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Plasmon-enhanced nonlinear yield in the Otto and Kretschmann configurations
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Propagating surface plasmons in the laboratory can have basic properties quite different from those of the
ideal surface plasmon polariton, which is a bound mode at the interface between two infinite media. Features
such as field confinement and propagation length are affected by the configuration used for coupling to the far
field. We experimentally investigate how the Otto and Kretschmann configurations influence the linear coupling
properties of smooth metal layers and the nonlinear generation of the second harmonic. The results are compared
to calculations from electrodynamic theory based on the hydrodynamic model, which confirm that the nonlinear
yield is an order of magnitude greater in the Kretschmann configuration than in the Otto configuration.
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I. INTRODUCTION

Surface plasmon polaritons (SPs) have been known as
solutions of Maxwell’s equations since the work of Zenneck
and Sommerfeld [1,2]. Perhaps their simplest manifestation
occurs at the planar interface between a conductor and a di-
electric, where the evanescently confined electromagnetic field
is coupled to plasma oscillations in the conductor. Excitation
of SPs via the method of attenuated total internal reflection
(ATR) was first demonstrated by Otto [3], closely followed by
Kretschmann and Raether, who developed an alternative ATR
configuration [4].

Relevant to the nonlinear optical properties of conductors,
in the same year as Otto and Kretschmann and Raether,
Bloembergen et al. published a work on second-harmonic
generation (SHG) in reflection from media with inversion
symmetry [5]. Although not explicitly considering SPs, they
showed that centrosymmetric materials (e.g., noble metals)
effectively have their symmetry broken at the surface, thereby
allowing SHG to no longer be solely dependent on the gradient
of the electric field but also on the electric field strength itself.

Since SPs exhibit confinement of the electromagnetic field
at a metal-dielectric interface, large field strengths and gra-
dients can result there, enhancing the SHG [6]. This has
led to the rapidly developing field of nonlinear plasmonics
[7-12]. Alternatively, the yield of SHG can also be employed
as a probe of plasmonic resonances and field enhancement
[13]. Such enhancements have provided the basis for the
application of SPs in optical sensing, optical modulation,
and the development of photovoltaic systems and are also
responsible for boosting the yield of other nonlinear optical
processes such as surface-enhanced Raman scattering [ 14—18].

To gain insight into the field enhancement properties of SPs
and to understand the nonlinear sources of polarization leading
to SHG, one can turn to the ATR coupling configurations which
excel in their coupling of the SP mode to the far field. However,
due to difficulties in practice, the Otto configuration has been
much less represented in the experimental literature than the
Kretschmann configuration, despite its advantages of a tunable
coupling efficiency and compatibility with bulk samples.
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In this paper we investigate the two basic ATR coupling
configurations and consider their similarities and differences.
We present a comparison of absolute values for the SHG yield
from samples in the Otto and Kretschmann configurations and
calculations of those yields within the hydrodynamic model.
In a study of SPs excited in the Otto configuration on bulk
gold, we obtain ATR curves and SHG yield as a function of
coupling efficiency, as varied by adjusting the air gap. As a
control, a series of samples was prepared in the Kretschmann
configuration with a range of metal thicknesses, leading to
a range of coupling efficiencies, and their ATR curves and
SHG yields were similarly measured. While we find that both
configurations can theoretically lead to perfect in-coupling
efficiencies for incident plane waves, there are significant
differences in the SHG fields radiated.

Our experimental results are supported by a calculation
based on the hydrodynamic model, which gives insight into
the nonlinear polarization for both bulk (“forbidden”) and
surface (“allowed”) contributions. The differences between the
harmonic conversion efficiencies of the two configurations can
be explained by attention to the source terms driven by the
fundamental field and to the out-coupling efficiencies for the
second harmonic.

We give an estimate of the nonlinear conversion parameters
established by Rudnick and Stern [19] and expanded by Sipe
et al. [20] by comparing the measured conversion efficiencies
to the predictions of the hydrodynamic model. Finally, we
analyze both true and apparent resonances below and on the
light line, as evidenced by their nonlinear signature [21].

II. THEORY

Direct excitation of a SP at a metal/dielectric interface by
light incident from the dielectric is impossible because for
such incident light the wave-vector component in the plane of
the interface x cannot reach kgp, the magnitude of the wave
vector of the surface plasmon. Achieving a « that reaches
ksp can be done by using diffraction gratings or appropriate
excitation scenarios that can provide an enhanced wave-vector
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component. Essential for both the Otto and Kretschmann
configurations is ATR, in which an evanescent wave results by
way of total internal reflection of light incident from a medium
with a greater refractive index onto one with a lower refractive
index. This evanescent wave in the low-index medium has
a larger in-plane wave-vector component than what can be
attained by a propagating wave in the same medium. We
are interested in SPs at an air/metal interface, and the total
reflection that is attenuated occurs at a glass/air interface,
with light incident from the glass. The SP can be excited by
tuning the incident angle 6 of light at frequency w in the glass
so that the in-plane component of the incident wave vector
Kk = ko./€g sin 0 reaches kgp. Here, ¢, is the relative dielectric
constant of the glass at w, and ky = w/c, with ¢ being the light
velocity in vacuum. For an isolated air/metal interface

Emta
ksp = ko | ———, 1
SP o,/gm oy (D

where ¢, and ¢, are the relative dielectric constants of the air
and metal, respectively, at frequency w. The actual kgp differs
from the nominal expression (1) because of the presence of
neighboring interfaces. While kgp has an imaginary part due to
the loss in the metal [even in the limit of (1)], it also acquires
an imaginary part due to the coupling of energy via these
very neighboring interfaces. Under some conditions the SP
resonances and propagation properties are strongly modified
by the neighboring dielectric environment, which can in some
situations also support additional modes [12,21]. In addition,
intrinsic SP mode properties are particularly sensitive to
surface roughness and contamination of the metal surface, both
of which significantly affect the SP’s wave-vector, lifetime, and
resonant field enhancement.

For our two configurations we consider a two-dimensional
structure with three layers for the Kretschmann configuration
and four layers for the Otto configuration (see Fig. 1). The
plane of incidence is chosen to be the xz plane. The Otto
configuration consists of a BK7 glass coupling prism (M)
followed by an air gap (M;) with an adjustable thickness D»,
which is used to vary the coupling to SPs on the gold-air
interface. Therefore, a thick gold film (M) was thermally
deposited on a glass substrate (M3), resulting in the order

z > Dy glass M with g1 =g,
D, >z> 0 air M, with ¢, = ¢,
0 >z>—-D gold Mywith g4 =g,

z < —D substrate M3 with &3

for the Otto configuration.

The Kretschmann configuration is based on the same
principle, but the layer order is inverted. The coupling prism
(M, = M,) is directly followed by a thin gold film (M) which
was thermally deposited. SPs can be excited at the interface
between the metal and the surrounding dielectric (M3), which
is air in this case. The arrangement in the Kretschmann
configuration thus is

z > 0 glass My with g; = ¢,
0>z > —D gold My with g4 = ¢,
z < —D air M;with &5 = ¢g,.

The coupling to SPs requires p-polarized excitation, so
we limit our consideration to this polarization, and we define

Kretschmann
configuration

2 H
medium M;
X LK _ =medium M,
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medium Ms;
FIG. 1. Excitation configurations. The top image shows the
Kretschmann configuration consisting of a glass prism and a gold
layer with thickness of the order of A/10, surrounded by air. The

bottom image shows the Otto configuration composed of a glass
prism, an air gap of the order of A, and a gold layer of a fixed thickness.

k& = X. The polarization vectors specifying p-polarized light
for the fundamental (p;+) and second-harmonic (P;.) waves
in medium i are given by

A _Ki:Fkiz’AC
Pi+ = kO«/&‘_I )
~ Kz ¥ K.kt
p, — D2 Rk @)

Kové&i

where the £ in p;+ and lA’ii identify the upward- (4) and
downward- (—) propagating or evanescent fields; note p; -
Pix = P Py=1, although in general the vectors them-
selves are complex. The wave-vector components parallel to
the interface are continuous due to translational symmetry,
while the z components in the different media are

ki; = \/k(%Ei — K2,
K, = K3& — K2 3)

We generally use capital letters to refer to quantities at the
second harmonic; hence, Ky = 2kg, K = 2«, and &; is the
dielectric constant of medium i at frequency Q2 = 2w.
The angles 6 and @ refer, respectively, to the incident angles
of the fundamental in the glass and the radiated angle of the
second harmonic in the glass, with sin6 = «/(ko,/;) and

sin® = K/ (Ko\/é': ); recall the discussion after Eq. (1).
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For a p-polarized fundamental field incident from medium
M,

Eine(r) = pr-Ef_e 1%/ R, €
where R = (x, y) and E fl is the electric field amplitude; the

fundamental electric field in the metal layer My, E4(r), can be
determined from standard linear optics:

E4(r) — 2(67ik4:z + rgezik“zDeik“Z)CZEfieiK'R

+ iz(e—lk_@:z _ rf3821k4zDelk4zz)CK Ei'ielK-R, (5)
where the coefficients
p P iky, D>
c.—_* 14 fpe
@ _ 7P P ik D | _ P 7P L2iks. Dy’
ko/€s 1 — Ty rjze? D 1 — ry Fhye?ikeDe
k4z tp tp eikzzDz

- _ 7P P otikeD | — P P p2iks D
koy/€a 1 — Ty ryze? D 1 — py FhyeikaDe

are Fabry-Pérot coefficients that describe multiple reflections
from the different interfaces, with

2iky, D
. . hyra3tgpe™™
NB=Iru+——r
1 — ropryze?iksl’
2iks, D
_ Ly trse™ 2
T41 =14 + (7

1 — ry rp4e2ik:Da’

and involve the p-polarized reflection and transmission Fresnel
coefficients from medium i to medium j, given by

b _ 2k

ij — .
kj18j+kj18i

rp _ kizgj — ijS,'
e
H kizgj + ijSi

®

The spatial variation of the field described above is based on
the standard long-wavelength description, where the response
of the metal at a position r depends only on the Maxwell electric
field at that position. Since metals are centrosymmetric, such
a model of the optical response, generalized to include nonlin-
earities, would not predict any second-harmonic generation.
Instead, a more sophisticated model of the optical response at
r is required, taking into account the variation of the Maxwell
field over the region near r. Such a model leads to the prediction
of a generated nonlinear polarization that oscillates at 2 = 2w,

o', t) =M (r)e ™ +c.c. )

Independent of the model considered, symmetry consider-
ations allow the identification of the contributions to I’/ (r)
that are of lowest order in the variation of the electric field [5];
in the bulk of a medium assumed to be isotropic we can write

'/ (r) = BE4(r)V - E4(r) + y V[E4(r) - E4(r)]
+ 8'[Eq(r) - V]E4(r), (10)

where {8, y,8'} is a set of coefficients [5] whose values
must be determined from a model. Since the second-harmonic
generation is weak, we take the fundamental fields E4(r)
to be those in the absence of any SHG (undepleted pump
approximation) and calculated in the long-wavelength limit
given above. Then, since in that limit V - E4(r) = 0, in the bulk
we can neglect the terms involving 8, which we do henceforth.

Estimates of y and §’ can be derived by treating the nonlin-
ear optical response of the bulk metal using the hydrodynamic
model [20]. The nonlinearity arises from convective terms
in the description of the current flow and from a “quantum
pressure” modeled in a simple way that depends on the number

density ng of electrons involved in the optical response. The
hydrodynamic predictions for the nonlinear coefficients can be
written as

Kiya (@)
Viya = thd(Q) 2yen0 s
2.2
Xhya (w) mw Xh d (a))
Sl;d = —thd(Q)( ;no + e3ny% . (11

Here, —e is the charge of the electron, and ¥, , (@) and ¥, ,(£2)
are, respectively, the predictions of the hydrodynamic model
of the metal susceptibility in the long-wavelength limit at the
fundamental and second-harmonic frequencies,

(@) — 1

Az
where ¢, , (w) is the relative dielectric constant in the hydrody-
namic model,

Xia (@) = 12)

2

_ w—P., (13)
w(lw+i/T)

where 7 is a relaxation time and w,, is the plasma frequency,

Ee(@) =1

4 2
o = (14)
m

For ny we take a value of 5.904x 102 ¢c¢m—3, calculated
assuming an oxidation state of 1. With a relaxation time
T = 5x107" s we can obtain a reasonably good fit of ¢, , ()
and ¢, ,(€2) to the experimental dielectric constants at the
fundamental (corresponding to a wavelength of 855 nm) and
second harmonic, ¢, ,(w) = —27.24 + 1.64i and ¢, ,(2) =
—1.37 + 5.43i, respectively, as extracted from ellipsometry.
But the fit is not exact, so for y and 8’ in Eq. (10) we use

Yy = X(Q)y?,
eny

2,2
5 _X(Q)(X(w) | max “‘”)ga

eng eng

5)

Here, x(w) and x(£2) are the susceptibilities that follow
from the experimental dielectric constants ¢(w) and &(£2),
respectively, and 7 and §’ are dimensionless constants that
we will extract from our observed SHG. If the hydrodynamic
model were to be correct for both the linear x (w) — x,,, (@),
X (§2) = X,,,(§2) and nonlinear responses of the metal, we
would find 7 = § = 1. If the hydrodynamic model were to
be correct for both linear and nonlinear responses of the metal
and the relaxation time were infinite, we would have §' = 0.

Now we can calculate the relevant contribution from the
bulk material M4, which was defined to contain the nonlinear
sources. The downward- and upward-propagating harmonic
contributions are obtained via integration over the thickness D
of the metal film Mjy:

0
Ap = / e KetPyy M (2)dZ,
-D

0
By = / Mt py M ()7 (16)
-D
Next, we calculate the surface sources. The conventional
approach in characterizing the surface source, going back to
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Rudnick and Stern [19], is to put the source in vacuum just
beyond the metal surface but to characterize its response in
terms of the linear fields on the metal side of the interface.
The effective dipole moment per unit area source is placed just
outside the metal. In general, we get

QR) = Q™R = (EH)ITRE* (R + Ziner2) EX(R + ZingerZ)
+ T 2[E*R + Ziner2)]*}, (17)

where Zjnr indicates the z component of the interface and the
field should be evaluated on the metal side of the interface,
with the source placed just outside it in vacuum. For (£) we
have (+) if Z points from metal to vacuum (the conventional
orientation, which here holds for the Otto configuration) and
(—) if Z points from vacuum to metal (which here holds
for the Kretschmann configuration). We write the nonlinear
parameters I'"> for the surface source as

enob m e o x(w) -

rt = et = Z—X(Q)(— - )x(a))b,
m-w e no m no
e npa

"= ot (1%)

where b and b are related according to

(

Here, a and b appearing in I'" and T'?, respectively, are
the phenomenological parameters introduced by Rudnick and
Stern [19] for the out-of-plane and in-plane components of the
surface source. If we put b = —1, then in the hydrodynamic
model in the limit of an infinite relaxation time we findb = —1,
the result of Rudnick and Stern in that limit. There is no
prediction for a unless the dynamics at the surface are worked
out completely, as it depends on the details of the electron
motion near the surface. Our approach here is to use a and b
as our phenomenological parameters, with b determined from

2miwt

e @y
b= K@ L
e n

)X(w)E. (19)

m

J

ThH Ko

EP”a Kr — _ : v A _|_Rl7 eiKz;;
1+ (1 _ R£1R£3621K4‘"D) Ky, ( r 43
T KT}, .
griL or _ __fa ' ( 42) A, + RP.eiKs
1+ (1 _ Rfl R£’3921K4,D) K. ( P 43

T) is the harmonic Fabry-Pérot out-coupling coefficient
given by

P ,iKyD>
T, e

(1 — RL REye2ikaDr’

—p
T21_

(25)

and R4 and R,; follow their respective definitions at w.
For SHG efficiency, we expect the strongest influence in
variations of the coupling layer’s thickness, D and D, re-
spectively, as this was already theoretically analyzed by
Tzeng and Lue [22] and Jensen et al. [23]. By comparing
the different harmonic contributions, we identified the bulk

D

b according to (19) using the experimental values of x () and
x (£2).

For the Kretschmann configuration and the orientation
shown in the top panel of Fig. 1, (—) is appropriate in (17),
Zinter = — D, and we have

Qu:(R — D) = & Q™™ + 205, ™™, (20)
where
0%, = —TT(1 —rf) (1 +rh)e¥Lc.C ()
Yr = —TE (14 ) e P (C.EY ),

For the Otto configuration shown in the bottom panel of Fig. 1,
(+) is appropriate in (1), Zineer = 0, and we have

Qoi(R + 02) = £ Q5™ + 208, F, (21)
where
0%, = 064 + R 06, |,
or = Qory T RH0G, (22)

Here, the source term pointing from My to M, and the one
pointing from M, to M, and being reflected there have to be
considered, resulting in

2

by = T (1 = ) (14 e eP) C, C(ET )

Qi = —T*(1 4 re™ P (C.E )
Q%+ =TT = r3e®™ L)1 + rfye®P)C C.(E]),
Ser =T+ re?™ =Py (C.Ef_).

Following the evaluation of the nonlinear sources, the radiated
second-harmonic field can be calculated as

ElL(r) = (E]I'P,,)e KR Kz, (23)

Combining Egs. (10), (16), and (17), we obtain for the
Kretschmann and Otto configurations, respectively,

et

KoTy,

K3Z

K (KoQ%,) — K3:(KoQ%,)
Kov/E

Bp)+(

D KoTy, ) <K(K0ont) - Kzz(KoQ%z)>

(

term B, and the surface sources Q%,, Q%, to be the dom-

inant driving sources in both configurations. The influence
of A, is much weaker in the Kretschmann configuration
and negligible in the Otto configuration. Q%,, has to be
treated carefully as it contains additional “waveguidelike” res-
onances. The different contributions are discussed in detail in
Sec. IV.

III. EXPERIMENTAL SETUP

For the experimental investigation we use a custom
k-space spectroscopy setup (Fig. 2) which enables
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FIG. 2. Experimental setup. Mode-locked Ti:sapphire laser, pol:
Glan-Taylor polarizer, L1, L2: focusing lenses, Sample: BK7 or quartz
prism with gold and a dielectric layer in either the Kretschmann
or Otto configuration, L3-L5: detection lenses, BS: beam splitter, a
Pellin Broca prism is used to separate different wavelengths contained
in the reflected light, CCD: imaging sensor.

simultaneous detection of fundamental intensity, SHG
intensity, and their respective incident and exit angles [24].
A measurement of the reflected linear and nonlinear signal
is realized while scanning over the plasmonic resonance.
In particular, the influence of the metal layer’s thickness on
the conversion efficiency is studied. Our experimental setup
was based on a Ti:sapphire laser with the wavelength set to
855 nm and a pulse length of 150 fs. Fluorescence from the
Ti:sapphire crystal was removed by a 750-nm cut-on filter, and
a Glan-Taylor polarizer was used to orientate the polarization
with reference to the plane of incidence on the sample. A
prefocusing lens (L1) was adjusted to position the beam’s spot
in the back aperture of the excitation lens (L2). The focused
beam’s waist on the sample was 200 pm, and the average power
was 160 mW. A traveling mirror moved the spot position on the
excitation lens and, consequently, the angle of incidence with
respect to the prism’s hypotenuse. A symmetrically arranged
objective lens (L3) collected the reflected light, and a BG 40
filter was used to remove most of the fundamental intensity (op-
tical density >9). A beam splitter (BS) was used to divide the
signal, enabling the use of a monitoring camera for adjustment.
The other part was transferred to a Pellin Broca prism, which
separated the different wavelength components of the reflected
light. A liquid-nitrogen-cooled CCD with a 1024 x256 pixel
array collected the light. The entire CCD array was used to
detect the angular signature in the horizontal direction and
the wavelength information in the vertical direction. The gold
layers M, for the Kretschmann configuration were prepared
between 29 and 79 nm in steps of 5 nm to investigate the
influence of the layer thickness on the fundamental coupling
into plasmons and the harmonic out-coupling. The gold film
M, for the Otto configuration was evaporated on BK7 glassto a
thickness of 200 nm. A white-light interferometer was used to
control the air gap size M,, which was tuned between 200 and
3000 nm.

IV. RESULTS AND DISCUSSION

The experimental data and calculated intensities can be
found in Figs. 3(a)-3(c) for the Kretschmann configuration and
Figs. 3(d)-3(f) for the Otto configuration. Figure 3(a) shows
the observed reflected fundamental intensity and emitted SHG
in the Kretschmann configuration. A k-space spectrum for the
relevant angular range was measured for different gold layer
M, thicknesses, while keeping all other parameters constant.

In the investigated wavelength range, metal layers over
100 nm could not provide coupling to SPs, as the evanescent
field did not penetrate to the relevant interface. Beginning
with 79 nm Au thickness, the fundamental signal (red curve
in Fig. 3(a)) was weakly coupled as a small dip of 5% was
found at «/ko = 1.02, which is close to the calculated ideal
plasmon wave vector. A thickness reduction led to increased
fundamental coupling, which was optimum at 44 nm [labeled
(1) in Fig. 3(a)]. Simultaneously, the dip broadens [labeled
(ii1)], and its position slightly shifts to larger wave vectors.
As M, is almost transparent for very thin layers, the edge
of total internal reflection (TIR) x/ky = 1 becomes visible.
The emitted second-harmonic radiation (filled blue curve) is
weakly visible starting from 64-nm layer thickness. In general,
the harmonic peak follows the fundamental dip in terms of
broadening [labeled (iii)] and displacement as the thickness is
decreased further. On comparing the wave vectors associated
with the SHG peaks and the fundamental dips, one observes
only minor deviations. However, the optimal SHG yield,
which is maximum at 39 nm [indicated by (ii)], is somewhat
shifted to thinner layers versus the optimal coupling to the
fundamental.

Our theoretical model, which includes the complete in-
tensity from bulk [A,, B, from (6)] and surface [Q from
(15)] sources, supports the experimental results very well.
Figure 3(b) shows the calculated SHG with high resolution,
and the solid lines in Fig. 3(a) are cuts for the respective
metal layer thicknesses. The maximum peak position in the
calculation can similarly be found around 40 nm [labeled
(>ii)], while broadening for thin layers is likewise visible [see
(iii)]. Figure 3(c) shows the harmonic source signal at the
interface (A, By, and Qg,) in M3 (which is air) as red lines.
Similar to the measurement, the field strength clearly follows
the fundamental intensity. For the Kretschmann configura-
tion, the effect of the out-coupling parameter 7,5, plotted
as grayscale shaded logarithmic contours, has a negligible
effect.

Concerning the variation of the air gap in the Otto con-
figuration, shown in Figs. 3(d)-3(f), we observed a similar
behavior for the fundamental intensity. Starting at an air gap
of 2.8 um, only a small absorption feature is visible, where
the nearest Fabry-Pérot mode was expected [see (iv)]. A
small harmonic Fabry-Pérot contribution [labeled (v)] can be
seen, which is due to the out-coupling parameter. The linear
coupling strength to the fundamental SP, which theoretically
lies at «/ ko = 1.02 for two infinite media, found a maximum
[labeled (i)] around 1.2 um. The dip broadens and slightly
shifts to smaller wave vectors, contrary to the Kretschmann
case. The SP-related SHG [see (ii)] rises at 0.7 um due
to the better out-coupling efficiency for this wavelength. As
the air gap is reduced still further, the absorption and SHG
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FIG. 3. (a) Experimental data for varying layer thickness in the Kretschmann configuration; red = reflected fundamental intensity, blue =
emitted second-harmonic intensity, solid line = model. Here, (i) identifies the optimum coupling for the fundamental wavelength, (ii) is the
maximum SHG, and (iii) marks the broadening of the coupling dip and SHG peak. (b) Theoretical calculation for SHG according to the
hydrodynamic model [cuts are shown in (a) as solid lines]. (c) Calculation of the harmonic source’s intensity at the metal surface (red) and
the out-coupling coefficient as contours with logarithmic scale, drawn every 10 dB. (d) Experimental data for different air gaps in the Otto
configuration; red = reflected fundamental intensity, blue = emitted second-harmonic intensity, solid line = model. Here, (iv) and (v) mark the
fundamental and harmonic Fabry-Pérot modes, respectively. (e) Theoretical calculation for SHG according to the hydrodynamic model [cuts
are shown in (d) as solid lines]. (f) Calculation of the harmonic source’s intensity at the metal surface (red) and the out-coupling coefficient
through the air gap and prism as contours with logarithmic scale, drawn every 10 dB.

features in k-space broaden [see (iii)]. Below 0.5 um we
observe the SP mode has a greatly widened resonance that
spans even inside the TIR angle, where a propagating wave
is expected. Evidence of strong out-coupling can be revealed
if the hydrodynamic theory is considered. In Fig. 3(e) the
calculated emitted harmonic radiation (A,, B,, and Q,) is
shown, which is in good agreement with the experimental data.
The solid lines in Fig. 3(d) result from cuts for the respective
coupling gaps. We have examined more closely the harmonic
sources and individual coupling parameter to identify the cause
of the broadening: Fig. 3(f) shows the nonlinear source terms
from bulk and surfaces at the interface of the metallic M, and
the surrounding air gap M, before coupling through air into the
prism M. In contrast to the Kretschmann configuration, the
out-coupling efficiency 75, of the Otto configuration, given

by the black contour lines, strongly influences the far-field
radiation. It is responsible for the large broadening [see (iii)]
and the shift toward the TIR angle of the harmonic radiation’s
emission at small gap sizes.

In Fig. 4, the fundamental dip ratio and absolute values of
second-harmonic peak powers for the Otto and Kretschmann
configurations are collected to compare the harmonic yield
to the fundamental coupling. It can clearly be seen that both
harmonic contributions have their relative maxima in an over-
coupled regime beyond impedance matching of the incident
fundamental with the surface plasmon. Both configurations
show up to 80% coupling efficiency for the fundamental wave-
length, while the second-harmonic yield is one order of magni-
tude greater for the Kretschmann configuration. The harmonic
signal in the Kretschmann configuration has its maximum
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FIG. 4. Maximum SHG yield and optimal fundamental coupling
as a function of metal layer thickness (Kretschmann configuration,
top) and air gap variation (Otto configuration, bottom).

value at 35 nm, which is close to the fundamental optimum
but already in the overcoupled regime. The hydrodynamic
model matches the fundamental data for both configurations
very well. For the Otto configuration, impedance matching
at the fundamental wavelength is found at 1.4 um, while
the SHG maximum is located at 0.8 um. The shift between
the optimal coupling conditions for the fundamental and the
harmonic is much larger for the Otto configuration than for the
Kretschmann configuration. The influence of the out-coupling
efficiency increases, as shown in Fig. 3(f), as the effective
gap size is much larger for shorter wavelengths. Although
the source SHG inside the metal M, is even stronger in
the Otto configuration, the collected yield is one order of
magnitude lower than in the Kretschmann configuration. This
difference is reproduced by the hydrodynamic model, and the
harmonic yield as a function of layer thickness is in good
agreement with the experiment. The nonlinear parameters
accounting for physics not included in the hydrodynamic
model are obtained using the least-squares method for both
configurations collectively: 7 = 1,8’ = 1,b = —6,a = 0.01.
The respective bounds derived from the model are 0.2 < |y| <
1.5, 0 < |8 < 10, 3 < |b| < 8, |a| < 0.05. All bounds are
determined from a 50% deviation of the absolute nonlinear
yield due to variation of the respective parameter while all
other parameters are kept constant.

With this set of parameters, the hydrodynamic model
reproduces the experimental observations very well. Given the
sizable solution space, however, the existence of other parame-
ter sets could be a possibility, in particular if surface roughness
is considered. The bulk parameter y is in good agreement with
the predictions, while the parameter for the in-plane surface
source b is above the expected value of the order of unity. This
could be due to surface imperfections and roughness that are
not contained in the model. The §’' parameter has negligible
influence in the Otto configuration and thus has a larger
uncertainty. As mentioned above, there is no precise prediction
for a. Previous publications [25] report values ranging from
—15 to 20 and even complex values [26], both obtained from
direct reflection at metal surfaces without SP excitation. In our
investigation, however, the Otto configuration is much more
sensitive to variations of a. Calculations for values larger than
a ~ (0.05 result in an additional waveguidelike resonance at
the TIR angle. Only a small contribution of this resonance was
observed as broadening in the SHG signal. We can therefore
limit the a parameter in the case of strong contributions from
the surface sources with SP excitation, which is the case in the
Otto configuration, to values |a| < 0.05.

V. CONCLUSION

Arguably, the mode-confinement and field-enhancement
properties of SPs are their most fascinating attributes. Efficient
optical access of SPs from the far field has traditionally
been accomplished by using evanescent coupling in either
the Otto or Kretschmann configuration. Given the similar-
ity of their linear responses in k space, it has generally
been thought that both methods are equivalent. However,
as we have experimentally demonstrated in this work, the
second-harmonic responses in the two configurations differ
markedly in their qualitative behavior (as a function of coupling
strength) and quantitatively in terms of their radiated nonlinear
yield.

These surprising results can be understood in terms of the
nonlinear sources in the bulk metal and on the metal surfaces
and how they are driven by the fundamental field and SP
resonances and the limitations imposed by the out-coupling
efficiency of the second harmonic to the far field. Our analysis
using the hydrodynamic model of the metal film, treated in
the respective configurations, confirms that the harmonic out-
coupling efficiency dominates in the SHG yield from the Otto
configuration, while the fundamental SP resonance governs the
yield in the Kretschmann configuration.

In addition, both coupling methods also show perturbations
to the fundamental’s SP momentum and lifetime in the limit
of strong radiative damping. In the Otto configuration these
deviations from the ideal SP are caused by the strong influence
of the coupling layer and SP hybridization with a photonic
mode. In the Kretschmann configuration, only very thin metal
layers lead to significant broadening of the resonance.

We conclude with a general observation that even though
the Otto configuration is considered to be the most noninvasive
method of coupling SPs to the far field, thereby guaranteeing
the longest SP lifetimes and greatest field enhancements, those
field enhancements do not lead to a proportionately higher
yield of second-harmonic radiation. We have shown that the
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hydrodynamic model enables a qualitative analysis of the
experimental data as well as a quantitative calculation of the
absolute second-harmonic yield. An analysis and discussion of
the nonlinear parameters were given, showing that the in-plane
surface source is stronger than predicted.
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