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Causality of surface plasmon polariton emission processes
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Fundamental physical quantum phenomena, such as surface plasmon polaritons (SPP’s), require specific
conditions as described in their dispersion relation for excitation by photons. These conditions exactly define
the k vector of the incident photons as well as the elastically reemitted, outbound photons that follow from the
decay of the plasmon. Our conclusion demonstrates that these requisites are indeed fulfilled even on the
introduction of an inelastic, wavelength-shifting process like fluorescence emission to the system. Such a
process is established by placing fluorescent molecules into the strong evanescent field of the SPP. The analysis
of the outbound photons shows an angular behavior, which can only be explained if the fluorescent photons
also satisty SPP conditions. This behavior enables the development of a model for the chronology and causality

of surface plasmon polariton deexcitation mechanisms.

DOI: 10.1103/PhysRevB.73.033408

I. INTRODUCTION

Surface plasmon polaritons (SPP’s) play an important role
in a multitude of applications such as surface-enhanced Ra-
man scattering (SERS) and surface plasmon resonance
(SPR).!? 1t is therefore expected that a fundamental under-
standing of the mechanisms and chronology of SPP excita-
tions and deexcitations will unlock novel perspectives and
methodologies—e.g., ultrasensitive detectors required for
biotechnology.>* The dispersion relation of SPP’s dictates
the conditions under which they are excited. Specifically,
their excitation is not possible by direct irradiation of pho-
tons on the thin metal film but requires special optical con-
figurations, such as those initially proposed by Raether and
Kretschmann® and Otto.® Their common property is that the
photons approach from an optically denser medium, before
impinging on the metal in an attenuated total reflection
(ATR) setup.’® In this paper we will exclusively use the
Kretschmann configuration (see Fig. 1). For SPP’s excited at
thin, smooth metal surfaces, the excitation of an SPP accord-
ing to its dispersion relation is given by the equation (see

Ref. 7)
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where €; is the optical constant of medium i (see Fig. 1).
Using Fresnel equations by the matrix formalism from the
optical constants at a given wavelength, the reflectivity and
field enhancement of the SPP for a multilayered system
(which consists of the prism substrate €, metal film e,
sample molecules €,, and additional layers such as a passi-
vating layer) can be calculated.® Following the creation of
the SPP, its consequential decay may occur by the emission
of photons under equivalent conditions. More precisely, the
photons have identical wavelengths and after reflection they
proceed with the same angle with respect to the metal sur-
face. Due to scattering processes in the metal layer (e.g.,
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surface roughness or impurities), the emitted photons par-
tially lose their spatial coherence, but the angle with respect
to the surface is conserved. This leads to the so-called ATR
ring which is shown in Fig. 2. The intensity of the displayed
ATR ring depends strongly on the roughness of the surface,
the quality of which has been additionally controlled by
atomic force measurements (AFM).? In connection to this
publication’ an interesting property of the emitted light in the
ATR cone was discovered—namely, its polarization
dependence—the results of which can be found in Ref. 10.
Consequently, this paper will investigate the causality and
time dependence of interactions between an SPP and those
molecules, which have been introduced into its enhanced
evanescent electromagnetic field, thus resulting in a
wavelength-shifted reemission of photons.

II. MEASUREMENTS

In order to investigate the resonant coupling of plasmon
polaritons, excited by an ATR optical configuration, and
fluorescent molecules in the near field, the first concern is to
investigate the spatial dependence of the spectral emission of
the chosen fluorescent dye. Rhodamin 6G was used as dye
for the experiments due to its high stability and because it is
a strong emitter with a broad spectral emission. Prior to the
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FIG. 1. (Color online) The ATR-SPP setup (Kretschmann type).
Note the differences in definition between angles «, v, and ¢.
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FIG. 2. (Color online) The ATR-SPP setup (Kretschmann type).
Plasmon excitation at 514.5 nm on an evaporated silver film. The
ATR SPP cone is projected onto a screen and is visible as a bright
circle. The “spots” are a result of the unscattered strong laser light
and its partial reflections, while the brightness of the circle in re-
spect to the spots is a measure of the silver surface roughness. For
the sake of illustrating the phenomenon an untypical rough silver
film and a semispherical prism were used.

SPP experiments the spatial dependence of the dissolved dye
excited at 514.5 nm was tested. The outcome proved that the
spectral emission is isotropic after subtraction of the elasti-
cally scattered background. Following this first experiment,
the setup was transformed into a Kretschmann-type ATR
setup. In order to prevent quenching, charge-transfer reac-
tions, and so-called SERS first-layer (hot-spot) effects, the
thin silver layer (thickness 50 nm) was passivated with a
hexadecanethiol self-assembling monolayer. This monolayer
is stable, dense, and well ordered so that the rhodamin mol-
ecules are effectively blocked from reaching the Ag
surface.!'l'2 Optimized parameters for the excitation of the
SPP prevented the laser photons from reaching the dye mol-
ecules directly; rather, excitation occurred through the ex-
cited plasmon. Following the excitation of the dye via the
SPP an intense fluorescent signal was detected and analyzed,
showing that the strong evanescent field of the SPP was the
source of the excitation of the dye.

The investigations focused mainly on the angular distri-
bution of the emitted fluorescence photons. In a simple
model, one would expect that the SPP decays radiatively
followed by photon absorption via the dye molecules. The
response would be a redshifted fluorescent emission. Assum-
ing that no coupling between the excitation and emission
processes of the photons occurs, the emission would be of an
isotropic nature.

However, if a coupling via the evanescent field were pos-
tulated, the angular intensity distribution would predict
maxima at the same angles as the SPP photon emission—i.e.,
similar to forward and backward scattering. In particular, this
distribution is expected to be independent of the emitted
(redshifted) wavelength but to have its maximum for an
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FIG. 3. (Color online) (a) Sketch for the detection of elastically
scattered photons within the ATR cone. (b) Sketch of the wave-
lengths distribution and its detection within the ATR cone.

angle, which would still be valid for the SPP excitation with
the 514.5-nm laser photons.

Nevertheless, the physical measurements show a different
behavior. The angular distributions of the emitted photons
are sharply defined and depend on the respective emitted
wavelength. The case for the simple ATR cone is shown in
Fig. 3(a) while the results of the fluorescent emission are
displayed in Fig. 3(b). In order to quantify the results in a
more precise way, interference filters have been used to in-
vestigate spectral parts of the broad rhodamin 6G emission.
The filters have maximum transmissions for redshifted wave-
lengths of 534.7 nm (shift 752 cm™') and 583.9 nm (shift
2330 cm™!). Together with the elastically Rayleigh-scattered
light at 514.5 nm (shift 0 cm™), three different wavelengths
were chosen to illustrate the following facts:

According to these conditions the relative change in azi-
muth for the maximum of the shifted emission at 752 cm™" is
1.5°+0.5° with respect to the Rayleigh-scattered light. For
the shifted emission at 2330 cm™' the deviation is 3.7° +0.5°
with respect to the Rayleigh-scattered photons. The changes
in azimuth for the three wavelengths are shown in Fig. 4.

The energy spacings are not uniform for the three used
filters. Also, it is reasonable to compare the measured results
with simulations of the excitation of an SPR for the three
wavelengths (see Fig. 5). The simulations show that the
angle with respect to the surface normal is decreased for
longer wavelengths, as shown in the measurements. The rela-
tive shifts are Aa; ,=0.7° and A, 3=0.9°, respectively.

For comparison with the experimental data one also has to
take the dispersive properties of the ATR prism into account
and to transform the internal ATR angle « (within the prism)
into the external angle ¢ or y by means of applying simple
ray optics and geometrical considerations according to the
optical constants €(\): @=arcsin[y/€,,;,,(\) sin(a—45°)]."13
The results of this transformation are shown in Table 1. The
changes in azimuth according to calculations are now 1.3°
(for 752 cm™") and 3.1° (for 2330 cm™') both with respect to
the Rayleigh-scattered photons. This is in very good agree-
ment with the recorded measurements, especially if one takes
into account that surface plasmon resonance is extremely
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FIG. 4. (Color online) Measured angular dependence of the
fluorescent emission with respect to its wavelength.

sensitive to changes in thickness as well as reactions involv-
ing sulphur and oxygen with the silver layer.

While the transformation from internal angles « to exter-
nal angles ¢ already contains the refraction of the photons at
the prism-air interface, all remaining effects (besides the
SPP) connected to the total reflection at the prism-metal in-
terface and its evanescent field have been so far neglected.
The total internal reflection from the rear facet of the prism
causes a small but measurable displacement of the light. A
comprehensive analysis of this phenomenon, which is known
as the Goos-Hinchen effect, can be carried out by decompo-
sition of the incident beam into its plane-wave spectrum,
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FIG. 5. (Color online) Calculation of the SPP excitation with
respect to the angle « for the selected three wavelengths.

PHYSICAL REVIEW B 73, 033408 (2006)

TABLE I. Results of the ATR-SPP calculations and their trans-
formation into external azimuth angles in comparison to the
measurements.

Cm_l Xeale Pealc Yeale Yimeas A')/calc A‘Ymeas
0 51.9° 12.9° 32.1° 31.9° — —
752 51.2° 11.6° 33.4° 33.4° 1.3° 1.5°
2330 50.3° 9.8° 35.2° 35.6° 3.1° 3.7°

computation of the Fresnel reflection coefficients for each
such plane wave, and superposition of the reflected plane
waves.'4~!” The Goos-Hinchen effect is a direct consequence
of the evanescent field. The resulting effect is of the order of
the chosen wavelength and is a pure displacement and not a
change in angle.!” For this reason this effect can be ne-
glected. This is still true if the light undergoes a change in
wavelengths within the evanescent field as happens here due
to the fluorescence. Emile et al. showed that even a second-
harmonic generation process in a nonlinear medium does not
change the angle of reflection!® and even investigations of
this effect with surface plasmons have been carried out.'%?"
These experiments produced positive or negative lateral op-
tical beam displacements but again no change in angle was
observed.

As a consequence, the measured and simulated azimuth
angles can only be derived by applying the SPP dispersion
relation for the different reemitted wavelengths.

III. CONCLUSION

The fluorescent emission, excited in the near field of the
evanescent SPP field, remains a coherent process and there-
fore obeys the new conditions for the excitation of the plas-
mons as a result of the changed wavelength. By doing this it
allows us to determine the causality of the underlying
mechanisms of the entire process. It is shown experimentally
that depending on the wavelength of the incident photons
there is exactly one angle of incidence which will excite an
SPP. This SPP has a strong, evanescent field. Instead of re-
leasing a photon that is subsequently absorbed by a mol-
ecule, the SPP field directly interacts with the molecule in the
near field, thereby maintaining its SPP character. The process
might generate the equivalence of a fluorescent photon
which still follows the SPP conditions in combination with
the properties of its evanescent field. The fluorescent photons
are then coherently emitted in wavelength dependent azi-
muth angles on the prism side of the metal film, in accor-
dance with the SPP conditions.
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