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Molecular fluorescence at a rough surface: The orientation effects

W. L. Blacke and P. T. Leung*
Department of Physics and Environmental Science and Resources Program,

Portland State University, P.O. Box 751, Portland, Oregon 97207-0751
~Received 24 April 1997!

The problem of the dynamical interaction between an emitting dipole and a metallic grating surface is
considered with particular interest in the effects due to different orientations of the dipole with respect to the
substrate surface. Our previous perturbative theory is extended to treat both parallel and perpendicular dipoles
and the results are applied to the study of modified fluorescence characteristics for admolecules in the vicinity
of a rough metal surface modeled as a grating. Numerical results show that some of the characteristics are very
sensitive to the molecular orientation and the one along the grating direction is manifested with some unique
behavior. The possibility of lengthening molecular lifetimes at a patterned surface is indicated via the manipu-
lation of the surface roughness as well as the orientations of the molecules. In addition, the limitation of the
usual step in averaging the theoretical results in the comparison with experimental measured values is pointed
out. @S0163-1829~97!08843-7#
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I. INTRODUCTION

There has been considerable interest in the study of fl
rescence of molecules~e.g., dyes! in the vicinity of a metal
surface since the early 1970s.1–3 Experimental measuremen
of various fluorescence characteristics~e.g., lifetimes! were
achieved for both the far-distance~with molecule-surface
distanced*10 nm!1,2 and the close-distance (d&10 nm)
regimes.4 Theoretically, there have been both classical a
quantum-mechanical approaches in the calculation of th
modified characteristics.5 Among the many theories, one o
the most efficient approaches was the classical phenom
logical model accomplished mainly by Chance, Prock, a
Silbey3 ~CPS! which has accounted successfully for many
the ‘‘far-distance’’ experimental results. In the CPS theo
the fluorescing molecule is modeled as an emitting po
dipole with its emission characteristics modified by the fie
(Er) reflected from the substrate surface. The full electro
namics are then solved with the application of the Somm
feld theory.6 The frequency shifts and modified decay ra
~normalized to the free molecule value! can then be obtained
as follows:

Dv

g0
5

23q

4mk3 ReEr , ~1!

g

g0
511

3q

2mk3 ImEr , ~2!

wherem is the dipole moment,q the intrinsic quantum yield,
and k the emission wave number of the admolecule. N
that, strictly speaking, the CPS theory is limited to the s
face of perfect flatness, which can be a reasonable idea
tion in actual experiments for molecules at large distan
from a well-prepared surface. It was the observation in
1980s of deviations from the CPS theory at close molec
surface distances4 that led to a series of studies on the co
rections to the CPS theory due to surface roughness.7–11 In
particular, both the static~image!7,8 and the more exac
560163-1829/97/56~19!/12625~7!/$10.00
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dynamic9–11 theories have been considered for both rando7

and periodic8–11 roughness in the literature. For perpendic
larly oriented molecular dipoles, the previous works ha
indicated that surface roughness can either enhance or
press the effects from a flat surface, and can lead to e
morphology-induced resonances in the decay rate spec
of the admolecules.

It is the purpose of the present work to enlarge the pre
ous dynamical theory9 for the interaction of an emitting di-
pole with a rough surface~modeled as a grating! allowing
the dipole to have an arbitrary orientation with respect to
rough surface. The results will be applied to study the effe
on the modified fluorescence characteristics due to the
ferent orientations of the admolecules. Our paper is or
nized as follows. We start in Sec. II with a brief summa
and further clarification of our previous perturbative meth
in calculating the reflected fieldEr from a rough boundary.
We then present in Sec. III our results for the various flu
rescence characteristics for both the perpendicular and p
lel dipoles and shall compare them with those from the st
theory. Numerical illustrations for a silver grating substra
will be shown in Sec. IV and conclusion in Sec. V. Amon
other implications from our results, we shall see that
usual step in ‘‘averaging the molecular orientations’’ for
randomly oriented ensemble of admolecules must be han
with care in the case of patterned substrate surfaces.

II. A DYNAMICAL PERTURBATION THEORY

The problem we are going to model in this section
volves the dynamical interaction between an oscillating po
dipole ~in vacuum! with a semi-infinite substrate grating su
face as depicted in Fig. 1. For the case with a dipole mom
~m! perpendicular~alongz! to the substrate surface, the pro
lem has been solved previously in a perturbative approac
both a dynamic9 and a simpler static8 approach via the ap
plication of the image theory~IT!. For the case of an arbi
trarily oriented dipole, only IT has been carried out in t
previous investigations by deriving results for the two ca
12 625 © 1997 The American Physical Society
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12 626 56W. L. BLACKE AND P. T. LEUNG
with parallel oriented dipoles~alongx and y, respectively!.
It is well established that IT is accurate only when~1! the
molecular dipole is located at a distance (d) much smaller
than its emission wavelength,~2! the substrate conductivity
is not too high so thatd&d, the skin depth of the meta
substrate, and~3! the emission frequency is not close to t
morphology-induced resonance frequency for resonant ra
tive energy transfer to take place.12 Hence, to obtain a mode
that can study the orientation effects more accurately, i
our purpose here to generalize our previous dynam
theory9 to cases with molecular orientations parallel to t
plane of the substrate surface. As is clear from Eqs.~1! and
~2!, the main quantity we have to calculate in order to det
mine the modified emission characteristics for the adm
ecules is the reflected field from the rough substrate sur
acting at the dipole site. To solve the electrodynamic~Max-
well! equations in a perturbative approach with the rou
ness as perturbation parameters, we have previously9 fol-
lowed the original Green-function formulation of Maradud
and Mills13 ~MM ! with modifications from the work of
Agarwal.14 In the following, we shall first recapitulate an
clarify some of the essence in the MM theory as applied
our dipole-substrate problem before we present the comp
set of expressions for the fluorescence characteristics in
next section. We shall limit ourselves to first-order perturb
tion and hence the degree of roughness is assumed t
small throughout the present work.

By implementing a Born-type approximation schem
MM were able to obtain themth component of the reflecte
field due to roughness to the first order in the roughn
amplitude in the following form:

Em
rR52

k2

16p3 ~«21!E d2kieiki•r iẑ~ki2ki
~0!!

3E dz8dmn~ki ,vuzz8!d~z8!En
~0!~ki

~0! ,vuz8!, ~3!

where ki5(kx ,ky,0), r i5(x,y,0), and ẑ is the two-
dimensional~2D! Fourier transform of the surface profil

FIG. 1. The geometry of the dipole-substrate system. The dip
orientations and distance are shown, along with the dielectric c
stants and roughness parameters of the substrate.
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function. E(0)5Ein1ErF is the total field
(incident1reflected) in the case of flat surface anddmn is
the Green dyadic function as given in the original M
paper.13 Strictly speaking, Eq.~3! is valid only for the case
of a plane incident wave with aconstantki

(0) vector, so that

E(0)~ki
(0) ,vuz8)5eiki

(0)
•rE(0)(vuz8). For a dipole emission as

the incident source, a full 2D Fourier transform has to
applied forE(0) to sum over all possibleki

(0) and Eq.~3! has
to take the following form:

Em
rR52

k2

16p3 ~«21!E d2ki
~0!E d2kieiki•r iẑ~ki2ki

~0!!

3E dz8dmn~ki ,vuzz8!d~z8!Ẽn
~0!~ki

~0! ,vuz8!. ~4!

However, since we shall work only in the limit of sha
low roughness, we shall further assume that only incid
waves with ki

(0)'0 will be reflected to the dipole site
Hence, we shall approximateEn

(0) in Eq. ~4! in the form
Ẽn

(0)(ki
(0) ,vuz8)5En

(0)(vuz8)d(ki
(0)) and by having the di-

pole located atr5(0,0,d), we finally obtain the roughnes
contribution to the ‘‘parallel components’’ of the reflecte
field for a point on thez-axis given by

Ex
rR~z,v!52

k2

16p3 @«~v!21#E d2kiẑ~ki!

3E dz8@dxxEx
~0!1dxyEy

~0!1dxzEz
~0!#d~z8!,

~5!

Ey
rR~z,v!52

k2

16p3 @«~v!21#E d2kiẑ~ki!

3E dz8@dyxEx
~0!1dyyEy

~0!1dyzEz
~0!#d~z8!.

~6!

Next we have to calculate the componentsEi
(0) from the CPS

theory for flat surfaces.3 Since our interest is only to evaluat
expressions~5! and~6! on thez axis with (x,y)5(0,0), it is
not difficult to verify from the original CPS theory~which
applies the Sommerfeld solutions in terms of the Hertz v
tors! that for anx-oriented dipole, onlyEx

(0) survives in Eq.
~5! and for any-oriented dipole, onlyEy

(0) contributes in Eq.
~6!. Hence,Ei

rR in Eqs.~5! and ~6! evaluated at (0,0,z) will
take the following simple forms:

Ex
rR~z,v!52

k2

16p3 @«~v!21#E d2kiẑ~ki!

3E dz8dxxEx
~0!~z8!d~z8!, ~7!

Ey
rR~z,v!52

k2

16p3 @«~v!21#E d2kiẑ~ki!

3E dz8dyyEy
~0!~z8!d~z8!, ~8!
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56 12 627MOLECULAR FLUORESCENCE AT A ROUGH SURFACE: . . .
with Ei
(0)5Ei

in1Ei
rF and can be expressed in terms of t

‘‘Sommerfeld integrals’’ as given in the CPS paper:3

Ei
in~z8,v!5êimk3E

0

`

du
u3

l 1
ekl1~z82d!, ~9!

Ei
rF~z8,v!5êi

mk3

2 E
0

`

du
u

l 1
@~12u2!Ri1R'#e2kl1~z81d!.

~10!

Note that in the case of flat surface, there isno distinction
between thex-dipole case and they-dipole case.Ri5( l 2
2« l 1)/( l 21« l 1) and R'5( l 12 l 2)/( l 11 l 2) are the Fresne
coefficients withl 152 iA12u2 and l 252 iA«2u2. Hence
the integrals*dz8 in Eqs. ~7! and ~8! can be evaluated to
yield

E dz8dxxEx
~0!~z8!d~z8!

5
mk3

2
dxx~ki ,vuz,0!

3E
0

`

du
u

l 1
@2u21~12u2!

3Ri1R'#e2kl1d, ~11!

E dz8dyyEy
~0!~z8!d~z8!

5
mk3

2
dyy~ki ,vuz,0!

3E
0

`

du
u

l 1
@2u21~12u2!

3Ri1R'#e2kl1d. ~12!

Note that since both the dyadics and the componentsEx
(0)

andEy
(0) are continuous across the surfacez50, there is no

ambiguity in carrying out the integral*dz8d(z8) to arrive at
Eqs.~11! and ~12!. In comparison, for the case of a perpe
dicular dipole, such an integral must be handled with c
sinceEz

(0) is not continuous at the boundary.9,14 To proceed
further with the calculation, we need the expressions for
Green dyadics from the MM paper which can be obtained
follows:13

dxx~ki ,vuz,z850!5
4p i

k2ki
2 eik2zS k2ky

2

k12k2
2

k1k2kx
2

k12«k2
D ,

~13!

dyy~ki ,vuz,z850!5
4p i

k2ki
2 eik2zS k2kx

2

k12k2
2

k1k2ky
2

k12«k2
D ,

~14!

wherek1 andk2 are defined as
e

e
s

k152~«k22ki
2!1/2,

k25H ~k22ki
2!1/2,

i ~ki
22k2!1/2,

k2.ki
2

k2,ki
2.

~15!

Furthermore, for a sinusoidal grating surface profile with

ẑ~ki!5~2p!2z0d~Q2ki!, Q5Qêx , ~16!

the integrals*d2ki in Eqs.~5! and~6! can be evaluated@with
the results in Eqs.~11!–~14!# to give

E d2kiẑ~ki!dxx~ki ,vuz!52 i
16p3z0

k2

k1k2

k12«k2
eik2z,

~17!

E d2kiẑ~ki!dyy~ki ,vuz!5 i
16p3z0

k12k2
eik2z. ~18!

Substituting Eqs.~11!, ~12!, ~17!, and~18! into Eqs.~7! and
~8!, we finally obtain the first-order roughness contribution
the reflected field at the dipole site (z5d) in the following
form:

Ex
rR5

imk3

2
~«21!z0

k1k2

k12«k2
eik2d

3E
0

`

du
u

l 1
@2u21~12u2!Ri1R'#e2kl1d, ~19!

Ey
rR52

imk5

2
~«21!z0

1

k12k2
eik2d

3E
0

`

du
u

l 1
@2u21~12u2!Ri1R'#e2kl1d. ~20!

III. MOLECULAR FLUORESCENCE CHARACTERISTICS

From the results in the above section, we can hence ob
the modified emission frequency and the decay rate fr
Eqs.~1! and ~2! in the following form:

Dv

g0
52

3q

4k3 ReGi , ~21!

g

g0
511

3q

2k3 ImGi , ~22!

whereGi5Ei
r /m is the reflected field acted on the dipole p

unit dipole moment of the admolecule with the subscripi
indicating the orientation of the dipole with respect to t
surface. To be complete and self-contained, we give be
the full set of solutions forGi to first-order roughness for a
grating surface obtained in both the dynamic and the
proximated static image theories. Thus let us write

Gi5Gi
F1Gi

R , ~23!

whereGi
F is given by the CPS theory in the dynamical a

proach as follows. For a parallel dipole (for both x and y),
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12 628 56W. L. BLACKE AND P. T. LEUNG
Gx,y
F 5

k3

2 E
0

`

du
u

l 1
@~12u2!Ri1R'#e22kl1d, ~24!

for a perpendicular dipole(z),

Gz
F52k3E

0

`

du
u3

l 1
Rie22kl1d ~25!

Gi
R is then obtained from the results in Eqs.~19! and ~20!

together with previous results9 as follows:

Gx
R5

ik3

2
~«21!z0

k1k2

k12«k2
eik2d

3E
0

`

du
u

l 1
@2u21~12u2!Ri1R'#e2kl1d, ~26!

Gy
R52

ik5

2
~«21!z0

1

k12k2
eik2d

3E
0

`

du
u

l 1
@2u21~12u2!Ri1R'#e2kl1d, ~27!

Gz
R52 ik3~«21!z0

Q2

k12«k2
eik2dE

0

`

du
u3

l 1
~12Ri!e2kl1d,

~28!

wherek1 andk2 in Eqs.~26!–~28! are defined as

k152~«k22Q2!1/2, ~29!

k25 H ~k22Q2!1/2,
i ~Q22k2!1/2,

k2.Q2

k2,Q2.

In the long-wavelength limit, one can also apply the sta
image theory to obtain the following results:8

Gx5Gx
F1Gx

R5
~«21!

~«11! S 1

8d3D1
4z

p

«21

~«11!2

3E
0

`

duE
0

`

dv
u22

Q2

4

f g
~« f g1h!expi @2~ f 1g!d#,

~30!

Gy5Gy
F1Gy

R5
~«21!

~«11! S 1

8d3D1
4z

p

«21

~«11!2

3E
0

`

duE
0

`

dv
v2

f g
~« f g1h!exp@2~ f 1g!d#,

~31!

Gz5Gz
F1Gz

R5
«21

«11 S 1

4d2D1
4z

p

«21

~«11!2

3E
0

`

duE
0

`

dv~« f g1h!exp@2~ f 1g!d#, ~32!

where f ,g,h are functions ofu,v, given by
c

f ~u,v !5@~u1Q/2!21v2#1/2,

g~u,v !5@~u2Q/2!21v2#1/2,

h~u,v !5u21v22Q2/4.

Another limiting case of interest is the perfect reflecti
~conducting! limit in which both the Fresnel coefficientsRi

andR' are set to21.3 For flat substrate surfaces, this ca
was considered in the original works by CPS and others
both the parallel and perpendicular dipoles. It is theref
tempting for us to study the same limiting case for rou
surfaces following the above formulation as was done for
case of perpendicular dipoles in one of our previous work11

However, on a careful reexamination, we find that this
illegitimate in the present approach since we believe that
original MM perturbation theory13 to lowest order is valid
only for the case when the roughness amplitudez is much
less than the skin depth of the substrate metal. This can
seen from the original expansion of the dielectric functi
«(z,v) in terms ofz in the MM paper@Eq. ~2.3! of Ref. 13#
in which the expansion will lose meaning for a perfect co
ducting substrate with Re(«)→2`. Thus, for a perfect con-
ductor with a zero skin depth, the perfect reflecting lim
cannot be taken in our present perturbation theory for ro
surfaces as was mistakenly done in our previous work.15 So
it seems that for the perfect reflecting limit, which is a re
tively simple case with a flat substrate surface, the molec
fluorescence properties must be studied nonperturbative
the case with a rough surface.16

IV. RESULTS AND DISCUSSION

We have applied the above theory of interaction betwe
an emitting dipole and a periodic conducting surface to co
pute the fluorescence characteristics of molecules at a gra
surface: thex orientation being that in which the dipole i
oriented along the direction of the grating, they orientation
with the dipole situated parallel to the grooves, and thez
orientation with the dipole perpendicular to the substra
Figure 1 shows the geometry of the system. Listed are
dipole-substrate distanced, the roughness parametersz0
~amplitude! and Q ~period!, and the dielectric constants o
the substrate,«~v!, with the dipole located in a vacuum. A
the computations were carried out in the limit of shallo
roughness withQz050.02 and the substrate taken as silv
whose optical properties can be obtained from
literature.17 Figure 2 shows the comparison of the static a
dynamic theories by plotting the imaginary part of the roug
ness contribution, ImGR, against the distanced for the three
dipole orientations. It can be seen that for they andz orien-
tations, the two theories compare well at close distanc
while at greater distances, the static~image! theory is con-
sistently below that of the dynamical theory. This observ
tion is in agreement with previous work for flat surfaces18

and vertical dipoles at grating surfaces.9 However, thex ori-
entation differs from the other two in that the dynamic theo
gives negative values for ImGR at close distances. The dis
played graphic was offset by a constant so it could be sho
on a logarithmic plot. We believe the dramatic difference
the x orientation has its origin from the radiative transf
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56 12 629MOLECULAR FLUORESCENCE AT A ROUGH SURFACE: . . .
between the molecule and the surface which can only
accounted for in a dynamic theory.12 It is well known that the
distance dependence of the decay rates for the case o
surfaces is highly sensitive to the molecular orientation, d
mainly to the predominance of radiative transfer at relativ
far distances for the perpendicular dipoles but much less
the parallel dipoles.3 In the presence of roughness, this iss
is further complicated by the fact that nonradiative trans
can be transformed back to a radiative one due to the re
pling of evanescent surface modes to radiative modes.
recoupling mechanism is particularly significant for thex
dipole being oriented along the direction of the grating wa
vector.

Figure 3 shows the results obtained for the decay rate
rough surface, normalized to the flat surface values, a
function of distance. The curves have varying emitting f
quencies and they all tend to unity at far distances as
pected. At closer distances (d&25 nm), the results are sen
sitive to both the dipole orientation and the emissi
frequency. The most interesting observation from these
that the presence of roughness can both enhanceor suppress
the flat surface decay rates for admolecules, in agreem
with previous remarks8,9,12 and is somewhat unexpecte
from other investigations.7 Specifically, we note that within
this frequency range, the grating roughness tends to decr
the flat surface decay values for thex-oriented dipoles while
enhancing those for they- andz-oriented dipoles. In genera
both enhancement and diminution can occur for all thex, y,
andz dipoles at different emission frequencies.

Having studied the effect of the roughness with respec
a flat surface, we shall for the rest of our calculation sim
normalize the emission characteristics in the presence o
grating with respect to those for a free molecule. Figure

FIG. 2. Comparison between the static and dynamic theorie
plotting ImGR in Eqs. ~26!–~28! and in Eqs.~30!–~32! as a func-
tion of the dipole-substrate distance. The labelsx, y, andz indicate
the three orientations of the molecule.
e

flat
e
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or
e
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is

e
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-
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is

nt

ase
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he
4

shows the total~‘‘flat 1rough’’! decay rate normalized to tha
of a free molecule. We notice that while the perpendicu
(z) dipole always has its surface-induced decay rate gre
than that of a free molecule, the parallel~x and y! dipoles

y

FIG. 3. Ratio of the decay rate at rough surface to that at
surface as a function of distance, plotted for three different emiss
frequencies.

FIG. 4. Similar to Fig. 3, except the surface-induced decay r
is normalized to the free molecule value, rather than to the
surface value. The case for a flat surface and that for a grating
Q50.02 nm21 are shown for the emission frequency at 2.5 eV.
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12 630 56W. L. BLACKE AND P. T. LEUNG
can have the induced rates less than the free molecule ra
relatively far distances. This is well known with flat surfac
and is due again to the aforementioned relatively small
diative transfer for parallel dipoles at far distances as a re
of the ‘‘destructive interference effect’’ between the radi
ing dipole and its image.3 However, in the presence o
roughness, thex dipole has its decay rate less than the fl
surface values since the roughness contribution is nega
~see Fig. 2! while they dipole behaves just the opposite. Th
leads to the result that the total decay rate for thex dipole at
a grating surface can becomesmaller than the free molecule
rate atcloserdistances~reduced from about 20 nm to 10 nm!
from the surface. The result will be somewhat dramatic if
drop below the free molecule rate can occur at even clo
distances~say, d&5 nm! within which the presence of th
surface is traditionally thought to certainly increase t
damping of the molecule due to nonradiative transfer.
though we cannot demonstrate this from our present pe
bative calculation, our result surely leaves open the poss
ity that the presence of roughness can be exploited
lengthen the lifetimes of the admolecules~even beyond its
free molecule value! by manipulating the orientations of th
molecules. This possibility will have significant implication
to performing photochemistry at rough metallic surfaces.12

Figure 5 shows the same total decay rate as a functio
emission frequencies. It should be pointed out that there
ists two ‘‘resonance structures’’ in our perturbative forma
ism as can be seen from Eqs.~26!–~28!. One structure de-
pends on the presence of the roughness~the morphology- or
Q-dependent resonance! as can be seen from the term
;1/(k12«k2) or ;1/(k12k2). The other is just like the fla
surface case through the factorsR' and Ri which imply a
surface plasmon resonance at about 3.7 eV for a silver
strate. These two structures interplay with each other i

FIG. 5. Normalized decay rate spectrum for a grating surf
with Q50.02 nm21 as a function of emission frequency at thr
different molecule-surface distances.
at

-
lt

-

t
ve

e
er

-
r-
il-
to

of
x-

b-
a

complicated manner depending on the value ofQ, the dis-
tance, as well as the molecular orientation. As a result, a k
of ‘‘shoulder peak’’ is manifested in some of these plots10

We believe that the negative results for thex dipoles at close
distances are unacceptable and reflect once again the lim
tion of the present perturbative approach.

The remaining two graphs show the result for frequen
shift calculations for different molecular orientations. Asid
from the general surface-induced redshifts appreciable
close distances and low emission frequencies as obse
before,11 we also notice the following interesting feature
Figure 6 shows the shifts as a function of distance for th
different emitting frequencies. We notice that while thex
dipole has in general smaller redshifts in its frequency, i
also more sensitive to the change of emitting frequency
compared to the cases with they andz dipoles. Furthermore
it is interesting to note that the surface effects on the em
sion frequency drop down much more rapidly than as in
case for the decay rates as the molecule is located far
away from the surface. Figure 7 shows the result as a fu
tion of the emission frequency at a fixed distanced
510 nm. Again, we see the extraQ-dependent resonanc
structure showing up for values ofk close to Q (Q
50.02 nm21) in the case of thex andz dipoles. The disap-
pearance of the effect at high emission frequencies prob
has to do with the ‘‘overall cancellation’’ of the contribu
tions due to the misaligned image dipoles which beco
more significant when the source dipole oscillates very r
idly.

We emphasize again that all the above numerical con
sions are obtained to lowest order from the perturbat
theory formulated in Sec. II and III. As pointed out in di
ferent places in the above, the accuracy of this theory
limited to ~1! small surface roughness, i.e.,z0!1/Q for a
grating surface and~2! relatively low dynamic conductivity

e FIG. 6. Normalized molecular frequency-shifts for a grating s
face withQ50.02 nm21 as a function of distance for three differen
emission frequencies.
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of the metal, i.e.,z0&d, the skin depth of the metal. Furthe
more, since we did not include a full 2D Fourier transfor
for the incident dipolar field as discussed in Sec. II, we e
pect the results are more accurate at farther molecule-sur
distances, though we have to be reminded that the rough
effects become very insignificant when the molecule is
far away~Fig. 3!. Given the above summary, we believe th
it is hopeful for experiments to be designed to test and to
beyond the results from the present modeling.

FIG. 7. Same as in Fig. 6, except for a plot as a function
emission frequencies at a fixed distance of 10 nm. The results
shown for a flat, grating surface withQ50.02 nm21, and one with
Q50.05 nm21, respectively.
,

-
ce
ss

o
t
o

V. CONCLUSION

The dynamical theory for the effects on dipole emiss
near a rough conducting substrate has been expanded
clude cases where the dipole has parallel and perpendi
orientations. We have explored the possible effects as fu
tions of dipole distance from the substrate, dipole emiss
frequency, dipole orientation, and surface roughness.
have seen that small changes in these parameters can
the decay rate and frequency shift in most cases. Altho
our present theory is limited by its perturbative approach
other shallow-roughness approximations, we have illustra
the importance of establishing a dynamic theory for this p
nomenon, with the hope that in the future more accur
~e.g., nonperturbative! approaches will become availabl
Among other results as already elaborated in the above
tion, we stress that our present study implies an impor
modification in the usual step that people take to comp
experimental and theoretical results by ‘‘averaging’’ the th
oretical calculated values over the orthogonal molecular
entations. For example, for decay rate~g! calculations, it is a
common practice to compareg[g'/312g i/3 with experi-
mental measurements. However, for patterned surfaces
result shows that it may be more reasonable to compare
measurements with the calculatedg[(gx1gy1gz)/3. Fur-
thermore, it will also be interesting if future experimen
evidence can indeed demonstrate the possibility of exploi
patterned surface roughness to lengthen the molecular
times relative to those of a free molecule as well as thos
a flat substrate surface.
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