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When a small particle is located near an interface, its electric dipole moment can be induced by laser irradiation.
Since the laser light reflects at the interface, this leads to an interference pattern, and the dipole moment is deter-
mined by this total field. In addition, the dipole radiation emitted by the particle reflects at the interface, and this
field adds to the external field. In this fashion, the dipole moment s altered by the field it emits, and as such the emit-
ted radiation modifies its own source. We have derived a simple expression to take this back action into account.
We introduce two resolvent functions, Y, (5) and Y, (), which depend on the dimensionless distance 5 between
the particle and the interface. These functions exhibit resonance features due to the underlying back-action mecha-
nism. It is shown that two, one, or no resonance peaks appear in the induced dipole moment. Whether these peaks
are present depends on the parameters under consideration. The power emitted by the particle depends on 4 due to
interference between the source radiation and the reflected radiation. With the surface induced contribution to the

dipole moment included, an additional 4 dependence appears. This dependence shows the resonance peaks, which

may be amenable to experimental observation.
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1. INTRODUCTION

The power emitted by an oscillating electric dipole moment
depends not only on the state of oscillation of the particle emit-
ting the radiation but also on the environment of the emitter.
It has long been recognized that a nearby interface modifies
the rate of energy emission of the oscillating dipole moment.
It has been predicted theoretically [1-10] and confirmed
experimentally [11-19] that the emitted power depends on
the distance between the particle and the interface. In more
recent experiments, nanoparticles are deposited on composite
nano-structured substrates, which opens the door to the design
of systems with unusual reflection spectra [20]. Emitted dipole
radiation (the source field) reflects off the interface, and interfer-
ence between both fields leads to a modification of the emission
rate. Usually, the dipole moment is set in oscillation through
irradiation by a laser. If the laser has angular frequency o, the
induced dipole moment has the form

d(#) = Re(de "), (1)

with d the complex amplitude. In most theoretical investiga-
tions, the value of d is assumed to be known and determined by
independent means. For instance, if the laser is linearly polar-
ized, then d is real and directed along the polarization direction,
and d(#) oscillates back and forth along the same direction.
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In general, laser light will reflect at the surface, and this reflected
field adds to the incident field, giving an interference pattern.
Then the dipole moment is determined by the total electric field
at thelocation of the dipole.

Interference between the source light and the reflected source
light alters the emission rate, but this mechanism does not
directly affect the value of d. From a more general point of view,
the dipole moment d is induced by the total external electric
field at the location r, of the particle as

d= O[Eext(ro)v (2)
with & the polarizability of the particle (assumed to be a scalar).
If the external field is assumed to be the superposition of the
laser field and its reflection at the surface, then this determines
d, and so d can be considered a given for the problem. However,
the source field also reflects at the interface and adds to the
external field at the location of the particle. This source field
is emitted by the oscillating d(z), so d, as given by Eq. (2), is
altered by the radiation it produces. This altered d changes the
emission by d(z), and this changes the reflected field, which then
alters d again, and so on. In this fashion, the value of d becomes
entangled with the emission process and cannot be determined
independently anymore.
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Fig. 1. The figure shows schematically the setup under considera-
tion. The direction of the dipole vector d is for illustration only, since
in general this vector will be complex-valued.

This self-action on d has been implemented in several
numerical studies of scattering by an object near an interface
[9,21-24], and its general concept is presented in [25] (Section
15.3). An attempt to compute d for a dipole near a single inter-
face is given in [21]. The method is based on image theory and
leads to a gigantic expression for an involved Green’s function.
This function is a sum of two integrals, and each contains an
infinite series of Bessel functions in the integrand. We shall
derive a very simple expression for d, based on the angular
spectrum approach.

2. SETUP

The details of the setup are illustrated in Fig. 1. A dipole is
embedded in a medium with (relative) permittivity €; and
(relative) permeability 1, and both are assumed to be positive.
The dipole is located on the z axis, a distance H away from
an interface with a material medium. This medium can be a
semi-infinite half-space with parameters €; and p;, which may
be complex. Or, it can be a layered structure, as in the figure.
The only requirement is that the reflection of a plane wave can
be accounted for by Fresnel reflection coefficients for s and p
polarization. The positive z axis is taken as shown in the figure,
and the interface is the xy plane. The incident laser beam is indi-
cated by L, and its reflection at the interface by R. The source
radiation (s) from the dipole is emitted in all directions and is
partially reflected at the interface (7).

3. LASER AND ITS REFLECTION

The angle of incidence of the laser is §;, and we take the plane of
incidence as the y z plane. The complex amplitude of the electric

field is
E;(r) = E,ee™™, 3)

with £, > 0 theamplitude, €, the complex-valued polarization
vector, normalized as €7 - €7 = 1, and k; the wave vector. It has
to hold thate; - k; = 0,k; - k; = n1k,, with n; = /ey 1y the
index of refraction of the embedding medium, and £, =w/c
as the wavenumber in free space. The wave vector is explicitly
k; =niko(e, sinf; + e, cosf;). To find the reflected field,
we need to split the incident field in s and p waves. As phase
convention for the polarization vectors, we take e, = —e, and
e, = —e, cos 0; + e, sin 0;. Then we expand €, as
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e, =N; Z a5€5, (4)
o=s,p
with
1

N = s,
Vi +la,l?

the normalization constant. The constants 4, and 2, are com-
plex, in general, and these are the free polarization parameters.
For instance, forz, =1, a »=0 the laser is linearly polarized in
the x direction and for 2, =1, 2, = 7 the laser is left-circularly

(5)

polarized.
The reflected field is then
Er(r) = E,N; Z élO-RgCU,rfikrT. (6)
o=s,p
The polarization vectors are e, = —e,, €,, =e, cost; +

e sin 6;, and the wave vector is k, = 1k, (e, sin 0; — e, cos 6;).
Here, R, and R, are the Fresnel reflection coefficients for s
waves and p waves, respectively. Explicit expressions for a single
interface are given in Section 5. We write E; 4 z(r) for the sum
of the laser field and the reflected field. We only need this field at
1,, the location of the dipole. It then follows that this field can be
written as

E; r(r,) = E,m(h), (7)
and the mode structure function m(#%) is found to be

m(h) = —Npa,e (e + R.e™”)
— Npa,e, cos Qi(fmh _ Rpeivllz)
+ Npaye,sin6;(e """+ R, ™). 8

Here, » = k, H is the dimensionless distance between the dipole
and the interface. On this scale, a distance of 27 corresponds
to a free-space optical wavelength. We have also introduced the
abbreviation vy = 7; cos 6;. With Egs. (4) and (5) the vector &
can be constructed, and we can then obtain the alternative form
for the mode structure function:

m(h) = ez en(e " + Ree™”)
+ 8[,}/6)/ (efivllv _ Rpfivlh)

+€L,Zez(e_iv1b+Rpei”1h). 9)

From this representation it follows immediately that without the
reflected field this reduces to

m(h) =g e, (10)

whichis Eq. (3) atr, = — He,, apart from the factor E,.

4. REFLECTION OF THE SOURCE FIELD

The source field of the dipole can be represented as an angular
spectrum of plane waves. Each partial wave in this representa-
tion reflects at the interface, resulting in an angular spectrum
representation of the reflected field in the half-space z < 0 [26]:
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We adopt polar coordinates (ky, ¢) in the k; plane, and we
change variables as u = k/k,. The Fresnel reflection coeffi-
cients R; and R, are functions of u. For each ky, the integrand is
aplane wave. The wave vectorsare k, = kj — 4,v;e,, with

vy () =/ n} — u?. (12)
The branch line for the square root function is taken just below
the negative real axis. For 4 < 1k, we have 0 <u < n;, and
the wave vector k, is real. The wave is a traveling wave, similar to
the reflected laser field. Then % = #; sin 6;, with 6; the angle of
incidence of the corresponding source wave. These Fresnel coef-
ficients are the same as in Egs. (6) and (8), so there they need to
be evaluated at u = 7, sin ;. For u > n1, the z component ofk,
is imaginary, and the wave is evanescent, decaying exponentially
in the direction away from the interface.

The integral over the polar angle ¢ is elementary and leads
to a host of Bessel functions. The remaining integrals over  are
Sommerfeld-type integrals, which can be evaluated numerically
[27]. The arguments of the Bessel functions are #k,p, with p
the distance to the z axis. Since we need the field on the z axis,
we have uk,p =0, and since J,(0) =§,,¢, all Bessel functions
drop out. Fora point on the z axis, we also have k, - r = —£,v; 2,
and at the location of the dipole this is k, - r = v 4. Therefore,
the two exponentials in Eq. (11) combine as exp(27v14). We so
find for the reflected field at the location of the dipole the simple

expression

i(”lko)s

Er o) —
(ro) 8mee

[dyWi(h) +d Wi(m)].  (13)

Here, dj and d; are the parallel and perpendicular parts of d
with respect to the surface. The two W functions are

- .
VVH(/J):;/duvil[n%Rj(u)—U%Rp(u)]ezwlh, (14)
1
0

2 [ w 2ivih
Wl(h)=—3/‘du—Rp(u)e 1w, (15)
77 V1
0

Clearly, these functions of # need to be evaluated numerically.

A complication with the integrals in Eqs. (14) and (15) is the
appearance of v; in the denominators. We see from Eq. (12) that
we have v; = 0 for # = 71, and this « value is on the integration
axis. So, we have a singularity at # = ;. Also, vy has a branch
pointat# = n;, and this appears in the exponential exp(27v; /),
which is numerically not attractive. To resolve this problem, we
split the integrals in two parts. The first part is over the range
0 < u < n,. In this region the waves are traveling. We make the
substitution # = 7; (1 — #)/2, and this gives

1
W (h)* = / dee”'[R (1) — £ R, (1)], (16)
0
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1
WL(ly)tr=2/dtei’3t(l — )R, (), (17
0

where we have set f =2#n;h. Now the singularities have dis-
appeared, and there is no branch point in the exponentials.
Also, the overall numerical factors are gone, and so is the v}
in the integrand of Eq. (14). For the range 71 < u < 00 the
waves are evanescent, and here we make the substitution
u=n;(1 4+ £2)"/2. Thisyields the representations

Wi(h)" =—i / dee PR, () + tzRP(t)], (18)
0

Wl(b)evz—Zi[dte_ﬂ”(l+t2)RP(t). (19)
0

In these new representations there are no singularities, which
proves that the original 1/v; singularities are integrable.
Interesting to note is that Eqs. (18) and (19) are Laplace
transforms, with 8 as the Laplace parameter.

5. FUNCTIONS Wy (h)

The reflected electric field of the dipole at the location of the
dipole is determined by the functions W, (4), with # = ||, L and
WL(h) = W,(h)"+ W, (h)'. We shall now examine some of the
properties of these functions. Without any computations we see
that

W.(h) —> 0, h— oc. (20)

The / dependence only comes in through f = 2#,5. For the
traveling parts, the exponential exp(i 8¢) oscillates very rapidly,
and these fast oscillations integrate to zero. For the evanescent
parts, the exponential exp(—pBr) goes to zero. For # — 0 the
traveling integrals are finite, because the integration is over a
finite range, but the evanescent integrals diverge in the upper
limit. Therefore, for » — 0 the contributions from the evanes-
cent parts dominate. Let us consider Eq. (16). For small 8 the
main contribution comes from the range of large 7 values. The
Fresnel coefficients level off to a finite value for # — 0o. The
part 2 exp(—pB¢) of the integrand has a maximum at # = 1/8,
and for B small, this maximum moves to infinity. So, the term
with R; (#) becomes negligible when compared to the term with
R, (¢). For ¢ large, we can set approximately R, (¢) ~ R,(c0),
and the remaining integral over #? exp(—fB¢) is 2/8>. Similarly,
the term “1” in the integrand of Eq. (17) can be neglected. We
introduce ; as8y = 1,8, = 2. We then find

218
Wilh) === Ry(00) ...

psmall, k=1, L. (21)
Here we dropped the superscript ev, since the contribution from
the #r part is on the ellipses. We conclude that both functions
diverge for 4 small, and they divergeas 1//4°.

At this point it is useful to have the explicit expressions for the
Fresnel coefficients. For a single interface we have
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v — UV
Rf(u)zw’ (22)

H2v1 + U102

V1 — €102
R,()=———, 23
() P (23)

and here we only need R,. For the reflection of the laser beam
we have # = »; sin 0;, but here we also need the extension to the
evanescent region. We have

71% =&MU, (24)

va () = 1 — i, (25)

for the index of refraction in medium 2, and for the dimension-
less z component of the wave vector in medium 2. Care should
be exercised in taking the square roots when €, and p; are com-
plex. We need the values of 7, and v, for which the imaginary
parts are non-negative. It can be shown that the correct roots are

1 = /53 JTEm, (26)

vy (0) = /1y + us/ny — u. (27)

For 71 and v; there is no issue since we assume that both &; and
W1 are positive. Equations (22) and (23) express the Fresnel
coefficients as a function of #. To evaluate the integrals in
Egs. (16)—(19), the appropriate substitutions # — ¢ need to be
made.

To find R, (00) from Eq. (23), we notice that we are far in the
evanescent region. We then have vZ = n2 — #2(1 + #2), and for

¢ large this gives v, & in ¢ & v;. We then obtain
& — &

&+ &

R,(c0) = (28)
When considering a layer, as in Fig. 1, a similar calculation gives
the same result as in Eq. (28). This can be understood from the
fact that evanescent waves emanating from the interface at z = 0
do not reach the second interface. The real and imaginary parts
are

ReR =— 2 —gd), 29

Ry (09) = s (ool — (29)
281

ImR = ———TIme;,. 30

m P(OO) |82+81|2 mé; ( )

Since Ime; > 0, we have ImR,(00) > 0. For Ime; >0 we
then see that ReW,(h) — +oo for # — 0. The imaginary
part diverges to —00 for |&;| > €; and to 400 for |&;] < £1. A
typical example of a W function is shown in Fig. 2. The function
diverges for 4 small and oscillates for larger 4 values, eventually
going to zero. In all of the following graphs we shall consider a
single interfaceand set ;1 = pp = 1.

An interesting special case is a perfectly conducting material

(mirror). Then we have R, = —1, R, =1, and the integrals in
Egs. (16)—(19) can be found in closed form. We then obtain
21 i 1 .
W(b):—(l+———) e'P, (31)
I I 2
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Fig.2. Real (solid curve) and imaginary (dashed curve) parts of the
function W] () for asingle interface with &; = 1.5and &, = 4.5.
4 i :
W (h)=—— (1+—> e’ (32)
B? B

The oscillatory behavior comes from the factors exp(i8), and
thelimit » — 0agreeswith Eq. (21) with R, = 1.

6. DIPOLE MOMENT

The induced dipole moment d is determined by the external
field at the location of the particle, as in Eq. (2). The exter-
nal field is the sum of the laser field and its reflection and the
reflected dipole radiation. So we have

d=0a[E;4r(r) +E, (1,)]. (33)

A convenient quantity is the dimensionless polarizability
volume, defined as

V_ _ (nl/eo)3

) o. (34)

4mwe,e;

With Egs. (7) and (13) we then have
d=aE,m(h) + %V_[, [dy Wi (h) +d. W, (h)].  (35)

Since d also appears on the right-hand side, this is an equa-
tion for d. We split this vector equation in its parallel and
perpendicular parts, which gives

di=aEm(h)+ 3V, diWilh), k= L. (36)

The solution of this equation is

de =Y (h)m(h)a E,, k=], L, (37)

where we have introduced the two resolvent functions

Yu(h) = k=], L. (38)

The final expression for the dipole moment then becomes
d=[YTy(hH)mh) + YL (h)m(h) o E,. (39)

The result (39) has a transparent interpretation. The functions
Y () and Y| (h) account for the contribution of the reflected
dipole radiation to d. Without this contribution we would have
Y (h)=1and Y, (h) = 1. The functions m(»); and m(h)
account for the reflected laser light. Without this reflection, the
function m(5) is given by Eq. (10). So, without the surface we
would have

d=aFE.g e ™, (40)
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The functions m(4) and Y;(») then modify this expression
to include the laser field and the dipole field reflection at the
interface, respectively. The result for Y| (4) was derived in
Ref. [9] for a perpendicular dipole moment in vacuum and very
close to the interface with a perfect conductor. We then have
W, (h) ~ —4i /B> with Eq. (32), and our result agrees with
Ref. [9] in this limit. They consider the dipole moment as a
function of the frequency w for a given 4, whereas we consider
the /# dependence fora given w.

7. POLARIZABILITY

The properties of the particle enter the solution through the
polarizability o, or equivalently, the (dimensionless) polarizabil-
ity volume V,. Before proceeding with the specification of o,
we would like to point out that we cannot just adopt any model
for . Let us consider a particle in a laser beam and embedded
in an €, 1 medium. The dipole moment is then given by
Eq. (40). The power emitted by the source can be computed by
integrating the Poynting vector over a sphere with the particle
in the center. With the known expressions for the electric and
magnetic fields of adipole, this gives [28]

1 ko)?
P =-w (n1ko) dz
2 G6me,e
and here we have 4?=d*-d=|a|*E? with Eq. (40).
However, the power absorbed from the laser field is on general

grounds ([25], p. 266):

(41)

0°

1
P, = —Ewlm[d* -E;(r,)]. (42)
With Egs. (40) and (3) this becomes
1
P, = zwEfImoz. (43)

If no energy accumulates in the particle, then clearly we must
have P, = P,. Thisis only possible if

(” 1 ko)S
6 eLE;

] (44)

Ima =

This equation only involves the particle, and it relates the imagi-
nary part of o« to its absolute value. Apparently, this relation must
hold when no energy is dissipated by the particle. With Eq. (34)
this can be expressed in a relation for the polarization volume:

_ 2 -
ImV, = §|VP|2. (45)
Since the right-hand side is non-negative, we have
ImV_], >0, (46)

and since ImV_], < |V_P |, we find

V,| <

\SNION)

(47)

So, on very general grounds, the absolute value of V_p has an
upper bound. With Eq. (34) this implies the upper bound

for o
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6me,e;
(”lko)3 ’

lo| <

(48)

For a particle in vacuum and a laser wavelength of 500 nm, this
gives |a| <8.34 x 10732C-m?/V, and this upper bound
is independent of any properties of the particle. Relations
(45)—(47) for V, do not involve any constants, which shows
the advantage of working with dimensionless variables and
functions.

Relation (44) was derived by considering an embedded dipole
in a laser beam. It is shown in Appendix A that this relation also
guarantees conservation of energy for the problem involving the
surface, as considered here.

Let us now consider a dielectric sphere with radius R and
permittivity €,, assumed to be real. It follows from exact Mie
theory that in the limit of a small particle (7;4,R < 1; the
long-wavelength approximation, or zero-frequency limit) that

the polarizability is [29]
o, =4me.en R, (49)
with corresponding polarization volume
Vyo=n(n1 R). (50)

Here, R = k, R is the dimensionless radius of the particle. The
parameter 1) is defined as

8],—81

=+ 51
e, +2& (51)

n

It is obvious that «, does not satisfy Eq. (44), necessary for
energy conservation. It was derived by Draine [30] that for
® # 0 the expression for a should be replaced by

[

. S 52
T 2k R) (52)

It readily verifies that this « satisfies Eq. (44). This expression
was derived to salvage the validity of the optical theorem for scat-
tering cross sections. As shown earlier, it also guarantees energy
conservation for non-absorbing particles (¢, real). A more
elaborate expression was introduced in [23,24] to include effects
of the finite radius R. In terms of the polarizability volume,
Eq. (52) reads

V,=—2% 53
P-4y, ©3)

DRI |y

with ]_/[,,0 given by Eq. (50). This expression is to be used in
the resolvents Y (%), Eq. (38). The case of a conducting par-
ticle follows by setting 7 = 1. The parameter 7, defined in
Eq. (51), diverges for £, — —2¢&;, which may seem cumber-
some. However, this is just an artifact of the representation in
terms of ). It follows immediately from Egs. (50) and (53) that

Ep —> —2¢;. (54)

8. FUNCTIONS Y, (h)

The resolvents Y (4), given by Eq. (38), account for the effect
of the reflected dipole radiation. Far away from the interface
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Fig. 3. Real (solid curve) and imaginary (dashed curve) parts of
the function Y| (4) for a dielectric particle of radius R=1.2and for
&, =3, =1, and &; = 6. Deviations from the dotted line at unity
represent effects due to the reflected dipole radiation. Without this
effect we would have Re Y (4) = 1 and ImY () = 0.

we have W, (/) — 0, and so Y, (») — 1 for h — 00, as could
be expected. Any deviation of Y4 (/) from unity is due to the
reflected dipole radiation. For intermediate 4, the functions
W, (b) are oscillatory, and so the functions Y (4) will be oscil-
latory. The main effect is expected to appear when the dipole is
close to the interface. The values of W, (4) for /# small are given
by Eq. (21), and they diverge. The corresponding values for
Y, (/) then become

X% gt 0@,

Y, (h) = _
+(5) &1 = &28,V,

hsmall.  (55)

We notice that Y;(#) — 0as 4°, no matter the type of the parti-
cle.

A typical example of an T function for a dielectric particle is
shown in Fig. 3. The particle cannot come closer to the interface
than its own radius, so the curves only have significance for
h > R.Theborderline # = R is indicated by the vertical dashed
line. We see from the figure that Y () has a substantial struc-
ture in the region / < R, but this region is not accessible to the
particle. For # > R we have Y| (b) & 1, so the reflected dipole
radiation hasas good as no effect here.

It follows from Eq. (38) that we get a division by zero, or a res-
onance, if

V, Wi(ho) = —2i, (56)

for a certain /,. From Eq. (47) we have that ]7}, is bounded by
|V_P| <3/2,and W, (h) goes to zero for 4 large. Therefore, this
equation can only have solutions for relatively small 4,. For
estimation purposes, we use Eq. (21). We then obtain

84 R, (00)V, ~ B2, (57)
with solution
1 =
ho~ — 84 R , 58
2 k l,(OO)V (58)

if such a solution exists. If Yj(#) has a peak for a certain 4,
then Y (/) also has a peak, but at an 4 value of J2=1.26
times larger. So, a L peak is always to the right of a || peak. The
peak heights are unrelated because these are determined by the
ellipsesin Eq. (21).

For a dielectric sphere the polarizability volume is given by
Eq. (53). Weare looking for solutions with 4 small. This implies
R small, otherwise the sphere cannot come close enough to the
surface. We then have V, ~V, , = n(n1 R)3. Equation (58)
becomes for £ = ||:
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|
: 3 Rp(oo)
|
|
|
|
|

_________ = Ww—-————-

-4 -3 -2 -l

RYmR,(c0). (59)

Here, 7 is given by Eq. (51) and R, (c0) by Eq. (28). Assuming
&3 to be real, so that R, (00) is real, we see that we can only have
asolution if n and R, (00) have the same sign. Furthermore, we
must have 4, > R, which gives the restriction

nR,(c0) > 8, (60)

for a || resonance to appear. For instance, for a conducting sub-
strate we have R, (00) = 1and for a conducting particle we have
n = 1. Clearly, there is no solution for 4, > R. We shall now
look at combinations of parameters for which a solution exists.

The search for resonances is facilitated by Figs. 4 and 5,
where R,(00) and 7 are graphed as functions of &, = &;/¢;
and &, = ¢, /&1, respectively. We can only have peaks in Y (/)
if R,(00) and 7 have the same sign. This leaves five possibil-
ities. The most obvious case is &, > 1, &, > 1, corresponding
to a dielectric medium and particle. Then 0 < R,(00) <1,
0<n<1,s0nR,(c0) <1. We then see with Eq. (59) that
for this case there are no solutions for 4 > R. The second
possibility is & >1, &, <—2. Then 0<R,(c0) <1,
n>1, and this could be possible. It should be noted that
“possible” means that for certain values in the given range
there may be a solution, but it does not imply that for all
parameters in this range there is a solution. For instance, for
&, — —oo(n = 1; conducting particle) there is no solution
satisfying Eq. (59). Figure 6 shows | Y (h)|* and | Y1 (h)|* for
g1 =1, &,=30, ¢, =—2.15, and R =0.25. For these values
we have R, (00) =0.935, n =21. Then R,(c0)n =19.6, and
with Eq. (59) we find that the || resonance should be located
at b, ~ 0.34, and the L resonance should then be located at
1.26 x 0.34 = 0.43. This is in good agreement with the graphs.
The curves should be compared to the dotted line at unity in
Fig. 6, which represents the value if the reflected dipole radia-
tion would not have been taken into account. We notice that
the peaks are huge, and in particular the || resonance gives an
enhancement of about 15 for these parameters. Any damping
in &5 or &, (positive imaginary parts) will in general lead to a
reduction of peak heights.

The third possibility is &, < —1, &, > 1. Other possibilities
are &5 < —1,8,<—2,and =1 <& <1, =2<é, < 1. The
graphs are all very similar to Fig. 6. Usually, the || resonance is
the strongest, but there are exceptions. There is also the pos-

sibility that the || peak is to the left of 4 = R and the | peak is to
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Fig.6. Shown are | Y (#)|* (solid line) and | Y| ()|* (dashed line)

as a function of 4 and for the parameters given in the text. The particle
can only be located to the right of the vertical dashed line.

the right. In this case there is effectively only one resonance. It
should finally be noted that the presence of these resonances is
the exception rather than the rule. They only appear for specific
values of the parameters.

9. FUNCTION d, (h)?

The solution for the dipole moment, given by Eq. (39), is a
complex-valued vector d. In the results for the power (next
section), this vector only comesinas

d,(h)? =d* - d. (61)
We have
do(h)z =

U0 () Pmh)) - m(h) + 1T L(h) Pm(h)] - m(h) ]l ES,
(62)

and there are no cross terms between || and L. Without the
surface, this would be 4, (#)? = |a|* E2. The functions my (/)
account for the laser reflection, and this gives undamped oscilla-
tions as a function of 4. The functions Y (/) include the effect
of the reflected dipole radiation. We graph 4,(5)*/(|a|* E?),
so that any deviation from unity is due to the surface. The solid
curves are the solutions given by Eq. (62), and the dashed curves
are the solutions with Y;(#) = 1. So, any difference between
solid curves and dashed curves is due to the reflected dipole
radiation. For 4 small, we have d, ()% ~ », since Y} (h) ~ h3.
Figure 7 shows a typical example. The radius is R =1.5,
£, =3,&1 =1,and &, = 5. The angle of incidence is §; = 60°,
and we have s polarization (2, =1, 2, = 0). We see that there
is hardly any difference between the solid and dashed curves in
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Fig. 7.  The figure shows 4,(#)*/(|a|* E?) with (solid line) and
without (dashed line) the function Y, (%), as a function of 4. The
parameters are given in the text.

0

Fig.8. The figure shows 4, (#)?/(|a|* E2) for the parameters given

in the text.

the region / > R, so the reflected dipole radiation has as good
as no effect here. A more interesting result is shown in Fig. 8.
The parameters are R=0.25, g, =-2.15, €1 =1, &,=30,
0; = 60°,and @, = a, = 1 (circular polarization). For 4 slightly
larger than R, a peak appears, which is due to the resonances in
Y4 (h). The larger peak is the || resonance, and the smaller peak
on therightisdueto Y (4).

10. POWER EMISSION

The emitted power is determined by the oscillating dipole
moment and its environment. It has two contributions:

Pe(h) = P(h) + P, (h). (63)

For a dielectric particle it is more common to call this the scat-
tered power. The P () is the emitted power due to the source
field and is given by Eq. (41). For an embedded dipole, but with-
out the interface, we have 4> = d” - d = |«|* £2, as in Section 7,
but with the interface this becomes 42 from Eq. (62). This gives
for the source power

P, (h) = pamy Py (5) Pm(h)} - m(h),

+ 1T (M) Pm(h); - m(h) ] (64)
Here we have introduced
wk?
Pr=—""|o*|E? 65
f 127T80| |Ea. (69)

as the emitted source power for a dipole in a laser beam, but in
free space. Then w171 Py is the emitted power for an embedded
dipoleinalaser beam.

The term P, (/) in Eq. (63) is the modification of the power
emission due to the reflected dipole field, and is given by
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Fig. 11.  Normalized power for a dielectric sphere with R = 0.4.
The other parameters are given in the text.

B(h) = Solmld" -, (5] (66)
With d given by Eq. (39) and E, (r,) by Eq. (13), we find
3
Py (h) = Ziam Py ()P [m(B)] - m(h)y IRe W} (h)

+ YLD [m(h)] - m(h) LIRe WL (h)}. (67)
Adding Egs. (64) and (67) yields the final result:
P, (h) = pim Pr{| Y (/?)|2[m(/7)>ﬁ ~m(h)lwy (h)

+ 1T (A P[m(h)} - m(h)  Jw (h)}. (68)

The functions w (/) are defined as

we(h) =1+ %Re%(/)), b=, L. (69)
Comparison with Eq. (64) for the power emitted by the source
field shows that the contributions from the reflected dipole
radiation (interference) are accounted for by the functions
wy (4) and w (h). These functions are identical to the radiative
decay rates for a molecule near an interface with a parallel or
perpendicular dipole moment [5].

For 4 large we have w;(h) — 1, since W,(h) — 0, and for
intermediate values of /» the functions wy, (/) are oscillatory. The
behavior for small 4 follows from Egs. (21) and (30):

33k &1

wi(h) = —

FERT h— 0. (70)

ID]EZ 4—...,

The functions diverge to +00 as 1/h> for » — 0 if &; has
an imaginary part, and w;(h) ~2w;(h). If Ime, =0,
the approach to #— 0 is undetermined by Eq. (70).
Figure 9 illustrates wy (/) and w (b) for Ime, # 0. We have
&9, =104 0.001 * 7, and we see that even this small Im&, makes
the functions diverge for # — 0. In Fig. 10 we have &, = —1.3,
so Ime; =0, and we see that both wy(#) and w (/) remain
finite for / — 0.

1.5
w(h)

17 ) 1 1 1 I 1 )
0 1 2 3 4 5 6 7 8 h

Fig.10. Functionswy () and w, (b) fore; =1ande; =—1.3.

Equations (31) and (32) give the functions Wj() and
W\ (h) for a perfect conductor. With Eq. (69) we then find for
the w; (/) functions

wll(b)=1—i[lcosﬂ+<1—%> sinﬂ:|, (71)

26 LB B
Wiy =1— > ( g1 in,B) (72)
=1——|cosB——s ,
. p2 B
and expanding for 8 small gives
1
UW(b)=='§ﬂ2'+..., (73)
1
wL(/y)=2—Eﬂ2+.... (74)

Rather than diverging for 4/ — 0, as in Eq. (70), these functions
remain finite for a perfect conductor.

The 4 dependence of P, (/) comes in through the functions
m(h), Y (h), and wy(h), representing the laser and its reflec-
tion, the surface-modified dipole moment, and the influence
of interference, respectively. Most interesting is the behavior
of P, () for b small. When the dipole moment d is assumed to
be given, the # dependence only enters through w(4). These
functions divergeas 1/ h? when there is damping in the material,
whereas for Ime; = 0 these functions may remain finite. When
the laser excitation mechanism is taken into consideration, the
function m(%) contributes. This function is finite at all dis-
tances, so it does not alter the behavior of the power for 4 — 0.
When the effect of the reflected dipole radiation on the value
of d is taken into account, we get factors of | Y;(/)|?, and with
Eq. (55) these factors go to zero as #°. Combined with the 4
dependence of wy(h), this gives P,(h) ~ h* or higher order.
For a perfect conductor we have P,(h) = h°. So, instead of
diverging for # — 0, the power goes to zero quickly when the
surface contribution to the induced dipole moment is taken into
consideration.

We normalize the power as P, (h)/(u171Py), so that any
deviation from unity is due to the presence of the inter-
face. Figure 11 shows the emitted power as a function of
the distance / to the interface. The parameters are & =1,
g8 =—2+0.1x4i, R=04,5,=-3,0;=30° a4, =1, and
a,=1. We have R,(00) =3 and n=4. With Eq. (59) we
expect a peak due to Y (h) at b, = 0.46, which agrees rea-
sonably well with the graph. A possible peak due to Y () is
absent. It can be shown that this is due to the fact that T, (/)
does not have a pronounced maximum for these parameters.
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The dashed curve is the power with | Y (/) |? set equal to unity,
so the deviation of the solid curve from the dashed curve is due
to the contribution of the reflected dipole radiation to the dipole
moment.

11. CONCLUSIONS

The electric dipole moment of a small particle near an interface
is induced by a laser and its reflection at the interface and by
the reflected dipole radiation. In most theoretical approaches,
including our own, the dipole moment d is assumed to be given.
When the laser and its reflection provide the mechanism for
inducing the dipole moment, such an approach is justified, since
this decouples from the emission of radiation by the dipole.
However, when the particle is close to the interface, the reflected
dipole radiation also acts on the particle as an external field,
and it adds to the induced dipole moment. We have derived
an expression for the induced dipole moment, Eq. (39), which
takes into account the reflected dipole radiation. This does not
simply add to the dipole moment, since the reflected radiation
depends on the dipole moment, so the reflection modifies its
own source. We have shown that this effect can be included by
means of resolvent functions Y (4) and Y, (%), Eq. (38), which
depend on the dimensionless distance / between the particle
and the interface.

Due to the back action of the dipole radiation on its own
source, the resolvent functions have a resonant structure. It
appears that two, one, or no resonances can be present when
the particle is close enough to the surface. Whether such reso-
nances occur depends on the parameters of the problem. These
resonances are typically in the region where 4 is smaller than the
radius of the particle. Since a sphere cannot come closer to the
surface than its own radius, these resonances have in general no
effect, but exceptions are possible (Figs. 6 and 8).

We have derived an expression for the power emitted by the
dipole, which includes the effect of the reflected dipole radiation
on the induction of the dipole moment. The resonances in the
functions Y () and Y| () may appear in the / dependence of
the power, although this is modified by the polarization of the
laser. In particular, for s polarization only Y (/) contributes, so
we have at most one peak due to the resonances.

APPENDIX A

The power emitted by the dipole is given by Eq. (68). One
would expect that this power is supplied by the laser beam. We
shall now verify this. On general grounds, the absorbed power is

1
P, = —ECOIYH[(Yk “Er4r(r)] (A1)

With Eq. (7) this becomes
P,= —%a)EOIm[d* -m(h)]. (A2)

With d from Eq. (39) we have
d* - m(h) = {1y (h)*[m(h)} - m(h),]

+ YW [mh) - mh) 1o E,.  (A3)
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Then we substitute this in Eq. (A2), which gives
1
P, = EwEg {lm(h); - m(h) Im[a Xy (h)]

+[m(h)’ - m(h)  Tm[e Y ()]} (A4)

Now we need to work out the factors Im[a Y. (4)]. It follows
from the definition (38) that

Ti(h) = Tu(h)? % [1 + iv;*wm*} . (A5)

With Eq. (34) we can express o in terms of V_P:

_ 4E.81 -
B (”Iko)3 -
and with Eq. (A5) this gives

(A6)

4mwe,e;

_ 2
a X (h) =Y (h)] k)

- i
X |:Vp + 5|VP|ZVVk(/7)*j|
(A7)
Taking the imaginary part yields

TEEL

(1k)3

mla Y, (h)] = [Te(h)|?

_ 1 -
x {Im(VP) + §|VP|2Re[W,e(/y)]} . (A8)

Equation (45) was derived under the assumption that no energy
accumulates in the particle for the case of an embedded dipole
in a laser beam, but without an interface. Since this relation only
involves V,, it should also hold here. Eliminating Im(),) from
Eq. (A8) gives

TTEEL

(llef

Im[a Y (h)] = |Te(h)I?

-2 3
X |v,,|2g {1 + ZRe[Wk(/a)]} . (A9)

and with Eq. (64) this becomes

48, - 5,2
Im[a (M) = [Te(h) P —25 x [V, PZwi(h). (A10)
(n1ko) 3
Then we eliminate IV_ |? in favor of |« |* with Eq. (34):
( n1 o) 2 2
Im[a Yy (h)] = —+ c X e[ Ve (M) we (k). (A11)
T EEL
Substitution into Eq. (A4) yields
k
Pi=o 1(;1 0 | 2 2 (k! - ms)y 11Ty )Py )
TTELE
+m) - m() 1YL (B Pwih)],
(A12)
and with
(n1k, )
Mlnlpf=w12n_8 lox | E (A13)
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the right-hand side of Eq. (A12) is the same as the emitted power
in Eq. (68). So, the power emitted by the dipole is the same as the
absorbed power from the laser beam. Here we only used Eq. (45)
for V,, which is the same as Eq. (44) for . Clearly, Eq. (44) is
a necessary restriction on the polarizability of a particle if no
energy isaccumulating in the particle.
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