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We consider an oscillating electric dipole, embedded in a uniform medium with relative permittivity ¢, and relative per-
meability y,. The dipole is located near an interface with a layer with uniform material parameters & and u,, and the
second interface borders a uniform medium with parameters ¢;3 and p;. We have obtained the solutions for the electric
and magnetic fields in the various regions, without any restrictions on the parameters and for any state of oscillation of
the dipole (elliptical, in general). The solution involves a set of auxiliary functions, which are given as integral represen-
tations containing the Fresnel coefficients for plane waves. With this solution, the field lines of energy flow can be
obtained, and we have considered the flow pattern for the simple case of a dipole oscillating perpendicular to the inter-
face. When the material of the layer is optically thicker than the embedding medium of the dipole, energy flows more or
less along straight lines. At an interface, the field lines refract, similar to optical rays. When the layer material is opti-
cally thinner, the energy flow lines curve. A portion of the energy that propagates toward the interface bends away from
it before reaching the interface. Other field lines of energy flow cross the interface, but then return to the area of the
dipole by crossing the interface again. This leads to an oscillation of energy back and forth through the interface. In the

neighborhood of this oscillation, a concentric set of vortex tori appears.
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1. Introduction

An oscillating electric dipole near an interface was con-
sidered for the first time by Sommerfeld [1], who studied
the propagation of the emitted electromagnetic waves
near the surface of the Earth. Ever since then, a large
number of publications have been devoted to this topic.
The radiation field can most easily be computed by
means of the Green’s function for the configuration or an
angular spectrum representation, and these methods apply
both to a single interface and multiple parallel interfaces
(slabs of material) [2—6]. In such an approach, the electric
and magnetic fields are found as integral representations
involving the Fresnel coefficients. The reflected and
transmitted far fields can then be obtained by asymptotic
expansion, and the radiated power per unit solid angle
can be found in closed form [7]. Interestingly, the total
emitted power is altered by the presence of the interface,
as compared to the emitted power by the same dipole in
free space. When the radiation is electric dipole radiation
emitted during an electronic transition in an atom or mol-
ecule, it implies that the lifetime of the excited state is
influenced by the interaction of the radiation with the
interface. This change in emission rate and lifetime has
been computed for various configurations, and has been
observed experimentally [8-12]. Most notably, the
change in emission rate depends on the distance between

the particle and the interface, assuming this distance is of
the order of a wavelength.

The change in emission rate and power per unit solid
angle are macroscopic effects, observable in the far field.
In near-field optics, the details of the radiation field in the
vicinity of the source are of interest, and this requires an
exact solution to Maxwell’s equations. Radiation patterns
have intricate sub-wavelength structures, including inter-
ference vortices and singularities [13], and the angular
emission pattern of the radiation (which is not the same as
the power per unit solid angle in the far field) is drastically
altered due to the presence of the interface [14]. When
electric dipole radiation passes through an interface into a
thinner medium, some of the energy oscillates back and
forth through the interface [15]. We shall consider the
arrangement shown in Figure 1. An electric dipole, oscil-
lating at angular frequency o, is embedded in a uniform
medium with relative permittivity ¢; and relative perme-
ability y,, and is located on the z axis, a distance H from
the xy plane. The planes z =0 and z = L are interfaces
between media with different ¢ and p, as shown in the
figure. The values of ¢ and y depend on w, and are in gen-
eral complex with a non-negative imaginary part. The
(point-like) oscillating electric dipole has a dipole moment

d(t) = d,Re[uexp(—iwt)], d, >0, w-u"=1. (1)
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Figure 1. Shown here is the arrangement we consider. The
electric dipole is located on the negative z axis, a distance H
from the xy plane. The second interface is the plane z = L, and
the three media have relative permittivities ¢; and relative per-
meabilities y; as shown.

In its most general state of oscillation, the dipole
moment d(¢) traces out an ellipse in a plane [16]. For
instance, if we take

u=—(e.+ie)/V2, )

then the dipole moment traces out a circle in the xy
plane, and the rotation is counterclockwise when viewed
from the positive z axis. Energy is emitted as a vortex
structure, with the field lines of energy flow spiraling
around the z axis [17,18]. The arrangement in Figure 1
has also been considered in Ref. [19] for u = e., a verti-
cal dipole, and u =e,, a horizontal dipole. We shall
obtain the solution for arbitrary u, and illustrate the flow
of energy through this system with examples.

2. Electric dipole radiation

When the dipole oscillates with angular frequency w, the
electric and magnetic fields also oscillate with the same
angular frequency. For the electric field at field point r
we write

E(r,t) = Re[E(r) exp(—iwt)], 3)

with E(r) being the complex amplitude, and the mag-
netic field B(r,?) is represented similarly. We shall refer
to E(r) as the electric field, rather than E(r,¢). It is con-
venient to split off overall factors as

E(r) = cE(r), @)
B(r) = B(r), 5)

with
;  takodo. ©)

and k, = w/c, the free-space wavenumber. The fre-
quency dependence can be scaled away entirely by
adopting dimensionless variables. We set # = k,H for
the distance between the dipole and the interface and
¢ = k,L for the layer thickness. The dimensionless posi-
tion vector of the field point » with respect to the loca-
tion of the dipole is then ¢, = k,r+ he,. For the
radiation emitted by the dipole we have

Eq(r)
= {u - (@1 -u)q, + [u—3(q, '”)‘}1]#;]1 (1 +#¢11>}

)

0

~ . I exp(in
B,(r) = n1(q, x u) (1 +—> M, (8)
niq q1
with ¢, = |q,| and ¢, = ¢,/q1. The index of refraction
of medium i is the solution of

n* =g, Imn >0, i=1273. 9)

This leaves an ambiguity when ¢; and y; are either both
positive or both negative. In these cases, the solution
should be considered with a limit, where at first small
imaginary parts are included in & and u,. For & and g
as both positive we should take the root n; > 0, and for
& and p; as both negative we have n; <0 (negative index
of refraction material).

3. Angular spectrum

With Weyl’s representation of the scalar Green’s func-
tion, the electric dipole field can be represented by an
angular spectrum of plane waves [20]. The representation
depends on whether z > — H (above the dipole in
Figure 1) or z< — H (below the dipole). The source
field in z > — H serves as the incident field on the inter-
face, so we shall consider only this case. The angular
spectrum is an integral representation, with the integral
running over the k)| plane. This is a fictitious plane, par-
allel to the xy plane. For a given k|, a plane wave has
wave vector

k= k” + kyvie,. (10)

Its z component, k,v;, is determined by the dispersion
relation in medium 1. First, we set

o = ky/ko, (11)

with k| being the magnitude of k;|. Then, v; must be the
solution of

vi=nl—0o Imv >0. (12)
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We take the root with Im v; > 0 because of causality.
For n} > 0 this leaves an ambiguity in the solution, and
we shall assume that an appropriate limit is considered,
just like for the index of refraction. For the common case
of & and p, as both positive, v; is positive for a<n;
(traveling wave) and positive imaginary for o > n; (eva-
nescent wave). For the dipole field we have

- i o, exp(ihvy) ) 1
Ed(r)zang/d k . exp(ik-r) {u—@(u-k)k ,
13)
and the magnetic field follows from
B(r) = — -V x E(r). (14)
w
For a given k|, we set
1
s = ——€ X k 3 15
¢ ok, ¢ l (15)
1 k x (16)
e, = e,
? }’llku

which are unit polarization vectors for s and p waves.
The electric field then becomes

- i exp(ihv; .
E;(r) = e Z / d’k, 5}4]) (u - e;)eqsexp(ik - r),

a7
with o0 = s, p.

4. Method of solution

The representation (17) of the electric dipole field is a
superposition of plane waves with wave vector k and
polarization ¢. Each plane wave, with a given k|| and o, is

—< k ky _kr\A

+z
|
I ki
.48 | —
: z=L
| BB
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|
|
|
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Figure 2. Schematically shown here are the various waves for
the plane-wave solution for the layer problem. Each wave vec-
tor must have the same parallel component, k. Their z compo-
nents, however, are determined by the dispersion relations of
the materials and by causality. The waves can be traveling, eva-
nescent, or a combination of both. The arrows indicate the
wave vector when the wave is pure traveling, and the lines
indicate the direction of exponential decay if the wave is pure
evanescent.

a solution of Maxwell’s equations in medium 1 for
z > — H. Such a plane wave reflects at the z = 0 inter-
face, and partially transmits into the layer. This transmit-
ted wave reflects at the z =L interface, and partially
transmits into region 3. The wave vectors for the various
waves are shown in Figure 2. Each wave vector must have
the same k|| as the incident wave, due to the boundary
conditions. The perpendicular components of the wave
vectors are determined by the dispersion relations in the
media and by causality. Each plane wave has the same
polarization ¢ as the incident wave. The complex ampli-
tudes of the waves, relative to the incident wave, are
expressed as Fresnel coefficients, and these will be indi-
cated by R;, D,s, Dpg, and Ty, in obvious notation. Their
expressions and sign conventions are given in Appendix
1. They depend parametrically on the respective values of
¢ and p, and the dimensionless layer thickness ¢, and are
functions of the variable o, defined by Equation (11).

The fields in the various regions are in the same
superpositions as the incident waves in Equation (17). In
z<0, region 1, the field is the sum of the dipole field
and the reflected field

E\(r) = Eg(r) + E/(r), (18)

with E,(r) given by Equation (7). In region 2, 0<z<L,
we have

Ey(r) = E,(r) + Ey(r), (19)
and in region 3, z > L, we only have the transmitted field
E3(") = Et(")- (20)

The same holds for the corresponding magnetic fields.
For instance, the reflected electric field is given by

Z/dzk‘ M(u e;)Rse.cexp(ik, - r).
2y}

The polarization vectors e,, and the wave vector k, are
defined in Appendix 1. We shall use cylindrical coordi-
nates (p, ¢,z) for the field point r. The corresponding
basis vectors are

E.(r)= 27k

e, = e, cos ¢ + e,sin @, (22)

ey = —e;sin ¢ + e, cos ¢, (23)

together with e.. In the k|| plane, we adopt polar coordi-
nates as follows. For a given field point r, the vectors e,
and ey are fixed in the xy plane. In the k|| plane, we take
the X and y axes along e, and ey, respectively, and
(K, qb) then represent the polar coordinates of k) with
respect to the X and y axes in the usual way. So we have

k| = kj (e, cos ¢+ e sin (,1,7))7 (24)
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and k| = ok, with Equation (11). The integral over the
k)| plane then becomes

/dzkH(...) —kﬁ/ooodm/oznd&(...). (25)

With r = pe, +ze, and k., =k —k,vie. we have
k. -r = pkjcos$ — k,viz. We introduce dimensionless
coordinates as X = kyx, y = k,y, Z = k,z and p = k,p. In
these coordinates, 2n corresponds to one free-space opti-
cal wavelength. We have &, - r = op cos ¢ — viz, which
depends on the integration variable ¢. The remaining ¢
dependence only enters through the polarization vectors
e, and e, ;. We find

e =€ =¢e COS(z; — € sin (]‘;, (26)
| N -
e, = . (ocez — Vi€, cos ¢ — vieysin d))v 27

e, = nl—l(ocez +vie,cos ¢ + viegsin @). (28)
In the integrand in Equation (21) we have (u-e;)e,,
with a summation over o, so this leads to a large number
of terms. Each term contains the factor exp(iop cos )
and combinations of sin ¢ and cos ¢. The integrals over
¢ can be expressed in terms of Bessel functions. For
instance,

/ dé exp(io pcos ¢)sin’dp = n[Jy(ap) + J2(ap)].
0

(29)
Then Equation (21) becomes

- j R
E.(r) = é(u . ep)ep/0 docv—lexp[ivl (h —2)|Rs(Jo + J2)

-+ many more terms.
(30)

The argument of each Bessel functions is ap and Ry is a
function of «. The function v; also depends on o. Then
we introduce the auxiliary function

_ i [« ) _
RU(.2) :5/0 o explim (= 2R,y +2), G1)

which gives
E.(r) = e,(u - e,)R\V(p,z) + many more terms.  (32)

With this method the fields in all regions can be
obtained. The fields can be expressed entirely in terms
of auxiliary functions RE,—m), D,(("r?, and T, é—m), with ¢ = s, p,
k=a, b, and m=1, 2, .... These functions depend on
the dimensionless field point coordinates p and z, and
parametrically on ¢ and /4, and on the respective values
of ¢ and p. They are defined in Appendix 2, and the
expressions for the fields are given in Appendix 3.

5. Traveling and evanescent parts

In this section, we shall consider the common case
where & and p, are both positive, so that n; is positive.
The angular spectrum representation (17) of the incident
field E4(r) has a factor 1/v; in the integrand. We see
from Equation (12) that v; = 0 for o = ny, and this point
is on the integration axis for the integration over « in the
auxiliary functions in Appendix 2. When ¢; and p, are
not both positive this is not an issue, since the branch
point then has an imaginary part, and is off the integra-
tion axis. As shown in Appendix 2, this factor of 1/v,
cancels for a, b, and ¢ waves, since the corresponding
Fresnel coefficients are proportional to v;. However, for
five of the R((Tm)’s this factor is present, and therefore the
integration runs over the singularity at o = n;. The sin-
gularity is integrable, but it is numerically not attractive
to have such a complication. Fortunately, this singularity
can be removed by a change of variables. To this end,
we split the range of integration in O<o<n; and
ny<o<oo. In the first range, the incident waves are
traveling, and in the second the incident waves are eva-
nescent. For traveling waves we make the substitution
t=(m— «2)'2, which gives

/Om doc%(...) :/Onl di(....). (33)

12 s
For evanescent waves we set 7 = (a2 —n2)"/2, which

yields
A doc;(. N —1/0 di(...). (34)

In the integrations over ¢, the 1/v; singularity has disap-
peared.

Figure 3 shows the real and imaginary parts of the
reflection coefficient R, as a function of «. We notice a

R, (@)

5

05

S e ...,

)

0.0

-05

Figure 3. The solid and dashed curves here represent the real
and imaginary parts, respectively, of the Fresnel reflection coef-
ficient for a p-polarized wave as a function of «. The parame-
ters are &1 = 1, uy =1, e3 =4, u3 = 1, and £ = 0. The indices
of refraction are n; = 1 and n, = 2. Note that the real part has
a sharp peak at the index of refraction o = n;.
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Figure 4. Shown here are the real and imaginary parts of the
same reflection coefficient as in Figure 3, for the range
0<a<mn; (traveling waves). Here, the independent variable is
t, rather than o, and we see that the sharp peak in the real part
seen in Figure 3 has disappeared.

sharp peak in the real part at o = n;, which is the border-
line point between traveling and evanescent waves. When
we transform to ¢ as the independent variable, as in the
previous paragraph, then the functional dependence of R,
is altered. Figures 4 and 5 show R, in the traveling and
evanescent regime, respectively, as a function of ¢. The
point o« = n; transforms to the point =0 in both
regimes, and we see that as a function of ¢, the reflection
coefficient no longer has a sharp peak. The other Fresnel
coefficients have a similar peak at o = n;, and they also
disappear in the transformation. Therefore, it seems
numerically advantageous to split all the integrals.

The splitting of the integrals over o in the auxiliary
functions removes the 1/v; singularity in five of these
functions. The other functions do not have this singular-
ity, but the splitting smooths the Fresnel coefficients.
The trade-off here is that this doubles the number of
integrals to be computed for each field point.

Ry (@)

-05

Figure 5. Shown here are the real and imaginary parts of the
same reflection coefficient as in Figure 3, for the range o > n;
(evanescent waves). When seen as a function of ¢, the sharp
peak in the real part disappears.

6. Energy flow lines

Electromagnetic energy flows along the fields lines of
the Poynting vector. The time averaged (over an optical
cycle) Poynting vector is defined as

1

1
Si(r) = ﬁRefEi(r)* x Bi(r), i=1,2,3, (35

o M

and here i numbers the three regions. We split off an
overall factor as

2
<]

S,-(r) = 2'u P

Si(r)v (36)

which gives
Si(r) = Re—E;(r)" x By(r), (37)

in terms of the dimensionless field amplitudes. Although
written as a function of r, this vector only depends on
the dimensionless position vector ¢, corresponding to a
field point with dimensionless coordinates x, y, and Zz.
Let ¢(¢) be a parametrization of a field line through a
given point ¢, in region i. Then ¢(¢) is a solution of

d ~
540 =58iq). (38)

This equation requires numerical integration, starting
from the initial point ¢,.

Field lines of a vector field are determined by the
directions of the vectors at the field points, but not by
their magnitudes. Therefore, S; and f(¢)S;, with /(q) as
a positive function of ¢, have the same field lines. The
electric and magnetic dipole fields, Equations (7) and
(8), respectively, have singularities at the location of the
dipole (q; =0), and this may give rise to numerical
problems when integrating Equation (38) in the neigh-
borhood of the dipole. We multiply the electric fields
through by ¢} and the magnetic fields by g}. Then the
source fields remain finite at ¢; = 0, and this greatly
improves the numerical accuracy.

7. Vertical dipole

The solution for the fields in the various regions is given
in Appendix 3, with the auxiliary functions defined in
Appendix 2. For the most general solution (arbitrary u),
a large number of auxiliary functions must be computed
for each field point, and when we split the integrals into
traveling and evanescent parts, this number doubles. The
numerical integration of Equation (38), after multiplying
through by ¢; and ¢7 for the electric and magnetic fields,
respectively, requires the computation of a large number
of field points for each field line.

In order to illustrate some of the features of the field
line patterns, we consider the simple case of a vertical
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dipole for which u = e.. Then u-e, =0 and u-ey =0,
and many terms vanish. For the dipole fields in Equa-
tions (7) and (8) we have

1 ey + (2 + h)e:], (39)

‘Il*q_l

with

a1 =\/p*+ E+h), (40)

in cylindrical coordinates. The reflected fields simplify to

E.(r) = ¢,RY + e.RY, (41)
B,(r) = ¢4R. (42)
For the fields in the layer we obtain
E(r) = ¢,D})) + e.D}), (43)
7 _ (8)
By(r) = eyDy,, (44)
with k= a, b, and the transmitted fields become
E/(r)=e, T +e.T, (45)
B(r) =esT. (46)

For a given field point, the electric fields are linear
combinations of e, and e. and the magnetic fields are
proportional to ey. Therefore, the Poynting vector is a
linear combination of e, and e.. We now consider a
plane which contains the z axis. Vectors e, and e,
span this plane, and so the Poynting vector is in this
plane. Consequently, a field line through a point in
this plane lies entirely in the plane. In general, field
lines are three-dimensional curves, but for the case of
a vertical dipole the field lines lie in a two-dimen-
sional plane containing the z axis. Moreover, the sys-
tem is rotation symmetric around the z axis, so
without loss of generality we only need to consider
the yz plane with y > 0.

Figure 6 shows the flow-line pattern for ¢ =1,
a=4ea=2,1y=wbL=wx=1,¢=3,and h=2. All
field lines emerge from the dipole as approximately
straight lines. A field line which hits the z = 0 interface
continues into the layer, and upon entering, its direction
changes. This field line bends toward the normal upon
transmission, reminiscent of the transmission of an opti-
cal ray at such an interface (medium 2 is optically
thicker than medium 1). The change in angle, though,
does not obey Snell’s law, and there is no reflected ray.
At the second interface, all field lines continue into med-
um 3, and their directions bend away from the normal
upon transmission. This could be expected, since med-
ium 3 is optically thinner than medium 2.

Z

Figure 6. Shown here is the energy flow pattern for radiation
emitted by a vertical dipole located on the z axis (4 =2). The
dimensionless layer thickness is ¢ =3 and the two interfaces
are shown as solid lines. The material parameters are & = 1,
& =4, &3 =2, and all y are equal to unity.

Figure 7 shows a field line pattern for the same case
as in Figure 6, except that &g =4 and ¢ = 1. At the
z = { interface, the field lines enter an optically thicker
medium, and bend toward the normal, as expected. The
behavior near the z = 0 interface, however, is drastically
different than expected. Field lines that approach the
interface near the Z axis continue across the interface,
and then slightly bend away from the normal. Field lines

|

Figure 7. Shown here is the energy flow pattern for 4 = 2,
(=36 =4, =1, & =2, and all u are equal to unity. The
dip of the flow lines below the z = 0 interface near y =9 is
shown enlarged in Figure 8.
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that cross the interface more to the right in the figure
continue in medium 2, but then cross the interface again,
returning to medium 1. Thus, the transported energy
oscillates back and forth through the interface, and this
continues indefinitely (outside the figure). Unlike in
Figure 6, where the field lines in medium 1 are approxi-
mately straight, here we see that some field lines that run
into the direction of the interface change direction when
approaching the interface, and then continue downward.

Figure 8 shows an enlargement of a part of Figure 7,
near the area where the field lines first dip below the
interface. An optical vortex appears just above the inter-
face, where the energy continuously swirls around a sin-
gular point, indicated by a little circle. Just above the
vortex is another singular point. A bundle of field lines
that approaches this point from the left splits at the sin-
gularity. Just above and below the singularity, the field
lines run in opposite directions. Since the pattern is rota-
tion symmetric around the z axis, these singular points
are actually points on a singular circle around the z axis,
and the vortex is a torus vortex around the z axis. For
larger values of y, there is a vortex above every dip of
the field lines that drop below the interface. Thus, there
is a set of concentric vortex tori just above the interface.
At a singularity, the Poynting vector vanishes, and it can
be shown that at the center of a vortex this is due to the
disappearance of the magnetic field [13]. At a singularity
where the field lines split, the Poynting vector is zero
because E;(r)* x B;(r)/y; is purely imaginary.

1.5

1.0\
0.5\

0.0 \

-0.5F —a

-1.0 T
75 8.0 8.5 9.0 9.5 10.0

Figure 8. Shown here is an enlargement of a part of the flow
pattern of Figure 7. The two white circles denote the singular
points.

8. Conclusions

We have considered the arrangement shown in Figure 1
where an oscillating electric dipole, embedded in material,
is located near a slab of uniform material. We have
obtained the exact solution of Maxwell’s equations for
this configuration, without any restrictions on the material
constants or the state of oscillation of the dipole. This ele-
gant solution, given in Appendix 3, is expressed in a set
of auxiliary functions, defined in Appendix 2. These func-
tions depend on the dimensionless cylindrical coordinates
p and z of the field point. The integral representations of
these auxiliary functions contain the Fresnel coefficients
for reflection and transmission of a plane wave, and cylin-
drical Bessel functions which come from the angular inte-
gration in the k|| plane of the angular spectrum solution
for the various fields. The integration variable o is the
dimensionless magnitude of the k|| vector. The integrands
of some of these functions have a singularity at « = n; (if
np > 0), which is the borderline between traveling and
evanescent waves of the incident field. By splitting these
integrals in traveling and evanescent parts, and making a
change of variables, these singularities disappear. More-
over, sharp peaks in the Fresnel coefficients at & = n; are
smoothened out by this procedure.

Electromagnetic energy flows along the field lines of
the Poynting vector. With the solutions for the electric
and magnetic fields, this Poynting vector can be con-
structed. We have considered the simplest case of a verti-
cal dipole for which the radiation field is rotation
symmetric around the z axis, and the field lines of the
Poynting vector lie in a plane (rather than being three-
dimensional curves). Typical flow patterns are shown in
Figures 6 and 7. Field lines appear to emerge from the
dipole as nearly straight lines. When the material of the
layer is optically thicker than the embedding medium, as
in Figure 6, the field lines seem to refract at the first
interface, similar to optical rays (although they do not
follow Snell’s law). However, when the material of the
layer is optically thinner than the embedding medium, as
in Figure 7, the field lines in both regions, 1 and 2,
curve considerably. Many field lines that emerge from
the dipole in the upward direction do not reach the inter-
face, but bend downwards after a certain distance. Other
field lines cross the interface, but then return back to
medium 1. Then they bend again, and cross the interface
again. This continues, resulting in a persisting oscillation
of energy around the first interface. Once a field line
crosses the second interface, it continues as approxi-
mately a straight line in medium 3.

Figure 8 shows an enlargement of the flow pattern of
Figure 7, in the neighborhood of where the field lines dip
below the interface. It appears that close to the interface
some of the energy circulates in closed loops around a sin-
gular point. Since the system is rotation symmetric around
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the z axis, this point actually represents a singular circle.
These vortices appear above every point where field lines
dip below the interface, leading to a set of concentric
torus-shaped vortices in the field line pattern. Above each
torus is a singular circle, indicated by a small white circle
in Figure 8. This is necessary since just above and below
this circle the energy flows in opposite directions.
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Appendix 1. Fresnel coefficients

The fields in the various regions (i =1, 2, 3) are derived from
an angular spectrum representation of the incident field. For
this construction, we need the solution for an incident plane
wave with wave vector k, given by Equation (10), and
polarization ¢. The various wave vectors are shown in Figure 2.
Due to boundary conditions, all wave vectors must have the
same parallel component k||. For each wave vector it has to
hold that

k, -k, =’k

0’

(AT)

where y =r,a,b, or ¢, and the k vector without a subscript
refers to the incident wave, as in Section 3. The index of
refraction n is taken as that of the medium in which the wave
propagates. Equation (Al) is the dispersion relation for the
wave with wave vector k,. We consider vector kH as given, and

therefore only the z components of the wave vectors need to be
determined. With Equation (A1) we then have k. = £k,v, and
v for medium i is defined as in Equation (12) for i = 1. From
causality it follows that k.. = —k,v; and k., = k,v;. For the a
and b waves we take k,, = k,v, and k;, = —k,v,. The polariza-
tion vectors for s polarization are defined by Equation (15),
and these are the same for each wave. For p polarization, we
define these vectors as

1
e,=—1=5, xe A2
P n ko Y Sy ( )
with n being the index of refraction for the corresponding
medium.
The electric field of the plane wave in z<0 is written as

E(r) = E,e™"[e, exp(iviZ) + Rye., exp(—iviZ)], (A3)

which is the sum of the incident field and the reflected field.
Here, we set z = k,z, and E, is an overall factor. For 0 <z<L
we have

E(r) = Eveik\\"{Daaeaa exp(ivaz) + Dipgeps expliva (¢ — 2)]},
(A4)
and for z > L the field is

E(r) = E,e* " T,e,; explivs(z — £)]. (AS)

The magnetic field in each region follows from Equation (14).

The unknowns in the fields in the various regions are the
Fresnel coefficients R;, D5, Dis, and T,. The boundary condi-
tions require that ¢E,, E, B, and B /i are continuous
across the boundaries z =0 and z = L. For each polarization,
this gives eight equations for the four unknown Fresnel coeffi-
cient. Upon solving these, we find for s polarization

1
Ry (o) A [(av1 — yv2) (3v2 + ptpv3)

S

+ (tav1 + i v2) (3va — 1pv3) exp(2ivaf)],  (A6)

2
Das(a) = K,uzvl (IM3V2 + M2V3), (A7)
2 .
Dps(a) = xﬂzvl (U3v2 — Hpv3) exp(ivaf), (A8)
4 .
Ti(o) = A Halsvive exp(ivaf), (A9)
S

with

As = (v1 + yv2) (H3v2 + ov3) + (v — pyva) (32
— yv3) exp(2ivy0).
(A10)

The o dependence enters through the functions v;. For p polari-
zation we obtain

1
Ry(2) = —[(e2v1 — &1v2)(&3v2 + £213)
D

A
+(eavi + e1v2) (832 — &2v3) exp(2iyf)], (A1)
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2n

Dgp(a) = A——281V1 (e3v2 + &213), (A12)
p M1

2 ny )

Dyp(a) = A—n—lﬁlvl (e3v2 — &av3) exp(inaf),  (A13)
4 ns

TP(OC) = A——8182V1V2 exp(zvzf) (A14)

o1

with

[\p = (82V1 + 81\12)(83112 + 82\13)
+(82V1 — 81\)2)(83\/2 — 82V3) exp(2ivzé). (AlS)

Appendix 2. Auxiliary functions

The electric and magnetic fields are computed with the method
outlined in Section 4, and the result can be expressed in terms
of a set of auxiliary functions. First, we define the associated
functions

ro(2,Z) = Ry explivi(h — Z)], (B1)
_ 1 ; L
dag(0,2) = v—lDag exp(ivih + ivZ), (B2)
1
dbo’(a72) = V_lDba exp[iVlh + iVZ(E - 2)]7 (B3)
_ 1 ) L
t5(0,2) = o T, explivih + iv3(Z — £)], (B4)

which contain the Fresnel coefficients from Appendix 1. These
functions depend on the field-point coordinate z and the integra-
tion variable a. Angular spectra representations have the charac-
teristic 1/v; singularity, as can be seen from Equation (13).
However, all Fresnel coefficients, except R, and R, are propor-
tional to vy, so in the associated functions this factor cancels.

The auxiliary functions for s-polarized waves are

e |
RU(p,7) :%/ dury(h+h),  (BS)
0
e |
R (p,z) = % / doc s — (Jo —J), (B6)
0
l' o0
R¥(p,2) = 5/ docr ro(Jy — Jh), (B7)
0

R£4)([372) = —%/ doo r(Jo + ), (B8)
0

RY) (p / douo 1y — Jl, (B9)

oo
Dgi)(ﬁv % doo dgs(Jo + J2),
0
D‘%)(ﬁ, % doo dyg(Jo — ),
0
l oo
DY) (p,z) = / doot dysva (Jo — Ja),
0
D) (p,2) = é/ dost desva(Jo +J2),
0

DY) (p,z) = —/ doo dygouy,
0

o0
Dy (p,2) = /O doox dyy(Jo + ),

m|~

D (p,z) =

N~

/ dOCOC d},s(.]o — Jz),

0

Dg) (ﬁ,f) = —/ doo dbsV2(J() — Jz),
0

D< )(p7 = ——/ daoa dpsvy (Jo + 1),

2

Dg?(ﬁ,é) = —/0 doo dpsoi]y,

i 00
02 = [ s+ ),
0

195 = [ doanh ).
0

T§3>(ﬁ,2) — _%/ doo tov3(Jo — Jh),
0
T§4)(/_),E) = é/ daa tv3(Jo + o),
0

T§5)(ﬁ72) = _/0 doo tsale

and for p-polarized waves we have

o i ]

R;l>(p,2) = _ﬂ A doo pV1 (JO _J2)7
2 h

Rp (p,E) = _ﬂ dowo VpVI(JO +J2)7

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

(B17)

(B18)

(B19)

(B20)

(B21)

(B22)

(B23)

(B24)

(B25)

(B26)



Downloaded by [VUL Vanderbilt University] at 23:40 20 January 2015

Journal of Modern Optics

3/~ = i 00 O(Z
Rp (p,2) ——2 dowo 1, 1Jo,
ni

E

R<4 / doo ryoty,

_ i [~
R;5>(pvz) = 75/0 doot I’p(Jo JrJz),
'(p,2)

o0

(6 doo I"p(Jo —Jz),

0
R\ (p,z) = doo r,—J1,
r (p ) /0 le !

i

szp>(P7 z) = /0 doo dgpviva(Jo — o),

2n1n2

2n1n2

_ Y
Dgf)(p,z) = /0 doot dpviva (Jo + J2),

Df;))(,ﬁ,z) = 711l—nz/0 doo a’gpzszo7

/ doo dgpovaJy,

» " mm

1 00
DY) (p,z :—/ doot d oy,
ap (p,Z) niny Jo ool AgpAVyJy,

_ iny
Dg;)(p,z):——

2 o doo d,,pvl(Jo -I-Jz),

D(7)(ﬁ72 = iny / doo dapvl (JO Jz)

ap

ny o
Dl(li)(ﬁ,f) = —/ doo dgpoli,
ni 0

i

DY (p2) = - /0 doc dyyvvs (Jy — o),

2n1n2

2}11}'12 / doo dprIVZ(JO +5),

bi)(ﬁ,z) = #/0 door dy,o?Jo,

o0

dooe dp,ovaJ
bp mny Jo v ’

1 [e%)
D(;)(l—)j) = _/0 doo dppoviJy,

(B27)

(B28)

(B29)

(B30)

(B31)

(B32)

(B33)

(B34)

(B35)

(B36)

(B37)

(B38)

(B39)

(B40)

(B41)

(B42)

(B43)

(B44)

6) /= = iny
Dy (p2) = =5

00
bp 27’!] dOCOC dbpvl (J() + Jz),

0
7oy in [T
Dgp (p,z) = 271/0 doo dpyvi (Jo — J2),
PO M [
bp (p,Z) = — A doo dpr(Jl,

n

i

() (5.5) — . _

T, (p,2) _2n|n3/0 doo. t,vi1v3(Jo — ),
Oz -t [

T,7(p,2) _2n1n3/0 doo tyvivs(Jo + J2),

l' o0
TV (p,z) = —/0 doo t,0%Jy,
Tf;‘)(p,z) = —/O doot t,v3J1,

5)/— —
T;)(p7z n1n3/ doo lpOCV]J17

©6) /= = ing [
T, (paZ):_z_nl 0 doox tyvi(Jo +2),
o il’l3 [e%s)
T (p,2) :271/0 dos t,v1 (Jo — ),

_ ny [
T[gx)(p,z) :n—l/o door 1,00, .
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(B45)

(B46)

(B47)

(B43)

(B49)

(B50)

(B51)

(B52)

(B53)

(B54)

(B55)

The argument of each Bessel function is ap. The auxiliary
functions depend on p through the arguments of the Bessel
functions and on z through the Z dependence of the associated
functions. All integrands have a factor of «. We could have
simplified the notation by absorbing this o in the associated
functions, but the combination ado is more convenient for
splitting the integrals into traveling and evanescent parts, as

shown in Section 5.

Appendix 3. Electric and magnetic fields

With the method outlined in Section 4, the electric and mag-
netic fields can be obtained. We use cylindrical coordinates
(p, ¢,z) for the field point r. The corresponding basis vectors
are e,, ey, and e., and u is the unit vector representing the
state of oscillation of the dipole. We obtain for the reflected

fields

(R(Y2> + R<2)) + ez(u ez)R,(g3>

(” eﬂ)}Rﬁf)v

RY) + ey (u - ey)

(C1)
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B.(r) = e,(u- etb)(R.E}) + R;,S)) +ep(u- ep)(R§4) + R1(76)) with k = a, b, and the transmitted fields are
+e(u-ep)RY +ey(u- ez)R;(:7)' E(r) = e,(u-e))(TV + ngl)) +eg(u-ep) (TP + ngz))
(C2) + (u- ez)(esz) + epT154)) +e.(u- ep)Tp(S),
The fields in the layer are (C3)
7 — . (1) (1) . .
Ei(r) = e(u (;f’)(Dg) + D))+ e¢("(3)e‘7’) Y B,(r) = e, (u - eg) (T + T%) + ey (u - €,) (1} + T}7))
X (D +Dy)) + (u-e.)(eDy) + e,Dy)) +e(u-es)TO +ey(u- ez)T’fS)-
5
+e(u-e,)Dp), (C6)
(©3)
Bu(r) = ey(u- ) (DY) + D)) + es(u-ey)
K\r e,\u-e ks kp eyp\u - e,
X (D,i;1> + D,(;)) +e.(u- ed,)D,g)
+eg(u-e)DY), (C4)
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