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ABSTRACT: We investigated the magneto-optical response
of chemically synthesized iron oxide magnetic nanocrystals,
optically coupled with ordered planar arrays of plasmonic
nanoparticles. We compare the signals from two classes of
systems, featuring either Au or Ag as the plasmonic
counterpart. The localized surface plasmon resonance of the
Ag and Au nanoparticles arrays were superimposed or
detuned, respectively, with respect to the dominant magne-
to-optical transitions of the magnetic material. Under
resonance, a significant enhancement of the magneto-optical
signal was observed. In both cases, we could separate the
purely plasmonic and the magnetic contributions in the magneto-optical spectrum of the optically coupled composite based on
their different magnetic-field dependence.
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■ INTRODUCTION

In correspondence of the localized surface plasmon resonance
(LSPR) of noble-metal nanoparticles (NPs),1−5 the local
electromagnetic (EM) field in the near vicinity of the NP
surface can be very strongly enhanced with respect to its free-
space value.4 If optically active materials are appropriately
placed within the field-enhancement region, their optical
response can be strongly affected by the local field. An
interesting application of this effect consists of modifying the
magneto-optical (MO) response of magnetic materials via the
plasmon-enhanced EM fields.6−20 The coupling of plasmonic
and magnetic materials, or the plasmonic excitation of magnetic
nanostructures,19,21 form the basis of interesting phenomena
such as the LSPR-induced enhancement of the MO
response,6−16,19,20 and find application in, e.g., the plasmon-
mediated heat-assisted magnetic recording.17,18

The enhancement of the MO response in magnetoplasmonic
systems is directly correlated with the EM field intensity within
the MO-active material, thus making this effect strongly
sensitive to the degree of optical coupling between the
plasmonic and the magnetic counterparts.11,22 Provided that
the spatial-proximity condition between the two materials is
met,22 the general requirement for maximizing the LSPR-
enhancement effect is tuning the LSPR with the dielectric
more specifically, the MOresponse of the magnetic
substance.23 For transition metals, characterized by relatively
smooth optical response and broadband MO spectra,24,25 the

LSPR matching is not an issue,11,14,16,26 while transition-metal
oxides and other compounds27−30 can be less straightforward,
from this point of view.7,9 Tuning the LSPR with the intrinsic
excitations of the magnetic counterpart can also shed further
light on the mechanism of plasmon-induced MO enhancement,
helping maximize the MO enhancement in optically coupled
magnetoplasmonic heterostructures. For this purpose, inde-
pendently tuning the plasmonic and magnetic materials’
properties prior to their merging is clearly an advantage.
In this article, we address the MO response of two-

dimensional (2D) layers of iron oxide nanocrystals (NC)
optically coupled with plasmonic substrates composed of
ordered 2D arrays of noble-metal nanoparticles. Plasmonic
arrays composed of Ag NPs, whose LSPR is spectrally
superimposed with the dominant MO transitions of iron
oxide, yield significant enhancements of the iron-oxide MO
signal. Replacing Ag with Au, whose LSPR is spectrally detuned
with respect to the NC MO transitions, strongly lowers their
MO response. The comparison of the two systems’ response
thus pinpoints the role of the LSPR-MO spectral matching on
the plasmon-induced enhancement. In both cases, we also
observed that the contribution to the MO signal arising from
the magnetic and the plasmonic counterparts can be clearly
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separated, even under optical coupling, based on their markedly
different magnetic-field dependence.

■ EXPERIMENTAL SECTION
Fabrication of the Plasmonic Substrates. The samples

consisted of planar, 2D arrays of metallic nanoparticles (Au or Ag)
supported on an insulator substrate, on top of which iron oxide NCs
are deposited by dip-and-dry procedures.
The 2D arrays of plasmonic NPs were fabricated by depositing the

noble metals onto the self-organized nanometric uniaxial triangular-
wave pattern that spontaneously develops on the LiF(110) surface
following homoepitaxial growth.31,32 Optical-quality LiF(110) sub-
strates (Crystec GmbH) were employed. Approximately 240 nm of
LiF were deposited at a substrate temperature of T = 620 K to achieve
the formation of the LiF nanostructures. Noble metals (Ag, 99.999%
purity (Mateck GmbH) and Au, 99.99% purity (Mateck GmbH))
were deposited in high vacuum (p < 5 × 10−8 mbar) by molecular
beam epitaxy at room temperature at a 60° angle of incidence, with
respect to the surface normal. The equivalent deposited thickness was
∼3 nm for Ag and ∼5 nm for Au. The metal/LiF systems were then
flashed at T = 670 K.33

The atomic force microscopy (AFM) characterization was
performed by means of a Multimode/Nanoscope IV system (Digital
Instruments-Veeco). For quantitative analysis purposes, the NPs
observed in the images were discriminated and isolated by means of
threshold algorithms. The in-plane aspects of the isolated NPs were
fitted as ellipses, and the mean in-plane NP size and the relative
distances between the NP centers could be deduced.
Synthesis of Iron Oxide Nanocrystal. The Fe3O4 NCs coated

with oleic acid were prepared via thermal decomposition of the
iron(III)-oleate complex in 1-octadecene in the presence of oleic acid
in a 3:1 relationship, with respect to the metal complex. The solution
was slowly heated under a nitrogen atmosphere to 312 °C and then
aged at that temperature for 240 min, generating the iron oxide
NCs.34,35 The NCs, as observed via TEM, exhibit a cubic shape and a
very narrow distribution of their mean core diameter (dcore = 13 ± 1.3
nm).36,37 When dispersed in hexane, the hydrodynamic diameter dhydro
of the iron oxide NCs obtained from dynamic light scattering (DLS)
was monodisperse, dhydro = 16 ± 4 nm. The NC showed negligible
tendency to aggregate in suspension. For the NC deposition, the
substrates were immersed in the NC hexane suspension with a Fe
concentration of ∼6 μg/mL for 5 min, then rinsed in pure hexane and
dried under nitrogen flux.
Optical and Magneto-optical Characterization. The reflectiv-

ity measurements were performed in the experimental geometry
depicted in the top part of Figure 2 (shown later in this work): the
angle of incidence was θ = 50° and light polarization perpendicular to
the LiF ridges, determined using a J. A. Woollam Model M-2000X
variable-angle ellipsometer/reflectometer.
The calculation of the optical reflectivity of the NP/LiF systems was

performed according to the model described in ref 33, keeping into
account the EM interactions between the NPs and between the NPs
and the substrate. The NPs were modeled as being immersed in a thin
effective-medium layer with a dielectric constant equal to the average
dielectric constants of the vacuum and the substrate. The NP array
morphology was fed to the model from the AFM images. The
presence of the NCs onto the NP/LiF system was simulated by
appropriately augmenting the dielectric constant of the medium
surrounding the NPs, and increasing the effective-medium layer
thickness by a quantity dhydro, as specified in detail in ref 37. The
optical constants of maghemite were used for the NCs.38

The MO response was assessed by the polar magneto-optical Kerr
effect (MOKE), in the same optical geometry as reflectivity. The
sample was illuminated with an s-polarized white beam from a xenon
lamp (Figure 3, top right, shown later in this work). The reflected
beam was analyzed by a linear polarizer detuned by an angle α from
the extinction condition, and fed to a spectrometer with a wavelength
range of λ = 400−1000 nm (Ocean Optics, Model USB-2000). The
intensity spectra for opposite directions of an external f ield, H = ±5000

Oe, applied normal to the sample surface, were recorded for a set of
analyzer angles in the −1.5° < α < 1.5° interval. The intensity as a
function of α and λ for each field orientation was fitted against a
cosine-square dependence, allowing one to deduce the wavelength
dependence of the purely magnetization-induced rotation, the Kerr
angle (ϕK(λ)). Hysteresis loops of the samples at all λ could be
measured in parallel by setting the analyzer at a fixed angle α*
(typically chosen to maximize the magnetic contrast) and recording
the light intensity after the analyzer while sweeping the external field
H.

■ RESULTS AND DISCUSSION

In Figures 1a and 1b, representative AFM images of the 2D
arrays of Ag/LiF and Au/LiF are shown. The NPs are fairly
regular in size and relative position in both cases. Notably, their
arrangement exhibits a characteristic uniaxial alignment induced
by the triangular-wave pattern of the underlying substrate, and
the Au NPs are slightly elongated along the ripple direction.33

In the insets of Figures 1a and 1b, the 2D distribution of the

Figure 1. (a, b) AFM images of the Ag/LiF and Au/LiF plasmonic
substrates prior to the NC deposition (the height scale reported in
panel a is valid for all images, and all images have the same size (800
nm × 800 nm)); insets of panels a and b show two-dimensional (2D)
distributions of the nanoparticle (NP) center-to-center distances
extracted from the AFM images (inset size: 80 nm × 80 nm). (c, d)
AFM images of the Ag/LiF and Au/LiF systems following the NC
deposition. (e) Histograms of the height distributions, relative to the
AFM images.
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NP center-to-center distances deduced from the AFM images
are reported. The uniaxial symmetry of the NP arrangement is
apparent. In the bottom graph, the height histograms of the
images are reported. Both histograms have a Gaussian shape,
with a full width at half maximum (fwhm) of 7.5 and 7.4 nm for
Au and Ag, respectively, arising from the root-mean-square
(rms) surface roughness of the samples. AFM-tip effects were
not considered.
In Figures 1c and 1d, we report two AFM images of the Ag

and Au arrays following the deposition of the magnetic NCs. In
both cases, a clear difference can be seen following the NC
deposition, as an increased disorder in the pattern. Overall,
however, the NC patterns have preserved a certain degree of
the characteristic uniaxial symmetry of the noble-metal NP
arrays, somehow suggesting the formation of a relatively thin
NC layer on top of the plasmonic substrate.
The LSPR excitation of the plasmonic arrays is manifested as

a marked peak in their s-polarized reflectivity spectra (Rs).
33

The bare Ag/LiF sample exhibits its LSPR peak at λ ≈ 473 nm
(Figure 2, left panel, red markers),39 while Au, because of its

different dielectric function, has its LSPR red-shifted to λ ≈ 555
nm (Figure 2, right panel, red markers). Following the
deposition of the NCs, the LSPR peaks red-shift, by ∼15 nm
for Ag and ∼25 nm for Au (blue markers). Qualitatively, the
LSPR redshift is consistent with the increase of the dielectric
constant of the noble-metal NP environment due to the NCs.3

The LSPR shift confirms the close physical proximity between
the plasmonic particles and the NCs and their mutual optical
coupling.
The ϕK(λ) spectrum of NC/Ag is reported as the black line

in Figure 3a. The spectrum can be readily compared with the
reference MO response of the NCs deposited on a f lat Al
surface, reported as the gray diamonds in the figure. Aluminum
indeed provides a flat optical response and a negligible MO
background, adding no substrate contribution. The NC/Ag

MO response is very similar in shape to the reference spectrum,
since both consist of a single, broad peak with a maximum near
λ = 470−480 nm. However, the NC/Ag Kerr rotation is much
larger, with an almost 5-fold intensity increase at the maximum.
We notice that, for Ag, the LSPR spectrally overlaps the MO
peak of the reference NC/Al.
When we replace Ag as the plasmonic counterpart with Au,

whose LSPR is detuned with respect to the NC MO peak, the
MO response strongly changes. The ϕK spectrum of NC/Au
(Figure 3b, black line) differs both in intensity and in shape,
with respect to Ag. For Au, ϕK(λ) exhibits a double-peak
structure, at λ ≈ 480 nm and λ ≈ 580 nm, and its peak intensity
is much lower than Ag, very similar to the reference NC/Al at λ
≈ 480 nm.
The differences in the spectra are interestingly mirrored by

corresponding variations in the hysteresis loop shape between
the two systems as a function of wavelength. Hysteresis loops at
the selected wavelengths λ = 480 nm (corresponding to the
maximum NC MO response and to the Ag LSPR), and λ = 580
nm (corresponding to the Au LSPR) are reported in Figure 4.
At λ = 480 nm, the loops for NC/Ag and NC/Au (Figures 4a
and 4b, red markers) both have a Langevin-like shape, while
NC/Ag still shows a seemingly linear increase of the MOKE
signal above H ≈ 3 kOe, NC/Au seems to saturate beyond that
value. At λ = 580 nm, the difference is striking: here, it is NC/
Ag that exhibits a clear Langevin shape, whereas for NC/Au,
the Kerr signal dependence on the applied magnetic field is
linear.
The wavelength-dependent shape of the hysteresis loops

stems from the uncorrelated superposition of the MO
contributions of the plasmonic and the magnetic counterparts,
each exhibiting a different magnetic-field dependence. The

Figure 2. Top panel shows the experimental geometry for the
reflectivity measurements: the angle of incidence was θ = 50°, with
respect to the surface normal, and the light was polarized transverse to
the LiF nanoridges. Bottom panels show experimental s-polarized
reflectivity spectra of the Ag sample (left) and the Au sample (right)
before and after the NC deposition (red and blue markers,
respectively). The corresponding calculated spectra are reported as
the red and blue lines, respectively.

Figure 3. (a) Magneto-optical Kerr effect (MOKE) spectrum ϕK(λ) of
the NC/Ag/LiF system (black line), NC contribution (blue circles),
LSPR contribution (orange squares), NC/Al reference spectrum (gray
diamonds) (left) and experimental geometry for the MOKE
measurements (right). (b) MOKE spectrum ϕK(λ) of the NC/Au/
LiF system (black line), NC contribution (blue circles), LSPR
contribution (orange squares), and NC/Al reference spectrum (gray
diamonds). (c) NC contribution to the MOKE spectra of NC/AG/
LiF (blue circles) and NC/Au/LiF (gray squares) normalized to their
NC coverage.
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magnetization of the NC ensembleand, hence their MO
responseis indeed expected to follow a Langevin function, as
a function of the applied field. The MO response of the
plasmonic NPs, which is observable even in the presence of the
NCs, instead has a linear dependence on H.40−42

In the ϕK(λ) spectra, the two contributions are inextricably
superimposed. The relative weight of each contribution to the
spectra can be instead derived from the hysteresis loops. In
order to do this, we fitted each loop as the weighted sum of a
Langevin function and a linear term. Such Langevin and linear
terms yield the NC and plasmonic contributions to the overall
spectra (see the Supporting Information for details about the
fitting procedure). The magnetic-field dependence of each
contribution is explicitly shown in the hysteresis loops of Figure
4. There, the blue, orange, and black lines represent the
contribution of the NCs (Langevin), the NPs (linear), and their
sum, respectively. The spectral dependence of the NC and the
plasmonic contributions for NC/Ag and NC/Au is reported in
Figures 3a and 3b, respectively, as blue circles (representing the
NC contribution) and orange squares (representing the LSPR
contribution). We notice that, since the loops allow to ascertain
the relative weight of each contribution in the overall spectra,
the sum of the NC and NP spectra, by definition, is equal to the
overall ϕK spectra.
The plasmonic contribution to ϕK(λ) yields a single broad

peak in the spectra, with ∼2 mdeg intensity, centered around
470 and 600 nm for NC/Ag and NC/Au, respectively (i.e., in
correspondence of the systems’ LSPR).41 Instead, the NC
contribution for NC/Au shows a peak at 480 nm, with a
maximum of ϕK ≈ 3.5 mdeg, whereas for NC/Ag, the NC MO
peak is slightly blue-shifted to λ ≈ 465 nm and is significantly
larger (ϕK ≈ 8.5 mdeg).
The most interesting aspect that emerges from the MO

characterization of the Ag- and Au-based samples is the largely
different MO response of their “magnetic” counterpart. Before
discussing its origin, it is worth recalling that, in the Au- and

Ag-based samples, the deposited NCs belonged to the same
original suspension. In addition, it is necessary to quantify the
amount of NCs deposited on each plasmonic substrate, in order
to exclude MO enhancement because of different NC-layer
thickness.
To this end, in Figure 2, we reported the calculated Rs spectra

for the bare Ag/LiF and Au/LiF arrays (red lines) and those
calculated in the hypothesis of a single NC layer deposited on
the Ag/LiF and Au/LiF arrays (blue lines). The change in
experimental reflectivity, following the NC deposition, is well-
reproduced by the optical calculations, suggesting that the
amount of NCs deposited on each plasmonic substrate was
comparable to a single NC layer. In the Au case, the width of
the height distribution deduced by AFM (hence, the sample
roughness) has remained almost unchanged, following the NC
deposition (see Figure 1e, red line), suggesting the formation of
a compact NC layer: taking the optical data into account, it can
be thus inferred that a single NC layer was deposited on Au/
LiF. In the Ag sample, the height distribution (the dark-gray
line in Figure 1e) exhibits a high-z tail, whose origin is easily
traced to the presence of small agglomerates on top of a
compact base layer. Assuming, based on the optical modeling,
that such a base layer represents the first NC layer deposited on
the Ag/LiF NPs, the integral of the high-z tail would account
for a volume corresponding to 0.3 NC layers. Therefore, for
this sample, the amount of deposited NCs can be estimated to
be, at most, 1.3 monolayers. In Figure 3c, the NC contributions
the Kerr spectra normalized to the so-obtained coverage are
reported.
In both systems, the optical coupling between the plasmonic

and magnetic counterparts has been achieved, as testified by the
NC-induced LSPR shift. Therefore, the difference between the
Ag and Au case should be ascribed to the different influence of
the substrate’s LSPR on the NC MO response, i.e., to the
different spectral overlap between the LSPR and the character-
istic MO transitions of the NCs.
The reference ϕK(λ) spectrum of NC/Al (gray diamonds in

Figure 3) shows a marked peak at ∼480 nm,9,30 and a fairly
small signal in the red spectral range. Such a MO response
suggests that the iron oxide NCs are mainly composed of
maghemite (γ-Fe2O3),

9 produced upon oxidation of Fe3O4, a
conclusion also supported by X-ray absorption spectroscopy
data measured at the Fe L2,3 edge, reported in the Supporting
Information.43 The dominant MO feature of the maghemite
spectrumthe 480-nm peakis due to a complex crystal field
transition in the 3d5 orbital of Fe3+, and has been identified as a
general feature of compounds containing Fe3+.9,29 Weaker MO
structures are present in γ-Fe2O3 at ∼530 nm.9,29

In the Ag case, for which a strong spectral overlap between
the LSPR and the dominant NC MO transitions is present, the
MO response of the NCs is much larger than the reference
spectrum, clearly indicating that some form of MO enhance-
ment has occurred. In comparison, when the LSPR is strongly
detuned with respect to the major NC MO transitions, as in the
Au case, the NC spectrum remains substantially unchanged
with respect to the reference NC/Al data. According to the
analysis reported in Figure 3b for Au, the LSPR has indeed no
overlap with the 480-nm iron oxide peak, and only a weak
superposition with the weaker structure at 530 nm. Instead, the
LSPR sits in a range where the MO signal of the NCs alone is
extremely weak. Thus, the 600 nm-peak of the Au ϕK(λ) has a
purely “plasmonic” character, while the 480-nm peak is of

Figure 4.MOKE hysteresis loops recorded at λ = 480 nm ((a) NC/Ag
and (b) NC/Au) (red symbols) and at λ = 580 nm ((c) NC/Ag and
(d) NC/Au) (red symbols). The best fits to the hysteresis loops, the
Langevin (NC) contribution, and the linear (LSPR) contribution are
shown as the black, blue, and orange lines, respectively.
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purely magnetic origin, although without sizable MO enhance-
ment.
Although the use of two different substrates clearly affects the

optical response via dielectric-constant effects, the behavior we
observed does not fit with the dielectric enhancement,7 in
which a variation in the diagonal elements of the effective
dielectric tensor outside the LSPR range accounts for most of
the MO enhancement, since such enhancement, in our case,
spectrally overlaps the LSPR. This points to the likely
occurrence of a magnetoplasmonic ehnancement in the NC/
Ag sample, achieved via spectrally matching the iron oxide
dielectric properties with the LSPR in an optically coupled
hybrid magnetic/plasmonic medium. However, the complex
morphology of the self-organized plasmonic systems does not
lend itself easily to the calculation of realistic near-field
distribution maps, thus preventing the establishment of a direct
correlation between the MO enhancement and the field-
enhancement value on each sample.
In addition to the different degree of enhancement observed

in Au- and Ag-based systems, we also note that, in the samples,
it is possible to separately assess the purely plasmonic
contributions and the magnetic contributions to the overall
MO signal also in the presence of optical coupling, in analogy
with that reported in ref 42. This phenomenon is apparent in
the λ-dependent hysteresis loops, where the responses of the
two materials are distinguishable upon appropriate data
analysis. From the point of view of data interpretation,
disentangling the two contributions represents an excellent
aid to correctly assess the mechanisms underlying the
formation of the collective MO response of composite
materials. In this framework, therefore, a more-extended use
of this procedure in magnetoplasmonic could bring significant
advantages in the field.

■ CONCLUSIONS
We have reported the magneto-optical (MO) response of
hybrid nanostructured media consisting of optically coupled
magnetic nanocrystals and plasmonic nanoparticles two-dimen-
sional (2D) arrays, comparing the MO response of two classes
of samples, similar by design but featuring either Au or Ag as
the plasmonic counterpart. The choice of either Ag or Au as the
plasmonic material allows one to spectrally tune or detune the
LSPR, with respect to the dominant MO transitions of the
magnetic NCs, thereby allowing to either achieve or not a
plasmon-enhanced MO response in the NCs.
We further showed the possibility of disentangling the

plasmonic and magnetic contributions to the overall magneto-
optical signal based on their different magnetic field depend-
ence, opening the possibility of directly monitoring the LSPR
and the magnetic behavior within a composite magnetic/
plasmonic material, a feature that we believe to be of great
assistance for assessing the response of such hybrid media.
In perspective, we notice that the fabrication procedure

reported here for realizing the composite magnetic/plasmonic
materials involves the independent synthesis of the magnetic
nanocrystals and fabrication of the plasmonic substrate. As
such, it easily lends itself to explore novel combinations of
magnetic and plasmonic counterparts, whose optical/magnetic
response can be independently evaluated and optimized prior
to merging them in a single material. The parameters subject to
possible optimization are the LSPR wavelength and the MO
spectral response, as shown here, but also the LSPR bandwidth
or birefringence,33 and characteristics of the magnetic counter-

part, such as the blocking temperature or the coercivity.
Furthermore, the self-organization/self-assembly scheme also
provides the possibility of fabricating nano objects over large
areas, featuring highly homogeneous yet tunable optical,
magnetic, and magneto-optical responses, at a low cost.
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(21) Melle, S.; Meneńdez, J. L.; Armelles, G.; Navas, D.; Vaźquez,
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