Magnetophotonic Response of Three-
Dimensional Opals

José Manuel Caicedo,’ Oana Pascu,” Martin Lopez-Garcia,* Victor Canalejas,* Alvaro Blanco,* Cefe Lépez,*
Josep Fontcuberta,” Anna Roig,"* and Gervasi Herranz"*

fInstitut de Ciencia de Materials de Barcelona (ICMAB-CSIC), Campus UAB, E08193, Bellaterra, Spain and *Instituto de Ciencia de Materiales de Madrid (ICMM-CSIQ),

Calle Sor Juana Inés de la Cruz 3, Madrid 28049, Spain

the permittivity is periodically modu-

lated on the scale of the optical wave-
length, giving rise to a deep modification of
the spectral optical response.' > The addi-
tion of a magnetic component into these
structures, the so-called magnetophotonic
crystals (MPCs), has two main interesting
effects. On one hand, it breaks time inver-
sion symmetry, allowing nonreciprocal ef-
fects in light propagation.*> On the other
hand, light is slowed at frequencies of the
photonic band edges, strongly increasing
the light—matter interaction and enhancing
the magneto-optical response.® 8 The pos-
sibility of controlling the light propagation
and modifying the magneto-optical spec-
tral response by judicious material design
makes the MPCs a very suitable platform for
the development of a new generation of
fast and compact isolators for optical data
transmission and integrated optics.’

Along this line it has been demonstrated
that the magneto-optical response of one- (1D)
and two-dimensional (2D) MPCs is significantly
enhanced at band edge frequencies.'®'" This
remarkable result has prompted the investiga-
tion of 3D-MPCs in which the periodicity in the
three directions could lead to a complete
photonic bandgap in the optical region, with
an added functionality.'®'>'® Nevertheless, the
achievement of high-quality 3D-MPCs is much
more complex and, therefore, the attainment
of an optimal (magneto-) optical response—
comparable at least to that of 1D-MPCs—
remains a challenging issue.'*'® Early reports
on the magneto-optical characterization of 3D-
MPCs has revealed some features around the
photonic crystal stop-band that have been
interpreted generally as a moderate increase
of the magneto-optical activity around those
frequencies.'®”'® However, little attention has
been paid to the eventual occurrence of optical
activity in 3D-MPC opals due to their structure
and its relevance with respect to the intrinsic

P hotonic crystals are materials in which

CAICEDO ET AL.

ABSTRACT Three-dimensional magnetophotonic crystals (3D-MPCs) are being postulated as
appropriate platforms to tailor the magneto-optical spectral response of magnetic materials and to
incorporate this functionality in a new generation of optical devices. By infiltrating self-assembled
inverse opal structures with monodisperse nickel nanoparticles we have fabricated 3D-MP(s that
show a sizable enhancement of the magneto-optical signal at frequencies around the stop-band
edges of the photonic crystals. We have established a proper methodology to disentangle the
intrinsic magneto-optical spectra from the nonmagnetic optical activity of the 3D-MPCs. The results
of the optical and magneto-optical characterization are consistent with a homogeneous magnetic
infiltration of the opal structure that gives rise to both a red-shift of the optical bandgap and a
modification of the magneto-optical spectral response due to photonic bandgap effects. The results
of our investigation demonstrate the potential of 3D-MPCs fabricated following the approach
outlined here and offer opportunities to adapt the magneto-optical spectral response at optical

frequencies by appropriate design of the opal structure or magnetic field strength.

KEYWORDS: photonic crystals - magnetic nanoparticles - magneto-optic enhancers -
optical activity

magneto-optical properties. Promising results
were earlier reported on 3D photonic crystals
impregnated with a Faraday-active transparent
liquid.""'® Here we present the magnetopho-
tonic response of 3D opals infiltrated with Ni
nanoparticles. By exploiting newly developed
methodologies to disentangle their intrinsic
magneto-optical response from other sources
of optical activity, we find a strong modifica-
tion of the spectral response especially promi-
nent near the photonic band edges.

RESULTS AND DISCUSSION

Al,0; Inverse Opals Infiltrated with Ni Nanopar-
tides. The 3D-MPCs systems studied consist
of Al,Os inverse opals infiltrated with mono-
disperse Ni nanoparticles. For that purpose,
two sets of 8 and 15 nm spherical and
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surfactant-stabilized Ni nanoparticles with
good polydispersity of 12% (8 nm (Figure
1a and b)) and 10% (15 nm, data not shown)
were synthesized by organometallic thermal
decomposition method.?° The two sets of Ni
particles were superparamagnetic at room
temperature, as indicated by the zero field
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Figure 1. (a) Transmission electron microscopy (TEM) image of 8 nm Ni nanoparticles used for the infiltration and the
corresponding stable colloidal dispersion image (inset). (b) High-resolution TEM image of a single 8 nm Ni nanoparticle. (c)
Zero-field and field (50 Oe) magnetization versus temperature curves.

cooled—field cooled magnetization curve correspond-
ing to 8 nm Ni nanoparticles (Figure 1c), with a blocking
temperature (Tg) of 59 K. The saturation magnetization
at 300 K was about 18 and 44 emu/g for 8 and 15 nm
particles, respectively (not shown). Using these nano-
particles, the infiltration was done by dipping the
inverse opals, described below, into stable colloidal
dispersions (see the inset of Figure 1a) by using a step-
motor-assisted dip-coating set up.2'??

The inverse opals were fabricated by self-assembly of
polystyrene spheres (diameter 320 nm) onto hydrophilic
glass substrates by standard vertical deposition.” Subse-
quently, conformal Al,Os layers with controllable thick-
ness were grown by atomic layer deposition (ALD) around
the polystyrene spheres. To leave spherical voids in the
AlLO3 structure, the original organic spheres were re-
moved by dissolution with toluene. The resulting inverse
opal was infiltrated with Ni nanoparticles as described
above. Figure 2a shows a scanning electron microscope
(SEM) overview picture of a typical Ni-infiltrated sample
where the three-dimensional fcc compact stacking of the
spherical opal units can be clearly appreciated. The same
figure also allows discerning the hollow spheres that were
broken during the sample preparation, revealing the
inverse opal structure. Figure 2b shows an SEM image
of the surface of the infiltrated opal. On one hand,
Figure 2b noticeably reveals that Al,O; forms a very
uniform conformal coating on the polystyrene spheres.
On the other hand, the tiny bright spots on the spherical
surfaces—which are more visible in the zoomed image of
the inset of Figure 2b—are the Ni nanoparticles.
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SEM cross-sectional images of the 3D-MPCs (Figure 2c)
were used to estimate the infiltration homogeneity across
the depth of the opals and to determine the void (~288
nm) and the connecting neck (~100 nm) sizes, which are
used for filling fraction calculations, f,;; = 0.87 and fajp03 =
0.13, of air and alumina, respectively. The original contact
points of the polystyrene spheres are clearly visible as the
smaller windows in the inverse structure (Figure 2c). The
zoom included in the inset of Figure 2c again unambigu-
ously shows the presence of the Ni nanoparticles appear-
ing as small bright spots across the image. This figure
reveals also that the Al,Os coating is homogeneous and
has a thickness of about 15 nm.

Optical Transmittance: Stop-Band Red-Shift. The optical
and magneto-optical properties of these 3D-MPCs were
examined by performing optical transmittance (OT),
circular dichroism (CD), and magnetic circular dichro-
ism (MCD) spectroscopy experiments in the range of
wavelengths 4 = 400—800 nm. Although Faraday rota-
tion and ellipticity were also recorded, their signals
were largely masked by the large magneto-optical
contribution of glass substrates, which made the anal-
ysis of the spectra quite difficult. On the contrary, the
MCD signal, which in our configuration is proportional to
the Faraday ellipticity,”* was much stronger and was used
to track the photonic effects on the magneto-optical
spectra. The OT spectra were taken at normal incidence
and allowed us to measure the stop-band frequencies
of the MPCs. The CD and MCD data were obtained
by using a lock-in amplified detection of the light
transmitted through the samples using a photoelastic
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Figure 2. Scanning electron microscopy images of the opal
after infiltration with 8 nm Ni nanoparticles: (a) overview,
(b) surface, and (c) cross-section.

modulator.2%%>2® |n our setup configuration, the first
harmonic of the detector signal is proportional to the
dichroic (CD or MCD) signal (lrcp — Icp)/Urep + Iicp),
where Igcp and I cp are the right and left circularly
polarized light transmitted through the 3D-MPCs, re-
spectively. We stress that this setup allows the mea-
surement of the optical and magneto-optical spectral
response at exactly the same place on the crystals, with
a light probe spot size of ~2 mm.?’

We first performed OT experiments to determine the
stop-band frequencies of the crystals. Figure 3 (left axis)
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shows the OT for the blank non-infiltrated opal (solid
squares) as well as the opals infiltrated with 15 and 8 nm
nanoparticle (solid triangles). We note that in Figure 3 the
OT and MCD spectra are given in arbitrary units and have
been shifted in order to facilitate their visual inspection.
This data treatment, however, does not alter at all the
conclusions of the combined analysis of the OT and MCD
spectral responses discussed below. We observe in Fig-
ure 3 that the blank opal exhibits a stop band centered at
Ag ~ 537 nm, whereas after the infiltration with the Ni
nanoparticles the stop band experiences a red-shift. This
effect is very weak for the opal infiltrated with 15 nm
nanoparticles, whereas it is substantial (~18 nm shift) for
the opals infiltrated with 8 nm nanoparticles. The magni-
tude of the stop-band red-shift is directly related to the
degree of the opal infiltration. To quantify this parameter,
we calculated the effective refractive index (neg) of ma-
terial before and after infiltration, from the experimental
Ag red-shift using the Bragg law for a fcc closed packed

structure:?®
Ag = 2(2/3)"?Dne Q)

where D is the sphere diameter of the photonic
crystal (D = 316.8 nm in our case, which is obtained
from the addition of the void diameter (288 nm) plus
twice the Al,O3 shell thickness). From eq 1 we ob-
tained neg = 1.039 for the original opal and neg =
1.073 and 1.044 for the opals infiltrated with Ni
nanoparticles of 8 and 15 nm, respectively. From
these values we could extract the volume fractions
fni of the infiltrated magnetic nanoparticles by using
well-known effective medium approximations, i.e.,
the Maxwell—Garnett equation®®

2 2 2 2 _
Nt 1 = fy Ny — 1 +fano M0, ! f. NGy — 1
2 - N2 203 2 air> | 5
Ngge +2 nyi +2 Mo, T2 Ny +2
(2)
and Bruggeman equation°
2 2 2 —n2 2 2
0 = fiy i " Mett g Ma,0, ~ Neft 4 Mair ~ Met
= INi—3 > 2037 3 2 L) 2
Ny + 25 Mo, + 2N NG + 2%
(3)

where we also used the refractive indices of air (n,;, = 1)
and bulk Ni (ny; = 1.78). Using the f,;, and the fa;503
values described above and the observed red-shift of
the gap, the effective filling fraction of Ni has been
determined. These estimates were virtually the same
for both approaches, eq 2 and eq 3, and yielded fy;.
150m ~ 1.1—1.3% and fyi.gnm ~ 9% for the 3D-MPCs
infiltrated with 15 and 8 nm nanoparticles, respec-
tively. The smaller infiltration observed when using
the 15 nm nanoparticles is likely related to the fact
that when larger particles or higher concentrations
are used, some blocking of the connecting necks of
the opal takes place. Indeed, smaller filling fractions
are also obtained when using 8 nm Ni nanoparticle
dispersions of high enough concentrations (>10 > M =
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Figure 3. Optical transmittance (OT) of a non-infiltrated opal (blank) and opals infiltrated with 15 and 8 nm Ni nanoparticles.
The figure also shows the magnetic circular dichroism (MCD) spectra of opals infiltrated with nanoparticles as well as the MCD
spectra of Ni nanoparticles distributed randomly on a glass substrate. The arrows indicate the location of the magneto-optical

enhancement discussed in the text.
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Figure 4. Circular dichroism (CD) spectra at zero field and at
field H = 10 kOe of an inverse opal infiltrated with 8 nm Ni
nanopatrticles. The sketch in the inset shows the principle of
the CD experiment.

0.1 mg Ni NPs/mL solvent). Thus, optimal infiltration of
3D-MPCs requires small enough nanoparticle size and
concentrations.

Magneto-optical Characterization: Band-Edge Enhance-
ment. Once the structural quality of the photonic
crystals and the efficiency of the infiltration with the
magnetic nanoparticles have been assessed, we turn
now to the investigation of their functional optical and
magneto-optical properties. Following the commonly
used approach,®’ we performed CD experiments by
recording the intensity of the light transmitted though
the opals (see inset of Figure 4) while sweeping the
wavelengths in the absence of any magnetic field. For
nonoptically active systems a null CD signal should be
expected, but due to their particular compact fcc
periodic structure, photonic crystals can indeed exhibit
a significant CD near the stop-band frequencies, espe-
cially at off-normal incidence.3*** Here we show that

CAICEDO ET AL.

%(a) (b) (c)

o

'
w

A =525 nm A =550 2 = 600 nm

4 0 4 4 0 4 4 0 4
Magnetic Field (kOe)

10* x Magnetic
Circular Dichroism

D
=)
:

O A A
a o ua o O
N 1 N 1

agnetic Circular Dichroism

500 550 600 650

wavelength (nm)

450

10°x M

Figure 5. Magnetic circular dichroism (MCD) spectrum of an
inverse opal infiltrated with 8 nm Ni nanoparticles is shown
in (d). The data are obtained from the maximum amplitude
of the full MCD hysteresis loops (see panels (a)—(c) for these
loops at three selected wavelengths).

this effect can be quite large even at normal incidence.
Indeed, we see in Figure 4 that the CD spectrum of the
opal infiltrated with 8 nm Ni nanoparticles is signifi-
cantly large around the stop band. The application of a
field of H = 10 kOe (well above the saturation field on
the Ni nanoparticles) induces only an additional mod-
erate increase of around 30% of the CD response. Thus,
much of the optical activity of these 3D-MPCs has a
nonmagnetic origin; it results from the geometry of the
opal structure, and thus this technique does not allow
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disentangling the distinct contributions to the optical
activity. We used then a proper strategy in order to
determine the intrinsic magneto-optical response of
the crystals. For that purpose, and in order to have the
complete information on their magneto-optical proper-
ties, we recorded the whole series of full hysteresis MCD
loops of the 3D-MPCs with 1 nm step resolution, from 4
=400 nm to 4 = 800 nm. The maximum amplitude of
each hysteresis loop was then used to compute the
MCD spectral response. As an illustration, we show in
Figure 5d the MCD spectrum measured using this
procedure, while Figure 5a—c displays the full hyster-
esis loops at selected wavelengths.

Once the protocol to measure the intrinsic MCD is
established, we discuss now the magneto-optical spec-
tral responses of the photonic crystals and their rela-
tion to their optical properties. Figure 3 depicts the OT
(left axis) and MCD (right axis) spectra obtained at the
same spot (diameter ~2 mm) in opals infiltrated with 8
and 15 nm nickel nanoparticles. Additionally, Figure 3
shows the MCD spectrum of a sample consisting of 8
nm nanoparticles distributed randomly on a glass
substrate (empty squares). This spectrum is the refer-
ence of the MCD response of the Ni nanoparticles free
of any crystal-induced photonic effect. Figure 3 imme-
diately reveals a deep modification of the MCD spectra
of the two 3D-MPCs with respect to that of the randomly
distributed Ni nanoparticles. More specifically, a clear
signature is observed of a magneto-optic enhancement
in the form of two prominent shoulders in the MCD
spectra around the two stop-band edge frequencies
(which are indicated by arrows). Note that the frequency
shift of the optical stop-band positions of the 3D-MPCs
infiltrated with 8 and 15 nm nanoparticles is perfectly
reproduced by the shift of the features of the MCD
spectra induced by the photonic band effects. There-
fore, the intensive modification of the magneto-optical
response in close proximity of the band edge frequen-
cies is in agreement with the theoretical predictions'’
and is a direct consequence of the strong increase of
light matter interaction due to photonic band flattening

MATERIALS AND METHODS

Fabrication of the Inverse Opals. The template material for the
fabrication of the inverse opals was a self-assembled direct opal
constituted of polystyrene spheres with 320 nm diameter. These
direct opals were assembled by vertical deposition onto a
hydrophilic glass substrate. Subsequently, an Al,O3z shell was
infiltrated into this template by atomic layer deposition (ALD)?
providing conformal layers around the polystyrene spheres of
controllable thickness. In each ALD cycle around 1.8 A was
deposited. In our case, 80 cycles of ALD were used, forming an
AlL,O3 conformal layer thickness of around 15 nm (see also
Figure 2¢). Finally, the original polystyrene spheres were removed
by dissolution in toluene, leaving spherical voids in the Al,O3
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and the resulting reduction of the light group velocity at
band edge wavelengths* Importantly such response
can be tuned by the applied magnetic field. We finally
point out that the photonic effect on magneto-optics in
the 3D-MPC infiltrated with 8 nm is slightly larger than
that of the one infiltrated with 15 nm nanoparticles
(Figure 3), in agreement with the larger impregnation of
Ni nanoparticles inside the crystal in that case compared
to the former.

CONCLUSIONS

Our results show that an optimal infiltration of inverse
opals with magnetic nanoparticles is a powerful strategy
to customize the magneto-optical spectral response of
magnetic materials. We have demonstrated that our
approach can be exploited to generate a tailored mag-
neto-optical response that is operative at least on the
order of a few millimeters (the probe light spot size in our
experiments). This shows that the structural order re-
quired to observe the photonic band induced effects is
preserved in the same length scale, which makes still
more appealing the approach here described for appli-
cations using lasers as light sources. We note that the
superparamagnetic properties of the nanoparticles en-
sure an agile response of our system with the magnetic
field, at variance with thin-layer infiltration, where a
continuous layer would lead to hysteretic ferromagnetic
behavior with more limited agility.

At the same time, a proper design of the geome-
trical parameters of the opal structure allows the
determination at will of the range of wavelengths
for which modification of the spectral response is
desired. All these features are basic prerequisites for
the development of novel optical devices in the field
of optical data transmission and processing. As a
possible further development in the field, one of
the major advances would be to establish whether
suitable strategies could be set to increase further the
magnetic material content in the opal structures and
analyze the impact of larger filling fraction factors in
the optical spectral response.

structure. The final inverse opal structure exhibited connection
gate sizes of around 100 nm at the areas where initially the
polystyrene spheres were in contact (Figure 2c). These connec-
tion gates provided the paths for the diffusion of Ni nanoparticles
into the opals during the impregnation.

Synthesis of Ni Nanoparticles. Nickel nanoparticles were synthe-
sized by a high-temperature solution-phase method adapting the
procedures reported by Chen et al>> and Murray et al® In a
typical synthesis, 1 mmol (0.257 g) of Ni(acac), was added to 7 mL
of oleylamine, 2 mmol (0.63 mL) of oleic acid, and 1 mmol (0.45
mL) of trioctylphosphine, and the mixture was heated to 130 °C
and stirred magnetically under a flow of high-purity argon. The
mixture was kept for 20 min at 130 °C. Afterward, it was further
heated up to 250 °C and maintained at this temperature for an
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additional 30 min. After cooling to room temperature, the nano-
particles were precipitated by adding extra ethanol, followed by
centrifugation. The resulting black precipitate can be redispersed
in an organic nonpolar solvent. The precipitate was dried in an
oven (at 70 °C) overnight and weighed. Finally, the as-synthesized
nickel nanoparticles were kept in a hexane concentrated disper-
sion of known concentration.

Infiltration with Magnetic Nanoparticles. The infiltration was
done by dipping the inverse opals into stable colloidal disper-
sions of two sets of Ni nanoparticles—with size 8 and 15 nm,
respectively—and a concentration of 5 x 10~* M (0.03 mg Ni/
mL). The degree and homogeneity of the infiltration of the Ni
nanoparticles into the inverse opals was controlled by the
lifting-up speed (3.6 mm/h in our case), the number of infiltra-
tion cycles, and the size and concentration of the nanoparticles
in the colloidal dispersion. As described in the main text, SEM
cross-sectional pictures (Figure 2c) were instrumental to assess
the homogeneity of the infiltration and the calculation of the
filling factor fractions.

Circular Dichroism and Magnetic Circular Dichroism Spectroscopy. It
was performed using a homemade experimental setup.>”>® The
sample reservoir was placed between the poles of an electro-
magnet. Light from a 150 W Xe arc lamp (ZolixTechnology) was
dispersed by a monochromator (Zolix 1-150), collimated, and
then linearly polarized by the action of a Glan-Thompson prism,
which is rotated 45° with respect to the modulator axis of a
photoelastic modulator (PEM). After the PEM, the light was
transmitted through the sample (with a typical light beam
diameter of about ~2 mm) and then went toward a detector.
The signal from this detector was brought to a lock-in amplifier
synchronized to the frequency of the PEM retardation angle. It
can be demonstrated that, in this setup configuration, one can
measure the CD and MCD signals by inspection of the first
harmonic of the detector signal.
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