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Abstract

Background: Surface plasmon polaritons (SPPs) are electromagnetic waves that propagate at a metal-dielectric
interface. Until recently, monochromatic, fully coherent SPPs have mainly been considered.

Methods: We investigate by numerical simulations the generation and properties of polychromatic, partially
coherent SPPs and their scattering from a nanostripe. We use both in-house and commercial codes.

Results: A standing SPP field is created in Kretschmann’s setup between the excitation point and the nanostripe.
From the scattered far-field spectrum, all spatiotemporal coherence properties of the SPP field pattern can be
deduced. lllustrative examples of such coherence variations are analyzed.

Conclusions: Plasmonic nanostructures produce strong confined SPP fields of widely controllable coherence.
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Background

Surface plasmon polaritons (SPPs) are evanescent electro-
magnetic waves that propagate along an interface between
a metal and a dielectric medium [1, 2]. Characterized by
strong lateral confinement and large propagation lengths,
SPPs have numerous applications in near-field optics
and nanophotonics, including plasmonic waveguides and
switches, biosensors, and data storage devices [3—5]. They
allow to scale down optical systems to nanometer dimen-
sions [6]. SPPs can be generated at a metal-dielectric inter-
face by several techniques, among them the Kretschmann
and Otto configurations [1, 2], metallic grating coupling
[7], and confined fields [2]. Fulfilment of a wave vector
phase-matching condition is required in most setups. On
interaction with subwavelength features, such as grooves
or nanoslits, the SPPs convert back to freely propagat-
ing optical waves [8]. Over the years, a vast amount of
research has been conducted to investigate the funda-
mental problem of SPP scattering by small structures and
defects (see, e.g., [9-11]).
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The SPPs, customarily treated as monochromatic (fully
coherent), greatly modify the statistical properties of opti-
cal near fields [12-16]. However, there is an emerging
recognition that partial coherence can be an impor-
tant degree of freedom in controlling SPP distributions
[17, 18]. A crucial step was taken quite recently by
introducing a general theoretical framework to cus-
tomize the coherence features of polychromatic SPPs in
the Kretschmann setup [19] and a protocol based on
point-dipole scattering to recover statistically stationary
SPP correlations from far-field spectral information was
put forward [20]. Further, a general coherent pseudo-
mode representation of partially coherent SPP fields was
advanced [21] and planar axicon-like and lattice-type SPP
fields of varying coherence states were analyzed [22, 23].
Such plasmon coherence engineering is instrumental for
synthesizing structured SPP fields with desired spatiotem-
poral coherence and polarization properties.

In this work we investigate numerically the scattering
of SPPs by a metallic nanoparticle for three slightly dif-
ferent wavelengths of light. The analysis is carried out in
two spatial dimensions and the nanoparticle has a square
shape, so we call it a nanostripe (the system may be
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viewed as uniform perpendicular to the plane of analy-
sis). The SPPs are excited onto a metal-air interface in
a Kretschmann geometry and subsequently interact with
the metallic nanostripe a short distance away. The nanos-
tripe has a dual physical effect: firstly, back-reflection
creates standing spectral wave patterns between the SPP
origin and the nanostripe, and secondly, part of the SPP
energy is scattered into the far zone of the nanoscatterer. A
square nanostripe is relatively easy to handle numerically.
Moreover, it must be appropriately small to yield forward
scattering (yet large enough for sufficient scattering effi-
ciency). From the far-field spectrum we may deduce the
relative strengths of the spectral SPP components, which
in turn determine the spatiotemporal coherence prop-
erties of the polychromatic standing SPP pattern. It is
demonstrated that the nanostripe reflections profoundly
alter the spatial and temporal coherence, even though the
SPP field is fully coherent at each frequency.

Methods

A schematic illustration of the system under study is
shown in Fig. 1. Stationary, polychromatic light incident
from a dielectric medium in a Kretschmann configuration
creates a surface plasmon polariton field E;, that propa-
gates along the metal-air interface towards a nanostripe
N. Most of E;, is reflected at N as a backward-propagating
plasmon field E;, while a small part is scattered into the
half-space above the metal in the form of an effectively
freely propagating electric field Es. A detector D in the far
zone of the nanostripe N measures the spectrum of the
scattered light, from which the spectral amplitudes of E,
and thereby all the spatiotemporal coherence (and polar-
ization) properties of the superposition surface plasmon
field can be inferred.

Theory
Surface plasmon polaritons
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a complex relative permittivity €,(w), accounting for dis-
persion and absorption. A p-polarized (TM), statistically
stationary, tailored illumination excites a polychromatic
SPP field on the metal-air interface (see Fig. 1). The
film thickness % is large enough so that coupling among
the plasmon modes at the two metal surfaces can be
neglected. The spatial electric part of the SPP field in air,
at point r = (x,z), frequency w, and propagating in the
positive x direction, may then be expressed as [19, 20]

E,(r, 0) = E(w)p(w)e@T, (1)

where E(w) is the complex field amplitude at the origin
(r =0), and

k(w) = kx(w)éx + kz(w)éz: (2)
P(@) = [kp(®) x ]/ [kp(®)| = px(®)éx + pz(w)e,
(3)

are the wave vector and the unit-normalized polarization
vector, respectively, and &y, €y, and €, are the Cartesian
unit vectors. The wave-vector components in Eq. (2) read
as [1, 2]

_w € (w)
ky(w) = ; lier(w) T (4)
w | 1
kz(w) = ; m; (5)

where c is the speed of light in free space.

When the nanostripe N is present, it serves as a bar-
rier from which the SPP reflects back and may, to a good
accuracy, be represented as

Ei(r, ) = Ex(0)py(w)ekr (@) r—de) (6)

where E,(w) is the complex amplitude of the reflected SPP
at the nanostripe [r = (d, 0)]. Further, from the properties
of SPPs it follows that [22, 23]

In the absence of the nanostripe the metal film on a k(@) = —k(0)&x + kz ()&, )
dielectric medium is homogeneous and characterized by Pr(®) = —px(w)ex + p;(w)e;. (8)
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Fig. 1 (Color online) Schematic diagram of SPP generation and scattering by a nanostripe in the Kretschmann configuration. The field E; is an
excitation wave, E,, and E; are forward- and backward-going SPPs on the metal-air interface, Es is a field scattered by the nanostripe N into free
space, and D is a detector. The coordinate axes and the symbols specifying the system geometry and material properties are indicated in the figure
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Considering the SPP propagation at z = 0, we may
estimate
Ei() = r(w)E(w)e@1, ©)
1—
rw) = 1, (10)
1+ n(w)

where r(w) is the field reflection coefficient. In it n(w) =
Je(w) is the (complex) refractive index of the metal
nanostripe [24]. The coefficient r(w) corresponds to
reflection of a normally incident plane wave, as is typically
the case with SPPs [22].

From Egs. (1) and (6) we now readily find for the total
SPP field between the excitation point and the nanostripe
N the expression

Espp (1, ©) = E(w)elk=(@)* [f’(w)eikx(w)x

i2ky (w)d o

+ r(w)e pr(@ek@x],

or explicitly in the component form

Esppa(r, 0) = E(@)e@%p. () [ ke (@ _ (1) el2Ke(@)d e—ikx(w)x] )

(12)

Esppa(r, @) = E(@)e*@?p, (w) I:eikx(w)x Fr() ei2kx(w)de—ikx(w)x] ‘

(13)

The relative sizes of these components depend on the
metal and the frequency, which determine the SPP wave
vector k(w) and polarization vector p(w).

Spatiotemporal coherence

We view the SPP field in Eq. (11) as a realization of a
statistically stationary ensemble and compute the cross-
spectral density matrix as [19, 20]

W1, 12,0) = (Espp (1, ) Edpp (12, ), (14)

where the asterisk and superscript T denote complex con-
jugation and matrix transpose, respectively, and the angle
brackets stand for ensemble averaging. Since E(w) is the
only random quantity, the polychromatic SPP field clearly
is fully coherent in the space-frequency domain. Its spa-
tiotemporal coherence is obtained from the generalized
Wiener-Khintchine theorem [25]
o
[(ry,rp,7) = / W(ry, 10, w)e T dow, (15)
0

in which I'(r1, ro, 7) is the mutual coherence matrix and t
is a time difference. Expression (15), with Egpp(r, w) given
by Eq. (11), is valid everywhere between the SPP creation
point and the nanostripe N, for statistically stationary
excitations of any spectral distribution.
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Scattered far field

Interaction of E;, with the nanostripe N produces, besides
the reflected SPP E, of Eq. (6), also a field scattered into
the half-space z > 0. If the nanostripe is sufficiently
small, it behaves much like a point scatterer [26, 27]
(albeit in a 2D space). In the far-zone the scattered elec-
tric field is normal to the propagation direction and has
spherical wave fronts. Within a good approximation, we
may thus write for the scattered far-field amplitude the
expression [28]

ei(w/c)s
\/E ’

where r(¢, ) is the scattering coefficient with ¢ repre-
senting the angle between the x axis and the scattering
direction. Further, E(d, w) is the amplitude of the forward-
going SPP at the location of the nanostripe N and s is
the distance between N and the observation point. Denot-
ing the spectral intensities at detector D and nanostripe
N by Is(¢, ) = (|Es(s, ¢, )|} and I(d, w) = (|E(d, ®)[?),
respectively, it follows from Eq. (16) that

ES (S’ ¢! w) - V(¢, w)E(d7 LL)) (16)

sls(¢, w) = |r(¢, w)|*1(d, w), (17)

implying that the scattered far-zone intensity multiplied
by distance s is a constant that, in general, depends on the
scattering direction and the frequency.

Simulation

The simulations of vectorial SPP fields on the metallic
surface and their scattering from the nanostripe are per-
formed in 2D by utilizing in-house numerical codes based
on the Fourier modal method [29], as well as COMSOL
Multiphysics software that employs the finite element
method. The SPP excitation in the Kretschmann geom-
etry takes place by means of a perfectly phase-matched
focused beam at each frequency. In all our simulations the
two different computational methods lead to substantially
similar results.

We illustrate in Fig. 2 the salient features of the simu-
lations with a monochromatic excitation. As in all subse-
quent analyses, the metal layer thickness # = 65 nm and
the nanostripe side length w = 80 nm. The material in
both the layer and the nanostripe is gold (Au), while the
dielectric prism consists of glass (SiO3). Figure 2a demon-
strates clearly the existence of a standing SPP wave pattern
left of the nanostripe N (since the plasmon survival length
is large compared to the separation d), and Fig. 2b shows a
series of cone-like radiation lobes (due to the square shape
of the scatterer) emerging from N with their strength
decreasing as the scattering angle increases. We note that
this latter figure is plotted starting from slightly above the
metal surface so that the standing waves are not, for the
most part, visible in it anymore.
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Fig. 2 (Color online) Simulation of SPP creation and nanoscattering, with a a standing wave pattern between the excitation point and the nanostripe,

and b radiation into the far zone in air beyond the nanostripe. The nanostripe is located at the distance of 4 um from the SPP excitation point. The
(free-space) wavelength is A = 633 nm. The spatial scales and color schemes in a and b are different to demonstrate the weak far-field scattering

Results and discussion
Spectral intensity determination
Following a plasmon coherence engineering approach
[19] in the Kretschmann setup we generate the SPPs
at three (free-space) wavelengths A, j = 1,2,3, in the
red region of the spectrum (see Table 1). The exci-
tation angles in the prism (relative to metal-slab nor-
mal, see Fig. 1) are obtained from n,(w)sinf(w) =
Re {[er(w)/(er(a)) + Y2 }, where n,(w) is the refrac-
tive index of SiOj and €;(w) is the dielectric permittivity
of Au. The angles, together with the SPP wavelengths
Aspp(w) = 27/k}(w) and propagation lengths Ispp(w) =
1/2k](w), with the prime and double prime denoting the
real and imaginary part, respectively, as well as the SPP life
times tspp(w) = Ispp(w)/vg(w), where vg(w) is the group
velocity, at the gold-air interface are listed in Table 1.
The material parameters here, and henceforth, are based
on [30].

In Fig. 3 we display the intensity profiles of the three
spectral SPP components along the metal surface in the
absence of the nanostripe, obtained by simulations when

Table 1 SPP excitation and characteristics at three wavelengths
on an air-Au interface

the excitation field strengths are equal. From these plots
we deduce, firstly, the (maximum) spectral SPP intensities
I(w) = (|E(w)|?) at excitation and, secondly, the spectral
intensity decay factors exp[ —I/spp(w)d] due to SPP prop-
agation to the nanostripe N [see Eq. (9)]. The intensity
ratios I(A;) /I(A1),j = 1,2, 3, of the respective spectral SPP
constituents obtained by such direct simulation are given
in Table 2.

According to Eq. (17), the scattered far-field inten-
sity multiplied by the distance s from the nanostripe N
acquires a constant value, independent of s. This pro-
vides, in principle, an experimental means of recovering
the spectral SPP intensities at the excitation point. With
reference to Fig. 2, we evaluate the scattered field inten-
sities along a straight line from N into the far zone, in
the center of the second scattering cone. Multiplied by s,
this gives the left-hand side of Eq. (17) for the three wave-
lengths, and their behavior is shown in the inset to Fig. 3.
Taking the scattering coefficients |r(¢, »)|? equal for all
wavelengths, we thereby obtain the spectral SPP intensity

Table 2 Normalized spectral intensities at SPP excitation in the
Kretschmann geometry, obtained by direct simulation and from
far-field scattering by a nanostripe

j A [nm] 6 [ Aspp [Nm] Ispp [em] tspp [PS] Wavelength [nm] Direct simulation Far-field scattering
1 633 45.83 603.1 129 0.045 633 1.0 1.0

2 642 45.70 6134 14.9 0.052 642 0.880 0.879

3 650 45.60 6223 17.0 0.059 650 0.790 0.781
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Fig. 3 (Color online) SPP intensities at z = 0 for A = 633 nm (red), » = 642 nm (green), and A = 650 nm (blue). The inset shows the far-field
scattered intensities times the scattering distance s, as a function of s [see Eq. (17)]

ratios at the nanostripe N. On further accounting for the
different SPP propagation losses we again recover the rel-
ative intensities I(A;)/I(A1), ] = 1,2,3, at the excitation
point. These values, obtained via far-field scattering, are
likewise given in Table 2. We observe that the agreement
between the results from direct simulations and from far-
field scattering is excellent, thus confirming the validity of
the approach.

Spatial coherence

Since we are considering SPPs on a gold-air interface at
red wavelengths, the transverse electric field component
is by far dominant [i.e., |p;(®)| > |px(w)|] and we may
restrict spatial coherence analyses to Eq. (13). If shorter
wavelengths or other media are involved, the complete
vectorial SPP expression in Eq. (11) is required [22] and,
consequently, the concept of electromagnetic degree of
coherence would have to be employed [25]. As the SPPs
are strongly confined onto the metal surface, it is reason-
able to take z = 0 throughout the coherence assessment.
Substitution of Eq. (13) into Eq. (14) then yields

W(x1,%2, w) = I[(w) {e—i[k: (w)x1 —ky (a))xz] + a(w)e_i[ki (w)x1+ky (a))xz]
ta* () el @)1+ (0)x2] + la()]? el [k @01~k (@)2] } )
(18)

where we have set p(w) = 1,1(») = (|E(w)|?), and a(w) =
r(w) exp[i2ky(w)d]. Since the SPP excitation takes place
at three frequencies wj, j = 1,2, 3, the mutual coherence
function from Eq. (15) now becomes

3

I'(x1,%2,T) = Z w (xl,xg, a)j) el (19)
j=1

The complex degree of space-time coherence then is
defined as

F(xI)xZ: T)
[T (1, %1, 0)T (32, %2, 0)] /2

)/(xl,xg,r) - (20)

and it satisfies 0 < |y(x1,%2,7)] < 1. We obtain from
Egs. (18) and (19)

3
['(x,%,0) = ZI (o) G (x, w)) , (21)
j=1

Glxy @) =2 @ aRe [a(@)e | +la(w) 2P @,
(22)

for the total SPP intensity at point r = (x,0). Using
Eq. (20), we consider first the spatial coherence function
y (%1, %2, 0) on the metal surface.

If the distance from SPP creation to the nanostripe N
is small compared to the plasmon survival lengths, the
principal features of the spatial coherence do not effec-
tively depend on the point about which the coherence is
evaluated. Hence, in Fig. 4a we display the spatial coher-
ence as a function of xp, with x; = 0, d = 4 um,
and the spectral intensity ratios taken from Table 2. The
degree of spatial coherence is seen to have certain char-
acteristic properties and it differs considerably from the
spatial coherence in the absence of the nanostripe, when it
remains generally high (dashed curve). We observe, firstly,
that the spatial coherence has a (nearly) periodic struc-
ture, with the period determined by the SPP wave vectors.
The periodic behavior of the degree of coherence has sim-
ilarities with the intensity fluctuation of the standing wave
[Fig. 2a]. The differences arise from the interplay of mul-
tiple frequencies, complex permittivities, and propagation
distances of the coherence function. Secondly, the max-
ima reach very close to unity, while the minima are as low
as only about 0.3. We emphasize that since the SPP field is
stationary (frequency components are uncorrelated), the
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Fig. 4 (Color online) Degree of spatial coherence |y (0, x, 0)| associated with the total SPP field on the metal surface witha d = 4 um, and b
d = 10 um. The spectral intensity ratios are taken from Table 2. The dashed curve corresponds to the degree of spatial coherence in the absence of
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variation of the degree of spatial coherence is not a con-
sequence of wave beating but follows from the statistical
similarity [31] of the total SPP fields at the various points.
When the nanostripe is further away, at d = 10 um, the
periodicity of the degree of spatial coherence remains but
the maxima and minima vary more due to the different
decay factors of the spectral constituents, as is illustrated
in Fig. 4b.

Temporal coherence
For the temporal coherence of the polychromatic SPP
field, at point r = (x, 0) on the metal surface, we find from
Eq. (20)
I'x,x,7)
I'(x,%,0)
where I'(x, x,0) is given by Eq. (21) and the numerator
takes on the form
3
I'(x,x,1) = Zl(wj)G (x, a)j) e T,
j=1

y(@x,x,17) = (23)

(24)

where G(x, wj) is obtained from Eq. (22).

As with spatial coherence, the typical features of the
temporal coherence depend only weakly (due to the SPPs)
on the position at the metal surface. We illustrate in
Figs. 5a and 5b the degree of temporal coherence at the
SPP excitation point, when the nanostripe N is located at
d = 4 pm and d = 10 pum, respectively, and the spec-
tral intensities correspond to the values in Table 2. The
near periodicity of the coherence degree, originating from
the three spectral SPP wave vectors, is again clearly visi-
ble in both figures. When the separation of the nanostripe
from the SPP excitation point is short compared to the
SPP propagation lengths, the degree of temporal coher-
ence remains generally high at all times [see Fig. 5a], in
contrast to the situation in the absence of the nanoscat-
terer when the coherence degree varies considerably in
time (dashed curve). The contributions due to reflec-
tion increase the temporal coherence on average, but the
details again specifically depend on the frequencies, com-
plex permittivities, and the nanoscatterer position. If the
distance to the nanostripe is increased, the influence of
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Fig. 5 (Color online) Degree of temporal coherence |y (0,0, 7)| of the total SPP field, whena d = 4 um and b d = 10 um, and the relative spectral
intensities are those in Table 2. The dashed curve shows the degree of temporal coherence in the absence of the nanostripe

the reflected SPPs in the interference pattern diminishes
and the degrees of temporal coherence with and with-
out the nanostripe approach each other [see Fig. 5b]. If
there are no reflected SPPs, the degree of temporal coher-
ence at the excitation point is solely determined by the
Fourier transforms of the spectral intensities. Comparison
of Figs. 5a and 5b with the SPP life times in Table 1 indi-
cates that owing to the continual (stationary) excitation
of the SPPs, the temporal coherence persists way beyond
the sub-ps life times and coherence variations in time
arise from the lack of correlations between the different
frequencies.

Conclusions

In summary, we have studied by numerical simulations
the scattering of SPPs from a metallic nanostripe. The
SPPs constitute a polychromatic, statistically stationary,
electromagnetic surface field, excited onto an air-metal
interface in the Kretschmann configuration through exact
phase matching at each frequency. For the simulation
we use both in-house codes and commercial software.

By comparison with direct calculations we demonstrate,
first of all, that detection of the spectrum in the far-
zone of the nanostripe allows one to recover the intensi-
ties of the spectral SPP constituents and thereby deduce
the complete spatiotemporal coherence properties of the
SPP field. Secondly, our analyses and simulations show
that the presence of the nanostripe leads to the creation
of a standing SPP pattern whose spatial and temporal
coherence properties differ significantly from those in the
absence of the nanoscatterer. Characteristic features of
coherence include near periodicity originating from sta-
tistical similarity and variations of maxima and minima
due to spectrally dependent SPP survival lengths. And
finally, although we explicitly assessed red spectral com-
ponents in gold only, the method is general, i.e., the mate-
rials and excitation spectra can be arbitrary providing an
opportunity to judiciously tailor the SPP standing-field
coherence properties. Such plasmon coherence engineer-
ing may find uses in controlled excitation of particles and
clusters and in emerging applications of nanoplasmonics
technology.
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