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Self-Assembly of Inorganic Nanocrystals:

Emergence of a New Physics

M. P. Pileni

In this paper we demonstrate that ordering of nanocrystals on long distance in 3D

superlatices called supra crystals permit to emerge of collective intrinsic properties,

which was not expected. The shape of the organization at the mesoscopic scale also

induces new physical properties.
Keywords: nanocrystals; self-assembly
Introduction

Self-organization of entities in 2D and 3D is

one of basic process in nature. Spherical

objects like oranges, balls or particles

having the same diameter self-organize in

compact hexagonal networks (2D) and in

3D ordered structure (fcc or hcp). Con-

cerning particles, opal made of silica

particles having few micrometers as dia-

meter self organize in highly ordered

structure[1] as atoms in the bulk phase or

sodium and chloride ions in NaCl. In some

cases it was found these organizations

arise specific physical properties due to

the ordering.

The first self-assembly of particles hav-

ing diameter of the few nanometers

(<10 nm) was discovered 10 years ago.[2,3]

Later on several groups demonstrated that

a rather large number of nanocrystals were

locally ordered.[2–11] The 3D superlatices

were made of few numbers of nanocrystals

layers.[7,12,13] To be able to find new

physical properties due to the ordering,

the nanocrystals have to be ordered at the

mesoscopic scale. Relatively very few

groups have been able to make 3D super-

lattices made of several thousand of layers

called supra crystals. This was produced for

silver,[14,15] CdSe,[3,16] cobalt[17,18] nano-
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crystals and gold.[19] The collective physical

properties of an assembly of nanocrystals[4]

are neither those of the isolated particles

nor that of the corresponding bulk phase.

They could depend on the shape and the

nanocrystal assembly at the mesoscopic

scale Collective optical[20] and mag-

netic[21,22] properties due to dipolar inter-

actions are observed when the nanocrystals

are organized in 2D superlattices[4]: The

optical properties of 5-nm silver nanocrys-

tals organized in hexagonal networks give

rise to several plasmon resonances modes,

which are attributed to the film anisotropy.

In the magnetic properties, the hysteresis

loop of nanocrystals is squarer when they

are deposited in compact hexagonal net-

works compared to isolated nanocrystals.

The calculated and experimental hysteresis

loops for a chain-like structure are squarer

than that of a well-ordered array of

nanocrystals. The linear chains of nano-

crystals behave as homogeneous nanowires.

In the present paper, we demonstrate

that the ordering of nanocrystals at the

mesoscopic scale, in 3D supra crystals, is

not simply an aesthetic arrangement but is

in fact a new generation of materials. We

first self assembled nanocrystals and we

name parameters needed to produce them

at mesoscopic scale. Then we describe the

various optical, magnetic and crystal

growth collective intrinsic properties due

to the nanocrystal ordering. We shows that

the shape of the mesosctrure of magnetic

nanocrystals control the physical properties
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of the nanostructure as oriented anisotropic

nanocrystals with same physical behavior

but with not the same origin.
Self Organization of Inorganic
Nanocrystals

The nanocrystals described below are made

in water in oil droplets stabilized by

surfactant and called reverse micelles.[23]

At the end of the synthesis the nanocrystals

are coated with surfactants differing their

head polar group.[4] For silver nanocrystals

the most used surfactant is dodecanethiol
Figure 1.

A monolayer of 7 nm cobalt nanocrystals in very lon

nanocrystals are organized in hexagonal network. Inset b

the nanocrystals do not have similar size. Inset c. SEM p

supra crystals. Inset d. X Diffraction pattern showing a

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
and for cobalt and iron oxide dodecanoic

acid. All the experiences described below

are down with these two surfactants

excepted when it is mentioned in the text.

The head polar group of the coating

surfactant remains the same, only the chain

length and solvent differ. After washing,

the coated nanocrystals are dispersed in a

given solvent. By deposition of such solu-

tion on a substrate the nanocrystals are

closed packed in compact hexagonal net-

works if their size distribution is low enough

(inset b Figure 1).[4] Of course, because

Vander Walls interactions the ordering is

easier for larger nanocrystals. When the
g distance. Inset a: TEM pattern showing that the

. The TEM pattern shows no organization in 2D when

attern of pavement of 7 nm cobalt nanocrystals called

pure fcc structure.
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size distribution is rather large (up to 13%)

no compact packing can be obtained (inset

d Figure 1). Hence, the size distribution is

the keep parameter to produce compact

manocrystals order. However it is not the

unique one. Particle-particle and particle-

substrate interactions[24] play an important

role in nanocrystal ordering. Hence, even

for very close substrates as amorphous

carbon or HOPG (Highly Oriented Pyro-

litic Graphite), the ordering is better with

silver and cobalt nanocrystals on HOPG

than amorphous carbon[17] whereas it is the

opposite for Ag2S.
[2]

When cobalt (or silver) nanocrystals are

able to self organize in compact hexagonal

network on long distance (Figure 1), reg-

ular periodic arrangement of nanocrystals

in 3D superlattices with more than thou-

sand layer of organized nanocrystals takes

place (inset c Figure 1) and form supra

crystals[14–18] with the X ray diffraction

spots of an ordered in fcc structure (inset d

Figure 1).

To determine the influence of the

nanocrystal ordering to the physical proper-

ties of such assemblies, we need to produce

simultaneously, with the same batch of

nanocrystals either supra crystals and

disordered aggregates i.e to tune the

ordering. This is possible by changing the

substrate temperature during the deposi-

tion process of nanocrystals on the sub-

strate. At low temperature, the deposition

gives rise to the formation of a non-

homogeneous thin film coexisting with

aggregates (Figure 2a). The X-ray diffrac-

tion pattern (Figure 2b) has a broad diffuse

ring attributed to a disordered material. On

increasing the temperature (10 8C<T<

45 8C), the film morphology changes

(Figures 2c, 2e, 2g). On increasing the

substrate temperature the pavement area

increases and the X-ray diffraction patterns

(Figures 2d; 2f; 2h) clearly show the high

degree of ordering of the nanocrystals with

fcc supra-crystals formation. Thus it is

possible to tune the nanocrystal ordering

from disordered aggregates to fcc supra

crystals. From these results, it is claimed

that, even if the same forces are not
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
involved, nanocrystals are able to behave

as atoms with formation of either disor-

dered aggregates or crystalline phase as an

example amorphous carbon or diamond.

Let us consider nanocrystals having a

low dipole interaction with respect to the

thermal energy and differing by their

average distances from 1.2 nm to 1.6 nm.

Interparticle interaction is defined as a sum

of the steric repulsion, the dipole-dipole

potential and the van der Waals attraction.

Dynamic Brownian simulation taking

into account the interparticle interaction

shows formation, during the evaporation

process, of large spherical aggregates

(Figure 3a) when the distance between

particles is 1.2 nm whereas they are ran-

domly dispersed (Figure 3b) for a distance

of 1.6 nm. Similarly when a magnetic field is

applied during the evaporation process, the

thick striped structures in the direction of

the applied field (Figure 3c) are observed

for a distance of 1.2 nm whereas a random

nanocrystal organization (Figure 3d) is

produced for a 1.6-nm nanocrystal distance.

These mesoscopic patterns are explained as

follows: when the distances between particles

are small enough, aggregates are formed due

to the van der Waals forces enhancing

considerably the long-range dipolar forces

compared to isolated particles; this is

accompanied by the formation of a ‘‘macro

dipolar moment’’ leading to an anisotropic

organization of the nanoparticles (Figure 3c).

On increasing the particle distance, the van

derWaals interactions are too weak to form

aggregates and particles behave individu-

ally. No aggregation of the particles is

observed even when particles are subjected

(Figure 3d) or not (Figure 3c) to an applied

magnetic field during the evaporation. To

improve this model, 10-nm g-Fe2O3 nano-

crystals are coated by surfactants with

different alkyl chain lengths, the solvent

is cyclohexane.With C8, large aggregates of

nanocrystals are observed with no applied

magnetic field (inset A Figure 3a) whereas

the nanocrystals are aligned under an

applied field (inset A Figure 3c). With C12,

the nanocrystals are dispersed on the sub-

strate with (inset A Figure 3d) and without
, Weinheim www.ms-journal.de



Figure 2.

SEM patterns and X-ray diffraction patterns obtained by deposition of cobalt nanocrystals on HOPG substrate at

various temperatures. The different substrate temperatures and corresponding X-ray diffraction patterns are

(a, b) T¼ 10 8C, (a, b) T¼ 25 8C, (c d) T¼ 35 8C, (e, f) T¼ 45 8C (g, h).
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(inset A Figure 3b) an applied field. Such

behavior is reinforced on increasing the

nanocrystals concentration with appear-

ance of rough-surface nanocrystals coated
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
with C8 (inset B Figure 3a) and wires (inset

B Figure 3c) in absence and presence of

an applied magnetic field, respectively,

whereas with C12 a thin film is formed
, Weinheim www.ms-journal.de



Figure 3.

Snapshots of the configurations by the Brownian dynamics simulations. a, For the coating layer thickness

d¼ 1.2 nm (a, c) and d¼ 1.6 nm (b, d) without (a, b) or with (c, d) an applied field. Inset A: TEM patterns obtained

with C8 (a, c) and C12 (b, d) without (a, b) or with (c, d) an applied field. Inset B: SEM patterns obtained with C8

(a, c) and C12 (b, d) without (a, b) or with (c, d) an applied field.
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(insets B Figures 3b and 3d).[25,26] Hence

from the same nanocrystals, it is possible to

produce either homogeneous film or nano-

crystals wires.[27] This permits to determine

whether or not the shape of the mesocopic

structure changes the magnetic properties

of the assemblies.
Intrinsic Properties due to Long
Distance Order of Nanocrystals
either in Supra Rystals or in
Multiplayers

Vibrational Collective Coherence

Properties[28–30]

Silver (or gold) nanoparticles markedly

adsorb light by exciting electronic surface
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
plasma dipolar oscillations.[31] This reso-

nance induces intense Raman scattering by

the vibration of the nanoparticles. The low

frequency Raman spectra of these materi-

als always show a very intense peak close to

the Rayleigh line, which is attributed to the

excitation of the quadrupolar vibration

mode of the nanoparticles via the plas-

mon-phonon interaction. For disordered

aggregates of silver nanocrystals (solid

line), the quadrupolar modes appear as

sharp intense lines (Figure 4a). For sphe-

rical nanocrystals with sizes larger than

�1 nm, the cluster vibrations are described

by modelling the nanocrystal with a con-

tinuum nanosphere of a diameter D equal

to the size of the nanocrystal,[32] and using

the longitudinal, vl, and transversal, vt,
, Weinheim www.ms-journal.de



Figure 4.

(a) Raman scattering spectra of 5-nm silver nanocrystals forming either disordered aggregates (black) or a supra-

crystal (red). (b) Comparison of the Stokes lineshapes of disordered aggregates. (c) Superposition of Stokes

lineshapes after horizontal shifting of disordered aggregates and the supra-crystal. (d) Comparison of the

Raman scattered intensity Ið3ÞðnÞ from silver nanocrystals forming small supra-crystals with the profile Ið1ÞðnÞ
� �2

from disordered aggregates of silver nanocrystals.
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sound velocities of Ag bulk. The frequen-

cies are given by the following equation:

v ¼ Slnvt
D

(1)

where Sln depends on the ratio vl/vt.

Figure 4b shows that the line shape agrees

with the inverse size histogram because the

intensity of Raman scattering frequency is

inversely proportional to the nanocrystal

diameter. As already discovered,[33] this indi-

cates that intra-nanoparticle coherence, i.e.,

nanocrystallinity and not inter-nanocrystal

coherence (or supra-crystallinity).

When the supra crystals are smaller that

1/10 of the excitationwavelength, theRaman

peak corresponding to quadrupolar modes is

shifted towards a low frequency compared to

the disordered aggregate Raman peak
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
(Figure 4a) with a decrease in its width

(Figure 4c). This change is due to two effects:
(i) E
, We
ffect of the Lorentz field. The electro-

magnetic field, that is induced on each

nanocrystal by the vibration-fluctuat-

ing electric dipoles of the neighboring

nanocrystals organized in fcc supra-

crystals, changes the nanocrystal polar-

izability fluctuation.
(ii) E
ffect of vibrational coherence. The van

der Waals bonding between thiol

chains is sufficient to establish a corre-

lation between the vibrating nanocrys-

tals, so that they vibrate coherently in a

supra crystal. The light is scattered by

stationarymodes in the supra crystal, as

by the vibration modes in a molecule.

The active vibration modes are
inheim www.ms-journal.de
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regarded as localized and they are

determined only by their symmetry.

The intensity of Raman scattering from

a supra-crystal,Is(n),[34] is:

IsðnÞaL2ðnÞ½IdðnÞ�2 (2)

where n, [Id (n)] and L(n) are the fre-

quency, the Raman scattering intensity

for a disordered aggregate (without

inter-nanocrystals) and Lorentz field

factor, respectively. The Stokes and

anti-Stokes Is(n) profiles are horizon-

tally shifted and vertically rescaled in

order to match the peak maxima. The

line profile is given by the square of that

corresponding to a disordered arrange-

ment of nanocrystals. The narrowed

peak of the ‘‘small’’ supra-crystals has

the same profile as the square of the

non-narrowed peak of the ‘‘disor-

dered’’ aggregates (Figure 4d). These

data clearly indicate inter-nanocrystal

coherence inside a fcc supra-crys-

tals.[26–30] Hence, again if the forces

involved are not the same, nanocrystals

in a supra crystal behave as atoms in a

nanocrystal. These coherences could

explain the change in the transport

properties observed previously with sil-

ver nanocrystal self-organizations.[35]

These data are confirmed by using a

femtosecond reflectivity dynamic with

collective vibration of cobalt nanocrys-

tals in supra crystals[36]
Magnetic Intrinsic Collective

Properties[27,37–39,40,41]

A general feature characterizing single

magnetic nanocrystals is their superpara-

magnetic behavior. The magnetocrystalline

anisotropy energy in axial symmetry

depends mainly of the particle volume, V,

and its anisotropy constant, K. In the

superparamagnetic regime, the anisotropy

energy barrier, Eb¼K V, is usually of the

same magnitude as the thermal energy.

Then the magnetization vector fluctuates

among the easy directions of magnetiza-

tion. This process is called superparamag-
right � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
netic relaxation. When a magnetic material

is subjected to an increasing magnetic field,

the spins within the material are aligned

with the field. Its magnetization increases

and reaches a maximum value called the

saturation magnetization, Ms. As the mag-

nitude of the magnetic field decreases, spins

cease to be aligned with the field, and the

total magnetization decreases. If the mag-

netic sample is cooled at low temperature

(3 K) and then a magnetic field is applied

(20Oe) a progressive increase in the

magnetization is observed to reach a

maximum called blocking temperature,

TB). At higher TB. value the magnetization

of the particle does not depend on tem-

perature and the susceptibility falls This is

called zero field cooled (ZFC) magnetization.

Figure 5a shows the ZFC curve normal-

ized to the blocking temperature (TB)

versus temperature curves of both the

ordered (red) and disordered (black) supra

crystals of 7nm cobalt assemblies. The ZFC

peak is significantly narrower for the

ordered sample. The width of the ZFC

peak is related to the distribution of energy

barriers, Eb, in the system: a larger

distribution gives a broader peak. The

energy barriers involved are the anisotropy

energy (Ea¼ kaVwhere ka is the anisotropy

constant and V is the nanoparticle volume)

and the dipole-dipole interaction energy

which varies with particle distance.[42]

Because the ordered and disordered sam-

ples are made with the same batch of

nanocrystals, this change in width of the

ZFC peak is not a consequence of a change

in size dispersion of nanoparticles between

the two samples or a difference in aniso-

tropy. We therefore explain the difference

in the distribution of Eb by the change in the

structural environment of the Co nanopar-

ticles. As pointed out dipolar forces have a

strong directional dependence and, conse-

quently, dipolar interactions in the assem-

bly should be sensitive to the detailed

geometrical arrangement of the nanoparti-

cles. In the supra-crystals, the fcc domains

have long coherence lengths and therefore

the geometric environment of the nano-

particles is fairly uniform. In the disordered
, Weinheim www.ms-journal.de



Figure 5.

SEM patterns of supra crystals (a) and disordered aggregates (b). Normalized to the blocking temperature, the

ZFC curve of amorphous aggregates (red) and supra crystals (black). corresponding to these configurations

calculated for 8-nm cobalt nanocrystals and 0.125 as effective coupling constant.

Macromol. Symp. 2008, 270, 14–26 21
3D assembly, we have amixture ofmany fcc

domains characterized by a short coherence

length and disordered domains with an

irregular stacking periodicity. Therefore,

we expect the distribution of Edd (and

hence Eb) in the supra-crystal sample to be

lower than in the disordered sample,

leading to the observed narrowing of the

ZFC peak. We acknowledge that this effect

of order is fairly subtle, however, we have

found that it is highly reproducible.

Figure 5b shows the magnetization versus

field curves for the ordered and disordered

samples at 5 K. In both cases, saturation is
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
reached at around 1T and hysteresis is

observed. For the ordered sample we find

that Hc is larger than for the disordered

sample and that the latter saturates at

slightly lower fields. This is coherent with a

more collective behavior in the supra-

crystal compared to the disordered sample.

It is reasonable to imagine that the flipping

of the spins could require higher fields when

the nanocrystals are ordered in a long-range

super-lattice compared to the disordered

system where we have only very short-range

order. The first magnetic intrinsic property

due to the ordering is observed.[37–39]
, Weinheim www.ms-journal.de
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The magnetic properties also markedly

differ with the shape of the arrangement of

nanocrystal at the mesoscopic struc-

ture.[27,41,42] This is demonstrated by using

10-nm g-Fe2O3 nanocrystals, differing by

the number of carbon atoms forming the

surfactant used to coat them (see above).

As observed nanocrystals are able to

assemble to form long wires (Figure 6a)

or film (Figure 6b) when the length of

carbon atoms of the surfactant increases

from 8 to 12.

When the direction of applied field is

along the long axis (x direction) of the wire

the reduced remanance increases compared

to that obtained when the applied field is

along the short axis whereas it is smaller in

the y direction. At the opposite no change in

the magnetization is observed when the

10-nm g-Fe2O3 nanocrystals coated with

C12 carbon atoms and forming a homo-
Figure 6.

SEM images of shaped g-Fe2O3 nanocrystals coated ei

decanoic acid and forming a thin film with undulations (b

parallel with (green) or perpendicular to (black) and on

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
geneous film (Figure 6c). From an energi-

tical point of view we could explain as the

orientation of the easy axis of nanocrystals

when they are submitted to an applied field.

If the easy axis would be oritented the

Mossbauer spectrum of such assemblies are

expected to change drastically For a

disordered aggregates (Figure 6d) and the

film (Figure 6f) the Mossbauer relative

peaks intensity is, as expected for g-Fe2O3

nanocrystals: 1,2,3 whereas for wires it

is 1, 2, 2,14 and 3 (Figure 6e). For a total

orientation of the easy axes the relative

intensities are expected to be 1,4,3. From

hysteresis calculated with a 2.14 relative

peak intensity no change in the hysteresis

loop cannot be observed.[22] So such slight

change in the relative Mossbauer intensity

indicates that very few nanocrystals have

their easy axis oriented. From the change of

the magnetic properties of the assembly
ther (a) with citrate ions and forming tubes or with

). Magnetization curves at 3 K of tubes recorded either

the film (red) under the two directions.
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forming wires (Figure 6a) compared to film

(Figure 6b) both made with same batch of

nanocrystals permit to claim that change

is due to the shape of the mesosocpic

strtucture.[41] Note that similar behavior in

the magnetic behavior can be observed

when the easy axis of the nanocrystals are

oriented but the explanation diverges.[40]

That means that wires of nanocrystals

behave as bulk wires. To confirm such

claim the reduced remanance of our wires

increases with the size of their widths,as

with bulk wires, produced by changing the

strength of the applied field used during the

deposited process (Figures 6h, 6i, 6j) From

that we conclude the change in themagnetic

properties is controlled by the shape of

the mesoscopic structure. This again can be

considered as intrinsic properties.

Epitaxial Orientation due to the

Nanocrystals Ordering[43,44]

In the following we use the similar 5nm

silver nanocrystals described above. The

major differences are the following: the

nanocrystals are coated with decanthiol
Figure 7.

From a to c: A progressive increase in the nanocrystal

keeping the same amount of material on the substrate

single crystal size after annealing sample a, b and c re

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
instead of dodecanethiol and dispersed in

decane instead of hexane. The TEM grids

are covered by HOPG stuck on the grid. In

each experiments theTEM grids are

immersed in a beaker containing the

solution and kept in an oven at 50 8C.
One grid is extracted from the oven after

decane evaporation (20 hours) whereas the

second remains 8 days. At the end of each

process the TEM grid is kept at room

temperature. The nanocrystals ordering,

keeping the same amount of material on

the surface, is tuned by slightly change in

the deposition mode as described in ref-

erence 44 (Figures 7a, 7b and 7c). Hence

Figure 7a shows that the nanocrystals are

disordered on the substrate as confirmed by

the diffuse ring corresponding PS (inset

Figure 7a). A higher increase in the order-

ing is shown on Figure 7b and its inset

whereas a long range ordering is observed

(Figure 7c). with well defined diffraction

peaks (insert Figure 7c). After annealing

for 8 days the TEM images show equil-

ateral flat and more or less truncated

at the edges triangular shaped particles
s ordering by changing the experimental conditions

. From d to f. A progressive increase in the triangular

spectively (see reference 44).

, Weinheim www.ms-journal.de
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(Figures 7d, 7e and 7f). Note that the size of

equilateral triangles markedly increases

with the domain scale of the nanocrystals

ordering. Hence rather small triangles (the

largest are around 90nm) are produced

(Figure 7d) when a local nanocrystals

ordering (Figure 7a). On increasing the

ordering (Figure 7b), the largest size of the

triangle increases to 190nm (Figure 7e) to

reach 940nm (Figure 7f) for an ordering on

large distance (Figure 7c).

Comparison between dark and bright

field TEM image (Figure 8a) indicate a

strongly diffracting crystal and high resolu-

tion TEM images on the triangles

(Figures 8b, 8c, 8d) shows a high crystal-

linity of the triangles even when at the

edges. This indicates that the triangular

particles are flat single crystal. When the

nanocrystals are ordered on large distance,

several triangles are aligned on the sub-

strate (see dotted lines on Figure 8c). An

epitaxial orientation on HOPG of triangu-

lar nanocrystals is demontrated by TEM
Figure 8.

(a) the dark and bright field images of silver particles. (b

anda t its edge. (d) the PS of the HRTEM image.

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
diffractions performed, with a reduced

diameter of electron beam perpendicular

to the flat surface lying on the TEM grid, on

several isolated triangular particles.[43,44]

From these data it is concluded that single

crystals are formed when the silver nano-

crystals are ordered and the size of the

single crystals is related to the long range

organization of particles. Themechanism of

epithaxial orientation seems similar to that

observe by bulk silver evaporation under

(UHV) at high temperature (�300 8C).[45–53]

However the size are much smaller than

those obtained on HOPG. Hence self

organization of nanocrystals induces for-

mation of triangular single crystals which is

favored by epitaxial growth when the

substrate is a crystal
Conclusion

In this paper we show some similarity

between atoms and nanocrystals. Hence as
and c) HRTEM image of one silver triangular particle

, Weinheim www.ms-journal.de
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atoms in a nanocrystals nanocrystals in a

supra crystals breath coherently. Similarly

the magnetic properties of amorphous

aggregates made of nanocrystals and those

observed when they are highly ordered in

supra crystals are similar to amorphous and

crystalline phase of film and/or nanoparti-

cles. Crystal growth observed when nano-

crystals are ordered is similar to that

observed by evaporation of atoms on a

substrate under ultra vacuum.
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