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Peculiarities of excitation of surface plasmons
upon noncollinear light scattering

A.V. Andreev, A.A. Korneev, L.S. Mukina, M.M. Nazarov, I.R. Prudnikov, A.P. Shkurinov

Abstract. The efficiency of excitation of surface plasmons
upon noncollinear light scattering from a metal diffraction
grating is studied. It is shown that this efficiency strongly
depends on the grating profile and the azimuthal angle of
rotation. The relation between the spatial configuration of the
electromagnetic field near the grating —vacuum interface and
the possibility of excitation of plasmons is found. Taking into
account different conditions for plasmon excitation, the
peculiarities of experimental angular dependences of specular
reflection are explained.
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1. Introduction

Surface plasmons are surface -electromagnetic waves
(SEWs), which can be excited, under certain conditions,
at the interface between two media [1,2]. A SEW
propagates along the interface and its amplitude exponen-
tially decays upon moving away from the interface deep
into both media. Excitation of the SEW is accompanied by
a strong (by an order of magnitude) increase in the intensity
of the electromagnetic field in a thin layer (a few tens of
nanometres) near the interface and is manifested as a
minimum in the angular or frequency dependence of
specular reflection. For diffraction gratings, this pheno-
menon has been known as the Wood anomalies since 1902
[3]. From the moment of their first observation until
present, SEWs are the object of numerous experimental and
theoretical studies [4—6], which is connected with the
prospects for the development of new methods for studying
surfaces based on excitation of surface plasmons. These
methods include, for example, the plasmon microscopy of
surfaces [7] and plasmon fluorescence spectroscopy of thin
films deposited on a metal diffraction grating [8]. There also
exists the possibility of fabricating a waveguide based on a
two-dimensional surface grating made of nanoparticles, in
which surface plasmon waves can propagate [9].
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A local increase in the intensity of the electromagnetic
field near the interface caused by a propagating SEW leads
to the enhancement of a nonlinear-optical response of the
surface [10], thereby increasing the efficiency of generation
of optical harmonics, sum frequency, and multiwave mixing
(see, for example, [4] and references therein). Therefore, the
determination of optimal conditions for excitation of sur-
face plasmons is undoubtedly also important for studying
the nonlinear-optical response of the surface.

In this paper, we studied analytically the efficiency of
excitation of plasmons in the case of noncollinear geometry,
when grooves of a metal diffraction grating are parallel to
the plane of incidence, the SEW is excited by an S-polarised
light wave (the electric field vector is perpendicular to the
plane of incidence). This study was stimulated by our recent
experiments [4], in which we observed a strong enhancement
of the nonlinear-optical response of a metal diffraction
grating upon noncollinear excitation of SEWs.

This paper is a continuation of Ref. [4] and explains the
asymmetric shape of the angular dependences of the SEW
resonance at a small deviation from a symmetric noncol-
linear geometry of the experiment. Note that by now the
excitation of plasmons only in a collinear scheme (grooves
of the grating are perpendicular to the plane of incidence),
when light is incident almost normally on a sample, is
studied in detail both theoretically and experimentally. As
an example, we mention Refs [11, 12] where it has been
shown that the second spatial Fourier harmonic of the
grating profile causes the diffraction interaction of plasmons
and the appearance of the band gap — the frequency band
where plasmons cannot be excited. In the case of a sinuso-
idal relief and normal incidence of light on a sample, only
one minimum, related to the plasmon excitation, appears in
the specular reflection spectrum upon variation of the light
frequency. When the relief shape differs from sinusoidal, the
plasmon resonance splits and two (dips) minima appear in
the general case in the specular reflection spectrum [5, 11—
14]. The distance between these two minima determines the
width of the band gap.

In this paper, we studied the dependence of the plasmon
excitation efficiency in a noncollinear scheme on the profile
of a non-sinusoidal diffraction grating and the azimuthal
angle of rotation around the normal to the grating surface,
calculated the local intensity of the electromagnetic field
near the diffraction grating—vacuum interface and found
that the grating-relief profile and spatial distribution of the
electromagnetic field substantially affect the efficiency of
plasmon excitation. It is shown that our analytic approach
correctly describes a number of specific features observed in
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experiments on excitation of plasmons upon linear reflection
of light.

2. Excitation of plasmons in a noncollinear
scheme and formation of a band gap

Consider excitation of a SEW upon scattering of light from
a metal diffraction grating in the noncollinear geometry.
The geometry of light scattering is shown schematically in
Fig. 1. In this scheme, the angle ¢ between the reciprocal
lattice vector Q and the normal n to the plane of light
incidence can be varied within —10° < ¢ < 10° around
zero. The reciprocal lattice vector Q is directed perpendic-
ular to the grooves of the diffraction grating. When ¢ = 0,
and Q||n and the grating grooves are parallel to the plane of
light incidence, there exists for a certain radiation frequency
o the angle of incidence $ at which noncollinear excitation
of a SEW occurs in a strictly symmetrical scheme (Fig. 2).

Figure 1. Scheme of scattering of light from a diffraction grating: o is the
plane of incidence; n is the normal to the plane of incidence; k, are the
wave vectors of the incident and specular reflected waves; 3 is the angle
of incidence; Q is the reciprocal lattice vector perpendicular to the
grooves of the diffraction grating; ¢ is the azimuthal angle.

Let us analyse the mutual influence of plasmons in the
case of noncollinear geometry of excitation of SEWs for
¢ =0. We assume for certainty that the frequency w of
incident light is fixed and only the angle 3 is changed. It is
known [1, 2] that the modulus of the wave vector of a
surface plasmon is described by the expression K =
(w/c)[er1e2/ (&1 —&—sz)}l/z, where &, are the dielectric con-
stants of the metal and medium over the diffraction grating.
To excite a SEW, the phase-matching condition

K, ,=k=+0 (1

should be fulfilled [1, 2], where k, is the tangential (to the
diffraction grating plane) component of the wave vector k,
(k; = kosin 9, kg = w/c) of the incident wave; Q = 2n/T is
the modulus of the reciprocal lattice vector; and T is the
diffraction grating period. We changed the tangential
component k, of the wave vector of the incident wave to
achieve phase matching, by varying the angle of incidence $
at the fixed frequency w. For ¢ =0, two SEWs with the
wave vectors K, Ky, = K can be excited simultaneously
(Fig. 2). The angle of incidence at which the SEW can be
excited is determined from the condition K = (kf + QZ)I/Z.

Band gap

Figure 2. Scheme of the formation of the band gap: Q is the reciprocal
lattice vector; @, = 2Q is the reciprocal grating vector for the second
spatial Fourier harmonic of the relief; K are the wave vectors of SEWs
in the zero approximation (degenerate case). Due to diffraction from a
grating with the vector Q, (K, = K| = @,), SEWs with the wave
vectors Kill s Kfl) appear and the band gap is formed. The origin of
the wave vector cannot lie on the segment indicated by the brace. The
dashed straight lines show the tangential (in the diffraction grating plane)
components of the wave vector of the incident wave.

If the surface relief differs from sinusoidal and is also
characterised by the second spatial Fourier harmonic with
the reciprocal grating vector @, = 2Q, the SEW experiences
efficient scattering with the diffraction vector @,:
K., =K., £0, (Fig. 2). Due to scattering of the SEW
with the wave vector K_;, a SEW with the wave vector
K_|+ O, appears. Because phase matching K | =
K_, + Q, takes place (Fig. 2), the latter SEW strongly
affects the amplitude of the electromagnetic field of another
SEW propagating with the wave vector K. The scattering
of a SEW with the wave vector K, can be analysed
similarly. Such an interrelation between the two SEWs
removes degeneracy and results in the formation of a band
gap (see also paper [11] where the appearance of the band
gap in the collinear scheme of plasmon excitation was
studied).

Note that the band gap is classically defined in the
frequency domain [15]. However, for most of the periodic
structures the concept of the band gap can be also
introduced for the angular representation because the
projection of the wave vector of the incident wave on
the reciprocal lattice vector is determined both by the
frequency and the angle of incidence. For this reason, a
plane monochromatic wave in some range of the angles of
incidence cannot reflect from the structure or propagate
through it. In this paper, we define the band gap as a range
of the angles of incidence of monochromatic radiation
within which, despite the fulfilment of phase-matching
condition (1), a SEW cannot be excited.

The removal of degeneracy means that instead of the
two SEWs with the wave vectors K, the four SEWs with
the wave vectors Kil) and Ki(l), and K( ) = k! l), K( ) = K(zl)
appear in the general case (see Fig. 22 We will call SEWs
with the waves vectors K, U and K 41 SEWI and SEW2,
respectively. The band gdp (in the angle of incidence) is
conventionally shown in the wave-vector space in Fig. 2.
The wave vector of a SEW cannot originate inside this zone.
Let 3; and 9, be the angles of incidence at which the SEW1
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and SEW2 are excited. It follows from Fig. 2 that ¥; < 9,
and the difference ¥, — 1; determines the width of the band
gap in angular units. Note that band gaps formed upon
scattering of SEWs in the cases of dynamic diffraction of X-
rays in perfect crystals [16] and diffraction of light in
photonic structures [15] appear due to similar processes.

The above qualitative conclusions are substantiated in
the next sections of the paper by numerical simulations. It is
shown that, depending on the surface relief and the angle ¢,
the generation efficiency of SEW1 and SEW2 can be
substantially different, including the impossibility to excite
a certain SEW in principle.

3. Method of calculations and the recurrence
relation

The problem of noncollinear scattering of a plane electro-
magnetic wave from a periodic surface relief is essentially a
vector problem. We used in calculations the method of
solution of Maxwell’s vector equations [4] based on the
subdivision of the surface relief into N thin layers of the
same thickness d, the relief height being H = Nd. The layer
thickness d is selected so that the field weakly changes over
the layer depth and reflection of light from the layer can be
neglected. The reflection and transmission coefficients of
individual inhomogeneous layers are calculated analytically
using Maxwell’s equations. The amplitude of the electric
field reflected from a diffraction grating is calculated from
the recurrence relation

Ry =5+

J _/'-%—1(i e

Q>
“>

Rin) ', 2

where 8, 1; are the reflection and transmission coefficients
of the jth layer, which are matrices. The bars over the
coefficients indicate that they correspond to the wave
incident on the back side of the layer. First the reflection
coefficient Ry for a homogeneous layer (substrate) of a
semi-infinite thickness is determined with the help of
Fresnel formulae. The reflection coefficient R, for the
diffraction grating as a whole can be calculated by applying
successively recurrence relation (2).

The above algorithm allows us to calculate the intensity
of specular reflection of an electromagnetic wave of arbi-
trary polarisation as a function of the angle of incidence of
the wave and the azimuthal angle of rotation of the
diffraction grating around the normal. In addition, this
approach permits the calculation of the local intensity
distribution of the electromagnetic field near the spatially
inhomogeneous interface between two media and the
intensity of the nonlinear response of a spatially inhomoge-
neous medium.

4. Effect of the diffraction grating profile
on the plasmon excitation efficiency

Consider the effect of the diffraction grating relief on
excitation of a SEW under the condition ¢ = 0. We assume
that the grating profile is described by the function

E(x) =0.5H,[1 + cos(Qx)] + 0.5H,[1 4+ cos(Qrx + ¥)].  (3)

The phase i changes within 0 < < n. If y =0, =, then
E(x) = &(— x) and the relief has a symmetric shape. For

other values of , the grating profile is asymmetric. Figure
3 shows the dependences of specular reflection on the angle
of incidence & calculated for different values of the phase .
We used in calculations the following parameters of the
grating and incident radiation: the wavelength of the S-
polarised light was 780 nm, the diffraction grating made of
gold had the period T=1.12 um, H; =90 nm, and
H, =0.2H;. One can see from Fig. 3 that in the case of
a symmetric relief (¥ = 0, w), the specular reflection curve
has only one minimum. This minimum is shifted to greater
(¥ = m) or smaller (y = 0) angles of incidence 3 compared
to the case of a sinusoidal profile. Therefore, for =0,
only SEWI can be excited, whereas for y =, only SEW2.
If the relief symmetry is distorted, the specular reflection
curve has two minima, indicating excitation of SEW1 and
SEW2. One can see from Fig. 3 that the efficiency of
plasmon excitation (the depth of minima) can be substan-
tially different. The distance between the minima, i.c., the
width of the band gap is determined by the second-
harmonic amplitude H, in expression (3).

The peculiarities of the specular reflection curves can be
explained by analysing the local intensity of the electric field
E(r)E*(r) near the metal—vacuum interface. Figure 4
presents the two-dimensional maps of the distribution of
the local intensity of the field in the vicinity of one groove of
the grating, calculated for different grating profiles (different
values of the phase Y between the first and second
harmonics) and for the angles of incidence 9; and 9,
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Figure 3. Dependences of the intensity of specula reflection of light on
the angle of incidence & calculated for ¢ =0 (Fig. 1) and different
profiles of a diffraction grating [see (3)]. The thin solid curve shows
specular reflection in the case of a sinusoidal relief (H, = 0); (/) and (2)
are the minima demonstrating excitation of SEWs with the wave vectors
Kil]) and Kfl), respectively (Fig. 2); the parameters of the grating and
incident radiation are presented in the text.
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corresponding to the minima denoted by numbers (/) and
(2) in Fig. 3. The plane of Fig. 4 corresponds to the xz
plane. In this case, x||Q, and z is the normal to the grating
surface. In the upper pictures in Fig. 4 (3 = 3;), the main
contribution to the field is made by SEWI, while in the
middle pictures (3 = 3,) the main contribution is made by
SEW2. The lower pictures show the profiles of the second
spatial harmonic taking into account its phase . The light
regions correspond to metal grooves of the grating, where
the electromagnetic field does not penetrate.
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Figure 4. Distributions of the local intensity of the electric field in the
region of a groove of the grating (section of the grating surface across
grooves) calculated for different profiles of the diffraction grating [see
(3)] and two angles of incidence corresponding to minima (/) (upper
figures) and (2) (middle figures) (Fig. 3). The maximum intensity of the
electromagnetic field of the SEW is indicated by dark colour. The lower
figures show the second spatial harmonic of the profile & (x)=
cos (Q,x + ) [see (3)]; the phase of the second spatial harmonic is
Y =T7n/8 (a), 51/8 (b), 3n/8 (c), and w/8 (d).

One can see from Fig. 4 that a standing wave field is
produced in the vicinity of the metal —vacuum interface. The
position of antinodes of the standing field (/) always
coincides with the minima of the second spatial harmonic
of the relief. And vice versa, the antinodes of the standing
field (2) are always ‘located’ at the peaks of the second
harmonic of the relief. Therefore, the maxima of the
intensity of fields (/) and (2) are displaced by the distance
T/4 with respect to each other (Fig. 4). We determined the
position of the field antinodes using the known numerical
algorithms [17] for searching for the function extremum, the
error of calculations being less than 1%. For a symmetric
relief, when = 0, the antinodes of the wave field (/) are
located at the slopes of the diffraction grating. If the phase
tends to zero, the maxima of the wave field (2) tend to
occupy the position at the tops and troughs of the grating
relief (Figs 4c, d). It can be shown that for y =0, such a
spatial configuration of the field (2) cannot be realised
because it corresponds (in the limit yy — 0) to the distri-
bution of the electric-field phase which is asymmetric with

respect to the plane x = 0. In other words, when ¥ =0,
SEWsl1 cannot be excited because the problem is charac-
terised by symmetry with respect to the plane x =0.
Similarly, in another ‘limiting’ case, for  ==n, SEWsl
cannot be excited. If the relief symmetry is violated, both
SEWI1 and SEW2 can be excited (Fig. 4). Note that the
above-described spatial modes of fields (/) and (2), which
are locked to the phase of the second Fourier harmonic of
the grating profile, appear in the case of collinear scattering
of light as well [11, 12]. It is also interesting to point out
similarity with the dynamic diffraction of X-rays in crystals,
when the antinodes of a standing electromagnetic wave can
be located on the atomic planes and between them [16].

5. Excitation of plasmons at different azimuthal
angles

Let us analyse the plasmon excitation efficiency at different
angles of rotation ¢. For definiteness, we consider in detail
the case of a symmetric relief [y =0, see (3)]. Figure 5
shows the specular reflection curves calculated for different
angles ¢. One can see that the SEW2 generation efficiency
increases with increasing ¢. This is explained by the fact
that a change in the azimuthal angle violates the ‘symmetry’
of the field incident on the grating and removes the
prohibition on excitation of SEW2. Therefore, any viola-
tion of the symmetry of the scattering geometry allows
excitation of two SEWs. The calculations of the electric-
field intensity, similar to those presented in Fig. 4, show
that for small angles (¢ <0.1°), when the depth of
minimum (2) is small, the antinodes of the wave field
(2) are located near the profile slopes. As the angle ¢ and
the depth of minimum (2) increase (Fig. 5), the antinodes
begin to shift and for 0.5° < ¢ < 1° they are located almost
in troughs and peaks of the diffraction grating relief. For
the values ¢ < 1° considered here, the antinodes of the
wave field (/) are located on the slopes of the grating relief.

Figure 6 shows the intensities of specular reflection
calculated as functions of the angles ¢, and 3. Figure 6b
presents the intensity of light reflected from the sinusoidal
relief: H, = 0 — the case of degeneracy [see (3)]. Figure 6a
clearly illustrates the region of angles 9 corresponding to the
band gap (see Fig. 2). In the presence of degeneracy, the
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Figure 5. Dependences of the intensity of specular reflection of light
from the diffraction grating with a symmetric profile [y = 0 in (3)] on the
angle of incidence 3 calculated for different azimuthal angles ¢; (/) and
(2) are the minima demonstrating excitation of SEWs with the wave
vectors Ki‘l) and Kfl), respectively (Fig. 2). The parameters of the
diffraction grating and incident radiation are presented in the text.
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Figure 6. Dependences of the intensity of specular reflection of light
from the diffraction grating on angles ¢ and & calculated for reflection
from the grating with a symmetric profile [y =0 in (3)] (a) and a
sinusoidal profile, H, =0 [see (3)] (b). The maximum intensity is
indicated by black colour. The parameters of the diffraction grating
and incident radiation are presented in the text.

positions of minima in Fig. 6b are determined by the phase-
matching condition (1).

It can be shown that in another ‘limiting’ case of a
symmetric relief, when  =m, for ¢ #0 the specular
reflection curve has minimum ( /), whose depth increases
with increasing ¢. In this case, the angular distance between
minima (/) and (2) also increases.

6. Experimental examples

Figures 7 and 8 present the experimental data illustrating
qualitatively the results obtained above. Note that the
inverse problem of scattering from a diffraction grating,
which allows one to obtain quantitative agreement between
the theory and experiment, was not considered in this
paper. The experimental sample was a gold film of thickness
30 nm deposited on a quartz diffraction grating. Experi-
ments were performed using radiation at a wavelength of
780 nm. The parameters of the sample and experimental
setup are described in detail in [4] (sample T6).

The experimental specular reflection curve (Fig. 7)
corresponding to the angle ¢ =0 has only minimum (/),
in accordance with the calculated curve shown in Fig. 5. For
¢ # 0, minimum (2) appears, and for small angles (¢ < 1°)
the depths of minima (/) and (2) are substantially different
(Fig. 7). This asymmetry is caused by substantially different
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Figure 7. Experimental dependences of the specular reflection intensity
on the angle 9 obtained at different azimuthal angles ¢. The parameters

of the diffraction grating and experimental conditions are described in 8.

[4].
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Figure 8. Experimental specular reflection of light from the diffraction
grating [4] as a function of angles ¢ and 3. The maximum intensity of the
reflected wave is indicated by black colour.

excitation conditions for SEW1 and SEW2 (see section 5
and Fig. 5). The interaction of SEWs causes the splitting of
the plasmon resonance and the appearance of the band gap
— the region of angles 3 where SEWs cannot be excited. The
band gap is clearly seen in the experiment (Fig. 8) and is
confirmed by calculations (Fig. 6a).

7. Conclusions

We have shown that surface plasmons, or SEWs, excited
upon noncollinear scattering of light from a metal
diffraction grating, experience scattering involving the
second spatial harmonic of the grating relief. The inter-
action of SEWSs causes the splitting of the degenerate
plasmon resonance and the formation of the band gap — the
region of angles of incidence where SEWs cannot be
excited. The splitting of the plasmon resonance results in
the appearance of two modes of a standing wave field near
the metal—vacuum interface. The antinodes of one of the
modes coincide with the maxima and of another mode with
the minima of the second spatial harmonic of the grating
relief. By varying the angle of incidence of light on the
grating and (or) the angle of rotation of the grating, one
can successively excite these modes and control the field
distribution in the vicinity of the grating—vacuum interface.
The peculiarities of the spatial distribution of the field
modes determine the SEW excitation efficiency, whose
excitation can be even prohibited. These peculiarities can be
used to increase the nonlinear-optical response, in the
spectroscopy of inhomogeneous films, and for diagnostics
of a periodic metal surface.
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