of the solvent [13]. Here, we
show, for the first time, to the best of our knowledge,
formation, at large ® values, of void (hole) structures
having a cylindrical shape with, depending on ®, either a
circular or a more elliptical base. The experimental fabri-
cation of well defined void structures has become possible
due to the successful preparation of highly concentrated
stable cobalt nanocrystal solutions. This enables the fabri-
cation of a new type of solid mesostructure by self-
assembly of nanoparticles, which is interesting for the
community working on self-assembly and nanomaterials.

The synthesis of cobalt nanocrystals coated with do-
decanoic acid is described in Ref. [14,15]. The nanocrys-
tals are coated with dodecanoic acid and extracted from the
surfactant before being dispersed in hexane. Cobalt nano-
crystals have a mean diameter of 7.5 = 0.1 nm and a 9.8%
size dispersion. The cobalt nanocrystals are poorly crystal-
lized with a fcc structure. The saturation magnetization of
the nanocrystals isolated in solution (120 emu g~ ') is close
to the bulk value (166 emug~') [16]. Three-dimensional
mesostructures with different morphologies are produced
by immerging a substrate (either Highly Oriented Pyrolitic
Graphite, HOPG, or a silicon wafer, Si) in a colloidal
solution of cobalt nanocrystals. Both substrates are wetted
by hexane in the same way. To exclude any effect of
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different types of nanocrystals and of temperature, experi-
ments are carried out with the same batch of nanoparticles
and at ambient temperature. The evaporation is slowed
down by the use a parafilm which seals the beaker.
Former experiments have shown that this decrease of
evaporation speed is essential to obtain quasiequilibrium
structures [8]. The same 1.4-cm diameter beaker is used for
all experiments. The total amount, n, of cobalt nanocrystals
in the colloidal solution is controlled by changing the
solution concentration (from 5 X 10™* to 1072 M) and/or
the immersion volume (200 wl or 400 wl). More than 50
evaporation experiments on different conditions were car-
ried out. Void structures were found only in a very narrow
range of concentrations (5 X 1073 and 1072 M), while
under other conditions, close films or columns were ob-
served. We have restricted our presentation to this narrow
range of conditions. During solvent evaporation (about
12 h), a magnetic field is applied perpendicularly to the
substrate using a permanent magnet of 0.4 T. To exclude
angular distribution of the magnetic field, the magnet used
here is large with respect to the substrate. In order to
prevent oxidation, the synthesis and fabrication of the
samples are done in a glove box. After total evaporation
of the solvent, the samples are investigated by Scanning
Electron Microscopy (SEM) using a JMS-5510LV instru-
ment. During the evaporation, the volume fraction of nano-
particles increases gradually, and we have shown in a
recent publication [10] that close to the end of the evapo-
ration, the system exhibits a colloidal gas-liquid transition.
This leads to the coexistence of a concentrated and diluted
phase of magnetic nanoparticles. The volume fraction
corresponds to the overall fraction of the volume occupied
by the concentrated phase to the total volume occupied by
both phases. Considering that the void structures have the
same thickness as the nanoparticle film, ® is given by (S —
s5)/S where S is the surface area of the substrate selected on
the SEM image and s the total area of the void regions. The
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experiments show that the structures are homogeneous
over a larger area. We have chosen the surface area so
that it contains a sufficiently large number (>100) of voids
and the variation of the void radius is less than 10%. Please
note that the experiments described below have been car-
ried out several times and the data are all consistent.
Figures 1(a) and 1(b) show, for different magnifications,
the SEM images of the mesostructures obtained on a Si
substrate immersed in 200 ul of a 5 X 1073 M colloidal
solution. In this case, circular cylindrical void mesostruc-
tures forming a distorted hexagonal network are observed.
The average diameter of their circular bases is determined
from the SEM images for 150 void structures and found to
be (0.33 = 0.01) wm. For this mesostructure, a volume
fraction of 0.91 = 0.01 is measured. In order to assess
the influence of the amount of Co nanocrystals on pattern
formation, the same experiment is performed with 400 ul
of 5X 1073 M solution instead of 200 ul yielding a
higher amount of nanocrystals. Figures 1(c) and 1(d)
show that the void mesostructures adopt a cylindrical
structure with an elliptic-like basis having an aspect ratio
around 3.4 and @ = 0.73 = 0.02. The void structures ap-
pear to locally orient, on average, in the same direction.
Keeping the same amount of cobalt nanocrystals and using
a higher concentration of colloidal solution (1072 M), i.e.,
a smaller immersion volume (200 wl), Figs. 1(e) and 1(f)
show that cylindrical voids with a circular base are again
observed as in experiment 1 with the conditions: 200 ul,
5 X 1073 M. However, contrary to the first experiment, no
hexagonal network is observed, and the cylindrical struc-
tures are not well defined so that an average diameter and
volume fraction could not be determined. By replacing Si
substrate by HOPG and keeping the same experimental
conditions as above (200 wl, 1072 M), two different mor-
phologies are simultaneously observed: cylindrical void
mesostructures with circular base characterized by an av-
erage diameter of (0.18 = 0.01) um and ® = 0.91 = 0.01
and inverted labyrinthine structures with ® = 0.70 = 0.04
[Figs. 1(g) and 1(h)]. Hence, keeping the same experimen-
tal conditions and changing the substrate (Si, HOPG),
cylindrical voids are observed in both cases whereas the
presence of inverted labyrinths is also found on HOPG
explained by irregularities of this substrate at a large scale.
These results seem somewhat puzzling but can be ration-
alized by observing that ® is the relevant parameter for
mesostructure morphologies rather than the total amount,
n, of cobalt nanocrystals. In fact, during evaporation, nano-
crystals can deposit along the beaker walls that depend on
the volume of solution. The volume fraction ® evaluated in
the different experiments shows that cylindrical void (cir-
cular base) mesostructures correspond to @ = 0.91 *
0.01, for any experimental conditions, to form these mes-
ostructures. When the void morphology evolves from cy-
lindrical void to elliptic cylindrical void mesostructures,
the volume fraction decreases from 0.91 to 0.73 = 0.02. At
a still lower volume fraction (® = 0.7), the elliptic cylin-

FIG. 1. SEM images of void structures obtained on Si sub-
strate by evaporation of 200 ul of a 5 X 1073 M concentrated
solution (a) and (b), 400 ul of a 5X 1073 M concentrated
solution (c) and (d), and 200 ul of a 1072 M concentrated
solution (e) and (f). SEM images of void structures obtained
on HOPG substrate by evaporation of 200 ul of a 1072 M
concentrated solution (g) and (h).

drical mesostructures become more elongated leading to
the inversed labyrinthine structures observed on HOPG.

The physical origin of the structure lies in the competi-
tion between short-range attractive forces and long-range
dipolar repulsion between the nanocrystals. A free energy
approach taking into account the attractive surface and the
repulsive dipolar energies of the structures shows that the
void structures are the most stable pattern at large volume
fractions [17]. To quantitatively predict the range of the
labyrinthine and void phases as a function of volume
fraction and field, simulations have to be carried out taking
the entropy directly into account. Monte Carlo simulations
[18] have been performed in the density range p = 0.4-0.6
for magnetic fields H = 3-30 in reduced units.

The simulations were performed in a similar way as de-
scribed in our previous work [19]. The interaction between
two nanocrystals 7 and j is described by a Stockmayer pair
potential, which consists of a dipole-dipole interaction
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where p; = ws; and p; are the dipole moments of parti-
cles i and J, s; the unit vector in the direction of the dipole
moment, r;; = r;-r; the vector joining the centers of mass
of the particles, r;; = |r;;| and uo = 471077 JA™>m™!
the permeability of vacuum. The magnetic dipole w is
calculated from the bulk magnetization M,; (M; = 14 X
10> Am™! for cobalt) according to u = u,M,(7/6)d,,>.
Using a value of 8 nm for the average magnetic diameter
d,, of the cobalt nanocrystal yields a reduced dipole mo-

ment u* = w/(g04mumy) = 2. In order to model the
thin film which appears during the evaporation of the

nanocrystal solution, the Stockmayer fluid is confined
between two parallel walls separated by a distance L/o =
10. Structure morphologies do not depend markedly on L
except for very small values. The particle-wall interaction
is purely repulsive decaying 1/z'> where z is the distance
of a particle from the wall. Since pattern formation is
experimentally associated with a gas-liquid transition, den-
sities and temperatures were chosen within the gas-liquid
coexistence region of the Stockmayer fluid. The reduced
temperature was fixed at T = kT /e = 1.25. Values for
the strength of the magnetic field, applied perpendicularly

to the walls, were H* = Hveo> = 5, 10, 20, 30 corre-
sponding to 0.09, 0.18, 0.36, and 0.545 T, respectively. The
MC simulations were performed in the canonical ensemble
[18] using N = 2592 or N = 3000 particles with periodic
boundary conditions in the x and y directions parallel to the
walls. The long-range dipolar interactions were taken into
account by a modified, slab-adapted Ewald sum [20-22].
Typical simulation runs involved 1.8 X 10° cycles after
equilibration of the system, a cycle corresponding to trans-
lation and rotation of the N particles. For notational con-
venience, stars in the reduced quantities will be omitted in
the remainder of the Letter.

The MC results obtained for p = 0.4-0.6 can be com-
bined with our previous MC results [19] covering the
density range p = 0.1-0.4. Thus, a full sequence of micro-
structures is found: they range from cylindrical columns
arranged in a near hexagonal array to vertical sheetlike
labyrinths and finally to hole (void) structures.
Monte Carlo simulations carried out without the attractive
van der Waals term did not yield any structures such as
columns, labyrinths, or voids. Fixing the value of H at 30
(corresponding to 0.545 Tesla), simulations are performed
at various densities. Figure 2 shows cylindrical columns for
p = 0.1 [Fig. 2(a)], vertical sheetlike labyrinths are ob-
served at p = 0.3 [Fig. 2(b)] and void structures for 0.4 <

FIG. 2. Snapshots of particle configurations of the confined
Stockmayer fluid at 7 =125, =20, and L = 10:
(@ p=0.1,H=30; (b) p=03, H=30;(c) p=04, H=
5;(d) p=0.4, H=30; (e) p =042, H=30; (f) p =045,
H=30;, (g p=048, H=30; (h) p=05 H=30;
1) p = 0.55, H=20; N = 3000 except for figures (a), (f)—(i)
N = 2592.

p < 0.55 (Figs. 2(d)-2(1)). Extended simulations at various
field and density values allows sketching the different
phases obtained from the MC simulations of the confined
Stockmayer fluid as a function of density and field strength
in Fig. 3. Figure 2 gives a more detailed description of the
region of void microstructures: For H =5 (i.e., H =
0.09 Tesla), the system behaves as a nearly homogeneous
drop typical of gas-liquid coexistence [Fig. 2(c)].
Elongated holes start to appear at p = 0.4 for H =5
[Figs. 2(d) and 2(e)] and first coexist with the sheetlike
structures typical of the lower densities. With increasing
density these elongated (elliptical-like) holes become
smaller and for densities p > 0.45 (circular) cylindrical
void structures arranged in a somewhat distorted hexagonal
array are obtained [Fig. 2(f)-2(i)]. The diameter of the void
cylinders decreases as a function of the density from p =
0.45 [Fig. 2(f)] to p = 0.55 [Fig. 2(1)]. This type of orga-
nization corresponds to the inverted hexagonal structure
predicted by free energy approaches [17]. Quite remark-
ably, these hole structures are by no means static but
migrate through the system on a rather rapid ‘““time” scale.
At p = 0.6, where the confined Stockmayer system ap-
proaches the liquid region in zero field (cf. phase diagram
in Fig. 1 of Ref. [19]), the system is too dense for voids to
form and the particles fill the simulation box in a nearly
homogeneous way. To make a more quantitative compari-
son of the conditions for onset of the different morpholo-
gies with experiment, we calculated the volume fraction @,
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FIG. 3 (color online). Sketch of the phase behavior of the
confined Stockmayer system predicted by Monte Carlo simula-
tion as a function of density and field strength. The symbols
represent the different simulated state points considered: filled
circles: columnar phase; diamonds: coexistence of columns and
sheets; squares: sheets (labyrinths); open circles: void structures;
crosses: homogeneous film. The state points for p < 0.4 are from
Ref. [19].

defined as the ratio of the surface occupied by the aggre-
gates and the simulation box. The analysis is restricted to
fields 20 <H <30 (corresponding to 0.36 <H <
0.545 Tesla) as in the experiments. Within the statistical
error, results for ® turn out not to depend appreciably on H
for H = 10-30. At p = 0.45, one finds ¢ = 0.83 = 0.03.
Simulations thus predict the formation of void cylinders at
a volume fraction larger than 0.83 in fair agreement with
experiment where these structures are observed at ® =
0.91 = 0.01. Elliptical holes are obtained in the simula-
tions at densities between 0.4 and 0.45, i.e., for volume
fractions between ® = 0.70 £ 0.03 and 0.83 = 0.03,
which also well fits the experimental value of 0.73 =
0.03. Molecular dynamics simulations have been per-
formed recently for a similar system and nearly identical
parameters but for the higher density p = 0.6, which cor-
responds to a liquid density (outside to the liquid-gas
coexistence region of the Stockmayer potential in zero
field). At this density, layering of the particles is observed
for suitable separations of the confining surfaces (h = 5)
[23]. To conclude, contrary to former experiments where
only columns and labyrinths were obtained, void structures
in cobalt nanocrystal films are here observed for the first
time due to the use of stable concentrated colloidal solu-
tions of cobalt nanocrystals. These structures are charac-
terized by a higher volume fraction than 0.7 of cobalt
deposited on the substrate in excellent agreement with
the values predicted by our MC simulations. Both experi-
mental and theoretical results show that the volume frac-
tion (and not the initial conditions of the experiment) is the
key factor to explain the appearance of void structures. In
addition, a change in ® changes the morphology of the
voids. Finally, one can note that in recent computer simu-
lations, inverse phases have been shown to arise even in
very simple systems (spherically symmetrical potentials)

from competition in the length scales of attractive and
repulsive interactions between the particles [24-26]. This
shows that the kind of void structures observed here ex-
perimentally for the first time can be expected in a large
variety of other systems.

We thank Drs. C. Petit and D. Ingert for fruitful discus-
sions on their observations of mesostructures in cobalt
nanocrystal films.
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