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ABSTRACT: Tuning the plasmonic response with an external
magnetic field is extremely promising to achieve active magneto-
plasmonic devices, such as next generation refractometric sensors or
tunable optical components. Noble metal nanostructures represent an
ideal platform for studying and modeling magnetoplasmonic effects
through the interaction of free electrons with external magnetic fields,
even though their response is relatively low at the magnetic field
intensities commonly applied in standard magneto-optical spectros-
copies. Here we demonstrate a large magnetoplasmonic response of
silver nanoparticles by performing magnetic circular dichroism
spectroscopy at high magnetic fields, revealing a linear response to
the magnetic field up to 30 T. The exploitation of such high fields
allowed us to probe directly the field-induced splitting of circular
plasmonic modes by performing absorption spectra with static circular
polarizations, giving direct experimental evidence that the magneto-optical activity of plasmonic nanoparticles arises from the energy
shift of field-split circular magnetoplasmonic modes.

■ INTRODUCTION

Modulating the plasmonic resonance with an external tool can
boost the performance of plasmon-based sensors and devices,
enriching the tunability of light−matter interaction and
enabling the detection of ultrasmall changes occurring near
the surface of the plasmonic nanostructures.1,2 To this aim, the
use of external magnetic fields is extremely promising.3 Indeed,
compared to other external stimuli that can be applied to
control the plasmonic response, such as all-optical control,4−6

temperature,7 or electric fields,8,9 the action of magnetic fields
on free charge carriers is fast and fully reversible and they are
easy to generate and propagate through space without
damaging the plasmonic material. The interaction of a
magnetic field with free electrons in nanostructures can be
modeled accurately on the basis of Lorentz forces acting on
such charge carriers, whose motion is triggered by electric field
of light and is then perturbed by the external magnetic field.
Such perturbation splits circular plasmonic modes, which can
be selectively addressed with light of opposite helicity using
magneto-optical techniques. Such techniques take advantage of
polarization modulation and phase-sensitive detection to reveal
the relatively weak shift (<0.1 meV for noble metals) of
plasmonic modes. On the other hand, directly probing field-

induced shifts using static polarization remains a challenging
and yet unexplored goal which would improve the under-
standing of magnetoplasmonic effects.
Several exciting results have been presented in the past

decade, enriching the field of magnetoplasmonics with a wide
library of material combinations,10 ranging from pure noble
metals11−17 or ferromagnetic metal nanostructures18,19 to
hybrid multilayered nanostructures made of either noble
metals and ferromagnetic moieties.20−22 More recently, also
plasmonic transparent conductive oxide nanocrystals23 and
nonmagnetic or magnetic hyperbolic nanostructures24−26 have
been reported to exhibit magnetoplasmonic modulation.
Fascinating correlations between localized plasmons and the
magneto-optical response at the excitonic resonance have also
been reported in doped semiconductor nanocrystals.27−29 To
date, among homogeneous nanostructures, plasmonic ferro-
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magnetic metal nanostructures exhibit the highest magneto-
plasmonic modulation.19 However, magnetic metals suffer
from significant optical losses which decrease the quality factor
of their plasmonic resonances, thus limiting their performance
for their application in devices. On the other hand, noble
metals exhibit higher quality factors due to their reduced losses
and sharper resonances. Nevertheless, their modulation is still
weak at relatively low magnetic fields (of the order of 1
T).11−17 Even if such a response is predicted to linearly
increase with the applied magnetic field, ultrahigh magnetic
fields are needed to achieve the large magnetoplasmonic
response of ferromagnetic nanodisks. Such large fields are
hardly achievable with common laboratory-scale equipment,
but the experimental analysis of their effect may broaden the
understanding of magnetoplasmonic phenomena, thus en-
abling novel and efficient strategies for future applications. For
instance, coupling magnetoplasmonic effects in noble metals to
molecular optical transitions can induce enhanced magneto-
optical activity in plasmonic−excitonic hybrids30,31 or enable
detection of magnetic hysteresis of sub-monolayers of single
molecule magnets.32 Recently, promising and elegant ap-
proaches has been proposed to enhance the magnetoplasmonic
response, for instance, by exploiting dark modes in plasmonic
nanocavities coupled to magnetic disks33 or by exploiting
surface lattice resonance effects in regularly arranged arrays of
plasmonic nanostructures.34,35 However, the latter approaches
require accurate engineering of the nanostructure array, which
is only possible with complex nanofabrication techniques,
which limit sample sizes to hundreds of micrometers.
Here we report a thorough investigation of the magneto-

plasmonic response of silver nanoparticles films embedded in a
silica matrix, prepared by sol−gel synthesis on square
centimeter fused silica, employing magnetic circular dichroism
(MCD) at different magnetic fields (up to 30 T). Such
nanoparticles exhibit an enhanced magneto-optical response
with respect to gold nanoparticles (Au NPs) for the same
applied field and optical density. An accurate fitting of optical
and magneto-optical spectra allows ascribing the enhanced
MCD response to the reduced optical losses of silver compared
to gold. Moreover, the magneto-optical properties are
investigated in a wide magnetic field range reaching extremely
high fields up to 30 T, not reachable in in-lab experiments. Our
investigation shows a linear field-dependence of the MCD
signal up to 30 T, in agreement with the field dependence of
the optical properties of metals predicted by the Drude model.
For the first time, we demonstrate direct field-induced shift of
plasmonic modes using a static circular polarization at 30 T,
achieving an excellent agreement with standard magneto-
optical spectroscopic techniques based on phase-sensitive
detection.

■ METHODS
Materials. 3-Aminopropyltriethoxysilane (98%) was pur-

chased from ABCR, and silver acetate (≥99.0%), ethanol
(≥99.8%), isopropanol (≥99.7%), glacial acetic acid (≥99.7%)
,and concentrated hydrochloric acid (37%) were purchased
from Sigma-Aldrich. Fused silica slides were purchased from
Haereus. Ultrapure water was obtained from a Milli-Q system
(Millipore Corporation).
Synthesis of Silica-Embedded Silver Nanoparticles.

Silica-embedded Ag NP samples supported on fused silica
slides were prepared using a sol−gel based method.36 Briefly,
6.54 mmol of 3-aminopropyltriethoxysilane, 65.4 mmol of

ethanol, 27.6 mmol of deionized water, and 2.22 mmol of
glacial acetic acid were mixed together. The mixture was kept
under magnetic stirring for 1 h, and then 0.163 mmol of silver
acetate was added (Ag:Si atomic ratio: 0.025); the solution was
stirred for 20 h at RT, during which the hydrolysis of the
alkoxide took place. Fused silica slides were cleaned by
sonication (10 min) in a diluted aqueous solution of household
detergent and subsequently rinsed with the following liquid
media: 10% HCl aqueous solution, diluted aqueous solution of
household detergent, and pure isopropanol. The solution was
then cast on the fused silica slides via spin coating (SCS 6800,
2000 rpm, 60 s + 4000 rpm, 60 s) and heat treated in a
preheated tubular oven at 800 °C for 60 min. The initially
colorless slide turned yellow after the heat treatment.
Au NPs were synthesized by the reduction of HAuCl4 in

organic solvents as previously described.13

Morphological and Optical Characterization. Trans-
mission Electron Microscopy (TEM). Transmission electron
micrographs were acquired on a Tecnai F20 Supertwin field-
emission gun microscope working at an accelerating voltage of
200 kV and equipped with an EDAX energy dispersive X-ray
spectrometer (EDS) and a high-angle annular dark field
(HAADF) detector for scanning TEM imaging. The samples
were prepared and measured in cross sections.

Optical Extinction. Optical extinction was measured in
transmission geometry with a Jasco V-670 spectrophotometer.

Magnetic Circular Dichroism (MCD). This type of
magneto-optical spectroscopy uses circularly polarized (CP)
light modulated at high frequency (of the order of 104 Hz)
between the two opposite helicities, impinging on the sample
parallel to the applied magnetic field; the transmitted light thus
contains an oscillating component which is proportional to the
dichroism and which is recovered via phase-sensitive detection
techniques.37,38 Such a method allows the detection of dichroic
signals (ΔA) of the order of 10−6 with respect to the
absorption on a well-tuned setup. For both described setups,
the following convention was used: the applied field is positive
(negative) when parallel (antiparallel) to the light propagation
direction, and light is right (left) circularly polarized (RCP and
LCP) when the electric field vector rotates clockwise
(counterclockwise), observing light from the detector toward
the source.

Low Field MCD Setup. Measurements were carried out on a
homemade, lab-scale instrument. Light emitted by a 200 W
Xe(Hg) arc lamp (Newport Oriel Apex Illuminator) is
monochromated (Newport Oriel Cornerstone 130 1/8 m)
and chopped at 440 Hz; polarization modulation at 50 kHz
between LCP and RCP is obtained with a Glan-Thompson
polarizer coupled to a photoelastic modulator (Hinds Instru-
ments PEM 90 I/FS50) set to λ/4 retardation. The beam is
then directed through the bore of an electromagnet (Buckley
Systems Ltd. GMW model 3470) where the sample is placed;
light is collected by a photomultiplier tube (Hamamatsu
R376). After transimpedance amplification, the voltage is fed
to two lock-in amplifiers, one referenced to the polarization
modulation frequency (Stanford Research Systems SR850)
and one to the light chopping frequency (Princeton Applied
Research model 5301); the ratio of the two signals is taken as
the differential absorption (dichroism) ΔA. Calibration is
carried out against an aqueous solution of Fe(CN)6

3+ of known
concentration.

High Field MCD Setup. The instrument has the same
optical scheme of the low field setup, but using the following
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components: a 100 Xe arc lamp (Lot Oriel), a monochromator
(Princeton Instruments Acton SP2300), a photoelastic
modulator (Hinds Instruments PEM90), a preamplified silicon
photodiode (Thorlabs), and two lock-in amplifiers (Stanford
Research Systems SR830). The magnet used in this setup is
the 33 T bitter magnet placed in Cell 3 of the High Field
Magnet Laboratory of the Radboud University (Nijmegen
NL).
High Field CP Absorption. The same convention used in

the previous setups was employed for this experiment. The CP
absorption measurement was carried out at Cell 3 in HFML
laboratory; the optical setup uses the same elements as the one
described for MCD measurements, with the exception that CP
polarization in this case is static, so the PEM element and its
coupled lock-in amplifier are replaced by an achromatic quarter
wave plate. Left and right CP light are selected by changing the
relative angle between the two polarizing elements from 0° to
180°. The wavevector and the direction of the magnetic field
were either parallel or antiparallel, depending of the polarity of
the applied field.

■ RESULTS AND DISCUSSION

Silica-embedded Ag NPs were prepared using a sol−gel
method (see Methods for a detailed description of the
synthesis), based on the simultaneous thermal reduction of
silver acetate in a silica matrix as the latter is formed from the
thermolysis of the precursor alkoxydes.36 The obtained Ag NPs
embedded in silica are stable over a long time span, and
samples can be cast into high quality films on quartz slides
(Figure 1a). TEM, performed on thin sections of the quartz
slides (Figure 1b and c; Figure S1 in the Supporting
Information), shows the presence of highly crystalline NPs
(with an average size of 6.9 nm and a standard deviation of 4.7
nm) dispersed into a silica matrix around 500 nm thick. Energy

dispersive X-ray spectra (Figure S1) revealed an atomic Ag
content of 0.8%. High resolution TEM micrographs (Figure
1d) confirm that the particles are highly crystalline and have an
fcc structure with a cell parameter (a = 4.10 ± 0.05 Å) in
excellent agreement with that of reference bulk Ag.
To characterize the magnetoplasmonic response of the

prepared nanoparticles, we employed room temperature MCD
spectroscopy under an applied field of 1.3 T. The obtained
spectrum was compared with our previous results on
monodisperse Au NPs with similar size and shape, prepared
by colloidal chemistry synthesis.13 Both Au and Ag NPs show a
well-defined localized surface plasmonic resonance (LSPR)
centered at ∼2.38 and ∼3.05 eV, respectively (Figure 2a),

coherently with the literature data on analogous systems.39−41

MCD spectroscopy measures the difference (ΔA) between
left-handed and right-handed circularly polarized (LCP and
RCP, respectively) light absorption (A) in the presence of a
static magnetic field. A derivative-like MCD line shape
centered at the extinction maximum is obtained (Figure 2b)
for both Ag and Au spherical NPs, in agreement with previous
experimental observations.13,14 Such a spectral line shape
indicates that light with opposite helicity excites a circular
plasmonic mode that is oppositely shifted in energy by an
applied field perpendicular to the plane of the plasmonic
oscillation, as predicted by the model previously developed for
Au NPs, based on Lorentz force evaluation.11,13 On the basis of
this model, the intensity of the differential signal increases
proportionally by increasing the amplitude of the shift, while

Figure 1. (a) Silica embedded Au NPs casted into high quality films
on quartz slides; (b) representative TEM micrograph on a thin
section of the quartz slide; (c) size distribution of Ag NPs (the black
solid line represents the log-normal fit); (d) detail at high resolution
of a nanoparticle of Ag (scale bar: 10 nm).

Figure 2. (a) Extinction spectra of Ag (red) and Au (blue) NPs,
normalized to the maximum of the plasmonic resonance peak. (b)
magnetic circular dichroism spectra of Ag (red) and Au NPs (blue),
normalized by the maximum of the absorption peak and by the
applied magnetic field.
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the line shape is not expected to change in the limit of small
shifts compared with peak width.
It is worth noting that, while for spherical Au NPs an

asymmetric MCD response is commonly found,13,17 in the case
of Ag NPs the line shape is symmetric. This difference is
ascribed to the electronic properties of the two metals. In the
case of gold, the dipolar plasmonic resonance is spectrally
overlapped with the interband transition threshold. The
presence of such transitions makes the imaginary part of the
dielectric function of Au (ε″) non-negligible and induces a
strong frequency dispersion near the LSPR energy, which
causes a difference in intensity of the oppositely shifted
plasmonic modes thus resulting in an asymmetry of the MCD
line shape.11 However, it has been reported that such
asymmetry is completely or partially removed shifting the
resonance toward the red spectral region, far from the
interband transitions, i.e., coating Au nanospheres with a
dielectric material with high permittivity16 or changing the
shape to nanodisks.32 On the other hand, in silver NPs, LSPR
and interband transitions are well separated and consequently
ε″ is small and constant near the resonance energy, yielding a
symmetric MCD line shape.
Remarkably, the amplitude of the magneto-optical signal

from Ag NPs is more than double with respect to the spectrum
measured by the same set up on Au NPs, for the same optical
density and applied field. According to our model, the
amplitude is directly proportional to the energy shift induced
by the magnetic field on the plasmonic resonance. However,
another effect contributing to the increase of the signal is the
line width of the plasmonic resonance. Indeed, for a given
value of the field-induced shift, sharper peaks give a larger
MCD signal. In order to discriminate between the two effects,
an analytical equation of the field-induced energy shift (Δω)
has been derived in previous work from the generalized
Fröhlich condition (see the Supporting Information for more
details):13,16

ω
ω

Δ =
Δ

+ε
ω ω ω ω

∂
∂

∂Δ
∂

B f

B

( )
f

1 0

1

0

1

0 (1)

where ε1 is the real part of the dielectric function of the metal,
ω0 is the LSPR resonance frequency, and f1 is the coupling
function describing the effect of magnetic field on free

electrons (see the Supporting Information for more detailed
information). The quantities δε1/δω and δf1/δω in eq 1 are
computed by differentiation with respect to the photon
frequency of the dielectric function and the coupling function
respectively, and are calculated at the resonant energy ω0.
According to this equation, by using the full dielectric

function of Au and Ag,42 the energy shift at the applied field is
only 25% different for the two metals (0.034 meV/T for Au
and 0.047 meV/T for Ag), which cannot fully account for the
large difference in magneto-optical signal.
In order to get better insight into the magneto-optical

properties of Ag NPs, a detailed analysis of the extinction and
MCD spectra was performed, considering the MCD signal as
the difference of two plasmonic peaks shifted in energy. The
optical peak in Ag NPs was deconvolved from the interband
transition by using a Lorentz and a Gaussian function
respectively (Figure S2 a). The fitting of the MCD spectra
(Figure S2b) was performed with a function made by the
difference of two Lorentz functions, each one shifted in
spectral position by a quantity Δω, neglecting the contribution
of interband transitions in the MCD signal in first
approximation. In the latter fitting, a rigid shift of the peaks
was assumed, thus considering amplitude and width as fixed to
the values obtained fitting the extinction spectrum. On the
other hand, Δω representing the splitting between circular
magnetoplasmonic modes was left free in the fitting. The fitting
model reproduces the experimental spectra of Ag NPs with
reasonable agreement (Figure S2), while in Au NPs an
additional fitting factor taking into account for changes in
intensity of the two shifted peaks is needed, allowing to better
reproduce the MCD asymmetry (the analysis is reported in our
previous work).16 A reduced line width was obtained for Ag
NPs (0.33 eV instead of 0.41 eV for Au), which can be
ascribed to the lower optical losses of silver compared to gold.
An increased energy shift is also observed: 0.050 meV instead
of 0.034 meV for Au. Remarkably, the obtained shift is in
reasonable agreement with the values calculated by applying eq
1. The reduced line width and increased field-induced shift can
be identified as the crucial parameters that cause a larger
magnetoplasmonic response for Ag NPs.
The linear dependence of the magnetic field-induced

splitting of circular plasmonic modes in our model is a
consequence of a low-field approximation, which has been

Figure 3. (a) Extinction spectra of Ag NPs collected at 30 T with static circular polarizations of opposite helicities. (b) Comparison between the
difference of the two extinction spectra in (a) and the MCD spectrum acquired using the standard polarization-modulation technique. The spectra
are normalized at the extinction maximum. (c) Magnetic circular dichroism spectrum of Ag NPs, as a function of the magnetic field between 0 and
30 T measured at fixed wavelengths corresponding to the two lobes.
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confirmed to be valid for laboratory scale magnetic field
values.13 However, to date, no report has appeared on
experiments carried out under extremely intense magnetic
fields available at large scale facilities. Thus, we performed a
MCD experiment under these conditions (μ0H = 30 T) to test
the validity of the linear model.
The comparison of MCD spectrum of Ag NPs at 30 T

(Figure 3) with the low magnetic field effect (Figure S 3)
clearly indicates that the MCD line shape does not depend on
the μ0H intensity and the two spectra normalized for the
magnitude of the applied magnetic field are superimposable.
This confirms the hypothesis that the field-induced shift is
rigid, without detectable changes in the plasmonic broadening.
Aiming at directly observing the field-induced shift of

individual circular plasmonic modes, we performed absorption
experiments with static circular polarizations at 30 T, instead of
modulating the polarization and directly acquiring the
differential absorption signal as commonly performed in
magneto-optical spectroscopies. Remarkably, the shift is clearly
visible in the separated absorption spectra acquired with RCP
and LCP at 30 T (Figure 3a). The two shifted peaks collected
with RCP and LCP have comparable full widths at half-
maximum, as confirmed by the larger view of the two spectra
reported in Figure S4, which implies that the two magneto-
plasmonic modes have comparable dephasing time or at least
their difference in line width (predicted by Weick and
Weinmann43) is not detectable, as it is much lower compared
to the main cause of plasmon broadening, such as surface
electron-scattering. Moreover, the difference between the two
spectra gives an MCD spectrum (Figure 3b) which, despite
significant noise, is superimposable with the one acquired using
the standard MCD technique (exploiting phase-sensitive
detection). We should point out that the noise in the curve
obtained from the difference between the two CP absorptions
is largely expected due to the extreme difficulty in detecting
very small differences in absorption without polarization
modulation, which is here possible to distinguish only due to
the high magnetic field applied. A similar result, but with an
opposite sign of the obtained MCD spectrum, is observed
applying a negative field of −30 T (Figure S5).
As predicted by our model, the amplitude of the MCD signal

at 3.14 and 2.95 eV (corresponding to the positive and the
negative lobes respectively) exhibits a completely linear field
dependence (Figure 3c) up to very high magnetic fields (0−30
T), while the residual between experimental and simulated
scans is well below the experimental error on the MCD
measurement (not shown). It is thus confirmed that the
magnetoplasmonic response is linear up to very high magnetic
fields, denoting that the magnetic cyclotron effect can be
treated as perturbation of the plasmonic resonance up to
extreme values of H.

■ CONCLUSIONS
We measured the magnetic-field-induced circular dichroism in
silver NPs up to a very high magnetic field (30 T). The MCD
signal in silver is 2-fold enhanced with respect to colloidal gold
NPs. We show that the enhancement is mainly due to the
reduced plasmon losses in Ag with respect to Au, ascribed to
the wider separation between LSPR and interband transitions
in silver. Through extinction spectroscopy with static circular
polarization (RCP and LCP) at 30 T, we were able to directly
detect for the first time the splitting between the two circular
magnetoplasmonic modes without the need of modulating the

polarization of light. We finally demonstrate that the
magnetoplasmonic effect is linear with the magnetic field up
to 30 T, thus validating the rigid cyclotron shift model for large
fields.
Given the recent interest in magnetoplasmonics effects in

novel plasmonic materials, such as doped semiconductors23

and hyperbolic nanomaterials,24 our results are expected to
provide useful tools in view of the application of magneto-
plasmonic effects: on the experimental side by demonstrating
the possibility to achieve large magnetic modulation even in
nonmagnetic nanomaterials by applying very high magnetic
fields; on the theoretical side, the importance of reducing
optical losses to enlarge magnetoplasmonic effects is further
affirmed by our investigation.
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