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Abstract:  We find remarkably strong absorption due to magnetic polar-
ization in common colloidal and lithographic metallic nanoparticles. Our
analysis is based upon a thorough examination of the dipolar electric and
magnetic polarizabilities for representative combinations of nanoparticle
composition, size, and morphology. We illustrate this concept by first dis-
cussing absorption in metallic spheres and then exploring ellipsoids, disks,
and rings. Magnetic polarization reaches ~ 90% of the total absorption
in 100nm disks and rings for wavelengths above 1um under co-linear
electric and magnetic irradiation. Our results demonstrate that the magnetic
contribution to absorption cannot be naively overlooked, as it can largely
exceed the contribution of electric polarization.

© 2012 Optical Society of America

OCIS codes: (250.5403) Plasmonics; (240.6680) Surface plasmons; (290.4020) Mie theory.
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1. Introduction

The understanding of optical absorption in areas as diverse as atomic physics, solid state
physics, and electromagnetism has committed alarge deal of work that is currently flourishing
in the field of nanoplasmonics. Light absorption by metallic nanoparticles is mainly mediated
by the excitation of valence and conduction electrons as well as their collective oscillations at
visible and near-infrared (vis-NIR) frequencies known as surface plasmons [1, 2]. Besides its
fundamental interest, nanoplasmonics finds a wide range of applications ranging from photo-
voltaic devices [3] to biomedicine (e.g., photothermal tumor ablation [4—6], remote control of
ion channels in cells [7], and drug delivery [8]). In this context, plasmon-assisted absorption
opens additional avenues for photodetection and spectroscopy applications [9] and can be a
source of unexpected phenomena, such as the dominant magnetic absorption here investigated.

Absorption due to electric polarization has been extensively studied in the past, while its
magnetic counterpart is generally regarded as aweak contribution and has only been addressed
for spherical and ellipsoidal particles [10-14]. However, there are several relevant situations
in which the magnetic contribution to absorption can even exceed the electric contribution,
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specificaly in particles of high aspect ratio made of a well conducting metal, as we show
below. This is the result of non-resonant magnetic polarization that produces eddy currents
induced by the time-varying magnetic field [15], just in the same way as electric absorption
arisesfrom the currents needed to establish an electric polarization in the particle. Eddy currents
generate Joule heating and produce forces commonly used for levitating and braking metallic
objects. Magnetic dissipation is also relevant to correctly describe dispersion forces, including
the Casimir effect and radiative heat transfer between non-ideal conductors[16-18], aswell as
guantum friction [19]. Recently, the magnetic response has been realized to be an important
element in the description of the near field in nanostructured environments, where it has been
recently measured at optical frequencies[20-22] and used to enhance magnetic dipole emission
in electronic systems[23,24]. In high-permittivity colloids, the fundamental Mie mode has been
shown to produce a prominent, well-defined magnetic dipole [14], which has been predicted to
giveriseto optical repulsion from ametal surface [25].

Here, we report large magnetic response exceeding the electric response in common metal-
lic nanoparticles within the near infrared. We compare the electric and magnetic dipolar po-
larizabilities of metallic spheres, ellipsoids, disks, and rings of different size, aspect ratio, and
composition. Particles are described viatheir frequency-dependent diel ectric function, and their
optical response is obtained by rigorously solving Maxwell’s equations in the presence of in-
cident light. The magnetic contribution is found to dominate the absorption for metals of large
conductivity at moderate particle size, specially in particles of high aspect ratio.

2. Magnetic absorption in spheres

During absorption, the incoming photons generate real excitations in the particles. The absorp-
tion density is proportional to the local electric-field intensity multiplied by the imaginary part
of the dielectric function. This emerges in the particle polarizability o through an imaginary
part in excess of the valuethat isfound in non-absorbing particles (i.e., Im{a} > 2,/enk3||?/3,
where k = w/c is the light wave vector and &, is the permittivity of the surrounding host
medium [28]). We focus first on homogeneous spheres, for which closed-form expressions
of the polarizability are readily available within Mie scattering theory [28, 29].

We consider a spherical nanoparticle of small radiusR compared to the wavelength inside the
host medium, where A = 2x /K is the free-space light wavelength, so that the dipolar response
is dominant. In vacuum, the electric and magnetic dipolar polarizabilities of the particle can
then be expressed as[2]

31 ¢
aE 2 k3tl ) (1a‘)

31.u
oM = Ji@ 1 s (1b)

in terms of the corresponding dipolar Mie coefficients
(= (j)l(p)[pmn(pm)} +&mj1(Pm) [Plli p)I (23
h1 ™ (p) [omj1(Pm)]" — €m ja(pm) [ph ]
M —pmia(p) [ia(pm))' +pJa(pm) [ia(p)]' (2b)
(

puht” (p) [iz(om))' — P ia(pm) [ns"(p)]

where &y isthe metal dielectric function inside the particle, pm = \/enkR, p =kR, h<1+) = ih(ll),

and the primesindicate differentiation of the spherical Bessel and Hankel functions j; and h<1+)
with respect to their arguments.
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Fig. 1. Electric vs magnetic absorption in metallic nanospheres. (a) Schematic representa-
tion of induced currents leading to electric and magnetic absorption, respectively. (b) Ratio
between the imaginary parts of the magnetic and the electric polarizabilities for a 50 nm
silver sphere. Exact Mie theory (black solid curve) is compared to various approximations,
as explained in the text. Solid curves correspond to a Drude-like dielectric function with
op = 9.04eV and y = 0.021eV [26], while dotted curves are obtained from the tabul ated
dielectric function of silver [27]. (c) Conductivity dependence of the magnetic-to-electric
absorption ratio for 50 nm spheres described by a Drude dielectric function with param-
eters appropriate to gold (wp = 8.89eV and y = 0.071eV [26]) and silver (wp = 9.04eV
and y = 0.021eV [26]), compared to more lossy particles (broken curves, obtained with
increased damping y and similar plasmafrequency). (d) Size dependence for silver spheres
described by the Drude dielectric function.
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Interestingly, in the quasistatic (Rayleigh) limit (|pm|, |p| << 1), Eq. (1) reducesto

B 3&m—1
OCE—R 8m+27 (38.)
R\? 272
o= (3 ) 5 fon 1. (@)

and hence the magnetic part appearsto be ~ (R/A)? times smaller than the electric part: electric
dipoles are expected to dominate over magnetic ones. We can easily show that thisis not true
even for spherical particles orders of magnitude smaller than the wavelength. The key point is
that absorption is proportional to the imaginary part of the polarizabities, and thus, theratio be-
tween magnetic and electric contributions to absorption issimply given by Im{owm } /Im{oe }.

At small frequencies below interband transitions in noble metals, it is useful to approximate
€m by the Drude dielectric function [30]

2
@p

1= o(o+iy)’ “)

&m =
where w, and y are the bulk plasmon frequency and damping-rate, respectively. Inserting Eq.
(4) into Eq. (3), wefind

2
() S
Im{og} 90\ ¢ Y 45 \ ¢
in the o << v, wp limit, where we have introduced the static conductivity oo = w§/4ny.
Clearly, magnetic absorption can dominate if Rop/c is sufficiently large. In particular, as we
show in Fig. 1(b), the high conductivity of silver (for Drude parameters wp, = 9.04eV and
Y = 0.021eV [26]) leads to huge values of this ratio in small 50nm particles (dashed line),
athough this result is only valid at long wavelengths. The ratio decreases at smaller wave-
lengths, but still remains above 1 in the IR part of the spectrum. Incidentally, the Drude model
produces a satisfactory description of absorption down to the vis-NIR (Fig. 1(b), solid curves),
compared with ameasured dielectric function [27] (dotted curves). However, the Rayleigh limit
(Eq. (3), blue curves) overestimates the magnetic contribution in that spectral region compared
to Mietheory (Eg. (1) and Eq. (2), black curves) because the skin depth (~ 25nm in silver over
the vis-NIR) becomes comparable to the particle radius. These effects arise from retardation
in the electric polarizability, which we can incorporate to first order through the substitution
o = 1/(og 1 _ 2ik3/3). The result of this correction (without modifying ox) agrees rather
well with Mie theory over the spectral region under consideration (Fig. 1(b), red curve).
Figure 1(c) clearly pointsout that an increasein damping rate (i.e., adecreasein conductivity)
reducesthe relative role of magnetic absorption, while Fig. 1(d) shows that magnetic absorption
increases with particle size (likein the limit of Eq. (5)). Both of these results are consistent with
the interpretation in terms of eddy currents.

3. Influence of particle shape on the fraction of magnetic absorption

We are interested in the relative role of magnetic absorption produced by anisotropy in non-
spherical particles. Figures 2(d)-2(i) shows the relative magnetic contribution in ellipsoids,
disks, and rings obtained from boundary-element-method (BEM) electromagnetic simulations
[31]. The polarizabilities are obtained from the numerically calculated scattering matrix using
Eg. (1). We normalize the magnetic absorption to the sum of electric and magnetic absorp-
tionsfor polarization directions as driven by incident plane-wave light (see insets). The absorp-
tion cross-section takes large values exceeding the particle geometrical cross-section around
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the plasmonic resonances in the vis-NIR (Figs. 2(a)-2(c)). At longer wavelengths, absorption
shows a monotonic decrease. Simultaneously, the relative contribution of magnetic absorption
takes over as the wavelength increases. These trends are the same as in spheres, but anisotropy
produces two important effects: (i) it displaces the Mie dipole-plasmon resonance to the red
with respect to the sphere; and (ii) it strongly modifies the relative contribution of magnetic
absorption. As arule, magnetic absorption increases with respect to its relative value in spheres
when the electric field is directed along a narrower direction of the particle. For example, in
elongated ellipsoids with incidence along a direction normal to the symmetry axis, magnetic
absorption is strongly suppressed when the electric field isalong that axis (Fig. 2(d)), which in-
dicates the presence of strong electric polarization along the long direction of the particle (Fig.
2(a)). In contrast, when the electric field is across the symmetry axis (Fig. 2(g) and Fig. 5(a-
bottom)), the magnetic field creates strong currents circling the ellipsoid, which increase the
relative contribution of magnetic absorption. Interestingly, when thinning a sphere to produce
an elongated €llipsoid, magnetic absorption is first increasing under these illumination condi-
tions and eventually decreases below the level of spheres (see appendix). Similar conclusions
can be extracted for disks and rings.

As expected, the cross section of Figs. 2(a)-2(c), obtained with full inclusion of all multi-
poles via BEM, are nearly identical to the one obtained from the dipolar contribution via the
well-known expression 4klm{ oe + om }, thus corroborating the validity of the dipole approx-
imation in the present analysis.

We further consider illumination under two in-phase, counter-propagating, orthogonally po-
larized light beams, which produce mutually aligned total electric and magnetic fields [22].
This providesafair comparison of the relative importance of electric and magnetic polarization
along a common direction, which we take along the symmetry axis of the particle. Figure 3
shows that the magnetic contribution to the total absorption is remarkably high, reaching 90%
in the NIR for disks and rings. Even at 500nm, the magnetic contribution is as high as 30%.
Under this configuration, the electric field produces only a small dipole perpendicular to the
disk (ring), whereas the magnetic field is optimally oriented to create eddy currents circling the
disk (ring) perimeter, and thus maximizing the relative contribution of magnetic absorption.

The two-counter-propagating-beam configuration allows us to illuminate the particle with
arbitrary values and orientations of the electric and magnetic fields in the plane perpendic-
ular to the directions of propagation. In particular, it is possible to just have pure electric
or magnetic polarization. This possibility is illustrated in Fig. 4 for both axial and radial
orientations of the field. We define the cross section for two beams as an extension of the
single-plane illumination case: the absorbed power divided by the total incident light inten-
sity, assuming equally intense beams. The cross section is then obtained from the expression
(A/2)|ES* + ESY| 2% Im{f; - (ES")*}, where j = 1,2 runs over the two far-field beam di-
rections and f is the far-field electric amplitude. We compared fully numerical results (Fig. 4,
solid curves) to semi-analytical expressions (broken curves) for f in terms of the polarizabil-
ity, which are in turn extracted as explained above. The largest values of the cross section are
obtained under pure radial electric-field illumination, with values well above the disk areain
the spectral region of the symmetric plasmon resonance around 700 nm. Large values of the
magnetic absorption are also obtained under axial magnetic illumination. This configuration
can actually be used to modulate the absorbed power by rotating the polarization vector of
the incident beams, in away similar to what has been recently reported for thin metamaterial
structures [32]. A practical implementation of magnetic absorption with a single beam is also
possible by depositing the nanoparticle on metal surface such as gold, whose reflectivity above
1000 nm wavelength is close to 100% because the parallel electric field is nearly canceled near
the surface, while the amplitude of the magnetic field is doubled.
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Fig. 2. Spectral dependence of the magnetic contribution to absorption for gold particles of
different shape and aspect ratio: (a,d,g) ellipsoids, (b,e,h) rounded disks, and (c,f,i) rings.
(a)-(c) Absorption cross-section for two different orientations of the incident electric and

magnetic fiel

ds relative to the particle symmetry axis (see insetsin (a)) and different par-

ticle sizes (see upper insets). (d)-(i) Fraction of magnetic losses. Solid curvesin (d)-(i) are
obtained using a Drude permittivity for gold, while the rest of calculations use tabulated
optical data [27]. Parallel and perpendicular orientations in the polarization components
are referred to the direction of k.
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vanishing external field components at the center of the particle. Specificaly, we take
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4. Conclusion

In summary, we have shown that the absorption properties of common metal nanoparticles ex-
tensively used in plasmonics is unexpectedly driven by the magnetic dipole component in the
vis-NIR part of the spectrum. The magnetic contribution can be understood as arising from
dissipation of eddy currents produced by the temporal variation of the magnetic field, which
takes place at frequencies above the plasmonic resonances and is strongly dependent on size,
morphology, and composition. Large metal conductivities favor a dominant magnetic absorp-
tion. Magnetic absorption also depends on particle shape and is comparatively higher when the
electric field is oriented along a narrower direction of the particles, thus minimizing the degree
of electric polarization. For example, in elongated ellipsoids and flat disks of 1:2 and 1:4 aspect
ratio, respectively, magnetic absorption is dominant at wavelengths above ~ 1300nm. Under
illumination with co-linear electric and magnetic fields, magnetic absorption reaches 90% of
the total absorption. Our work provides a comprehensive understanding of optical absorption
in metallic particles that should be relevant to control heat deposition in the context of ther-
moplasmonics [33], heat dissipation through radiative heat transfer [16, 17], and light emission
exhibiting spatial patterns associated with magnetic modes [23, 24, 34].

Appendix

We providein Fig. 5 and Fig. 6 calculations of the relative contribution of magnetic absorption
in anisotropic silver particles of sizes and shapes similar to the gold nanoparticles considered
in the main text.

Additionally, we provide calculations for gold and silver ellipsoids in Fig. 7 and Fig. 8,
respectively, under illumination with a beam along the symmetry axis. Interestingly, elongated
ellipsoids produce a high relative contribution of magnetic absorption compared to the sphere,
particularly in the vis-NIR region, which yields magnetic absorption dominant in ellipsoids of
aspect ratio 1:2 above a wavelength of ~ 1300nm for gold and ~ 1500nm for silver.
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Fig. 7. Relative contribution of magnetic absorption for gold ellipsoids and light incidence
along the axis of symmetry. (a) Sketch of the geometry. (b) Fraction of magnetic absorption.
(c) Absorption cross-section. A Drude permittivity for gold is used in the solid curves of
(b) and atabulated dielectric function [27] for the rest of the calculations.
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Fig. 8. Relative contribution of magnetic absorption for silver ellipsoids and light incidence
along the axis of symmetry. (a) Sketch of the geometry. (b) Fraction of magnetic absorption.
A Drude permittivity for silver isused in the solid curves and atabulated dielectric function
[27] for the dots.
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