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From the Co Nanocrystals to Their Self-Organizations:
Towards Ferromagnetism at Room Temperature
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Here, we show that rather uniform 7 nm Co nanocrystals self-organize into long-range two- and three-
-dimensional superlattices. Due to this ability we have to control the mesoscopic ordering; unexpected intrinsic
collective chemical and physical properties have been discovered. By annealing treatment, a crystallographic
transition from a polycrystalline fcc- to single crystalline hcp-Co phase is obtained leading to a drastic change
in the magnetic properties such as an increase in the blocking temperature that can reach a value close to room
temperature. Neither coalescence between nanocrystals nor oxidation of the Co material is observed. In these
artificial solids, when the individual nanocrystal anisotropy is low, super-spin glass behavior is observed.

PACS: 75.50.Tt, 75.70.Cn

1. Introduction

The organization of identical passivated nanometer-
-scale particles into micrometer-scale ordered arrays con-
stitutes a new generation of materials. They cover a
large variety of structures including chains (1D), compact
hexagonal arrays (2D), 3D superlattices called supracrys-
tals, rings and honey-like structures [1, 2]. Several strate-
gies for self-assembling the nanocrystals exist: (i) The
self-assembly in solution is governed by the balance of
attractive and repulsive forces between nanocrystals [3].
(ii) The deposition on a substrate layer by layer is related
to liquid–gas phase transition [4]. (iii) The shape of the
template predefined the nanocrystal arrangements when
strong interactions between the nanocrystals and tem-
plates take place [5–7]. (iv) Self-assembly at the liquid–
liquid, liquid–air and liquid–solid interface takes place [8].

As a result of the periodic ordering of the nanocrys-
tals, this new generation of materials from metallic, semi-
conductor and magnetic nanocrystals exhibit unique me-
chanical [9], transport [10], magnetic [11–14], optical
[15–17], and vibrational [18–20] intrinsic physical proper-
ties. For example, it is well known that color in precious
opal results from the high ordering of the uniform silica
spheres [21]. Intrinsic chemical properties related to their
stability against oxidation [22, 23] and robustness [24, 25]
due the nanocrystal ordering has been recently discov-
ered. All these changes in the chemical and physical
properties give rise to an enormous interest for exploit-
ing these collective properties and the possibility of using
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them in functional devices. Magnetic nanocrystals have
attracted much interest in recent years as they have many
potential technological applications, the most significant
being in high-density data storage [26–28]. Here, we con-
centrate on the self-organisations of cobalt nanocrystals,
their preparation and the chemical and physical proper-
ties resulting from their 2D and 3D mesoscopic order-
ing. We also propose an annealing strategy for convert-
ing the particle structure from Co polycrystal to Co-hcp
single-crystalline phase, highly required due to its high
anisotropy.

2. 2D and 3D superlattices of Co nanocrystals.
Characterisation and chemical properties

2.1. Synthesis of dodecanoic acid coated
Co nanocrystals

The synthesis of Co nanocrystals [29] takes place in
pure micelles of cobalt(II) bis(2-ethylhexyl) sulfosucci-
nate, Co(AOT)2 [30], the size and form of which are
controlled by the water content, defined as w = [H2O]/
[AOT] = 32. The cobalt ions are reduced by addition
of sodium borohydride, NaBH4, to the micellar solution.
The concentration of reducing agent is defined as R =
[NaBH4]/[Co(AOT)2]. After synthesis, the Co nanocrys-
tals are extracted from the AOT surfactant by adding
dodecanoic acid molecules that covalently bond [31] to
the metallic surface. After being washed with alcohol,
the particles are dispersed in hexane. At R = 0.5, the
micellar solution remains isotropic and the nucleation
and growth processes give rise to a single population of
nanocrystals. On increasing the R value above 1, the mi-
celles are destroyed because of the limiting water concen-
tration and two nanocrystal populations are produced.

(426)
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In that case, the solution is centrifuged to precipitate
bulk cobalt and larger particles, and we recover only the
smaller nanocrystals.

TABLE

Average diameter of Co nanocrystals, D, and size
distributions σ, at various R values.

R 0.5 1 2 4 6 8
D [nm] 6 7 7 7 7 8
σ [%] 30 18 13 12 12 8

The increase in the reducing agent concentration from
R = 0.5 to R = 8 induces an increase in the mean size
of the nanocrystals from 6 nm to 8 nm (Table). At the
same time, the size distribution is found to significantly
decrease from 29% to 8% (Table). This behavior has
mostly to be related to the excess of reducing agent that
modifies the nucleation of growth processes. Reduction
of cobalt ions is not complete below R equal to 8 [32].
Therefore, the smaller nanocrystals obtained at low R
values (and that can be considered as seeds) grow with
increasing R value, i.e., with increasing the yield of the re-
duction reaction. Besides, during the size selection that
occurred at the end of the synthesis, only the smaller
nanocrystals are collected. Hence, the amount of reduc-
ing agent is one of the key parameters in controlling the
size distribution of cobalt nanocrystals.

2.2. From Co nanocrystals to the 2D
and 3D superlattices

Due to Van der Waals interactions and when the size
distribution is equal or lower than 13% [29], Co nanocrys-
tals 2D and 3D self-organize. Transmission electron mi-
croscopy (TEM) image (Fig. 1A) shows that the drop-
wise deposition of the colloidal solution on a TEM grid
covered with a thin layer of highly ordered pyrolytic
graphite (HOPG) spontaneously leads to the organiza-
tion of nanocrystals in 2D hexagonal network over a long
range. The mean diameter and size distribution of the
nanocrystals are 7.2 nm and 11%, respectively, and the
interparticle gap is 2 nm. In regard to the length of
the dodecanoic acid molecule in the all-trans conforma-
tion, 1.77 nm [33], the found interparticle gap thus points
to a dense lateral packing. By using the same depo-
sition process with an increased solution concentration,
Co nanocrystals 3D self-organize (Fig. 1B). The steps
show the formation of 3D assemblies from one layer (a)
to a multilayer system ((b)–(d)), thin enough to be ob-
served by TEM. Thicker 3D superlattices or supracrys-
tals are prepared by slowly evaporating a highly concen-
trated colloidal solution on HOPG at a substrate temper-
ature maintained at 25 ◦C by a Peltier module [34]. The
scanning electron microscopy (SEM) image presented in
Fig. 1C shows that the film of supracrystals appears
cracked. Its thickness varies from a few micrometers
on the border to tens of nanometers in the central part.

The corresponding small-angle X-ray diffraction pattern
(GISAXRD) (Fig. 1D) shows several reflections charac-
teristic of long-range order of the nanocrystals in a face-
-centered cubic (fcc) suprastructure growing in the [111]
direction [34]. The (111) reflection is very narrow and
nearly resolution-limited (0.0045 nm−1), indicating long-
-range out of plane order [34]. This gives us the mini-
mum value for the coherence length, 140 nm. From the
(111) reflection, we deduce a stacking periodicity equal
to 11 nm including the metal core and a coating contri-
bution and gives us an interparticle gap of 3 nm.

Fig. 1. (A) TEM image of 7.2 nm cobalt nanocrystals
ordered in a compact hexagonal monolayer. Top in-
set: high-resolution pattern of a single cobalt nanocrys-
tal. Bottom inset: electron diffraction pattern. (B)
TEM image of thin 3D organizations. (C) SEM image
of supracrystals. (D) Corresponding X-ray diffraction
pattern.

Due to the interdigitation of the alkyl chains, these
long-range 2D and 3D superlattices are highly stable over
several weeks, and neither oxidation of the material nor
coalescence between the nanocrystals is observed [14].

2.3. Control of the Co crystallinity

The organization of identical passivated nanometer-
-scale magnetic particles into micrometer-scale ordered
arrays will facilitate their use in regard to applications
such as ultrahigh density recording [27, 28]. However,
with decreasing particle size, we come into conflict with
the superparamagnetism caused by the reduction of the
anisotropy energy per particle [35–39]. To overcome this
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problem, the use of hard magnetic nanomaterials is re-
quired. Due to its high magnetic moment per nanocrystal
(higher than FePt), hcp-Co is a good candidate.

The as-synthesized Co nanocrystals obtained in reverse
micelles are polycrystalline. The electron diffraction pat-
tern is characterized by two diffuse rings related to lattice
spacings of 2.04 Å (±0.04 Å) and 1.20 Å, which could be
indexed as the (111) and (220) reflections of fcc Co re-
spectively (bottom inset, Fig. 1A). High–resolution TEM
(HRTEM) shows that these nanocrystals are composed
of a few ordered domains, less than 1 nm in size (top
inset, Fig. 1A). One strategy to obtain the magnetically
hard hcp phase is to recrystallize the magnetically soft
cubic-Co nanocrystals through a post-synthesis thermal
treatment. Such a treatment is not trivial as in many
systems (e.g., FePt, CoPt and Co) [40–44] it leads to
an undesirable nanocrystal coalescence and/or oxidation.
Hence, after deposition, the 2D and 3D superlattices are
placed in a closed quartz ampule with a nitrogen atmo-
sphere and are annealed in a furnace at various temper-
atures (250, 300 and 350 ◦C) for 15 min. At 250 ◦C, the
nanocrystal structure significantly changes.

Fig. 2. TEM images of Co nanocrystals ordered in a
compact hexagonal monolayer in situ annealed at (A)
250 ◦C, (B) 300 ◦C, (C) 350 ◦C. Inset: high-resolution
pattern of a hcp-Co single-crystal. (D), (E) and (F) —
corresponding electron diffraction patterns.

The diffraction pattern made on a 2D superlattice
(Fig. 2D), shows in coexistence with the diffuse ring re-
lated to the likely (111) reflection of fcc Co, three discrete
(also still somewhat diffuse) rings (the external triplet)
characterized by 1.29±0.04, 1.20±0.04 and 1.10±0.04 Å
distances corresponding respectively to (110), (103) and
(112) planes of the hcp-Co phase. After annealing at
300 ◦C, the (111) ring splits into three discrete rings (the
internal triplet) characterized by 2.23 ± 0.04, 2.1 ± 0.04
and 1.99 ± 0.04 Å corresponding respectively to (100),
(002) and (101) of the hcp-Co phase.

In addition, to the hcp internal and external triplets,
the diffraction pattern shows one ring characterized by
distance of 1.47±0.04 Å, corresponding to the hcp (102)

spacing’s (Fig. 2E).
At 350 ◦C, we observe, similarly to the 300 ◦C annealed

sample, all the reflections corresponding to a pure hcp
structure, with an additional one characterized by a dis-
tance 1.03±0.04 Å, corresponding to the hcp (201) spac-
ing (Fig. 2F). This behavior indicates the progressive
disappearance of the likely fcc-Co phase in favor of the
hcp-Co phase. At 350 ◦C, the HRTEM images (inset,
Fig. 2C) mostly show hcp-Co single crystals. At this
temperature, neither coalescence (Fig. 2C) nor detectable
oxidation is observed. At all annealing temperatures in-
vestigated, Co nanocrystals remain long-range 2D self-
-organized in a hexagonal network (Fig. 2A–C) [35].

The 3D fcc supracrystals, submitted to the same ther-
mal treatment, remain also highly stable [35, 45]. Hence,
the suprastructure is not only maintained but it is also
improved during annealing as evidences by small angle
X-ray scattering (SAXS) study indicating an increase in
the coherence length in the supracrystals. This behavior
is accompanied by a systematic decrease in the inter-
particle distance. These structural changes are enabled
by the coating chain melting, which allows a significant
re-arrangement of the nanocrystals. The high thermal
stability of these artificial solids is attributed to the ro-
bustness of dodecanoic acid molecules surrounding the
nanocrystals.

Fig. 3. FC (full lines), and ZFC (dashed lines) M vs. T
curves of supracrystals (A) native and annealed at (B)
250 ◦C, (C) 300 ◦C, (D) 350 ◦C. (E) ZFC M vs. T/TB

curves for the supracrystals.

Figure 3 shows the field cooled (FC) and zero field
cooled (ZFC) magnetization versus temperature curves,
measured with an applied field of 20 Oe, for fcc supracrys-
tals in the native state (A) and annealed at 250, 300 and
350 ◦C (Fig. 3B–D, respectively). As shown, the ther-
mal treatment of supracrystals induces a progressive in-
crease in the blocking temperature TB from ≈ 100 K for
the native state to ≈ 280 K when Tann = 350 ◦C. This
behavior is explained by the crystallographic transition
from a polycrystalline and probably fcc-cobalt phase to
the single crystalline hcp-Co phase, i.e. by an increase in
the magnetic anisotropy.

After the annealing at 250 ◦C, we observe that the nor-
malized ZFC peak to the TB is broadened with respect
to the native sample (Fig. 3E). At this stage, the crys-
tallographic transition is not complete as revealed by the
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electron diffraction study, leading to a distribution of the
anisotropy in the sample and then to a distribution of the
barrier energies. After annealing at higher temperature,
300 and 350 ◦C, a progressive narrowing of the ZFCnorm

peak is observed until the native width is recovered. This
behavior is attributed to the crystallographic transition
that is complete at 350 ◦C.

This results shows that annealing of Co nanocrys-
tals convert the nanomaterial from soft to hard mag-
netic nanomaterial. This treatment does not result in
either oxidation or coalescence of the nanocrystals self-
-organized in 2D and 3D superlattices. At 350 ◦C, the fcc
supracrystals are ferromagnetic near room-temperature
value.

2.4. Control of the mesoscopic ordering
of 3D superlattices

By controlling the substrate temperature during the
solvent evaporation process, mesoscopic ordering of 3D
assemblies of Co nanocrystals can be controlled [46].

Fig. 4. SEM images of supracrystals obtained at var-
ious substrate temperatures (A) T = 10 ◦C, (B) T =
25 ◦C, (C) T = 35 ◦C, (D) T = 45 ◦C. Insets: corre-
sponding diffractograms.

The substrate temperature is controlled by a Peltier
cooling stage. Nitrogen is used to prevent cobalt oxida-
tion. Its flow can be adjusted; the evaporation rate is
presently characterized by the hexane partial pressure,
kept at ca. 40% of the saturation value in the evapora-
tion cell. The cobalt nanocrystals are characterized by
an average size and size distribution of 7.2 nm and 12%,
respectively.

In the temperature range 5 < T < 12 ◦C, the deposi-
tion gives rise to the formation of a thin film morphol-
ogy (less than 500 nm) with a smooth surface (Fig. 4A).
The diffraction pattern reveals a diffuse ring indicat-
ing the absence of any long-range ordering. This is
further confirmed by the diffractogram showing a low-
-intensity peak characterized by a broad half-width at

half-maximum (inset, Fig. 4A). By increasing the tem-
perature, 18 < T < 25 ◦C, the morphology of the film
drastically changes.

Most of the nanomaterial is concentrated at the center
of the substrate where the films appear cracked to give
blocks of random size and shape (Fig. 4B–D). Upon in-
creasing the temperature, the blocks become increasingly
widespread. The SAXS study indicates a long-range fcc
structure [34, 46]. At 25 ◦C, the diffractogram shows that
the (111) reflection width is nearly resolution-limited.
By increasing the temperature from 25 to 35 and 45 ◦C,
the peak width decreases and becomes increasingly in-
tense (inset, Fig. 4B–D). At 45 ◦C, a second-order re-
flection appears (inset, Fig. 4D). This behavior clearly
indicates an increase in both size and coherence length
of supracrystals.

These results clearly show that the temperature is
a key parameter to control the mesoscopic ordering
of 3D assemblies of Co nanocrystals, i.e. to control the
nanocrystal diffusion within the solution and on the sub-
strate. Hence, with the same batch of nanocrystals, we
can produce either long-range fcc supracrystals or disor-
dered assemblies.

2.5. Enhanced stability of Co hcp single crystals induced
by the mesoscopic ordering

To probe the stability against oxidation of hcp-Co
single crystals, they are exposed to air for some hours
[22, 23].

Fig. 5. (A) TEM image of core/shell Cohcp/CoO
nanocrystals ordered in a compact hexagonal mono-
layer. (B) Corresponding electron diffraction pattern.
(C) HRTEM image of one of the nanocrystals in (A).
(D) Elemental map for oxygen, using the OK edge;
(F) elemental map for cobalt, using the Co L edge.
(F) TEM image of CoO nanocrystals. Inset: corre-
sponding HRTEM image.

2D superlattices of hcp-Co single crystals are prepared
by using the in situ annealing process at 350 ◦C described
in Sect. 2.3. The Co nanocrystals are characterized by a
mean size and size distribution of 7.5±0.4 nm and 9.5%,



430 I. Lisiecki

respectively. After exposure to air for few hours, TEM
image (Fig. 5A) shows that nanocrystals do not present
anymore a homogeneous aspect (Fig. 2C) but are now
characterized by a core-shell contrast.

In addition to the hcp-Co signature, the electron
diffraction pattern (Fig. 5B) displays a ring at 2.46 Å in-
dicative of the (111) lattice spacing of the cubic CoO. The
HRTEM image showing a single nanocrystal in a hexa-
gonal array (Fig. 5C) reveals a core with lattice planes
characterized by a distance of 2.00 Å, attributed to the
(002) planes of hcp-Co. The shell, which appears poorly
crystallized, reveals some lattice planes with a distance of
2.46 Å typical of the (111) planes of CoO. These results
clearly indicate the formation of core/shell nanocrystals
composed of highly crystallized hcp-Co as the core and
poorly crystallized CoO as the shell.

Electron energy loss spectroscopy (EELS) study per-
formed on this sample further confirms this claim. The
elemental map for oxygen, using the O K-edge (Fig. 5D)
shows that the brightness is mainly located in the shell
region while it is clearly observed in the core region when
the elemental map is obtained for Co, using Co L edge
(Fig. 5E) [22]. So, when Co nanocrystals, closed-packed
in a 2D hexagonal array, are submitted to air, they trans-
form into core/shell Cohcp/CoO nanocrystals.

It is noticeable that the superlattice keeps its integrity
as no coalescence is observed between the “new” build-
ing blocks. The same exposure to air made on the same
population of hcp-Co single crystals but that are in a
disordered and/or isolated fashion gives rise to fully ox-
idized CoO nanocrystals that tend to coalesce (Fig. 5F
and inset).

This study clearly evidences the enhanced stability
against oxidation of hcp-Co single crystals due to 2D
self-organization. The robustness of Co nanocrystals ob-
served in the 2D organizations is attributed to a decrease
in the permeability of the dodecanoic acid chains to O2

molecules. From a magnetic point of view, the core/shell
Cohcp/CoO nanocrystals are highly desirable as we can
expect an additional exchange anisotropy compared to
the hcp-Co nanocrystals.

3. 3D superlattices of Co nanocrystals.
Physical properties

3.1. Evidence of super-spin glass behavior in 3D
supracrystals of Co nanocrystals

In a conventional atomic spin glass, the lack of long
range magnetic order arising from magnetic frustration
or highly dilute magnetic ions, leads to interesting be-
haviour such as aging, rejuvenation and memory ef-
fects [47, 48]. In a magnetic nanoparticle system, if the
nanoparticles are small enough to have a single magnetic
domain, each nanoparticle will act like a giant or “super”
spin. In sufficiently concentrated systems, these “super-
spins” can interact via long range dipolar interactions,
whose random nature leads to a highly disordered and
frustrated magnetic state analogous to that in atomic

spin glasses. Until now, the interacting systems that
have been investigated are disordered systems, where the
nanocrystals are not in a regular array [49–53]. There-
fore, the question that arises is what is the influence of
the long-range ordering of Co nanocrystals in a 3D fcc
array on the superspin glass behavior.

Fig. 6. (A) In phase and (B) out of phase part of the ac
susceptibility versus temperature, measured at frequen-
cies between 0.08 and 8 Hz for 8 nm Co polycrystals.

Fcc supracrystals were prepared by slowly evaporating
a colloidal solution of 8 nm Co polycrystals on highly
oriented pyrolytic graphite as presented in Sect. 2.2
(Fig. 1C,D) [34]. The ZFC magnetisation increases with
increasing temperature up to a maximum, TB, above
which the behaviour is paramagnetic [47]. In this case,
TB (130 K) is significantly larger than that observed for
a dilute system of Co nanocrystals of the similar size [54]
due to the strong magnetic dipolar interactions between
the nanocrystals in the supracrystal. The FC magnetisa-
tion curve is nearly temperature independent below TB,
characteristic of spin glass behaviour [47].

In less interacting systems where the behaviour is
superparamagnetic the FC magnetisation curve is not
temperature-independent below TB but increases with
decreasing temperature [55].

Figure 6 A,B shows the in-phase (χ′) and out-of-phase
(χ′′) components of the ac susceptibility versus temper-
ature respectively, measured in a range of ac frequen-
cies varying by 2 decades in magnitude. The χ′ suscep-
tibility shows a clear frequency dependence, where the
temperature at which the maximum susceptibility is ob-
served (Tpeak) increases with increasing frequency. The
χ′′ susceptibility also shows frequency dependence, where
the maximum slope for a given frequency corresponds to
Tpeak in the χ′ curve.

Frequency dependence in an ac measurement is ob-
served both in superparamagnetic and superspin glass
materials. In order to differentiate between these two
types of behaviour, one can analyse quantitatively the
change in Tpeak with frequency.

For a superparamagnet, where dipolar interactions be-
tween the magnetic moments are negligible, the fre-
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quency dependence should follow an Arrhenius law τ =
τ0 exp(Ea/kBT ) where Ea is the anisotropy energy, τ is
the inverse of the measurement frequency and τ0 is an
attempt time. By plotting log10 τ versus 1/Tpeak and fit-
ting the data to a straight line, the value of τ0 can be
extracted and in this case we find τ0 = 10−31 s. This
unphysically small value indicates that this system is
not best described by simple energy barrier blocking and
thermal activation and a different approach is needed.
Hence, we have tried fitting the data to a critical power
law τ = τ∗(Tpeak/Tg − 1)−zν , where Tg was taken as
the maximum in the dc ZFC magnetization curve. Fit-
ting the data yielded τ∗ = 10−9±3 s and zν = 12 ± 2.
This value of τ∗ is in good agreement with values found
for spin glasses, and zν, although slightly high, is also
compatible within error to that expected for spin glasses
[48, 55, 56].

Spin glass and superspin glass materials are known to
show aging and memory effects, which can be demon-
strated by a simple dc magnetization experiment. The
sample is zero field cooled from above Tg to a tempera-
ture Ts typically equal to 0.7Tg where a waiting time of
tw = 104 s is imposed before continuing cooling down to
low temperature. A small field is then applied and the
magnetization is measured on heating. A deviation from
the reference ZFC curve (with no stop during cooling)
is observed at Ts, which is known as a “memory dip”, so
called as the system has “remembered” the relaxation to-
wards a zero magnetization value (aging) that occurred
during the cooling process.

The results of these ac and dc susceptibility investi-
gations provide strong evidence for superspin glass be-
haviour in these fcc Co nanocrystal supracrystals.

3.2. Magnetic intrinsic property of 3D superlattices
of Co nanocrystals

Owing to the ability of controlling the mesoscopic or-
dering of 3D assemblies of Co nanocrystals (see Sect. 2.4),
we can carry out a carefully controlled comparative in-
vestigation of the magnetic properties of long-range fcc
supracrystals and disordered assemblies, both composed
of the same population of nanocrystals (the same size
and the same size distribution).

Co nanocrystals used for this study are characterized
by a mean size and size distribution of 7.5 nm and 9.4%,
respectively. Figure 7A shows the FC and ZFC mag-
netization versus temperature curves, normalized to the
blocking temperature, measured with an applied field of
20 Oe, of fcc supracrystals (black) and disordered as-
semblies (red). Whatever the mesoscopic ordering is, TB

does not change significantly, its value is found around
100 K. However, as it can be observed in Fig. 7A, the
ZFC peak is significantly narrower for the supracrystals.
The width of the ZFC peak is dependent on the distri-
bution of energy barriers, Eb, in the system: a larger
distribution gives a broader peak. The barrier energy is
the sum of the anisotropy energy (Ea = kaV where ka is
the anisotropy constant and V is the nanocrystal volume)
and the interparticle dipole interaction energy (Edd) [57].

Fig. 7. (A) ZFC M vs. T/TB curves of fcc supracrys-
tals (black) and a disordered 3D assembly at T = 5 K
(red). (B) M vs. H curves normalized to Ms of fcc
supracrystals (black) and disordered 3D assembly (red).
Inset: magnification of the low field region.

As the nanocrystals used to form the two samples come
from the same synthesis batch, we can discount any ef-
fects of nanocrystal volume distribution and anisotropy.
We therefore explain the difference in the distribution
of Eb by the change in the mesoscopic ordering in the as-
semblies. As pointed out in Ref. [58], dipolar forces have
a strong directional dependence and, consequently, dipo-
lar interactions in the assembly should be sensitive to the
detailed geometrical arrangement of the nanocrystals.

In the supracrystals, Co nanocrystals are long-range
ordered in an fcc structure, i.e., their environment is
highly uniform related to the coordination and interpar-
ticle gap. The disordered assembly has no long-range
order and consists of very small crystallized domains
likely separated by amorphous material. In this case,
the nanocrystals have a much less uniform environment
than the supracrystals, this leads to a greater distribution
of Edd (and hence Eb) compared to the supracrystals.
We acknowledge that this effect of order is fairly subtle,
however, we have found that it is highly reproducible.

Figure 7B shows the magnetization versus field curves
for the supracrystal (black) and disordered (red) samples
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at 5 K. In both cases, saturation is reached at around
1 T and hysteresis is observed. For the ordered sample,
we find that the coercivity, Hc is larger than for the dis-
ordered sample (900 against 600 ± 50 Oe) and that the
latter saturates at slightly lower fields. This faster ap-
proach to saturation seen for the disordered sample is
coherent with a ∆M ≈ H−1/2 behavior as observed in
amorphous ferromagnets [59].

Experimental studies on these materials and on anal-
ogous nanoparticle films have shown that a higher
anisotropy leads to a slower approach to saturation as we
observe for the supracrystal sample [60, 61]. We there-
fore propose that the supracrystals have a higher sample
anisotropy compared to the disordered sample (as is also
confirmed by the higher Hc) due to the increased meso-
scopic order. This behavior presents an analogy with
bulk crystalline materials where higher atomic crystallo-
graphic order leads to an increase in anisotropy.

This result constitutes the first intrinsic magnetic
property due to the mesoscopic order in 3D assemblies
of metallic nanocrystals.

4. Conclusion

In this paper, we show that we can control both the
mesoscopic ordering of fcc supracrystals composed of Co
nanocrystals and the Co crystallinity. Hence, remarkable
intrinsic collective magnetic properties have been discov-
ered. We give clear evidence of the enhanced stability
against oxidation due to 2D self-organization of hcp-Co
single crystals. When the nanocrystals are ordered in
a close-packed array, the formation of core/shell Cohcp/
CoO nanocrystals occurs whereas nanocrystals in disor-
dered areas or isolated on the substrate tend to fully oxi-
dize to pure CoO. We show that annealing the 2D and 3D
superlattices of Co nanocrystals leads to an increase in
the nanocrystal anisotropy with no damage to the super-
lattices making these artificial solids almost ferromag-
netic at room temperature. Finally, we show evidence
for super-spin glass behavior in fcc supracrystals of Co
polycrystals.
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