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ABSTRACT: Plasmon resonance modulation with an external
magnetic field (magnetoplasmonics) represents a promising route
for the improvement of the sensitivity of plasmon-based
refractometric sensing. To this purpose, an accurate material
choice is needed to realize hybrid nanostructures with an improved
magnetoplasmonic response. In this work, we prepared core@shell
nanostructures made of an 8 nm Au core surrounded by an
ultrathin iron oxide shell (≤1 nm). The presence of the iron oxide
shell was found to significantly enhance the magneto-optical
response of the noble metal in the localized surface plasmon
region, compared with uncoated Au nanoparticles. With the
support of an analytical model, we ascribed the origin of the
enhancement to the shell-induced increase in the dielectric permittivity around the Au core. The experiment points out the
importance of the spectral position of the plasmonic resonance in determining the magnitude of the magnetoplasmonic response.
Moreover, the analytical model proposed here represents a powerful predictive tool for the quantification of the magnetoplasmonic
effect based on resonance position engineering, which has significant implications for the design of active magnetoplasmonic devices.

KEYWORDS: magnetoplasmonics, gold@iron oxide core−shell, nanoheterostructures, magnetic circular dichroism, plasmonics,
active plasmonics

■ INTRODUCTION

In recent years, plasmonics has received rapidly growing
interest for scientific and technological applications. Indeed,
thanks to the extralocalization of the electric field of light in the
nanosize region combined with the strong dependence of
localized surface plasmon resonance (LSPR) on the refractive
index of the medium, plasmonic nanomaterials are excellent
candidates for applications in nanophotonics and optical
sensing.1−4 Nowadays, one of the major challenges in the
field is the possibility of actively controlling the plasmonic
response with an external agent, with the aim of precisely and
reversibly modulating the electronic and optical properties of
the plasmonic material, thus expanding the exploitable
technological areas.5−10 Within this framework, one of the
more promising routes is magnetoplasmonics, which uses an
external magnetic field for this aim and may open the way for
significant innovations in refractometric sensing (increasing the
sensitivity by fast modulation of the plasmonic response),11,12

light guiding, non-reciprocal optics, and optomagnetism.13−17

It has been recently demonstrated that magnetic modulation
of LSPR can be achieved on purely plasmonic resonators, such

as colloidal dispersions of spherical gold nanoparticles (NPs)
or nanodisks. Such modulation of the optical features results in
a static, phase-locked signal in magneto-optical (MO)
spectroscopic techniques.11,18 Preliminary reports on the
benefit of magnetic modulation to improve the sensitivity of
plasmonic refractometric sensing were presented for plasmonic
Au nanospheres and magnetoplasmonic Ni nanodisks.11,12,19

While for noble metal nanostructures, the magnetic modu-
lation of LSPR is rather small, significant improvements can be
achieved by the accurate design of the nanostructures. Among
the approaches reported, the exploitation of robust and
reproducible electron beam lithography allowed the fabrication
of nanomaterials with improved magnetoplasmonic features,
for instance, using a magnetic metal able to sustain a plasmonic
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resonance (such as Ni nanowires20 or nanodisks12,21,22) or by
designing appropriate hybrid magnetoplasmonic nanoheteros-
tructures, in which noble metals are directly combined with
magnetic metals23,24 or metal alloys25−28 at the nanoscale.
Improved magnetoplasmonic performance was also achieved
by embedding Au nanostructures in a magneto-optically active
Bi:YIG film.29 An alternative to physical methods, chemical
synthesis is a valuable and complementary tool as it can
produce higher amounts of hybrid nanoheterostructures with
good control over size, shape, and composition, which are
readily dispersible in transparent solvents or polymeric
matrices.30−35 However, only a few examples of hybrid
nanostructures with promising magnetoplasmonic properties
have been reported through these approaches.36−39 Moreover,
the investigation was almost exclusively focused on the effect of
LSPR on the MO activity of the magnetic counterpart, rather
than on the possible role of the latter in the magnetic
modulation of the LSPR in the noble metal domain. This is
probably due to two main factors: (i) the addition of a
magnetic material to the plasmonic resonator usually causes
the damping of the LSPR, decreasing its figure of merit and (ii)
the MO signal of the magnetic material is often predominant
with respect to the plasmonic one, thus masking the interesting
effects taking place around the plasmonic resonance. It follows
that reaching a fine balance between the magnetic and the
plasmonic counterparts is of paramount importance in order to
design efficient magnetoplasmonic nanoheterostructures, and
new strategies to enhance the magnetic modulation of LSPR
without adding lossy magnetic materials would be desirable.
This is particularly important in gold−iron oxide hetero-
structures, where usually the magneto-optical signal of the iron
oxide phase is dominant and it is at least 1−2 orders of
magnitude larger than that of noble metal NPs.40,41

Here, we report the investigation of a magneto-plasmonic
gold@iron oxide core@shell nanostructure with an ultrathin
shell (≤1 nm), prepared by a wet chemistry approach. The
core@shell morphology allows achieving a high degree of
interaction between the magnetic and the plasmonic counter-
parts, and the LSPR is expected to depend both on the
thickness of the shell as well as on its dielectric function,
introducing additional degrees of freedom in the control of the
LSPR. The formation of the iron oxide phase was confirmed by
a detailed analysis carried out using different structural and
magnetic techniques, and its presence induced a significant
increase of the magnetic circular dichroism (MCD) signal of
the plasmonic core with respect to that of uncovered gold
nanoparticles, despite displaying a negligible magnetic
response. The origin of such an increase in the magnetic
modulation of LSPR was analyzed in terms of an analytical
model developed in a previous work for spherical plasmonic
NPs.11 Our investigation reveals that a crucial role is played by
the dielectric permittivity of the shell, suggesting a novel
strategy to improve the MO signal, which is critical for
magnetoplasmonic refractometric sensing. In particular, by
controlling the LSPR spectral position, it is possible to modify
the amplitude of its magneto-optical response, allowing an
enhancement of up to 50%. This is particularly relevant in
indirect nanoplasmonic sensing experiments, in which a
dielectric layer surrounds the plasmonic unit.3 Such a dielectric
layer can be for instance a silica coating protecting the material
from oxidation or the support for a nanostructured
catalyst.3,42,43 The LSPR response of the plasmonic nanostruc-
ture can also be used to probe changes in dielectric films

deposited on top of it, i.e., to probe shrinking−swelling
transitions in a hydrogel film44 or phase transitions occurring
within an inorganic film.45,46 Our results demonstrate that the
magnetoplasmonic response benefits from the presence of a
dielectric layer around Au NPs, providing a promising strategy
for the design of nanomaterials with improved magneto-
plasmonic performance, which has interesting implications in
nanoplasmonic sensing and other active plasmonic nano-
devices.

■ EXPERIMENTAL SECTION
Materials. All samples were prepared under a nitrogen atmosphere

using commercially available reagents. Tetralin (99%), oleylamine
(OAm) (70%), oleic acid (OA) (90%), iron(III) acetylacetonate
(Fe(acac)3) (≥99.9%), benzyl ether (≥98%), hexane (≥95%), and
ethanol (96%) were purchased from Aldrich Chemical Co. Gold(III)
chloride trihydrate (HAuCl4·3H2O) (≥ 99.9%) was purchased from
Strem Chemicals Co.

Synthesis of 8 nm Au NPs. Colloidal Au NPs were prepared by
reduction of Au3+ chloride trihydrate (HAuCl4·3H2O) by oleylamine
in tetralin, following the procedure reported by Yu et al.47 Briefly,
HAuCl4·3H2O (1.0 g, 2.5 mmol) was mixed with oleylamine (10 mL,
30 mmol) in tetralin (100 mL), and the mixture was heated to 65 °C
and kept at this temperature for 5 h. The mixture was cooled to room
temperature by removing the heat source, and Au NPs were separated
by the addition of EtOH and successive centrifugation (4000 rpm, 10
min). This washing procedure was repeated twice. The obtained NPs
are surrounded by a layer of oleylamine, which ensures colloidal
stabilization and makes them readily dispersed in hexane or other
apolar solvents.

Synthesis of CS1 NPs. A mixture of Au NPs (0.011 g in ∼5 mL
of hexane), Fe(acac)3 (0.088 g, 0.25 mmol), oleylamine (0.53 g, 2
mmol), and oleic acid (0.57 g, 2 mmol) in 50 mL of benzyl ether was
heated up to 205 °C under nitrogen flow and kept at this temperature
for 2 h. The reaction mixture was cooled to room temperature under a
nitrogen atmosphere by removing the heating source. The obtained
Au@FeOx core@shell NPs were separated by centrifuging the
reaction mixture twice with EtOH and further redispersion in hexane.
The resulting nanoparticles are surrounded by a layer of capping
agents (oleic acid and oleylamine), making them dispersible in apolar
solvents.

Synthesis of CS2 NPs. CS2 NPs were obtained using the same
synthetic procedure but using CS1 as the starting seeds instead of Au
NPs.

Structural and Magnetic Characterization. Morphology and
particle size distribution were determined by transmission electron
microscopy (TEM), using a CM12 PHILIPS microscope operating at
100 kV. Samples were prepared by drop drying a dilute suspension of
nanoparticles in hexane onto 200 mesh carbon-coated copper grids.
The mean size and size distribution were obtained from statistical
analysis over 200 nanoparticles.

Fluorescence XAS (X-ray absorption spectroscopy) data were
collected at the ID12 beamline (European Synchrotron Radiation
Facility, ESRF, Grenoble, experiment HE-3431) at the Fe-K edge,48 at
T = 7 K. Samples were drop-casted from a CH3Cl suspension on the
sample holder. For the XANES (X-ray absorption near-edge
structure) analysis, the spectra were processed by subtracting the
smooth pre-edge background fitted with a straight line. The spectra
were normalized at unit absorption.

Magnetic measurements were performed using a Quantum Design
MPMS SQUID, operating in the 1.8−350 K temperature range and
with an applied field up to 5 T. The samples were deposited from
hexane suspensions onto a Teflon sample holder, and the diamagnetic
contribution was corrected during data processing.

X-band (9.39 GHz) EPR spectra were acquired using a Bruker
Elexsys E500 spectrometer equipped with an SHQE cylindrical cavity
and a continuous-flow 4He cryostat (ESR 900, Oxford Instruments)
for measurements at variable temperatures.
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Optical and Magneto-optical Characterization. Extinction
spectra have been recorded on a JASCO V-670 commercial
spectrophotometer in the 300−1000 nm range using 1 mm quartz
cuvettes. The obtained spectra, reported as absorbance vs energy
(eV), were fitted with a combination of a Lorentzian and a Gaussian
function for the plasmon resonance peak and the interband transition,
respectively. MCD signals were recorded using a home-built setup49

equipped with a 250 W Hg-Xe arc lamp, an Oriel 1/8 m Cornerstone
130 monochromator, and a liquid-cooled electromagnet. The setup
covers a wavelength range from 400 to 1000 nm and reaches static
fields up to 1.35 T at room temperature. Light propagation was set
parallel to the static magnetic field. Circular polarization was obtained
using a photo-elastic modulator (Hinds Instruments PEM-90) able to
switch at a rate of 50 kHz between right- and left-circular light
polarization, and dichroism was recorded by lock-in detection at the
modulation frequency. To avoid offset issues and natural dichroism
coming from the setup, the final MCD spectrum is obtained by
subtraction of two spectra recorded at the same magnetic field but
with opposite signs. The magnitude of the dichroism signal (ΔA) was
calibrated through a standard technique using an Fe(CN)6

3+ solution
as a reference. Measurements were performed on hexane solutions of
samples, and in order to take into account the different concentrations
of the colloidal dispersions investigated, the MCD spectra were
normalized with respect to the extinction maximum of the LSPR peak
and to the value of applied magnetic field (1.35 T). Fixed wavelength
field-dependent MCD was acquired at room temperature on sample
CS2 dispersed in a transparent polystyrene matrix.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Au@FeOx
NPs were prepared by thermal decomposition of iron(III)
acetyl acetonate (Fe(acac)3) in benzyl ether, following a
seeded-growth approach in which the iron oxide nucleation
and growth occur on the surface of preformed gold
nanoparticles (Au NPs) used as seeds. The synthetic
conditions were adjusted in order to promote the hetero-
nucleation and growth of a very thin layer of iron oxide: in this
way, by cyclically repeating the synthesis, it was possible to add
an additional thin iron oxide layer and to finely control the
final thickness of the iron oxide shell. Two nanostructured
magnetoplasmonic gold@iron oxide core−shell (Au@FeOx)
systems were prepared, with increasing shell thickness of the

iron oxide layer (0.5 and 1.0 nm for samples CS1 and CS2,
respectively; Figure 1). TEM images, reported in Figure 1b−d,
show the presence of a thin layer with a lower contrast
surrounding the Au domain, indicating the successful
formation of the core@shell structure. The average mean
size was found to increase from 8 ± 2 nm for Au NPs to 9 ± 2
nm and 10 ± 2 nm for CS1 and CS2, respectively (size
distributions are reported in Figure S1).
The presence of the iron oxide phase was further confirmed

by a detailed spectroscopic characterization through X-ray
absorption spectroscopy (XAS) and electron paramagnetic
resonance (EPR). XAS analysis was performed at the Fe edge
for sample CS1. The edge energy position of CS1 is almost
coincident with that of γ-Fe2O3, which indicates a nominal
Fe3+ oxidation state in this sample. This is also supported by
the energy position of the different features of the absorption
edge, as better evidenced by the derivative curves shown in the
lower panel of Figure 2. However, a significant broadening is
present, suggesting the presence of a high degree of structural
disorder in this sample.
Additional information can be obtained from the analysis of

the pre-edge region (E = 7116 eV), which shows a different
structure for the S1 sample if compared to both to Fe3O4 and
γ-Fe2O3 (Figure S2). The pre-edge peak originates from the
dipole-forbidden 1s → 3d transition, and its intensity is
determined by deviations from the centrosymmetric local
structure of the Fe site and by the number of holes in the 3d
states. The higher intensity found for CS1 compared to γ-
Fe2O3 is therefore indicative of larger structural disorder and is
compatible with the nanostructure, where a significant fraction
of the Fe3+ ions occupies surface/interface sites, possibly
lacking the inversion symmetry.50 To obtain more quantitative
information, the pre-edge was analyzed by simulating the rising
edge with a polynomial and then fitted using the minimum
amount of Gaussian functions (Figure S2), corresponding to
transitions toward the final 3d states (see Section 2 in the
Supporting Information for a detailed description). For CS1,
the energy separation between the final states 1s1t2g

4eg
2 and

1s1t2g
3eg

3 of Fe3+ in the high-spin configuration in an
octahedral crystal field was found to be lower than that

Figure 1. (a) Schematic representation of nanostructured magnetoplasmonic Au@FeOx core@shell NPs with different iron oxide shell thicknesses;
(b−d) representative TEM images of Au NPs (b), CS1 (c), and CS2 (d). Scale bar is 20 nm.
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observed for maghemite, and the widths of all the three
components are much larger than those of both reference
samples. Both these pieces of evidence point toward a fairly
distorted Fe3+ local chemical environment, possibly encom-
passing also different geometries and different coordination
numbers.
The magnetic behavior of Au@FeOx NPs was investigated

by recording low-temperature (3 K) magnetization curves as a
function of the applied magnetic field (Figure S4). For both
core@shell samples, at low temperatures, a weak magnetic
contribution with the s-like shape typical of superparamagnetic
behavior was found overlapped to a much more intense

diamagnetic component related to the gold domain, and it is
completely negligible at room temperature. EPR spectra
recorded at different temperatures (Figure S3) show only a
weak signal. Their temperature dependence, where the line
width increases with decreasing temperature, and the absence
of signals attributable to isolated Fe3+ exclude a simple
paramagnetic behavior. The line broadening with lowering
temperature suggests a progressive blocking of the magnet-
ization direction on the time scale of the EPR experiment. In
this respect, the results are in agreement with the presence of
antiferromagnetic interactions in the iron oxide shell. These
interactions leave as magnetic contribution at low temperature
only that of the disordered layer of surface spins, whereas a
superparamagnetic behavior is obtained at room temperature
(see the Supporting Information for a more detailed
discussion).
Although assigning a precise magnetic phase to the FeOx

shell was not possible, all the performed characterizations
suggest a disordered crystal and spin structure, where Fe ions
have a +3 oxidation number and the superparamagnetic
properties arising from surface spins are extremely weak at
room temperature within the range of magnetic fields
investigated. As a consequence, the iron oxide shell can be in
fact treated as an ultrathin dielectric shell with a negligible
magnetic response at room temperature.

Optical and Magneto-optical Characterization. In
Figure 3a, the extinction spectra of the Au@FeOx NPs are
shown, compared to the Au NPs used as seeds for the growth
of the FeOx shell. The contributions from LSPR and interband
transitions of Au (at higher energy) were deconvolved through
a fitting with the sum of a Lorentzian and a Gaussian function,
respectively, for the two components (Figure S5). The LSPR
component is located at 2.38 eV (521 nm) for Au NPs
dispersed in hexane solvent (n = 1.37), as expected from Mie
theory and in agreement with the literature on spherical gold

Figure 2. Fe K-edge XANES spectra of Fe3O4 (black line), γ-Fe2O3
(green line), and CS1 (red line). In the lower panel, the
corresponding derivatives are shown. Spectra and derivatives have
been shifted along the y axis for the sake of clarity.

Figure 3. (a) Extinction spectra of Au NPs (black) and Au@FeOx NPs with 0.5 nm (CS1, blue) and 1 nm (CS2, orange) iron oxide shell thickness.
All the curves are normalized to the maximum of the LSPR peak. (b) MCD spectra of the corresponding samples; (c, d) calculations of extinction
and MCD spectra using the quasi-static core@shell polarizability. For CS1 and CS2, the experimental bulk dielectric function of maghemite is used
for the shell. Both extinction and MCD are normalized for the extinction maximum. MCD is further normalized to the applied magnetic field.
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NPs with a similar mean size.11,51,52 In Au@FeOx NPs, the
LSPR peak is still present and experiences only a slight
broadening, indicating that the formation of the iron oxide
shell has a negligible damping action on Au NPs. On the other
hand, the position of the plasmon resonance was found to be
considerably modified by the presence of the iron oxide shell:
in the NPs with shell thicknesses of 0.5 and 1.0 nm, the
plasmonic peaks red-shift to 2.26 eV (549 nm) and 2.22 eV
(559 nm), respectively. The red-shift of the plasmon resonance
is a typical feature observed in Au−FeOx heterostructure
nanocrystals,53−56 and it can be explained within the
framework of quasi-static Mie theory,57,58 with the increase
of the local refractive index around the Au NPs.59

In order to investigate how the FeOx shell affects the
magnetic modulation of the LSPR of the Au core in our
samples, room-temperature MCD spectroscopy was performed
in the Faraday configuration. In Figure 3b, the MCD signal of
Au and Au@FeOx NPs is normalized for the extinction
maximum in order to take into account the different
concentrations of the NP dispersions analyzed and for the
applied magnetic field (1.35 T). The MCD spectrum of Au
NPs shows a derivative line shape crossing zero at the energy
of the LSPR extinction maximum. Such behavior is ascribed to
the excitation of circular plasmonic modes involving
conduction electrons of Au, driven by the incoming circularly
polarized light (CP).11,18,60 Such circular plasmonic modes can
be considered as a two-fold degenerate state for plasmon
excitation:61 the application of a static magnetic field in the
propagation direction of light perturbs the resonant conditions
removing the degeneracy, and an MCD spectroscopic signal
results from the differential absorption of two oppositely
shifted circular plasmonic modes, excited by CP light with
opposite helicity. The energy shift ΔE between the two circular
plasmonic modes depends linearly on the magnetic field
intensity. This is analogous to a simple two-level system with a
degenerate excited state, responsible for the origin of the A
term in the MCD quantum description,62 commonly called a
“diamagnetic” line shape, with the only difference being that in
the case of LSPR, a collective excitation of all the free electron
clouds of the metal NP occurs.
A similar line shape was observed also for Au@FeOx NPs,

again crossing zero in correspondence with the respective
LSPR extinction peak. In the MCD spectrum of an ideal non-
interacting core@shell system, we would expect a sum of the
MCD contribution of the two components, the Au core and a
disordered maghemite shell. The MO contribution of pure
maghemite is generally displayed in the MCD spectrum with a
characteristic spectral fingerprint due to transitions between
Zeeman-split electronic levels of the material, related to Fe3+

ions, and its magnitude is proportional to the magnetization,
which for pure maghemite NPs has a characteristic super-
paramagnetic field dependence. However, no characteristic
feature revealing the iron oxide contribution to the total MCD
line shape was observed, consistent with the very low magnetic
moment in the sample. This is also confirmed by the linear
field dependence of the MCD signal for the core@shell NPs
dispersed in a polymer matrix (Figure S6). The latter can be
highlighted by comparison with the MO spectra of pure
maghemite NPs of 5 nm size and similar concentration (Figure
S7),40 which clearly shows a different MO spectral fingerprint
(with a broad positive peak at 2.7−3.0 eV) with respect to
what is displayed by our samples. This behavior is even more
remarkable if we consider that the MO response of iron oxide

NP dispersions is usually 2−3 orders of magnitude greater than
Au NP dispersion with similar concentration. Indeed, the latter
is usually the dominant magneto-optical contribution in
heterostructure Au−FeOx dimeric and flower-like NPs where
the iron oxide domain is at least comparable in size to the Au
core, completely masking the MO signature of the LSPR.41 In
our samples, since the volume fractions of the FeOx domain
are 30 and 50% (10 and 20% in weight) for CS1 and CS2,
respectively, such a volume of magnetite or maghemite would
be expected to give a sizeable signal in MCD. These
considerations, consistent with the magnetic and structural
characterization performed, allow us to reasonably ascribe the
MCD signal exclusively to the LSPR of Au.
Remarkably, despite the absence of any MO response for the

iron oxide phase, the peak-to-peak intensity of the signal is
increased by 18% for CS1 and 48% for CS2 with respect to
uncoated Au NPs. This is even more surprising if we consider
that the Fe oxide phase gives no contribution to the
magnetization of the sample, ruling out the possibility of
increasing the LSPR modulation through an increase in the
local magnetic field at the Au/Fe oxide interface. The origin of
such a significant enhancement of the MCD signal should thus
be different.
Even though the peak-to-peak amplitude gives a reasonable

indication of the magnetic field driven modulation of LSPR, it
is also affected by other parameters, such as peak width. In
order to get a more precise assessment of the magnetic
modulation and to evaluate the effect of the iron oxide shell on
the magneto-optical properties of the Au core, a detailed
analysis of the spectra was performed, supported by analytical
calculations of the extinction and MCD spectra.
The MCD of pure Au NPs was calculated analytically using

the field- and helicity-dependent quasi-static polarizability (eq
S1) and the related extinction cross section (eq S2) within the
framework of an analytical model developed in previous work
(see the Supporting Information for more details).11,63

A possible parameter that should be considered to explain
the enhancement of the MO response in our core@shell
nanostructures is the increase in value of the local dielectric
function around the plasmonic core induced by the shell (εs).
Indeed, in the spectral range investigated, iron oxide phases
have a larger real part of the dielectric function with respect to
the hexane solvent used to disperse the NPs.64−66 It is the
larger εs of the shell that causes the red-shift in the extinction
peak as well as an increase in the extinction cross section due
to a higher quality factor of the resonance. Indeed, for Au NPs,
a significant damping occurs when the LSPR is overlapped
with interband transitions of Au (close to 500 nm), and the
red-shift of the LSPR position reduces the overlapping,
resulting in a sharper and more intense extinction cross
section. In the MCD spectrum, the effect of the overlapping
between LSPR and interband transitions is observed with the
asymmetry of the signal, where the high energy lobe of the
signal is the one which is closer to the interband transitions,
and it is thus more damped.11,67

For samples CS1 and CS2, in order to consider the effect of
the shell on the optical and MCD response, a core@shell
model was employed for the quasi-static polarizability,
according to Bohren and Huffman,57 modified to take into
account the magnetic field effect according to Gu and Kornev
(Supporting Information).63 Assuming that the magnetic field
effect on the shell is small and comparable to that of the
medium, as suggested by the low magnetic moment detected at
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room temperature, we can write a simplified equation for the
quasi-static field- and helicity-dependent core@shell polar-
izability (eq 1).

( )
( )

E B R d
E E E B f E f E E B f E f E

E E E B f E f E E B f E f E
( , )

4
3

( )
( ( ) )( ( ) 2 ( ) ( ( ) )) ( ( ) ( ) ( ( ) ))( 2 ( ))

( ( ) 2 )( ( ) 2 ( ) ( ( ) )) ( ( ) ( ) ( ( ) ))(2 ( ) 2 )

R
R d

R
R d

3 s m s s

3

s s m s

s m s s

3

s s s m

α π
ε ε ε ε ε ε ε ε

ε ε ε ε ε ε ε ε
= +

− + + − + − + − +

+ + + − + − + − −

+

+
(1)

where R and d are the radius of the core and the shell
thickness, respectively, ε(E) and εs(E) are the complex
dielectric functions of the core and the shell, respectively, εm
is the dielectric constant of the solvent (hexane in our case),
and f(E) and fs are the coupling functions of the metal and the
shell, respectively, describing the effect of the magnetic field
(more details can be found in the Supporting Information).
The extinction cross section and the MCD spectrum were
calculated in analogy to the case of a pure metal sphere but
using the core@shell polarizability. The bulk experimental
dielectric function of Au is used for the core (from Johnson
and Christy68) with size correction according to Kreibig and
Vollmer.58 Based on the XAS characterization performed, the
dielectric function of bulk maghemite (taken from exper-
imental data66) was chosen for the shell (εs), even if the
disordered chemical structure detected is expected to induce
changes in the dielectric function with respect to the bulk one.
The calculation of extinction and MCD are reported in Figure
3c,d. The LSPR extinction peak position is reproduced
correctly by the calculations, while the LSPR line width is
larger in the experiments, probably due to a distribution in the
shell thickness. In the calculated MCD spectra (Figure 3d), the
increase of the peak-to-peak signal in the core@shell is
consistent with that observed in the experiments, confirming
the crucial role of the dielectric function of the shell in the
enhancement of MCD. The differences between the experi-
ment and the calculation are rather small and can be ascribed
to small contributions of the MO transitions of the Fe oxide,
which in first approximation are neglected in our analysis, to
deviations of the permittivity of the shell with respect to bulk
maghemite according to its disordered structure and to the
effect of the magnetic field on the interband transition of Au,
which are not considered in this treatment.
To further confirm that the increase of the peak-to-peak

MCD signal of a Au nanosphere may arise form a dielectric
effect, we also performed a calculation of the extinction and
MCD spectra using the simple spherical model for the
polarizability (eq S1) by tuning arbitrarily the medium
permittivity (εm) to fit the experimental spectra (Figure S9).
The experimental MCD is reproduced with excellent agree-
ment by employing constant εm values of 3.06 and 3.61, which
are substantially larger than that of the solvent employed

(1.89). This analysis strongly suggests that shifting the LSPR
position toward the red region by changing the permittivity
around the Au core is an effective strategy to enhance the
MCD signal of Au NPs.
However, it would be interesting to unveil if it is a purely

optical effect, which is transferred to the MCD spectrum, or if
the magnetic modulation of LSPR is also affected from such
changes in the permittivity of the surroundings.
As the magnitude of the peak-to-peak MCD signal is not

exclusively affected by the magnetic modulation, a determi-
nation of the magnetic field-induced energy shift is necessary in
order to estimate the magnetic modulation of LSPR in these
nanostructures. To this aim, a fitting of the experimental MCD
spectrum was performed, using a difference of two Lorentzian
functions having the same parameters of the LSPR extinction
peak (width and amplitude), each one shifted in the energy
position by a quantity ΔE, which represents the magnitude of
the magnetic modulation of LSPR that originates from the
MCD signal:

MCD E
I I

E E E
I I

E E E
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where I is the peak amplitude, γ is the peak width, E is the
photon energy, and E0 is the LSPR peak energy in eV. δI is a
phenomenological parameter introduced to reproduce the
asymmetry in the MCD line shape related to the presence of
interband transitions. Indeed, when the resonance moves far
from the interband transitions, the extinction cross section
increases: as a consequence, depending on RCP or LCP
illumination, a slightly higher or lower intensity of the
extinction occurs, resulting in asymmetric positive−negative
lobes in the MCD spectrum. The fit is performed by keeping
the values of I, γ, and Ε0 fixed to those obtained in the fitting of
the extinction spectra for the LSPR component (Figure S5,
Table 1). Excellent agreement with the experimental data is
displayed for the three samples investigated (Figure S8). The
values of ΔΕ (Table 1) determined by this procedure were
found to increase with thicker shells. Indeed, the energy shift

Table 1. Parameters and Results of the Fit of MCD Spectraa

fixed parameters free parameters

sample I E0 (eV) γ (eV) |ΔΕ/Β | (eV/T) δΙ
Au NPs 0.102 2.36 0.41 3.7 × 10−5 (0.1) −9.8 × 10−6 (0.5)
CS1 0.129 2.24 0.48 4.2 × 10−5 (0.1) −6.0 × 10−6 (0.1)
CS2 0.056 2.20 0.44 4.6 × 10−5 (0.2) −5.6 × 10−6 (0.5)

aI, γ, and Ε0: peak amplitude, width, and energy position of the plasmonic peak in extinction spectra, obtained by a fitting with a Lorentzian
function; ΔΕ: magnetic field-induced energy shift between circular magnetoplasmonic modes excited with RCP and LCP light, normalized for the
applied field; δΙ: parameter that takes into account the asymmetry in the MCD line shape related to the presence of interband transitions.
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increased with respect to uncoated Au NPs by a factor of 13
and 23% for CS1 and CS2, respectively. Furthermore,
symmetry of the MCD line shape is gradually recovered in
the presence of the shell due to the smaller overlapping with
the interband transitions, as indicated by lower δI values with
increasing shell thickness.
According to the analytical model employed, an expression

for the energy shift as a function of the LSPR energy (E0) is
obtained through the series expansion of the dielectric
functions of the metal and the coupling function f. The
coupling functions f and fm describe the effect of the magnetic
field on the metal, f(E) = f1(E) + if 2(E), and on the
surrounding medium ( fm). According to the model, the energy
shift induced by the magnetic field can be calculated through
eq 3:11
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where B is the applied magnetic field, Δf1(E) = f1(E) − fm, E0
represents the energy of the LSPR maximum, and the second
term in the denominator can be neglected as it is smaller with
respect to the first term. The dielectric functions are written
here as a function of the photon energy E, and the derivatives
of the real dielectric function (ε1) are calculated at the energy
of the LSPR extinction maximum (E0). Using a Drude-like
dielectric function, eq 3 can be approximated to a frequency-
independent value, equal to half the cyclotron energy

( E eB m/2
2

cΔ = = *ωℏ
, where e and m* are the electron

charge and effective mass, respectively).11,63 Nevertheless, it is
well-known that for gold, the dielectric function is not
rigorously Drude-like because of the presence of strong
interband transitions in the visible range. As a consequence,
the values of energy shift are more strongly affected by the
position of the LSPR (E0), i.e., by the values taken by ε at that
specific photon energy. This is confirmed by Figure 4, where
an increase of the calculated ΔE with the red-shift of E0 is
clearly visible, reaching values close to ℏωc/2 only at low
energies. The experimentally determined values of the energy
shift for the three samples are plotted at their resonant energy
E0, together with the calculated curve, displaying reasonable

agreement. The increase in the magnetoplasmonic perform-
ance due to the iron oxide shell can thus be ascribed to a
purely optical effect, pointing out the crucial role of the
dielectric function of the shell. Remarkably, the latter has also a
positive effect on the magnetic modulation of LSPR. These
findings can open the way for the enhancement of the MCD
signal of Au by tuning the shell dielectric function and
thickness. This can be exploited to increase the sensitivity of
plasmonic sensing approaches based on magnetic modulation.
Indeed, a larger modulation induces a steeper slope (increased
by a factor 2 with respect to Au NPs) of the magneto-optical
signal at the resonance condition, which in turn allows probing
smaller variations in the local refractive index by monitoring
changes in the intensity of the MCD signal at a fixed
wavelength.11

According to Figure 4, a further increase of ∼12% in the
magnetic modulation can be obtained in Au nanospheres by
shifting the LSPR to 2 eV, which can be achieved by
embedding the nanoparticles in a TiO2 matrix, which has a
dielectric constant of 6.8 and low losses in the visible range.

■ CONCLUSIONS
In summary, we prepared two different Au@FeOx core@shell
NP samples with shell thicknesses of 0.5 and 1 nm starting
from preformed Au NP seeds. The structural and magnetic
characterization ruled out the emergence of sizeable magnetic
and magneto-optical properties of the iron oxide shell. Despite
this, the shells were found to induce a significant, thickness-
dependent enhancement of the MCD signal of the plasmonic
Au core. We developed an advanced fitting method to extract
the magnetoplasmonic modulation amplitude from optical and
magneto-optical spectra of plasmonic nanoparticles and
compared these values with a finely tuned analytical model.
Taken together, experiments and calculations strongly suggest
that the increased magnetoplasmonic modulation induced by
the ultrathin iron oxide shells is ultimately non-magnetic in
nature but is in fact a dielectric effect. By shifting the LSPR at
lower energies, far from the interband transitions of Au, the
field splitting of magnetoplasmonic modes approaches the
ideal value of ℏωc/2, valid for purely Drude-like metals. Our
findings show a new approach to enhancing the magnetic
modulation of LSPR without the need to add a large amount of
magnetic phases, with the advantage of reducing the associated
LSPR damping. Finally, we conclude that the intensity of the
magnetoplasmonic response critically depends on the values of
the complex dielectric function of the (magneto)plasmonic
material at the resonance frequency. By applying the proposed
model, a quantitative prediction of the magnitude of the
magnetoplasmonic effect can be obtained given the dielectric
function of the shell material. This represents an extremely
powerful predictive tool for the rational design of magneto-
plasmonic architectures with optimized performance. Such
optimized dielectric-coated plasmonic nanostructures can be
used as a magnetoplasmonic substrate with improved
sensitivity for direct and indirect plasmonic sensing exploiting
magnetic modulation of LSPR. The strategy proposed can be
applied to different nanostructures or combined to other
approaches to improve the MO signal, e.g., the use of periodic
structures supporting surface lattice resonance.69,70 In addition,
other promising applications of magnetophotonic nanostruc-
tures,71 such as plasmon rulers,72 optical isolation,15 or opto-
magnetism,17 can be potentially improved through our
proposed strategy. Looking beyond magnetic modulation of

Figure 4. Calculated energy shift (blue line) compared to that
experimentally determined with the fit of the MCD curve (red dots),
plotted as a function of the LSPR energy. The vertical bars represent
the standard deviation of the fit. The dashed red straight line
represents ℏωC/2, which is the energy shift obtained using Drude
dielectric functions.
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the plasmonic response, the Au@FeOx nanostructures
presented in this work broaden the library of bifunctional
Au−iron oxide heterostructures73 that can be used in catalysis
and photocatalysis,74−77 coupling the optically active core with
a thin shell that acts as a functional catalyst while maintaining
the plasmonic properties of the core.
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