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Localized-to-propagating surface plasmon transitions in gold nanoslit
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Plasmon-polaritons in thin gold nanoslit gratings with a fixed period and a variable filling factor are

studied using micro-spectroscopy measurements and finite-difference time-domain simulations. The regimes of

surface plasmon-polaritons, localized plasmons and the mixed mode are identified.
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A surface plasmon-polariton is a coherent oscilla-

tion of the electron plasma near a metal surface ex-

cited by an electromagnetic wave [1, 2]. Two limiting

cases of surface plasmons are usually considered. The

first is observed in essentially subwavelength metallic

nanoparticles; such a localized excitation is termed a

localized plasmon-polariton (LP) [2–5]. The second rep-

resents a travelling wave bound to an infinite metal-

dielectric interface and is therefore called a propagat-

ing surface plasmon-polariton (PSP). The latter is a

momentum-carrying wave excited through momentum-

matching schemes, e.g., diffraction gratings; plasmonic

gratings are widely used as plasmon launchers [6], sen-

sors [7–9], directional emitters [10], polarization con-

verters [11], pulse shapers [12, 13], hyperlens [14], and

magnetoplasmonic media [15, 16]. In the gratings, sur-

face plasmons are collective, i.e., neighboring unit cells

of the grating are coupled by the plasmonic wave trav-

elling along the metal-dielectric interface. However, if

the grating consists of a discontinuous layer of metal –

i.e., an array of slits – it is not straightforward to claim

the possibility of PSP existence; indeed, increasing the

slit width eventually results in isolated nanostripes with

LP excitations. Although many studies have been de-

voted to understanding the coupling between isolated

plasmonic nanoobjects [17–22] more experimental in-

sights are clearly needed to distinguish between these

two phenomena.

In this paper, we explore the transition between the

regimes of LPs and PSPs in gold gratings with a fixed

period and a variable filling factor. Depending on the

slit width, one can identify different plasmon excitation

regimes. For slits wider than approximately 0.7 reso-

nant wavelengths, only localized plasmons are present.
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As the slit width is reduced, the localized plasmons be-

gin to couple, and weak PSP excitation becomes possi-

ble (“plasmon tunneling” regime). The complex spectral

behavior of the transmittance in this case reflects the

interplay between localized and propagating plasmons.

For the narrower slits, the transmittance spectra show

features associated with pure PSP excitation.

The samples are five nanogratings with slit widths

d of 170, 190, 275, 375, and 500 nm and a period of

750 ± 35 nm. The samples were fabricated by focused

ion beam lithography out of a 30-nm-thick gold film de-

posited on a fused silica substrate. The structured area

of each sample is 80× 80 µm2.

Transmittance spectra were measured by using a

white-light microspectroscopy setup with a spectral

range from 500 to 900 nm, a spectral resolution of 0.8

nm, a focal spot diameter of 25µm and a numerical

aperture of the focusing system of 0.04. The input po-

larization state was controlled by a Glan–Taylor prism

and was either parallel (s-polarization) or perpendicu-

lar (p-polarization) to the slits. The nanograting trans-

mittance spectra were normalized to the transmittance

spectra of the fused silica substrate.

A difference between the s- and p-polarized light

transmittance values was found for all samples. Fig. 1

shows the transmittance spectra of s- and p-polarized

light for the nanogratings with slit widths of 500 nm (a)

and 170 nm (b). Transmittance spectra functions mea-

sured for the s-polarized light monotonically decay with

the increase in wavelength, while the p-polarized light

transmittance spectra show features of amplitude and

spectral position depending on the slit width d. The key

feature of the spectra measured for large slits (500 nm)

is the fact that the transmittance of the p-polarized light

through the samples is lower than that of the s-polarized

light; moreover, the shape of the p-polarized spectra

50 Письма в ЖЭТФ том 103 вып. 1 – 2 2016



Localized-to-propagating surface plasmon transitions. . . 51

Fig. 1. Normal incidence transmittance spectra for

nanogratings with slit widths of 500 nm (a) and 170 nm

(b). Incident light is linearly polarized along the stripes

(dashed curves) or perpendicular to them (solid curves).

Insets show 3 × 3µm2 SEM images of the samples; the

corresponding light polarization orientation is indicated

by arrows

supports the assumption of local plasmons excited in

the nanostructure. This assumption is further justified

by calculations given below. The transmittance spec-

trum of the p-polarized light through the sample with

d = 170 nm shows a double peak feature with maxima

at 740 and 800 nm. The features are believed to arise

because of the PSP excitation at the grating-air inter-

face.

Fig. 2 shows the evolution of the p-polarized light

transmittance spectra with the slit width variation. The

slit width increasing leads to the total transmittance

increase and the broadening and blue shifting of the

transmittance maxima. This indicates the dependence

Fig. 2. Transmittance spectra at normal incidence mea-

sured in nanogratings with different slit widths for light

linearly polarized perpendicular to the nanograting slits.

The nanograting period is 750 nm. Values to the left are

the slit width values. The spectra are shifted vertically for

clarity by the value shown to the right. Dashed lines serve

as guides for the eye

of the PSP dispersion on the slit width [20]. Although

the maxima are seen in the spectra of samples with slit

widths up to 375 nm, they disappear as the slit width

increases to 500 nm.

Fig. 3 shows a set of p-polarized light transmit-

tance spectra through a sample with a slit width of

170 nm, measured at different angles of incidence θ. The

bright stripes in the experimental spectra correspond to

PSP resonances. Their positions are calculated from the

phase-matching condition

k0,x = kPSP + ng, n = 0,±1, ..., (1)

and are shown by dashed lines on Fig. 3. Here, kPSP is

the PSP wave vector, g is the nanograting reciprocal

vector, and k0,x is the light wave vector tangential pro-

jection. The PSP dispersion is assumed to be the same

as for a smooth metal film:

kPSP =
ω

c

√

εdεm(ω)

εd + εm(ω)
. (2)

Here, εd is the permittivity of the dielectric medium (air

or silica), εm(ω) is the permittivity of the metal (gold),

ω is the frequency of the incident light, and c is the

speed of light in vacuum. The spectral dependence of

the gold permittivity is taken from Ref. [23] for further

calculations.
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Fig. 3. p-polarized light transmittance through the

nanograting with a slit width of 170 nm as a function of

the wavelength and the angle of incidence. The dashed

curves show the dependence of the PSP resonance wave-

length calculated from the phase-matching condition; na

and ns are the multipliers of the grating reciprocal vector

in the phase-matching condition. The subscript indicates

the interface where PSP propagates: a represents for the

gold-air interface and s represents for the gold-substrate

one

The nanoscale structuring of the gold film yields

the formation of a band gap in the PSP dispersion law

that is seen as the transmittance minimum at 760 nm at

θ = 0◦. Other band gaps contribute to the minima ex-

hibited by the transmittance spectra at the wavelengths

of 950 and 750 nm, as the angles of incidence are near

15◦ and 30◦, respectively. The transmittance maxima at

the band-gap edges are in the opposite directions of the

changes in the angle of incidence.

The plasmon oscillation type and its resonance spec-

tral position and width are shown to depend strongly on

the slit width. Finite-difference time-domain (FDTD)

simulations were applied to show the LP-to-PSP tran-

sition in light transmittance through the nanograting

with a fixed period of 750 nm and a slit width varying

from 50 to 700 nm in the spectral range from 400 to

1000 nm. The series of calculated transmittance spectra

is shown in Fig. 4. The transmittance maxima marked

as PSP1 and PSP2 are seen in the slit width range from

50 to 400 nm. They are blue-shifted and broadened as

the slit width increases. The dips marked as LP1 and

LP2 are seen in the slit width range from 300 to 700 nm

and become narrower and blue-shifted as the slit width

increases.

The type of plasmon excited in the grating can also

be retrieved by simulating the electromagnetic energy

propagation length spectra. We considered the PSP ex-

Fig. 4. Simulated transmittance spectra of the nanograt-

ing as a function of the slit width d. Black lines show

the approximate positions of the resonances: PSP1 (2) are

the resonances of the surface plasmon-polaritons at the

gold-air (gold-substrate) interface, and LP1 (2) are the

resonances of the localized plasmons

citation at an air-gold interface in the Kretschmann

prism-coupling configuration shown in Fig. 5a. The old

film was thought to be perforated with a periodicity of

750 nm to the right of the excitation region. The elec-

tric field intensity distribution I(x) was simulated in the

plane parallel to the perforated film at a distance of 300

nm from the gold-air interface and was then fitted to the

one-exponential dependence with two adjustable param-

eters: the amplitude and the PSP propagation length

along the nanograting xprop.

The calculated spectral dependences of the propaga-

tion length are shown in Fig. 5b for nanogratings with

slit widths in the range from 150 to 600 nm and for the

unperforated gold film and the gold film edge, i.e., where

the slit width is equal to the period. The perforation of

the gold film with a periodic array of nanoslits leads

to dramatic changes in the propagation length spec-

tra. The spectrum decreases in the long wavelength re-

gion, and two maxima appear at the wavelengths of 700

and 800 nm for a slit width of 150 nm. The propaga-

tion length value along the perforated film exceeds that

for the non-perforated film at a wavelength of approx-

imately 700 nm. Peaks are shifted to 630 and 750 nm

as the slit width increases to 300 nm. The propagation

length value exceeds one for the non-perforated film at

a wavelength of 630 nm (arrow in Fig. 5). The peaks at

640 and 700 nm are observed in the propagation length

spectra for the slit widths of 450 and 600 nm.
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Fig. 5. (a) – Schematic representation of the modeled experiment provided to define the PSP propagation length xprop. PSPs

are excited by an incident wave on a smooth gold film using the Kretschmann prism-coupling configuration. The excitation

region is to the left of x0. To the right of x0, the film is perforated with a period of 750 nm. The PSP amplitude A(x) decays

exponentially because of radiative and ohmic losses. (b) – The spectral dependence of the PSP propagation length along the

nanograting in the x direction. The slit width is varied in the range from 150 to 600 nm with a step of 150 nm; the grating

period is set to 750 nm. The black curve shows the propagation length spectral dependence for the smooth film, and the

olive curve shows the decay distance of the electromagnetic field at the edge of the gold film

In an array of periodic metal stripes, p-polarized

light excites resonant plasma oscillations, producing a

complex optical response as the result of simultane-

ous LP and PSP excitation. LP excitation in plasmonic

nanostripes results in a dip in the transmittance spec-

trum. The metal stripes with slit widths ranging from

250 to 580 nm are wide enough for the excitation of LP

resonances. The resonances are broadened as the stripe

width increases, eventually overlapping and resulting in

transmittance decreases in the red part of the spectrum.

Slit width ranging from 170 to 375 nm are sufficiently

small for the PSP to tunnel through the slits, yielding

features in the transmittance spectra in the wavelength

range from 700 to 800 nm. Light re-emitted by the PSPs

in the forward direction enhances the transmittance, re-

sulting in the maxima observed in the spectral region of

PSP excitation. The PSP resonance spectral position is

determined by the phase-matching condition (1) that in-

volves the PSP wave vector, nanograting reciprocal vec-

tor and tangential component of the light wave vector,

which depends on the angle of incidence. The angular

dependence of the transmittance maximum position co-

incides with the calculated one (Fig. 3), confirming their

PSP nature.

The transmittance maxima at 740 and 800 nm are

yielded by PSP modes excited at the edges of the plas-

monic band gap that are formed because of the period-

icity of the gold nanograting. The spatial distribution

of the electromagnetic field energy in these modes is

different, and the concentration of energy is located ei-

ther above the slits or above the gold stripes. Thus, the

experimental nanoslit samples can be treated as one-

dimensional plasmonic crystals showing plasmonic band

gaps analogous to photonic crystals with band gaps for

photons [21].

The peaks in Fig. 4 marked as PSP1 and PSP2 ap-

pear because of PSP excitation at the gold-air and gold-

substrate interfaces, respectively. They are shifted by

150 nm to the shorter wavelength region as the slit

width increases from 50 to 400 nm. Unlike the experi-

mentally observed transmittance peak, the PSP1 peak is

not split, and consequently, there is no plasmonic band

gap. This mismatch is a result of the difference between

the designs of the simulated structure and the real one.

Both resonance peaks are broadened as the slit width

increases, indicating that the PSP lifetime and propa-

gation length decrease as the slit width increases.

Fig. 4 also provides information about the region of

the large slit width values that were not experimentally

tested. The transmittance spectrum of the nanograting

with a slit width of 700 nm shows a 100-nm-wide dip at

600 nm resulting from the LP excitation in each stripe.

This spectrum shifts to longer wavelengths and broad-

ens as the stripes become wider, which is typical for

such resonances. The dip in Fig. 4 at 600 nm marked

LP2 is caused by the second-order LP resonance, which
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appears as the slit width reaches 500 nm, and exhibits

behavior similar to that of LP1. The spectral features

for wavelengths smaller than 550 nm are determined by

the interband transitions of gold and are typical of bulk

gold.

The interpretation of the simulated spectra in the re-

gions of very narrow or very wide slits is rather simple.

Narrow slits support PSP oscillations, while wide slits

support LP ones. This is not the case for intermediate

slit widths between 250 and 450 nm, which correspond

to filling factors from 0.7 to 0.4. The transmittance spec-

trum can be explained by a set of LP resonances and

a set of PSP ones. The maxima of the PSP resonance

could be formed between dips of the LP one and, in the

same fashion, the dips of LP could arise between the

maxima of PSP.

Changing the slit width exerts different influences

on the propagation length in different spectral regions.

The presence of slits and the increase in their width pro-

duce a monotonic transmittance decrease in the long

wavelength region because of the spatial confinement

of electron movement at lengths smaller than the half

of the PSP wavelength. This spatial limitation makes

it impossible to create the necessary charge density in

the grating plane, and thus, the PSP cannot efficiently

propagate along the nanograting surface. This leads

to a propagation length reduction to 50 % at a wave-

length of 900 nm in comparison with that along the non-

perforated film. Another situation occurs in the shorter

wavelength region, where the spatial localization of the

electron movement is comparable to the wavelength.

The propagation length spectrum of the sample with

a slit width of 150 nm has maxima at 690 and 790 nm.

The propagation length value at 690 nm exceeds that for

the non-perforated film by a factor of 1.2. The propaga-

tion length dependence is more complex for the larger

slit widths, as seen by comparing the blue curve, cor-

responding to a slit width of 300 nm, with the red one.

The absolute value positions of both the peaks and the

dips depend on the slit width. The propagation length

spectrum for the grating with a slit width of 300 nm

shows a maximum at 620 nm, which also exceeds the

propagation length value along the non-perforated gold

film. Considering the middle spectral region and increas-

ing slit width, maxima can be seen at 630 and 700 nm

as the slit widths reach 450 and 600 nm, respectively,

which are related to the mixed excitation of LP and

PSP. As a result, the field energy is redistributed over

the nanograting, and the propagation length spectrum

exhibits a complex dependence on the slit width. For

slit widths larger than 450 nm, the propagation length

is almost spectrum insensitive (violet and gold curves

in Fig. 5b). The propagation length dependence on the

slit width is weak at wavelengths longer than 700 nm

and does not benefit from propagation length improve-

ment. Therefore, 450 nm is determined to be a critical

slit width value: above this value, PSP cannot effectively

propagate in nanoslit gratings with a period of 750 nm.

In conclusion, three regimes of plasmon excitation in

thin gold nanoslit gratings are described experimentally

and numerically. The plasmon excitation regimes are

distinguished according to the different effects of local-

ized and propagating surface plasmons on the transmit-

tance spectra of nanogratings with a period of 750 nm.

Varying the slit width from 170 to 500 nm allows switch-

ing between the regimes. Pure localized plasmons are

found in the stripes for slits wider than 450 nm, yield-

ing decreased transmission. A complex spectral behav-

ior of the transmittance is shown in the slit width region

from 250 to 450 nm, reflecting the interference interplay

between localized and propagating plasmons. Features

associated with propagating surface plasmons are ob-

served in the transmittance spectra for slits narrower

than 250 nm; a blue shift in the propagating plasmon

resonances as the slit width increases is observed both

experimentally and numerically. Additional simulations

of the near-field intensity distribution over the nanograt-

ings clarify these values, revealing the decay lengths for

different nanogratings.
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