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Environment-induced modification of spontaneous emission: Single-molecule near-field probe
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The modification of lifetime experienced by a fluorescent molecule placed in an arbitrary environment is
investigated theoretically within the framework of linear response theory. We present a complete description of
the interaction of the particle with arbitrary structures on a plane substrate or inside a cavity. The theory is
based on a self-consistent scattering procedure in which retardation effects and contributions from both ho-
mogeneous and evanescent modes of the electromagnetic field are included. The decay rate variations are
computed and the concept of single-molecule near-field probe is discussed.
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I. INTRODUCTION

Since the pioneering work of Drexhage@1#, the study of
fluorescence emission in finite geometries has emphas
the influence of the environment on the dynamics of
fluorescent particle@2–4#. In finite geometries, the fluores
cence lifetime, or the spontaneous emission rate, differs f
the free-space value because the presence of matter ne
decaying particle modifies the boundary conditions impo
on the electromagnetic field@5#. If, for a fluorescent mol-
ecule, we adopt the picture of a dipole interacting with
surroundings through its field, it is the reflected field whi
conveys back to the molecule information concerning its
vironment. While this interpretation has a classical flavor
nevertheless remains consistent with the quantu
mechanical aspects of the source-field interactions as
vacuum and radiation modes conform to the same laws
hence, are modified in a same way when particular bound
conditions are imposed@6,7#. While exact treatments hav
been proposed for simple geometries@3,8#, the influence of
complex structures on the molecular lifetime is usually de
with by resorting to a perturbative approach for the elect
magnetic field, and/or by neglecting retardation effects, a
is the case, for instance, for a substrate with shallow rou
ness@9–15#. In the two-dimensional case, Bianet al. pre-
sented a nonperturbative treatment using the method of fi
difference in time domain@16#. They computed the lifetime
and the~classical! frequency shift for a dipole on a substra
as a function of its position relative to the tip of a scanni
near-field optical microscope. Their calculation showed
great sensitivity of the dynamics of the dipole with respec
its position beneath the tip consistent with experimental
servations@17–19#. Another numerical study of lifetime
modification was presented by Girardet al. @20#, however,
these authors based their work on a misconception of
coupling of a two level atom with radiation, as they ignor
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the fundamental relation between the free-space decay ra
spontaneous emission and the atom polarizability, leadin
an unsound model. The three-dimensional problem was
dressed by Novotny who studied the influence of a scann
near-field optical microscope tip, represented by an alu
num disk-shaped object, on the fluorescence lifetime o
dipole lying on a substrate@21#. His calculation, using a
semianalytical method derived from the multiple multipo
method@22#, showed that the orientation of the dipole w
critical, especially when the dipole was located close to
rim of the object.

The great sensitivity of a fluorescent molecule to its en
ronment, makes it an interesting candidate for an elemen
near-field probe@23–27#. In order to assess the potential
such a single-molecule probe, it is crucial to describe pr
erly the coupling of the molecule to its environment. T
purpose of this work is thus to study, in three dimensions,
modification of the fluorescence decay rate of a molecule
arbitrary structures, including ones too large to be used
Born-type perturbative approach. The formalism presen
here is based on a knowledge of the dynamical electrom
netic response of a plane surface or cavity to both homo
neous and evanescent modes of the field. The dressed
tarded field susceptibility pertaining to the environment
derived through a self-consistent procedure. The decay
of the molecule is then computed according to linear
sponse theory. Our paper is organized as follows. Using
ear response theory, we relate in Sec. II the spontane
emission rate to the field susceptibility. Using the theory
Agarwal @28,29#, we then derive the exact retarded field su
ceptibility tensor associated with a surface~interface be-
tween two media!. The relevant quantity in the problem o
spontaneous emission is the field correlation function. Si
this correlation function can be related to the field line
susceptibility through the fluctuation-dissipation theore
@28#, this approach, while rigorously quantal, avoids an e
plicit quantization of the field. In Sec. III, we insert thi
tensor into the self-consistent procedure of the coupled
©2001 The American Physical Society19-1
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RAHMANI, CHAUMET, AND de FORNEL PHYSICAL REVIEW A63 023819
pole method ~CDM! and compute the dressed fiel
susceptibility accounting for many-body interactions b
tween the fluorescent particle, a plane surface, and
arbitrary object deposited on it, and we compute the de
rate for a transition dipole moment with arbitrary orientatio
Since our calculation includes retardation effects, we are a
to treat the case of extended structures. Both lossless di
tric and absorbing materials~dielectric or metallic! are con-
sidered. Section IV is devoted to the application of the CD
to the study of decay rate modification near microstructu
placed on a plane substrate. Several examples are consi
~dielectrics and metals! to foster understanding of the inte
actions between the molecular source and the environm
Particularly, we illustrate the different coupling mechanis
involved in the alteration of the dynamics of the molecu
source. The molecular dynamics is studied further in Sec
where the possibility of a single-molecule near-field probe
demonstrated. Finally, our conclusions are presented in
VI.

II. EXACT RETARDED FIELD SUSCEPTIBILITY OF A
FLAT SURFACE

Since Purcell’s prediction@5#, the study of the influence
of finite geometries on spontaneous emission gave rise
large body of work, where both the viewpoint of classic
@1,3,4# and quantum@26–32# electrodynamics were adopte
~see the recent reviews by Haroche@6# and Barnes@33#!. For
our purpose, the choice of the formalism~classical versus
quantum-mechanical! to describe the particle has little con
sequence on the final conclusion, at least as far as the d
rate, or its inverse the lifetime, is concerned~level shifts are
discussed in the Appendix!. Note that this is true because w
consider a weak coupling regime~irreversible decay!. We
might either consider an excited two-level atom and comp
its electric-dipole transition rate from the excited to t
ground state~separated by an energy\v) according to Fer-
mi’s golden rule, or a classical oscillating dipole whose o
cillations ~at frequencyv) are damped or enhanced by th
field reflected by the environment. Both approaches lea
the same result@26#. We will use the shorthand ‘‘dipole’’ to
identify the decaying particle, and whenever it will be app
priate, we shall exploit the intuitive character of the classi
interpretation. In linear-response theory, the~linear! field
susceptibility is the response of the electromagnetic field
an elementary excitation@28,34–36#. Let the dipolem(r0 ,v)
be located atr05(x0 ,y0 ,z0), z0.0 in vacuum~permittivity
e051) above a substrate@permittivity es(v) for z,0#. The
electric field at positionr5(x,y,z) above the interface is
given by

E~r ,v!5T~r ,r0 ,v!m~r0 ,v!, ~1!

whereT, the total field-susceptibility tensor, consists ofF,
the free-space@37# andS, the surface field susceptibilities:

T~r ,r0 ,v!5F~r ,r0 ,v!1S~r ,r0 ,v!. ~2!

To derive the damping rates, we need to find thedissipative
part of the force acting upon the dipole. This damping fo
02381
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consists of the part of the electric field which isp/2 out-of-
phase with respect to the dipole’s oscillations. From line
response theory we can write the normalized damping~de-
cay! rate as

S G

G0
D

l

511
3q

2k0
3
Im@Sll ~r0 ,r0 ,v!#, ~3!

where Im(X) is the imaginary part ofX, k052p/l (l is the
wavelength, in vacuum, of the electric dipole transition!, and
q denotes the intrinsic quantum yield of the molecule. F
simplicity we will takeq51. The subscriptl stands for one
of the three Cartesian coordinatesx,y,z. The quantityG0 is
the free-space decay rate, it includes the contribution fromF
so that only the surface contribution remains in the expr
sion of thenormalizeddecay rate@Eq. ~3!#. The next step
consists in deriving the surface field susceptibilityS through
a rigorous treatment of the boundary-value problem at
interface. Starting from the field emitted by a dipole in fr
space, one must perform a plane wave expansion of the
and consider the interaction of each mode~either homoge-
neous or evanescent! with the surface@28#. At the end one
can write the components of the surface field susceptib
as @26#

Sxx~r ,r0 ,v!5
i

2 S E
0

k0
2E

0

i` D dw0$@Dpw0
22Dsk0

2#

3eiw0(z1z0)J0~RAk0
22w0

2!2cos~2f!

3@Dpw0
21Dsk0

2#eiw0(z1z0)J2~RAk0
22w0

2!%,

~4!

Sxy~r ,r0 ,v!52
i

2
sin~2f!S E

0

k0
2E

0

i` D dw0@Dpw0
21Dsk0

2#

3eiw0(z1z0)J2~RAk0
22w0

2!, ~5!

Sxz~r ,r0 ,v!52 i cosfS E
0

k0
2E

0

i` D dw0Ak0
22w0

2

3J0~RAk0
22w0

2!eiw0(z1z0)w0Dp , ~6!

Szz~r ,r0 ,v!52 i S E
0

k0
2E

0

i` D dw0~k0
22w0

2!

3J0~RAk0
22w0

2!eiw0(z1z0)Dp , ~7!

whereDp andDs are the Fresnel coefficients forp-polarized
~transverse magnetic! and s-polarized ~transverse electric!
homogeneous or evanescent waves falling onto the interf
The distanceR5A(x2x0)21(y2y0)2, f is the angle de-
fined by cosf5(x2x0)/R, and w0

25k0
22kx

22ky
2 . The func-

tions J0 and J2 are Bessel functions of the first kind@38#.
The other components of this tensor can be deduced by s
metry. The respective contributions from homogeneous
evanescent modes of the field are readily identified by lo
ing at the domains of integration of the two integrals. T
9-2
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decay rates can then be computed by inserting the expres
of S in Eq. ~3!. Here both homogeneous and evanesc
parts of the surface field susceptibility are likely to contribu
to the decay rate, unlike the free-space case where eva
cent modes of the field are absent from the dissipative p
cess@39#.

III. MANY-BODY INTERACTIONS AND
SELF-CONSISTENT FIELD SUSCEPTIBILITY

In the preceding section we considered the case of a
pole above a bare surface. Let us now consider the situa
where an object is present near or on the surface. In su
case, the response of the environment to the dipole is
given byS anymore. One possible way to describe the infl
ence of the object on the scattering process is to use
coupled dipole method@40# where the object is described a
a collection ofN polarizable subunits with dynamical pola
izabilities ai(v) located at positionsr i ( i 51,N) on a cubic
lattice. Let the molecule be located atr0, the self-consisten
field susceptibility associated with the dressed surface is
given by a set ofN linear equations

SD~r i ,r0 ,v!5F~r i ,r0 ,v!1S~r i ,r0 ,v!1(
j 51

N

@F~r i ,r j ,v!

1S~r i ,r j ,v!#aj~v!SD~r j ,r0 ,v!, ~8!

for i 51,N. We shall assume that the optical properties of
object is isotropic so that the polarizability is scalar. T
dynamical polarizability of each unit of discretization
given by @41–43#

a i~v!5
aCM~v!

12~2/3!ik0
3aCM~v!

, ~9!

where aCM(v) is the expression for the polarizability de
rived from the Clausius-Mossotti relation

aCM~v!5
3d3

4p

e~v!21

e~v!12
, ~10!

with e(v) the permittivity of the object andd the lattice
spacing of the discretization.

Since the decay rate of the dipole is related to the di
pative part of the field susceptibility tensor at the position
the dipole, we seek to findSD(r0 ,r0 ,v). After solving the
self-consistent equation~8! for SD(r i ,r0 ,v) ( i 51,N), we
can write@26,27#

SD~r0 ,r0 ,v!5S~r0 ,r0 ,v!1(
i 51

N

@F~r0 ,r i ,v!

1S~r0 ,r i ,v!#a i~v!SD~r i ,r0 ,v!,

~11!

where the free-space termF(r0 ,r0 ,v) has been discarde
because the contribution of this self-term is included in
free-space decay rate.
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A convenient way to understand the physical content
Eq. ~11! is to think in terms of electric field@44#. To do so
we introduce the dipole moment and cast Eq.~11! in the
form

SD~r0 ,r0 ,v!m~r0 ,v!

5S~r0 ,r0 ,v!m~r0 ,v!

1(
i 51

N

@F~r0 ,r i ,v!1S~r0 ,r i ,v!#a i~v!

3SD~r i ,r0 ,v!m~r0 ,v!. ~12!

The right-hand side of Eq.~12! can be decomposed a
follows.

The termS(r0 ,r0 ,v)m(r0 ,v) represents the radiation re
action effect caused by the interaction of the molecule w
its own field reflected by the substrate.

The term SD(r i ,r0 ,v)m(r0 ,v) represents the self
consistent field induced by the molecule at the position of
i th polarizable element of the object~this element being
coupled to theN21 others!.

Finally, as a whole, the sum in Eq.~12! represents the
reaction of all the elements of the object, self-consisten
coupled to the substrate, on the molecule.

The spontaneous emission rates are still given by Eq.~3!
except that the field susceptibility of the bare surface (S) is
now to be replaced by the field susceptibility of the dress
surface (SD).

IV. SPONTANEOUS-EMISSION RATES

We shall now use the theory described in the preced
sections to compute the decay rate of a fluorescent molec
The configuration is the following. The molecule is locat
in vacuum at a distancez0 from a surface@(x,y) plane#. The
structures considered are parallelepipeds with square
b3b and heighth. Other shapes can be considered~see, for
instance, Refs.@43–47#! but because of the cubic symmet
of the CDM discretization procedure, for an equal volum
they would require a larger number of elements to be
scribed properly. Moreover this choice will allow us to stud
the effect of sharp edges and corners on the molecular fl
rescence lifetime. In the following we will always plot th
normalized decay rate~inverse of the normalized lifetime
the normalization being performed with respect to the m
ecule in vacuum! as a function of the molecule position i
the planez5z0. Except for Fig. 2 the parallel dipole is cho
sen to be oriented alongx. The values of the permittivity for
metals are taken from Ref.@48#.

A. Dielectrics

We first consider the case of a dielectric substratees
52.25), the wavelength of the transition is 612 nm. Dep
ited on the substrate are three dielectric parallelepipedse
52.25) with dimensionsh550 nm andb5100, 200, and
250 nm, respectively~Fig. 1!. This example will serve to
illustrate an important feature which stems from the ne
9-3
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RAHMANI, CHAUMET, AND de FORNEL PHYSICAL REVIEW A63 023819
field nature of the interaction between the molecule and
environment. In this regime the role of evanescent mode
the field is essential@49#. Indeed, it is through these mode
that the molecule couples to the high spatial frequenc
~edges, corners! of the objects. On the other hand, the fa
damping associated with these modes entails that the la
the distance between the molecule and the object, the s
the spatial variations of the lifetime, because the highly e
nescent modes of the field that would interact with the sha
est features of the object decay so fast that they vanish be
they could be scattered~or absorbed in the material in th
case of a lossy material!. Moreover, the orientation of the
molecule dipole moment influences strongly the decay r
The variations observed on Fig. 1~a!, for the perpendicular
~with respect to the substrate! orientation of the dipole mo-
ment of the molecule, reflects more closely the actual sh
of the adsorbed structure as the object gets larger. The
of a parallel dipole~along x) is different as the rotationa
symmetry around thez axis is broken and boundary effec
prevail @Fig. 1~b!#. The strong edge effect is a consequen
of the normal component of the electric field being disco

FIG. 1. Normalized decay rate above three dielectric obje
~see text! placed on a dielectric substrate (e5es52.25,l5612 nm,
d525 nm, z0590 nm!. ~a! Dipole moment alongz. ~b! Dipole
moment alongx.
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tinuous~see Ref.@26#!. Particularly, this effect is responsibl
for an inhibition (G/G0,1) of spontaneous emission abov
the smallest pad. As the pad gets larger, the edges re
away from each other and the decay rate above the cent
the pad tends towards that of a molecule locatedz02h away
from a bare surface. The sensitivity of the decay rate on
emission wavelength is illustrated further on Fig. 2. Note t
this is a purely ‘‘geometrical’’ effect as we assume that t
permittivity of the object is constant over the whole spectru
(e52.25). Figure 2~a! shows the variation of the perpen
dicular decay rate along directionx, as a function of the
wavelength of the light emitted by the dipole, for an obje
with h550 nm andb5250 nm, and a distance dipole su
strate ofz0590 nm. As we mentioned, for any given dis
tance, the ability of the dipole to ‘‘see’’ the spatial variatio
of the object depends on the wavelength of the emission;
larger the wavelength and the more uniform the decay
over the object. One can also note that the substrate co
bution to the decay rate increases with the wavelength. T
is a reflection of the growing importance of frustration

ts FIG. 2. Normalized decay rate above a dielectric objecth
550 nm,b5250 nm,d525 nm,e52.25,z0590 nm!, on a dielec-
tric substrate (es52.25) as a function of the position along thex
axis (y50) and of the wavelength of emission. The dipole mome
is alongz ~a! or y ~b!.
9-4
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ENVIRONMENT-INDUCED MODIFICATION OF . . . PHYSICAL REVIEW A 63 023819
evanescent waves asz0 /l decreases. This near-field effect
somewhat more difficult to observe in the case of a para
dipole@Fig. 2~b!# because, for this orientation, it is conceal
by the reflection of the propagating (;1/r ) component of the
field.

We shall now consider an absorbing dielectric. The c
sequence of absorption is illustrated on Fig. 3. The two
jects are identical except for the imaginary part of the p
mittivity. Note how retardation makes the decay ra
oscillates away from the parallelepipeds. Aside from orie
tational features, the effect of absorption is to increase
decay rates. Indeed, recall that the normalized decay
represents the losses of the molecule; absorption in the
terial provides the molecule with an additional decay ch
nel. Unlike the mechanism of frustration, absorption affe
all the evanescent modes of the field emitted by the deca
particle; as a result this decay channel dominates the mol
lar losses at very short distances. As the dipole gets clos
a lossless medium, its lifetime tends towards a finite va
because the mechanism of frustration affects only those

FIG. 3. Normalized decay rate above two dielectric objects~left:
e52.25 and right:e52.2510.1i ) placed on a dielectric substrat
(es52.25,l5612 nm,d525 nm,z0590 nm!. ~a! Dipole moment
alongz. ~b! Dipole moment alongx.
02381
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nescent modes whose component of the wave vector par
to the interface is betweenk0 and k0Ae. The case of an
absorbing medium is different. The closer the dipole to
absorbing surface and the more evanescent modes reac
material and are absorbed which makes the lifetime go
zero ~of course, the lifetime does not become zero beca
the present description in terms of dipole and flat surfa
would actually become invalid for distances smaller than
few Å).

B. Metals

If at first we disregard the object, the influence of a m
tallic surface on the decay rate of the dipole will significan
depend on the wavelength of the transition, and since we
in a near-field regime, on the distance between the mole
and the surface. The interaction of a dipole with a flat m
tallic surface is addressed in detail in Refs.@3,4,9,27#, and
references therein, and we will here merely underline
major features. First, an important contribution to the dec
rate arises from the excitation of surface plasmon on
metallic surface. It can be shown that this contribution mig
prevail over any other process even at fairly large~a few
hundreds nm! distances from the surface@50#. For small
separations, absorption dominates; the coupling to sur
modes is, however, more efficient when the wavelength
the dipole transition is close to the surface plasmon wa
length. One can also note that when the dipole is close to
surface, retardation becomes negligible and the perpend
lar decay rate is twice the parallel decay rate as expe
@limit k050 in Eqs.~4! and ~7!#. In summary, the case of
metallic substrate is a combination of reflection, frustratio
absorption, and surface mode excitation@27#.

Thus, when metals are involved, the decay rate variati
will strongly depend on the wavelength of the dipole tran
tion. Since the purpose of this work is to give a gene
picture of the near-field coupling of a decaying particle to
environment, in the following, we shall restrict ourselves to
few situations that will help us illustrate the various physic
processes involved. Let us now consider the same objec
on Fig. 3, but located on a gold substrate. The decay
maps are shown on Fig. 4. The differences in the influenc
the two objects on the molecule are attenuated by the p
ence of the gold substrate. While the overall variation of
decay rate for a perpendicular dipole@Fig. 4~a!# strongly re-
sembles the one observed for a dielectric substrate, the
ation is quite different for the parallel dipole@Fig. 4~b!#. The
presence of the metallic substrate leads, for the emis
wavelength considered, to a strong damping when the m
ecule is above one of the objects.

Actually, when the molecule is above one of the objec
the coupling mechanism can be understood with a sim
model. The width of the objects is large enough to allow t
decay rate to get fairly close to the limit value it would hav
had the molecule been placed above a multilayered struc
composed of a gold substrate and a dielectric layer of th
nessh. To compute the decay rate in such an environme
we replace the Fresnel coefficients appearing in Eqs.~4!–~7!
by those of a multiple interface system@51#. We can then
study the evolution of the decay rates for a molecule loca
9-5
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RAHMANI, CHAUMET, AND de FORNEL PHYSICAL REVIEW A63 023819
FIG. 4. Same as Fig. 3 but with a substrate of gold.

FIG. 5. Rate evolution for a multilayer system as a function
the thickness~t! of a dielectric layer (e52.25,l5612 nm) depos-
ited on top of a gold substrate. The distance between the dipole
the substrate is 90 nm. Solid line, dipole moment perpendicula
the surface, dashed line, dipole moment parallel.
02381
at distancez0 from the gold substrate, as a dielectric lay
(e52.25) is grown on top of it~Fig. 5!. It becomes clear tha
the strong damping experienced by the molecule over
parallelepipeds comes from this multilayer effect. Note th
as we shall see on the next example, the enhancement o
decay rate, as the dielectric layer is grown, does not trans
a mere effect of frustration of the near field of the dipole
the thickness of the dielectric increases.

The previous example shows that a small difference
tween the imaginary parts of the permittivities of the tw
structures has little consequence on the decay rate of
molecule; at least for the distances we just considered
order to have a better insight let us consider a case where
difference between the permittivities of two nonabsorbi
objects is larger~2.25 and 5!. The substrate is still gold, an
the wavelength of the transition is chosen to be 520 nm. T
variations of the decay rates for this case are shown on
6. The decay rate variations are now significantly differe
for the two structures. Particularly, one can see that the
teraction of the molecule with the objects does not amoun
a mere mechanism of frustration of the near-field of the m

f

nd
to

FIG. 6. Normalized decay rate above two dielectric objects~left:
e52.25 and right:e55) placed on a gold substrate (l5520 nm,
d525 nm, z0590 nm!. ~a! Dipole moment alongz. ~b! Dipole
moment alongx.
9-6
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ENVIRONMENT-INDUCED MODIFICATION OF . . . PHYSICAL REVIEW A 63 023819
ecule. The decay rate is more enhanced over the paralle
ped with thelowestpermittivity. Once again, this feature ca
be explained by considering a multilayer configurati
~Fig. 7!. Despite its simplicity, this simple model is ex
tremely valuable in that it provides us with an easy way
understand the behavior of the molecule above the obje
However, one should bear in mind that the good agreem
between the value of the decay rates when the molecu
centered above one object, and the one given by a sim
~infinite! multilayer model will hold as long as the later
dimensions of the object are large enough.

The next two cases will allow us to illustrate further th
sensitivity to the environment of the molecular response.
a transition wavelength of 520 nm, we consider the silv
gold pair. In the first case an object made of gold is plac
on a silver substrate~Fig. 8!. In the second case, the roles
the two metals are exchanged~Fig. 9!. From this single ex-
ample, it is obvious that not only the magnitude, but also
qualitative variations of the decay rates depend drastically
the nature of the materials forming the environment of

FIG. 7. Same as Fig. 5 but withl5520 nm. Solid line:e
52.25, dipole alongz. Dot-dashed line:e52.25, dipole alongx.
Dotted line: e55, dipole alongz. Dashed line:e55, dipole
alongx.

FIG. 8. Normalized decay rate above a gold structurel
5520 nm,d512.5 nm,z0590 nm! placed on a silver substrate
Dipole moment alongz.
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molecule~see also Ref.@27#!. Nevertheless, a general con
clusion may be drawn. Spatially localized perturbations
the environment of the molecule can couple to the evan
cent modes pervading the near field of the molecule. Hen
although these evanescent modes do not contribute to
dissipation of energy for a molecule in free space@39#, their
scattering by the environment provides the molecule with
additional decay channel~in addition to frustration, absorp
tion, and reflection!.

V. SINGLE-MOLECULE NEAR-FIELD PROBE

In the preceding section we saw the great diversity of
molecular response; the way the molecule couples to its
vironment depends on the geometry as well as on the na
of the environment. On the one hand, such diversity might
construed as a hindrance for an easy correspondence bet
the environment and the molecular response; a corres
dence crucial if the molecule were to be used as a near-
probe. On the other hand, the fact that different objects y
radically different molecular responses can be viewed as
asset for two different material could, at least in principle,
unambiguously distinguished. To assess the potential for
aging of a single-molecule probe in a somewhat more tra
parent way, let us consider a structure of no particular sy
metry. We are interested in the ability for the molecu
decay rate to reflect the symmetry of the structure. For s
plicity we model the structure by a single layer of 41
coupled dipoles. The height of the structure is 20 nm and
permittivity is 2.25 ~same as the permittivity of the sub
strate!. The probe molecule is scanned over the structure
constant height 40 nm. If the scanning distance were to
shortened, the size of the dipoles forming the structure wo
simply have to be reduced. Moreover, we suppose that
molecule is attached to a dielectric material with permittiv
2.25, which consists of a semi-infinite medium occupyi
the half spacez>40.5 nm. This geometry corresponds to
worst case scenario since for any material of finite late
extend, multiple scattering would be less important. The

FIG. 9. Normalized decay rate above a silver structurel
5520 nm, d512.5 nm,z0590 nm! placed on a gold substrate
Dipole moment alongz.
9-7
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RAHMANI, CHAUMET, AND de FORNEL PHYSICAL REVIEW A63 023819
cay rate is computed by deriving the self-consistent fi
susceptibility of a dressed cavity@26,27# in a fashion similar
to the one described in Sec. II, but with the surface n
replaced by a three-media junction. The results presente
Fig. 10 show that the decay rate variations are strongly c
related to the actual shape of the sample only in the case
molecule transition moment oriented along thez axis. This is
a logical result as, for the perpendicular~z! case the molecu
lar probe response is symmetric in the scanning plane, w
in the parallel~x! case, the true features of the sample
concealed by strong edge effects which are a reflection of
fact that the normal component of the electric field is disc
tinuous across an interface. Hence, in the case of a per
dicular dipole moment, there exists a rather obvious co
spondence between the decay rate variations and the a
shape of the sample. The same applies in the case of a
tallic substrate~Fig. 11!. This correspondence holds for mo
extended structures@27#. Hence, provided that the dipol
moment of the probe is oriented perpendicular to the s
strate, a single molecule could in principle act as a locali
near-field probe. On the other hand, for parallel orientati
one obtains a probe sensitive to the frontiers between

FIG. 10. Single-molecule near-field image (l5488 nm) in a
cavity configuration ~see text! for a dielectric substrate (z0

540 nm). The dipole moment is alongz ~a! or x ~b!.
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mains with different permittivities. One should also note th
since the dynamics of the molecular probe depends on
optical properties of the environment, the decay rate wo
also be affected if the molecule were scanned over a
sample~no topographic features! exhibiting a strong optical
contrast.

VI. CONCLUSION

We have presented a theoretical model for the study
near-field modification of spontaneous emission. T
coupled dipole method~CDM!, allied with a rigorous deri-
vation of the self-consistent electric field linear susceptibil
which includes retardation effects, allowed us to address
electromagnetic coupling between an elementary sou
~molecule or atom! and its environment. Our approach is n
restricted to a perturbative scattering regime or to a partic
type of environment. Once the electromagnetic respo
~susceptibility! of a simple environment is determined, in o
case a substrate or a cavity, the flexibility of the CDM allow
one to consider general structures.

Using this approach, we have computed the decay r
for a single molecule represented by an oscillating dipole
a function of its position above various structures depos

FIG. 11. Same as Fig. 10 but for a gold substrate.
9-8
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ENVIRONMENT-INDUCED MODIFICATION OF . . . PHYSICAL REVIEW A 63 023819
on a substrate. We have considered both the dielectric
the metallic case. While the details of the molecular respo
depend on the very nature of its environment, we ha
shown that the orientation of the dipole moment of the pro
is crucial as in the parallel case~dipole in the scanning plane!
the near-field decay rate map is dominated by features s
ming from the discontinuity of the normal component of t
electric field across interfaces@26#. Also, the scattering of the
evanescent modes by sharp features of the sample pro
the molecule with an additional decay channel. According
the decay rates are enhanced around corners or sharp fea
in general. This result is consistent with previous experim
tal and theoretical investigations@16–19,21#. For a better
assessment of the potential of a single molecule for use
near-field probe, we placed the molecule in a cavity, th
maximizing multiple scattering, and we considered a g
metrically complex sample. This example demonstrated t
provided that the probe’s dipole moment is conveniently o
ented~in the cases considered in this paper this correspo
to a moment perpendicular to the scanning plane!, the decay
rate near-field map, is indeed strongly correlated to the ac
geometry of the sample. Of course, in the case of a sam
composed of several materials whose optical responses
radically different, especially in the case of metals, suc
simple correspondence between decay rate variations
sample geometry is likely to be lost. As in any near-fie
interaction, the distance between the probe and the sam
will also influence the decay rate variations. As the dista
decreases~increases!, the identification of the sample
through its near-field signature on the decay rate of the pr
becomes easier~more difficult!. More detailed studies ar
presented in Ref.@27#.

To conclude, let us state that the theoretical validation
the concept of a single-molecule near-field probe should
occult the difficulties encumbering the road to an experim
tal realization of such a single-molecule near-field pro
~some of these aspects are discussed in Refs.@27,15#!. How-
ever, the main idea behind an efficient near-field probe
localization and while using a single-molecule might pro
to be difficult, if one could gather several of these molecu
in a small volume, coherent coupling between these m
ecules could well permit the realization of a multimolecu
probe without compromising the near-field sensitivity. Y
another possibility might be to isolate spectrally a molec
embedded in a host crystal by taking advantage of the in
mogeneous spectral broadening as was done recently to
ate a single molecule near-field source@52#. Also, let us men-
tion that as pointed out by Agarwal@53#, the effect of the
environment on the field can be viewed as the breaking
the isotropy of the mode distribution of the vacuum state
the field. This is another way of explaining the depende
of the decay rate on the orientation of the transition mom
of the molecule. However, as Agarwal demonstrated,
anisotropy of the vacuum also has the interesting prop
that it can lead to interferences in the decay from two cl
lying states to a common state, even if the dipole moment
the two states are orthogonal. Such interference eff
could, in principle, also be studied with a single-molecu
near-field probe.
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APPENDIX: FREQUENCY SHIFTS AND MULTILEVEL
ATOM

In this paper we use a classical treatment of the inter
tion between the molecule and the field. As we mention
owing to the classical nature of the field linear susceptibili
this classical approach is, for the decay rate, equivalent
quantum-electrodynamics calculation where the molec
would be represented as a two-level system@54#. Indeed, the
normalized decay rates computed in this way are identica
those that would stem from a quantum-mechanical desc
tion, only their derivation in a classical framework is simpl
for complex geometries. For a multilevel system, the pr
ciple of the calculation is the same, one merely needs to
the contributions from all the allowed transitions to the dec
rate. The case of the frequency shifts is different, howev
The difference lies in the fact that part of the level shift
purely quantum mechanical. Let us assume that the mole
lar polarizability for a levela has the form

aab
a ~v!5

2

\ (
n

vnama
anmb

na

vna
2 2~v1 ih!2

. ~A1!

It can then be shown@30# that the shift for levela consists of
the two contributions

dEa
vdW52

\

2pE0

`

Sab~r0 ,r0 ,i j!aab
a ~ i j!dj, ~A2!

dEa
RR52(

n
ma

anmb
na Re@Sab~r0 ,r0 ,van!#u~van!,

~A3!

whereu is the usual Heaviside step function. The first te
~van der Waals or Casimir-Polder according to whether
not retardation is included!, pertains to the polarization of th

FIG. 12. Same as Fig. 1~a! but for the normalized frequency
shift Dv/G0.
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RAHMANI, CHAUMET, AND de FORNEL PHYSICAL REVIEW A63 023819
molecule by vacuum fluctuations~in the presence of the en
vironment!. This term has no classical analog. The seco
term, on the other hand, has an obvious classical interpr
tion. It corresponds to the shift induced by radiation reacti
i.e., the dispersive effect of the component of the field
flected back by the environment and in phase with the dip
~source! oscillations. Also, unlike the preceding contributio
the derivation of this term does not require an explicit fo
of the polarizability. In the case of a transition from an e
cited statea to the ~stable! ground stateb, the classical fre-
quency shift is given bydEa

RR/\. Actually, to get a classica
expression, this shift should be normalized to the free sp
c

.

,

oc

m

v

r,

u-

02381
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decay rateG0 to yield, in the case of a two-level atom, th
classical result~see Ref.@55#!

Dv

G0
52

3

4k0
3
Re@Szz~r0 ,r0 ,v!#, ~A4!

where a term2G0 /(8v) negligible compared to 1 has bee
dropped out. Therefore, the classical shift can be calcula
by simply computing the real part of the field susceptibil
in the self-consistent procedure described in Sec. III. An
ample is provided in Fig. 12.
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