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Spontaneous light emission in complex nanostructures
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The spontaneous emission of an excited atom surrounded by different materials is studied in the framework
of a semiclassical approach, where the transition dipole moment acts as the source of the emission field. The
emission in the presence of semiinfinite media, metallic nanorings, spheres, gratings, and other complex
geometries is investigated. Strong emission enhancement effects are obtained in some of these geometries
associated to the excitation of plasmdeg., in nanorings or sphepe&urthermore, the emission is shown to
take place only along narrow angular distributions when the atom is located inside a low-index dielectric and
near its planar surface, or when metallic nanogratings are employed at certain resonant wave lengths. In
particular, axially symmetric gratings made of real silver metal are considered, and both emission rate enhance-
ment and focused far-field emission are achieved simultaneously when the grating is decorated with further

nanostructures.
DOI: 10.1103/PhysRevB.69.205414 PACS nuniber78.55—m, 42.25.Fx, 42.79.Dj, 78.67.Bf
[. INTRODUCTION strength of the electromagnetic field in the context of

surface-enhanced Raman spectroscéB¥ERS,**>0 in a

The spontaneous emissi¢8BE) of photons by excited at- similar way as in SE.
oms has captured the attention of many researchers for a long Not only the emission probability is modified by the en-
time!~*2When an excited atom is placed in a homogeneousironment, but the angular distribution of emitted photons
medium, the emitted electromagnetic field takes the samean be substantially changed and in some cases the SE field
form as that produced by an electric dipole. The directionakhows a very sharp directionaly® This is the case in
intensity of the dipolar far field exhibits a maximum value particular of metallic wave guides with some additional
for the direction perpendicular to the dipole, while the emis-structure>>2 This type of geometries has been applied to
sion is forbidden along the parallel directibh. microwaves since the 1970’s to increase the directionality of

Nevertheless, the SE field can be strongly modified if theoriented antenna designs, and renewed interest has emerged
atom is surrounded by materials of different composition andnore recently as applications in the visible and near infrared
shape, as it was predicted by Purtalhd later corroborated regions are becoming practici.>’ More specifically, light
experimentally:*~*® Theoretical proposals along this direc- can be funneled into hole arrays much smaller than the
tion have been made, some of them consisting in surroundwavelengtt?® and also through subwavelength slits in metal-
ing the emitter by different kinds of dielectrics and lic thin films.>® Light collimation by a hole decorated on the
metals?*’~19 exit side of the filn?**®and enhancement in transmission by

In particular, photonic crystals have been used to conedecorating the input sid&>’have also been achieved. Direc-
trol light propagatioA®?°~?* and to achieve enhance- tionality in antenna designs can be also obtained by modify-
menf¢22242%r suppressiohof the SE field. Another possi- ing the properties of the ground plarfe.
bility consists in placing the atom inside an optical In this work, we present a simple model of SE in semi-
cavity:?’=30 aqgain this can lead to either inhibitoror infinite media as a first example of systems that can give rise
enhancemeft of the emission probability. Left-handed to both enhancement and directionality effects. The emitting
materials’ mirrors31~33 sharp metallic tipS* waveguides®  atom is described by the electric dipole moment correspond-
or quantum dot€*" can also be used to modify the SE fea- ing to the atomic transition under consideration.
tures. The physical processes involved in these phenomena More elaborated geometries need other sophisticated tools
are of quantum nature, such as quantum interferéngean-  which permit solving Maxwell’s equations in the presence of
tum degeneratioff or proximity effects in plasmon objects of arbitrary shape. Among them, both the Green's
resonance¥’ tensor metho® %! and the boundary element method

The modification of SE by a dielectric sphere has beedBEM),%? have been successfully used to several problems;
studied analytically within the framework of classitifland  the latter will be the one applied in this work. The atom is
quantuni® electrodynamics, and also in the limit of strong described within a semiclassical approach and the boundary
interactions between the atom and the sphtrie, which  conditions on the interfaces between different materials are
case the level populations experience Rabi oscillations aniinposed by means of surface charge and current distribu-
the decay rate is no longer a valid magnitude to describe thgons, which will become the sources of the reflected and
decay of the system. Rabi oscillations are important wherscattered electromagnetic fields. In the problem that concerns
the atom is placed inside a dielectric sphErspmetimes us, the BEM is applied to the study of the interaction of the
giving rise to enhancement of the $E° SE field with spheres, rings, and gratings. Strong enhance-

Metallic nanostructures have been shown to increase thment both in the total emission and in the angular direction-
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ality of the emitted field is achieved. 1.0 o ' ' I
This paper is organized as follows: In Sec. Il we present a ] f //
semiclassical treatment of the SE process and apply it to the M 7
calculation of the emission width in a homogeneous me- 8 // i
dium; Sec. Il is devoted a model for semi-infinite media and 1 € /
some results of its application are presented; A method for 064 /,/ rm, |
dealing with more complicated geometries will be the sub- 4 50
ject of Sec. IV, which will be applied to several metallic W] ‘//
systems in subsequent sectignisgs in Sec. VI, spheres in 044  €=sin®0 y 4
Sec. V, and gratings in Sec. VllIFinally, the main conclu- y
sions will be summarized in Sec. VIII. ] // ==
0.2 4 |
II. SPONTANEOUS EMISSION IN A HOMOGENEOUS / 0
MEDIUM 0.0 L L L L L

_ _ 0 10 20 30 4? 50 60 70 80 0
We consider a two-level atom witlr ;(r) andW(r) be- 0 (degrees)
ing the wave functions of the ground state and the excited

state, respectively. With these wave functions we can build a /G- 1- (Color onling Spontaneous emission probability nor-
SE electron current dens?ﬁf’“ malized to vacuum as a function of the angle of emis¢sa® inset

for an atom placed at the surface of a semi-infinite medium of
dielectric constang with vacuum. The maximum emission occurs

) eh along the curves=sir6.
i(N)=—i W5 ()V¥(r),

eik’r

E(r—o)= f,

which, invoking the charge continuity equation, gives rise to
a charge density given by
wheref=k?[d—r(d-r)] is the far-field SE amplitude and
1. =r/r.

p(r)= EV-j(r). (1) To calculate the emission probability per unit time, we
construct the Poynting vect@® from the electric and mag-
netic far fields asS=2Rq (c/47)(EXH*)]. Again in the
far-field limit, S-r = (c/27)|f|’r ~2\/e and we find the emis-
ﬁion rate to be

A time dependence'“! is implicitly understood in this ex-
pression, where is the frequency of the emitted photon.

The electric field created by these densities can be writte
as

1 ~ 4
_ 2q. 7 3 2
r_ﬁwferSr a7 < eldl? (4)

ik 1.
E(r):j dr’{EG(r—r’)j(r’)—;VrG(r—r’)p(r’)},
) I1l. SPONTANEOUS EMISSION IN A SEMI-INFINITE
DIELECTRIC MEDIUM

whereG(r) =exp(k'r)/r is the Green function of the scalar  One of the simplest systems in which SE can be studied is
Helmholtz equationk= w/c, andk’ =ky/e. the one formed by semi-infinite planar medta>%>®Unlike
Now, we make use of the dipole approximation, that is,in some other modef€, we do not consider the effect of
the fact that the atomic dimensions are much smaller than thediative damping in the oscillating electric dipole. We will
radiation wave length, and therefore we approximatecalculate the emission rate for only one atom with its transi-
e k" "'~1. In this case we can make use of tion dipole moment oriented along prescribed directions,
from which averaging over dipole moment orientations can
be trivially performed. We will apply a formalism similar to
f drj (r)=—iwd, (3  the one in Sec. Il to investigate enhancement and direction-
ality effects. For that purpose, we will place the atom in a
. . . medium with dielectric constart and study the propagation
whered=e(W4|r|¥e) is the dipole matrix element of the f radiation towards the surface that separates this medium

electronic transition. o , (z<0) from the vacuum#>0) (see insets of Figs. 1, 2, and
The part containing the charge density in E2). gives a 3)

longitudinal contribution to the far field, and since the total
field has to be transversal, this longitudinal contribution must
cancel out the one coming from the current density. In the
far-field limit, the integral in Eq.2) can be expressed in Let us start from Eq(2), taking into account the two-

terms of the dipole matrix elemedtas dimensional translational symmetry of the surface that per-

A. Spontaneous emission field
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FIG. 2. (Color onling (a) Spontaneous emis-
sion probability normalized to vacuum for an
atom placed at a planar Al-vacuum interface, as a
function of polar angle of emissiof and photon

hm (eV)

vacuum

energyfw. (b) The same aga) but when the
atom is placed inside Al at a distance of 20 nm
from the surface of separation between media.

0 ®
0 (degrees)

40
0 (degrees)

&0

mits separating the photon momentugp in a two-
dimensional partQ parallel to the planez=0, and its
perpendicular componery,. We can express the Green
function inside the medium described byas

G( ) eik’r f dq A et
r)y= =
r (27T)3 q2_k/2_i0+
:f dQ 2_7T —A’\ZleiQ-R, (5)
(2m)% A’

where Q=(Qy,Qy), R=(x,y), A’=\Q?-k'?2-i0", and
07 is an infinitesimally small positive real number.
Inserting Eq.(5) into Eq. (2) and noticing that one can

replaceVﬁr by [iQ,—A’sign(z—2')] inside the integrand of
Eg. (2), one obtains

E(r)=f fdr’

1
- E[iQ,—A’sigr(z—z’)]

dQ
2mA’

) ik
iQ-(R-R")—A'"|z—=2"|| _; r!
e [CJ( )

><{J'(r’)'[iQ,—A’Sigr(Z—Z’)]}},
wherep has been expressed in termsj afsing Eq.(1), and
integration by parts has been performed.

Making use again of the dipole approximation and of Eq.
(3), we have

vacuum

/

) z0<0L ./'

FIG. 3. (Color onling Spontaneous emission
rate normalized to vacuum from an atom placed
near a semi-infinite medium of dielectric constant
e for different positions of the atonfsee inset

Dashed curves show the emission towards the
vacuum side, while solid lines represent the sum
of the emission towards both sidégacuum and
dielectric, i.e., the total emissipnThe atom lies
inside the dielectric(vacuum for zy<0 (zq
>0).
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where the transmission coefficients can be expressed in terms

E(r)= f gQR-4'E"20) of the emission angl® as
2m7A’
k2d+ (|Q Ar)d (IQ,_A’) ] t = 2\/E_Sir]20 ,
\Je—sir’ 6+ cosd

Now, the field can be conveniently expressed in terns of

and p polarization vectorsg,=(1/Q)(—Q, ,Q,,0) ande —
~(IKQ)A'Q,AQ,, 1Y), a8’ p - Zve_nzsa'feﬁa,
Ve—si €COS

E(r)= f dQ(EcestEpey), (6) and
where a=d,sin¢y—d,cosé,
(N _ . .
Es= g QR4 Zt))a(—deerdny), b= \e—sinf6(dycosg+ dysin ) —d,sin 6.
27A’

Finally, using the above expressions to calculé§ the
polar-angle dependent distribution of the transition rate is

E = giQ-R- A" (z—2p) A'd +A'd found to be
p 2m7A’ \/—( xQx yQy
+iQ?d,). o) _, §0( 1
=2co
Lo Je—sir 6+ cosb)|?
B. Far field in vacuum with the emitting atom e |
inside a dielectric |e—sir? 6| +sirfg |efk\m\20\|2
The Snell law guarantees conservation@f and Q, at ,/E sir? 6+ ecosd|?
both sides of the surface, and omy changes. The transmit-
ted field components in vacuum are ©)

where ' is the emission probability of the excited atom
ELl=tE,, placed in infinite vacuum, as given by Ed) for e=1.
In Fig. 1, we show the behavior of the emission probabil-
El—tE ) ity when the atom lies at the surface of a medium of real
ppTRe dielectric constant. The emission is enhancee lies in the
wheret, andt, are Fresnel's transmission coefficiefts. range between 0 and 1, specially near the curvein’g, as
Details of the integration ove® in the r—« limit are shown in the figure. It should be noticed that within the
given in Appendix A. The result for the Cartesian compo-region of the figure that lies on the right-hand side with
nents of the far field in vacuum is the following: respect to this curve the resulting emission field is made of
evanescent waves inside the dielectric and propagating
waves in vacuum. Therefore, if the atom is located deeper
e ts inside the dielectric, the emission tends to be suppressed
r\ Je—sirfo within that region, whereas the rate remains unchanged on
the left-hand side of the mentioned curve. Near the curve, the
t,cose cosd b e—k\mvo\ 8a maximum va_lu_es o_f the enhancement are reach_ed_for small
Je Je—siro d values ofe, giving rise to a very concentrated emission near
the surface normal.
In Fig. 2, we have placed the atom in aluminum. We use
elkr te tabulated optical data for the dielectric function of the
mCOSHCOS(p(—a) metal®® The dependence of the dielectric constant on the
transition wavelength reduces the enhancement to a short

ikr

E,.=k? cosé singa

Eyzsz
range of frequencies, while the angular distribution shows
tps'”‘P cos¢ )e—kVSinzﬂ—on, (8h)  that the emission is concentrated in a region of approxi-
Ve e—siro mately 15° around the surface normal. It should be stressed
that the atom must be very close to the surface in order to
oikr ¢ singcosd aphieve large enhancements. In particulgr, in Figp) 2he
Ez:k2_< __p—b)ekvsinzeelzol, (8¢  distance from the atom to the surface is 20 nm, and the
Je Je—sirto maximum rate has decreased by an order of magnitude.
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C. Far field in the medium containing the atom ik'r

The calculation of the far field in the dielectric medium E°"(1)= ord [(k'#r2+ik'r—1)d—(k"?r?+3ik'r =3)
follows the same lines as above. Propagation at large dis-
tances will be possible only i¢ is real and positive. Then, x(d-1)r], (12)
the total field is the interference of the direct emission from
the atom and the field reflected at the surface.

In the far field limit, the total electric field can be ex- _ elk'r
pressed aE=f"ek'"/r, in analogy to the transmitted field HY"(r)=—ik
considered above. Proceeding in the same way as in the pre-

ceding section, the probability of emission towards to dielec- ) , ) )
tric is found to be wherer is the spatial coordinate relative to the atom. Now,

the total field will be obtained numerically by means of the
BEM,®? which permits solving Maxwell's equations exactly

(ik'r —1)(rxd), (12

r2

I'(e,0) 1 ) ) in the presence of arbitrarily shaped interfaces. The BEM
= 524 [rg H|ry consists in using interface charge and current distributions
0 that are solved self-consistently by invoking the customary
+2Re{(rs—rpcos%)eZ‘k/‘ZO‘]), (100  boundary conditions for the electromagnetic field. This is
done at a discrete set of representative interface points. One
where the reflection coefficients take the form ends up with a linear system of equatiofise boundary

conditions and unknowns(the interface charges and cur-
rent. The dimensionality of the problem is reduced by fo-

N e cusing on the interfaces, and by taking care of the field

Jecoso— 1 — esirfo . .

re= —, propagation by means of homogeneous media Green func-
Jecoso+ \J1— esiro tions. In practice, the problem becomes one dimensional in

either axially symmetric geometrieor each azimuthal
number m) or in interfaces with translational symmetry

cosf—\Je\1— e sirtd along a given direction. We will focus on axially symmetric
rp:cos¢9+ \/E\/m nanostructures and the fields given by E¢kl) and (12)

provide the inhomogeneous part of the mentioned system of
) . o linear equation§? We will show calculations for cases in
and the polar anglé is referred to thevegative axis(i.e., it \yhich the atomic electric dipole is oriented either parallel or
no reflection, so that;=r,=0 and we recover the familiar ~ \we will distinguish between direct and induced fields.

expression of Sec. II. _ . The latter are the result of scattering of the direct field at the
We compare in Fig. 3 the angle-integrated probability forinterfaces, so that one can write

emission towards the vacuum side versus the total emission

rate for different values ot and z,. One can observe the _ _
interference between direct and reflected components of the E(r)=EY"(r)+E"d(r),
total field as stated above, giving rise to oscillatory patterns

with the atom-surface separati@my|. For large values o,

the transmitted field is very weak on both ways. On the con- H(r)=H"(r)+H"(r).

trary, small values ok lead to large transmission near the

surface, as already anticipated in Fig. 1. with E9"(r) andH?"(r) given by Egs(11) and(12), respec-
tively.

If the media under consideration are not absorkitngt
is, their dielectric constants are all re#the emission raté’
and the atomic decay ralé"®*“®take the same value. How-

So far we have studied the SE of an atom interacting witrever, in the presence of absorption not all photons are emit-
semi-infinite dielectric media. More complicated geometriested to the far field, and therefole<IT"%°® |n any case, the
will offer the possibility of collimating and producing strong total power emitted by the atom can be obtained by assuming
enhancement or attenuation of the emission. In the followinghat the induced electric and magnetic fields are approxi-
sections we will make a step further and focus on the behavmately uniform inside an infinitesimally small region sur-
ior of the SE field in the presence of different nontrivial rounding the atonithis assumption is reasonable when the
geometries. atom is not located right on an interface, in which case one

The electromagnetic field created by the atom will be ob-can always study the limit as the atom approaches the inter-
tained in a similar way as in Sec. lll. Let us start by E2).  face. The total emission probability can be calculated like in
and its analogous for the magnetic field. Using the dipoleEqg. (4) by integrating the Poynting vect&derived from the
approximation and Eq.3), the direct electric and magnetic BEM over a spherical surface fully contained in the same
fields are found to bé medium of dielectric functiore as the atom. One finds

IV. SPONTANEOUS EMISSION MODIFIED BY
DIFFERENT GEOMETRIES

205414-5
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[ decay— ZCJdQZAR E H*(r)]= rzfdQR ! Ik ik'r+1){(k'2r2+ik'r—2)[r-dx (r xd*
Y ror-REE(N) X H*(N]= 5 — —r—z(l r+ (k" re+ik'r=1)[r-dx (rxd*)]J}

€r
r2 fd\QR ik ik’ 1 - Eind " d* —ik’r
+m —r—2(| r+21r-[ (r)yX(rxd*)Je

I’2 ik'r . ]
1202 0 il e . *ind
+—27ka dQRe| Erg(k r24ik’r—1)r-[dxH (r)]]-

The term containing the induced electric and magnetic fields V. FAR FIELD FOR TWO NANO-SPHERES

does not contribute when integrating over the solid arfyle . -
. . . L The electromagnetic characteristics of the system formed
due to the hypothesis that they are uniform in the vicinity of : :

. S : P by two spheres have been widely studied, for example the
the atom. Taking the limit —0 and denotind=(r=0)=E, . ion b h d the h induced itiol
we have mteracyononetween them and the hence induced multiple

scattering”"*the features of the system formed by two con-
tacting sphere# the field-induced interaction force in two
sphere<?® or the diffraction of electromagnetic wavés.
Nevertheless, we are not aware of any study of the behavior
of the SE by an atom placed between two spheres which are
very near from the other.

A big enhancement of the far-field emission can be
achieved placing the electric dipole between two metallic
spheres which are separated by a very small distéaéew
nm). In this case the atom can induce some dipolar surface
charges on the spheres, giving rise to a strong modification
The first t is th that in sec. Il Thof the field. To illustrate the fact that for absorbent media

€ Tirst term 1S the same oneé that appears In Sec. 1t INE - pdecay (j o | part of the decay is converted into emission

integration of the second term is straightforward as well. Asand the rest is absorbed by the materiale show in Fig. 4
fo_r the th_ird, we»ne_ed to expand the magnetic ﬁeld’both quantities for the two-sphere systeRf*® has béen
H"(r)=Hg"*+(r-V)Hg'"*, since a uniform magnetic-field cajculated from Eq(13), while for I' we have used instead
gives no contribution to the emission probability, and the 1/ the far-field Poynting vector. In Figs.(® and 5b) it is
factor can still produce a finite contribution from the mag- shown this behavior when the dipole is placed between two
netic\field gradient. After some algebra, and making use o§0|d spheres of 50 nm of radius. There are some wave-
Ampere-Maxwell's  law, this third term becomes |engths, which coincide with the plasmon resonance of the
(2/3)Im(d* - Eg'?), so that the total decay rate is found to material, for which the enhancement is dramatic, but only for

1 R 1
hrdecay:EJ’ kos\/;[|d|2_|d'r|2]+ ﬁf d
X Re{ —i[(EX. ) — (F - d*) (F - £}

1 —1. *ind
+|Immf dOR ?I“[dXH (.

r—0

be’®® the case where the dipole orientation is parallel to the imagi-
800000
rdec%ik3ﬁ|d|2+ ilm(d* : Ei"d)+3|m(d* “Eg') | di
3 3t ° 7 3 ° 6000004 & = <:>
2 _ ] ::l [decayT
=T+ +Im(d* - Eg"%). (13) - o, 0
400000 — e
E ' I"I:/
Here,I', is the rate for the case where there is no induced : I'/T, (emission)
field, that is, the dipole is isolated in a medium of dielectric 2000004 '.‘
constante. This expression is very convenient and we have | ' P
tested it by showing that the emission rate that it predicts S\t
agrees with the one obtained from the integral of the far-field 0 T T ¢ 1T » I °
Poynting vector when all materials under consideration have 400 30& (m;lZ)OO 1600 2000

real dielectric function.

The emission probabilities presented in the sections below FiG. 4. (Color online Decay and far-field emission probabili-
for arbitrary lossy materials are obtained by means of theies, normalized to vacuum, for an atom placed at a distahce
far-field Poynting vector, which we have analyzed in angle of=1 nm from the surface of two gold spheres of 50 nm of radius and
emission. situated between thefisee text for more detajls
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200000

1200

7(0)

160000

120000 -
=

=

FIG. 5. (Color online (a)
Spontaneous emission rate nor-
malized to vacuum for an atom
situated between two gold spheres
of radius 50 nm, and with its elec-
tric dipole oriented parallel to the
EEEEEE : line that crosses the center of the
800 1200 1600 2000 spheres. Three different sphere
A (nm) separations are considered, so that
the distance from the atom to each
of the spheres is 0.5, 1, or 2.5 nm
(the rate increases with decreasing
distance. (b) Same as(a) when

0 the dipole is oriented perpendicu-
lar with respect to the one ifa).
(c) (d) Same as(a) and (b), re-

80000

40000

" = ‘ T ‘ T ‘ T
400 800, 1200 1600 2000 400
A (nm

0.5nm spectively, but with only one
1nm sphere.
2.5nm
0.0 ‘ . §»..T.-._.,,..,L,-.T...&,....,,-‘_.HT,-..,-.,-,‘.-,-.@;. T
400 800, 1200 1600 2000 400 800 200 1600 2000
A (nm A (nm

nary line which goes from one sphere to the other. For thdeing still considerable high even when the atom is above
orientation perpendicular to this one it is given suppressiorthe ring. The wavelengths, at which the peaks occur, grow
of the emission. This difference is due to the characteristicsvith the height of the ring. On the other way, when the
of the induced dipoles in the spheres; in the former case theglipole orientation is parallel to the ring axis, then a suppres-
add its contribution, while in the latter they cancel it. sion is observed, for no probability bigger than the one for
It can also be seen that the enhancement is highly depethe vacuum is given.

dent of the distance between spheres, growing dramatically Concerning the directionality of the emission, in general it
with it. Also the position of the maximum varies, although has not been observed a strong collimation of the resulting
slightly, with this parameter; it decreases when increasing théeld, so this kind of systems can be used in order to improve
gap between spheres, until reaching a constant value of abotlite emission, but not for concentrate it within small angles.
480 nm which corresponds to the case of only one sphere As it happened with the spheres, the directionality of the
[Fig. 5(c)]. Note that in this last case this position does notradiation emitted for this system is approximately the same
change when placing the atom at different distances of thas for the single dipole without any interaction.

sphere. It should be noticed that for rings the effect is exactly the
opposite as for the spheres: suppression for dipole orienta-
tion along the revolution symmetry axis of the system and
enhancement for perpendicular orientation. So, with either

Next, we will apply our formalism to gold rings of several one of these two systems we can amplify an arbitrary dipolar
heights, as shown in the inset of Fig. 6. Recently it has beeBMission, as will be seen in the following section.
showrf® that this kind of rings show infrared plasmon reso-
nances in the extinction cross-section spectrum which are
due only to its shape, as they do not appear in solid disks. In
our study, the atom will be placed at several distances of the So far, we have studied systems in which the enhance-
center of the ring. We calculate the probability emission re-ment of the SE can be very high. Nevertheless, the other
lated to the case in which there is only vacuum surroundingnain goal of this work, the collimation of the resulting field,
the atom from the far field given by the boundary elementhas not been achieved neither for rings nor for spheres,
method. Results are shown in Fig. 6, using tabulated opticadlthough semi-infinite media already provided a way of
data for the dielectric function of AP doing this.

A strong enhancement of the emission is observed for Recently**>®** grating geometries have been applied to
some energies when the dipole is oriented perpendicular toollimate different kinds of optical emissions. In this work
the ring axis. This enhancement is maximum when the atorwe will construct a very simple axially symmetric grating
is in the center of the ring, decreasing with the height, buformed by a certain number of grooves of cosine shape

VI. FAR FIELD FOR GOLD NANORINGS

VII. FAR FIELD FOR GRATINGS

205414-7
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60

h=24 nm
L ﬁ ﬁ 120

T(6)/T,
40

400 600 8007L (nm1)000 1200 1400 0 08 16 Ms 08 16
FIG. 7. (Color (a) Angle-resolved emission probability for an
atom located in the center of a silver grating consisting of two
axially symmetric grooves. The intensity has been integrated over
?zimuthal directions and normalized to the total emission probabil-

|8/ in the absence of the gratin,. The transition dipole moment

d is taken perpendicular to the grating axis. The grating has cosine-
like profile with parameterfi=0.2s and b=0.6s, whereh is the
groove depthsis the groove pitch, anldis the thickness of the film
inset in Fig. 7, which will give big directionality of the (see inset, not to scaleThe atom is located at a distance &G04
emitted field. We will change the number of grooves, while@bove the silver surface. The emissi.on wavelength 5600 nm.
maintaining fixed the groove perical the groove heighh, ~ (b) Same asa), for d parallel to the axis of symmetric)-(d) Same
and the thickness of the fillm We use the dielectric constant 2 (@ and(b), respectively, but for five grooveéhis is the geom-

for silver ath =600 nm (€= — 16+ 0.5i) 68 All the geometri- etry actually plotted in the inset(e)-(f) Same aga) and (b), re-

cal parameters will be expressed in terms of this wavelengtl‘gec“\'ely’ but for 10 groovesb), (d), and(f) should be muitiplied
In this way, the results obtained here will be a consequenc a factor 3 in order to get the actual emission probability.
mostly of the geometry when the grating material is made of
a good metal, even if not perfect. Indeed, for other metallic- The first effect that is clearly seen is that there is a strong
like values of the dielectric constaffor example,e=—25  collimation for a very defined set of frequencies for both
+i, which corresponds to silver and copper near 800,nm orientations of the dipole. When the dipole is parallel to the
the directionality dependence witi\ is qualitatively the axis, the maximum wavelength increases with the number of
same and quantitatively very similéhe results of Fig. 7 are grooves, while for the case in which the dipole is perpen-
almost the same when this new valueeofs used; hence, dicular to the axis the maximum is nearly independent of the
one can conclude that the results can be extrapolated to tieimber of grooves, being situated around=1.1. For the
desired emission frequency just by changing the dimensionfirst case, as the emission is suppresseg=ad, the angle at
of the grating to the corresponding range of wavelengthsvhich the emission peak occurs decreases as well with in-
(visible, infrared. In particular, a similar type of grating creasing the number of grooves; for a dipole perpendicular to
geometry is well known in the microwave antennathe axis, this maximum occurs alwaysést 0. Interestingly,
community>152 the emission is concentrated within a very small range of
In Fig. 7 we show the ratio between the emission prob-olar angles, and this range is decreasing dramatically as the
ability for this system and the emission probability in number of grooves is bigger.
vacuum, in terms of the ratio between the size of the grating The dependence of the results on the geometrical param-
and the emission wavelength, and the polar aglén the  eters of the grating is shown in Fig. 8 for the case in which
case in which there are 2, 5, and 10 grooves. Two possiblthe grating consists of five grooves. We choose to make the
dipole orientationgparallel and perpendicular to the grating comparisons in the case of a perpendicular dipole to the sym-
axial symmetry axigare shown. For small distances betweenmetry axis, because the valueafs at which the maximum
the atom and the gratindess thars/20) the results are prac- emission is achieved does not depend appreciably on the
tically equivalent. We show here the results when this dishumber of grooves. Maintaining the period of the grosve
tance iss/25. fixed, it can be seen that the role of the groove helyig

FIG. 6. (Color onling Emission probability normalized to
vacuum from an atom placed at the axis of a nano-ring of hdight
at a distance from its center. The transition electric dipole is ori-
ented perpendicular to the ring axis. The three peaks correspond
different values oh (see labels Within each peak, the values of
are (from the top to the bottoO, 6, 12, 24, 48, and 96 nm,
respectively.
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FIG. 8. (Color online Dependence of the
emission probability on the geometric parameters
for an atom placed in the center of an axially
symmetric grating consisting of five groovesee
inse). The dipole is oriented perpendicularly to

S the symmetry axis(a)—(c) Dependence with the
V4 v height of the grooves within the main resonance
[Ns=1.1, see Fig. €)] and outside it X/s
=0.9 and 1.3), respectivelgd) Dependence with
the depth of the lower part of the grating at reso-
nance.(e) Dependence with the distance between

20

5 10 15
0 (degrees)

- the atom and the grating, under resonance condi-

at‘z;“/sﬁﬁs;“)"“ tions. The parameters that are not changed take

o the same values as in Fig. A£€0.2s, b=0.6s,

0.2h and atom height equal to 0.6¢4

------ h
2h

0.0 T S—paataa 0 k\g\l —
0 60 120 180 0 60 120 180
0 (degrees) 0 (degrees)

log|EA3/d|

log [EA%/| 1

mmmsanaaal |
- 1
Rt :

FIG. 9. (Color onling Logarithm of the electric field strength FIG. 10. (Color online Logarithm of the electric field strength
near a five-groove silver grating under the same conditions as inear a five-groove silver grating under the same conditions as in
Fig. 7(c) (transition dipole perpendicular to axis of symmetfigr a Fig. 7(d) (transition dipole parallel to axis of symmelripr a wave-
wavelengthh =600 nm. The angular distribution of the emission length A =600 nm. The angular distribution of the corresponding
intensity is shown in the upper left corner in linear scale. emission intensity is shown in the upper left corner in linear scale.
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ment has been studied in the presence of several complex
geometries that lead to global enhancement of the emission
rate or marked directionality of the emission field.

If the atom is placed at the planar surface of a material,
the emission is focused along directions of emission relative
to the surface normal that depend on the material dielectric
function €,32% and in particular, the emission is directed
along the surface normal for vanishirg(Fig. 1). For ab-
sorbing materials such as aluminum, this strong directional-

ity takes place only at wavelengths near the bulk plasmon

FIG. 11. (Color onling (a) Polar-angle dependence of the spon- resonanceFig. ,2)’ and therefore S_UCh a simple device could
taneous emission probability under the resonance conditions of Fig%_?e used as a filter or as a lens, in clear analogy to the near-
7(f) (\/s=1.01), adding a silver sphere to the system in which theli€ld lenses recently proposed by Pentry. _
dipole is along the symmetry axis of the grating, which is formed ~ Nanostructured, finite objects can also be used to modify
by 10 grooves(b) Same asa), but adding a silver torus to the the SE in the same fashion. With the help of the boundary
system in which the dipole is oriented perpendicular to the symme€lement method for arbitrary shape geomettieme have
try axis of the grating. The resonance conditions of Fig) {n/s  calculated the SE rate from an excited atom situated near
=1.1) are fulfilled. structures of this kind for different orientations of the asso-

ciated atomic electric dipole. Remarkable global enhance-
crucial, as the angle resolution can be strongly modified witiment of the emission has been found near plasmon resonance
a slight variation of its value. Witth=0.2s we get both a frequencies in gold sphergBig. 5) and nano-ringsFig. 6).
maximum of the emission and a minimum in the peak widthAlso, strong directionality of the emission has been found
[Fig. 8 (@)]. This value ofh also seems to be the most accu- When the atom is located near a gratiig->*Axially sym-
rate for values of\/s situated outside the resonar{(@'gs_ metric gratings made of real silver metal have been explored.
8(b) and §c)]. On the contrary, the thickness of the filaris In this case, the SE field can be collimated around the grating
almost irrelevant when studying the upwards emis¢gonall ~ axis within an angular window of 5(Figs. 9 and 10 Com-
values off), as can be seen in Fig(dB. Finally, placing the ~bining some of the above geometri¢s.g., gratings and
atom at a higher distance from the grooves maximizes th&pheres or ringsboth effects of directionality and enhance-
total emission, while losing directionality, as the obtainedment are present simultaneously in the resulting SE far field
peaks are widefFig. 8e)]. (Fig. 1D.

The properties of the field in the vicinity of the grating are ~ The present work provides new means for obtaining emis-
shown in Figs. 9 and 10, for two possible orientations of thesion antennas by exploring the directionality phenomena dis-
atomic electric dipole, for a grating composed of five cussed above. We also hope that it can stimulate the use of
grooves, and for the values afs which provide the maxi- hanostructures to modify the electromagnetic field in the
mum far-field emission. In both figures, the largest plotnear-field domain, and as a consequence, in the far-field pro-
shows the relevant distance at which focusing begins, whiléluced by localized sources, not only in the case of SE.
the small ones show the regions closer to the emitter. A
straightforward comparison can be made between the largest
plot and the angular far-field pattern, shown in the upper left

part of the figures. _ _ _ This work has been supported in part by the Basque De-
Although the enhancement itself is not very importantyartamento de EducdcipUniversidades e Investigadiothe
(the maximum for ten gratings is a factor 160 for para”elumversity of the Basque Country UPV/EH(Contract No.

dipole and 50 for perpendicularone can combine this ge- (0206.215-13639/200and the Spanish Ministerio de Cien-
ometry with the ones discussed in preceding sections, so thgfy y Tecnologa (Contract No. MAT2001-0946
the main goal of strong emission enhancement and focused

emission can be obtained simultaneously. Therefore, in Fig.
11 we show the results of the far-field emission under reso-
nance conditions for a ten-groove grating when adding to the
latter a silver sphere in the case of the dipole parallel to the ) ) ] ) )
axis, and a small silver torus in the case of the dipole per- The integration of the field given by Eqer) and (6) is
pendicular to the axis. The emission is enhanced by a factdi@rried out in this appendix to yield E¢B). S
of 60 in the first case, while the enhancement is smaller in Expanding Eq.(7), the transmitted electric field in
the second one, mainly because of the reduced dimensions ¥cuum takes the form

the torus that can fit into the system.
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COMPONENTS IN PLANAR INTERFACES

(A1)

VIIl. CONCLUSIONS E(r):f dQE(Q)e'® Rz~ 4"lzdl,

The modification of the light emission from excited atoms
by means of the interaction of the SE field with the environ-where the Cartesian componentsef{iQ) are given by
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TABLE I. Values ofl = [deqP(Q,,Q,)e'? R for different poly- The remaining integral in Q can be done analytically in
nomialsP(Qy,Qy). We denote),=Jn(QR). ther — o limit. The Bessel functions can be approximated in
this limit as’®
P(Qx.Qy) |
1 2w, 1 (OR o
_ - (QR—m/4—m/2) i(QR— m/4—m/2)
Qx 2imQ cosed; In(QR) 5 ,—ZWQR(e te ).
Qy 2|7TQ Sin QDJ]_ (AZ)
Qs 7Q*(coS¢(—Jp+Jo) +sip(d;+p))
QAQy , ~ mQ7cosgsingd, Here, the emission angle enters via=rsing, z
Qy TQ*(CoS¢(J,+3) +ire(—J,+p)) =r cosé. The positive exponential in EqA2) takes the
form
te Kk? eiQRg~A7_ if(Q)r
E(Q= 1 §<de§—dnyQy) '
where
tp A 1 ’ 2 ’
T 2mar qrge  HRFATGQQy f(Q)=Q sin g+ \ikZ— QZcoso
+iQ2d,Q,), =k+a(Q—Qg)*+0(Q-Qp)°,
2 a=—1/(2k cog), and Qu=k sind is such thatf’(Qy)=0
E(Q)= ts k_( ~d,0,0,+d,Q2) (stationary phase approximatidh The negative exponential
Y 27A" Q? yo oYX does not lead to a stationary phase, and therefore, it can be
disregarded.
ty 1 , . ) The integral over can then be approximated as
e Qz\/;(A dQxQy+A'd, Q2
Omax if(Q)r ir [ Qmax™ Q0 1 i Q' 2
+iQ%d,Q,), . dQF(Q)e™"~F(Qo)e o dQQ'e :
— X0
E(Q)=— P (A" d,Qu+iA'd,Qy— Q%d,), which in ther —<c [imit leads to
27A’ \/E

Qmax . [—o . w
A=\Q?-Kk?-i0", andt, andt are Fresnel's plane-wave f dQF(Q)e" " — F(Qq)e*(1—i)\/-cosb.
0

transmission coefficients.

The integration of Eq(A1) can be made in two steps. The
first one is the integration over the angular coordinat®pf SubstitutingQ by Qo= k_sin 0 one readily obtains Eq8).
which gives rise to Bessel functiofisaccording to the rule The results of Sec. Il Gdirect and reflected parare ob-

provided in Table I.
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