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Abstract

Dipole—dipole interactions in the most commonly used ferrofluids are relatively weak and there are only a few reports of chain formation
in zero magnetic field. Here we report on the pronounced aggregation of a ferrofluid formed by maghemite nanoparticles (10 nm in diameter)
investigated by atomic force microscopy (AFM), small angle neutron scattering (SANS) and small angle X-ray scattering (SAXS). The
ferrofluid forms chain-like filaments independently of particle concentration. Furthermore, the ferrofluid forms self-assembled patterns,
namely ordered superstructures, such as spirals, concentric rings and spokes (radially directed lines), when deposited on a substrate unde
magnetic field. Our results reveal an unprecedented level of complexity in the self-assembly of magnetic nanoparticles. Further optimizatior
of the working conditions could eventually enable the reproducible creation of three-dimensional magnetic structures with chosen architecture
on submicron length scales.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction studies have tried to explain the occurrence of a spatial modu-
lation in the particle density and the formation of aggregates
Ferrofluids are colloidal fluids composed of solid, single- under applied magnetic fields, but this process is still not
domain magnetic particles, of diameter between ca. 3 andcompletely understoofd—10]. Furthermore, theoretical pre-
15nm, normally coated with a surfactant shell or possess- dictions[2,3] and molecular dynamics simulations of dipolar
ing a charged surface, suspended in a liquid carrier. In fluids have proposed that chain-like structures can be formed
surfactant-stabilized ferrofluids the steric hindrance of the also in absence of a magnetic figlti—13] and so far a
surfactant molecules normally counteracts the dipole—dipole few cases of chain-like aggregation have been experimentally
attraction between the magnetic moments of the particlesobserved14-17] Since dipole—dipole interactions increase
and the isotropic van der Waals attraction between the mag-quadratically with the particle volume, it is expected that only
netic cores, so that the suspensions are stHljleHow- larger particles may form chain-like and ring-like aggregates.
ever, under an applied magnetic field some ferrofluids form Indeed the smallest particles so far reported to form chains
chain-like aggregates in which the dipoles are oriented in a are about 15 nm in diametgt5].
head-tail configuration along the direction of the fig¢B]. Due to their magnetic characteristics, ferrofluids have
These chains can further aggregate and form bigger columnatbeen successfully employed in a variety of technological
aggregates. Several experimental, theoretical and simulatiorapplications, from sealing to ink-jet printif@8]. Recently
interest in ferrofluids has been revived by the potential appli-
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Many techniques have been proposed to assemble nanometrithe solvent. The average distance of the deposited film to the
building blocks into mesoscopic arrays, either in periodically underlying magnet is approximately equal to the mica thick-
ordered superlatticd21—24] or in patterns with controlled ness, i.e. a few hundred micrometers. The surface roughness
geometry. The latter require a pre-patterning of the substrateof the magnet is negligible because the magnet is polished by
(for example by micro-contact printir{g5]) and subsequent  the manufacturer. We also repeated the experiments under a
surface decoratiof26]. The existing techniques require a magnetic field parallel to the substrate created by an electro-
long and expensive preparation, and are restricted to a fewmagnet normally used for ESR experiments (Bruker Biospin;
achievable structural motives, such as ch§2¥, rods and power supply ER081, maximum field ca. 1 T). In this case the
superlattice$28,29] or sphere$30]. sample was placed between the two coils of the magnet, a few
Our experiments show that in the absence of a magneticcentimetres away from the designated ESR capillary holder.
field a suspension of very small maghemite nanoparticles
(10 nm in diameter) forms small aggregates, often of chain-
like structure. Most importantly, upon evaporation of the 3, Results
solvent on a solid substrate and under a weak magnetic field,

the suspension of maghemite nanoparticles forms complex-  SANS and SAXS spectra of the ferrofluid, showrfFig. 1
ordered patterns, such as spokes, spirals and concentric ringswere analysed by dividing the spectra in two regions, based
To our knowledge this is the first time that such structures on the values of the scattering vectarThe region at higher
have been observed and imaged at high resolution. The greap values establishes the size and size distribution of the par-
variety of obtainable structures could potentially lead to new ticles, whilst the region at low values contains information
methods of surface patterning. about the presence and type of aggregates. The SANS and

SAXS results in the higly region were fitted simultaneously

according to a core-shell model (polydisperse spherical cores
2. Experimental surrounded by a shell of uniform thickne$33]. In particu-

lar, the same values of physical parameters such as particle

Maghemite §-Fe;O3) nanoparticles were prepared by shape, size and polydispersity, and shell thickness were used

thermal decomposition of a carbonyliron complex, Fe(§0)  to best fit both curves; theoretical values of the scattering
in presence of a surfactant, a method which allows fine con- length densities were used, which are different for neutrons
trol of particle size and polydispersifg1]. The maghemite  and X-rays. The curve fit (shown ifig. 1 as solid lines)
nanoparticles synthesised in this way are coated with oleic resulted in a mean radius of 3.5 nm (polydispersity 17%) for
acid, and form a stable suspension in cyclohexane, whichthe magnetic cores and a uniform oleic acid shell of thick-
was characterized by means of small angle neutron scat-ness 1.5nm. With regards to the lawregion, both curves
tering (SANS) and small angle X-ray scattering (SAXS). scale approximately as a power law with exponehfwhich

SANS experiments were performed at the V4 instrument at s a clear signature of the presence of cylindrical aggregates
BENSC (Hahn—Meitner Institute, Berlin). A magnetic field
of 1 T was applied to the sample, in a direction perpendicular
to the incoming neutron beam. SAXS measurements were
performed by means of a Kratky small angle X-ray camera
(Hecus X-ray Systems GmbH, Graz, Austria), equipped with ]
a Rich Seifert & Co. X-ray tube (Iso-Debyeflex 3003) and : i
a position sensitive detector (PSD-50M, M. Braun). These
measurements were performed in absence of an applied mag-
netic field. The smearing effect due to the slit length was
eliminated from SAXS curves using the method of Singh et
al. [32].

For the microscopic investigation, the suspension of
maghemite nanoparticles (concentration 8704 M, vol- j E—— P — iy S
ume fractionp = 2.8 x 10-°) was deposited on a thin freshly- 0.01 0.1
cleaved (atomically smooth) mica substrate and the cyclohex-
ane was allowed to evaporate at room temperature. The result-
ing film of nanoparticles on the substrate was then imaged by rig. 1. SANS and SAXS spectra of maghemite suspensions (0.16 M). (Cir-
atomic force microscopy (AFM; Explorer 2000 Topometrix, cles) SANS spectrum recorded under an applied magnetic field. (Squares)
Santa Barbara, USA). To study the effect of an applied mag- SAXS spectrum recorded under no applied field. The intensity of these data
netic field, the mica surface was placed directly on top of is ir? ar.bitrary upits. The error bar is apprqximately the size of the syml_)ols.

Solid lines at higher values of the scattering ve@arepresent the best fit
a NcpFerB permanent magnet (VaC_Odym ?45HR’ Vacu- of the data according to a core-shell model, from which particle size can be
umschmelze, Hanau, Germany; maximum field ca. 1.44 T) geduced. The dashed lines at lower value@are a guide to the eye and
during the deposition of the suspension and evaporation ofindicateA ! power law (characteristic of chain-like aggregates).
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