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As intermediates between the molecular and the solid states,
inorganic nanoparticléd combine chemical accessibility in solution
with physical properties of the bulk phase. They are thus ideal
elements for the construction of nanostructured materials and
devices with adjustable physical and chemical properties. As an
example for this building principle, we present here the synthesis
of nanostructured particle aggregates by covalent linkage of soluble
(BusN)y[H;1—xCaNbzO10] nanosheets(from a layered perovskite)
and superparamagnetic #1 sphered.Due to optical anisotropy
of the sheets and the superparamagnetism of the magnetite particles,
the nanoparticle aggregates exhibit magnetically controllable bi-
refringence and light-scattering properties in solution, which make
the composite interesting for magnetooptical sensing, display, and
data storage applications.

The title compound was synthesized by combining solutions of
oleic acid-ligated magnetite particles and of 3-aminopropylsilylated

X— i i
[H1-xCaNbsO1o colloidal sheets in tetrahydrofur&ni¥hen Figure 1. Scanning electron micrographs (secondary electrons) of the

ethapql is added to the res.ultant mixture, the magnetite particles yerqyskite-magnetite composite. (a) Large aggregate, (b) Small aggregate,
precipitate onto the perovskite sheets, and the product forms. After (c) Strings of aggregates formed in a homogeneous field (2 T) in the

centrifugation and washing with THF, the composite is obtained indicated direction. (d) Schematic structure of magnetiterovskite
as a brown-beige solid, which can by easily dispersed in ethanol, 299regates.
hexane, or THF to give beige to brown suspensions, depending on
concentration.

Scanning electron and scanning probe micrographs reveal that
the composite particles consist of stacks of 2-nm thick,kB
[{ NH2(CH)sSi} nH1-xCaNb3O; ] sheets (300x 300 nm), which
are covered 9-nm magnetite particles, most of which are aggregated
into clusters of 2-30 particles. Stacks are 5010 nm high and
have average lateral dimensions ok 8 um (Figure 1a). A typical
stack contains about 15 000 perovskite sheets and about 14 000
magnetite particles. Smaller stacks (Figure 1b;x.0.0 x 0.03—
0.09 um) form when the functionalization of [H,CaNbsOy0*~
with 3-aminopropyltrimethoxysilane is performed in ethanol, where Figure 2. Propagation of laser light (566650 nm) through a dilute
the solubility of colloidal sheets is higher and the aggregation suspension of (BIN)H1-xCaNbzO10—NH;]-[Fe;04,—OA] in THF in the
tendency is reduced. A typical composite particle of this group apsencg and presence of magne_tic fields (1000 Oe) with the indicated
contains about 400 perovskite sheets (individual sheets are visibleonentauons' Axes are labeled as in Figure 3.
in Figure 1b) and 300 magnetite particles. Because non-aminated
perovskite sheets also exhibit a weak affinity to oleic acid ligated
Fe0, particles, the bonding in the aggregates is believed to involve

both van der Waals and covalent interactions betweepdtblips ) . S . .
BdvbLp Maximum light reflection inx direction (for axis labels see Figure

and FgO, particles. . =
-4 P 3a) occurs when the field lines are alangr alongx + y; minimum

Similar to the pure or amine-modified perovskite starting q for 1 al The ob 4 reflect |
materials, dilute dispersions of the composite are opalescent dueefiectance occurs for H alongory. The observed reflection angles

to light reflection, scattering, and absorption by randomly oriented are m_agreement with geometrlcal th'CS'_'f Oone assumes that_ the
nano- and microparticles. In a magnetic field ¢ 10 G), the sheetlike aggregates are aligned with their planes along the lines
anisotropic aggregates adopt a preferential orientation, and refractive®f the magnetic field. As the emission spectra in Figure 3a show,

index and light-scattering properties assume a directional depend-th€ scattering intensitys (reflection is essentially a scattering
phenomenon) also strongly depends on the wavelength of the

*To whom correspondence should be addressed. E-mail: osterloh@ incident "th-'s '_S l_a'jgeSt for green light (456550 nm) and_‘ due_
chem.ucdavis.edu. to absorption, diminishes with shorter wavelengths. For light with
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ence, that is, the suspension becomes birefrin&hese effects
are demonstrated in Figures 2 and 3a for suspensions of large
aggregates, and in Figure 3b for the small aggregates.
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Figure 3. (a) Emission spectra of a suspension of #um perovskite-
Fe;04 composite in ethanol. The intensities of scattered light are shown
for zero and nonzero magnetic fields (1000 Oe) with the indicated
orientations. (b) Absorption spectra of<®2 um particle suspension placed
between two cross-polarized filters. Maximum depolarization is observed
under a magnetic field at 4%ersus the polarization plane of the incident

light.
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Figure 4. Magnetostatic energy of a system of two superparamagnetic
particles immobilized on a sheet at distamaeith different orientations of
their magnetic momentsly; with respect to the plane.

A > 550 nm,ls drops off quickly due tds ~ 1~ (Rayleigh-Debye
law).”

Because of their reduced size, the small aggregat@sum)
reflect light only weakly. However, they efficiently depolarize the
incident light, when the magnetic field vector forms & 4fgle

with the plane of polarization as shown in Figure 3b. Using a setup

with two cross-polarized filters, this property would allow the
construction of a magnetic light switch.

The observed magnetic birefringence and scattering phenomena

are intimately connected with the magnetic properties of the

composite. Preliminary magnetization data collected on the magnetite-
perovskite composite with a superconducting quantum interference

device (SQUID, Supporting Information) reveal its superpara-
magnetic nature (compare ¥efFrom field-cooled and zero field-
cooled magnetization curves, the blocking temperatgréor the
composite was found to be 210 K. Belaw the composite exhibits
hysteresis behavior as expected for a ferrimagneti©fFphase’,
whereas abovég, Langevin-type magnetization behavittypical

of paramagnetic matter is observed. Interestingly, the dried 9-nm

magnetite nanopatrticles have a higher blocking temperafigre-

280 K) than the composite, whereas a magnetite particle solution

in mineral oil exhibits a lowelg (150 K). This trend of increasing
Tg in the row FgO, solution, dried FgO,—CaNbsO;0 composite,
and dried FgO, particles reflects increasing dipolar interactions
between increasingly clustered particles.

Tentatively, we identify dipolar interactions between adjacent

is at maximum for orientation a, with the magnetization vectors
My, normal to the plane, and at minimum for orientation b, with
My, parallel to the plane. Because of the lower magnetostatic energy
for configuration b, a planar array of g, particles on a perovskite
sheet will prefer a collinear alignment of magnetic moments with
respect to the plane. The result of this magnetic anisotfdpya
preferential magnetization of the sheets along their planes. In an
external magnetic field, the sheets then align parallel to the force
lines, similar to compass needles.

Dipolar interactions also govern the interactions between indi-
vidual aggregates. When the stacks are deposited on a surface in a
magnetic field, strings of aggregated particles form along the field
lines (Figure 1c). Energetically favorable “head-to-tail” arrange-
ments of this kind are typical of superparamagnetic parti¢iés.

In conclusion we have shown, that superparamagnetic and
optically anisotropic colloidal building blocks can be connected
using simple chemical strategies to give nanostructured composites
with useful magnetooptical properties. A report describing further
details of the synthesis of the composite particles and a quantitative
analysis of their magnetic characteristics is in preparation.
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