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Fluorescent dyes as a probe for the localized field of coupled surface plasmon-related resonanc
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The fluorescence light of Cy5 dye molecules in the vicinity of a metal grating is studied for varying
directions of both the exciting and the emitted light. A different angular dependence of the intensity of the
emitted light is observed for different directions of excitation. Model calculations that take into account the
localization of the electrical field of grating-coupled surface plasmon-related resonances are in good agreement
with the experimental observations. In addition, the spatially inhomogenous photobleaching of the dye in the
field of the coupled resonances is experimentally observed. These results can be viewed both as a way to use
chromophores as molecular probes for the localized electrical near field of coupled surface plasmon-related
resonances and as a way to manipulate dye molecules on a submicron scale.
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I. INTRODUCTION
A periodicity at optical wavelengths leads to very spec

optical properties of a surface. For example, for periodica
modulated metallic surfaces, the incident light may inter
with the surface-plasmon resonance, influencing stron
both the reflectivity of the surface and the optical near fie
In this paper, the impact of these effects on the excitation
emission properties of a flourescing dye is investigated.

A. The system under investigation

The sample under investigation is sketched in Fig. 1.
top of a gold grating that is assumed as being infinitely thi
a thin dielectric film is deposited that contains the dye, f
lowed by the ambient air. The periodically modulated met
dielectric interface is represented as a Fourier sum, spec
by amplitudes Am and phasesfm

z~x!5 (
m50

`

Am sin~mkgx1fm!, ~1.1!

wherez andx are the Cartesian coordinates as illustrated
Fig. 2 and kg is the modulus of the reciprocal grating vect
that equals 2p/L, with L being the grating pitch. The in
terface between the dielectric and air is assumed to have
same shape, being only shifted along thez direction by the
thickness of the dielectric film. The metal grating is illum
nated by a plane electromagnetic wave, characterized b
wave-vectorki . The polar angleu, the azimuthal anglec,
and the wavelengthl of the incident light can be varied in
the experiment.

B. Surface plasmons and coupled resonances

Figure 3 shows the measured reflected intensity for
polarized light as a function of the direction of the incide
beam relative to a grating with a pitch ofL5770 nm.

Clearly, two extended stripes of strongly reduced refl
tivity can be observed. They can be attributed to the exc
tion of electromagnetic surface resonances. In a sim
0163-1829/2001/64~7!/075406~11!/$20.00 64 0754
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model~Ref. 1!, the excitation of these surface resonances
be described as resonant coupling of the incident light to
surface-plasmon mode that has a fixed in-plane compo
kp . Momentum matching to the in-plane component of
higher diffracted order of the incident wave-vectorki,p re-
quires

kp5ki,p1nkg , ~1.2!

wherekg is the reciprocal grating vector andn, the order of
diffraction, an integer number. The subscripti indicates that
only the projection in the sample plane is considered. In F
3, an in-plane wave vector of kp51.109 k0 of the 11st and
21st order is indicated as a black line wherek0 is the modu-
lus of the wave vector of the incident radiation in vacuu
Far away fromc590° the assignment of a fixed in-plan
wave vector to the surface-plasmon resonance gives a g
description of the observed position of the minima.

Close to c590°, the model of momentum matchin
breaks down as it can be seen by the deviation of the refl
tivity minima from the lines of constant kp . This effect is
referred to as a ‘‘photonic band gap’’ and has been first
ported by Ritchieet al.2 It can be interpreted as follows:3

The plasmons that are simultaneously excited in11st and
21st order are mutually coupled via the second-harmo
component of the grating. As a consequence, coupled r
nances are supported by the grating that have in-plane w
vectors different from ordinary surface plasmons. Additio
ally, the width of these resonances is different from the u
perturbed surface plasmon. Sarid4 has observed a simila
phenomenon on a thin metal film. There, the interaction
the two surface plasmons on the two sides of the film led

FIG. 1. Geometry of the sample.
©2001 The American Physical Society06-1
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the formation of two coupled resonances of different widt
In his paper, these resonances were labeled as ‘‘long-ra
surface plasmon’’ and ‘‘short-range surface plasmon,’’ a
cording to their propagation length. Although the mechani
of plasmon-plasmon coupling is different in our case,
resulting resonances exhibit different widths as well. For t
reason, the terms ‘‘grating coupled long-~short-! range sur-
face plasmon’’~GLRP, GSRP! have been used to label th
coupled resonances investigated in our work.

When the same experiment is performed with anot
wavelength, there is a similar reflectivity behavior. The on
significant difference observed is a shift of the resonance
their polar angleu. This is demonstrated in Fig. 4 in a mod
calculation of the reflectivity of the identical grating stru
ture when the illuminating light has a wavelength ofl
5670 nm. The calculation is based on a numerical al
rithm that is described by Preistet al.,5 further details about
the modeling will be given below.

FIG. 2. Definition of the geometry for the reflection of a plan
monochromatic wave from a grating. The reciprocal grating vec
kg is lying in the plane of the grating surface, orthogonal to t
grating grooves and has the modulus 2p/L whereL is the grating
period. The incident plane wave with wave-vectorki is specified by
the following parameters: The polar angleu between the wave vec
tor and the surface normal and the azimuthal anglec between the
plane of incidence and the reciprocal grating vectorkg .

FIG. 3. Measured reflectivity of a gold gratingL5770 nm with
a dielectric coating for TE-polarized light atl5632.8 nm as a
function of the polar angleu and the azimuthal anglec. The gray
values represent the reflectivity, from white~1! to black ~0!. The
black lines indicate constant values of the in-plane componen
the first two diffracted orders.
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C. The electrical near field

It is known that the coupling of surface plasmons does
only affect their in-plane wave vector, the electromagne
near-field distribution is strongly affected as well.3 Model
calculations suggest that coupled resonances are chara
ized by strongly localized electrical fields in the vicinity o
the metal surface. Some analysis of the electrical fields
necessary to understand the interplay between fluores
dyes and the electromagnetic surface resonances. The
independent electrical fieldsE are complex vector functions

E~x!5S Ex~x…eifx(x)

Ey~x!eify(x)

Ez~x…eifz(x)
D , ~1.3!

where each Cartesian component of the electrical field ve
E is given by its modulus and its phase. The averaged e
trical field strength E is defined by

@E~x!#25@Ex~x!#21@Ey~x!#21@Ez~x!#2. ~1.4!

Four typical electrical field distributions as determined
model calculations are shown in Fig. 5, chosen to repres
the coupled resonances as well as the ‘‘freely’’ propagat
surface plasmons. In Fig. 4, the selection of the cho
angles of incidence is indicated. Because the field is stron
reduced inside the metal, the grating profile appears as b
contour.

Figures 5~b! and 5~c! correspond to the two coupled res
nances. A strong lateral modulation of the strength of
electrical field along the grating surface is observed.
comparison of the two field distributions, one observes
coincidence of the minima of the GLRP~b! with the maxima
of the GSRP~c! and vice versa. As is discussed in detail
Ref. 3, the second harmonic of the grating profile determi
the positions of the maxima of the electric fields of t

r,

of

FIG. 4. Modeled reflectivity of a gold grating~details given in
the caption of Fig. 8! with dielectric coating for TE-polarized ligh
at l5670 nm as a function of polar angleu and azimuthal angle
c. The gray values represent the reflectivity, where white indica
maximum~1! and black a reflectivity of 0. The letters indicate com
binations ofu/c where field distributions were calculated.
6-2
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FIG. 5. Distributions of the
electrical field strength in the vi-
cinity of the grating surface when
illuminated with TE polarized
light at l5670 nm. White corre-
sponds to high, black to vanishin
field strength. The field distribu-
tions correspond to~a! c580°,
u531.1° (m511) ~b! c590°,
u537.7°, ~GLRP! ~c! c590°, u
543.7°, ~GSRP! ~d! c5100°, u
555.1°, (m511).
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n

ond-
coupled resonances. The positions of maximum field stren
of the GSRP coincide with the maxima of the second h
monic of the grating profile while the GLRP has its max
mum electrical field in the minima.

For the ‘‘normal’’ surface plasmons outside the band-g
region @Figs. 5~a! and 5~d!#, some lateral variation in the
electrical field strength is visible, but it is much weaker a
no correlation of the maximum position with the second h
monic of the grating profile is observed. This is the expec
behavior for surface plasmons, propagating like tw
dimensional light waves along the interface.

The contrast between free-surface plasmons and cou
resonances can be seen more clearly in Fig. 6, where
electrical field distribution along a line 10 nm above t
metal surface~which is right in the middle of the dielectric
layer! is plotted. Neglecting some perturbation atx5650 nm
~right in the gratings minimum!, the two coupled resonance
show electrical field distributions that are close to sinusoi
and phase-shifted by 180° relative to each other. The co
lation with the second-harmonic component of the grat
profile ~thick full curve in Fig. 6! is clearly seen. The othe
two distributions, corresponding to free-surface plasm
show much less variation in intensity and the correlation
the maximum/minimum positions of the second harmonic
the grating profile is very weak.

This shows that by adjusting the angle of incidence,
experimental parameter that can be easily varied, it is p
sible to set up high electrical field strengths that have a c
acteristic lateral distribution. They show a modulation th
has half the wavelength of the fundamental period of
grating.

D. Fluorescence and surface plasmons

It is well known that both the excitation and emissio
properties of fluorescent dyes are strongly influenced by
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existence of the surface-plasmon resonance.6–9 The electrical
field in the vicinity of a metal surface is considerably e
hanced upon excitation of the surface-plasmon resona
For gold at a wavelength ofl5632.8 nm the intensity on
the metal surface is roughly 20 times higher than in the
citing plane wave. As a consequence, the excitation proba
ity of a chromophore is enhanced by the same factor.

This has been shown by Knoblochet al.10 for grating cou-
pling to the surface-plasmon resonance. In this experimen
significant increase of fluorescence intensity from a sil
surface was observed when the incident light excites

FIG. 6. Electrical field strengths along a line at constant dista
of 10 nm above the metal surface for the four cases depicted in
4 ~a! c580°, u531.1°, straight line, free-surface plasmo
~m511! ~b! c590°, u537.7°, full circles,~GLRP! ~c! c590°,
u543.7°, open circles,~GSRP! ~d! c5100°, u555.1°, dashed
line, free-surface plasmon (m511). The entire grating profile is
indicated as a gray area graph, the thick line represents its sec
harmonic component.
6-3



o

re

e
it
th
ga
le
an

c
i’s

he

on

h
t b
te
a

n

o
st
r
is

ew

s

e
h
ed
ha
c
f
to

-
a
o

th
s
d
p

e-
om

ted
via

rre-
nt
the
n-
g.
hat

oth
ill
iate

ed
se

ed-

l-
tion
w,
d in
in

ec-
the

e-
ted
gest
osi-
u-
the
ose
so-
ter-
s-
tive
e,
two
osi-
d
ry

a-

the
ing
e
of

ght
cal-

res-
pro-

sid-
r a

-

KREITER, NEUMANN, MITTLER, KNOLL, AND SAMBLES PHYSICAL REVIEW B 64 075406
surface-plasmon resonance compared to reflecting ge
etries where no resonant excitation occurs.

More investigations on a grating structure in silver we
performed by Kitsonet al.11 and Andrewset al.12 Here, the
polar angle and the wavelength of the excitation beam w
varied, resulting in a band-gap structure in the reflectiv
similar to the one shown in Fig. 3. It was observed that
emission intensity of the dye exhibits the same band-
structure as the reflectivity. This proves that both coup
resonances and free-surface plasmons effectively enh
the excitation probability of a fluorophore.

Not only the excitation probability depends on the diele
tric environment of the dye molecule. According to Ferm
golden rule~compare, e.g., Ref. 13!, the emission probability
Pem of a chromophore from the excited statem to the
ground-statek depends both on the intrinsic properties of t
molecule and on the surrounding.

Pem5
4p2

h
uVmku2smk. ~1.5!

The matrix elementVmk gives the intrinsic probability of
the emitter to relax from the excited-statem into the ground-
statek. The influence of the surrounding on the emissi
characteristics comes in viasmk , the ‘‘density of states’’ or
number of decay channels for the emission process. T
number can be obtained from a purely classical treatmen
regarding the emitting molecule as a point dipole. The in
grated intensity of the classical electromagnetic flux aw
from the molecule determines the probability that a photo
emitted.

A simple geometry where the influence of the number
decay channels on the emission characteristics has been
ied extensively in theory14–16 and experiment are one o
more plane interfaces in front of which the excited dipole
placed. This work is comprehensively treated in a revi
article by Barnes.17 A single metal surface18 provides a good
illustration. The surface-plasmon resonance leads to a
nificant enhancement of decay channels~density of states!
for dye molecules that are close enough to the interfac
transfer their energy efficiently to the surface plasmon. T
is reflected in a drastically reduced lifetime of the excit
state when the emitter is placed closer to the interface t
about 20 nm. The first experimental proof that the surfa
plasmon as an intermediate state plays an important role
the coupling of the excitiation energy of a chromophore
light was given in the early 1980’s.19,20 These authors ob
served the fluorescence intensity generated on a dye-co
silver grating upon excitation at a fixed angle as a function
the direction of the emission. Pronounced peaks in the em
sion intensity were found that were due to processes
involve the excitation of the surface-plasmon resonance a
intermediate step. This was proven by showing that the
rections of enhanced emission could be reproduced by ap
ing the momentum matching condition Eq.~1.2! to the emit-
ted light.

Kitson et al.21 extended the observation of surfac
plasmon-enhanced emission of fluorescence light to the c
plete half sphere above the grating, including the casec
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Þ0°. Especially, experimental geometries were investiga
in Ref. 22, for which the emission process takes place
coupled resonances~GLRP, GSRP!. In all of these experi-
ments, emission maxima were observed in directions co
sponding to reflectivity minima in a reflection experime
performed with the emission wavelength. This includes
formation of a band-gaplike structure in the emission inte
sity recorded over the entire half sphere above the gratin

The investigations presented in this paper are a somew
natural extension of the investigations reviewed above: b
the excitation and the emission of the dye molecules w
involve the surface-plasmon resonance as an intermed
step. This will yield new insights that could not be obtain
by having surface plasmons involved in only one of the
two processes. Especially the field intensities of coupl
surface resonances vary strongly along the interface~See
Fig. 6!. This implies that the excitation probability of a mo
ecule close to the surface depends strongly on its posi
along the surface of the grating. So, in a simplified vie
there are two sets of chromophores: the ones being place
the field maxima of the GLRP, the other ones are placed
the field maxima of the GSRP. It is possible to excite, sel
tively, one of the two sets of chromophores by choosing
appropriate excitation angle.

If the optimum excitation angle of a certain molecule d
pends on its position on the grating, it should be expec
that the same holds for the angle under which the stron
emission can be observed. Considering a molecule p
tioned right in the intensity maximum of the GLRP, the co
pling to this surface resonance will be stronger than to
GSRP. Therefore, this excited molecule is expected to l
its energy predominantly via the GLRP. Which surface re
nance is involved in the outcoupling process can be de
mined by recording the emission direction of the fluore
cence. The concept presented above allows for a selec
excitation of only a fraction of the molecules at the interfac
as well as selective fluorescence read out. Since the
groups of dye molecules are defined as the ones being p
tioned either in the maxima or in the minima of the 2n
harmonic of the grating profile, their lateral distance is ve
small ~less than 200 nm from maximum to minimum excit
tion in the case investigated here.!

II. CALCULATION OF FLUORESCENCE INTENSITY AS A
FUNCTION OF THE EXPERIMENTAL GEOMETRY

In this section, a model is presented that allows for
calculation of the fluorescence intensity of molecules be
randomly distributed within the polymer layer on top of th
grating as depicted schematically in Fig. 1. The direction
the exciting laser beam and the direction of the emitted li
are free parameters of the model. First, the response is
culated for one single molecule. Then, the expected fluo
cence intensity is obtained by an appropriate averaging
cedure.

In our experiments, a two-step process has to be con
ered for each molecule. First, the excitation probability fo
given molecule at the positionx with the transition dipole
moment for the excitationr ex must be determined. The ex
6-4
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citing light wave is specified by a fixed wavelengthlex , the
direction of incidence, given by the solid angleVex and its
polarization. Vex is used here as an abbreviation f
(Qex ,Cex). The absorption process is described as the e
tation of an electrical dipole with a fixed oscillation axis b
the incident electrical field. The detailed theory of this mod
can be found in the literature, e.g., Ref. 13. Essentially,
transition probability for the excitation processPex is calcu-
lated by using Fermi’s golden rule@Eq. ~1.5!#. For a fixed
direction of the dipole, the transition matrix element is giv
as

Vmk52r ex•E, ~2.1!

with E being the~time-independent! electrical field. There-
fore, the probability for the excitationPex will have the form

Pex~x,r ex,Vex!}@E~x,Vex!r ex#@E~x,Vex!rex#* , ~2.2!

where the asterisk denotes the complex conjugate. The
ond step that must be modeled theoretically is the emis
process. A complete treatment of the problem would con
of calculating the electrical field of the oscillating dipo
with the appropriate boundary conditions imposed by
grating. From this, the probability that the light is emitte
into a certain solid angle~the detector! could be derived.
Additionally, the photonic energy that is dissipated in t
gold substrate could be tracked. But since no mathema
algorithms are known to solve this problem, this exa
method cannot be used.

For this reason, a simpler approach is chosen to calcu
the probability that the emitter radiates its energy into a c
tain solid angle. It is based on viewing the dye molecule a
the detector as two systems that may exchange energy
photon. The direction of the energy exchange that is of
terest, from the dye molecule to the detector cannot be
rectly calculated. The reverse direction would be an emi
at the detector position transferring its energy to the d
molecule at the grating surface. This problem has alre
been solved in the previous section and is easily adapte
changing the wavelength of the radiation to the emiss
wavelength of the fluorescent molecule. Because the c
pling strength is equal for both directions of the energy tra
fer, the problem is solved. The following equation gives t
relative probabilityPem for a given emitting dipole to radiate
its energy into a certain direction:

Pem~x,r em,Vem!}@E~x,Vem!r em#@E~x,Vem!r em#* ,
~2.3!

where the vectorr em denotes the transition dipole mome
for the emission process andVem the solid angle of detec
tion.

One disadvantage of this approach should be mentio
here. All information about decay channels that are not u
mately transferred into plane light waves is lost, therefore
is impossible to give absolute probabilities that the excitat
energy of the dye molecule will be transformed into a ph
ton, propagating in a certain direction. As long as it can
assumed that the density of alternative decay channels
not vary quickly along the grating surface, this approach
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applicable for the approximate calculation of an emiss
pattern, where only intensities at different emission dire
tions are compared.

The next step consists of taking the average of all m
ecules that are involved. It is assumed that they are rando
distributed within the polymer layer and randomly oriente
The probability that fluorescence light is detected in t
emission directionVem upon irradiation under the excitatio
directionVex will be an average over all molecules. First, th
the different orientations of the molecules are evaluated
the transition dipole moments for excitation and emiss
coincide and the molecules do not rotate between absorp
and emission, the directional average has to be taken ove
combined process as well~‘‘fixed dipole model’’!. In this
case, the directionally averaged probability for the combin
excitation-emission process,Pda is given by

Pda~Vex ,Vem,x!}^Pex~Vex ,x,r !Pem~Vem,x,r !&,
~2.4!

where the brackets denote the averaging and the vectorr is
the ~common! direction of the transition dipole moment. In
serting Eqs.~2.2! and ~2.3! yields

Pda~Vex ,Vem,x!

}uEx
exu2F3

8
uEx

emu21
1

8
uEy

emu21
1

8
uEz

emu2G
1uEy

exu2F1

8
uEx

emu21
3

8
uEy

emu21
1

8
uEz

emu2G
1uEz

exu2F1

8
uEx

emu21
1

8
uEy

emu21
3

8
uEz

emu2G
1

1

2
@ uEx

exEy
exuuEx

emEy
emu

1uEx
exEz

exuuEx
emEz

emu

1uEy
exEz

exuuEy
emEz

emu#. ~2.5!

In this equation, the dependence of the electrical fields
x, Vex , andVem is not explicitly written for readability.

If the transition dipole moment is different for the excit
tion and the emission process, either on the molecular le
or due to rotation of the chromophore, the average over
entations must be taken separately. One model is base
the assumption that there is no correlation between the t
sition dipole moments of excitation and emission proce
Because this model would be valid for quickly and free
rotation dipoles, it is called ‘‘rotating dipole model.’’ In thi
case, the directional averages must be calculated inde
dently, therefore, the emission probability equals

Pda~Vex ,Vem,x!

}(
x

Pda^Pex~Vex ,x,r !& rex̂
Pem~Vem,x,r !& rem

~2.6!
6-5
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With Eqs.~2.2! and ~2.3!, this yields

Pda~Vex ,Vem,x!} 1
4 uE~Vex ,x…u2uE~Vem,x…u2. ~2.7!

Finally, these probabilities are spatially averaged over
possible positions of the dye molecule in order to obtain
fluorescence intensityI for a given direction of excitation
and emission

I ~Vex ,Vem!}
( x Pda~Vex ,Vem,x!

N
, ~2.8!

whereN denotes the number of points where the above eq
tions are evaluated. A numerical modeling routine5 allows for
the determination of the electrical field distributionsE(V,x).
The determination of the set of parameters that is suited
the proper description of the sample under investigation
be described in Sec. IV A.

III. EXPERIMENT

A. Sample preparation

Based on initial calculations, gratings with a pitch
roughly L5750 nm and an amplitude of the first-harmon
component of the surface profile ofA1520230 nm turned
out to be best suited for our investigations. Additionally,
strong blazing of the structure is necessary to get signific
coupling to both branches of coupled surface resonances
cause on symmetric gratings, optical excitation is poss
for one resonance only.23

A photoresist film~Shipley microposit! with a thickness
of 50 nm was deposited by spin-coating on a fused si
substrate. A grating was written holographically24 into the
resist. Subsequently, the grating was transferred into the
strate by reactive ion beam etching with a mixture ofO2 and
CF4. First, the sample was exposed to a normally incid
ion beam for one minute~corresponding to the ablation of 2
nm photoresist and 40 nm fused silica! then, the sample wa
tilted by 75°, resulting in a highly asymmetric etching th
was continued for another eight minutes to ensure comp
removal of the resist. By thermal evaporation in a comm
cial evaporation chamber~Balzers!, the sample was covere
with an optically thick~150 nm! gold film. A thin, thermally
evaporated chromium film between glass and gold was u
for better adhesion between the two materials.

A thin film of poly-~vinyl alcohol! with the chromophore
Cy5, bound to streptavidin~obtained from Amersham Pha
macia!, as a guest-host system was spin coated out of a
ous solution~containing one weight per cent polymer! at
4000 RPM. Cy5 may be excited by light with a waveleng
of lex5632.8 nm and has an emission maximum atlem
5670 nm. For these experiments, the streptavidin molec
is just used as an anchor for the dye, its chemistry is of
importance.

B. Optical setup

The grating is mounted incex590° geometry on the
setup that is sketched in Fig. 7. The beam of a HeNe La
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(l5632.8 nm) is attenuated and fixed to TE-polarization
two polarizers. Right in front of the sample, all frequen
components in the laser beam but the fundamental are
moved with an interference filter~633 nm!. Stray light from
the optical path is minimized with the aid of pinholes.
shutter blocks the laser beam automatically when no data
taken in order to minimize photobleaching of the dye m
ecules as far as possible. All components are mounted o
optical bench.

The incident beam intersects the axis of a goniome
which is normal to the drawing plane. There, the sample
mounted with the grating grooves lying in the plane of in
dence and the goniometer axis lying in the sample surf
(cex590° geometry!. This allows for the variation ofuex ,
the polar angle of the excitation beam.

On the detection axis, the fluorescence intensity gener
on the sample surface is measured as a function of its di
tion: first, a pinhole~diameter 2 mm! determines the solid
angle relative to the sample that is investigated. Its dista
to the sample being 150 mm leads to an angular resolutio
0.76°. An interference filter~670 nm! removes all frequency
components in the light except the one corresponding to
wavelength of the emission maximum of the dye. A pinho
reduces stray light before the light reaches the photomu
plier tube. All these components are mounted together rig
and the entire detection unit is mounted on a second~detec-
tor! goniometer with an axis that coincides with the one
the sample goniometer. The detection unit can be mo
vertically ~normally to the plane of the drawing in Fig. 7! in
order to investigatecem other than 90°. In this case, th
optical axis of the detection system still has to point towa
the sample. The required tilting is established with the aid
a ball joint that links the detection system to an optical ben
that is screwed on the detector goniometer. The direction
emission that is investigated in this case is defined by
angle between the axis of the detection system and the p
of incidence,c t i l t :

c t i l t 5arctanS h

dD ~3.1!

FIG. 7. Schematic experimental setup: The abbreviations s
for shutter~sh!, polarizer~po!, interference filter~IF!, sample~sa!,
and photomultiplier tube~PMT!.
6-6
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FLUORESCENT DYES AS A PROBE FOR THE . . . PHYSICAL REVIEW B64 075406
with the heighth of the first pinhole over the plane of inc
dence and the distanced that is the projection of the detec
tion axis onto the plane of incidence. As a second degre
freedom the detector can be moved on a circle around
sample by the detector goniometer. Its position is determi
by the relative polar angleu rel that is defined as the angl
between the surface normal of the sample and the projec
of the detection axis onto the plane of incidence. It should
mentioned here thatu rel andc t i l t , which can be varied with
the experimental setup, are not equal to the polar angleuem
and the azimuthal anglecem, which are introduced in Fig. 2
and are the basis for the theoretical treatment. By basic tr
nometry it can be shown that

tan~uem!5
$@sin~c t i l t !#

21@sin~u rel!cos~c t i l t !#
2%1/2

cos~c t i l t !cos~u rel!
,

~3.2!

tan~cem190°!5
sin~c t i l t !

sin~u rel!cos~c t i l t !
. ~3.3!

These relations allow a comparison between model ca
lation and experiment. Note that for detection in the plane
incidence (c t i l t 50°), theabove expressions reduce tocem
590°, uem5u rel .

For the optical characterization of the grating, the spe
larly reflected laser light is recorded with a photodiode tha
mounted on the detection axis instead of the components
were used to record the fluorescence. Upon variation of
polar angle of the incident laser beamu in the intensity that is
reflected from the grating is recorded. These data are nor
ized to the intensity of the incident beam that is measured
removing the sample and adjusting the detector to collec
the transmitted light.

During the measurement there was some bleaching of
dye. For the series of measurements where different til
anglesc t i l t were investigated~compare Sec. IV D!, this ef-
fect was too pronounced to be neglected. During one sin
measurement,~variation ofuex) the observed decrease in in
tensity was less than 10% as determined by reference m
surements before and after. The data were corrected for
effect assuming a linear decrease in intensity with time. S
sequent measurements were normalized using the appr
ate reference signal.

It is a problem that this correction routine does not a
count for the fact that the bleaching rate of the molecule
strongly site dependent as will be explored in Sec. IV E. F
that reason, care must be taken that the bleaching is no
strong in order to obtain useable data.

IV. RESULTS

A. Sample characterization with reflectivity measurements

The basis of the calculations of the local fields that
experienced by the fluorescing molecules is a set of par
eters which describes the optical response of the grating
shape of the grating, the dielectric constant of the gold
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well as the thickness and the refractive index of the polym
film. Reflectivity measurements are best suited to obt
these parameters.25,26

Here, measurements of theu-dependent reflectivity in the
c590°-geometry, both of the bare gold surface and
multilayer system with polymer film allow for the determ
nation of the grating profile and dielectric constants by
least squares fit to the data.

Their values are given in the figure caption of Fig.
which shows calculated and experimental data as obta
with the dielectric film.

For the model calculations at a wavelength ofl
5670 nm, the dielectric constant of the gold was extrap
lated from the value that was found forl5632.8 nm ac-
cording to a linear extrapolation procedure that was d
cussed elsewhere@Kre99#. An e(l5670 nm)5213.84
1 i1.053 was used.

B. Fluorescence emission in the plane of incidence

The fluorescence light was measured as a function ofu rel
for the angles of incidenceuex544.8° anduex551°, with
cex590° andc t i l t 50°. This is the same excitation geomet
as used for the reflectivity scan in Fig. 8. From there, it c
be seen that the two excitation anglesuex were chosen right
in the two reflectivity minima, assuring an effective excit
tion of the two coupled resonances~GLRP, GSRP!.

The emitted intensity as a function of the emission an
uem is shown in Fig. 9. Two clear maxima are observed
u rel537.5° and u rel543.5°. The positions where th
minima are observed in a reflection experiment with the c
responding wavelengthlem5670 nm ~compare the mode
calculation in Fig. 4! coincide well with the positions of
these emission peaks. Therefore, they can be attributed t
enhanced emission that is mediated by the two coupled r
nances atlem5670 nm.

An important observation is made regarding the relat
between the maximum values of the two peaks for the t

FIG. 8. Reflectivity inc590° geometry with the incident ligh
(l5632.8 nm) being TE-polarized. The straight line is a mod
calculation based on the parameter set:L5770.35 nm, A1
525.6 nm, A257.62 nm,f2525.6°, A353 nm, f3563°, eAu

5211.21 i1.17, polymer layer with thickness 19.1 nm and diele
tric constante52.25. The grating shape as determined from the
is shown in the inset.
6-7
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KREITER, NEUMANN, MITTLER, KNOLL, AND SAMBLES PHYSICAL REVIEW B 64 075406
excitation angles. Excitation of the GLRP~at l
5632.8 nm) leads to an enhanced fluorescence emis
mediated by the GLRP (u rel537.5° at l5670 nm). The
same holds for the GSRP. The transfer from excitation
fluorescence energy is more effective between coupled r
nances of equal type than between different types. This e
can be explained with the concept of the site-depend
variation of the excitation and emission probability as it w
introduced in Sec. I D. In order to quantify this effect, th
‘‘Correlation number’’C is defined as

C5
I GLRP

GLRP/I GSRP
GLRP

I GLRP
GSRP/I GSRP

GSRP. ~4.1!

I denotes the maximum intensity of the peak as it is re
from the plot and the superscript/subscript indicate whet

FIG. 9. Fluorescence intensity atlem5670 nm as a function of
the emission angleuem (5u rel) at cem590° for two different ex-
citation angles uex . The excitation wavelength equalslex

5632.8 nm. When the specular reflection of the incoming be
coincides with the detection axis, there is some undesired stray
reaching the detector. These data points are drawn as crosse
should not be considered for the analysis.
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the excitation/emission angle corresponds to the GLRP
GSRP coupled resonance. In the present case~Fig. 9! a cor-
relation number ofC52.12 is found.

Some remarks must be made about the experimenta
rors. The final angular resolution of the detector leads t
smearing both in the direction ofu rel ~which will broaden
the narrower peak at 37°) and inc t i l t , which will lead to a
generally diminished effect as will be shown in the next s
tion. The finite wavelength resolution of the detector ha
similar effect. For these reasons, it can be assumed tha
real correlation number is higher than the one that was
termined from the experimental data.

Outside the resonance region, a significantly higher sig
in the measurement than in the calculation is observed~com-
pare the following section!. This effect may be due to sca
tering effects by some roughness on the grating surface.
background will again lead to a reduction of the correlati
number as found from the measurement. One may ten
eliminate this background by subtracting a constant num
from the data, but this does not give satisfying results in
region aroundu rel550°.

It is not meaningful to attempt to quantify all these e
fects, especially the error that is induced by scatteri
Therefore, no error is assigned to the measured correlatio
should be kept in mind, though, that the measured correla
is too low.

C. Detection in the plane of incidence: model calculations

Calculations based on the two models introduced in S
II, assuming quickly rotating dipoles and fixed dipoles we
performed. The calculated fluorescence intensities for b
models are compared to the measured data in Fig. 10
scaling factor was applied to the calculated data to ob
best correspondence to the measurement. Note that a sc
factor does not change the correlation as defined in Eq.~ 4.1!

Calculations based on both models predict a signific
correlation. The correlation number that is found for the
tating dipoles is 1.79, smaller than in the measurementC

ht
and
a

g

FIG. 10. The measured dat
for ~a! uex544.8° ~excitation with
the GLRP! and for ~b! uex551°
~excitation with the GSRP! to-
gether with model calculations
based on the model of fast rotatin
dipoles~narrow line! and fixed di-
poles~broad line!.
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FIG. 11. Fluorescence inten
sity at ~a! c t i l t 51.6° and at~b!
c t i l t 55.5° for the two different
angles of incidence correspondin
to the excitation of the GLRP and
the GSRP.
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52.12). The fixed dipoles on the other hand predict a co
lation number of 2.93, which is too high. Since the two a
eraging procedures can be regarded as extreme cases
not surprising that neither is able to give a perfect descrip
of the measured data. Furthermore, the roughness of
sample induces some uncertainties in the grating profile a
determined from reflectivity measurements. Therefore,
intensity distributions as determined from the model calcu
tions will have some uncertainties, too.

In conclusion, both averaging procedures predict a co
lation that is of the same order of magnitude as the
observed experimentally. Due to the errors in the meas
ment and in the modeling, a quantitative evaluation is
possible. Still, the approximate agreement between exp
ment and theory gives a good insight into the underly
physics.

D. Emission outside the plane of incidence

Some more fluorescence data were recorded with the
tector being positioned outside the plane of incidence (c t i l t
Þ0°, therefore,cemÞ90°). These experiments track th
resonance features involved in the outcoupling proces
their evolution from coupled resonances~at c t i l t Þ0°) to free
surface plasmons for higherc t i l t ~compare Figs. 4 and 5!. It
is expected that the correlation number for an outcoup
process that is mediated by free-surface plasmons will
proach one~no correlation! due to the fact that there is n
field localization. Figure 11 shows data measured with
detector positioned outside the plane of incidence byc t i l t
51.6° andc t i l t 55.5°.

The distance between the two peaks increases with
creasingc t i l t as it is expected from Fig. 4. While for sma
tilt angles (c t i l t 51.6°) these resonances in the transition
gime from coupled to free-surface plasmons, the ones
higher tilt angles (c t i l t 55.5°) are sufficiently away from the
photonic band gap and can therefore be regarded as
surface plasmons.
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For the emission recorded close to the plane of incide
(c t i l t 51.6°), it can still be observed that the excitation
the chromophores via the GLRP leads to a more pronoun
emission mediated by the GLRP while the excitation of t
GSRP leads to an emission pattern for which the GSRP a
intermediate step is dominant. The correlation number as
fined in Eq.~4.1! is 1.96, less than the 2.12 that were fou
in the measurement in the plane of incidence.

For c t i l t 55.5°, no difference in shape between the em
sion spectra upon excitation of the GLRP compared to
excitation of the GSRP can be seen. The correlation num
is determined as 1.024 which is equal to 1 within the err

This allows for the interpretation that only emission m
diated by coupled resonances shows a site-selective emis
in contrast to the process involving free-surface plasmon

The correlation numbers that were obtained from seve
out-of-plane measurements, including the two that were
presented, are shown in Fig. 12. For comparison, correla
numbers that were obtained by calculations based on the
models are shown.

FIG. 12. Correlation numbers as a function ofc t i l t . Measured
data are compared to model calculations.
6-9
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KREITER, NEUMANN, MITTLER, KNOLL, AND SAMBLES PHYSICAL REVIEW B 64 075406
The measured correlation number shows a maxim
when the detector is in the plane of incidence and decre
quickly when the detector is tilted out of the plane of inc
dence. Atc t i l t 57.35°, the measured correlation number h
reached one within the error of the measurement indica
freely propagating surface plasmons.

The model calculations assuming quickly rotating m
ecules~thin black line! yield significantly lower values than
the ones measured in the plane of incidence, but a mea
able correlation for strongly tilted detector axis is predict
that is not found in the measurement.

The modeled correlation numbers assuming fixed dip
moments~thick line! is higher than the measured data.
seems to decay more rapidly in the vicinity ofc t i l t 50° than
in the measurement and there is a finite correlation predi
for c t i l t 57.35° that is not found experimentally.

In conclusion, none of the averaging procedures is app
priate for a quantitative interpretation of the data. Nevert
less, both describe the reduced correlation upon trans
from coupled resonances to freely propagating surface p
mons and predict the range ofc t i l t where a significant cor-
relation is observed approximately right. So, although so
refinements seem to be necessary, the physical processe
derlying the results of the measured fluorescence light th
coupled out with either a coupled resonance or a fre
propagating surface plasmon as an intermediate step,
well reproduced by the presented theory.

E. Selective bleaching

In the previous section, there was considerable effort
in the elimination of bleaching effects. Nevertheless,
bleaching of chromophores in the localized fields of elect
magnetic surface waves is another way to study the loca
tion of the electrical fields of these resonances.

The photonic energy that is absorbed by a dye molec
may cause a photochemical reaction that transforms the
into some nonfluorescent molecule. As a consequence
fluorescence of a given sample will decrease with time un
illumination. Obviously, when the chromophores are expo
to a spatially modulated electrical field pattern as it is g
erated by coupled surface resonances, the bleaching
mainly occur to the chromophores that are exposed to h
field intensities. This will lead to a modulated chromopho
density across the grating with the same modulation pe
as the electrical field, 385 nm in the present case.

The existence of such a modulation can be proven
following the fluorescence intensity as a function of exci
tion and emission angle with time. Because the bleachin
relatively fast, only the two excitation angles~GLRP: uex
544.8°, GSRP:uex551°) and two emission angles~GLRP:
uem537.5°, GSRP:uem543.5°) are chosen that assu
maximum coupling of~incident or emitted! light to the
coupled surface resonances. These four intensities are
sured while the sample is illuminated continuously unde
fixed angleubleach. Whenubleach is chosen to coincide with
the maximum excitation of one resonance, the correspon
emission can be measuredin situ during the bleaching pro
cess. The measurement of the emission excited by the o
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resonance requires a short interruption of the bleaching
cess as well as illumination at a ‘‘wrong’’ excitation angl
resulting in an unwanted destruction of dye molecul
Bleaching intervals of five minutes were chosen with d
acquisition times of ten seconds per point to minimize
effect of bleaching at the wrong angle. Figure 13 shows
four peak intensities for bleaching underubleach544.8° ~ex-
citation of the GLRP! with lex5632.8 nm. It is clearly seen
that the decay ofI GLRP

GLRP is the fastest, followed byI GSRP
GLRP and

I GLRP
GSRP, which are approximately equal.I GSRP

GSRP exhibits the
slowest decay.I denotes the fluorescence intensity, the sup
script the excitation, and the subscript the emission direct

This behavior can be explained qualitatively if one an
lyzes the molecules involved in the various fluorescence p
cesses:

~1! I GLRP
GLRP mainly involves the molecules in the intensi

maxima of the GLRP.
~2! I GSRP

GSRP mainly involves the molecules in the intensi
maxima of the GSRP.

~3! I GSRP
GLRP and I GLRP

GSRP mainly involves the molecules tha
sense significant field strength of both coupled resonan
this is right in the slopes of the intensity distribution
in Fig. 6.

Because the bleaching rate is proportional to the lo
electric-field strength, the different bleaching rates that
observed in Fig. 13 can be understood based on the ass
tion that the chromophores placed in the intensity maxima
the GLRP will be most effectively bleached. Indeed, t
bleaching beam writes a modulation in chromophore den
and this effect can be tracked by observation of the fluor
cence intensities at the experimental geometries spec
above.

V. CONCLUSION AND OUTLOOK

It has been demonstrated experimentally that the local
tion of the near field of coupled surface resonances on

FIG. 13. Evolution of the intensitiesI GLRP
GLRP, I GSRP

GLRP, I GLRP
GSRP,

I GSRP
GSRP, during illumination in the GLRP. The curves were norma

ized to a starting value of 100 to allow better comparison.
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FLUORESCENT DYES AS A PROBE FOR THE . . . PHYSICAL REVIEW B64 075406
tallic gratings leads to spatially inhomogenous excitation a
emission properties of dye molecules near the surface. A
oretical model allows for a qualitative description of the
effects, but due to errors both in the model and in the m
surement, a full quantitative description is not possible. O
coupling mediated by free-surface plasmons does not s
spatial selectivity. These results are an experimental verifi
tion of the theoretically predicted localization of the elect
cal field of coupled surface resonances as opposed to no
surface plasmons.

Additionally, the spatially inhomogenous bleaching ra
resulting from the localization of the coupled resonances
m

K
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demonstrated experimentally.
In conclusion, an experimental verification of the theore

cally predicted form of the electromagnetic fields of coupl
surface resonances is given. This allows for a well-defin
manipulation of chromophores on metal surfaces.

It would be very interesting to undertake similar measu
ments with freely rotating chromophores as opposed to fi
ones and check if the theoretically expected reduction of
correlation upon enhanced mobility can be observed. T
search for spatial inhomogenities of lifetimes and spec
properties due to coupled surface waves would be ano
interesting topic.
.
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