
PHYSICAL REVIEW' 8 VOLUME 26, NUMBER 10 15 NOVEMBER 1982

Dipole radiation in the presence of a rough surface. Conversion
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The characteristics of the radiation produced by a dipole, located near the rough surface
of a material medium, are examined. The field distribution is calculated at any point out-

side the medium for arbitrary orientation of the dipole moment, so that one may obtain the
electromagnetic Green's function in the presence of surface roughness. The medium can
have either local or a nonlocal dielectric function and the results are valid to first order in

roughness. The surface roughness converts the surface polariton field, created even in the
absence of roughness, into radiation and thus leads to well-defined resonances in the far-
field radiation pattern. Numerical results for the case of metallic as well as dielectric grat-

ings are given. The effect of the nonlocality of the dielectric function on the resonances in

the radiation is shown to be significant in certain cases. For metallic gratings the dominant

effect of the nonlocality is to shift the position of the angular resonances.

I. INTRODUCTION

An excited molecule placed close to a material
medium, such as a metal, is known to couple
resonantly' with the surface polariton modes of
the material medium provided that the molecular
frequencies are such that the surface modes are ex-
cited. For example, for a molecule placed close to
the surface of a semi-infinite medium, the condition
for the excitation of surface polaritons is that the
real part of the dielectric function at the molecular
frequencies is less than —1. Under such conditions
most of the radiation from excited systems is in the
form of surface polaritons. Reference I deals with
this problem extensively for various types of materi-
al media including the effect of the spatially disper-
sive nature of the medium. In order to detect this
excitation of nonradiative surface polaritons, one
has to convert the surface polaritons into radiative
modes. Several schemes have been used to
achieve this. One approach is to study the spon-
taneous emission by an excited system in the pres-

ence of surface roughness such as a grating struc-
ture. The grating structure converts the nonradia-
tive modes into radiative ones. This geometry
should be contrasted with that of, for example, a
sphere where the surface modes are radiative in na-

ture and the excitation of surface polaritons is thus
directly observable. The object of the present study
is to calculate the radiation characteristics of a di-

pole located close to the rough surface and to find
out how the excitation of surface polaritons is re-
flected in the properties of the far-field radiation.
In Sec. II we treat the problem assuming a local
dielectric function e(co) and calculate the fields ra-
diated for arbitrary orientation of the dipole. In
Sec. III we incorporate the effects of spatial disper-
sion of the dielectric and examine how the resonant
coupling between the dipole and the surface polari-
tons is affected by the k dependence of the dielectric
function of the medium. Numerical results for the
case of a grating are given in Sec. IV and the struc-
ture of the resonances in the far-field radiation pat-
tern is studied in detail.

II. FIELD DISTRIBUTION PRODUCED BY A RADIATING DIPOLE NEAR THE ROUGH SURFACE
OF A MEDIUM CHARACTERIZED BY LOCAL DIELECTRIC FUNCTION e(co )

The question of the electromagnetic field distribution produced by an electromagnetic wave incident on a
rough surface has been investigated, in detail, by a variety of methods. " Let us assume that the rough sur-

face is described by z = hf(x, y) where the medi—um, with dielectric function e(co), occupies the space
z +hf (x,y) )0. The region outside the medium is assumed to be vacuum. The dipole is taken to be located at
a point ro outside the medium. The field produced by a dipole, oscillating at frequency co, is given by
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which with the use of the angular spectrum representation can be written in the form
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where

Wo ——kp —», Ko——(», Wo), Ko —(», —Wp) (2.3)

(2.4)

we can rewrite the dipole field as

and» is the two-dimensional vector representing the component of the momentum vector parallel to surface
z =0. The integration in (2.2) is over the entire two-dimensional plane. Wp is real for» &kp and pure ima-

gina' for») ko. The field produced by a dipole is thus expressed as a supe~osition of plane waves with

propagation vector Kp (Kp) for z)zp (for z &zp). The waves corresponding to» &kp are homogeneous
whereas the ones for K & kp are evanascent in nature. The dipole produces fields which are both homogeneous
and evanascent in character. For each plane wave, whether homogeneous or evanascent, it is possible to intro-
duce its s and p components. Introducing the unit vectors (perpendicular to the direction of propagation ic )

z X» (z X» ) X Kp (z X» ) XKp
S, (»)=, Sz (»)= S~((»)=

K Kkp Kkp

E' '(r, co)= . f f d a[S, (»)s, (»)+S~ (»)E~ (»)]e

dKS, KC, K+SZ Ke& K e

Z)Zp

Z (Zp.
(2.5)

Then, using (2.2) and (2.4), one can show that

kp
(»)= — [kp p, —Wp(Kp. p)]exp( i » rp —i Wpzp—),

2m 8"p
(2.6)

kp(»)= — [kop, + Wp(Ko p)]exp( i» rp+iW—ozo),
2m 8'p

(2.7)

and

s)(ic)= [ko(»Xp), ]exp( i» ro i—Wozo)—,2' 8'p
(2.8)

s((») = [kp(» X p), ]exp( i » ro+i Woz—o) . (2.9)
2@K8'p

Having expressed the dipole field in terms of a superposition of plane waves and the plane waves in terms of
their respective s and p components, it would now be easier to use the results from the problem of electromag-
netic scattering from a rough surface to find the fields produced by a dipole placed near a rough surface. This
is because one can study the interaction of individual plane waves in (2.5) and then superpose the result to ob-
tain the total field distribution. One can only do a perturbation theory in powers of the surface roughness
parameter h. The total field produced in the region z &zp can be written [in analogy to (2.5)] as

E(r,co)= f f d»I S, (»)[E((»)+s, (»)+he,"(»)+ . . ]
p

+S~ (»)[s~ (»)+a~ '(»)+he~"(»)+ ]Ie ', z &zp (2.10)
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In this section, as well as in Sec. III, we will only be concerned with dipolar fields outside the medium, and the
expressions for first-order fields inside the medium will not be given. The zeroth-order fields e,' '(a. ), E& '()(),
for z & 0, are related to E, ()(),ez (a ) by Fresnel relations

(0)-
8'pe+8' ~ (2.11)

where

W =k0e(co) —)('2 2 2

(2.12)

(2.13)

Note that 8' gives the z component of the propagation vector of a plane wave inside the medium and that
8', 8'0 depend on ~.

Note the presence of the denominator in (2.11) which can vanish (assuming real e) provided the following
conditions are satisfied:

e(0) ) (—1, a ) 0) /c .

The vanishing of this denominator can be shown to be equivalent to the result

W0e+ W=0 ~D()r, r0) =—a
CO E(CO ) =0,

E(0) )+1

(2.14)

(2.15)

which is the well-known surface polariton dispersion relation. Since the dipolar field also consists of evanas-
cent waves [a ) (co/c)], hence, surface polaritons get excited. This excitation leads to large widths of the di-
polar frequencies and thus a very large decay rate as discussed in detail in Ref. 1.

The first-order fields have been calculated earlier for a plane wave incident on a rough surface. If the in-
cident field is a superposition of plane waves with propagation vectors K0

' ——a ' ', W0 ', then the first-order
fields are given by [cf. Ref. 11, Eqs. (4.12) and (4.13)]

( , )
ik()(e —1 )F(aa' ') ~ )r

(o.) — 2W() '

E,")(~)= (()( (0)
)(W+W) «") (W"'+W")) '

(i) i (E —l)F(—a —)c ' ')

( W0e+ W)

28'
E"(~"') d' "'

pr(0) + ~(0)
0 E

2e'"
(i) ~(0)

~(0)+ ~(0) E,'(a )
0

~(P) 2~(0)
WW(o) (0) (')( (0)) d2 0

( ) ~(o) + ~(o)
0 E+

(2.16)

(2.17)
and F()c), the Fourier transform of the surface roughness f(x,y), is given by

F(a)= Jdxdy f(x,y)e'"'" .
4m.

(2.18)

It should be kept in mind that 8', 8'0 ' are functions of e ' and obtained from the corresponding 8'by
)('~a. '0'. The first-order fields that appear in (2.10) can be obtained from (2.16) and (2.17) by the replacement

s(i)(~(0)) (&)(/~(0)) (()(/~(0)) (&)(g~(0)) (2.19)

We have thus obtained the field distribution produced by a dipole (with arbitrary orientation) to first order
in the surface roughness parameter. The function f(x,y) is quite arbitrary. The self fields which are impor-
tant for lifetime studies can be obtained from (2.10) by letting r ~ r0. The far-zone behavior of the fields can
be obtained from the asymptotic expansion of the angular spectrum'
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Here the angles (8,(I) ) characterize the direction of observation. The power radiated per unit solid angle is

' k'cos'8(
) e,'"+e,'"+I)s,"'

~

'+
~ E,'"+s"'+ i) s,'"

~

')
dn 2

(2.22)

Note that only the homogeneous waves contribute to the far-zone behavior.
Let us now examine the structure of (2.16) and (2.17) for

~

a
~

&ko. The field for a
~

&ko is obtained
from a linear superposition of the incident field amplitudes at all possible momentum (Pc) values. It is there-

fore possible that the denominator Wo 'e+ W' ' under the integral in (2.16) and (2.17) can vanish for certain
)r( ' [satisfying (2.15)], if Re@(co) & —1. Thus the resonantly excited surface polaritons get converted into ra-

diation (homogeneous waves) by surface roughness. Therefore, the dipolar radiation" in the presence of sur-

face roughness would have important contributions from the excitation of surface polaritons inside the medi-

um. The radiation characteristics depend on the orientation of the dipole. For a dipole oriented along the z
axis, the s component of the field s'~) is zero as seen from (2.8) and (2.9) and the p components acquire
simpler form

kpia.
8' '(a ) = — exp( i )(: ro i—Wozo), — (2.23)

(2.24)
kpi

sz '(a}=— -exp( i)( ro+—iWozo) .2' p

On substituting (2.23) and (2.24) in (2.16) and (2.17), we obtain the s and p components of the first-order dipo-
lar fields (in the domain z & 0):

2ik ~ —1
d'a "'F(a — '")

(W+ W, )

&&exp( —i)( ' 'r() —iWO 'zo)

w"'w'"
0

( W(o)~ + W(0))

i~"'kpp

2&WPp
(2.25)
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(1) 2i(e 1} 2 (0) (0)

(Woe+ W}
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(
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(2.26}

where

8' =kpe —x2 —2 2

W""=k'~ —(~')'

W,"=k,' —(~(")',

8'p ——kp —v2=2 2

(2.27)

In Sec. IV, we will examine the numerical evalua-

BE;(r,co )
G;~(r, r(),co}=

B[pj.(co /c )]
(2.28)

I

tion of (2.26) for certain models of the material
medium.

Finally, it should be noted that the calculations
given in this section determine the Green's function

G,J for the electromagnetic problem in the presence
of a rough surface:
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with E given by (2.10). The far-zone behavior of
such a Green's function is obtained from (2.20).
The above analysis then shows the type of resonant
structure that 6'" can have, even when r is in the
far zone. Such Green's functions are quite impor-
tant in the theory of surface-enhanced Raman
scattering. '

me
X=47Tcxco p'g ~

i'd& p
(3.4)

D(r, co) = epE(r, co)

Since the results are sensitive to the additional
boundary conditions, we assume that the electric in-
duction and the electric field for an excitonic medi-
um occupying domain V are related by

III. EFFECTS OF THE NONLOCALITY
OF THE DIELECTRIC FUNCTION e( k, a) )

ON THE RADIATION EMITTED
BY A DIPOLE NEAR A ROUGH SURFACE

exp lp r r E
4n

xd r'. (3.5)

In this section we examine how the nonlocal na-
ture of the dielectric function affects the radiation
properties of the dipole near a rough surface. When

.the dielectric function depends on k, then the elec-

tromagnetic problem is an involved one and has no
unique solution because of the difficulties associated
with the question of additional boundary condi-
tions. ' Let us write the k dependence of the
dielectric function as

x xe(k, co }=&p+ ~~s —=~p—
2 p2 p2

where

(3 1)

p = rl (co —co p +Eco I ) . (3.2)

The parameters g, cop, 7, etc. depend on the medi-
um. For example, if a metallic medium is treated in
hydrodynamic approximation, then the longitudinal
dielectric function is well approximated by (3.1)

Ep= 1, cop=0, X=iop/P p

g=l/P, P= , UF, - (3.3}

where UF represents the Fermi velocity. The trans-
verse dielectric function e, can be taken to be in-

dependent of k. On the other hand, for an excitonic
medium in effective-mass approximation, ep is the
high-frequency dielectric constant, ep is the exci-
tonic frequency, and

For the metallic medium, we will use the additional
boundary condition that the normal component of
the current at the boundary is zero. This is the ad-
ditional boundary condition most extensively used
for a metallic medium. Ruppin and Dasgupta
and Fuchs have used it to study the Mie scattering
and the polarizability of the sphere when the hydro-
dynamic dispersion of the metal is taken into ac-
count. Using these boundary conditions, we solve
Maxwell's equations to obtain the field distribution
in the two cases.

A. Spatially dispersive dielectric medium

The most general solution of the integral equa-
tion (3.5) is given in Ref. 20, for arbitrary domain
V. The explicit form of the perturbative solution
for the case of an electromagnetic field incident on
a rough surface, i.e., for the case when V represents
the domain Z+hf(x, y) &0, has been obtained in
Ref. 21. Such a solution can be used, in analogy to
our treatment in Sec. II, to obtain the field distribu-
tion produced by a radiating dipole in the neighbor-
hood of the rough surface of a spatially dispersive
medium. The fields in the domain z &zp would be
given by (2.10) but now the zeroth-order and first-
order contributions like c,' ', c,'",cz ', c~

' would be
different. The zeroth-order terms can be written in
terms of the well-known' Fresnel relations for a
spatially dispersive medium (z & 0):

ss '(K)= [(Wp —Wi)si, (K)+(Wp —Wp)sp (l7)),
28p

(3.6)

s'is'(a)=2Wpcs' '(a. } (Wi+ Wp) — (W2+ Wp)
CK2

(0) (p)
E2s =Eis

I i 2 ~ (3.7)

s~ '(a) = —sp '(lr)(M+ WpP)/(M —WpP), (3.8)
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uI K +8'2WI2

M= K kp+ kPS'1+1~2
Q 1 C02 —601

(3.9)

a1

K +W2WI
1+ ~2

2 1

(3.10)

where s are the dipolar fields given by (2.6)—(2.9). The various W's and a's are functions of K and are de-
fined by

a;=(W; —W„) ', i=1,2, l, W(~=k(~ K,k—; =k0e, i =1,2, (3.11}
Wj =kg —K, E(k( 'CO)=0 W0=k0 —K Wis =(M —K

2 2 2 2 2 2 2 2 2

e', '(K)=
a1

The wave vectors of the two transverse waves inside the medium are represented by kl, k2 and that of the
longitudinal wave by kl. Note again that the vanishing of the denominator M —W0P gives the dispersion re-
lation for surface polaritons inside the spatially dispersive mixiium. The first-order fields also involve the
zeroth-order fields inside the medium. The s components of the zeroth-order transverse fields in the medium
are given by (3.7). The p components (inside the medium) are given by

2uI k1 K + W2WI (p) (p) (p)si (K), e2~(K)=el~(K)
~
(~2. (3.12)

W1 —W2

The longitudinal field inside the medium is given by

ep'(K) =2W0Kk0(M —W0P) 'ez '(K) . (3.13)

We now present expressions for the first-order dipolar fields in the case of a dipole in the vicinity of a rough
surface. The results given below are generalizations of the results obtained in Ref. 21. The p component of
the first-order field, for z & 0, is given by

T T

2W0ki(K Y+W2Ys)
al(W2 —Wi}

+ 8'pP K C+
2W(k0(K. Y+ W2 Ys)

ui( W2 —Wi )
(3.14)

and the s component (z & 0) by

~s (K} ( Wo Wl )sls (K}+(Wo W2)s2s (K}(1) ~ (K XX)z
p K

The various functions X,Y,sI,",A, B,C are given by
r

W2+ WO (KXY)z (K XX)z
CX2 K K

eis —— (Wi+ W0) — (W2+ W0)
(1) CX1

Q2

(l) (l)(1~2)

i =1,2, I

Y= i J d K'F—(K K') g e—,' '(K'),
i =1,2, l

X= i f d K'F(K K')—g (k—; —k0)e'; '(K')+keep'(K')IK K'+z[W0 —Wi(K—')]I

(3.15)

(3.16)

(3.17)

(3.18)

C= 2i I d K''F—(K —K') g (k —k0)e (K') —kl sp (K ') W((K')
i =1,2, l

B=—2iW(l Id K'F(K —K')kl sp(K') . (3.19}
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The zeroth-order transmitted fields that occur in (3.16)—(3.19) are given by (3.7), (3.12), and (3.13). Thus the
complete expression for the first-order dipolar field is known in terms of ez~'. The Green's function for the
problem at hand can then be obtained using (2.28). The far-zone behavior of the fields is obtained using
(2.20). The zeroth-order fields (p components) involve denominators,

(ko Wi+ Wok i )(Kz Ki)
+lm2 (3.20)

2 1

the vanishing of which results in the surface polariton dispersion relation in a spatially dispersive medium.
Since the first-order fields involve a superposition of the zeroth-order fields, with a weight factor that depends
on surface roughness, it is clear that the excitation of surface polaritons would have a dramatic effect on the
first-order fields. The case of a dipole oriented along the z axis is much simpler since the zeroth-order fields
have no s components. In the next section the field (3.14) will be computed for various directions of observa-

tion.

B. Metallic medium

The electromagnetic fields outside and inside the medium can be written in the form

E= f f d» exp(i» r+i W z)[E ', '(»)+h2', "(»)+ . . ]

+ f f d»exp(i» r +iW'~ z) K[isi'(»)+hei "(»)+ ], z& hf, —

E= f f d'»exp(i» r iWoz)[—E&'(»)+h7,'"(»)+ . ], z( hf, —

E"=f f d»exp(i» r+iWoz)e"'(»),

where e "is the incident field produced by an oscillating dipole at z =zo on the medium and

2 2
CO

W, =
2 E,(co)—», e, =l-

C N +LCO I

(3.21)

(3.22)

(3.23)

(3.24)

The boundary conditions that are to be used at z = hf are (i) tangen—tial component of the electric field con-
tinuous, (ii) tangential component of the magnetic field continuous, and (iii) normal component of the current
zero. The last boundary condition when combined with the continuity of the normal component of the elec-
tric induction leads to the continuity of the normal component of the electric field. It can be shown that the
matching of these boundary conditions leads to the following equations:

E' '(»)+ E "'(»)=e' '(»)+Kisi '(»)

e I"(»)+KiE'i"(»)—Vii"(») =x(»),

z X [K, XVIO'(»)] =z X [K,X E "'(»)]+zX [Ko XV~O'(»)],

z X [K,X 7 I "(»)]—z X [Ko X ~ g (»)]= y(»),

where

(3.25)

Ko=(» Wo) Ko =(» —Wp) K) —( Ic Wt )

x(»)=i f d»''F(» »')I Wo(» ')[Eii'(—»') —E"(» ')]W(» ')s,' '(»')+ Wi(» ')Ki(» ')eP'(» ')],

y(» ) =i f d»'F(» »')( Wo(» ') tz—X [Ko(» ') X E ii '(» ')]—z X [Ko(» ') X E "'(» ')] )

+ W, (»')z X[K,(»')X e', '(»')]

(3.26)

+ (» —» ') X [Ko(» ') X E g"'(» ')+Ko(» ') X e "(» ') —Kg(» ') X e I"(» ')]) .

The above linear equations can be solved in general. Instead of presenting the general solution, we give the re-
sult for the first-order fields produced by a dipole oriented along the z axis. As before, for such an orientation
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of the dipole s components of all the fields are zero. The zeroth-order fields are found to be

(0)
&u = k (0) (i), (e~+e,' ),

k,

( W, + W(i)Eit,'+( W, —W(i)Eg'

((r +W, W()
(3.27)

2 2
(0) -1 2 (), kt (~ + WpÃ)

E~ D——W, (a. + W, W()E,
' —kp+

v +8', 8'I

D=((r +W, Wi)(Wpk, +k()W, ) ~k, —( W, +W. p) .

The z component of the first-order field ER
'" is found to be

Ik([k x. ((~ x—)W(] (s y—)(& '+W(W()IW(

with

(K y)=ikp f d (r'F(a Ir ')I (—c [s ~'((c ')+ e "(a')]—E, [lr s I '(a')]I

x, =i f d (r''F(a(~ ') [ W. p—(a ')[e~,'((~ ') —E,"(a ')]+W((s ')8'„'(rc ')+ W(((~ ')EI '(I~ ')
I )

(Pc x):i f—d a''F(Pc (r ')I Wp—((r ')[a"e ' '(lr ') —lr e "(a.')]+W (a')[(~ e ' '(p7')]

(3.28)

(3.29)

The dot products that appear in (3.29) can be related to the z component of the field by utilizing the p-
polarized nature of the field, e.g.,

~ ~(p)(~s) ( ( )(p-i)( Ir a. ') W (a')
&2

(3.30)

Expression (3.28) will be used in the next section to study the effect of the hydrodynamic dispersion of the
dielectric function associated with a metallic medium. The new surface-plasmon dispersion relation will be
given by the vanishing of D [Eq. (3.27)] and is in agreement with the result of Fuchs and Kliewer. '

IV. NUMERICAL RESULTS FOR THE RADIATION FROM A DIPOLE
IN THE PRESENCE OF A GRATING

To see the effects of the excitation of surface polaritons and the conversion of these two polaritons into ra-
diation because of surface roughness, we have evaluated the radiation in the far zone assuming that the rough-
ness is in the form of a grating, i.e.,

f(x,y) =singy, F(a ) =—[5(a —g) —5(a+ g)] .
2l

(4.1)

We assume for concreteness that the dipole is oriented along the z axis and evaluate the p component of the
emitted radiation. The important contribution to the radiation [Eq. (2.22)] comes from E~" terms and hence
we compute explicitly the quantity defined by

S' '(8, (l})=cos 8
~ e~ '(kpsin8 cos(I},kpsin8 sing) ~

(4.2)

e~ (Pc)=—(1) ~ WR' —mx Wp e~ '(a )

Ir(c (Wp e+W )

where the ellipsis represents terms with ——++ and where ez~ '(a ) is given by (2.23) with a ~lc and where

(e —1)
(Wpe+ W)

(4.3)

and for the sake of illustration we take P = ir /4. On substituting (4.1) in (2.26), we obtain for the p component
of the first-order dipolar field in the far zone ( Pc= kpsin8 cos(I},kpsin8 sin((} )
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Ic+ ——Pc+ g ~ s+ ——(kosinH cosg, kosinH sinP+g),

8'—=kpe —w —,8'p ———kp —& — .2=2 2 2=2 2
(4.4)

n&
I I I I I I

1
I I I I I I I

1
I I I I

1
I I—

It is thus clear that the radiation in the direction ~
can arise from the components ~+ in the angular
spectrum representation of the free space dipolar
field. The denominator Woe+ W in (4.3) cannot
vanish since

~

Ic
~

& co /c, but the denominators

( Wo+e+ W+ ) can vanish if

kor(co )
Kg = (4.5)

e(co)+1

Of course, since lc+ and co are real, one really has a
resonant structure corresponding to values given by
(4.5), i.e., for (H, $ ) values around (Ho, go) such that

I

2 ~ 2 2 ~ ~ 2 Re&(co )
kosin Ho+g +ZgkosinHosingo=ko

ReE co +1
(4.6)

One can similarly write the analog of (4.2) for the
case when the spatial dispersion of the dielectric is
taken into account.

The results of our numerical computations are
shown in Figs. 1 —4 for two different types of ma-

terial medium. We plot S' '(H, rr/4) as a function
of the angle H of observation for various values of
the frequency co. We only show the resonant re-

gion, i.e., the region in which (4.6) is satisfied. In
Figs. 1 and 2, we show the behavior for the case of
a metal with longitudinal and transverse dielectric
functions

102

s"'
10—

/4J p

2
COp

s'i( Ic,co ) = 1—
(co +icoI' —Pk )

3 2P= 5oF

e, (ic,co)=1 cop/(—co +idol') .

(4.7)

I I I I I I 1 I I I I l~ 1

158, 17' 160.67' 161' 163.5'
8

I 66'

10

S {2)

1P
I I I I 1 I I I I

[ [
I 1 I I

[
I I l I

The parameter P can be rewritten in terms of
6=Aco~/Ep as

2

(4.8)
3c

0.012 388
Q2

The dipole is assumed to be at a short distance
( «A, ) from the surface. Note that such short dis-

tances were used in the experiments of Pockrand
et al. In Fig. 1 we show the behavior of the dipole
radiation in the absence of spatial dispersion. The
resonances in S' ' occur in accordance with (4.6).
For dipolar frequencies far away from static surface

l I I I I I
]

I I I I I I I I I I
l

I I j I I I I & I ~l I

1P I I I I I I I I I I~ I I I I I I I I I

122.51' 125.P I
' 127.51 142.2 144 7'

I

147.2'

0.5
9C col—=I.O, —=061™p

FIG. 1. Signal S' ', in arbitrary units, as a function of
the angle 8 of observation, in the resonant region, for az-
imuthal angle 45'; for the case of a dipole located at
(0,0,zo) near a metallic grating. The curves are in the ab-

sence of any hydrodynamic dispersion. The dipolar fre-
quencies are as indicated in the figure. The other param-
eters have been chosen as I =10 co~, co~ lzo l

/c=0. 1

and the grating periodicity to be taken to be order of a
wavelength gc /co& ——0.25.

S (2)
9C—=0.5, —=0.25

Vip
' Mp

l25.01 l26.0I
.-v~L L~La I

I 64. I I 166, I l

e

FIG. 2. Same as Fig. 1, but now the hydrodynamic
dispersion of the metal is taken into account; the other
parameters for various curves are as shown.
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ric grating [Eq. (4.9) wi p
, %coo —2.S524

the bsenc (pres c ) of
e upper (lower) curves ive

ence o spatial dispersion.

l46'

4+am o
e(hC, CO) =e0+

%coo —(CO —CO0+hCOI )k
me

(4.9)

Such a d'ielectric function has been extensivel
in the study of the o tical

of materials, such as CdS
p ica properties

excitonic resonance. e u er cupp g
sence o spatial dispersion (m, —+ac),

p asmon frequency co~/V2, the effectla
dynamic dispersion is f
hence is not displ d H

portant and
'

p aye . However as pp
, t e effect of hydrod n

becomes quite r
ro ynamic dispersion

pronounced as seen in Fi
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Figures 3 and 4
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give the variation of
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FIG. 4.. 4. Same as in Fig. 3, but with aw a educed grat ng

D + = (sin8 —a)(sin8 —P)

Res
Re@+1

(4.10)

The term in lar ege parentheses is pro ortiopo ional to Ime

nance sin8 =a (4 10 b
pin . Thus in the vicin'

ecomes

nes are in the rewhereas the lower ones
'

h e
hn t e case of a dielectric mater'

dhelectric constant f th f
i 1 di

an o t e form (4.9
rsion is quite pronounced in co

tion due to the s ati
e a. shift in the r

d' lob
o e spatially dispersive natu

so e noticed. The rati
city is also found t h

nance as is seen from
n o c ange the width of the reso-

This can be und t d f
n rom a comparison of Fiigs. 3 and 4.

un erstood from the
or equiva ently that of

ing at (4.6) is

g, wrhthng the rootsi e upper sign, then
s a an, we obtain for the denom'enominator
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D+ -(a —P) sin8 —a

i e Res
(a —P) @+I Re@+1

(4.11)
The width of the resonance thus depends on a —13,

which obviously depends on the grating periodicity.
This dependence is in addition to its dependence on
CO.

Thus in conclusion we have shown how the exci-

tation of the surface polaritons by the dipolar field
is refIected in the far-field radiation pattern pro-
duced by the dipole in the presence of surface
roughness and how the nature of the resonances in
the radiation is affected by the nonlocal nature of
the dielectric function of the medium.
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