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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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[. INTRODUCTION the fundamental relation between the free-space decay rate of

spontaneous emission and the atom polarizability, leading to

Since the pioneering work of Drexhagg], the study of ~an unsound model. The three-dimensional problem was ad-
fluorescence emission in finite geometries has emphasizéf€ssed by Novotny who studied the influence of a scanning

the influence of the environment on the dynamics of thehear-field optical microscope tip, represented by an alumi-
fluorescent particl¢2—4]. In finite geometries, the fluores- num disk-shaped object, on the fluorescence lifetime of a

cence lifetime, or the spontaneous emission rate, differs fro dipole lying on a substratg21]. His calculation, using a

emianalytical method derived from the multiple multipole
the free-space value because the presence of matter near Bthod[22], showed that the orientation of the dipole was

decaying particle modifies the boundary conditions imposegyitical, especially when the dipole was located close to the
on the electromagnetic fielgb]. If, for a fluorescent mol-  yim of the object.

ecule, we adopt the picture of a dipole interacting with its  The great sensitivity of a fluorescent molecule to its envi-
surroundings through its field, it is the reflected field whichronment, makes it an interesting candidate for an elementary
conveys back to the molecule information concerning its ennear-field probg23—27. In order to assess the potential of
vironment. While this interpretation has a classical flavor, itsuch a single-molecule probe, it is crucial to describe prop-
nevertheless remains consistent with the quantumerly the coupling of the molecule to its environment. The
mechanical aspects of the source-field interactions as botburpose of this work is thus to study, in three dimensions, the
vacuum and radiation modes conform to the same laws andnodification of the fluorescence decay rate of a molecule by
hence, are modified in a same way when particular boundargrbitrary structures, including ones too large to be used in a
conditions are imposefb,7]. While exact treatments have Born-type perturbative approach. The formalism presented
been proposed for simple geometr[@s8], the influence of here is based on a knowledge of the dynamical electromag-
complex structures on the molecular lifetime is usually dealf€tic response of a plane surface or cavity to both homoge-
with by resorting to a perturbative approach for the electro1€0us and evanescent modes of the field. The dressed, re-
magnetic field, and/or by neglecting retardation effects, as itarded field susceptibility pertaining to the environment is
is the case, for instance, for a substrate with shallow roughd€rived through a self-consistent procedure. The decay rate

ness[9—15]. In the two-dimensional case, Biaet al. pre- of the molecule is then computed according to linear re-

sented a nonperturbative treatment using the method of finitgPOnse theory. Our paper is organized as follows. Using lin-

difference in time domaifil6]. They computed the lifetime €ar response theory, we relate in Sec. Il the spontaneous

. . : emission rate to the field susceptibility. Using the theory of
and the(clgsswa)_freque_n_cy shift _for a d'pOIG. on a substrate Agarwal[28,29, we then derive the exact retarded field sus-
as a function of its position relative to the tip of a scanning

) ) . . . ceptibility tensor associated with a surfadeterface be-
near-field p_pt_|cal microscope. Their cqlculathn showed g, een two media The relevant quantity in the problem of
great sensitivity of the dynamics of the dipole with respect togpontaneous emission is the field correlation function. Since

its position beneath the tip consistent with experimental obps correlation function can be related to the field linear
servations[17—19. Another numerical study of lifetime sysceptibility through the fluctuation-dissipation theorem

modification was presented by Giraed al. [20], however, [2g], this approach, while rigorously quantal, avoids an ex-
these authors based their work on a misconception of thglicit quantization of the field. In Sec. Ill, we insert this

coupling of a two level atom with radiation, as they ignoredtensor into the self-consistent procedure of the coupled di-
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pole method (CDM) and compute the dressed field- consists of the part of the electric field which#$2 out-of-
susceptibility accounting for many-body interactions be-phase with respect to the dipole’s oscillations. From linear-
tween the fluorescent particle, a plane surface, and aresponse theory we can write the normalized dampdey
arbitrary object deposited on it, and we compute the decagay) rate as

rate for a transition dipole moment with arbitrary orientation.

Since our calculation includes retardation effects, we are able 3q

to treat the case of extended structures. Both lossless dielec- (F_o> =1+ %W[Sn(fo,ro,w)], ©)

tric and absorbing materialglielectric or metalli¢ are con- : 0

sidered. Section IV is devoted to the application of the CDM,;here Im(X) is the imaginary part oX, ko=2/\ (\ is the

to the study of decay rate modification near microstructure%avebngth, in vacuum, of the electric dipole transiicand
placed on a plane substrate. Several examples are consideigdienotes the intrinsic quantum yield of the molecule. For
(dielectrics and metaldo foster understanding of the inter- simplicity we will takeq=1. The subscript stands for one
actions between the molecular source and the environments iha three Cartesian coordinates/,z. The quantityl'y is
Particularly, we illustrate the different coupling mechanismsthe free-space decay rate, it includés the contribution Fom
involved in the alteration of the dynamics of the molecularSO that only the surface c’ontribution remains in the expres-

source. The molecular dynamics is studied further in Sec. ysion of thenormalizeddecay ratdEq. (3)]. The next step

where the possibility of a single-molecule near-field probe is.,qsists in deriving the surface field susceptibitghrough
demonstrated. Finally, our conclusions are presented in Seg. figorous treatment of the boundary-value problem at the

VI interface. Starting from the field emitted by a dipole in free
space, one must perform a plane wave expansion of the field

Il. EXACT RETARDED FIELD SUSCEPTIBILITY OF A and consider the interaction of each maeéher homoge-
FLAT SURFACE neous or evanescenvith the surfacg28]. At the end one
can write the components of the surface field susceptibility

Since Purcell's predictiofi5], the study of the influence
of finite geometries on spontaneous emission gave rise to
large body of work, where both the viewpoint of classical i Ko oo
[1,3,4] and quantunj26—37 electrodynamics were adopted Sxx(rarOaw):_( f _f )dWO{[Apr_Aské]
(see the recent reviews by Harodlt¢ and Barne$33]). For 2\ Jo 0
our purpose, the choice of the formalisftlassical versus

as[26]

. . ) . iwo(z+2p) k2 —\w2) —
quantum-mechanicato describe the particle has little con- X goteT 20 Jo(R ko — o) — cos2¢)
sequence on the final conclusion, at least as far as the decay 2 21 Aiwg(z+2p) 2 2

e o . , X + o(z+2g Vké—
rate, or its inverse the lifetime, is concerngelvel shifts are [ApwoTAskole J2o(Rvko=wo)},
discussed in the AppendixNote that this is true because we (4)

consider a weak coupling regim@reversible decay We

might either consider an excited two-level atom and compute i ko e

its electric-dipole transition rate from the excited to the Sx(/:T0:@)=~ Esm(Zq‘))( fo - fo )dWO[APWg“LASk%]
ground statdseparated by an energyw) according to Fer-

mi's golden rule, or a classical oscillating dipole whose os- x eWo(+20) 3,(R\/k§—w3), 5)
cillations (at frequencyw) are damped or enhanced by the

field reflected by the environment. Both approaches lead to ) ko i SR

the same resu[26]. We will use the shorthand “dipole” to Skl @)=~ COS¢( fo - fo )dWo\/ko_Wo

identify the decaying particle, and whenever it will be appro-

priate, we shall exploit the intuitive character of the classical XJO(Rm)eiWO(”Z")WOAp, (6)
interpretation. In linear-response theory, tlmear field

susceptibility is the response of the electromagnetic field to ko joo

an elementary excitatidi28,34—38. Let the dipoleu(rg,w) S,Arro,w)= —i( f —f )dwo(kg—wé)

be located ato=(Xq,Yo,Z0), Zo>0 in vacuum(permittivity o 0

€p=1) above a substrafpermittivity e;(w) for z<0]. The % I (RVKZ=w2)elWolz+20) A 7
electric field at positiorr =(x,y,z) above the interface is of 0~ Wo) P 0
given by whereA , andA; are the Fresnel coefficients fprpolarized
B (transverse magnejicand s-polarized (transverse electric
E(r,0)=T(r.ro,®)p(ro, ), @) homogeneous or evanescent waves falling onto the interface.

The distanceR= \(x—Xg)*+ (Y—Yo)?, ¢ is the angle de-
fined by cosp=(x—xo)/R, andwj=ki—kZ—k7. The func-
tions J, and J, are Bessel functions of the first kif@8].
T(r,rg,0)=F(r,ro,w)+S(r,ro, ). ) The other components of this tensor can be deduced by sym-
metry. The respective contributions from homogeneous and
To derive the damping rates, we need to find digsipative ~ evanescent modes of the field are readily identified by look-
part of the force acting upon the dipole. This damping forceing at the domains of integration of the two integrals. The

whereT, the total field-susceptibility tensor, consists Ff
the free-spac€37] andS, the surface field susceptibilities:
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decay rates can then be computed by inserting the expression A convenient way to understand the physical content of
of S in Eq. (3). Here both homogeneous and evanescenEqg. (11) is to think in terms of electric field44]. To do so
parts of the surface field susceptibility are likely to contributewe introduce the dipole moment and cast Efl) in the

to the decay rate, unlike the free-space case where evandsfm

cent modes of the field are absent from the dissipative pro-

cess[39]. Sp(ro,ro, @) p(ro,w)

:S(rorrO!w)lL(r01w)
N
+2, [F(ro.ri, @) +S(ro.ri,0)]ai(w)

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

In the preceding section we considered the case of a di-
pole above a bare surface. Let us now consider the situation X So(li Fo.0)(ro. o) (12)
where an object is present near or on the surface. In such a plli-fo, @/ MTo,@)-

case, the response of the environment to the dipole is not The right-hand side of Eq(12) can be decomposed as
given byS anymore. One possible way to describe the influ-¢,ows.

ence of the object on the scattering process is to use the 1,4 termS(r -

i o ; 0.70,®) u(ro,w) represents the radiation re-
coupled dipole methof40] where the object is described as ;o effect caused by the interaction of the molecule with
a collection ofN polarizable subunits with dynamical polar- ;o 5\wn field reflected by the substrate.
izapilities «;(w) located at positions; (i=1,N) on a qubic The term Sp(r;,ro,®)u(ro,) represents the self-
lattice. Let the molecule be locatedrgy the self-consistent ¢, istent field induced by the molecule at the position of the
field susceptibility associated with the dressed surface is thygy, polarizable element of the obje¢this element being
given by a set oN linear equations coupled to theN— 1 others.

N Finally, as a whole, the sum in Eq12) represents the
Sp(ri,lo,@)=F(ri ,ro,)+S(ri ,ro,@)+ > [F(r; 1) reaction of all the elements of the object, self-consistently
=1 coupled to the substrate, on the molecule.
The spontaneous emission rates are still given by(8q.
except that the field susceptibility of the bare surfaSg is
Jow to be replaced by the field susceptibility of the dressed
surface Gp).

+S(ri,rj,w)]aj(w)SD(rj,ro,w), (8)

fori=1,N. We shall assume that the optical properties of th
object is isotropic so that the polarizability is scalar. The
dynamical polarizability of each unit of discretization is

given by[41-43 IV. SPONTANEOUS-EMISSION RATES
aM(w) We shall now use the theory described in the preceding
ai(w)= 9 sections to compute the decay rate of a fluorescent molecule.

_ i3 ,CM !
1-(2/3)ikoa™"(w) The configuration is the following. The molecule is located

in vacuum at a distancg, from a surfacé (x,y) plang. The
structures considered are parallelepipeds with square base
bXx b and heighth. Other shapes can be considefséde, for

3d° e(w)—1 instance, Refd43-47) but because of the cubic symmetry
= Im @) 12’ (10 of the CDM discretization procedure, for an equal volume,

they would require a larger number of elements to be de-

scribed properly. Moreover this choice will allow us to study
the effect of sharp edges and corners on the molecular fluo-
rescence lifetime. In the following we will always plot the
normalized decay rat@nverse of the normalized lifetime,
the normalization being performed with respect to the mol-
ecule in vacuurnhas a function of the molecule position in
the planez=z,. Except for Fig. 2 the parallel dipole is cho-
sen to be oriented along The values of the permittivity for
N metals are taken from Ref48].

SD(rOervw):S(rOarva)+Zl [F(ro,ri,w)

where a“M(w) is the expression for the polarizability de-
rived from the Clausius-Mossotti relation

CM(C!)

with e(w) the permittivity of the object andl the lattice
spacing of the discretization.

Since the decay rate of the dipole is related to the dissi
pative part of the field susceptibility tensor at the position of
the dipole, we seek to fin8y(rq,ro,w). After solving the
self-consistent equatiofB) for Sp(r;i,rg,») (i=1N), we
can write[26,27]

A. Dielectrics
+S(ro.ri,w)]ei(w)Sp(r;,ro,w), We first consider the case of a dielectric substratg (
(11) =2.25), the wavelength of the transition is 612 nm. Depos-

ited on the substrate are three dielectric parallelepipeds (
where the free-space terff(rq,rg,w) has been discarded =2.25) with dimension$1=50 nm andb=100, 200, and
because the contribution of this self-term is included in the250 nm, respectivelyFig. 1). This example will serve to
free-space decay rate. illustrate an important feature which stems from the near-
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FIG. 1. Normalized decay rate above three dielectric objects FIG. 2. Normalized decay rate above a dielectric objdtt (
(see text placed on a dielectric substrate e,=2.25,\ =612 nm, =50 nm,b=250 nm,d=25 nm,e=2.25,z,=90 nm), on a dielec-
d=25 nm, z,=90 nm. (a) Dipole moment alongz. (b) Dipole tric substrate §,=2.25) as a function of the position along tke
moment along. axis (y=0) and of the wavelength of emission. The dipole moment

is alongz (a) ory (b).
field nature of the interaction between the molecule and its
environment. In this regime the role of evanescent modes dinuous(see Ref[26]). Particularly, this effect is responsible
the field is essentidl49]. Indeed, it is through these modes for an inhibition (['/I"y<1) of spontaneous emission above
that the molecule couples to the high spatial frequenciethe smallest pad. As the pad gets larger, the edges recede
(edges, cornejsof the objects. On the other hand, the fastaway from each other and the decay rate above the center of
damping associated with these modes entails that the largéte pad tends towards that of a molecule locagdh away
the distance between the molecule and the object, the softéilom a bare surface. The sensitivity of the decay rate on the
the spatial variations of the lifetime, because the highly evaemission wavelength is illustrated further on Fig. 2. Note that
nescent modes of the field that would interact with the sharpthis is a purely “geometrical” effect as we assume that the
est features of the object decay so fast that they vanish befogermittivity of the object is constant over the whole spectrum
they could be scattere@r absorbed in the material in the (e=2.25). Figure 2a) shows the variation of the perpen-
case of a lossy materjalMoreover, the orientation of the dicular decay rate along directiox as a function of the
molecule dipole moment influences strongly the decay ratewavelength of the light emitted by the dipole, for an object
The variations observed on Fig(al, for the perpendicular with h=50 nm ando=250 nm, and a distance dipole sub-
(with respect to the substraterientation of the dipole mo- strate ofz,=90 nm. As we mentioned, for any given dis-
ment of the molecule, reflects more closely the actual shapgnce, the ability of the dipole to “see” the spatial variation
of the adsorbed structure as the object gets larger. The caséthe object depends on the wavelength of the emission; the
of a parallel dipole(along x) is different as the rotational larger the wavelength and the more uniform the decay rate
symmetry around the axis is broken and boundary effects over the object. One can also note that the substrate contri-
prevail [Fig. 1(b)]. The strong edge effect is a consequencebution to the decay rate increases with the wavelength. This
of the normal component of the electric field being discon-is a reflection of the growing importance of frustration of
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o nescent modes whose component of the wave vector parallel

(a) to the interface is betweek, and ko\e. The case of an

el ; : T absorbing medium is different. The closer the dipole to the
absorbing surface and the more evanescent modes reach the
material and are absorbed which makes the lifetime go to
zero (of course, the lifetime does not become zero because
the present description in terms of dipole and flat surface
Woug actually become invalid for distances smaller than a
few A).

B. Metals

Normalized decay rate

If at first we disregard the object, the influence of a me-
tallic surface on the decay rate of the dipole will significantly
depend on the wavelength of the transition, and since we are
in a near-field regime, on the distance between the molecule
and the surface. The interaction of a dipole with a flat me-
tallic surface is addressed in detail in R€f3,4,9,21, and
references therein, and we will here merely underline the
major features. First, an important contribution to the decay
rate arises from the excitation of surface plasmon on the
metallic surface. It can be shown that this contribution might
prevail over any other process even at fairly lafgefew
hundreds nm distances from the surfadé0]. For small
separations, absorption dominates; the coupling to surface
modes is, however, more efficient when the wavelength of
the dipole transition is close to the surface plasmon wave-
length. One can also note that when the dipole is close to the
surface, retardation becomes negligible and the perpendicu-
lar decay rate is twice the parallel decay rate as expected
[limit ko=0 in Eqgs.(4) and(7)]. In summary, the case of a
metallic substrate is a combination of reflection, frustration,
Y (nm) absorption, and surface mode excitatj@7]. o

Thus, when metals are involved, the decay rate variations
will strongly depend on the wavelength of the dipole transi-
tion. Since the purpose of this work is to give a general
picture of the near-field coupling of a decaying particle to its
environment, in the following, we shall restrict ourselves to a
few situations that will help us illustrate the various physical
processes involved. Let us now consider the same objects as
evanescent waves ag/\ decreases. This near-field effect is on Fig. 3, but located on a gold substrate. The decay rate
somewhat more difficult to observe in the case of a parallemaps are shown on Fig. 4. The differences in the influence of
dipole[Fig. 2b)] because, for this orientation, it is concealedthe two objects on the molecule are attenuated by the pres-
by the reflection of the propagating-(L/r) component of the ence of the gold substrate. While the overall variation of the
field. decay rate for a perpendicular dipdgkig. 4a)] strongly re-

We shall now consider an absorbing dielectric. The consembles the one observed for a dielectric substrate, the situ-
sequence of absorption is illustrated on Fig. 3. The two obation is quite different for the parallel dipo]€&ig. 4(b)]. The
jects are identical except for the imaginary part of the perpresence of the metallic substrate leads, for the emission
mittivity. Note how retardation makes the decay ratewavelength considered, to a strong damping when the mol-
oscillates away from the parallelepipeds. Aside from orien-ecule is above one of the objects.
tational features, the effect of absorption is to increase the Actually, when the molecule is above one of the objects,
decay rates. Indeed, recall that the normalized decay ratée coupling mechanism can be understood with a simple
represents the losses of the molecule; absorption in the maodel. The width of the objects is large enough to allow the
terial provides the molecule with an additional decay chandecay rate to get fairly close to the limit value it would have,
nel. Unlike the mechanism of frustration, absorption affectshad the molecule been placed above a multilayered structure
all the evanescent modes of the field emitted by the decayingomposed of a gold substrate and a dielectric layer of thick-
particle; as a result this decay channel dominates the molecuessh. To compute the decay rate in such an environment,
lar losses at very short distances. As the dipole gets closer toe replace the Fresnel coefficients appearing in E)s(7)

a lossless medium, its lifetime tends towards a finite valuéy those of a multiple interface systef8l]. We can then
because the mechanism of frustration affects only those evatudy the evolution of the decay rates for a molecule located

Normalized decay rate

500 -500

FIG. 3. Normalized decay rate above two dielectric objéets:
€=2.25 and right:e=2.25+0.1i) placed on a dielectric substrate
(€s=2.25,A=612 nm,d=25 nm,z,=90 nm. (a) Dipole moment
alongz. (b) Dipole moment along.
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FIG. 6. Normalized decay rate above two dielectric objéefs:
€=2.25 and right.e=5) placed on a gold substrata €520 nm,
d=25 nm, z,=90 nm. (a) Dipole moment alongz. (b) Dipole
moment alongk.

at distancez, from the gold substrate, as a dielectric layer
(e=2.25) is grown on top of itFig. 5). It becomes clear that

the strong damping experienced by the molecule over the
parallelepipeds comes from this multilayer effect. Note that,
as we shall see on the next example, the enhancement of the
decay rate, as the dielectric layer is grown, does not translate
a mere effect of frustration of the near field of the dipole as
the thickness of the dielectric increases.

The previous example shows that a small difference be-
tween the imaginary parts of the permittivities of the two
structures has little consequence on the decay rate of the
molecule; at least for the distances we just considered. In
order to have a better insight let us consider a case where the
difference between the permittivities of two nonabsorbing
objects is largef2.25 and 5. The substrate is still gold, and
the wavelength of the transition is chosen to be 520 nm. The

FIG. 5. Rate evolution for a multilayer system as a function of variations of the decay rates for this case are shown on Fig.

the thicknesst) of a dielectric layer é=2.25\=612 nm) depos-

6. The decay rate variations are now significantly different

ited on top of a gold substrate. The distance between the dipole arf@r the two structures. Particularly, one can see that the in-
the substrate is 90 nm. Solid line, dipole moment perpendicular téeraction of the molecule with the objects does not amount to
the surface, dashed line, dipole moment parallel.

a mere mechanism of frustration of the near-field of the mol-
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FIG. 9. Normalized decay rate above a silver structuxe (
=520 nm,d=12.5 nm,z,=90 nm) placed on a gold substrate.

ecule. The decay rate is more enhanced over the p::lrallelepf)—ipole moment along

ped with thelowestpermittivity. Once again, this feature can

be explained by considering a multilayer configurationmolecule(see also Ref[27]). Nevertheless, a general con-
(Fig. 7). Despite its simplicity, this simple model is ex- cjysion may be drawn. Spatially localized perturbations of
tremely valuable in that it provides us with an easy way tothe environment of the molecule can couple to the evanes-
understand the behavior of the molecule above the objectgent modes pervading the near field of the molecule. Hence,
However, one should bear in mind that the good agreemenfjthough these evanescent modes do not contribute to the
between the value of the decay rates when the molecule igissipation of energy for a molecule in free sp#8€], their
centered above one object, and the one given by a simplgcattering by the environment provides the molecule with an

(infinite) multilayer model will hold as long as the lateral aqgitional decay channgin addition to frustration, absorp-
dimensions of the object are large enough. tion, and reflection

The next two cases will allow us to illustrate further the
sensitiv.it.y to the environment of the molecular response. For V. SINGLE-MOLECULE NEAR-FIELD PROBE
a transition wavelength of 520 nm, we consider the silver/
gold pair. In the first case an object made of gold is placed In the preceding section we saw the great diversity of the
on a silver substratéFig. 8). In the second case, the roles of molecular response; the way the molecule couples to its en-
the two metals are exchangééig. 9. From this single ex- vironment depends on the geometry as well as on the nature
ample, it is obvious that not only the magnitude, but also theof the environment. On the one hand, such diversity might be
qualitative variations of the decay rates depend drastically ononstrued as a hindrance for an easy correspondence between
the nature of the materials forming the environment of thethe environment and the molecular response; a correspon-
dence crucial if the molecule were to be used as a near-field
probe. On the other hand, the fact that different objects yield
radically different molecular responses can be viewed as an
asset for two different material could, at least in principle, be
unambiguously distinguished. To assess the potential for im-

()]

T 8- aging of a single-molecule probe in a somewhat more trans-
= O parent way, let us consider a structure of no particular sym-
3 6 Ir},;;/b/;“,'\‘tQ\Q&fl,;/" metry. We are interested in the ability for the molecular
3 decay rate to reflect the symmetry of the structure. For sim-
I plicity we model the structure by a single layer of 410
© coupled dipoles. The height of the structure is 20 nm and its
g permittivity is 2.25 (same as the permittivity of the sub-
pd stratg. The probe molecule is scanned over the structure at

500 constant height 40 nm. If the scanning distance were to be
shortened, the size of the dipoles forming the structure would
simply have to be reduced. Moreover, we suppose that the
Y (nm) molecule is attached to a dielectric material with permittivity

2.25, which consists of a semi-infinite medium occupying

FIG. 8. Normalized decay rate above a gold structuxe ( the half space=40.5 nm. This geometry corresponds to a
=520 nm,d=12.5 nm,z,=90 nm placed on a silver substrate. Worst case scenario since for any material of finite lateral
Dipole moment along. extend, multiple scattering would be less important. The de-

X (nm)

500 -500
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FIG. 10. Single-molecule near-field image %488 nm) in a FIG. 11. Same as Fig. 10 but for a gold substrate.
cavity configuration (see text for a dielectric substrate z§
=40 nm). The dipole moment is alorgya) or x (b). mains with different permittivities. One should also note that

since the dynamics of the molecular probe depends on the

cay rate is computed by deriving the self-consistent fieldoptical properties of the environment, the decay rate would
susceptibility of a dressed cavifg£6,27] in a fashion similar ~ also be affected if the molecule were scanned over a flat
to the one described in Sec. Il, but with the surface nowsample(no topographic featurgexhibiting a strong optical
replaced by a three-media junction. The results presented dipntrast.

Fig. 10 show that the decay rate variations are strongly cor-

related to the qqtual shape of the sample only in the case ofa VI. CONCLUSION
molecule transition moment oriented along #exis. This is
a logical result as, for the perpendiculay case the molecu- We have presented a theoretical model for the study of

lar probe response is symmetric in the scanning plane, whileear-field modification of spontaneous emission. The
in the parallel(x) case, the true features of the sample arecoupled dipole methodCDM), allied with a rigorous deri-
concealed by strong edge effects which are a reflection of theation of the self-consistent electric field linear susceptibility
fact that the normal component of the electric field is disconwhich includes retardation effects, allowed us to address the
tinuous across an interface. Hence, in the case of a perpealectromagnetic coupling between an elementary source
dicular dipole moment, there exists a rather obvious corretmolecule or atorhand its environment. Our approach is not
spondence between the decay rate variations and the actuaktricted to a perturbative scattering regime or to a particular
shape of the sample. The same applies in the case of a miggpe of environment. Once the electromagnetic response
tallic substratéFig. 11). This correspondence holds for more (susceptibility of a simple environment is determined, in our
extended structureR27]. Hence, provided that the dipole case a substrate or a cavity, the flexibility of the CDM allows
moment of the probe is oriented perpendicular to the subene to consider general structures.

strate, a single molecule could in principle act as a localized Using this approach, we have computed the decay rates
near-field probe. On the other hand, for parallel orientationfor a single molecule represented by an oscillating dipole, as
one obtains a probe sensitive to the frontiers between da function of its position above various structures deposited

023819-8
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on a substrate. We have considered both the dielectric ani
the metallic case. While the details of the molecular response

depend on the very nature of its environment, we have%

shown that the orientation of the dipole moment of the probe >,

is crucial as in the parallel ca¢éipole in the scanning plane % 0+~
the near-field decay rate map is dominated by features sten 3.

ming from the discontinuity of the normal component of the £
electric field across interfacg26]. Also, the scattering of the g 054y
evanescent modes by sharp features of the sample provide.N

the molecule with an additional decay channel. Accordingly, g i

the decay rates are enhanced around corners or sharp featur<23 ]

in general. This result is consistent with previous experimen-
tal and theoretical investigatiorf46—19,21. For a better -500
assessment of the potential of a single molecule for use as
near-field probe, we placed the molecule in a cavity, thus
maximizing multiple scattering, and we considered a geo-
metrjcally complex sample.' This example.demonst.rated th‘?‘t’ FIG. 12. Same as Fig.(8 but for the normalized frequency
provided that the probe’s dipole moment is conveniently ori-g; g AwlT,,
ented(in the cases considered in this paper this corresponds
tr(;tz Teoaﬁg dp;rge”.d'f:“'ar o the scanning plattes decay APPENDIX: FREQUENCY SHIFTS AND MULTILEVEL
- p, is indeed strongly correlated to the actua ATOM

geometry of the sample. Of course, in the case of a sample
composed of several materials whose optical responses are In this paper we use a classical treatment of the interac-
radically different, especially in the case of metals, such aion between the molecule and the field. As we mentioned,
simple correspondence between decay rate variations amgving to the classical nature of the field linear susceptibility,
sample geometry is likely to be lost. As in any near-fieldthis classical approach is, for the decay rate, equivalent to a
interaction, the distance between the probe and the sampégiantum-electrodynamics calculation where the molecule
will also influence the decay rate variations. As the distancevould be represented as a two-level sys{édl. Indeed, the
decreases(increases the identification of the sample normalized decay rates computed in this way are identical to
through its near-field signature on the decay rate of the probghose that would stem from a quantum-mechanical descrip-
becomes easiefmore difficul). More detailed studies are tion, only their derivation in a classical framework is simpler
presented in Ref.27]. for complex geometries. For a multilevel system, the prin-

To conclude, let us state that the theoretical validation otiple of the calculation is the same, one merely needs to add
the concept of a single-molecule near-field probe should nathe contributions from all the allowed transitions to the decay
occult the difficulties encumbering the road to an experimenrate. The case of the frequency shifts is different, however.
tal realization of such a single-molecule near-field probeThe difference lies in the fact that part of the level shift is
(some of these aspects are discussed in R27s15). How-  purely quantum mechanical. Let us assume that the molecu-
ever, the main idea behind an efficient near-field probe isar polarizability for a levela has the form
localization and while using a single-molecule might prove
to be difficult, if one could gather several of these molecules

0

X (nm) so0 > ~_s00 Y (nm)

an_ na
in a small volume, coherent coupling between these mol- ol (w)=z 2 Wnatty Mg (AL)
ecules could well permit the realization of a multimolecular abB h 5 wﬁa_(w_;_i ,7)2'

probe without compromising the near-field sensitivity. Yet

another possibility might be to isolate spectrally a molecule . i
embedded in a host crystal by taking advantage of the inhd! ¢an then be showB0] that the shift for levek consists of
mogeneous spectral broadening as was done recently to créle two contributions

ate a single molecule near-field souf&&]. Also, let us men-

tion that as pointed out by Agarw@b3], the effect of the b

environment on the field can be viewed as the breaking of SERM=— EJ Sap(foro,ié)agg(i&)dé,  (A2)
the isotropy of the mode distribution of the vacuum state of 0

the field. This is another way of explaining the dependence

of the decay rate on the orientation of the transition moment

of the molecule. However, as Agarwal demonstrated, this SERR=-> Ko g RESp(ro, Mo, @an)]160(@ap),
anisotropy of the vacuum also has the interesting property " (A3)
that it can lead to interferences in the decay from two close
lying states to a common state, even if the dipole moments of
the two states are orthogonal. Such interference effectwhered is the usual Heaviside step function. The first term
could, in principle, also be studied with a single-molecule(van der Waals or Casimir-Polder according to whether or
near-field probe. not retardation is includgdpertains to the polarization of the
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molecule by vacuum fluctuatiorié the presence of the en- decay ratd’j to yield, in the case of a two-level atom, the
vironmenj. This term has no classical analog. The secondlassical resul{see Ref[55])
term, on the other hand, has an obvious classical interpreta-

tion. It corresponds to the shift induced by radiation reaction, Aw 3
i.e., the dispersive effect of the component of the field re- =" —RES, /10,10, 0)], (A4)
flected back by the environment and in phase with the dipole 0 4kp

(source oscillations. Also, unlike the preceding contribution,

the derivation of this term does not require an explicit formwhere a term-T'43/(8w) negligible compared to 1 has been
of the polarizability. In the case of a transition from an ex-dropped out. Therefore, the classical shift can be calculated
cited statea to the (stable ground stateb, the classical fre- by simply computing the real part of the field susceptibility
guency shift is given b)ﬁEER/ﬁ. Actually, to get a classical in the self-consistent procedure described in Sec. Ill. An ex-
expression, this shift should be normalized to the free spacample is provided in Fig. 12.
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