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ABSTRACT

Faraday rotation for magnetic field sensing can find applications in satellite altitude monitoring. Enhancing and tuning
Faraday rotation is demonstrated in hybrid magnetic photonic crystals, based on an independent nanoscale engineering of
two different materials (silica and iron oxide) at different length scales (< 20 and > 200 nm). An engineering approach
towards combined photonic band gap properties and magnetic functionalities, based on independent nanoscale
engineering of two different materials at different length scales, is conceptually presented, backed by simulations, and
experimentally confirmed. Large (> 200 nm) monodisperse nanospheres of transparent silica self-assemble into a
photonic crystal with a visible band gap, which is retained upon infiltration of small (< 20 nm) nanoparticles of magnetic
iron oxide. Enhancing and tuning Faraday rotation in photonic crystals is demonstrated.
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1. INTRODUCTION
1.1 The importance of magnetic nanomaterials

Magnetic nanoparticles are an important part of many current technologies, and new applications for them continue to be
developed in such diverse fields as magnetic fluids, drug delivery, catalysis and magneto-optic data storage."™ Given
their importance and wide applicability, many methods for their preparation have been developed.'™**'! The size of these
particles is an important factor in determining their magnetic properties. Nanoparticles in the range of 5-25 nm exhibit
superparamagnetic behaviour, where every nanoparticle will be a single domain, behaving like a giant paramagnetic
atom, having a fast response with negligible remanence to externally applied fields.! We intend to use such
superparamagnetic particles, made of iron oxide, to design photonic crystals (PCs) with enhanced magneto-optical
properties.

Photonic crystals are a relatively new class of materials (though some of these structures are found in nature'”) designed
to have a periodically varying refractive index on a size scale similar to that of the wavelength of the light one wishes to
control."”® This periodicity can be realized in one, two or three dimensions. These structures can block the propagation of
light of specific frequency ranges at certain angles by the creation of a photonic band gap, analogous to the band gap in
semiconductors. Such structures can be made using a top-down or bottom-up approach.'® In the top-down approach, one
designs systems to be fabricated by planned removals and additions of materials in a specific geometry, for example by
drilling a pattern of holes in a dielectric, or using nanolithography at smaller scales. Such top-down techniques become
increasingly challenging when the required sizes become smaller, which is why much research on photonic crystals for
the visible light range is done using a bottom-up approach instead. A convenient way to produce a class of 3D photonic
crystals known as synthetic opals consists of ordering, through convective self-assembly,”'® Langmuir-Blodgett
deposition,''® sedimentation'® or spin-coating®*' of monodisperse, colloidal spheres in colloidal crystals. The spectral
position, width and amplitude of the band gap in these systems is a function of the size of the colloidal spheres and of the
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refractive index of the materials used in the close-packed (filling fraction 0.74) fcc, hep or rhep crystal structures
obtained by this technique. It should also be noted that the band gap in this type of photonic crystal is not a complete,
omnidirectional band gap, but has some angular dependence, a property we exploit in this study.

The engineering of a photonic band gap material with magnetic functionality is one of the major goals in the field of
optical materials since magnetic materials can be used for additional control of the properties of light e.g. nonreciprocal
effects in the magnetic PCs.”*** Nonreciprocity, which is a known feature of magnetic photonic crystals,”* includes the
possibility of unidirectional propagation of light. The use of magnetic particles with a high refractive index, like iron
oxide particles, must also lead to an enhancement of the photonic band gap effect, in addition to the magnetic effects
expected under application of an external magnetic field.*>*°

Another reason to investigate such materials is their application in magnetic sensor technology. Sensors based on the
magneto-optical effect, or Faraday effect, have considerable advantages due to their extremely fast response and the fact
that no electrical connections need to be made to or near the active material of the sensor, thus avoiding interference and
sometimes safety issues. Unfortunately, their sensitivity is rather poor compared to many other magnetic sensing
technologies because the Faraday rotation is rather small for fields comparable to the earth’s magnetic field.”” If
materials can be found where this effect is much larger, this type of sensor may become a very useful component of
vector magnetometers for navigation in the earth’s field and remote sensing.”®

1.2 Development of composite silica-maghemite colloids for magnetophotonics.

The use of superparamagnetic iron oxide poses two main challenges when applied to photonic crystal design. First, the
size of approximately 10 nm is far too small to produce a bandgap in the visible region. Second, the material is highly
absorbing in the bulk, and therefore by itself not practical to use in optical applications. We pursued several strategies to
integrate the magnetic particles into the well-established self-assembly of synthetic opals using monodisperse silica
colloids. Initial attempts focused on the use of superparamagnetic particles as seeds for the growth of a silica shell using
the Stober method.” The composite particles, however, were neither spherical nor monodisperse. The polydispersity of
the core and aggregation made the resulting particles too irregular for use in photonic crystals,” as clearly observed
using SEM imaging (Fig. 1).
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Fig. 1. SEM image of the iron oxide core — silica shell particles. The irregular shape of the individual particles and lack of
ordering in the layers is clearly visible.

Another method can be used to achieve ellipsoidal particles of this type which are monodisperse enough to be used in the
self-assembly method.’’ This involves the growth of core-shell particles using a nonmagnetic iron oxide, followed by
reduction and partial oxidation of the core through the silica shell. These particles are ferromagnetic at 300 K.
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A second approach we used was the addition of an iron oxide nanoparticle shell on top of monodisperse, spherical silica.
To this end, the silica particles were functionalized with a linking agent, to covalently bind the iron oxide particles to the
surface. In initial experiments, the iron oxide was attached before self-assembly. While this was easily accomplished,
these particles failed to self-assemble into well-ordered PCs. This method did pave the way for a successful composite
photonic crystal, which was created by self-assembly of silica particles with only the linking agent attached, and binding
the iron oxide nanoparticles only after the crystal was formed. This eliminated any chance of the iron oxide blocking the
formation of the regular structure we needed. These crystals were analysed using normal, linear transmission
spectroscopy and Faraday rotation to check for magneto-optical effects.

2. EXPERIMENTAL PART
2.1 Chemical synthesis

The preparation of acid-stabilized maghemite colloids was performed based on an existing procedure.”'® A solution of
16 mmol FeCl; and 8 mmol FeSO, in 200 ml of pure water was stirred at 500 rpm, and a 13.5 ml of 25% NH; aqueous
solution was added rapidly to form black particles (magnetite), which were quickly precipitated using a permanent
magnet. The supernatant was decanted, and the colloids were resuspended using 20 ml of 2M nitric acid. Subsequently a
solution of 10 mmol Fe(NOs); in 30 ml of water was added, and the suspension was stirred at 80 °C for 1 hour to oxidize
the particles to maghemite. The particles were then washed twice with 50 ml of 2 M nitric acid, and finally resuspended
in 40 ml of water.

The Stober method” was used to prepare silica colloids of approximately 200, 260 and 385 nm diameter. These were
coated by functionalization with 3-mercaptopropyltrimethoxysilane (MPTMS),”' by mixing 30 ml of a 1 mass % silica
particle suspension in ethanol, with 0.5 ml MPTMS (85%) and 0.8 ml NH; 25% in water. This mixture was stirred
vigorously for 45 minutes, and then the temperature was raised to 76 °C to distill off about one third of the ethanol. The
remainder was then cooled and washed by centrifugation, the supernatant decanted, and the particles resuspended. This
procedure was repeated twice with ethanol, then twice with water.

Coating the functionalized silica particles with the iron oxide particles was done by mixing equal volumes of the silica
and maghemite suspensions obtained above and shaking strongly for one day. Then, excess iron particles were removed
by repeatedly allowing the silica to settle under gravitational force and decanting the supernatant, which was replaced
each time with clean water. For the fabrication of PCs, the water was replaced by ethanol.

Convective self-assembly was used for the preparation of colloidal crystals from these suspensions®**. This procedure is
already well-established for unfunctionalized silica particles.'>** It is performed by putting a clean glass substrate
vertically in a vial containing the ethanolic colloid suspension, and letting the solvent evaporate at a fixed temperature,
typically at 33 °C in our experiments. We used piranha acid (2/3 sulfuric acid, 1/3 hydrogen peroxide) to clean the glass
substrate and the vial containing the suspension prior to use.

2.2 Methods and equipment

Imaging of the particles was done using SEM (Philips Scanning Electron Microscope XL30 FEG). In order to make the
surface conductive, a thin layer of gold was sputtered onto the sample.

Optical extinction spectra were performed on large areas (millimeter sized) to ascertain the quality and spectral features
of the samples using a Perkin-Elmer Lambda 900 UV-VIS-NIR spectrophotometer. The vertical axis for these spectra
uses a logarithmic scale, defined as: extinction = -log;(fraction of light transmitted).

Small angle X-ray scattering (SAXS) measurements were carried out on a S-Max3000 system with a MicroMaxTM-
002+ X-ray microfocus generator (Rigaku). The Bayesian weighted distance distribution function p(r) was calculated
from the angle-dependent scattering using a fit routine included in the manufacturer-supplied software.”*

TEM images were provided to us through a cooperation with the Max Planck Institute of Colloids and Interfaces (MPI
KGF Golm, Germany).

Faraday rotation was measured at a wavelength of 830 nm on two homemade experimental setups,*>~°

diode laser or a Spectra Physics Mai Tai tunable femtosecond pulsed Ti:Sapphire laser.

using either a CW

Simulations were performed with the finite-difference time-domain (FDTD) method,”’ using a freely available software
package with subpixel smoothing for increased accuracy.™®
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In all simulations, the colloidal crystals have been represented by monodisperse silica spheres of given size (refractive
index of 1.45) arranged along a cubic face centered lattice, i.e. with a packing fraction of 74%. Theoretical calculations
were done assuming that the deposition of maghemite was layered, meaning that silica spheres are surrounded by
maghemite shells. The filling of the pores (which could be up to 26%) with maghemite (refractive index of 2.42 ) has
been implemented by underfilling the opal with spheres of larger size than the silica ones, but centered at the same
positions, thus featuring an underlying interpenetrated maghemite network.

The computational cell, in which the incoming wave propagates along the z direction, has been implemented with
periodic boundary conditions in the x and y directions and perfectly matched layers (PMLs) in the z direction. The
resolution of the grid has been refined such that the convergence of the results was insured.

3. RESULTS AND DISCUSSION

3.1 Iron oxide particles

Figure 2a shows a TEM image of the iron oxide particles. The polydispersity of these particles is clearly visible, with an
average size of the iron particles determined to be approximately 10 nm. Figure 2b shows the pair distance distribution
function (PDDF) of the iron oxide particles obtained by SAXS. The unsymmetrical shape of the curve suggests that the
iron oxide particles are not spherical but more likely to be close to a prolate ellipsoid.39 Dinax, defined as the maximum
distance within the particle, is about 26.5 nm. From the curve fitting, using a Bayesian weighted inverse Fourier
transform,* a radius of gyration R, of ~ 8 nm was calculated for the iron oxide particles. The scattering profile also
shows that the particles are highly polydisperse with a mean value around 8 nm. The size of our iron oxide suggests that
the particles are superparamagnetic.’® Note that the TEM images are in excellent agreement with data obtained by SAXS

(between 8 to 10 nm).
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Fig. 2. (a) TEM image of the iron oxide particles. (b) pair distance distribution function of the same iron oxide particles

obtained by SAXS.
3.2 Iron oxide shells around silica particles

Because these magnetic particles themselves are too small for photonic applications and due to the lack of transparency,
they have to be combined with another material to impart the required structural (monodisperse nanospheres at the
optical wavelength scale) and optical properties (transparent). As described before,” the high polydispersity of the
magnetic particles did not allow us to use iron oxide as a core for a shell of silica in order to produce monodisperse core-
shell particles.” Therefore, the opposite ordering was attempted, by covalently functionalizing iron oxide particles on top
of monodisperse silica spheres. Figure 3a shows a TEM image of iron oxide particles bound to the surface of silica
particles. These silica/iron oxide coated particles were used in an attempt to fabricate PCs. Surprisingly these
monodisperse hybrid particles can not produce a highly ordered colloidal crystal as we can see in the SEM image (Figure
3b). Two factors may be responsible for this lack of long-range ordering. The most plausible factor is surface roughness
which causes steric hindrance between colloids. A second non-negligible factor to be taken into consideration is the
presence of magnetic interactions between the magnetic shells. Both of these factors may be responsible for the reduced
ordering quality of the crystals made from these hybrid particles, as compared to crystals obtained from bare silica

Proc. of SPIE Vol. 7467 74670C-4

Downloaded from SPIE Digital Library on 24 Jul 2012 to 151.100.44.224. Terms of Use: http://spiedl.org/terms



particles. As expected for unordered layers, optical transmission measurements on these multilayers (Figure 4, black
dashed line) do not show a photonic band gap, but a curve that can be explained by a combination of the scattering and
the absorption of the iron oxide, both increasing towards shorter wavelengths.

Fig. 3. (a) TEM image of the silica core — iron oxide shell particles. (b) SEM image of a multilayer of these particles. The
lack of ordering in the layer is clearly visible.
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Crystal, MPTMS silica, infiltrated with iron oxide
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Fig. 4. Extinction spectra recorded in absorbance mode (i.e. the vertical axis is logarithmic). No photonic band gap is
observed in a transmission spectrum taken from the film in Fig. 3b (black dashed lines). The dotted blue line shows the
spectrum of a crystal made from MPTMS coated silica colloids, without iron oxide. The solid red line shows the
spectrum of such a crystal after infiltration with iron oxide particles.

3.3 Well-ordered crystals including magnetic nanoparticles

The successful approach used the MPTMS-functionalized particles used in above to grow a crystal using convective self-
assembly. These crystals show a band gap (Figure 4, dotted line) with a peak at 408 nm, in good agreement with the
known particle size (200 nm diameter). When these crystals were infiltrated with the iron oxide suspension for one hour,
then rinsed with water, iron particles remained bound due to the presence of the MPTMS. The resulting crystal shows
good ordering in SEM imaging (Figure 5) and exhibits a band gap in the blue region of the visible spectrum (Figure 4a,
solid line), albeit less pronounced than prior to infiltration, in addition to a strong absorption of light in the UV region
due to iron oxide. The shift of the band gap to a slightly longer wavelength can be explained by the introduction of a high
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refractive index material filling some of the pores in the crystal, thereby increasing the average index of the structure,
while the lattice constant remains the same. This demonstrates the feasibility of fabricating photonic crystals with
magnetic functionalities using this method.
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Fig. 5. SEM images of the crystal that was infiltrated with iron oxide particles after fabrication.

Both of the changes in the transmission spectrum observed on infiltration, a shift to longer wavelength and decreased
height of the peak, are reproduced by simulations of a photonic crystal where the voids between the spheres (n=1.45) are
gradually filled with a material having a higher index of refraction (n=2.42). These simulation results (Figure 6) show an
increase of the wavelength where the band gap occurs and a decreased peak height as the amount of iron oxide in the
voids is increased. This explains why we experimentally observe a smaller band gap even though SEM images show
good ordering was retained. The simulation also shows the peak becoming bigger again when very large amounts of iron
oxide are included, but our infiltration experiments did not reach this point.

no iron oxide
—--—-4% added
e 11% added

- completely filled

Extinction

Wavelength (nm)

Fig. 6. Simulated transmission spectra showing the effect of increasing amounts of iron oxide in the voids, starting with the
silica photonic crystal without iron oxide. A small addition of iron oxide causes a band gap shift without much
reduction of the peak. At 11% iron oxide (the red line) the band gap almost disappears, to reappear at even longer
wavelengths when more iron oxide is introduced until the crystal is completely filled..

Further confirmation of these results was obtained by making photonic crystals from larger silica colloids and infiltrating
them with the same iron oxide particles. Such crystals have their band gap at longer wavelengths. When binding iron
oxide to the surface of a functionalized silica particle, it is expected that the amount of iron oxide bound will be
proportional to the surface area of the particle. Or, in the case where crystals are infiltrated, proportional to the surface
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area of the voids in the crystal. If, then, the infiltration experiment is performed with crystals made of larger spheres, the
volume of iron oxide that will be bound inside the voids, compared to the volume of the unit cell, is expected to become
smaller and one would expect results corresponding to the simulations of smaller additions of iron oxide, i.e. a smaller
wavelength shift and peak heights similar to those of the original crystal. Transmission spectra confirming this for
crystals made using two different colloid sizes are shown in Figure 7, which shows both of the crystals using larger
colloids before and after infiltration. We also note the pronounced increase in absorption for the infiltrated crystal with
band gap at 578 nm, caused by the high optical extinction of the iron oxide at short wavelengths. The much sharper
increase of absorption below 500 nm for the crystals with band gap at 837 and 847 nm is however attributed to higher
order peaks of the crystal.

0.3+
| — — -crystal 565 nm bandgap
as above, after infiltration, 578nm
— — -crystal 837 nm bandgap
0.24 as above, after infiltration, 847nm
c
S IR
= N
=
o 0.14
0.0
T T T T T T T 1
400 600 800 1000 1200

wavelength (nm)

Fig. 7. Photonic crystals with band gaps at 565 and 837 nm (dashed lines), shifting to 578 and 847 nm (solid lines) after
infiltration with iron oxide. Only minor amplitude changes are observed, as expected for relatively small amounts of
iron oxide compared to the spectrum shown for the infiltrated in Figure 4.

To demonstrate the effect of magnetic fields on the optical properties of these crystals, Faraday rotation measurements
were performed. Initial measurements* were done on an experimental setup using a CW laser at 830 nm.*>*® This
system is shown in Figure 8. Faraday rotation data of the photonic crystal before and after infiltration, measured at 830
nm are shown in Figure 9. AC magnetic fields up to 4 Gauss were applied to the sample, ensuring that we stay well
below saturation for the magnetic particles. The data show the results of averaging over 4 experiments. The constant
background due to the glass substrate was subtracted. After insertion of the magnetic nanoparticles, the specific Faraday
rotation of the photonic crystal shows a substantial increase compared to the non-infiltrated crystal. Each sample was
measured for incidence angles ranging from 0 to 40 degrees to study the effect of the band gap position for these
incomplete band gaps. For these colloidal crystals, which do not exhibit an omnidirectional band gap, the band gap shifts
to shorter wavelengths as the sample is rotated away from the perpendicular direction.'® This means that we can use
sample rotation as a way to measure both in and out of the band gap on the same sample. At larger angles, where the
band gap is below 830 nm, the Faraday rotation appears to increase even more. The other crystals were not measured
using this method, because we had no lasers with a suitable wavelength available.
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Fig. 8. Experimental setup for Faraday rotation. After passing the polarizer P, the 830 nm laser beam is focused on the
sample, mounted on a rotation stage, by a lens L. It is then collimated with a second lens and then traverses an
interference bandpass filter IF. Finally, it is directed through the Wollaston prism WP, set at an appropriate angle, at the
photodiodes (PD). The lock-in drives the magnetic coil through the amplifier and detects the signal from the PD in
phase and at the same frequency.
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Fig. 9. Results from Faraday rotation measurements at 830 nm on the photonic crystal with band gap at 837 nm (before
infiltration with iron oxide particles, open squares) and 847 nm (the same crystal after infiltration, solid squares), with
the sample rotated from 0 (perpendicular to the laser beam) to 40 degrees. The inset shows the shift of the band gap to
shorter wavelengths from 0 to 40 degrees in ten degree steps with the laser line at 830 nm indicated by a vertical line.

We investigated this crystal further using a tunable femtosecond pulsed Ti:Sapphire laser (Spectra Physics Mai Tai).
While one would normally prefer a CW laser for this type of experiment, the 80 MHz pulse repetition rate of this laser is
so much faster than the modulation of the magnetic field and response time of the electronics (hundreds of Hz) that the
pulsed nature of the signal need not be taken into account. Because the wavelength of this laser is tunable over a range
that overlaps the bandgap of the crystal, it allows us to measure a Faraday rotation spectrum, partially inside and partially
outside of the band gap, without having to rotate the sample. The experimental setup remains mostly the same as in
Figure 8, with a different laser and the sample is kept perpendicular to the beam instead of rotated. The results from this
experiment (Figure 10) are in good agreement with those using angular dependence, i.e. the rotation lowers in the area of
the band gap. In this experiment, the background rotation for the glass substrate was not measured separately, and it is
opposite to that caused by the superparamagnetic particles. This explains why the curve for the crystal with magnetic
nanoparticles is lower than that without them. It also demonstrates the significant influence these particles have, as a
small addition to a photonic crystal layer mere microns thick (Figure 5) is sufficient to compensate about half of the
effect from a 1 mm thick glass substrate.

Proc. of SPIE Vol. 7467 74670C-8

Downloaded from SPIE Digital Library on 24 Jul 2012 to 151.100.44.224. Terms of Use: http://spiedl.org/terms



0.10 . , . , . , .

" am -4
1| = PC without nanoparticles
e PC with nanoparticles
a Difference |
o ® o
c
2 0.05- 3 B
2 st
x
O

(syun "qiy) uonejol Aepele

0.00 : ,
700 750

T T
800 850 900

Wavelength (nm)

Fig. 10. Results from Faraday rotation measurements in the range of 750 to 850 nm, using a tunable laser on the same
photonic crystals as in Figure 9, with the sample perpendicular to the laser beam. We show results for the photonic
crystals with and without superparamagnetic nanoparticles, as well as the difference between the two, which clearly
shows that those particles have the biggest effect outside of the band gap.

4. CONCLUSION

We have developed a successful strategy towards colloidal photonic crystals with combined optical and magnetic
functionality derived from nanoscale engineering of these two properties at different length scale. Enhanced magneto-
optic properties were imparted by the synthesis of small (< 20 nm) magnetic maghemite nanoparticles. Optical band gap
properties were induced by the convective self-assembly of large (>200 nm) transparent monodisperse silica
nanospheres. Insertion of the small magnetic particles after the fabrication of the photonic crystal ensures retention of
the good long-range ordering which is essential for the photonic band gap upon imparting magnetic functionality.
Comparative Faraday rotation measurements confirm the effect of the magnetic particles in a photonic crystal towards
enhancing and tuning magnetic interactions in photonic crystals. Further study and theoretical analysis will be needed in
order to better understand the interaction between these materials and light near and in the photonic band gap, but a clear
positive effect of the presence of the magnetic particles for Faraday rotation in colloidal photonic crystals has been
observed.
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