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We propose a general theoretical scheme for the investigation of light emitted from nano- and
micrometric structures of arbitrary shape and composition. More specifically, the proposed fully
three-dimensional approach allows to derive the light-intensity distributions around the emitting
structures and their modifications in the presence of nearby scattering objects. Our analysis allows
to better identify the nontrivial relationship between near-field images and fluorescent objects.
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Recent continuous progress in scanning near-field
croscopy together with the development of adequate na
fabrication techniques has enhanced our insight into the fi
distributions in the proximity of nano- and microstructur
materials. This insight is of great relevance for the design
future optical circuitry able to process light with the vers
tility of electronic chips. These developments have stim
lated more refined theoretical approaches as well as sim
tion strategies for the analysis of light propagation
complex structures and have renewed the interest in the
sical theory of light scattering.1,2 Indeed, theoretical predic
tions are essential for the design of photonic structures
to control the propagation of light. As a matter of fact, mo
of the theoretical investigations performed so far focus
the scattering of incident light illuminating structures of no
trivial shapes1,3 or study light modes in photonic crystals an
microcavities.4 However, optical circuitry, besides passive e
ements controlling/manipulating the flow of photons, requ
active components able to emit and/or amplify light. This,
turn, opens relevant questions concerning the emission
terns of active mesoscopic systems: Which is the actual fi
distribution around emitting structures? How does the in
action with nearby scattering objects modify the field dis
bution? What kind of relationship between near-field imag
and fluorescent objects holds?

The aim of this letter is to provide a general theoreti
framework for the evaluation of the field distributions in th
proximity of three-dimensional~3D! mesoscopic fluorescen
objects in the presence of nearby scattering structures.
proposed quantum theory of light emission can be applie
a great variety of nanostructured optically active materials
mesoscopic dielectric objects uniformly doped with optica
active molecules~e.g., dye molecules! or embedding semi-
conductor dots or layers able to emit light when approp
ately excited.

As a starting point, let us consider the key quantity
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want to investigate, i.e., the spectrally resolved energy d
sity I(r ,v) corresponding to the electric field at pointr ; this
can be defined as:

«0

2
^Ê2~r ,v!•Ê1~r ,v8!&5I~r ,v!d~v2v8!, ~1!

where Ê1(r ,v) is the electric-field operator correspondin
to the positive frequencyv ~it can be expanded in terms o
photon destruction operators! and Ê2(r ,v) is its Hermitian
conjugate. Our theoretical approach is based on the Gre
tensor technique in the frequency domain.1,5 The electric
field operator at a given positive frequency can be regar
as the sum of scattering and emission contribution5

Ê1(r ,v)5Ês
1(r ,v)1Êe

1(r ,v). The first term describes
light coming from free-space and scattered by the mate
system, i.e.,

Ês
1~r ,v!5Ê0

1~r ,v!

2k2E GI~r ,r 8,v!x~r 8,v!Ê0
1~r 8,v!dr 8, ~2!

wherek5v/c, the free-space electric-field operatorÊ0
1 de-

scribes input light, andx5«21 is the susceptibility function
of the material system~that we have assumed to be a loc
and scalar function to avoid complications!, and GI is the
field Green tensor.1,5 We stress that nonlocality and/or aniso
ropy can also be implemented.5 The second termÊe

1 de-
scribes light emitted by the material system itself, i.e.,

Êe
1~r ,v!52 ivm0E GI~r ,r 8,v! ĵ ~r 8,v!dr 8, ~3!

where the integration is performed over the volume of
scattering system andm0 denotes the magnetic permeabili
of vacuum. Here, the quantum noise operatorsĵ are the
sources of spontaneous light emission. These zero-mean
erators can be derived from the Heisenberg–Langevin eq
tions for the material system6 and are present only if the
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susceptibility tensor describing the material system has
imaginary part; they are a direct consequence of
fluctuation–dissipation theorem.

It is easy to verify that the intensity of the emitted lig
^ÊeÊe

1& is directly related to the correlation function o
quantum noise currents:^ ĵ†

• ĵ &. In order to calculate it ex-
plicitly we adopt a simple two-level molecular model to d
scribe the dielectric function of the scattering system,

x~r ,v!5xs~r !1
N~r !e2f ab

m«0

Na~r !2Nb~r !

v02v1 ig
, ~4!

wherexs is the real susceptibility of the scattering system
the absence of active molecules,f ab is the oscillator strength
associated to the transition@related to the associate dipo
momentd by f ab52v0md2/(\e2)], N gives the density of
active molecules, andNa(b) indicates the population densitie
of the ~a! upper and~b! lower levels. This simple model ca
be easily extended to include non-random molecular orie
tions, more energy levels and molecular species. Also m
complex models describing, e.g., semiconductor dielec
functions,6 can be adopted. By adopting this model and f
lowing Ref. 5, we obtain

^ ĵ l
†~r ,v! ĵ l 8~r 8,v8!&5

\

pm0

v2

c2 Im@x~r ,v!#

3N~r !d l l 8d~r2r 8!d~v2v8!,

~5!

with the population factorN(r )5Na(r )/@Nb(r )2Na(r )#.
Presently, our main interest is the case where input pho
are absent@i.e., ^E0

2(r ,v)•E0
1(r ,v8)&50]. In this case we

obtainI(r ,v)5( lIl(r ,v) with

Il~r ,v!5
\k4

2p (
l 8

E N~r 8!« I~r 8,v!uGll 8~r ,r 8,v!u2dr 8.

~6!

We observe that population densities in principle are affec
by light emission, thus Eq.~6! should be solved self
consistently together with the rate equations for the pop
tions. However, in many cases~far from the laser threshold!,
population densities are poorly affected by light emiss
and propagation, being fixed by external pumping. We a
observe that Eq.~6! has a structure analogous to the cor
sponding equation describing emission from therm
sources.7,8

To assess the power and versatility of the propo
scheme, we investigate the field-intensity distribution arou
a fluorescent low-symmetry nanostructured system. We c
sider an overall emitting 3D object consisting of a pair
quavers. The pad on the right is made of silver,9 and the rest
of the structure has relative dielectric constant of«54
10.2i with the exception of a small bleached square on
top region@see outline in Fig. 1~a!# with dielectric function
«54. The adopted value of the imaginary part of the diel
tric function is typical for organic dye molecules distribute
with quite high density.10 In particular @see Eq.~4!#, Im xI

50.2 corresponds, e.g., to a distribution of active molecu
with densityN21.10 nm3, oscillator strengthf ab50.03 at
detuning (v02v)/v050.02, ~v is the emission frequency!.
The whole structure has a uniform thickness of 60 nm,
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extension in the other two dimensions of about 4
3380 nm and lies on a flat substrate of uniform dielect
constant of«s52.5. In principle the emitting system can b
excited by current injection or by optical excitation at fr
quencies higher than the emission frequency. In order to
ter focus on the emission properties, in the following w
assume uniform excitation leading to uniform populati
densities. The effect of nonuniform excitation at higher e
ergies by far-field illumination can also be taken into acco
within the present approach. In this case the population
tor N(r ) will be proportional ~in the linear regime! to
« I(r ,ve)uEs(r ,ve)u2, whereEs is the field originating from
far-field illumination @see Eq.~2!#, andve is the excitation
frequency. Figure 1~a! displaysI(x,y,z̄,v) in the proximity
of the emitting object in an observation plane located az̄
552.5 nm above the top surface of the structure~i.e., 112.5
nm above the substrate!. The Green tensor is computed b
solving numerically a discretization of the Dyson equatio1

Calculations have been made atl52pc/v5600 nm. The
emission pattern reproduces almost perfectly the ob
shape and both the bleached region and the metallic pad
be clearly distinguished. The vector character of the emit
light is shown in Figs. 1~b!–1~d!, where the partial intensities
Il(r ,v) ~i.e., the intensities that can be detected by a pro
able to select light polarization! are displayed. In spite of the
isotropic and uncorrelated character of the source curre
the three intensity distributions strongly differ one from ea
other. We observe that onlyIz reproduces quite well the
object shape~except the metallic pad of course!. Besides,
from inspection of Figs. 1~a! and 1~d!, a rather complex in-
tensity pattern can be observed around the metallic pad.
nonuniform pattern, mainly polarized along thez axis, can be
attributed to the excitation of multipolar modes by the inc
herent light originating from the nearby fluoresce
structure.11

Figure 2 shows the differences in contrast, resoluti
and light confinement between fluorescence and scatte
near-field patterns. The latter has been obtained with

FIG. 1. ~a! Overall field intensityI(r ,v), in an observation plane 112.5 nm
above the substrate, emitted atl5600 nm from the structure, and partia
intensitiesIl(r ,v): ~b! Ix , ~c! Iy , ~d! Iz . The same intensity range ha
been chosen for the representation of the last three panels~so that a given
brightness matches the same intensity for all!. The intensity interval of the
first panel has been duly compressed for clarity of the figure.
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p-polarization excitation incident atp/4 from above the sub
strate. Besides the fact that scattering completely ignores
bleached region, we observe that the two panels display
different ~almost complementary! behaviors as to what con
cerns contrast, resolution, and light confinement. In parti
lar, a rather widely spreadout light pattern around the die
tric structure appears to be inherent to the scatte
configuration. Moreover, note~i! the interference pattern in
the top region of Fig. 2~a!, which may at first appear as
ghost structure, and~ii ! the apparent shift of the object alon
the projection on thexy plane of the incident wave vecto
~the position of the quavers relative to the frame is the sa
in both cases!. We also observe that the two different excit
tion mechanisms of the metallic pad~i.e., incoherent nearby
emission field or coherent far-field illumination! induce
rather different intensity patterns around it. The differenc
here observed between scattering and emission pattern
part can be led to the fact that fluorescence is an intrinsic
incoherent process in contrast with scattering. In particu
Eq. ~6! shows that the emitted field amplitude from ind

FIG. 2. ~a! Intensity amplitudeuEsu2 in the same observation plane of Fig.
and at the same wavelength, resulting from illumination by ap-polarized
plane wave atp/4 incidence~the projection of the incident wave vector o
thexy plane,ki , is also indicated!. The dielectric and geometric features
the structure are reported in the text~see also Fig. 1!. ~b! The field-intensity
distribution emitted~fluorescence! by the same structure@see also Fig. 1~a!,
where the structure is outlined#.
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vidual emitters is first squared and then summed up, whe
scattered light intensity@see Eq.~2!# is obtained by the re-
versed procedure.

We have proposed a general theoretical scheme for
investigation of light emitted from nano- and micrometr
structures of arbitrary shape and composition. We show
that the shape of the object is relevant in the polarizat
properties of the emission pattern. In particular we ha
found an enhancement of thez component of the field emit-
ted by incoherent, nonpolarized sources distributed subs
tially in the xy plane. The presented numerical results p
vide useful guidelines for the interpretation of near-fie
photoluminescence spectroscopy/microscopy measurem
Moreover this theoretical and numerical scheme can be
plied to the design of photonic systems combining active a
passive structures.

The authors thank Omar Di Stefano for stimulatin
discussions.

1O. J. F. Martin, C. Girard, and A. Dereux, Phys. Rev. Lett.74, 526~1995!.
2A. Madrazo and M. Nieto-Vesperinas, Appl. Phys. Lett.70, 31 ~1997!.
3S. Fan, I. Appelbaum, and J. D. Joannopoulos, Appl. Phys. Lett.75, 3461
~1999!.

4J. D. Joannopoulos, R. D. Meade, and J. N. Winn,Photonic Crystals
~Princeton University Press, Princeton, NJ, 1995!.

5S. Savasta, O. Di Stefano, and R. Girlanda, Phys. Rev. A65, 043801
~2002!.

6C. H. Henry and R. F. Kazarinov, Rev. Mod. Phys.68, 801 ~1996!.
7J. P. Mulet, K. Joulain, R. Carminati, and J.-J. Greffet, Appl. Phys. L
82, 1660~1999!.

8J.-J. Greffet, R. Carminati, K. Joulain, J. P. Mulet, S. P. Mainguy, and
Chen, Nature~London! 416, 6876~2002!.

9The dielectric function of silver was obtained interpolating the valu
obtained by P. B. Johnson and R. W. Christy, Phys. Rev. B6, 4370~1972!.

10I. Pockrand, J. D. Swalen, R. Santo, A. Brillante, and M. R. Philpott
Chem. Phys.69, 4001~1978!.

11Experimental evidence of quadrupolar plasmon patterns at about t
wavelengths has been recently reported by R. Hillenbrand and F. K
mann, Appl. Phys. B: Lasers Opt.73, 239 ~2001!.


