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Magnetic Field Dependent Ordering in Ferrofluids at SiO, Interfaces
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We report pronounced smecticlike ordering in a ferrofluid adjacent to a SiO, wall. In the presence of
small magnetic fields perpendicular to the interface, ordered layers of magnetite nanoparticles form that
can extend up to 30 layers. We also show that short ranged ordered structures emerge when the magnetic
field direction is parallel to the interface; however, the layering is strongly perturbed. These results have
been obtained by in situ neutron reflectometry which gives a detailed microscopic picture of these
ordering phenomena. They also reveal the formation of a wetting double-layer which forms the magnetic
template for the observed ordering sheets. The implications of these findings are discussed.
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Ferrofluids—also known as magnetic colloids—are
textbook examples of a fluid material with properties tai-
lored on the nanometer level. They consist of single-
domain magnetic particles with a typical size of 10 nm
dispersed in a liquid carrier [1,2]. Because of their super-
paramagnetic susceptibility, they can conveniently be ma-
nipulated by external magnetic fields which allows one to
position and safely fix ferrofluid droplets in (micro-) me-
chanical devices as seals or heat dissipators, realized today
in modern hard disc drives or in high power loudspeaker
coils, respectively [3]. Ferrofluids are also known as
magneto-rheological fluids since their viscosity depends
sensitively upon external magnetic fields giving rise to
their well-known non-Newtonian hydrodynamic behavior
[4,5].

From a more fundamental perspective, the complex but
well-controlled competing interactions make them scien-
tifically very attractive examples of disordered materials:
the strongly anisotropic dipole-dipole interaction between
the nanoparticles leads to the prediction of a rich phase
diagram and of spontaneous wormlike local correlations
[6]. A strong steric repulsion, mostly introduced by coating
the magnetic colloids with a thin polymer film consisting
of a self-assembled mono- or double-layer of fatty acid
radicals [see Fig. 1(a)], prevents coagulation of the nano-
particles and, assisted by Brownian motion, sedimentation
under gravity. Finally, by applying external magnetic
fields, the magnetic dipoles can be aligned, thereby en-
hancing their attractive interactions. Recent small-angle
neutron scattering studies of ferrofluids in strong external
magnetic fields revealed field-induced hexagonal ordering
between the particles [7] as predicted by Monte Carlo
simulations [8]. They are held responsible for the afore-
mentioned field-dependent viscosity increase.

In this Letter we consider the effect of the ferrofluid-wall
interactions onto ordering, an aspect which will become
increasingly important in future nanoconfinement geome-
tries. Experimental evidence of wall- or surface-induced
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ordering in ferrofluids is rather limited. A weak birefrin-
gence of polarized light has been observed at a glass-
ferrofluid interface which is referred to the presence of
ordered layers [9,10]. The strong off-specular x-ray scat-
tering detected at a free ferrofluid surface has been ex-
plained by the presence of fractal chains of the magnetic
particles [11]. Here we present a neutron reflectivity study
of the ferrofluid structure at and close to a ferrofluid-SiO,
interface as a function of small external magnetic fields,
disclosing a detailed microscopic picture of the ordering
phenomena. We will show inter alia that rather intriguing
ordering structures develop which react sensitively upon
the strength and direction of the applied field.

Dispersed Fe; O, ("’ magnetite’”) nanoparticles have been
prepared by chemical deposition. Subsequent coating with
a double-layer of C;3H33Na0, surfactant molecules (’so-
dium oleate’’) renders the nanoparticles hydrophilic and
assures stability of the suspension [3]. Further details are
described in Fig. 1(a). In the ferrofluid used for the neutron
study, these magnetic particles have been dissolved with an
Fe;0, concentration of 9 vol. % in D,O (*’heavy water”).
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FIG. 1 (color). (a) Structure of the colloidal particle with the
magnetite core of size §, and the sodium oleate double layer.
The (hydrophilic) polar heads are shown as red dots. (b) AFM
data and deduced size distribution of dried particles. &, =
(5.5 = 0.5) nm is the maximum in the distribution.
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In order to measure the size distribution, the ferrofluid has
been sprayed on a Si substrate, then dried in air and
characterized by atomic force microscopy (AFM) in the
tapping mode using a Au-coated Si cantilever. A typical
result is shown in Fig. 1(b) together with the deduced size
distribution which shows a maximum at &, = (5.5 *
0.5) nm (note that this value gives the size distribution of
the magnetic cores covered with a collapsed surfactant
layer). The actual sample assembly (see Fig. 2) consists
of the ferrofluid brought into contact with a highly polished
Si surface covered with a 1.5 nm thick native SiO, layer. Its
rms roughness is 0.5 nm as determined by neutron
reflectometry.

The neutron reflectometry studies have been performed
using the EVA reflectometer [12,13] at the High Flux
Reactor in Grenoble in the vertical reflection mode with
a neutron wavelength of A = 5.5 A. The collimated inci-
dent neutron beam k; penetrates the Si substrate crystal and
undergoes internal reflection at the ferrofluid-SiO, inter-
face (Fig. 2). The exit-angle distribution (@) of the
scattering from the interface is recorded by a linear posi-
tion sensitive detector [Fig. 2(a)] as function of the inci-
dence angle «;. The specular reflected intensity I(g,)
[marked red in Fig. 2(a)] carries detailed information on
the (scattering length) density profile p(z) within the fer-
rofluid adjacent to the SiO, wall and thus gives direct
access to any ordering phenomena perpendicular to the
interface (g, is the neutron momentum transfer perpen-
dicular to the surface; for further information see, e.g.,
[14,15]). The experimental scheme and the profile recon-
struction is shown schematically in Fig. 2: the recorded
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FIG. 2 (color). Scheme of the experimental setup, data record-
ing, data treatment, and models. Center: sketch of the experiment
showing the incident and reflected neutron beam (k;, k¢) and the
sample assembly. ¢, is the momentum transfer perpendicular to
the interface. (a) Example of a neutron spectrum as recorded by a
position sensitive detector (the red area is the background-
corrected reflected intensity). (b) Reflected intensity versus g,.
The blue line is a best fit; the dashed line shows the Fresnel curve
(see main text). (c) (Scattering length) density profile p(z) as
deduced from (b) via a Parratt fitting algorithm. (d) Real space
distribution of the nanoparticles deduced from (c).

intensity 1(g,) [Fig. 2(b)] is background corrected and
fitted to a model profile p(z) [Fig. 2(c)] using the Parratt
formalism [16]. The best density profile is determined by a
least squares fit analysis and finally translated into a micro-
scopic model [Fig. 2(d)].

In what follows, we describe our experimental findings
as observed at around 30 °C. They will be subdivided into
three groups: (a) the spontaneous formation of a nano-
particle double layer (”wetting layer’), (b) the develop-
ment of an extended ordered sheet on top of this wetting
layer in the presence of a weak magnetic field perpendicu-
lar to the interface (H; = 50 Oe, 105 Oe), and (c) short
ranged ordering effects in the presence of a magnetic field
parallel to the interface (H) = 105 Oe).

(a) Formation of a wetting layer.—Figure 2(b) shows the
neutron reflectivity curve recorded 24 hours after assem-
bling the ferrofluid-SiO, interface. It shows a pronounced
deviation from the Fresnel curve associated with a homo-
genous ferrofluid density [dashed line in Fig. 2(c)] adjacent
to the interface. The best fit [blue line in Fig. 2(b)] is
obtained by density profile composed out of two minima
and two maxima at the interface [blue line in Fig. 2(c)]
which are associated with the densities of the surfactant
layer and the magnetite core of the colloidal nanoparticles,
respectively. This is a clear evidence of the formation of a
dense double layer of colloidal particles separated by a
surfactant layer [Fig. 2(d)]. Interestingly, the first Fe;O,
layer is somewhat smeared out as disclosed by the reduced
lateral density and a broader spacing d; = (4.3 = 0.1) nm,
while the second Fe;O, layer is very well defined with an
average spacing of d, = (3.3 = 0.1) nm. A more detailed
analysis of the experimental results shows that this double
layer must form within 1 h and then remains stable.

(b) Extended ordering sheet in the presence of H | .—For
the experiments with external fields, a pair of Helmholtz
coils has been mounted, assuring a homogeneity of the
field over the sample area of better than 1%. Figure 3(a)
shows the experimental observation after applying a field
of H, = 50 Oe: the reflectivity curve exhibits, in addition
to the broad feature associated with the wetting layer
discussed before, a second interference maximum at g, =
0.99 nm™~!. The best fit (red line) gives clear evidence for
an exponentially decaying ordering layer with a decay
length of ¢, =17 nm on top of the wetting layer.
Figure 3(b) shows the ordering phenomena after the mag-
netic field has been increased to H; = 105 Oe: curve I is
found 24 hours after the field change, curve II 48 hours
afterwards. The intensity increase and the width decrease
of the “Bragg signal” directly implies the formation of an
extended ordering sheet consisting of approximately 15
colloidal layers followed by a exponentially decaying or-
dered skin with &, = 43 nm (right side of Fig. 3). The clear
shift of the Bragg maximum from ¢, = 1.01 nm™' to ¢, =
1.21 nm™~! [arrow in Fig. 3(b)] during the growth of the
ordered sheet points to a substantial densification of the
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FIG. 3 (color). Experimental results (left) and deduced density
profiles (right) for various experimental conditions. The red lines
on the left show the best model from a least squares fit; the blue
part of p(z) denotes the wetting layer. (a) H, = 50 Oe.
(b) H; = 105 Oe after 24 hours (curve I) and after 48 hours
(curve II). (c) Hy = 105 Oe. For the further explanations, see
main text.

ordered layers; i.e., the normal interlayer distance de-
creases from a, = (27)/q, = 6.2 nm to a, = 5.2 nm.
Apparently, the surfactant layers are squeezed together
during ordering. The typical time scale for the formation
of this ordered sheet is around 1 layer/hour.

(c) Short ranged ordering effects in the presence of
H).—When a parallel field is applied [Fig. 3(c)], we still
observe ordering; however, with three distinctly different
features which are quite remarkable: first, the Bragg maxi-
mum remains broad associated with a limited range of
order perpendicular to the SiO, interface, as depicted on
the right side of Fig. 3(c). Second, the Bragg maximum is
shifted now to g, = 0.86 nm~! disclosing a significant
expansion of the layered structure to a, = 7.3 nm perpen-
dicular to the interface. Third, we find a significant disorder
in the layered structure. This shows that the parallel-field

configuration gives also rise to ordering normal to the wall;
however, the order is only short ranged and very strongly
perturbed.

Table I summarizes our main observation, i.e., the num-
ber N of ordered layers, the lattice constant a, of the
layered structure, and the decay length &, of the short
ranged ordered regions.

In order to appreciate the role of the SiO, interface for
these extended ordering phenomena, one must note that
even in such concentrated ferrofluid as used here, both the
Langevin (uom,H/kgT) and magnetodipolar interaction
(mom3/4mrikgT) parameters are of the order of 10~ and
thus too small to explain the observed ordering. (r is the
particle-particle distance, m, = M,V is the particle mag-
netic moment, M, the saturation magnetization of magne-
tite, and V the particle volume). One may speculate that the
decoration of the Si0, wall with the dense magnetic double
layer creates an interface with a high magnetic suscepti-
bility. When an external magnetic field is applied, the
magnetic moments of the nanoparticles adjacent to this
magnetic wall experience a preferential alignment parallel
to the field. In turn, the attractive dipole-dipole interaction
is enhanced along the field direction, while perpendicular
to the field direction, the dipolar arrangement gives rise to a
repulsive interaction. Thus, the perpendicular field con-
figuration in our setup favors ordering normal to the inter-
faces and the observed compression of the surfactant
layers; simultaneously it causes a separation of the nano-
particles within the layers. In the parallel-field configura-
tion, ordering chains are favored parallel to the interface
while they repel each other perpendicular to the interface,
giving rise to the observed expansion and the disorder in
the layering spacing.

In order to get an experimental clue on the lateral
domain size of the ordered structures, we performed off-
specular diffuse neutron scattering studies around the or-
dering Bragg signal at g, = 1.2 nm™!. Figure 4 shows
q, — qx-scattering map as recorded for H, = 105 Oe [as-
sociated with curve II in Fig. 3(b)]. The inplane intensity
distribution (also shown in Fig. 4) exhibits an intrinsic (i.e.,
resolution corrected) width of I', =23 X 1073 nm™!.
Interestingly, we find that the lateral domain size of the
ordered structures increases slightly with field, but then
saturates rather quickly with further field increase at a

TABLE I. Main fitting results from the reflectivity profiles
shown in Fig. 3.

Condition N a, [nm] &, [nm]
H=0 0 e e
H, =50 Oe 6 6.3x0.1 173
H, =105 Oe (I) 9 6.2 0.1 21 =3
H, =105 Oe (II) 30 52*0.1 43 +3
H) =105 Oe 15 7.3 =0.1 33+3
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FIG. 4 (color). ¢, — g, neutron scattering map around the
ordering Bragg signal observed for H; = 105 Oe. The yellow
symbols show the intensity distribution parallel to the interface.
I'y is the full width at half maximum.

value of €, = 27/T’, =3 um. Thus, when the field is
switched on, large flat ordered domains with a lateral
extension of a few micrometers develop which then grow
in height up to 200 nm.

In summary, we argue that the hydrophilic SiO, wall
drives the formation of the ‘“wetting layer” consisting of
two very dense layers with a subsequent high magnetic
response. All observed ordering phenomena are apparently
mediated by the joint action of this high magnetic suscep-
tibility of the wetting layer and the applied external fields.
From our study, it appears that extended smecticlike order
can be induced into ferrofluids at hard walls already in the
presence of relatively moderate external magnetic fields.
This must have ramifications when ferrofluids are used in
nanoconfinement geometries because, according to our
study, extended crystal-like structure can easily be frozen
out close to interfaces. One may speculate, on the other
hand, whether this very strong ordering tendency may be
useful for a controlled growth of magnetically nanostruc-
tured interfaces eventually useful for data storage. Since

the SiO, surface catalyzes smecticlike ordering of mag-
netic colloids so efficiently, SiO, lamellas may appear
useful to enhance the magneto-rheological properties of
ferrofluids.
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