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Giant transmission Goos—Héanchen shift in surface plasmon
polaritons excitation and its physical origin”
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Excitation of surface plasmon polaritons (SPPs) propagating at the interface between a dielectric medium and a silver
thin film by a focused Gaussian beam in a classical Kretschmann prism setup is studied theoretically. We find that the
center of the transmitted Gaussian evanescent wave has a giant lateral shift relative to the incident Gaussian beam center
for a wide range of incident angle and Gaussian beam wavelength to excite SPPs, which can be more than two orders of
magnitude larger than the silver film thickness. The phenomenon is closely related with the conventional Goos—Hinchen
effect for total internal reflection of light beam, and it is called the transmission Goos—Hénchen shift. We find that this
lateral shift depends heavily on the excitation wavelength, incident angle, and the silver layer thickness. Finite-difference
time-domain simulations show that this transmission Goos—Hénchen shift is induced by a unique dynamical process of

excitation, transport, and leakage of SPPs.
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1. Introduction

Surface plasmon polaritons (SPPs) are propagating waves
confined at the metal-dielectric interface. =~ When merged
with nanophotonics, they manifest many unique physical
properties,!'™! such as strong confinement of light informa-
tion and energy at deep subwavelength size scale, and giant
enhancement of local electric field intensity. These proper-
ties can find many potential applications ranging from opti-
cal integration®! to light amplification and lasing,[6-3! fluores-

13,14

cence and Raman detection,®~'? nonlinear optics,'3!4 solar

U3] information recording,[16]
[18-20

cells, catalysis, 17 and biomed-

ical diagnosis and therapy. | These merits and advan-
tages strongly rely on deliberate excitation and manipulation
of SPPs in various plasmonic structures and devices.

The propagation constant of SPPs at a flat dielectric-metal
interface is given by a simple formula: kspp = ko[€2€3/ (€2 +
£3)]'/2, where ky is the wave number of excitation light in vac-
uum, €3 (n3) and & (n) are the dielectric constants (refrac-
tive index) of the dielectric medium and metal, respectively.
As Rspp > nzkg, SPPs cannot be excited by directly illuminat-
ing the metal film from an environmental medium. Instead, a
supplemental wave vector equal to Ak = kspp — n3kp must be
provided to excite SPPs at the dielectric-metal interface.

A simple and popular way to achieve excitation of SPPs
is to use the classical Kretschmann prism setup, as illustrated
in Fig. 1(a). A silver thin film of thickness 4 is deposited on
the surface of a prism made from high index glass with refrac-

tive index n; and dielectric constant & = n% A p-polarized
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Gaussian beam at wavelength A (ko = 27/A) is incident upon
the lower surface of the Ag film. The beam waist is much
larger than A and the incident angle is 6. As n is remark-
ably larger than the upper environment medium index n3s, it is
possible to have kspp = n1kosin 6; so as to excite SPPs at the
upper interface. Suppose the cross point of the Gaussian beam
axis with the lower and upper metal surface is P; and P>. As
h is much smaller than A, it is expected that the ignition posi-
tion of the excited SPPs is close to P», and the SPP wave will
propagate away from this ignition point along the +x axis with
decaying field amplitude. We have examined this naive phys-
ical picture by using rigorous electromagnetic calculation and
analysis, and we found that the picture is not true. Moreover,
there is a giant lateral shift of the ignition point away from P;.

2. Theoretical models

Before we go into the details of theoretical analysis,
we present the geometric and physical parameters for the
Kretschmann prism system as shown in Fig. 1(a). The prism
is made from BK7 glass with refractive index n; = 1.515. The
wavelength of the incident Gaussian beam is A = 632.8 nm,
at which the complex refractive index of Agis np = 0.1345+
3.9863i and the dielectric constant is & = —15.9 + 1.07i.[21
The background medium has a refractive index of n3 = 1.36
(ethanol). For the current problem it suffices to consider only
a two-dimensional (2D) electromagnetic system where the 2D
Gaussian beam and the SPP propagate in the x—z plane. The
coordinate center is chosen such that the upper surface of the
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Ag layer is located at z = 0 and the cross point (P1) of the axis
of the Gaussian beam with the lower surface of Ag layer is lo-
cated at x = 0 and z = h. The Gaussian beam center is located
at (xc, z¢)- In the following we present detailed analysis of the
transmission and reflection of the incident Gaussian beam by
the metal film in various situations by using angular spectrum

theory.
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Fig. 1. (color online) (a) Schematic of the Kretschmann prism setup
used to excite SPPs by a p-polarized focused Gaussian beam incident

onto the Ag layer. (b) Calculated paraxial reflectance |yp |2 as a function
of the incident angle 0 for different thicknesses of the Ag layer.

A p-polarized Gaussian beam can be expressed as
B (1.2) = [ dki (-ng—md)® (k) explifi (2], (D

where f; (x,2) = ky(x—xc) —ki;(z—2z), and (ny,n;) denote
the dimensionless direction cosines of the wave vector k along
the Cartesian coordinate axes. The Gaussian Fourier transform

item is )
1
D (k) = % exp {—4w%s§] ,
where Sy = —kaOS 91 — klz sin 91, kx = k1 sin 917 k1 = nlk(),
and ki, = k%—k)%. When the Gaussian beam propagates

through the metal layer, the transmitted field is

EO (x,2) — / dkyTy (nz/n23) (—nad — na2) @ (ks)
x exp[if; (x,2)], 2

where

ft(X,Z) = ky (x_xc) + ki, (Zc _h) — ks, (Z_h)a

ks; =\/k3 —k2, ng3 =ning/n3,
1= (n1/n3)* n. 3)
The reflected field from the metal layer is

EV (x,z) = / Ak (—nzf +n.8) @ (ke)explifi (x,2)], (D)

where f; (x,2) = ky (x — x¢) + k17 (z+ zc — 2h) . The transmitted
and reflected Fresnel amplitude coefficients for p polarization

ns =

through the Ag layer are
o 2y,
P (S +3812) Y1 + (S + V3S»)
. (S11+Y3812) Y1 — (S21 +Y3522) ©)
P (S +3812) Y1 + (821 + V382)

where the parameters are defined as

S12 = — (i/Yz) Sinaz,

&)

Si1 =582 =cos &,

521 = —iY2 Sil‘l(Sz, (7)
Y, =ni/ng, ng;= \/1*(”1/’%)2”}2(7
i=1,2,3, & =mkohcos0,. 8)

On the paraxial condition, we have

ny~sin0;, n;~cosb,

Ny = \/1 — (nl/ni)zsin2 0; =cos6;, Y, =ny/cosb,.

3. Numerical results and analysis

of the p-
polarized beam in variation with the incident angle 8 is

The calculated paraxial reflectance |}/p |2
shown in Fig. 1(b). Several values of Ag layer thickness,
h =50 nm (black line), 60 nm (red line), 70 nm (blue line), are
considered. As we can see, for 4~ = 50 nm, at 6; = 72.63°, the

reflectivity ‘yp |2 ~ 0. For h = 60 and 70 nm, |y, |2 still reaches

a minimum at the same incident angle, although the magnitude
increases. According to the wave vector matching condition
for SPP excitation, the incident angle to excite SPP satisfies
the relationship of sin8; = (1/n1)\/€2€3/(& + €3). Inserting
the dielectric constant of ethanol and Ag, the corresponding
SPP excitation angle is calculated to be 8; = Ospp ~ 72.68°,
which coincides with the minimum reflectivity in Fig. 1(b).
Therefore, the reflectance minimum exactly corresponds to the
excitation of SPPs at the upper ethanol-Ag interface. This
simple calculation once again confirms the well-established
physical picture in plasmonics: at SPP excitation, much en-
ergy of the incident optical wave is coupled into the surface
plasmon wave, which propagates decays, and dissipates at the
dielectric—metal interface, leading to a local minimum in the
reflectance spectrum curve. This is also known as surface plas-
mon resonance (SPR). When the metal film is too thick, the
optical energy cannot penetrate through the film and the in-
tensity of excited SPPs is greatly reduced. The critical an-
gle for total internal reflection of Gaussian beams transporting
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through the metal film from the dense medium 3 to the dilute
medium 1 is given by 64 = sin~! (n3/n;) = 65.6°. When
the incident angle is larger than this critical angle, a Gaus-
sian evanescent wave will penetrate through the metal layer
and form in the upper medium, and right at the angle Ospp,
the evanescent wave will transform into a propagating (while
decaying) SPP wave. Then a natural question arises: is there
a remarkable lateral shift of these Gaussian evanescent waves
relative to the incident Gaussian beam? And if yes, does the
shift depend on the incident angle? The answer will be clear
from the following analysis.

Figure 2 shows the field intensity patterns of a Gaussian
beam transmitting through the prism surface at the SPR an-
gle (6; = 72.68°) in the x—z plane with and without a 50-nm-
thick Ag layer. As we can see in Fig. 2(a), without the metal
layer, the transmitted Gaussian evanescent wave decays away
quickly from the impinging point in both the x and z direc-
tions. However, in Fig. 2(b), in the presence of metal layer
and with the excitation of SPPs, the transmitted wave above
the Ag layer has a giant positive lateral shift with respect to
the impinging point, and its intensity increases about fourfold.
Simultaneously, the Gaussian evanescent wave exhibits a long
“tail”, indicating the excitation of the SPP wave, which propa-
gates along the ethanol-Ag interface and attenuates gradually.

Figures 2(c) and 2(d) show the enlarged patterns of elec-
tric field intensity around an Ag layer with thickness h =
50 nm or 60 nm, respectively. In Fig. 2(c), as we can see,
the center of SPP wave on the upper side of Ag layer has a
lateral displacement of about 5 um (or 8 wavelengths) with re-
spect to the impinging point on the bottom side. For a thicker
Ag layer, h = 60 nm, as shown in Fig. 2(d), the intensity of

the transmitted SPP wave becomes smaller, corresponding to
a larger reflectivity in Fig. 1(b), and the lateral shift becomes
a little larger.
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Fig. 2. (color online) Calculated electric field intensity patterns of a
Gaussian beam transmitted through the interface at SPR angle (6; =
72.68°) in the x—z plane: (a) without an Ag layer and (b) with an Ag
layer of thickness 7 = 50 nm. (c), (d) Enlarged distributions of electric
field intensity.

Figure 3 illustrates the field distribution of the Gaussian
evanescent wave penetrating through the Ag layer with differ-
ent incident angles: (a) ) = 66°, (b) 6; = 68°, (c) 6; = 70°,
(d) 6, = 72.68° (SPR angle), (e) 8; = 77°, and (f) 8; = 79°.
As we can see in Figs. 3(a)-3(c), with 6, increasing to the
SPR angle, the electric field intensity increases, and the posi-
tive lateral displacement and the “tail” emerges and increases
gradually. When approaching the SPR angle (see Fig. 3(d)),
the lateral displacement reaches the maximum. Beyond the
SPR angle, when the incident angle increases further, as shown
in Figs. 3(e)-3(f), the electric field intensity decreases and the
positive lateral shift is reduced and the “tail” disappears grad-
ually.

—50 0 50 —50
z/pm

z/um

0 50 —50 0 50
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Fig. 3. (color online) Calculated electric field intensity distribution of the Gaussian evanescent wave transmitted through the Ag layer
under different incident angles: (a) 6; = 66°, (b) 6; = 68°, (c) 6; =70°, (d) 6; = 72.68° (SPR angle), (e) 6; = 77°, and (f) 6; = 79°.

The giant lateral displacement of Gaussian beam when
it penetrates the metal film to excite SPPs reminds us of the

well-known Goos-Hinchen (GH) effect in optics. When a

beam is totally reflected from a planar prism interface, there
exists a tiny lateral shift of the totally reflected beam from the

position predicted by geometrical optics. This GH effect phe-
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nomenon was first demonstrated experimentally by Goos and
Hiinchen in 1947,?1 and was later explained theoretically by

Artmann.?3 The GH shift effect has been studied both the-

[24-38] Recently,

oretically and experimentally for many years.
various schemes have been proposed to enhance the GH effect,
including a waveguide structure, %! layered structures with

30,31

left-handed meta-materials, 33! photonic crystals,*?! neg-

ative refractive media, 3334 resonant artificial structures,3"!

T =

and surface plasmon resonance. [*7!

To better understand the physical origin of the giant lat-
eral shift of a Gaussian beam penetrating the metal film to ex-
cite SPPs, we have adopted the stationary-phase approach used
to explain the GH effect!?*! and derived an analytical theoreti-
cal formula for the lateral shift of the SPP coupled transmitted
Gaussian beam. In this theory, the transmitted amplitude co-
efficient in Eq. (5) can be written as

21,

Following Ref. [25], by comparing the real part and imagi-
nary part, the phase difference between the incident wave and
transmitted wave is given by

Im (ND*)

tang = ————
Mo = e (ND)'

(10)
where N and D* represent the numerator and a complex con-
jugate of the denominator in Eq. (10), respectively. As in the
GH shift of the reflected beam, the lateral displacement of the
transmitted wave can be defined as

49 _ !

_doe 1 dé
dk, nikocos 6,

S:
t d91’

(1)

0.8

0.6
04r
021
ot
—-0.21

Phase difference ¢;/rad
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Lateral shift S;/pm

©))

\
where k, is the parallel component of the wave vector, 0; is
the incident angle, and ¢; is the phase difference between the
incident and transmitted waves. The final result we obtain is

1
nykocos 0 {(v sin28,)* + (1 + VCOSZ&)Z}

y [d (vsin26;)
do,

St:

(U+Vvcos2d)

vz St voo2s))

a6, (12)

where [ = (Y1 +Y2) (Y2 +Y3) and v = (Y] — Y2> (Y2 - Y3).
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Fig. 4. (color online) (a) Calculated phase difference ¢ of Gaussian transmitted wave as a function of 6;; (b) calculated lateral
displacement S; as a function of 6;; (c) S; as a function of 6; at different wavelengths; (d) left: S at different wavelengths at SPR

angle; right: corresponding SPR angle at different wavelengths.
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Figures 4(a) and 4(b) show the calculated dependence of
phase difference ¢ and lateral shift S; of the center of the
transmitted Gaussian wave on the incident angle 6, accord-
ing to Egs. (10)—(12). As shown in Fig. 4(a), the monotonic
decrease of ¢ with 6, leads to a negative slope and a corre-
sponding positive lateral shift of the center of the transmitted
evanescent wave in Fig. 4(b), and the sharp slope of ¢ leads to
a peak in the S; curve. The lateral shift reaches the maximum
(S¢ ~4.55 um) at 72.68° when the SPP wave at the interface is
excited, which is in good accord with the minimum of the re-
flectance curve shown in Fig. 1(b) and is very consistent with
the lateral displacement shown in Fig. 2(c).

Figure 4(c) illustrates the behaviors of the lateral shift S;
as a function of the incident angle 6; with different wave-
lengths ranging from 600 nm to 700 nm, where the thick-
ness of Ag layer is fixed at # = 50 nm. The spectra clearly
show that the lateral shift maximizes at the SPR angle for all
the wavelengths, which further confirms that the origin of this
large shift is in the excitation of SPPs at the interface. On
the other hand, the transverse displacement increases mono-
tonically with the increase of the incident wavelength, while
the corresponding SPR angle decreases slightly due to the di-
electric dispersion property of Ag.[>!l The quantitative values
of the lateral shift S; at different wavelengths are displayed in
Fig. 4(d) (red line) for Gaussian beam incidence at the SPR an-
gle, whose dependence on the wavelength is also shown (blue
line).

We further consider the influence of the Ag layer thick-
ness on the GH-like lateral shift S;. The quantitative value
of S; as a function of the Ag layer thickness in the range of
10 nm< & < 120 nm is illustrated in Fig. 5 (black line) at the
SPR angle 8; =72.68°. It is shown that S; increases monotoni-
cally with the increase of &, and stabilizes at about # = 100 nm.
At this moment, the lateral shift S; &~ 7.5 um. The correspond-
ing variation of the reflectivity |}/p|2 by the Ag layer is also
shown (red line). The reflectance exhibits the minimum at
h ~ 47 nm, which means the transmitted SPP wave is max-
imally enhanced in this situation. While |yp|2 and the lateral
shift S; increase with the continuous increase of 4, the intensity
of the excited SPP wave diminishes gradually.

Finite difference time domain (FDTD) simulations are
performed to analyze in great detail how this giant lateral shift
of the transmitted SPP wave is generated and evolves. Fig-
ures 6(a)—-6(f) show the electric field intensity pattern mon-
itored at several time points: 100, 150, 200, 250, 300, and
350 fs. The dynamics start at t = 0 when the Gaussian beam
is right at the focus spot located 8 pm below the Ag film. First
in Fig. 6(a), the Gaussian beam pulse is incident on the Ag
film with SPR angle (72.65°). In Fig. 6(b), the Gaussian beam
penetrates through the Ag layer and the direct reflection of
Gaussian beam against the Ag film occurs. In Fig. 6(c), the

directly reflected beam is generated and its interference with
the incident beam leads to a series of spots. At this time, the
lateral shift of excited SPP emerges and the distance of the
SPP wave center from incident point is about 3 pm horizon-
tally. With increasing time and optical power input, as shown
in Figs. 6(d)-6(f), the SPP wave packet increases in intensity,
moves away forward continuously, reaches the maximum at
about 6 um from the incident point horizontally, and decays
gradually when propagating further away. The corresponding
lateral shift of about 6 um seen in Fig. 6(f), is very consistent
with the above analytic results. The existence of large posi-
tive lateral displacements indicates forward surface propagat-
ing waves at the interface, which is greatly enhanced when the

surface plasmon resonance of the metal layer is excited.?>?7]
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Fig. 5. (color online) Lateral displacement S; (black solid line) and re-

flectivity |j/p|2 (red dashed line) as a function of the Ag layer thickness
h at SPR angle of 6; = 72.68°.
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Fig. 6. (color online) Dynamics of Gaussian wave transmitting through
the Ag layer at different monitoring time points: (a) 100 fs; (b) 150 fs;
(c) 200 fs; (d) 250 fs; (e) 300 fs; (f) 350 fs.

Another interesting feature is that the SPP wave decays
not only through metal absorption but also through its leakage
into the prism side of the Ag film, forming a readily apparent
first-order bright reflection beam, in addition to the zero-order
direct reflection beam. The first-order reflection beam has a
standard GH shift of about 6 pm. This shift may be the ori-
gin of experimental results in Ref. [27]. The FDTD simula-
tion thus offers a powerful means to reveal the subtle dynami-
cal features of SPP excitation, transport, decay, emission, and

074201-5



Chin. Phys. B Vol. 24, No. 7 (2015) 074201

transformation with the incident and reflected Gaussian beam
of various orders. It also clearly illustrates the physical origin
of the GH shift in terms of both the transmitted SPP wave and
reflected Gaussian beam. Notice that the excitation of SPP by
a transmitted Gaussian beam with a similar large lateral shift
has been shown in the framework of near-field optics; 3! how-
ever, the physical origin was not clarified without connection
with the GH effect and the SPP excitation and transport dy-
namics.

4. Conclusions

In summary, we have investigated the transmission of a
focused Gaussian beam through a silver Ag thin film coated on
a classical prism to excite SPPs and found that the center of the
transmitted Gaussian evanescent wave has a giant lateral shift
relative to the incident Gaussian beam center. The lateral shift
can be theoretically explained by referring to the usual GH ef-
fect for total internal reflection of optical beam. FDTD simu-
lations have revealed that this transmission GH shift originates
from the unique excitation, transport, and leakage properties of
SPPs. As the transmission GH lateral shift strongly depends
on the excitation wavelength, incident angle, the silver layer
thickness, and the background dielectric constant, this effect

can potentially find applications in optical sensing.3"!
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