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Abstract—The surface plasmon and the periodicity-induced res-
onances in the scattering and absorption of light by multiple flat
nanosize noble-metal strips are investigated using a new efficient
model. It exploits the fact that the nanostrip thickness is a small
fraction of the wavelength in the visible range. This justifies shrink-
ing the strip cross section to its median line and using the general-
ized boundary conditions on that line, with the strip thickness en-
tering the coefficients. As a result, the scattering problem is reduced
to the singular and hypersingular integral equations. We discretize
them using quadrature formulas of interpolation type and build an
algorithm having guaranteed convergence and controlled accuracy
of computations. It enables fast simulation of structures consisting
of many noble-metal strips. Near- and far-field characteristics for
finite flat grating of silver and gold nanostrips are presented.

Index Terms—Absorption, noble-metal strips, Nystrom method,
optical antennas, scattering, singular and hypersingular integral
equations (IEs), surface plasmon resonance.

I. INTRODUCTION

N OBLE-METAL nanosize strips illuminated by a transversely
polarized light are known to display intensive localized

surface-plasmon resonances (PRs) in the visible and far-infrared
ranges [1]–[8]. They are attractive as easily manufactured com-
ponents of optical antennas and sensors. The typical dimensions
of metal nanostrips are the width from 100 to 1000 nm and the
thickness from 5 to 40 nm. Thereby, the thickness is some 8 to
180 times smaller than the wavelength in the whole visible band
(300 to 900 nm). PRs can be easily revealed by measuring or
computing the scattering and absorption of light by noble-metal
strips.

The computational methods used for the optical modeling
of nanostrips include volume [1], [4] and boundary [3]–[6]
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integral equations (IEs), where the integration domain is the
area of the strip cross section and its closed contour, respec-
tively. Here, boundary IEs are considered more efficient as
they imply the discretization of the boundary instead of the
area; still typical number of unknowns is hundreds and thou-
sands, respectively [3]–[6]. More essentially, boundary IEs can
be cast, unlike volume IEs, to the forms having nonsingular
and integrable kernels and thus can be discretized more reli-
ably. Still many forms of the boundary IEs possess spurious
eigenvalues [9]; this spoils the performance of the boundary IEs
of [3]–[6] for the strips wider than half-wavelength of the inci-
dent light that corresponds to the first spurious eigenvalue for a
strip of subwavelength thickness. To avoid this, one should use
the so-called Muller’s boundary IE; still the shape of the contour
and its nonsmoothness greatly affects the rate of convergence of
corresponding algorithms. All mentioned becomes even more
important for multiple metal strips.

Our suggestion is that, in the case of the strip thickness being
only a small fraction of the free-space wavelength, the analysis
can be simplified by neglecting the internal field and consider-
ing only the external field limit values. This enables reduction
of the integration contour to the strip median line and thus leads
to more economic numerical technique. This idea is not new as
it has been exploited in [10]–[18] in relation to the shells and
strips of conventional dielectrics; however, it has not been yet
applied to the noble-metal nanostrips in the visible range. We
have recently developed a novel Nystrom-type discretization of
the median-line IEs and applied it to the scattering by dielectric
strips [19]. In the conference papers [20], [21], we have pre-
sented preliminary results for the standalone and several strips
of noble metals; thus, the aim of this paper is a more detailed
and conclusive presentation of this topic. In nanooptics, our ap-
proach opens possibility of reliable modeling of the scatterers
consisting of dozens and hundreds of noble-metal strips such as
multifrequency optical antenna arrays, plasmonic sensors, and
plasmonic solar cells.

The remainder of this paper is organized as follows. Section II
briefly reviews the generalized boundary conditions (GBC), the
main points of the median-line IE method, and the Nystrom-
type discretization; to save space, we make extensive references
to [19]. Section III contains main formulas of the scattering
characteristics. In Section IV, we present numerical results re-
lated mainly to the PR-assisted scattering by flat arrays of silver
and gold strips and discuss the field behavior in the near and far
zones. The appearance of the grating resonances on long grat-
ing of strips is also demonstrated. Conclusions are summarized
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Fig. 1. Geometry of finite, not necessarily periodic planar multistrip grating.

in Section V. In the paper, the time dependence ∼e−iω t is
assumed.

II. GBCS AND MEDIAN-LINE INTEGRAL EQUATIONS

A. Formulation and GBCs

Consider the H-polarized electromagnetic plane wave inci-
dent at the angle β on a flat coplanar ensemble of N silver nanos-
trips of the dielectric permittivity εj , width dj , thickness hj , and
separated with gaps gj . The corresponding freestanding geome-
try and the problem notations are shown in Fig. 1. The strips are
assumed infinite along the z-axis. Note that this configuration
is not a limitation for the method used, and each strip can be lo-
cated arbitrarily in the xy plane. In the case of the identical multi-
strip configuration, we assume that εj = ε, dj = d, hj = h, and
gj = g for all j = 1, . . . , N.

The incident wave field is given as H inc
z (�r) =

e−ik(x cos β+y sin β ) where �r = (x, y), k = ω/c = 2π/λ, and λ

is the free-space wavelength. In the presence of strips, the total
field is a sum of this function and the scattered field Hsc

z (�r). The
latter must satisfy the corresponding Helmholtz equation inside
and outside the strips and the tangential components’ continuity
across strips’ contours of cross section. Besides, Hsc

z (�r) must
satisfy Sommerfeld radiation condition and if the strip contour
has edges, the condition of the local energy finiteness. Such a
scattering problem is uniquely solvable.

Now, keeping in mind that hj � λ in the visible range, we
neglect the internal fields inside the strips and impose the two-
side GBCs for the external field limiting values at the strip
median lines S = UN

j=1Sj , where Sj = {(x, 0) : x ∈ [aj , bj ]},
and aj and bj are the strip endpoints

∂[H+
z (�r) + H−

z (�r)]/∂�n = −i2kR[H+
z (�r) − H−

z (�r)]

[H+
z (�r) + H−

z (�r)] = i2Qk−1∂[H+
z (�r) − H−

z (�r)]/∂�n. (1)

Here, �n is the unit vector normal to the strip top side, the
indices ± correspond to the limit values of the field at the
top and bottom sides of the strip, respectively, and Rj and Qj

(j = 1, . . . , N) are the electric and magnetic resistivities

Rj = i(ν−1
j /2) cot(khjνj /2), Qj = i(νj/2) cot(khjνj /2)

(2)
which depend on the refractive index νj = ε

1/2
j , thickness, and

frequency. The formulas (1) and (2) have been derived for
khj � 1 and |εj | � 1 in several papers, first in [9] and, in-
dependently, in [11]–[13]. They had been cast to the form (1)
in [14]. Modification of (2) needed to adapt the resistivities to
the small contrast case |εj − 1| � 1 was proposed in [15].

To keep the uniqueness of solution after the reduction of
strips to their median lines, we have to add the condition of
finiteness of power contained in finite domain. This limits al-
lowed field singularities at the strip endpoints. Note that earlier
GBC (1) were used in the analysis of wave scattering by infi-
nite flat gratings of dielectric and impedance strips [16]–[18]
and by standalone strips of conventional dielectrics [19]. Their
validation was performed in [15] using the volume IE.

B. Singular Integral Equations

To satisfy Helmholtz equation and radiation condition, we
seek the scattered field as a sum of single-layer and double-
layer potentials

Hsc
z (�r) =

N∑

j=1

[
k

∫

Sj

vj (�r ′)G(�r, �r ′)d�r ′

+
∫

Sj

wj (�r ′)
∂G(�r, �r ′)

∂�r ′ d�r ′

]
(3)

where G(�r, �r ′) = (i/4)H(1)
0 (k|�r − �r ′|) is the Green function.

Note that the unknown functions vj (�r) are wj (�r) are magnetic
and electric currents, respectively, induced on the strips.

Using GBC (1) and the properties of the limit values of poten-
tials in (3), we obtain two independent sets of IEs of the second
kind. One of them contains equations with logarithmic-type sin-
gularities for vl(x), and another with hypertype singularities for
wl(x), l = 1, . . . , N

4Qlvl(xl
0) + k

N∑

j=1

∫ bj

aj

vj (x)H(1)
0 (k|x − xl

0 |)dx

= 4ie−ikxl
0 cos β (4)

4Rlwl(xl
0) +

N∑

j=1

∫ bj

aj

wj (x)
H

(1)
1 (k|x − xl

0 |)
|x − xl

0 |
dx

= 4 sin βe−ikxl
0 cos β . (5)

These IEs are generalization of (5) and (6) of [19] to the case
of flat multiple-strip configuration, and the integral terms in (5)
are understood in the sense of finite part of Hadamard.

C. Nystrom-Type Discretization

Changing the variables as xj = dj t/2 + (bj + aj )/2 and
similarly for xl

0 , and introducing ρjl(t, t0) = k|xj (t) − xl
0(t0)|

and new unknown functions as w̃j (t) = wj (t)(1 − t2)−1/2 , we
get

4Qlvl(t0) + κl

∫ 1

−1
vl(t)H

(1)
0 (κl |t − t0 |)dt

+
N∑

j=1, �= l

κj

∫ 1

−1
vj (t)Kv

j (ρjl(t, t0))dt = f l
v (t0), l = 1, . . . , N

(6)
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4Rlw̃l(t0)
√

1 − t20 +
∫ 1

−1
w̃l(t)

√
1 − t2

H
(1)
1 (κl |t − t0 |)
|t − t0 |

dt

+
N∑

j=1, �= l

dj

∫ 1

−1
w̃j (t)

√
1 − t2Kw

j (ρjl(t, t0))dt

= f l
w (t0), l = 1, . . . , N (7)

where Kv
j (ρjl(t, t0)), f l

v (t0) and Kv
j (ρjl(t, t0)), f l

w (t0) for
j, l = 1, . . . , N are regular functions, and κj = πdj/λ.

Following [19], we isolate the singularities and discretize
the resulted sets of IEs using Nystrom-type method with two
different quadrature rules of interpolation type. For IEs (6), we
use the Gauss–Legendre quadrature formulas of the nv th order
with nodes in the nulls of Legendre polynomials Pnv

(τj ) =
0, j = 1, . . . , nv for the singular and regular parts

∫ 1

−1
vj (t) ln |t − t0 |dt =

nv∑

i=1

Anv
i S(τi, t0)vj (τi) (8)

∫ 1

−1
vj (t)Rv (t, t0)dt =

nv∑

i=1

Anv
i vj (τi)R(τi, t0) (9)

where

S(t, t0) =
1
2

ln(1 − t20) + L1(t0)

+
nv −1∑

l=1

Pl(t)[Ll+1(t0) − Ll−1(t0)] (10)

Anv
i = 2/[P ′

nv
(τi)2(1 − τ 2

i )] (11)

and Ll(t) is the Legendre function of the first order.
For IEs (7), Gauss–Chebyshev quadrature formulas of the

nw th order (with the weight (1 − t2)1/2) are more efficient, with
nodes in the nulls of Chebyshev polynomials of the second kind,
tj = cos(πj/nw ), j = 1, . . . , nw . These formulas have the fol-
lowing form for the hypersingular, log-singular, and regular
integrals met in (7)
∫ +1

−1

w̃j (t)
(t − t0)2

√
1 − t2dt =

π

nw + 1

nw∑

i=1,i �=j

w̃j (ti)

× (1 − t2i )(1 − (−1)i+s)
(ti − t0)2 − π(nw + 1)

2
w̃j (t0) (12)

∫ +1

−1
w̃j (t) ln |t−t0 |

√
1−t2dt=

π

(nw + 1)

nw∑

i=1

w̃j (ti)(t2i − 1)

×
[
ln 2 + 2

nw∑

k=1

Tk (ti)Tk (t0)
k

+
(−1)i

nw + 1
Tnw

(t0)

]
(13)

∫ +1

−1
w̃j (t)Rw (t, t0)

√
1 − t2dt

=
π

nw + 1

nw∑

i=1

w̃j (ti)Rw (ti , t0)(1 − t2i ) . (14)

Here, Rv (t, t0), Rw (t, t0) can be arbitrary regular functions
on the interval [−1, 1], and Tl(t) is the Chebyshev polynomial

of the second kind. As the collocation nodes, we choose the
corresponding discretization nodes.

Applying the above presented quadrature formulas, we arrive
at two independent sets of matrix equations of the orders nv and
nw , respectively, for the values vj (τi) and w̃j (tk ), These matrix
equations represent discrete model of our SIEs (4) and (5). On
solving them numerically, we obtain approximate solutions to
our IEs in the form of interpolation polynomials for the unknown
surface currents.

The chosen quadrature formulas ensure rapid convergence
of numerical solutions to the accurate ones if nv , nw → ∞.
Conservative estimation gives the rates of convergence as
O(1/nv,w ), although the actual rate is always greater [19]. For
instance, to achieve four-digit accuracy in the analysis of a 2λ-
wide silver strip, one can take nv = nw = 20. Such techniques
are known as Nystrom methods [22] and also as the methods of
discrete singularities [23].

III. SCATTERING CHARACTERISTICS

Using the large-argument asymptotics for the Hankel func-
tions in the kernels of (4), the scattered magnetic field in the far
zone can be represented as Hsc

z ∼ (2/iπkr)1/2eikrΦ(ϕ), where
Φ(ϕ) is the radiation pattern. It is found as

Φ(ϕ) = (ik/4)
N∑

j=1

∫

Sj

[vj (x) − i sin ϕwj (x)]e−ikx cos ϕdx.

(15)
The total scattering cross section (TSCS) and the absorption

cross section (ACS) are determined as follows:

σsc = (2/πk)
∫ 2π

0
|Φ(ϕ)|2dϕ (16)

σabs =
N∑

j=1

∫

Sj

[
Re Qj |vj (x)|2 + Re Rj |wj (x)|2

]
dx. (17)

Their sum is the extinction cross section, and the optical
theorem tells that σsc + σabs = −(4/k)ReΦ(β + π).

IV. NUMERICAL RESULTS AND DISCUSSION

Using the above presented technique, we have analyzed the
scattering and absorption characteristics of standalone and mul-
tiple nanosize silver and gold strips and investigated the influ-
ence of the angle of incidence, strip thickness, and strip and
gap width on the resonances (see Figs. 2–10). To characterize
the complex dielectric permittivity of silver and gold, we took
the experimental data of [24] and used an Akima cubic spline
interpolation to eliminate the wiggles in the interpolant.

A. Stand-Alone Strip

The plots of the normalized TSCS and ACS of a standalone
(solid curves) thin flat silver strip, computed after solving (4)
and (5) with uniform accuracy of 10−4 , are shown in Fig. 2(a)
and (b), respectively, as a function of the wavelength at inclined
incidence of a plane wave. Note that the smaller λ resonance
peaks are better visible on the ACS curves than TSCS ones. This
can be used for their more reliable detection.
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(a)

(b)

Fig. 2. (a) Normalized TSCS and (b) ACS as a function of the wavelength for
standalone silver strips (solid curves) and combination of N = 2 strips (dotted
curves) of different widths, thicknesses, and gaps at the inclined (β = π/4)
incidence; nw = nv = 20.

An important question is what an error is in replacing a rectan-
gular cross section of the strip with its median line. Comparison
of the TSCS curve for the strip with d = 168 nm, h = 10 nm
at β = π/4 in Fig. 2(a) with the corresponding curve in [5] cal-
culated using a boundary IE on a rectangular contour with the
same h and d and rounded corners shows a close agreement.
The discrepancy between two curves is less than 5% in the stud-
ied range. In fact, our results may be more accurate than those
of [3]–[7] as our algorithm’s convergence has been proven theo-
retically (see for details [19]) while the specific forms of the IE
used in [3]–[7] do not amend themselves for such a mathemati-
cal proof. Here, we understand the convergence in mathematical
sense, as possibility of reducing the error of computations by
solving progressively larger matrices (many divergent schemes
still yield a few correct digits in solution).

Fig. 3(a)–(d) displays the total near-field and, in the insets,
the scattered far-field patterns in the first- to the fourth-order
PRs Hn (n = 1,2,3,4), respectively, for the strip of d = 150 nm
and h = 5 nm. These are the Fabry–Perot-like resonances on
the short-range surface plasmon wave of a silver slab traveling
between the strip edges [5]–[8]. Note that the even-index reso-
nances can be excited only at the inclined incidence because of
their modal field antisymmetry across the y-axis.

The curves in Fig. 4 emphasize the properties of the PRs
in dependence of the strip width and material. Here, the H1

Fig. 3. Scattered magnetic far-field (insets) and total magnetic near-field pat-
terns (β = π/4) for standalone silver strips with d = 150 nm, h = 5 nm in the
plasmon resonances at (a) λ = 813 nm, (b) 533 nm, (c) 453 nm, (d) and 415 nm.

Fig. 4. (a) Normalized TSCS and (b) ACS as a function of the wavelength for
standalone silver (dotted curves) and gold (solid curves) strips of thickness h =
10 nm versus the strips width; other parameters are β = π/4, nv = nw = 20.
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Fig. 5. Absolute value of the normalized effective refractive index |αH
eff | ver-

sus the wavelength, for the short-range surface plasmon wave propagating along
the silver (dotted curves) and gold (solid curves) slabs of different thicknesses
located in free space.

resonances are denoted by blue diamonds and the H2 ones by red
ones. One can see that shorter strips like a 100-nm-wide silver
(black dotted curve) or gold strip (black solid curve) commonly
support only the first-order PR in the visible band.

Wider strips can support two PRs in the same range. Again,
higher order resonances are more pronounced on the ACS de-
pendences than on the TSCS ones.

B. Effective Refractive Index of the Strip and PR Prediction

To obtain a better insight into the nature of PRs on the in-
dividual nanostrips in free space, it is instructive to calculate
so-called effective refractive index of the short-range surface
plasmon modes [5], [6]. This value is defined as the normalized
propagation constant (wavenumber) of the thin silver-slab mode
having x-odd magnetic field. Within our model, it can be found
explicitly as

αH
eff = (1 − 4R2)1/2 (18)

after the use of GBC (1). Note that it depends on the wavelength
and strip thickness.

In Fig. 5, we present calculated effective refractive indices
of short-range surface plasmon waves propagating along the
silver (dotted curves) and gold (solid curves) strips of different
thickness from 5 to 20 nm.

Then, the resonance values of the strip width are found to
satisfy the equation typical for a Fabry–Perot resonance

kdαeff (λ, h, ε) = mπ − ϕ (19)

where ϕ is associated with the phase of the wave reflection from
the strip edge [6]. In Fig. 6, we present the comparison of the
resonances predicted by this simple equation (with ϕ found from
fitting at a central wavelength) and obtained by computations,
for the silver strips of the same thickness as in Fig. 5.

Two main aspects have an effect on the agreement between
phase estimation from data computed via proposed Nystrom-
type discretization and mentioned above linear fitting. As can
be seen from Fig. 6, the thinner strips and their associated
higher order PR provide a better agreement. Thus, correctly
matched phase long estimation and short-range surface plas-
mon resonance condition (19) give an opportunity to predict

Fig. 6. Resonance strip width as a function of the PR wavelength (first, second,
and third orders) for the thickness of 5 (red), 10 (black curves), and 20 nm (blue
curves). Points denote the values computed using our method, dashed lines are
linear fitting of data, and solid curves are prediction according to (19).

quite accurately the width of the strip providing a PR of pre-
scribed order.

C. Short Grating of Strips

The simplest array is a pair of noble-metal strips. If they are
not identical, they should behave as optically coupled nanoscale
resonators. In Fig. 2, we demonstrate (by the dotted curves with
d = d1 + d2) the behavior of PRs of two silver strips of identical
thickness of 10 nm and the widths of 150 and 168 nm, separated
with a 5, 10, and 20 nm gap. As one can see, the coupling invokes
a hybridization of the first-order PRs of separately standing
silver strips of the same widths.

Multistrip configurations of identical strips are interesting in
view of their potential applications in optical antenna arrays and
plasmon-assisted solar cells. Their properties are presented in
Figs. 7–10.

In Fig. 7, we present the wavelength scans of the normalized
TSCS and ACS per one strip for silver and gold multistrip
configurations. Here, the total width of a finite strip grating
is fixed to be 850 nm and the number of strips is N = 10
(i.e., d = 80.5 nm and g = 5 nm); however, the strip thickness
takes three different values. It is seen that making strips thinner
shifts the plasmon resonances to the red side. This is because
the wavelength of the short-range plasmon wave gets larger for
thinner strips [5], [6], see also Fig. 2.

In Fig. 8, the number of strips varies from 1 to 20 by cutting
N−1 identical gaps of 5 nm each along the 850-nm-wide strip.
As one can see, this operation also redshifts the frequency of
the most intensive scattering and absorption. Note that the res-
onances of ACS in Figs. 2, 4, 7, and 8 are a few nanometers
shifted from the TSCS maxima and can be close to the latter in
magnitude, like in Fig. 2. The largest values of ACS are associ-
ated with higher order PRs Hn, n = 2,3 apparently because the
bulk losses in silver are considerably larger in the violet part of
the visible band than in the red part.

We have also studied the effect of the size of the gap between
the strips in a finite flat grating made of identical silver strips
on the scattering and absorption of light. The plots of the nor-
malized TSCS and ACS per one strip for the N = 15 grating
of 300-nm-wide and 5-nm-thin coplanar silver strips, computed
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Fig. 7. (a) Normalized TSCS and (b) ACS versus the wavelength for N = 10
identical silver and gold strips of varying thickness h separated with 5 nm gaps.

with uniform accuracy of 10−4 , are shown in Fig. 9(a) and (b),
respectively, as a function of the wavelength at the inclined
incidence.

As visible, even if the gaps between the strips are only 5 nm,
the optical coupling between the strips is weak. As a result,
such configurations support strongly pronounced PRs at the
same wavelengths as for a single strip of the same dimensions.
In the visible range, the most intensive is the PR H2 around λ =
735 nm, while H1 resonance moves to the infrared range. As
already mentioned, ACS can serve as a better than TSCS figure
of merit for visualizing higher order PRs.

Fig. 10(a)–(c) displays the total magnetic near-fields and
scattering far-field patterns in the second-, third-, and fourth-
order PRs, respectively, under the inclined incidence of the
H-polarized plane wave on a sparse grating of 15 thin iden-
tical coplanar strips.

Here, the taken wavelength values correspond to the max-
ima on the ACS plot of Fig. 9(b) marked with arrows: λH 2 =
734.05 nm, λH 3 = 587.05 nm, and λH 4 = 517.3 nm. Near each
strip, one can see the field hot spots whose number coincides
with the index of the corresponding PR. This mechanism is sim-
ilar to PRs observed on other nanostrip configurations [4]–[8]
and also to the PR resonances on 3-D metallic nanorods of finite
length [25]. The far-field scattering patterns demonstrate the
sharp lobes in the directions close to the angles of propagation
of the higher diffraction orders of a relevant infinite grating.

Fig. 8. (a) Normalized TSCS and (b) ACS versus the wavelength for N
identical coplanar silver strips of thickness h = 10 nm and 5 nm gaps.

D. Long Grating of Strips

If the grating consists of dozens or hundreds of strips, new
interesting effect appears, induced by the periodic structuring. In
this case, both TSCS and ACS demonstrate a gradual buildup of
the grating resonances (GRs) also known as lattice or collective
resonances, near to λG = p/m,m= 1,2. . . (at normal incidence).
This is explained by the existence of specific poles of the field
as a function of the wavelength [26], [27].

In Fig. 11, we show the plots of the normalized TSCS ver-
sus the wavelength exhibiting two PRs at λH 1 = 633.1 nm and
λH 3 = 379.4 and one GR at λG = 450.85 nm for the grating of
N = 50, 100, and 200 strips. As can be seen, if the number of ele-
ments in a finite grating gets larger, then the GRs become sharper
and approach their limit forms valid for infinite gratings [27].

In Fig. 12, presented are the near-field patterns in the two
mentioned PRs around four central strips (from #98 to #101)
of the 200-strip grating. They demonstrate bright spots along
each strip with maximum magnitudes of 3.3 and 2.6, respec-
tively, rapidly decreasing in the normal direction. At the GR
wavelength [see Fig. 13(a)], the near-field pattern is completely
different. One can observe an intensive standing wave along the
x-axis that has maximum magnitude of 7.8. It is built of the ±1-
order Floquet harmonics propagating along the plane of grating.
In the normal direction, this remarkable standing wave stretches
to some ten periods both below and above the grating as seen
from the field profiles along the y-axis presented in Fig. 13(b).
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Fig. 9. (a) Normalized TSCS and (b) ACS as a function of the wavelength
for N = 15 silver strips of width d = 300 nm and thickness h = 5 nm with
different strip gaps for β = π/4, nv = nw = 20.

Fig 10. Total magnetic near-field and scattered far-field patterns at the PR
wavelengths (a) λH 2 = 734.05 nm, (b) λH 3 = 587.05 nm, and (c) λH 4 =
517.3 nm for N = 15 strips with d = 30 nm, h = 5 nm, g = 500 nm;
discretization orders are nv = nw = 20.

Fig. 11. (a) Normalized TSCS for the normally (β = π/2) incident plane wave
by gratings of N = 50, 100, and 200 strips of d = 250 nm, h = 20 nm, and
p = 450 nm. (b) Zoomed TSCS near the G-resonance wavelengths

Fig. 12. Magnetic near-field patterns near four central strips in two plasmon
resonances. (a) λH 1 = 632.3 nm and (b) λH 3 = 379.4 nm for the same grating
as in Fig. 11.

Fig. 13. Magnetic near-field pattern in the G-resonance at (a) λG = 450.76 nm
and profiles of the near-field magnitude for the normally incident H-wave, along
the grating symmetry line, x/p = 49.64 in the G-resonance (red) and along the
normal to the central strip, x/p = 49.28 in two P-resonances, respectively; other
parameters are as in Fig. 11.

This standing wave pattern has been reported in [27] for an infi-
nite grating of silver strips and can be considered as a signature
of the GR resonance.

V. CONCLUSION

Summarizing, we have applied a new model and an accu-
rate numerical method to the study of the visible-range plas-
mon resonances of multiple optically coupled thinner than
wavelength silver and gold nanostrip gratings. The model is
based on the elimination of the strip internal field with the aid of
two-side GBCs imposed on the each strip median line. This leads
to two independent sets of coupled IEs, the log-singular and
the hypersingular, which we have discretized using the quadra-
tures of interpolation type. The resulting algorithm is efficient
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and reliable, with guaranteed convergence and controlled accu-
racy of computations. Our analysis has shown that this model
can potentially replace the contour IE techniques in the whole
visible range except, maybe, extreme violet part. Being more
economic, it enables modeling of multiple-strip configurations,
which offer additional opportunities in the optical engineering
of PR-assisted scattering and absorption.
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