Chapter 2

Recent Advances in Nanoplasmonics
and Magnetoplasmonics
Maxim R. Shcherbakov, Tatyana V. Dolgova, and Andrey A. Fedyanin

Abstract Nanoplasmonics is a vastly developing area of modern photonics, which
is capable of providing mankind with new routes to fast and miniature communication and technologies. With unprecedentedly high bandwidth supplied by photons
and subwavelength dimensions supplied by electrons, surface plasmon is the next
candidate for the everyday-life information unit. In this chapter we review recent
advances in controlling the generation and propagation of surface plasmon
polaritons in nanostructured materials as well as utilization of surface plasmons
in order to obtain efficient control over optical signals.

2.1

Surface Electromagnetic Waves

Surface electromagnetic waves are defined as waves propagating along the interface between two media and existing in both of them [1, 2]. The dispersion law of
the surface wave can be derived from Maxwell’s equations by substituting the
solution in the form of a localized wave (the Oz axis is perpendicular to the interface
and directed towards the first medium, the Ox axis is at the interface, Fig. 2.1):
A ¼ A0 es1;2 z eiðotkspp xÞ ;

(2.1)

where kspp is the wave vector of the surface wave and s1, 2 are the extinction
coefficients in the first and second media, respectively. If e1(o) and e2(o) are

M.R. Shcherbakov (*) • T.V. Dolgova • A.A. Fedyanin
Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
e-mail: shcherbakov@nanolab.phys.msu.ru; dolgova@nanolab.phys.msu.ru;
fedyanin@nanolab.phys.msu.ru
A. Korkin and D.J. Lockwood (eds.), Nanoscale Applications for Information
and Energy Systems, Nanostructure Science and Technology,
DOI 10.1007/978-1-4614-5016-0_2, # Springer Science+Business Media New York 2013

41

42

M.R. Shcherbakov et al.

Fig. 2.1 Left: The interface between two media with the opposite signs of the real parts of the
dielectric permittivity showing a schematic distribution of unbalanced charges and the electric
field vector lines of the surface wave. Right: Intensity distribution and typical localization scales of
the surface waves in the vicinity of the interface

complex dielectric constants of the first and second media, respectively, the dispersion relation takes the following form:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
o
e1 ðoÞe2 ðoÞ
:
(2.2)
kspp ðoÞ ¼
c e1 ðoÞ þ e2 ðoÞ
In the case of a metal surface in a dielectric environment, kspp is an imaginary
number and the surface wave is called surface plasmon polariton (SPP) since the
unbalanced charges rise due to oscillations of free electrons of metal. In general kspp
can be written as:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 0

o
e02 ðoÞe1
io
e2 ðoÞe1 3=2 e002 ðoÞ
0
00
þ
:
kspp ðoÞ ¼ k ðoÞ þ ik ðoÞ ¼
c e02 ðoÞ þ e1
c e02 ðoÞ þ e1
2ðe02 ðoÞÞ2
(2.3)
Figure 2.2 shows a typical dispersion law of SPPs at the metal–air interface
(e1 ¼ 1) in the form of the expression (2.2). Here the dielectric function of metal
is approximated with the Drude model:
e2 ðoÞ ¼ 1 

o2p
:
o2

(2.4)

It should be noted that this model describes well the optical response of metals in the
infrared region. However, the model is not valid in the ultraviolet and visible spectral
ranges due to the presence of pronounced resonances associated with the interband
electron transitions. Besides, the ohmic losses in the metal are not taken into account.
The value of the imaginary part of the SPP wave vector indicates the energy
losses due to its transfer from the oscillating electrons to the lattice. The mean free
path of SPPs at a smooth metal surface is described by:
L¼

1
;
2k00spp

(2.5)
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Fig. 2.2 The dispersion law of a surface plasmon polariton (solid line) and light in vacuum
(dotted line)

Fig. 2.3 Characteristic length scales of surface-plasmon-based photonics: the propagation length
dSP, the decay length in the dielectric material dd, and the decay length in the metal dm [3]

where kspp is the imaginary part of the SPP wave vector and is determined by the
dielectric properties of the metal. For example, the free path of SPPs at the silver
surface is approximately 1 mm for the telecommunication wavelength range
(l ’ 1. 5 mm). Figure 2.3 shows the comparison of typical scales of the SPP
energy localization.
An important effect in nanoplasmonics is the resonant excitation of local
plasmons (LPs). LP resonance can be observed in metallic particles with typical
sizes much smaller than the optical wavelength for which the quasi-static approximation of the electromagnetic response is applicable. The polarizability p(o) of a
subwavelength particle is proportional to the local field factor [4, 5]:
pðoÞ 

1
;
Li ½e2 ðoÞ  e1  þ e1

(2.6)

where e2(o) is dielectric permittivity of the particle material, e1 is a dielectric
constant of the environment, and Li is a factor depending on the shape and size of
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the particles and the polarization of the incident light (i ¼ x, y, z). The denominator
of Eq. (2.6) tends to zero at some wavelength leading to a resonance of local
plasmon polaritons, i.e., to increase the average kinetic energy of electrons and to
an increase in absorption due to scattering of electrons from the lattice of the metal.
The coefficients Li can be calculated as follows:
Z
Lx ¼

1

0

abc ds
3=2

2ðs þ aÞ

ðs þ bÞ1=2 ðs þ cÞ1=2

;

(2.7)

where a, b, and c are the sizes of the particles in the directions x, y, and z. The
equations for Ly and Lz are obtained by cyclic permutation of the variables a, b, and c.
The equation SLi ¼ 1 is fulfilled. The formulae for coefficients Li for metallic
ellipsoid with small cross-section are as follows:
Lx ¼ 0;

2.2

Ly ¼

c
;
bþc

Lz ¼

b
:
bþc

(2.8)

Experimental Methods of Excitation of Surface Plasmons

If e2 <0, e1> 0 and je2j > e1, which corresponds, e.g., to the case of a metal in a
vacuum environment in the visible, Re(kspp) > o/c. Thus, SPPs cannot be excited
by light incident from medium 1. A number of optical schemes can be used to
compensate for the difference in wave numbers (see Fig. 2.4).
The schemes with dielectric prisms, such as the Kretschmann or Otto schemes,
are commonly used for efficient excitation of plasmon-polaritons (Fig. 2.4a, b). The
exciting beam is incident from a medium with a refractive index greater than the
index of one surrounding the film. The grating excitation schemes are also widespread (Fig. 2.5). Consider a metal surface modulated with the period of d that is
irradiated with light of wavelength l at an angle of incidence y. The scattered
radiation has a set of diffraction orders. The values of the wave vector projection to
the plane of the grating for these orders are kx ¼ k0 sin y þ jG ¼ 2p siny=l þ 2pj=d,

Fig. 2.4 Experimental
methods for coupling light to
surface plasmons.
(a) Kretschmann geometry.
(b) Otto geometry.
(c) Coupling SPP with a
scanning near-field optical
microscope tip. (d) Surface
nanodefect coupling

a

b

c

d
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Fig. 2.5 Diffraction of
electromagnetic radiation
from a metallic diffraction
grating and SPP coupling
through þ2 diffraction order

where G is the grating reciprocal vector, and j is an integer. If the wave number of
any diffracted beam coincides with the wave number of SPP:
 kspp ¼ k0 sin y þ jG;

(2.9)

the SPP is excited effectively. The central wavelength of the SPP coupled through
the grating is written as follows:
d
l¼
j

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
!
e02 ðoÞe1
 sin y :
e02 ðoÞ þ e1

(2.10)

The condition (2.10) leads to so-called Wood’s anomaly [6] which manifests itself
as a narrow dip in the reflectance spectra of the metal gratings [7]. Thus, the
resonant excitation of surface plasmons in the optical wavelength range in metallic
films is possible in the presence of periodic nanostructuring.

2.3

Experimental Methods of Detection of Surface Plasmons

Since SPP is an excitation with the wave vector greater than one in surrounding
dielectric, it does not couple to propagating electromagnetic waves. In other words,
one cannot use a conventional microscope to observe an SPP by taking an image of
the metallic film surface. In order to identify the distribution of plasmonic waves as
a function of the coordinate in the plane of the film, it is necessary to use one of
methods that are described in this section, namely the leakage radiation microscopy
or scanning near-field optical microscopy (SNOM).
The first method of SPP observation relies on the reciprocal character of the
Kretschmann excitation scheme [8]. An SPP coupled to the surface of the film via
a dielectric prism experiences losses—nonradiative ones and radiative ones. The
former stands for ohmic losses due to electron-lattice energy exchange, while the
latter emerges from SPPs coupling back to the far-field radiation, e.g., via the same
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Fig. 2.6 Leakage radiation
microscopy image of SPPs
launched using a scanning
near-field optical microscope
tip [8]

channel it was excited. In other words, there would be radiation in the direction of
the reflected ray in Fig. 2.4a which is present due to SPPs. Every point of the film
subject to carrying SPP energy is giving part of the SPP energy back in proportion
to the intensity of the SPP in that point. By taking an image of the film surface
though the prism one can directly observe the SPP profile, as shown in Fig. 2.6.
Being one of the conventional far-field microscopy methods, leakage radiation
microscopy has significant limitations associated with the diffraction of light. One
of the fundamental laws of optics is the existence of the so-called diffraction limit,
which determines the minimum distance R between two objects that are said to be
resolved from each other using light of wavelength l:
l
R ’ 0:61 ;
n
where n is the refraction index of the medium. The limit for the optical wavelength
range is of the order of 200–300 nm. Scanning near-field optical microscopy is
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based on other principles of the image construction, which can overcome the
difficulties associated with diffraction of light and realize a spatial resolution of
10 nm and better.
The principles of SNOM lie in the use of a light detector with a size smaller than the
wavelength of the radiation. The tip of an optical fiber covered with a thin metal layer
with a small hole in it can form such a detector. The detector collects only the portion of
the radiation in the vicinity of the hole; so the resolution of this method is determined
by the size of the hole which can be made less than 100 nm [9]. The optical image is
obtained by scanning the surface of the sample with the probe and constructing a twodimensional raster of the optical signal value with a resolution exceeding the diffraction limit [10]. Since the distance between the probe and the sample surface is set to be
small (starting from 5 nm) and kept constant during scanning, it is also possible to
observe and measure the amplitude of the nonradiative excitations of the samples,
such as SPP [11], or radiation reflected from the interface between two dielectrics
under conditions of total internal reflection [12]. Many properties of plasmonic
nanostructures and microsystems have been studied by means of SNOM, including
nanofocusing [13], energy transfer along plasmon waveguides by means of SPPs [14,
15], interference of plasmon waves [16, 17], and others.
The same approach of bringing a point-like scatterer to the subwavelength
vicinity of SPP is realized by adding subwavelength roughness to the metal surface.
Every bump of the film acts like a SNOM tip scattering the SPP energy to the farfield. By taking an optical microscope image of the rough golden film, one can
steadily observe the SPP intensity profile. The disadvantage of the method lies in
the apparent distortion of the sample initial design as it is usually assumed to be
made of a flat metallic film.

2.4

Plasmonic Metamaterials

The development of nanofabrication technology has led to a vast variety of new
possibilities of tailoring of optical properties of media. Optical metamaterials are
produced from bulk media or thin films by lithographic methods which imply
spatial structuring on the scale of tens of nanometers. This gives rise to optical
properties absent in the initial material. Negative refractive index [18] and many
other noticeable effects were observed recently in optical metamaterials. Noble
metals are a common basis for most of the optical metamaterials and these effects
are usually associated with the excitation of SPPs. Planar metamaterials based on
thin metal films are significantly easier to manufacture than three-dimensional ones
and they also manifest a resonant optical response leading to various effects in the
optical range. If a periodic array of subwavelength holes is created in a metal
film with a thickness of several skin layers, the effect of extraordinary optical
transmission (EOT) is observed—the transmitted electromagnetic wave intensity
is drastically enhanced at the surface plasmon resonance wavelength in comparison
to off-resonance frequencies [19].
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Fig. 2.7 The first
experimentally demonstrated
negative-index metamaterial.
Split current rings induce
effective negative
permeability and straight
vertical rods supply negative
permittivity [21]

V.G. Veselago [20] suggested the existence of a hypothetical medium with
simultaneously negative dielectric constant e and magnetic permeability m for the
electromagnetic wave of a given frequency. The Maxwell’s equations analysis
shows that the wave propagating in a medium with negative Re(e) and Re(m) has
the opposite phase and group velocities, which suggests that the refractive index of
such media is less than zero. Experimental confirmation of the existence of such
media for electromagnetic waves of the radio frequencies [21] required the construction of an array of specially shaped objects (Fig. 2.7) that are resonant for both
the electric and magnetic components of the electromagnetic wave. For the realization of media with negative refractive index at optical wavelengths, it is possible to
use metals providing a negative real part of the refractive index. However, the bulk
magnetization of the media at optical frequencies is close to zero for all known
natural materials making the magnetic susceptibility of the latter close to unity.
To achieve an effective magnetic response of the medium in the optical range—in
other words, to observe the phenomenon of optical magnetism—the nanostructured
media can be used, such as ordered arrays of metallic nanoparticles [22]. The electric
component of the incident electromagnetic wave can excite both symmetric and
antisymmetric oscillations in a pair of nanoparticles. The symmetric oscillations
give a nonzero electric dipole moment of the system, while in the case of the
antisymmetric resonance the electric dipole moment is close to zero but the counterflowing “ring” currents yield a magnetic dipole moment emulating the magnetization of the medium. The effective value of the magnetic susceptibility can be
different from unity, as well as negative value, which opens the way for the practical
realization of materials with negative refractive index [18, 23].
Another anomaly was observed in optical metamaterials made of thin films
perforated with an ordered array of subwavelength apertures. According to Bethe’s
model [24] of light transmission through the circular subwavelength aperture of
radius r made in the thin conducting film, the transmission coefficient can be written
as follows:
TðlÞ ¼ 64ðkrÞ4 =27p2 ;

(2.11)
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where k ¼ 2p=l is the wavenumber. Later on, it was shown [19] that the regular
array of subwavelength apertures fabricated in non-transparent silver film and
arranged with the minimal period of d possesses the transmission coefficient
spectrum having peaks at the wavelengths corresponding to SPP resonances
described by Eq. (2.10). The maximal value of transmission was shown to be
approximately two orders of magnitude larger than that expected by Eq. (2.11).
This phenomenon is now known as the extraordinary optical transmission
effect since the total light transmission normalized at the aperture area appears to
be larger than unity. One of the mechanisms responsible for electromagnetic energy
transfer from one side of the nanoperforated metallic film to another one is the
resonant SPP excitation at the film surface followed by penetration of SPP modes
through the nanoholes and further coherent diffraction of SPP at the film backside
into the propagating electromagnetic wave according to the phase matching
conditions at the periodic array of nanoholes [25, 26].
One of the spectacular features of the EOT effect is the maintenance of spatial
coherence of the collimated beam upon transmission through the nanohole array
supported by recent experiments on entanglement of a biphoton as one of its parts
was transmitted through the nanohole array [27]. Small losses of the entanglement
show the quantum nature of the EOT phenomenon that allows consideration of SPP
as quasiparticles with a lifetime inversely proportional to the spectral width of the
SPP resonance.
The EOT effect possesses strong spectral selectivity for the incoming radiation
since the spectral position of the EOT peak corresponds to the spectral line of the
SPP excitation at the surface of the nanoperforated sample [3]. The spectral position
of the EOT peak can be tuned by changing the geometrical parameters of the
structure such as the nanoholes period, form and size of holes, and film thickness.
Therefore, the optical properties of periodically modulated surfaces of noble metals
are also defined by the effectiveness of the excitation of the SPP modes. However,
since electromagnetic radiation induced by coherent SPP scattering at the spatially
modulated surface can interfere with the incoming light exciting surface plasmons,
the spectral lineshape of the response of such structures can significantly differ from
the Lorentz lineshape.
The discovery of EOT [19] in 1998 yielded long and intensive debates of its
nature and different interpretations of the effect. The main problem was that the
calculated surface plasmon resonances did not coincide with experimental EOT
peaks. The anomalous increase in transmission both of subwavelength hole arrays
and gratings with narrow slits can be caused by the excitation of SPPs at the two
interfaces of a film, as well as of the waveguide plasmon modes within the holes
[28]. This interpretation was confirmed in further experiments: it was shown that
the resonant transmission through a one-dimensional lattice of 60-nm-thick gold
film can be caused by SPP excited at the upper interface only, as well as by
localized waveguide modes [29]. On the other hand, Cao and colleagues have
obtained a decrease in transmittance at the of SPP excitation wavelength for thicker
films of 4 mm, and argued that the EOT arises only due to the localized waveguide
modes [30]. Later, it was assumed that the localized plasmons at the holes play an
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important role in EOT. A lot of different shapes of holes were considered and it was
found that their shape and configuration are important for the fixed period [31]. The
more complex is the shape of a hole, the easier nonpolarized light couples into its
local mode. Moreover, the symmetry of two-dimensional lattices is important for
transmittance value. For example, it was found that EOT was stronger for hexagonal lattice than that for square lattice [32]. Then it became clear that the excitation
of SPP affects the resonance characteristics of localized plasmons. For example, if
Wood’s anomaly appears, the resonances of localized plasmons are red-shifted due
to Fano-type interference. It was shown for very narrow slits (much less than the
thickness of the film) that the resonance of SPP reduce the transmission. The
situation can be completely different for slits width comparable to the period,
because local modes inside the slits cannot be excited any more, while local plasma
oscillations can appear within the stripes.

2.5

2.5.1

Optically Anisotropic Metamaterials: Versatile
Polarization Control with Plasmonic Nanostructures
Far-Field Polarization Control

For changing the state of polarization (SoP) of light two key optical elements are
commonly used, namely a polarizer and a wave plate. While polarizers are used to
prepare the output SoP which does not depend on the input SoP, wave plates are
used to transform the incident SoP. The principles of operation of a polarizer which
prepares a linearly polarized state rely on the effect of linear dichroism under which
only linearly polarized light is transmitted through and the orthogonal polarization
is reflected, deflected, or absorbed. The wave plate introduces a phase delay
between two orthogonal linear polarizations which are eigenpolarizations of the
wave plate; as a result general elliptical polarization is the output from the device.
Since there are two parameters defining any fully polarized SoP, i.e., the ellipticity
E of the polarization ellipse and its major axis orientation with respect to the
laboratory frame, j, there are also two parameters which define the SoP output
from any wave plate. These parameters are wave plate optical axis orientation angle
c and the amount of phase delay introduced between the eigenpolarizations, Df.
In comparison to the bulk polarization elements plasmonic nanostructures comprise materials of essentially subwavelength thicknesses. Thus the thickness cannot
be continuously tuned to achieve the desired phase shift between the eigenpolarizations. Nevertheless plasmonic anisotropic nanostructures were proven to compete with the bulk polarization optics [33–37]. In this section we investigate what
parameters could be tuned in order to attain the desired polarization state output
from an anisotropic plasmonic nanostructure.
The sensitivity of SPPs to the polarization of light allows for the observation of
linear birefringence and dichroism. Consider a metal surface that is modulated along
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the Ox direction and radiation impinging on the surface at an angle y in the plane of
incidence parallel to Ox (Fig. 2.5). It is possible to excite an SPP according to phasematching conditions (2.10) with the in-plane polarized light. A dip will be observable in reflection spectra corresponding to energy transfer from the incident wave to
SPP. Light polarized perpendicularly to the plane of incidence (s-polarization) is not
capable of SPP excitation and is reflected without significant losses. Due to symmetry restraints s- and p-polarized waves are eigenpolarizations of the grating since the
polarization state is not changed by reflection. An SoP, which comprises a linear
combination of these eigenstates, may undergo changes depending on so-called
ellipsometric constants of the medium:
 
r p 
x ¼  ;
rs

D’ ¼ ’p  ’s ;

(2.12)

where r5p ¼ |rp| expijp and rs ¼ |rs| expijs are field reflection coefficients of pand s-polarized waves, respectively. Since the effectiveness of SPP excitation has
strong dispersion, a pronounced spectral inhomogeneity is observed for x and Dj.
Dispersion and, hence, polarization transformation performance depend on the
parameters of the resonance. The spectral response of the most resonant physical
systems is described by a Lorentzian line shape. The spectrum of a system response
to harmonic excitation of frequency o is described by a classical harmonic oscillator model:
T L ðoÞ ¼

o2

B
;
 o20  2igo

(2.13)

or with the assumption of o0  g for analytical signals :
T L ðoÞ ¼

B
;
o  o0  ig

(2.14)

where B is the amplitude of the excitation, o0 the natural frequency of the oscillator,
and g the damping factor. However, the observed signal is often a mix of TL and the
exciting signal. In this case the spectral line becomes asymmetric of the Fano-type [7]:
T F ðoÞ ¼ A þ

Beif
;
o  o0  ig

(2.15)

where A is the amplitude of nonresonant signal, and f the phase between resonant
and nonresonant signals. The shape of the Fano resonance is a common lineshape of
the optical response spectra of nanostructured systems supporting the excitation and
propagation of SPP. Thus, the transmittance spectra of thin films of metal with a
periodically modulated surface contain Fano resonance features. This is the consequence of the fact that the reflected signal contains two coherent components: the
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light transmitted through the film directly, and the radiation coupled into a surface
mode and then diffracted in accordance with the phase-matching condition (2.10).
Fano resonances in the optical response of nanostructures are attracting considerable interest due to their high spectral selectivity [3, 38].
By using a plasmonic nanostructure with a Fano resonance, one can attain high
polarization conversion by means of plasmon-enhanced birefringence and dichroism [36]. One may use nanoslit arrays in a thin gold film to achieve a sharp Fanotype resonance for visible wavelengths. The transmission of such a sample is
presented in Fig. 2.8a as a function of incident light’s photon energy and wave
vector projection onto a sample’s plane kx for the p-polarized light. A sharp and
angle-dependent Fano-type resonance is observed in the visible range; a crosssection of the transmission function at the angle of incidence y ¼ 50 is shown in
Fig. 2.8b. The origin of the Fano-type optical response lies in the coherent superposition of the grating SPPs resonance response and the background signal directly
transmitted through the 30-nm-thick gold film. The phase delay Dj between Ey and
Ex of the output E-field’s components and the dichroism jExj2/jEyj2 are measured in
the spectral domain and shown in Fig. 2.9a for y ¼ 50 . The phase difference
varies from 0.38p to 0.85p, which could be obtained by a medium of the same
thickness with extreme ordinary–extraordinary refractive indices differences of
Dn ’ 4.4  10.4.
Note that the spectral position of a feature in the Dj spectrum is connected to the
position of the SPP resonance. It means that if one fixes the operating wavelength,
there is a strong dependence of the phase delay on the angle of incidence. The phase
delay could be tuned continuously within the aforementioned range of 0.38p–0.85p
by varying the angle of incidence within the range of 46 to 54 . The angle of
incidence stands as a birefringence control parameter—a substitute to the wave
plate thickness in the bulk polarization optics.

2.5.2

Near-Field Polarization Control

Surface plasmon-polaritons being related to spatial electron plasma oscillations in a
metal are strongly localized to nearby the metal surface. The characteristic scale of
the localization of bounded electromagnetic waves depends on various factors such
as the form of metallic objects and curvature of their elements and appears to be
from several nanometers to subwavelength scale, which in a majority of cases is
sufficiently lower than diffraction limit for the optical wavelength used. Concentration of electromagnetic energy in the objects with the a size smaller than the optical
wavelength in vacuum, which is called subwavelength focusing or superfocusing,
and optical signal transfer over subwavelength channels were experimentally
demonstrated in various systems, for example, in individual nanoparticles [39], in
nanoparticle chains [40, 41], in V-shaped subwavelength grooves fabricated at the
smooth metallic surfaces [13], and at near-field optical microscopy probes [42],
involving interference of standing plasmonic waves [43], utilizing radially [44] or
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Fig. 2.8 (a) Transmission coefficient of the nanoslit sample as a function of photon energy and
transversal wavenumber of the incident p-polarized light. SPP excited with the blazing  1
diffraction order is present. The dispersion relation of SPP propagating at a gold-fused silica
interface estimated using the expression (2.10) is denoted with the white dashed line. The inset
shows the SEM picture of the sample, the bar length equals 500 nm. (b) The transmission
spectrum at the 50 -incidence indicating a Fano-type resonance for the p-polarized light [37]

circularly [45] polarized beams. The practical realization of concentrating electromagnetic energy at the scale smaller than the optical wavelength in vacuum seems
to be an important task towards miniaturization of optical devices such as
nanolasers [46, 47] or elements for optical computing [48].
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a

b

Fig. 2.9 (a) Linear birefringence and dichroism of the nanoslit sample represented by the phase
retardation D’ and jExj 2/jEyj2 spectra, respectively, measured at the 50 -incidence. (b) The
Poincaré sphere representing the map of experimental polarization transformations done by the
system under study. The input state is horizontally polarized. Each curve describes a set of output
states for azimuthal angle C varying from 0 to 90 . Different curves stand for different
wavelengths in the vicinity of Fano resonance or different angles of incidence, calculated using
the ∂y/∂l expression from the text. Although not indicated, the bottom hemisphere is covered in
the same way with  C angles due to symmetry relations [37]

Using the fact of subwavelength electromagnetic energy localization with SPPs,
we show that not only energy density but also polarization could be separated in
space by plasmonic nanostructures. To do this we measure linear dichroism in
the subwavelength vicinity of an anisotropic plasmonic nanostructures. The
nanostructures under study comprise very long plasmonic nanoparticles with a
local plasmon resonance with the central wavelength of 580 nm excited with the
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Fig. 2.10 (a) Distribution of UDC in the subwavelength vicinity of the sample. (b) Distribution of
U2f in the subwavelength vicinity of the sample. (c) The ratio of the latter to the former showing
the linear dichroism map

linear polarization perpendicular to the stripes. Near-field polarization properties of
plasmonic nanogratings were investigated by means of scanning near-field dynamic
polarimetry setup [49]. Horizontally polarized light from a doubled CW Nd:YAG
laser with l ¼ 532 nm passes through a half-wave plate with its axis oriented at
22.5∘ with respect to the optical table. Diagonally polarized light passes through a
photoelastic modulator (PEM) that temporally modulates the phase shift between
vertically and horizontally polarized components. The phase shift undergoes harmonic oscillations f(t) ¼ Asin(2pft), where A is the phase shift oscillations amplitude and f is the PEM operating frequency which is equal to 47 kHz. If A ¼ p the
polarization state output from the PEM changes from diagonal to antidiagonal with
the 2f frequency. A half-wave plate placed behind the PEM is used for transformation of the polarization modulation from diagonal/antidiagonal to horizontal/vertical. Mirrors are used to deliver the light onto the sample through the substrate.
Optical signal is then collected by an aperture SNOM fiber probe with the aperture
diameter of 50–100 nm. The distance between the probe and the sample is about
l/20 and controlled by a three-coordinate piezo-driver. The collected signal is sent
to a photomultiplier tube (PMT) and then divided into two channels. The first
channel is connected to a lock-in amplifier which detects the signal modulation
amplitude U2f at the 2f frequency which is caused by the linear dichroism. The
second channel is a low pass filter with the cutoff frequency of 600 Hz. Consequently both signals, U2f, which is a measure of the linear dichroism, and UDC
which is proportional to transmittance, are simultaneously measured.
An example of the maps of U2f and UDC signals are given in Fig. 2.10a,b. Now
obtaining the map of the absolute value of linear dichroism consists of dividing the
former by latter [50, 51]. As a result we obtain a clear, speckle-free map of linear
dichroism in Fig 2.10c which shows one how the polarization is distributed in the
vicinity of the nanostructure. In other words, there are different places in the vicinity
of the sample which are separated by a distance of 150 nm where light is polarized
differently if the incident light state is not horizontally or vertically polarized one.
While the mean dichroism value in the near-field regime  0. 21  0. 03 coincides
with one in the far field  0. 20  0. 02, there is a subwavelength distribution of it
in the plane of the sample.
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Components of Nanoplasmonics for On-Chip Integration

In this section we examine the possibilities of creating basic components of the socalled plasmonic circuitry, which allow for plasmonic signal manipulation. The
plasmonic circuit elements are divided into passive ones, which control the distribution of plasmonic energy corresponding to their shape, and active ones, which
introduce the possibility of modulation of plasmonic signal by means of external
electric or magnetic fields or electromagnetic radiation.

2.6.1

Passive Elements

The injection of surface plasmons onto the surface of a metallic film could be done
by using methods described in Sect. 2.2. However, it is desirable to reduce the size
of the photon-to-plasmon conversion terminal; for this, a single subwavelength
defect in the surface of the film could be used. Figure 2.11 illustrates the distribution
of the electromagnetic field density in the vicinity of the nanohole milled in a gold
film illuminated with a monochromatic linearly polarized plane wave. Surface
waves are seen spreading from the center of the aperture forming a dipole-like
cosine-squared angular radiation pattern [52].
Figure 2.12 illustrates how an array of such apertures could be used as plasmonic
field concentrators [53]. Each aperture is a point-like source of SPPs, which interfere
in a preferential direction along the axis of mirror symmetry of the structure.

Fig. 2.11 The source of
SPPs: electromagnetic field
density in the vicinity of a
50-nm-thick golden film as
measured with a SNOM. SPP
Radiation pattern is seen with
the main direction along the
polarization of the incidence
denoted with an arrow in
the bottom-left part of the
panel [52]
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Fig. 2.12 Coupling of SPPs to waveguides. (a) An SEM image of an array of subwavelength
apertures (left) and a ridge waveguide (right). (b) Focusing of plasmonic signal emitted from the
apertures into the waveguide [53]

The result is a plasmon coupled to the bifurcation of the ridge waveguide with the
width of 100 nm which scales as l/5 at the wavelength used in the experiment.
The plasmonic hot spot in Fig. 2.12 is located at the beginning of a plasmonic
waveguide that comprises a strip of gold along which SPPs can propagate. These
so-called ridge waveguides allow for propagation of SPPs since SPP is a wave
confined to the metal surface and follows the shape of it. However, SPPs undergo
dramatic radiation losses in these waveguides since SPP is scattered by its edges.
There are several possibilities to suppress these losses.
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Fig. 2.13 Left: scanning electron micrograph of a plasmonic crystal surface. Right: visualization
of the plasmonic band gap by measurement of the frequency and angular domain reflection spectra
in the Kretschmann experimental geometry [54]

Fig. 2.14 SPPs in plasmonic crystal waveguides. (a) Topography of a plasmonic crystal-based
bent waveguide. (b) SPP intensity distribution in the vicinity of the waveguide as measured by
SNOM [55]

One of them is the usage of bandgap (BG) structures. A BG plasmonic structure
is a periodically modulated metal-dielectric interface illustrated by the example of
dielectric pillars on top of the metallic film in Fig. 2.13 [54]. When a plasmonic
wave encounters such an array of scatterers, the secondary plasmonic waves may
interfere in a way that no signal is transmitted through the BG structure. In this case
a straight array of missed pillars acts as a waveguide for SPPs since the field in the
areas of pillars tends to zero. The BG waveguides were demonstrated to guide SPPs
along bent channels with low bending losses, as shown in Fig. 2.14.
The best plasmonic waveguide design in terms of low radiation losses is the socalled channel waveguides that represent a deep subwavelength groove in a metal
film [13]. For the basic mode of the waveguide the SPP field is concentrated on the
very end of the ditch making it hard to couple to the far-field and thus giving minor
radiation losses as SPP is propagating along it. In Fig. 2.15c,d an experimental
realization of such a waveguide is performed in a metal film. A 90 low-loss bend
could be achieved by proper impedance matching of the waveguides it incorporates
(Fig. 2.15a,b).
One can split one plasmonic wave into two or combine two of them into one by
using a splitted waveguide as shown in Fig. 2.16. The topography of the surface of
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Fig. 2.15 SPPs in the V-groove waveguides. (a) Design of a 90 -bent channel plasmonic
waveguide. (b) Results of calculation of the electromagnetic field intensity in the waveguide.
(c) A scanning electron micrograph of a channel waveguide with a twist. (d) Respective SNOM
image of SPP traveling along the waveguide [13]

the device is shown along with a near-field optical microscope image demonstrating
field localization within the waveguide and its division over two plasmonic channels
after the splitter.
Two plasmonic splitters could be combined into a Mach–Zehnder (MZ) interferometer. It has one input and one output; the intensity of the output signal depends
on the phase of the waves which interfere within it. If one of the waves is retarded
with respect to another by means of externally changing the local refractive index of
gold or surrounding medium in one of the MZ arms, the output intensity would
differ from one without this change. Thus the plasmonic output from such a device
could be controlled via external stimuli allowing for modulation of the plasmonic
signal for communication. So-called active ways of plasmonic signal creation and
modulation are considered below.
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Fig. 2.16 (a)–(c) A channel-waveguide-based plasmonic splitter as viewed in a scanning electron
microscope, atomic-force microscope, and SNOM. (d)–(f) A channel-waveguide-based plasmonic
Mach–Zehnder interferometer as viewed in a scanning electron microscope, atomic-force microscope, and SNOM [13]

2.6.2

Active Elements

Like commercially available fiber-optic networks, every optical circuit requires a
source of coherent radiation to be processed. Lasers are commonly used in optic
networks; yet, the source of a coherent surface plasmon signal—a surface plasmon
laser or a spaser—has been a long-standing problem for the community [47,
56–61]. The general idea of a spaser is depicted in Fig. 2.17. The active medium
of a spaser is a luminescent substance—usually a dye or semiconductor quantum
dots—that is placed in the near-field vicinity of a plasmonic nanoparticle, which
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Fig. 2.17 A concept of a spaser. (a) A dielectriccore-shell dielectric-metal nanoparticle covered
with nano quantum dots (NQDs). (b) Energy level diagram of the spaser. The leftmost arrow
demonstrates the pumping of the NQDs with external radiation [56]

acts analogously to a cavity of a conventional laser. Luminescence is induced by
optically pumping the active medium. After the pump power reaches certain critical
value, the system starts to emit coherent surface plasmons within the spectral line of
the nanoparticle’s local plasmon resonance in the stimulated regime. Such a source
could be placed inside a plasmonic waveguide since its dimensions are much
smaller than a wavelength of an SPP.
An experimental verification of the possibility of a spaser was reported recently
[57]. It was shown that a suspension of golden nanoparticles covered with a dyedoped silica shell demonstrates stimulated emission of photons in the far-field,
which is a fingerprint of stimulated emission of SPPs in nanoparticles.
In order for information to be transferred via an SPP channel the latter should be
modulated. Several methods of amplitude modulation of SPPs have been proposed.
Applying an electric field could be used to modulate the SPP amplitude in a device
called a metal-oxide-semiconductor field effect plasmonic modulator [48]. It
consists of a multilayered structure with an optical source, a drain, and an electric
gate (see Fig. 2.18). A surface plasmon mode is specific to an interface between
metal and SiO2 layers; an optical mode is specific to a Si waveguide; applying a gate
voltage one sets the quality of the optical mode that may interfere with SPP giving
rise to modulated transmission of the device as the gate voltage is modulated.
Another way is to control SPP by means of an optical signal, which is feasible for
THz-clock systems. An example of ultrafast control over the SPP coupling to a gold
film is demonstrated in a pump-probe experiment on plasmonic gratings [62]. Two
sources of ultrashort laser pulses are used. The beam from the first one called the
probe is coupled to the SPP mode by the grating coupling method described in
Sect. 2.2. The other source provides a more powerful beam called the pump, which
illuminates the sample and optically changes the dielectric properties of the dielectric surrounding the grating. Since the SPP resonance position strongly depends on
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Fig. 2.18 (a) A schematic of a metal-oxide-semiconductor field effect plasmonic modulator.
(b) A scanning electron microscope image of a prototype [48]

the dielectric properties of the surrounding medium [see Eq. (2.10)], even small
changes of the dielectric permittivity of silicon induced by the carrier emission
cause a spectral shift of the SPP resonance. Consequently, the SPP amplitude is
diminished when the pump is present if the probe is at the SPP resonant wavelength
in the unperturbed case. The speed of such switching lies at the sub-picosecond
timescale, which paves the way for terahertz communications.
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Ultrafast Nanoplasmonics

Nonequilibrium electron dynamics in metal nanoparticles and at plain and periodically perforated metal surfaces have been intensively studied during last decade
using various femtosecond pump-probe and correlation spectroscopy techniques.
The resonant enhancement of the transient thermoreflectance at unstructured
surfaces due to surface plasmon excitation is shown to be a sensitive tool for timeresolved measurements of the metal surface temperature at the nanosecond [63] and
subpicosecond [64] timescales. For the plane surfaces the SPP lifetime depends
strongly on the metal optical constants and the surface roughness. The basic
motivation of the studies of the SPP dynamics in nanostructures is the significant
changes in the SPP relaxation times due to radiative damping suppression caused by
the resonant excitation of the surface or localized plasmon modes. The ability to
control these changes and to maximize the plasmon relaxation time for optical
applications is an important motivation for this set of problems. For example, a
significant reduction of both radiative and nonradiative plasmon damping was
observed in gold nanorods in comparison to that in gold nanospheres of the similar
sizes [65]. The resonance widths for individual particles of different sizes and
shapes were measured. In the nanorods the damping is much slower and Q-factor
is several times greater than that in the nanospheres. The observed difference is the
strongest for the particles with red resonances, i.e., spheres with a larger size (high
damping) and for nanorods with a larger length to diameter ratio (low damping).
The local-plasmon dephasing times range from 1.4 to 5 fs for nanospheres and from
6 to 18 fs for nanorods as deduced from the experiment. The maximum dephasing
time of 18 fs achieved for nanorods cannot be caused by changes in the radiative
decay rate since its contribution is small for the small volume of particles. The
reduced nonradiative decay in nanorods is explained by the fact that a threshold
energy of about 1.8 eV in gold is higher than the resonant energy of the excited
plasmons. For gold nanospheres this effect is screened by the strong radiative
damping for the particular spectral region. Analysis of the results shows that
contributions of radiative damping, interface damping, and pure dephasing to the
process of dephasing are small in gold nanorods. The term “pure dephasing” means
some additional elastic phase-loss process of the collective excitation.
The most appropriate technique for studying SPP dynamics is the optical femtosecond cross-correlation technique, which has many modifications. The common
principle is the measurement of the correlation function (CF) of the reference
femtosecond Gauss-shaped pulse and the pulse modified by the reflection from the
studied object. The CF gives the time-resolved information of the processes occurring in the sample. The SPP relaxation processes described above depend strongly
on the wavelength, thus a spectral modification of the cross-correlation techniques
is required. A series of phase-sensitive correlation techniques is useful, such as
frequency-resolved optical gating (FROG) and spectral interferometry. The methods
give full parameters of the modified femtosecond pulse including the amplitude and
phase of the electromagnetic field at any moment of time.
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The metallic surface structuring allows the control of the surface plasmon
lifetime for ultrafast plasmonics applications because SPP lifetime in plasmonic
crystals can significantly vary depending on excitation and backscattering
conditions (i.e., phase relations) as well as effective dispersion modification and
photonic band gap presence within the spectral region of interest [66]. The strong
distortion of a femtosecond pulse shape is reported in [67] due to resonant surface
plasmon excitation in one-dimensional planar plasmonic crystal. The lifetimes of
the SPPs excited on the lower and higher band gap edges differ as 18-fs at lowfrequency band-gap edge and 250-fs at high-frequency band-gap. The competition
of two relaxation channels gives rise to significant variations of the lifetime. The
first channel is electron–electron and electron–phonon relaxation with the typical
timescale similar to that at smooth surfaces. The second, which is much faster, is the
radiative channel. Resulting lifetime value depends on the two channels’
efficiencies ratio. The efficiency of the SPP reradiation in specular direction
depends on the effective dispersion law slope and the SPP excitation method. The
diffraction grating excitation method gives rise to the Wood’s anomaly in the
reflectance spectrum in the form of a Fano-type resonance. In this case, the
radiation relaxation efficiency is strongly spectrally dependent on the vicinity of
the resonance due to interference effects.
Pronounced light polarization conversion can be observed in thin metallic
gratings due to strong optical anisotropy [37]. Moreover, the polarization conversion occurs at subpicosecond timescale, which was experimentally shown in [68]
by using an original polarization-sensitive femtosecond correlation technique. Onedimensional plasmonic crystals were proposed as promising compact media for
ultrafast polarization control as an application of the observed effect.
The ultrafast dephasing time of waveguide-plasmon polariton, which is a quasiparticle emerging due to strong coupling between the waveguide modes and the
local plasmons, was studied in a 2D metallic photonic crystal structure with a
nonlinear autocorrelation technique [69]. A phase-sensitive experimental setup
with a stabilized Michelson interferometer and a 13-fs Ti:Sapp laser were used.
A prolonged dephasing time of waveguide-plasmon polaritons is shown in metallic
photonic crystals when compared to an undisturbed local plasmon. The experimental results demonstrate that it is possible to tailor the dephasing of the coherent
excitation in metallic photonic crystals by tuning the coupling strength between the
electronic and photonic resonances.
Coherent coupling between optical excitations can lead to a significant pulse
propagation delay and a strong modification of the radiative damping rate [70–72].
By using an original time-resolved interferometric technique, a 6-fs delay of a
100-fs pulse transmitted through subwavelength hole arrays was observed [70].
The effective group velocity of c/7 of the pulse propagation through the media is
measured. The experimental evidence of the subradiant damping in onedimensional plasmonic crystal is given in [71]. The SPP lifetimes longer than
200 fs are demonstrated. Tuning of the SPP dephasing is demonstrated [73, 74].
In two-dimensional Au hole arrays, the reflectance linewidths decrease and the SPP
lifetime increases with decreasing hole size and increasing wavelength [75].
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Fig. 2.19 Normalized second order intensity correlation function for p-polarization (solid circles)
and s-polarization (open circles) at l ¼ 722 nm and l ¼ 780 nm [76]

A temporal modification of femtosecond pulses upon the resonant excitation of
the SPPs was studied in one-dimensional metallic nanogratings by femtosecond
correlation spectroscopy for the laser pulse duration comparable to the SPP lifetime
[76]. The modification reveals itself as the time shift and pulse duration changes.
Spectral dependence of the pulse distortion is described by the Fano resonance line
shape. The grating was a 50-nm-thick silver film deposited onto a polymer substrate
with a one-dimensional periodic surface topography modulation. The cross-section
of the sample was close to a sinusoidal profile with the period of 750 nm and the
modulation depth of 60 nm. Three resonances in the frequency-angular spectra were
observed at three diffraction orders with j ¼ 1,  2, and  3 according to
Eq. (2.10). The plasmonic origin of the resonance features observed in the vicinity
of 500 nm and 725 nm was confirmed by the absence of such features in the spolarized light reflectance. The interference of the reflected light and reradiated SPP
yields Fano-shaped resonances (see Sect. 2.5). The spectral line shape of the reflectance is a sum of the nonresonant reflection of incident radiation and the resonance
profile of SPP with the Lorentzian line shape as stated by Eq. (2.15). The SPP decay
time calculated from the resonance width G is tspp ’ 90 fs. The temporal modification of the femtosecond pulses was studied by the correlation spectroscopy. A Ti:
sapphire laser with a pulse duration of approximately 200 fs, a repetition rate of
80 MHz, an average power of 100 mW, and the output wavelength tunable from 690
to 1,020 nm was used as a radiation source. The laser pulse was divided by the beam
splitter into the reference and signal pulses. The reference pulse passed through the
optical delay line. The signal pulse was reflected from the sample. Both beams were
then focused on the nonlinear BBO crystal, and noncollinear second-harmonic
generation was detected by a PMT. The angle of incidence of 67 was chosen to
overlap the spectral range of the plasmon resonance with the laser tuning range. The
experimental setup allowed for the measurements for both p- and s-polarized
incident light. The dependence of the PMT signal on the delay time between pulses
is the second order intensity correlation function (CF). The correlation function of
the s-polarized pulse is an autocorrelation function since there is no excitation
of SPPs and the laser pulse reflects from the sample without any perturbation.
Measurements of CFs are performed in the spectral range from 710 to 800 nm.
Figure 2.19 shows the normalized correlation function measured for p- and
s-polarized light at the resonant and nonresonant wavelengths of 722 nm
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Fig. 2.20 The differential spectrum of the CF peak positions Dtps (a) and the width of CF Dlps (b).
The points stand for the experimental data, and the solid curves stand for the numerical
calculations [76]

and 780 nm, respectively. The pronounced modification of the CF shape and shift
of the CF maximum are observed in the vicinity of the resonance for the p-polarized
pulses with respect to the s-polarized ones, while CFs for the p- and s-polarized
pulses measured out of the resonance look similar. Figure 2.20a shows spectral
dependence of the time shift between CF maxima for the p- and s-polarized pulses.
The Fano-type interference gives the effect of both delay and leading of the
p-polarized pulse relative to s-polarized pulse, as well as its broadening and
narrowing in the vicinity of the resonance. The broadening of the CF measured
for the p-polarized pulse and its delay in comparison to the nonresonant pulse is
associated with the relaxation of resonantly excited SPPs. In the vicinity of the Fano
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Fig. 2.21 (a) The second order intensity correlation function for p-polarized (filled circles) and spolarized (empty circles) pulses at l ¼ 730 nm. (b) The schematic image of the destructive
interference between the reflected pulse nonresonant component (dashed line) and delayed SPP
excitation (dotted line). The solid line represents the resulting pulse reflected from the sample [76]

a

b

Fig. 2.22 The calculated time-dependent electric field of the pulse reflected from the sample.
(a) Wavelength l ¼ 726 nm corresponds to the maximal CF broadening. (b) Wavelength
l ¼ 730 nm corresponds to the minimum of the Fano resonance [76]

resonance minimum the CF amplitude measured for the p-polarized pulse and,
consequently, the intensity of the pulse reflected from the sample is smaller than
that of the s-polarized pulse as it is shown in Fig. 2.21a. The asymmetry of the CF
shape and the CF maximum shift are clearly seen due to the destructive interference
between the nonresonant and resonant reflected components of the p-polarized
pulse as a result of an additional phase difference between them (Fig. 2.21b). If
the pulse which is nonresonantly reflected from the sample is in phase with the
pulse which is resonantly reemitted due to SPP excitation, they interfere constructively leading to the CF maximum shift to the positive time values and to the CF
broadening. If the pulses interfere destructively, the CF peak shifts to the negative
direction and the CF narrows.
Calculated spectral dependences of the CF shift and the CF width difference are
shown by lines in Fig. 2.20. A good agreement with the experiments is seen. The
result of the reconstruction of the electric field strength of the pulse reflected from
the sample is shown in Fig. 2.22. The pulse is broadened in comparison to the
reference pulse due to the SPP excitation 726 nm corresponding to the maximal CF
broadening (Fig. 2.22a). Significant changes of the profile are also observed at the
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Fano resonance minimum at 730 nm (Fig. 2.22b) due to the destructive interference.
To conclude, the control over ultrafast optical response of plasmonic nanostructures
can be attained for laser pulses duration comparable to the SPP lifetime.

2.8

Magnetoplasmonics

External magnetic field is prospective for fabrication of actively controlled
plasmonic components which can be used in a wide number of applications.
However, weak magneto-optical effects stemming from the weak spin-orbit interaction stimulate the search for the ways of enhancement of magneto-optical phenomena. One of the examples of photonic devices with magneto-optical response
enhanced by proper nanostructuring is magnetophotonic crystals [77, 78] which are
periodically structured magnetic dielectrics with the period comparable to the
wavelength of the optical range. Last decade magnetophotonic crystals were in
the focus of attention due to unique abilities of light propagation control they
provide utilizing nonreciprocity of magneto-optical effects [79, 80]. In such
structures significant Faraday angles and magneto-optical Kerr effect (MOKE)
values were achieved [80–85]. Spatial localization of light was successfully used
for enhancement of magnetic-field-induced nonlinear-optical response of
magnetophotonic crystals [79, 81, 86–89]. Another approach for enhancement of
magneto-optical response deals with periodically structured magnetic metallic
materials, where propagating SPP can be excited due to the phase-matching
between wave vectors of incident light and SPP and the vector of reciprocal lattice
[90–96]. In analogy to magnetophotonic crystals, such materials can be considered
as magnetoplasmonic crystals controlling SPP generation and propagation by
periodicity.
Below we discuss briefly how longitudinal and transversal configurations of
MOKE can be used for studying the spectral dependence of magneto-optical
response enhancement at the Wood’s anomaly of one- and two-dimensional (1D
and 2D) magnetoplasmonic crystals based on nanostructured nickel films [92,
94–96]. Resonant excitation of SPPs leads to asymmetrical Fano-type spectral
profiles of Kerr rotation and relative changes in reflectivity observed in the longitudinal and transversal magnetic field application, respectively. Such a lineshape was
associated with Faraday and Voigt configurations of magnetoplasmon excitation at
the surface of magnetoplasmonic crystals.
The atomic force microscopy and scanning electron microscopy images of the
magnetoplasmonic crystal samples are shown in Fig. 2.23. The images show good
lateral periodicity of both samples. The 1D magnetoplasmonic crystal sample was
made by nanoimprint lithography in a 100-nm-thick nickel film forming a diffraction grating with a period of 320 nm and a modulation depth of 50 nm. The 2D
magnetoplasmonic crystal consisted of a 2D hexagonal array of nickel nanodiscs
with a height of 50 nm, a diameter of 200 nm, and a distance between centers of the
neighboring discs of 400 nm.
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Fig. 2.23 (a) An atomic force microscopy image of the 1D magnetoplasmonic crystal sample.
(b) A scanning electron microscopy image of the 2D magnetoplasmonic crystal sample. Scale bars
in both images are equal to 1 mm

Two configurations of the external magnetic field application along the sample
surface were used, namely the transversal one as magnetic field is perpendicular to
the plane of incidence and the longitudinal one as the magnetic field is directed
along the plane of incidence. The value of transversal magneto-optical Kerr effect
(TMOKE) was defined as d ¼ ðRðMÞ  RðMÞÞ=R0, where R(M), R(M), and R0
are reflectance with and without the external magnetic field. Longitudinal magnetooptical Kerr effect (LMOKE) was characterized by the Kerr rotation angle of the
linearly polarized radiation upon the reflection from the magnetized sample.
The spectral dependences of reflectance and TMOKE measured in the 1D
magnetoplasmonic crystal are shown in Fig. 2.24.

70

M.R. Shcherbakov et al.

Fig. 2.24 TMOKE (filled circles) and reflectance (curve) spectra of 1D magnetoplasmonic crystal
for the reciprocal vector oriented within the plane of light incidence. Open circles: TMOKE
spectrum of 1D magnetoplasmonic crystal with the reciprocal vector perpendicular to the incident
plane. Angle of incidence is 60 . Inset: schematic of the SPP phase-matching conditions with kx is
projection of the light wave vector onto the sample surface and kspp is the SPP wave vector

Reflectance spectrum for p-polarized light measured in specular direction as the
reciprocal vector G is oriented within the plane of incidence shows the fulfillment
of the phase-matching conditions for the excitation of SPPs at the wavelength of
615 nm leading to a resonant dip associated with the Wood’s anomaly. The spectral
dependence of TMOKE value has a resonance in the vicinity of the Wood’s
anomaly with an asymmetric lineshape typical for the Fano-type resonance. The
reference TMOKE spectrum measured for the sample azimuthal orientation as
reciprocal vector is perpendicular to the incident plane providing the spectral
behavior similar to that of a plain nickel film. The spectrum decays monotonously
with the wavelength increase as it was expected for a nonstructured nickel surface.
The TMOKE is a result of the SPP dispersion curve shift upon the magnetization
reversal at the surface of magnetoplasmonic crystals. The reflectivity minimum
related to the Wood’s anomaly is also spectrally shifted. Since the TMOKE value is
proportional to the reflectivity difference for opposite magnetization directions,
the spectral dependence of TMOKE has an asymmetric resonance lineshape. In the
presence of the external magnetic field, SPPs have properties of magnetoplasmons
[97] and TMOKE is related to the Voigt configuration of magnetoplasmons.
Surface magnetoplasmon modes in the Voigt configuration are asymmetric with
respect to the magnetization direction. The dispersion of SPPs reveals a magneticM
field-induced shift since the wave vector of magnetoplasmonic mode, kspp
, depends
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Fig. 2.25 The spectral dependences of the Kerr rotation angle in the longitudinal MOKE
configuration (circles) and reflectance (curve) measured in the 2D magnetoplasmonic crystal.
The angle of incidence is 45 . Inset: The schematic of the SPP phase-matching condition

on the value of the off-diagonal component of dielectric permittivity, g, in the
following form [94, 95, 98]:


g
M
kspp ¼ kspp 1  ;
(2.16)
x
where
x¼



rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃ
e2
o
e0 e1
e0 e1 1  02 ; kspp ¼
c e0 þ e1
e1

(2.17)

e0 is the dielectric permittivity of the space outside the magnetoplasmonic crystal and
e1 is the diagonal component of the nickel dielectric permittivity. The phase matching
conditions for the SPP excitation achieved for the opposite magnetization directions
are fulfilled for different wavelengths resulting in an asymmetric TMOKE lineshape.
Figure 2.25 shows LMOKE spectrum measured in 2D magnetoplasmonic crystal. The sample was oriented exactly in between two adjacent reciprocal vectors of
the hexagonal lattice so that the reciprocal vector G is oriented at 30 with respect
to the plane of incidence as schematically shown in the inset of Fig. 2.25. The
specular reflectance spectra for p-polarized light shows a Wood’s anomaly at
700 nm. The Kerr rotation angle yK is enhanced up to 0.15 at the wavelength
coinciding with the dip in the reflectance spectra and changes the sign upon spectral
tuning across the Wood’s anomaly.
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LMOKE corresponds to the Faraday configuration of magnetoplasmonic modes
excitation. In this case plasmonic wave contains both TM and TE components, and
SPP can be represented as a coherent superposition of two components with right
and left conical polarizations [94, 95]. Within the approximation, which is linearly
dependent on g, the dispersion relation for these components is written as follows:


1
e0
RðLÞ
kspp
¼ kspp 1 
g :
2 ðe0 þ e1 Þe1

(2.18)

The total amplitude of the SPP is determined by the coherent sum of these
components, and the SPP polarization is defined by the phase shift between them.
The asymmetric lineshape of the Kerr rotation spectra at the Wood’s anomaly is
attributed to slightly different phase-matching conditions for SPP modes with the
wave vectors ksppR and ksppL.
Summarizing, spectral dependences of transversal and longitudinal magnetooptical Kerr effects measured in one- and two-dimensional magnetoplasmonic
crystals possesses a resonant Fano-type enhancement in the angular and wavelength
vicinity of the Wood’s anomaly, which is associated with the phase-matched excitation of the magnetoplasmon modes excited in Voigt and Faraday configurations,
respectively. One-dimensional perturbation of the magnetic metal surface leads to the
pronounced resonances in the magneto-optical Kerr effects, while two-dimensional
periodicity gives one the possibility for the spectral tuning of the SPP phase-matching
conditions by using the superposition of two reciprocal vectors.

2.9

Conclusions

With many problems yet unsolved nanoplasmonics has already proven to be a
highly promising area of photonics both from fundamental research and
applications point of view. Surface plasmons reveal ways of subwavelength light
localization and transport and allow of engineering of novel materials that are
capable of efficient control over properties of light by means of optical anisotropy
and magneto-optic effects.
Acknowledgements Authors would like to thank A.A. Ezhov, A.V. Chetvertukhin, A.A. Grunin,
P.P Vabishchevich, and B.B. Tsema for fruitful discussions.
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