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1 Introduction

Nanophotonics deals with the controlled manipulation of optical near fields and
their exploitation in investigations of nanometer-scale structures [1]. The near field
is characterized by the evanescent optical waves, which are strong only within the
distance of the wavelength of light from the surface of an emitting or scattering ob-
ject. The evanescent waves play an essential role in the design and characterization
of components for nanotechnology. For instance, in atom optics [2], they are used
to build atom mirrors and guides, and in scanning near-field optical microscopy
(SNOM) [3—7] they are utilized to study the optical properties of a sample with a
spatial resolution surpassing the classical diffraction limit.

The SNOM technique has grown and developed into a mature tool to acquire sub-
wavelength-scale optical information about nanostructures. The basic idea of SNOM
is to use a nanoprobe to detect the evanescent field in the immediate vicinity of the
sample. The most common probe type is a metal-coated, tapered optical fiber tip
with a nanoaperture at the apex. The aperture acts as a local scattering center trans-
forming some of the evanescent field components into propagating waves that can
be detected in the far zone. By scanning the nanoprobe over the sample surface,
the evanescent field distribution can be detected with a resolution limited mainly
by the size of the nanoprobe and the scanning distance. In practice, the resolution
achieved in a near-field measurement is on the order of a few tens of nanometers
providing an improvement by an order of magnitude to the best conventional far-
zone measurements. Optical near-field microscopy has become one of the standard
technigues among the scanning-probe microscopies. It has found applications in a
diversity of subfields of modern technology including, for example, characteriza-
tion of optoelectronical components, and high-density data storage [4, 5], mapping
of the optical properties of surfaces and thin films [8], nano- and single-molecule
spectroscopy, and investigations of various biological samples [9, 10].

Several theoretical methods have been developed to model the optical near-field dis-
tribution in nano-scale structures [11]. For example, in the early near-field studies,
perturbative diffraction theory based on plane-wave expansions was used to model
the near fields above surfaces having periodic small-amplitude corrugations [12].
Multiple multipole (MMP) expansions, which in comparison with the plane-wave
methods are better suited to deal with localized geometries, have been employed
to calculate, for example, the field distribution inside a tapered metal-coated op-
tical fiber tip of a near-field microscope [11]. The finite-difference time-domain
(FDTD) method has been implemented for both two- and three dimensional SNOM
modelling [13]. Furthermore, the boundary-element method for both TE and TM
polarized light has been realized for investigations of the near-field distribution in
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a two-dimensional tip-sample geometry of SNOM [14]. In particular, the Green
tensor techniques, which are well suited to self-consistently treat the optical inter-
action in nano structures, such as the tip-sample interaction in SNOM, have become
awidely used method in near-field studies [11]. Present theoretical methods are able
to assess, for example, the influence of the polarization direction of light, scanning
height of the nano probe, and of the geometries and the dielectric contrast of the
materials to the measured near-field signal.

In theoretical near-field investigations the electromagnetic field is, as a rule, taken
to be deterministic, i.e., fully coherent and polarized. However, the recent studies of
the properties of partially coherent optical near fields have shown that the spectrum
of the near field may differ from the spectrum of the source and of the far field.
Also, the spatial correlation length in the near field may be much shorter than the
wavelength or it may extend over several tens of wavelengths even for a thermal
source, when resonant surface waves such as surface plasmon or phonon polaritons
are excited. These extraordinary phenomena were discovered only a couple of years
ago and they illustrate the potential of finding novel effects when the statistical na-
ture of the electromagnetic field is taken into account in the near-field investigations.
Coherence theory has so far mainly been applied to scattered or radiated far fields.
For these studies the results and methods are well established, but in many cases
they are not directly applicable to optical near fields, where the effects of evanes-
cent waves become appreciable or even dominant. As a matter of fact, until lately,
even such a fundamental quantity as the degree of polarization has not been defined
for the near fields.

This compendium to the thesis is organized as follows: In Sec. 2, in order to fa-
cilitate the subsequent presentation, some basic concepts for analyzing fluctuating
electromagnetic fields are provided. In Sec. 3, the electromagnetic field produced
by a point-dipole source is decomposed into its evanescent and propagating parts
[Paper I]. This subject is of fundamental importance for near-field optics, and it has
attracted considerable attention in the recent literature. Although Sec. 3 comprises
an exception to the general theme of the presentation in the sense that it deals with
fully deterministic fields, it provides insight into the nature of the evanescent field,
as well as introduces several concepts that are needed in the later sections.

Section 4, which constitutes the heart of the thesis, introduces a three-dimensional
formalism to treat the degree of polarization [Paper II], which, unlike the conven-
tional two-dimensional theory, is applicable to electromagnetic fields having arbi-
trary, planar or non-planar, wave structures. We also formulate the three-dimensional
degree of polarization in terms of the generalized Stokes parameters and discuss the
physical interpretation. Throughout the presentation the differences between the
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two- and three dimensional formalisms are emphasized. The new three-dimensional
formalism is applied to assess the partial polarization in near-fields produced by
thermally fluctuating half-space sources, particularly in cases where the near field
is strongly polarized owing to resonant surface plasmons or phonons [Paper IlI].
Besides near fields, the theory is also applied to study the partial polarization in
statistically homogeneous free electromagnetic fields, which are modelled as super-
positions of plane waves that are angularly uncorrelated, unpolarized (in the two-
dimensional sense), and isotropically distributed within a cone of angles [Paper IV].
For these fields we also analyze their spatial correlation properties.

Section 5 discusses the spatial correlation properties of electromagnetic fields pro-
duced by statistically homogeneous and isotropic sources [Paper V]. For any such
field in a low-loss medium the correlation properties are found to be determined
by the associated Green tensor, i.e., by the propagation properties in the medium,
and not by the source characteristics. The known behavior of black-body fields is
recovered, but the results apply to a wider class of sources, which are not neces-
sarily in thermal equilibrium. The behavior of correlations is explained within the
same plane-wave model for which the spatial correlations and partial polarization
are analyzed in Sec. 4.



2 Basic Concepts

The basic quantities in the theory of electromagnetic fields, the current and charge
densities and the electric and magnetic fields, are never exactly deterministic, but
include some random fluctuations. In order to analyze the fluctuating electromag-
netic fields, it is necessary to employ tools provided by the optical coherence the-
ory [15-19]. In this section, a brief overview of the basic concepts of the second-
order electromagnetic coherence theory, both in the space-time and space-frequency
domain, will be given. The emphasis is on the spectral treatment, and in particular
on the topics that are employed in Papers II-V.

2.1 Complex analytic signal representation

Throughout our analysis, the random quantities are taken to be stationary with zero
mean. Stationarity reflects the fact that the character of the fluctuations does not
change with time, and the zero-mean is required to avoid possible singularities in
the spectral quantities. We denote the realization of a fluctuating vector quantity, at a
pointr and at time, by F(™)(r, ¢). The vectoiF ") (r, ¢) is a real function of position

and time, as indicated by the superscript, and it may stand for either the electric
or magnetic field vector or for the current density. In the Fourier representation,
F()(r, t) takes the form

F(r,t) = / F(r, w)e “tdw, (1)
wherew denotes the frequency. SinE¥)(r,t) is real, the negative and positive
frequency components of the (generally complex) spectral amplitudes satisfy the
relationF(r, —w) = F*(r,w). We see that no extra information is included in the
negative frequency components that would not already exist in the positive ones.
With this notion, one is led to introducing the complex vector

F(r,t) = /OOO F(r,w)e “dw, (2)

which is known as the complex analytic signal associated with veeforr, t).
SinceF ) (r,t) = 2ReF(r, )], we can write
1 (i

F(r,1) = 5 [FO(r,1) +iFO(r,0)] 3
where the real and imaginary parts constitute a Hilbert transform pair. We mention
that, strictly speaking, the Fourier presentation of Eq. (1) does not exist for station-
ary quantities, but its use can be justified by going beyond the ordinary function
theory [15].



2.2 Maxwell’'s equations

Each realization of the electromagnetic field, either real or the complex analytic
counterpart, satisfies the macroscopic Maxwell equations, which in Sl units are
written as

V-D(I‘,t) = p(r,t), (4)

V-B(r,t) = 0, (5)

V xE(rf) — —aBéZ’ t )
OD(r,t)

V xH(r,t) = j(r,t)+ o (7)

HereE andH are the electric and magnetic fields, respectively,lanslthe electric
displacement an@ the magnetic induction. The quantitipsandj represent the
density of free charges and currents that may be present in the medium. The vectors
D andB take into account the response of the medium to the electromagnetic field.
They are connected to the polarizatidh, and magnetization, induced in the
medium by an electromagnetic field through the relations,

D(r,t) = eE(r,t)+P(r,t), (8)
B(I‘, t) = Mo [H(I‘, t) + M(I‘, t)] ) (9)

where the quantities) and, are the vacuum permittivity and permeability, respec-
tively. Maxwell’'s equations completely describe the behavior of an electromagnetic
field in any medium. We, however, consider fields only in homogeneous, isotropic,
and linear media. In this case, the polarization and magnetization are obtained in
terms of the following constitutive relations [20],

t

P(r,t) = 26—; X(t — )E(r, t')dt, (10)
1 3
M(r,t) = Py n(t —t"H(r,t")dt’, (12)

wherex(¢) andn(t) are scalar quantities known as the electric and magnetic sus-
ceptibilities, respectively. The convolution integrals of Egs. (10) and (11) state that
the polarization and magnetization, at timand in pointr, depend on the values

of the electric and magnetic fields at previous instants of timé&hus, they obey
causality.

2.3 Coherence theory in space-time domain

Correlation properties of electromagnetic fields at a pair of points; ) and(r,, t2)
in the space-time domain are described in terms of the coherence tensors, defined



by [15,21]
(%k(rl,rg,T) <E;(I'1,t)Ek(I'2,t+7')>, (12)
7’(7‘]{(1'171'2,7'> = <H;<I'1,t)Hk(I'2,t+T>>, (13)
Mjk’(rbr?vT) = <E;(r1at)Hk(r27t+7—)>> (14)
/\/;k(rl,rg,r) = <H;-<<I'1,t)Ek(I‘2,t+T)>. (15)

Here the subscript§), k) = (z,y, z) label Cartesian components of the complex
realizationsE(r, t) andH(r, t), associated with the electric and magnetic field vec-
tors, respectively. Furthermore, due to stationarity, the statistical properties of the
fields depend on time only through the differences ¢, — ¢;. The angle brackets

in Egs. (12)—(15) denote averaging over an ensemble of all field realizations. We
remark, that in every field found in nature, correlations die out rapidly in time. Such
fields are also ergoding, which implies that taking the ensemble average equals av-
eraging over time in a single realization.

The coherence tensors obey certain symmetry relations, which follow from their
definitions, and in particular we have

Exj(r1, 10, 7) = g;k(r% ry,—7), (16)
Hij(ri,12,7) = H;k(rz, r,—T), (17)
Mkj (rlv Is, T) = '/\/;kk(r% Iy, _7_)' (18)

The propagation of the coherence tensors is governed by differential equations
which follow from the fact that the field realizations obey Maxwell’s equations.
This also states that the elements of the coherence tensors are not independent. The
coherence tensors also satisfy various non-negative definiteness conditions. More
details on these issues are available in Ref. [15].

2.4 Coherence theory in space-frequency domain

In some cases it is more appropriate to analyze the fluctuating fields in the space-
frequency domain rather than in the space-time domain. For example, we see from
the constitutive relations of Egs. (10) and (11) that the response of the medium to
the electromagnetic field is difficult to analyze in the space-time domain.



Cross-spectral density tensors

By taking the inverse transform of Eq. (2), and applying it to the electric and mag-
netic field vectors one obtains the cross-spectral tensors

(7 (r1,w) Ey(ra,w)) = Wi (11,19, 0)0(w — '), (19)
(H (ry,w) Hy(ry, ') = Wi (r1,12,w)0(w — o), (20)
(B (ry,w) Hi(ra,w')) = W (r1,r2,w)d(w — '), (21)

] VEj(r2.w')) = Wi (11,12, w)8(w — o). (22)

The tensord/[/'j(,‘;" and Wj(,f) are, respectively, known as the electric and magnetic

cross-spectral density tensors, amﬁ[") ande(,’j) as the mixed cross-spectral den-
sity tensors. The Dirac delta functiafw —w’), is a consequence of the stationarity,
indicating that different frequency components of the field are uncorrelated. Thus,
in the stationary case, the correlation properties of the field may be analyzed by
focusing on a single frequency component of a polychromatic electromagnetic field
only.

Properties of cross-spectral density tensors

Each cross-spectral density tensor in Egs. (19)—(22) and the corresponding coher-
ence tensor in Egs. (12)—(15) form a Fourier transform pair. This is known as
the (generalized) Wiener-Khintchine theorem. For example, for the electric cross-
spectral density tensor and the corresponding coherence tensor this implies that,

e 1 > WT
MG(’C)(rla ro, W) - % / (S-,jk?(rlv Iy, 7—)6 dT’ (W Z 0) (23)

Ek(ry,r0,7) = / W;(,f)(rl,rg,w)e_iwdw. (24)
0

The integration in Eq. (24) extends from zero to infinity due to the factiiatt),

and consequently alﬁd/;.(,f)(rl, ro,w), are complex analytic signals for which the
spectral components vanish for negative frequencies.

Similarly to the correlation tensors in the space-time domain, also the cross-spectral
density tensors satisfy certain symmetry relations. For example, the equation

W,f?)(rl,rz,w) = [W](]?)(r%rlaw)} , a = (e h), (25)

holds for both the electric and magnetic cross-spectral density tensors, and the equa-
tion

*

Wk(;n) <r17 r?; UJ) = |:W](]?) (I'2’ r17 W)i| s (26)
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for the mixed tensors. Also certain non-negative definiteness conditions apply for
the cross-spectral density tensors. In particular, for the electric cross-spectral den-
sity tensor the following holds

N

Z Z a;Paquj(Z)<rP7 Tgs w) Z 07 (27)

p,q=1 4,k

wherea;, anday, are arbitrary real or complex numbers. Other conditions of this
type satisfied by the cross-spectral density tensors, as well as differential equations
that govern their propagation, can be found in Ref. [15]. We note, however, that the
Maxwell’'s equations limit the number of independent elements of the cross-spectral
density tensors.

The cross-spectral density tensors have a property that is often useful in their analy-
sis. Namely, they are correlation tensors that can be expressed as an average over an
ensemble of strictly monochromatic realizations all at the same frequefi2g].

For the electric cross-spectral density tensor, the averaging is performed over an
ensemblg E(r,w)e ™'}, and it can be explicitly written as

Wi (v, 12, w) = (E5(r1, w) By (rs,w)). (28)

Similar expressions exist also for the other cross-spectral density tensors. We should
emphasize thd(r, w) is not the Fourier transform d&&(r, t).

Spectral coherence matrix

By settingr; = r, = r in EqQ. (28), the spectral coherence matrix (electric spectral
density tensor) is obtained

Sin(r,w) = Wi (r,w). (29)

The diagonal elements;;(r,w) (j = x,y, 2) are the spectral densities or, loosely
speaking, intensities associated with the field compognat the frequency.
Their sum, or the trace of the tensgy,(r,w), produces the total spectral density
of the field. In addition, the off-diagonal elemenis;(r,w), j # k, characterize
the correlations between the orthogonal components of the electric field at a given
point. Sometimes it is useful to normalize the off-diagonal elements of the coher-
ence matrix by defining
jk(r, w) \
r(r,w) = , (r,w) = pi(r,w). 30

M]k( ) [¢jj (I‘, w)]1/2 [¢kk(r7 w)]1/2 /'Lk]( ) M]k( ) ( )
The absolute valug;(r,w)| is bounded between 0 and 1 and gives a measure for
the degree of correlation between the two orthogonal components of the electric




-9 -

field. Furthermore, the spectral coherence matrix has certain mathematical prop-
erties that are in order to be mentioned here. Firstly, it follows from Eq. (25) that
the cross-spectral density tensor is Hermitian,¢.g(r,w) = ¢;,(r, w). Secondly,

Eq. (27) implies that it is also non-negative definite, i€, ajard;x(r,w) > 0.

The Hermiticity and non-negative definiteness state that the eigenvalues of the spec-
tral coherence matrix are real and non-negative. The spectral coherence matrix is
an object that contains all information about the polarization state of a fluctuat-
ing electromagnetic field in a point; the propagation properties are contained in the
cross-spectral density tensors.

2.5 Remark on notations

In this section the quantities are expressed in tensorial notation, i.e., by writing down

a single element of the tensor using two subscrjpaadk to specify the element.

This convention is standard in the coherence theory, and it is perhaps the notation
that the readers are most familiar with. However, in several central publications

related to the subject matter investigated in this thesis, dyadic notation is employed,
and therefore, it is frequently used here, too. For example, instead of writing

Wi (e, 15, w) = (E; (r1,w) By (15, w)), (31)
we write -
Wee (r1,19,w) = (E*(r1,w)E(r, w)). (32)

When one calculates the scalar or vector product of a dyadic with a vector (or an-
other dyadic), either from the left or right, the operation is, respectively, directed to
the vector on the left or on the right in the dyadic.
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3 Evanescent and Propagating Part of the
Electromagnetic Field

The electromagnetic field emitted or scattered by an object always consists of both
evanescent and propagating waves. The evanescent waves are bound close to the
source, being significant only within a distance of wavelength from it, whereas the
propagating waves can be observed in the far zone. It is known that the evanescent
waves contain information about the sub-wavelength scale details of the source,
though the question of how the information is stored in the evanescent field is rather
complicated. Useful insight into the subject matter is gained by considering the
most elementary source of electromagnetic field, i.e., the point-dipole source, and
decomposing the associated free-space Green tensor into its evanescent and propa-
gating constituents; an issue that has thoroughly been discussed in the recent litera-
ture [23-34].

The decomposition of the scalar free-space Green function, and particularly the far-
zone contributions of its evanescent and propagating parts, was analyzed already in
the seventies [35, 36]. It was demonstrated that in the far zone, the propagating field
in every direction falls off as—! with the distance from the source, and that the
evanescent field falls off as3/2, except for two special directions where it decays
asr~!. These results indicate that the propagating field completely overwhelms
the evanescent field in the far zone, apart from the two particular directions which
are fixed by the angular-spectrum construction of the field. Expressions in terms of
Bessel and Lommel functions have been derived for both the evanescent and prop-
agating parts of the Green function [37].

Surprisingly, in view of the known results of the scalar investigations, a few years
ago a decomposition of the Green tensor, yielding comparable far-zone contribu-
tions of the evanescent and propagating electromagnetic fields emerged in the lit-
erature and was then extensively used in the analysis of scanning near-field optical
microscopy [38—47]. This result was criticized in several publications; by Wolf and
Foley using scalar theory [23], by us using electromagnetic theory [Paper 1], and
then by several other authors [24—-30], who all confuted the claims put forward in
Refs. [38—47]. In Paper I, we explicitly pointed out the mistakes of Refs. [38—47],
and provided the correct forms for both the evanescent and propagating parts of the
free-space Green tensor, which are valid throughout the space, and which are suit-
able for the numerical analysis of optical near fields. Also another decomposition
of the Green tensor was put forward by the same author [47-49], which likewise
leads to equal contributions of the evanescent and propagating fields in the far zone.
This result was pointed out to be incorrect in Ref. [34]. Discussion about the subject
matter has been active, and it continues to attract interest as evidenced by the recent
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investigations by Berry [31] and by Arnoldus and Foley [32, 33].

In this section, as an introduction to the treatment of optical near fields, we derive an
angular-spectrum representation for the free-space Green tensor, which expresses
the point-dipole field in terms of the evanescent and propagating electromagnetic
plane waves. We also outline the decomposition of the field into its evanescent and
propagating parts, and briefly discuss their far-zone behavior. In the following, we
deal with fully deterministic fields, though the extension of the results to cover also
fluctuating fields is straightforward [15].

3.1 Dipole field

The field atr produced by a current dipole gtin vacuum is given by the expression

E(r,w) = iﬂow 5 (I‘ - I'/, w) : j(rlv w)v (33)

where .
Glr—r,w)= ((7 +ﬁvrvr> Gr—r1,w) (34)

0

is the free-space Green tensor [50], which contains all information about the field

components created by the point source. I-féie the unit tensor, an@(r — r’, w)
is the (scalar) free-space Green function, given by

eik0|r—r’|

G(r —1r'|w) (35)

a drc|r — 1’|’

and representing the spherical wave expanding from the point

3.2 Plane-wave representation of the Green tensor

For simplicity we assume that the point source is in the origin and’ set0. The

Weyl expansion is a half-space representation for the spherical wave that contains
both evanescent and propagating plane waves [15]. For the half-spac@sand

z < 0, this is written as

G(r,w) = iko ieikof‘i""dumdu , (36)
y

82 o Uy

wherei, = u,u, + u,, £ u,u,, with the upper and lower signs referring to the
half-spaces > 0 andz < 0, respectively. Furthermore,

{uz =+/1—u2 —u2, whenu}+u) <1 (37)

u, = +iy/uZ +u2 —1, whenu? +u’ > 1,
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indicating that foru? + uz < 1 the plane waves propagate in the direction specified
by 4., and foru? +u§ > 1 their amplitudes decay exponentially with distance from
the planez = 0.

Inserting the scalar plane-wave expression of Eq. (36) into Eq. (34), one obtains

'k o
_ Mo // U uiui] elkoui'rduxduy. (38)

Y]

This expression may be developed further by constructing two orthonormal right-
handed vector triads., p., s) and(a_, p_, §), using definitions = u4 X, /|ty X

ﬁZ ’ i
andp,. are complex for the evanescent waves. The unit veétarslp.. correspond
to thes- andp-polarization vectors of plane waves. Singe- §5 + p.py + U4 U,
Eq. (38) can be rewritten as

K
o // 85 + papa] ™= du,du,. (39)

~ 82

This equation provides an intuitive expression for the free-space Green tensor that is
analogous to the Weyl expansion in the scalar case, Eq. (36). Substituting Eq. (39)
in the dipole-field expression, Eqg. (33), we obtain an expression for the field in
terms of plane waves which are explicitly represented by theamnd p-polarized
components. Formula (39) is particularly useful in constructing Green tensors for
more complicated geometries involving, for instance, multilayers [51].

z=0

Figure 1: lllustration of the vector triadéu, p+, §) when the vectors
are real.



— 13 —

3.3 Evanescent and propagating part of
the Green tensor

The tensor of Eq. (39) can be decomposed into a sum of two integrals

G(r,w) = G (r,w)+ Gp (r,w), (40)
where " )
Gy (r,w) = o // — [88 + pips]e ikotg: "du,du,, (42)
u2+u2<1 Uy
and "
Ge(r,w) = o // [ss + pip]e kot "dugdu,. (42)
uZ+u2>1 Uy

The tensoaH(r, w) contains all the propagating plane waves and is therefore called

the propagating or homogeneous part. Similarly, the teﬁg@r, w) contains all the
exponentially decaying plane waves and is called the evanescent or inhomogeneous
part. For brevity, we consider only the evanescent part, but keep in mind that the
propagating part is obtained from the re|at'[6ﬁ(z,w) = 5(2,@)— BE(Z, w). An
expression for the evanescent part of the Green tensor where one of the integrations
has been carried out, and which is valid at any distance from the source, is derived
in Paper I. It is explicitly written as

124 k%(w;*yQ)LE kéwQ LE kﬁxy zLE_LE ii%ngE
E*E(r’w):ﬁ k’%xy |:2LE_LE:| Iég W(;:x )LE k’oy LE :l:k;TyLSE , (43)
R iU p Ly
where
LY(r) = 2[L(8) + BIF],
Ly(r) = I + 17, (44)
L (r) = 5[J(B) — alf +2If — aly],
and

IE(r) = /0 Oovme*W)“Jo [ﬁ(x, ywm] dv. (45)

In these equationd, and J; are Bessel functions and the coordinate-dependent
parameters(z) andj5(z, y) have the form

alz) = kolz|, (46)

Bz,y) = kova?+y> (47)
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It appears that there exists no closed-form expression for the evanescent (and prop-
agating) part, except for the direction of thexis and in the: = 0 plane. Along
the z axis the evanescent part takes the form

. ) i, 48
Gz (7 ) (mzr kawz|3>“(2rz\+karz13)““ (48)

whereas in thee = 0 planeaE (r,w) is obtained by inserting into Eq. (43) the
relations

IéE z=0)= %,
IF(z=0)= -2 (49)
(z=0) = —%5f — <P
and
LY (2 = 0) = 57 + 5,
LI(z=0) =8 _sif _ coof (50)
Li(z=0) = -2

The results of Eqgs. (48)—(50) indicate that in thaxis and in thee = 0 plane the
evanescent contribution falls off as! in the far zone. Thus, in these two spe-

cial directions the evanescent and propagating contributions are comparable. In any
other direction the far-zone contribution of the evanescent field is obtained by in-
serting into Eq. (34) the asymptotic expression for the evanescent part of the scalar
spherical wave [15, 20, 35, 36]. Doing so, one finds that the evanescent part of the
free-space Green tensor decays-a¥?. This implies that the propagating part,
which falls off asr—1, for » > \, completely overwhelms the evanescent contribu-
tion in the far zone, except for the two special directions.

It is important to note that when writing the Weyl expression of Eq. (36), the whole
space is divided into two source-free half-spaces separated by thezptafe For

a point source this division is quite arbitrary and could equally well be made using
any other plane. Each choice of the dividing plane will, however, lead to different
mathematical values for the propagating and evanescent parts of the field in a given
point of space. In all cases the evanescent plane waves will decay exponentially in
the direction normal to the dividing plane and they will propagate in directions par-
allel to that plane. Since all the different choices of orientation of the dividing plane
must be considered as correct, the physical meaning of the decomposition of the
spherical-wave into its propagating and evanescent parts is somewhat vague. The
decomposition should be understood simply as a mathematical tool, which becomes
meaningful only when applied to a real physical situation in which the geometry of
the problem fixes the orientation of the dividing plane. In any case, one should re-
member that in a near-field measurement, the detected signal is always due to the
total field, rather than the evanescent field only.
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4 Polarization of Random Electromagnetic Fields

Theoretical means to analyze the partial polarization of planar quasimonochromatic
wave fields in terms of th2 x 2 equal-time coherence-matrix or the Stokes param-
eters, was introduced by Wolf over 40 years ago [52]. He proved that for any planar
field, the2 x 2 coherence matrix can be uniquely decomposed into a sum of two
matrices, one corresponding to a fully unpolarized and the other to a fully polarized
field. This finding led to the introduction of the concept of degree of polarization
for 2D (two-dimensional) electromagnetic fields, defined as the ratio of the intensity
contained in the polarized part to that of the total field. He also pointed out that the
2D degree of polarization is a measure for the degree of correlation that exists be-
tween the two orthogonal field components. Furthermore, Wolf demonstrated that
the degree of polarization of a field can be measured by a simple experiment involv-
ing a compensator and a polarizer. Since then the degree of polarization has taken
its place as a central parameter in characterizing the polarization state of fluctuating
fields [15-19]. It has been extensively used in various polarization studies dealing
with planar fields, such as uniform, well-collimated optical beams [53] or radiated
wide-angle far fields [54, 55], which locally behave as plane waves.

The original treatment of the partial polarization of the electromagnetic field is re-
stricted only to 2D quasi-monochromatic fields. Although the formalism can be
extended to include wide-bandwidth light by performing the analysis in the space-
frequency domain, little attention has been paid to the question whether the formal-
ism could be extended to cover arbitrary 3D (three-dimensional) fields, which may
have non-planar wave fronts. Such a theory would evidently be valuable in near-
field optics and in investigations of high numerical aperture imaging systems, for
example. The formulation of the 3D degree of polarization did, in fact, already at-
tract some interest in the seventies and early eighties in the works by Satreon

on geophysics [56-58], and by Barakat on optical fields [59,60]. It seems that Sam-
son and Barakat were unaware of each other’s works, probably due to the fact their
investigations belong to rather different contexts. In Ref. [56] Samson approaches
the problem by investigating different expansions of theFuB spectral coherence
matrix. For one such expansion, he interprets the expansion coefficients as the nine
spectral Stokes parameters and defines the 3D degree of polarization in a manner
analogous to the 2D Stokes parameter expression. Much of the same was also per-
formed by Barakat in Ref. [59]. In congruence, the authors of Refs. [57,58, 60] for-
mulate the 3D degree of polarization in terms of scalar invariants, which are traces
of different powers of the spectral coherence matrix and its determinant. These in-
variants appear as coefficients in the characteristic equation of the coherence matrix.
Based on such a treatment Barakat, as a matter of fact, proposes in Ref. [60] two
measures for the degree of polarization, of which one is the same as that suggested
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by Samson. More recently, the polarization of 3D electromagnetic fields has been
examined by Brosseau [19, 61, 62] in terms of polarization entropy, and by Carozzi
et al. [63] in terms of Stokes parameters, though the latter work concentrates on
fully polarized fields only. However, in any of these investigations no physical in-
terpretation for the 3D degree of polarization is provided. This is, perhaps, due to
the fact that, unlike in the 2D case, tBex 3 coherence matrix cannot, in general,

be decomposed into the sum of matrices describing fully polarized and fully unpo-
larized fields. In Paper Il, we demonstrate that the 3D degree of polarization is a
measure for the average degree of correlation that exists between the three orthog-
onal electric field components. This brings along a physical meaning for the 3D
degree of polarization that is analogous to the interpretation of the concept in 2D.
Moreover, in Paper Il we point out an important difference between the 2D and 3D
descriptions; the value of the degree of polarization, in general, depends on the di-
mensionality of the treatment.

In this Chapter, we first recall the conventional 2D description of partial polariza-
tion, both the2 x 2 coherence-matrix treatment and the Stokes parametrization of
the field, and then review the new formalism based on the3full3 coherence ma-

trix that covers fields with arbitrary wave structures [Paper Il]. Then as an example,
the 3D formalism is applied to analyze the degree of polarization in optical near
fields emitted by thermal half-space sources, particulary in cases where the near
field is strongly polarized due to resonant surface waves such as surface plasmon or
phonon polaritons [Paper Ill]. This work is the first study ever to assess the patrtial
polarization of optical near fields. The chapter ends with an analysis of the partial
polarization of statistically homogeneous free electromagnetic fields [Paper IV].

4.1 Degree of polarization for planar fields

We begin by outlining the conventional 2D theory for the degree of polarization.
More comprehensive overview with mathematical details can be found in Paper II,
or in many textbooks on coherence theory [15-19].

Coherence-matrix treatment

We consider a planar electromagnetic field propagating ir ttieection with the
electric field oscillating in the:y plane (see Fig. 2). Since the electric field oscilla-
tion is restricted to a plane, it is adequate to describe the polarization statistics by the
2 x 2 spectral coherence matrig, (r,w), associated with the andy components

of the field. In the matrix form,(r,w) is written as

_ ¢xw(rvw) gbxy(r?u})
%(w)—(%(r,w) qﬁyy(r,w))’ 1)
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|

;7\ Z
Figure 2: lllustration of a plane wave propagating in thedirection
with the electric field oscillating in they plane.

v

with the elements defined in Eq. (29). The coherence matrix in Eqg. (51) can be
uniquely decomposed into a sum of two matrices, one corresponding to fully polar-
ized light and the other to fully unpolarized light. The degree of polarization of the
field can then be expressed as the ratio of the intensity of the polarized part to the
total intensity of the field. The resulting expression for the degree of polarization of
the two-dimensional field?(r, w), has the form

200 ) — 1 4 det [Py(r,w)] _ tr [®2(r,w)] 1
Py(r,w) =1 tr? [Dq(r, w)] 2 {tr2 [Do(r,w)] 2} ’ (52)

This quantity is bounded to the intervaK P, (r,w) < 1, with the value®,(r, w) =

0 and (r,w) = 1 corresponding to a completely unpolarized and polarized plane
wave, respectively. We see at once that the result is invariant under unitary transfor-
mations, and thus also under rotations, since trace and determinant are scalar invari-
ants under such operations. Due to Hermiticity, the coherence matrix can always be
diagonalized by a unitary transformation, and we can readily express the degree of
polarization in terms of the eigenvaluds(r,w) and Ay (r, w) of the matrix

Aj(r,w) — Ay(r,w)
Ai(r,w) + As(r,w) |

PQ(I‘,UJ) =

(53)

Stokes-parameter representation

An alternative description of the 2D degree of polarization can be based on the
Stokes parameters. The 2D Stokes parameigis w), (j = 0...3) are mea-
surable quantities that appear as expansion coefficients when the coherence matrix
is expanded in terms of thz x 2 unit matrix o, and the three Pauli matrices, or
generators of the SU(2) symmetry group,(j = 1...3), i.e.,

3
B (1, w) — % > (1, )as, (54)
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where
So(r,w) = ¢pa(r,w) + @y (r,w),
51<I‘,u)) = ¢x$(r7 ) ¢yy<r7 ) 55
So(r,w) = Guy(r,w) + Pyu(r,w), (53)

S3(I', w) =1 [¢yw(rv (.d) ¢xy(ra w)] :

We see that the first Stokes paraméigir, w) is proportional to the spectral density
of the field. The parametéf, (r, w) describes the excess in spectral density ofithe
component over that of thecomponent of the field. The paramete(r, w) repre-
sents the excess ef45° linearly polarized component over45° linearly polarized
component, and;(r,w) the excess in the spectral density of the right-hand circu-
larly polarized field component over the left-hand circularly polarized one [16, 19].

In terms of the Stokes parameters the degree of polarization of Eq. (52) takes on

the form

[S2(r,w) + S2(r,w) + S3(r,w)]"?
SO(I', u)) '

When the field is fully polarized, the polarization state can be geometrically repre-
sented as a poiniS (r,w), Sz(r,w), S3(r,w)) on a sphere of radiuS,(r,w), the
so-called Poinc#&r sphere. This is illustrated in Fig. 3. The equator of the sphere
corresponds to linearly polarized light, and the north and south poles to right-hand
and left-hand circularly polarized light, respectively. In the origin of the Po@car
sphere the field is fully unpolarized and in every other inner point partially polar-
ized.

Py(r,w) =

(56)

Figure 3: The Poinca& sphere for representing the polarization state of
a planar field.



— 19 —

Finally, we note that the 2D degree of polarization is closely related to the degree
of correlation, defined in Eq. (30). As was already pointed out, the value of the
2D degree of polarization does not depend on the orientation of the orthogonal two-
dimensional coordinate system in the plane perpendicular to the wave’s propagation
direction, but the degree of correlation does. One can show that

PQ(I',W) Z ’Mmy(rawN? (57)

which states that the maximum value of the degree of correlation is equal to the
degree of polarization of the wave. The equality holds in a coordinate system in
which the intensities in the andy directions are equal, i.@p,,(r,w) = ¢, (r,w).

This situation can always be achieved by a suitable rotation of the coordinate sys-
tem [16,52].

4.2 Degree of polarization for non-planar fields

We now focus on the problem of how the treatment of the two-dimensional fields
could be extended to include arbitrary electromagnetic fields in which the oscilla-
tions take place in three dimensions (see Fig. 4). The following presentation with
more mathematical details can be found in Paper II.

Ay

z

Figure 4: lllustration of the field with oscillations taking place in three
dimensions.

Stokes-parameter representation

We proceed analogously to the 2D case, and expand th8 spectral coherence
matrix,
¢xw (I‘, CU) ¢$y (I‘, Cd) ¢:cz (I‘, w)
¢3(T7W> = bea:(raw) gbyy(rvw) ¢yz(raw) ) (58)
¢z:13 (I‘, CU) ¢zy (I‘, CU) ¢zz (I‘, CU)



- 20 -

with the elements given in Eq. (29), in the form [19, 56]
8
Oy(r,w) = 7 > Aj(r,w);. (59)

In Eq. (59),\ is the3 x 3 unit matrix and the matrice’s;, (j = 1...8) are the Gell-

Mann matrices [65] or the eight generators of the SU(3) symmetry group. The basis
matrices are Hermitian, trace orthogonal and linearly independent. The expansion
coefficientsA,(r,w) in Eq. (59) are explicitly written as,

~

No(r,w) = ¢xa:(r w) + Pyy(r,w) + ¢..(r,w),
Ai(r,w) = 3 [day(r,w) + dya(r,w)]
Asg(r,w) = 31 [puy (1, w) — dya(r,w)],
As(r,w) = 3 [Gua(r,w) — @y, (r, w)],
Aa(r,w) = 3 [frz (1, w) + dua(r,0)] (60)
As(r,w) = 50 [pos (1, w) = dau(r,w)],
Ag(r,w) = 3 [y (r, w) + ¢zy(r,w)]
A (r,w) = 5 [¢yz(r7w) - ¢zy( W)l
(r,w)

'Y

=

\/73 (e (T, w) + Dy (r,w) — 20..(r,w)] .

We see that the expansion coefficients are analogous to those of the 2D formalism,
and thus we call them the 3D (spectral) Stokes parameters. As in the 2D formalism,
the first Stokes parameter is proportional to the total spectral density of the field.
Moreover, we may interpret the parametaigr, w) andA,(r,w) as playing a role
analogous to the parametefgr, w) and.S;(r,w) in the 2D formalism. The same
interpretation also holds for the paiis,(r,w), As(r,w)] and[Ag(r,w), A7 (r,w)],

but in thexz andyz planes, respectively. The parametey(r,w) is obviously
analogous to5 (r,w), and Ag(r,w) represents the sum of the excess in spectral
density in ther andy directions over that in the direction.

\

Three-dimensional degree of polarization

The 3D degree of polarizatiof (r, w), can be expressed in terms of the 3D Stokes
parameters in the form

1 25:1 Ajz(r7 w)

Pilr,w) = 3 A(r,w)

(61)

This form is analogous to Eq. (56), and it has previously been put forward by Sam-
son [56] and Barakat [59]. On substituting the Stokes parameters of Eq. (60) into
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Eq. (61), the 3D degree of polarization can be expressed in terms 8fth&co-

herence matrix as 3( (@) 1
2 T 3\, w

Py(r,w) = 2 {tr2 [@3(r, w)] B 5} ' (62)
It is straightforward to verify that this quantity is bounded between P;(r, w) <
1 [Paper 1l]. Moreover, we see that Eq. (62) is invariant under unitary transforma-
tions and, consequently, the value of the 3D degree of polarization is independent
of the orientation of the orthogonal coordinate system. Due to the Hermiticity, we
may diagonalize the coherence matrix and express the 3D degree of polarization in

the form - )
sy 0 A w) — Aj(r,w
P?’Z(I" w) _ 2 Z’L,j—l [ ( ) ]( )] - (63)
[A1(r,w) + Ay(r,w) + Az(r,w)]
whereA;(r,w), i = (1,2, 3), are the (real and non-negative) eigenvalues of the co-
herence matrix.

The physical meaning of the expression for the 3D degree of polarization can be
established by considering its relation to the degrees of correlation between the or-
thogonal field components. One can show that the following inequality holds [Paper

]

P(r.a) 5 Dl 0)P0u(r )6, 0)

Zi]‘ ¢ii(ra w)¢jj (I‘, W)

where the summation is performed over the péifg = (zy,zz,yz). Equation
(64) states that the square of the 3D degree of polarization sets the upper limit to the
average of the squared correlations weighted by the corresponding spectral densities
(cf. Eq. (57)). We note that the value of the right-hand side of Eq. (64) depends on
the orientation of the coordinate system, but the left-hand side does not. The right-
hand side reaches the vali(r,w) if the coordinate system is oriented in such
a way thatp,, (r,w) = ¢,,(r,w) = ¢..(r,w). Such an orientation can always be
found. In this case, the equality sign holds and we obtain

(64)

2 2 2
P32(I', w) — |ﬂ’xy(ra UJ)’ + |:uxz(§7w)| + |:Uyz(ra UJ)| , (65)
indicating that the square of the 3D degree of polarization is equal to the pure aver-
age of the squared correlations prevailing between the three orthogonal electric field
components in this specific coordinate system. This result is analogous to Eq. (57)
of the 2D case, and it agrees well with an intuitive physical picture of the degree of

polarization.

We remark that the expression of Eq. (61) suggests that in analogy with the three-
dimensional Poincérsphere, itis, in principle, possible to characterize the polariza-
tion state of a 3D electromagnetic field in terms of a sphere in the eight-dimensional



— 22 —

Stokes-parameter space. However, one should keep in mind that the coherence ma-
trix represents a solution to the Maxwell's equations, although in a single point,
and therefore the Stokes parameters cannot, in general, be independent. Thus, for a
given field, only a portion of the sphere would be accessible. However, owing to the
large number of dimensions, the Poireaphere construction would not provide
much physical (or geometrical) intuition to the subject.

4.3 Differences between the 2D and 3D formalisms

It is straightforward to show that the two- and three-dimensional formalisms do not,
in general, produce the same value for the degree of polarization. For example, for
plane waves the 3D degree of polarization is always bounded in the interval [Paper

I
S P3(r7w) S 17 (66)

N | —

where the lowest valud;(r,w) = 1/2, corresponds to a plane wave, which in the

2D sense is fully unpolarized. Thus, a planar field cannot be fully unpolarized in
the 3D formalism. This is as expected, since in such a field the oscillations are re-
stricted to a single plane, and consequently, when treated as three-dimensional the
field cannot have a zero degree of polarization. Furthermore, the range of values
0 < Ps(r,w) < 1/2is accessed only by 3D fields with weak correlations between
the field components. The lowest valug,(r,w) = 0, corresponds to the case

in which the intensities of the three orthogonal components are the same and no
correlations exist between any pairs of the electric field components. This is math-

ematically expressed d@s;(r,w) U.

The most intuitive understanding of the differences between the 2D and 3D for-
malisms is perhaps obtained by considering Fig. 5. In the upper part of the figure
an unpolarized 2D field, i.e., a field for which the spectral density in:tlaady
directions is the same,, (r, w) = ¢,,(r,w), and for which no correlation exists be-
tween the two electric field componertts,, (r,w)| = 0), is passed through a polar-
izer. The 2D formalism gives the valués(r,w) = 0 and P»(r,w) = 1 for the field
before and after the polarizer, respectively. Let us now consider 3D fields in a simi-
lar way. Assume a fully unpolarized 3D field (lower part in Fig. 5), which is then po-
larized by two devices each cutting off one of the orthogonal field components. For
a fully unpolarized 3D field, the spectral density in all three orthogonal directions is
the sameg,,(r,w) = ¢,,(r,w) = ¢..(r,w), and no correlations exist between any

of the electric field components, i.€u,,(r,w)| = |p(r,w)| = |py:(r,w)| = 0.

For this field, which cannot be described in terms of the 2D formalism, the 3D for-
malism gives the value aP;(r,w) = 0 for the degree of polarization. When the
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Figure 5. An illustration of the differences between the 2D and 3D
coherence-matrix formalisms in treating the polarization state of an
electromagnetic field.

x component of the field is cut off by the first device, the field becomes partially
polarized. Indeed, now,,(r,w) = 0, ¢, (r,w) = ¢..(r,w) With |x,.(r,w)| = 0,

and consequently;(r,w) = 1/2. The second device then cuts off theomponent

and the oscillations take place only in a single direction. Thus, the field becomes
fully polarized with P;(r,w) = 1.

We end this section by noting that in Ref. [60] it is argued that the value of the
3D degree of polarization for plane waves equals the value obtained by the 2D for-
malism. The above discussion points out that this conclusion is mistaken. In fact,
the origin of the erroneous argument presented in Ref. [60] can be traced to an
algebraic slip when Eq. (4.5.c) is reduced to Eq. (4.7) in Ref. [60].

4.4 Partial polarization in near-fields of
thermal sources

The three-dimensional degree of polarization is a particularly useful tool for in-
vestigating the coherence properties of optical near fields. Recently, it has been
theoretically demonstrated that the spectral and spatial-coherence properties of near
fields emitted by thermal half-space sources contain interesting features. For ex-
ample, due to the evanescent waves, the near-field spatial correlation length may
be much shorter than the wavelength, or it may extend over several tens of wave-
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lengths, when resonant surface waves, such as surface plasmons or phonons, are
excited [66,67]. Furthermore, the spectrum of the near field may differ from the
source and far-field values, and it may even be quasimonochromatic when the sur-
face waves are present [68]. Based on these results, it has been experimentally
demonstrated that by diffracting the phonon field by a grating, highly coherent, di-
rectional emission from a thermal source can be obtained [69]. Motivated by these
findings, we have assessed the influence of the evanescent waves and the resonant
surface waves on the partial polarization of the near fields of thermally fluctuating
half-space sources [Paper Il1].

z
vacuum
z=0 X >y

thermal half-space source

Figure 6: lllustration of the geometry used in analyzing the polarization
of the near field of a thermal half-space source. The current distribution
occupies the half space< 0 and the half-space > 0 is vacuum.

Coherence matrix of a thermal near field

We consider a thermal source occupying the half space0 and separated from

a vacuum by a sharp boundary at the plane 0 (see Fig. 6). The source consists

of a homogeneous, isotropic and non-magnetic, lossy material, which is assumed
to be in local thermodynamic equilibrium. The thermal current fluctuations are
statistically stationary, homogeneous and isotropic, and they are explicitly described
by the fluctuation-dissipation theorem [66, 68, 70]

(7% (r1,w)Jn(re,w')) = ;eoe"(w)@(w, T)d(r1 — ra)dmnd(w — w'), (67)

where¢”(w) is the imaginary part of the dielectric constant of the material, and
O(w, T is the thermal energy of a quantum oscillator at temperaftur&€he elec-
tromagnetic field emitted by the source to the vacuum side can be calculated by
employing the Green tensor technique for the surface geometry [51, 70]. In short,
it consists of expressing the electromagnetic field produced by a point current as a
superposition of vectorial plane waves (cf. Eq. (39)), then propagating the plane
waves to the surface at = 0, taking transmission into account in terms of the
Fresnel coefficients, and then propagating the waves to the observation point. The
calculation of the coherence-matrix elements in the geometry considered is outlined
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in detail in Paper lll. In order to supplement the presentation of Paper Ill, we give
here the explicit forms of the coherence-matrix elements that were employed in the
numerical calculations:

Q.. (r,w) = dyy(r,w)
<k
= ((w,T _ i
@D [
£12] |2 2 4 (k|2
’ts’2+ | pl |/yl| (|,72|4 +| ||| ) 6(72Z|m'y1) dkH, (69)
‘€|k0
= |k
D,.(rw) = 20((w,T _
) = %) [
t 2 2 k 2 k 2
o] (172 +|4 117) [y e(*QZ'mW)dk”. (70)
’€|ko

Here((w,T) = w3uiepe” (w)O(w,T) /3272, andk, is the vacuum wave number.
Furthermorek is the wave vector parallel to the surface, and= \/k3 — |k|?

andy, = +/ekj — [kj|? withIm~; > 0, (i = 1, 2), are the components of wave vec-
tors perpendicular to the surface in vacuum and in the source region, respectively.
Moreover,t, = 2v,/(71 + 72) andt, = 2v21/¢/(e1 + 72) are the k;-dependent)
Fresnel transmission coefficients ferandp-polarized waves.

Surface polaritons

Resonant surface waves, e.g., surface-plasmon and surface-phonon polaritons are
mechanical collective excitations involving charges [71, 72]. Surface-plasmon po-
laritons are oscillations of the density of the free electrons in a metal, whereas the
surface-phonon polaritons are lattice vibrations, i.e., phonons in a polar material.
Since the polaritons are charge-density waves they generate an electromagnetic
field. The field decays exponentially in the direction perpendicular to the surface,
but propagates parallel to it. The propagation length may be several tens of wave-
lengths, depending on the dissipation in the medium. Thus, the surface waves can
mediate long-distance spatial correlations, and this is the physical origin of the spa-
tial correlation phenomena reported in Ref. [66, 67]. The surface waves can be
excited at the interface between the material and the vacuum provided that the per-
mittivity of the material satisfies the relation Réw)} < —1[71]. Onlyp-polarized

light can excite surface waves, a fact which is mathematically related to the pres-
ence of a pole in the corresponding Fresnel coefficient. The location of the pole
determines the dispersion relation for the surface polaritons at the material-vacuum
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interface [71],
kgw (w) = kge(;()% (71)

Moreover, the polariton waves are known to be highly polarized in the plane spanned
by their direction of propagation and the surface normal.

1.0 1.0
1TSS _,——’_
% _ . _
0-8',’,,“\\\ N Ag, 620 nm 08 Ag, 620 nm e
i NN e sic, 1136 um SiC, 11.36 um  —al " -7
0 W \ i
0.6 \:\‘\/Au, 620 nm 0.6 Au, 620 nm \;,,/7,_,\/\// o
T /SN, nm
/
E i E lil"/,,’-\u, 400 nm
Q. 0.41 O 0.4 2P
0.2 Au, 400 nm :
SiC, 9.1 ym
glass, 500 nm
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0 1 2 3 4 107 10° 10

Figure 7: Behavior of the degree of polarization as a function of
distancez from the surface for some materials Bt = 300 K, (a)
0<z<4\ (b)1073)N < 2z < 107\,

Degree of polarization

We now apply the formalism for the 3D degree of polarization to analyze the near
field in the geometry of Fig. 6 for some particular materials. Figures 7(a) and 7(b)
illustrate the degree of polarization as a function of the distance from the surface
at wavelength\ = 620 nm for gold and silver, ah = 500 nm for lossy glass

and tungsten, at = 400 nm for gold, and at the wavelengths= 11.36 xm and

A = 9.1 um for silicon carbide (SiC). The values of the dielectric constants of the
materials considered are listed in Paper lll.

We first note that glass does not support surface plasmons or phonons and, conse-
quently, the degree of polarization in the near field for glass decays monotonically
within a wavelength and settles down to a constant value. This indicates that the
evanescent waves, which are strong only withiec A\, have a clear effect on the
near-field polarization. At the wavelength= 620 nm both gold and silver have

a plasmon resonance, and consequently, the near field is strongly polarized as is
seen in Fig. 7(a). The near-field degrees of polarization for both gold and silver
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have values as high as 0.80 and 0.88, respectively, at the distanee @2\ from

the surface. On the other hand, for gold at wavelengts 400 nm, for which
Re{e(w)} = —1.1, the plasmon effect is greatly reduced. Similarly, in the case of
tungsten at = 500 nm, for which Rde(w)} > —1 and no surface plasmons exist,

the peak in the near field is substantially smaller. Furthermore, as evidenced by the
curve for SiC at wavelength the = 11.36 um, the surface phonons also strongly
polarize the near field. When the wavelength of light is off from the phonon reso-
nance § = 9.1 um), the degree of polarization reduces significantly.

As regards the abrupt reduction of the degree of polarization immediately above the
surface in the very near field, we point out that very close to the surface the so-called
quasi-static field which depends on the distance/ék,2)?, starts to dominate over

the polariton or any other effects [67]. It can be analytically verified that at the
limit = — 0 the ratios of the coherence-matrix elements of Eqgs. (68)—(70) are as
D, (r,w) = Oyy(r,w) = ®,,(r,w)/2, which directly gives’; = 1/4, regardless of

the material. This behavior is illustrated in Fig. 7(b). Furthermore, when the surface
polaritons strongly contribute to the field, one can show that the diagonal elements
of the coherence matrix are relateddag (r,w) = @,,(r,w) = @,.(r,w)/2]e(w)].

In Fig. 7(a), the approximative values for the degrees of polarization in the case of
strong polariton effects, are plotted as symbpland x for silver and gold, respec-
tively, and as« for SiC. As regards the far-zone values of the degrees of polarization
for the different materials (see Fig. 7(a)), we note that if the whole space would be
filled with a thermal material, the radiation in it would be isotropic. However, the
boundary surface breaks the isotropy and the way it is broken depends on the ma-
terials that constitute the boundary. Thus the far-zone degree of polarization must
be material dependent. A closely related topic is encountered in the next section,
where we examine the field inside statistically homogeneous and isotropic source
regions.

4.5 Partial polarization in homogeneous free fields

We next apply the formalism of the 3D degree of polarization to study the polar-
ization of free electromagnetic fields [Paper IV]. The field is assumed to consists of
a superposition of unpolarized (in the 2D sense) and angularly uncorrelated plane
waves, which are isotropically distributed within a cone of angles. The medium is
taken to be homogeneous, isotropic and non-dissipative. The polarization behav-
ior is analyzed as a function of the cone angle, and the important special case of
isotropic distribution within the full angle is discussed in some detalil.
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Figure 8: lllustration of notations for treating partial polarization in a
homogeneous free field. The propagation direction of a plane wave,
represented by the azimuth)(and polar §) angles in a spherical polar
coordinate system, and denoted by the unit ve@tds restricted to a
cone having the cone angle The unit vectorsg andp, correspond to
the s andp polarizations, respectively.

Electric cross-spectral density tensor

The geometry and notations are illustrated in Fig. 8. The electric cross-spectral
density tensor for the field that we consider can be shown to have the form [Paper
V]

«—

W (01,19, 0) = ao(w) /Q (T —ait) exp(—iki - 1)d9, (72)

where is a unit vector specifying the propagation direction of a plane wave, and
the integration is performed over the solid anfl¢hat covers all propagation di-
rections within the cone. Furthermore, since the plane waves are assumed to be
angularly uncorrelated, the cross-spectral density tensor depends only on the sepa-
ration of the two points of observation= r; — r,, thus indicating that the field is
statistically homogeneous [74]. The assumption that the plane waves are unpolar-
ized is included in Eq. (72) through the fact that theiandp-polarized components

do not correlate, and that the spectral densi§yw), is the same for these two po-
larization directions. Furthermorey(w) is independent of the wave’s propagation
direction within the cone, since the wave distribution is taken to be isotropic.

At this stage, we make an important remark to which we shall return in the next
section. Namely, when the isotropic distribution of the plane waves covers the full
solid angle, i.ef) = 4, the cross-spectral density tensor of Eq. (72) takes on the

form [Paper V]
o dmag(w) o

W (r,w) = Tlm [G (r,w)} . (73)
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Figure 9: Behavior of the 3D degree of polarizatidf(«) (solid line),
and the normalized coherence-matrix elemenig«) (dashed line) and
¢..(a) (dotted line), as a function of the cone angle

Thus, the cross-spectral density tensor is proportional to the imaginary part of
the Green tensor of the system. By choosing the spectral coeffitigfw) to
match with Planck’s law, Eq. (73) becomes identical with the cross-spectral tensor
of black-body radiation [75, 76]. Therefore, within the simple physical picture of
(in the 2D sense) unpolarized, angularly uncorrelated, and isotropically distributed
plane waves, the known results of black-body fields are recovered, without assum-
ing thermal equilibrium. We note that in Ref. [77] an analogous results was obtained
by considering a scalar field consisting of angularly uncorrelated and isotropically
distributed scalar plane waves. For this field the degree of coherence is proportional
to the imaginary part of the associated Green function, being explicitly given by a
sinc function.

Degree of polarization

The3 x 3 coherence matrix as a function of the cone amgtan be calculated from

Eq. (72) by first taking the limit — 0 and then performing the angular integra-
tions. The resulting expression for the coherence matrixq, w), is diagonal, as
expected for a field consisting of unpolarized and uncorrelated plane waves, with
the diagonal elements having the form

Py, w) = Oy (v, w) = Waféw) [16 — 15 cos(a) — cos(3a)], (74)
and
D, (,w) = mao(w) [8 — 9 cos(a) + cos(3a)] . (75)

6
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On substituting Egs. (74) and (75) into Eq. (62), we find that

Ps(a) = i(l + cos a)| cos a. (76)
The behavior of the degree of polarization and the normalized coherence-matrix
elements as a function of the cone anglare shown in Fig. 9. Far = 0, i.e., when
the electromagnetic field consists only of a single unpolarized plane wave, Eqg. (62)
for the 3D degree of polarization givés = 1/2. The conventional 2D formalism
would, of course, give a value d@®, = 0 as was discussed in Sec. 4.2. When the
cone anglev is increased from zero, the intensities of the three field components
grow monotonically as more plane waves are included. The intensities ofahé
y components are, at first, greater than that of stmponent, which, however,
with increasingy grows more rapidly. Since the three orthogonal field components
are mutually uncorrelated for all values @f the degree of polarization decreases
with an increasing value af until the electromagnetic field consists of plane waves
propagating in all directions in the half-space> 0, i.e., whena = 7/2. In
this situation, the intensities of the y and = components are the same and the
field is fully unpolarized. When the cone angle is increased further, the degree
of polarization increases again, since the energy of:tkemponent exceeds the
energy of ther andy components. Finally, whem = 7, corresponding to the case
of unpolarized plane waves propagating into the 4ullsolid angle, the intensities
of the different components become equal again, and consequently 0. As
noted in connection with Eq. (73), the case of full solid angle corresponds to the
black-body field. Thus, the valug; = 0 is consistent with the common notion that
the black-body field is fully unpolarized.
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5 Electromagnetic Field Correlations
within Homogeneous and Isotropic Sources

Recent investigations show that the spatial correlations of scalar fields produced by
stationary, statistically homogeneous and isotropic sources in low-loss media have
a remarkable universal character [78, 79]. The spectral degree of coherence of any
such field in two or three dimensional space is proportional to the imaginary part
of the Green function of the system, indicating that the correlations are entirely
determined by the propagation properties in the medium, not by the source charac-
teristics. For such a field, the degree of coherence at two pgirtsdr is in three
dimensions explicitly given by the sinc functisim (% |ry —rs|)/(k|r; —rs|) [78,79],

which we later on make a reference to as the sinc law. In two dimensions the depen-
dence follows the zero-order Bessel functigyik|r; — rs|) [79]. The sinc law has
previously been found also for the low-frequency part of statistically homogeneous
planar Lambertian sources [75], and for the field within a completely incoherent
primary spherical source [80].

In Paper V, we investigate the spatial correlations in the electromagnetic fields pro-
duced by statistically homogeneous and isotropic current sources. We find that for
such fields, provided that the medium has vanishingly small absorption, the elec-
tric cross-spectral density tensor is proportional to the imaginary part of the Green
tensor of the system. Consequently, the normalized trace of the Green tensor, or
the field’s degree of coherence obeys the sinc law. This result restores the known
results of black-body fields [70, 76], but it is true for a wider class of sources, not
required to be in thermal equilibrium. Our results generalize the scalar results of
Refs. [78, 79] to homogeneous and isotropic electromagnetic fields.

In the following, we outline the main steps of the calculation for expressing the
cross-spectral density tensor of the field in terms of the corresponding source ten-
sor. This result is then applied to statistically homogeneous and isotropic source
distributions and the degree of coherence and the degree of polarization of the field
produced by such a source is analyzed. We also provide a physical explanation
to the universal behavior of the correlations by making use of the electromagnetic
plane wave model discussed in Sec. 4.5.

5.1 Spatial correlations in the field produced by
a statistically homogeneous source

In a homogeneous, isotropic and linear medium, the monochromatic field and cur-
rent realizations (at the frequency obey the inhomogeneous vector wave equa-
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tion,
V x V x E(r,w) — K’E(r',w) = iwuj(r’,w). (77)

Herex = kon, with kg being the free-space wave number, ant the complex
refractive index of the medium, which is expressedias /e, /i, in terms of the
relative permittivity,e,, and permeability,... Making use of Eq. (77), itis straight-
forward to prove that the spatial Fourier transforms of the field and of the current
density, defined by

Ek,w) = /d3r' E(r, w)e & (78)
jkw) = / PR (R, w)e <R (79)
are related as
- 7 =\ 7
Blkw) =~ (1 = 2 T7) - 30, w), (80)

wheren, = +/10/€o is the vacuum impedance. Statistical homogeneity implies that
the different Fourier components of the (infinite) source are delta correlated, and
we find the following expression for the electric cross-spectral density tensor of the
field fluctuating in the low-loss medium [Paper V]

Wee(r,w):"iff <U+Evrvr>./d33 W, (R,w) - Im [G(r—R,w)] (81)

In this equation the parametef denotes the imaginary part of the relative per-
mittivity, and G (r — R,w) is the associated Green tensor, given in Eq. (34) for

Kk = ko. The tensor[;/;j (R,w) is the cross-spectral density tensor of the source,
which, due to the homogeneity depends on the differddice R; — R, between

two source pointR; andR.,. Furthermoreﬁ}ee (r,w) depends only on the separa-
tionr = r; — ry, indicating that the field generated by a statistically homogeneous
source is also statistically homogeneous.

5.2 Spatial correlations in the field produced by
a statistically homogeneous and isotropic source

The general expression for the cross-spectral density tensor of a source, which is
not only statistically homogeneous, but also isotropic, is of the form [81, 82]

Aand A

Wi; (R,w) = A(R,w) U +B(R,w)RR, (82)
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where A(R,w) and B(R,w) are scalar functions, aid. = R/R with R = |R|.

In fact, the functionsA(R,w) and B(R,w) are not entirely independent, but are
connected by a continuity equation. Equation (82) is symmetric and its form is in-
variant under rotation of the coordinate system.

By inserting Eq. (82) into Eq. (81) one finds that [Paper V]

oo (r,0) = 4”?3“7" Ca() + Co(@)]m [G(r.w)] (83)

where the spectral coefficients are

Ca(w) = /000 dRR*A(R,w)jo(kR), (84)

and

Op(w) = / Y ARR2B(R, w) LT (85)

0 kR
with j;(kw), I = 0, 1, being spherical Bessel functions of the first kind and of order
L.

Degree of coherence

Equation (83) shows that the spatial correlation properties of an electromagnetic
field generated by any statistically homogeneous and isotropic source distribution
within a low-loss medium are determined by the imaginary part of the Green ten-
sor of the system. In particular, the normalized trace of the electric cross-spectral
density tensor, often regarded as the electromagnetic field’s degree of spatial coher-
ence [75,83-85], assumes the form

pnlr) = [Vf“ o) =T T (G w)), (86)
w[a0]

wherer = |r|, andG/(r,w) is the spherical wave given by Eq. (35) withreplaced

by . Equation (86) shows that the degree of coherence of the field does not depend
on the source characteristics, but on the propagation properties of the field in the
medium. This result generalizes the scalar results of Refs. [78, 79] to the case of
homogeneous and isotropic electromagnetic fields.

We noted in Sec. 4.5 that for a field consisting of a superposition of unpolarized, an-
gularly uncorrelated plane waves which are isotropically distributed within the full
solid angle, the electric cross-spectral density tensor is proportional to the imaginary
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part of the Green tensor (see Eq. (73)). Thus, the correlations in such a field also
obey the sinc law of Eq. (86). Furthermore, the fluctuation-dissipation theorem for
the source correlations, Eq. (67), is of the form of Eq. (82). Therefore, for the field
generated by a source for which the correlations obey the fluctuation-dissipation
theorem and which occupies the entire space, the correlations are characterized by
the sinc law. For the thermal half-space source considered in Sec. 4.4, the isotropy
is, however, broken due to the boundary surface, and consequently the sinc law is
not found.

Degree of polarization

To calculate the 3D degree of polarization for a field with spatial correlations pro-
portional to the imaginary part of the Green tensor, we take the kimit 0 in
Eqg. (83) and obtain for the coherence tensor

2 —

By(w) = 250 [0 (0) + Cw)] U (87)
This, when inserted into Eq. (62), yield(w) = 0. Thus, the field within any
statistically homogeneous and isotropic current distribution is fully unpolarized. To
a good approximation, this result holds also for the field at points well inside a
large, but finite, source region. On the other hand, the far field produced by a large
statistically homogeneous and isotropic source domain is, in the 2D sense, fully
unpolarized in every direction [Paper V]. This corresponds to the v&j(e w) =
1/2 in the 3D formalism. Therefore, the value of the 3D degree of polarization
increases fronPs(r,w) = 0to P3(r,w) = 1/2 when the observation point moves
from inside the source to the far zone.

5.3 Comparison with a plane-wave model

Physical insight into the universal behavior of correlations in electromagnetic fields
can be obtained by considering the field inside an infinite, statistically homogeneous
and isotropic source domain as a superposition of plane waves. The arguments are
parallel to those presented in Ref. [77] for the scalar case, but go somewhat beyond
those because of the vectorial nature of the electromagnetic field.

Since the medium has a small but non-zero absorption, the field correlations ex-
tend effectively over a finite region in the neighborhood of a given source point.
Therefore, we may think of the whole infinite source as being divided into finite,
uniformly distributed, and mutually uncorrelated domains whose dimensions de-
pend on the correlation length. We refer to these domains as source correlation
regions. Each source correlation region produces an electromagnetic field, which
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at large distances behaves approximately as a plane wave. Thus, in any observation
region, the contributions from the (very) distant parts of the source can be viewed
as consisting of a superposition of isotropically distributed and angularly uncor-
related plane waves. For source regions containing statistically homogeneous and
isotropic current distributions, these plane waves are also fully unpolarized in the
2D sense [Paper V]. In Sec. 4.5 we found that for a field consisting of unpolar-
ized, angularly uncorrelated and isotropically distributed plane waves, the spatial
correlations are determined by the imaginary part of the Green tensor (Eq. (73)).
Hence, the plane-wave model and the calculations presented in this section show
that the field correlations in any observation region are determined by the distant
contributions. Although the local currents at every point also generate a near field,
with the associated correlation tensor having both real and imaginary parts [Paper
[], this contribution from a statistically homogeneous and isotropic current in an
infinite low-loss or non-absorbing medium is negligible as compared to the propa-
gating far-zone contributions. Thus, despite of the local current sources, the field at
any point behaves effectively as a free electromagnetic field.

When the losses are significant, the correlations do not show any universal behavior
as noted in Ref. [79]. This can be physically explained by using the plane-wave
model discussed above. In the presence of losses, the contribution to the field from
the distant source correlation regions weakens in relation to that from the nearby
regions. Consequently, the plane-wave model no longer describes the physical situ-
ation, and no universality is found.
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6 Summary and Conclusions

In this thesis, certain fundamental issues related to optical near-fields are studied.
The nature of the evanescent and propagating field components generated by a
point-dipole source are discussed. The concept of three-dimensional degree of po-
larization is introduced to cover electromagnetic fields having arbitrary planar or
non-planar wave structures. Its physical interpretation is presented, and the differ-
ences compared with the conventional two-dimensional theory are brought out. The
theory is applied to investigate the effects of evanescent waves and resonant surface
waves on the polarization state of the near fields generated by some thermal half-
space sources. The novel theory for the three-dimensional degree of polarization is
expected to be particularly useful for the polarization studies of random electromag-
netic fields having three orthogonal field components, such as optical near fields.

The thesis also includes a study of the partial polarization and spatial correlation
properties of homogeneous free electromagnetic fields. The fields are modelled as
an isotropic distribution of angularly uncorrelated and in the 2D-sense unpolarized
plane waves propagating within a solid angle. In the case of the full solid angle, the
spatial correlations are found to be determined by the imaginary part of the associ-
ated Green tensor, and the field is fully unpolarized in the three-dimensional sense.
These results are the same as for black-body fields, although no thermal equilibrium
was assumed. The same behavior is discovered for any electromagnetic field gen-
erated by a statistically homogeneous and isotropic current distribution fluctuating
within a medium having vanishingly small absorption. For the fields whose electric
cross-spectral density tensor is proportional to the imaginary part of the Green ten-
sor, the degree of coherence is of a universal form given by the sinc law.

In the thesis, we could only treat a restricted number of issues relevant to obtain-
ing a thorough understanding of the coherence properties of the optical near fields.
In fact, several interesting research subjects emerged during the work, such as the
guestion on how many of the generalized Stokes parameters needed to describe the
three-dimensional degree of polarization really are independent and what are their
explicit connections. How the three-dimensional degree of polarization, or the near-
field Stokes parameters, could be measured is an issue of particular importance in
near-field optics. Furthermore, it is known that the 2D degree of polarization is
related to the entropy of the field. What is the corresponding relation between the
entropy and the 3D degree of polarization is an open question. In addition, an in-
vestigation on the effects of dissipation on the spatial correlation of fields within
statistically homogeneous and isotropic source regions would be of genuine inter-
est.
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Abstracts of Publications |-V

In near-field optics the resolution and sensitivity of measurements depend on
the abundance of evanescent waves in relation to propagating waves. The
electromagnetic field propagator is related to the scalar spherical wave, for
which the Weyl expansion is a half-space representation containing both evan-
escent and homogeneous plane waves. Making use of these results we de-
compose the dyadic free-space Green function into its evanescent and homo-
geneous parts and show that some approaches put forward in the literature
are inconsistent with this formulation. We express the results in a form that is
suitable for numerical computation and illustrate the field decomposition for

a point-dipole in some typical cases.

We investigate an extension to the concept of degree of polarization that ap-
plies to arbitrary electromagnetic fields, i.e., fields whose wavefronts are not
necessarily planar. The approach makes use of generalized spectral Stokes
parameters that appear as coefficients, when th8 fulB spectral coherence
matrix is expanded in terms of the Gell-Mann matrices. By defining the de-
gree of polarization in terms of these parameters in a manner analogous to
the conventional planar-field case, we are led to a formula that consists of
scalar invariants of the spectral coherence matrix only. We show that attrac-
tive physical insight is gained by expressing the three-dimensional degree of
polarization explicitly with the help of the correlations between the three or-
thogonal spectral components of the electric field. Furthermore, we discuss
the fundamental differences in characterizing the polarization state of a field
by employing either the two- or the three-dimensional coherence-matrix for-
malism. The extension of the concept of the degree of polarization to include
electromagnetic fields having structures of arbitrary form is expected to be
particularly useful, for example, in near-field optics.

We introduce the concept of degree of polarization for electromagnetic near
fields. The approach is based on the generalized Stokes parameters that ap-
pear as expansion coefficients of the: 3 coherence matrix in terms of the
Gell-Mann matrices. The formalism is applied to optical near fields of ther-
mally fluctuating half-space sources with particular interest in fields that are
strongly polarized owing to resonant surface plasmons or phonons. This novel
method is particularly useful when assessing the full vectorial characteristics
of random evanescent fields, e.g., for near-field spectroscopy and polarization
microscopy.
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IV. We consider stationary electromagnetic fields modelled as superposition of
unpolarized and angularly uncorrelated plane waves and show that in an iso-
tropic case the electric cross-spectral tensor is proportional to the imaginary
part of the Green tensor. This is as for black-body radiation but here the field
need not be in thermal equilibrium. We also evaluate the degree of polar-
ization for a homogeneous but non-isotropic field for which the plane waves
propagate within a cone of angles. The results are compared with the known
polarization properties of black-body radiation.

V. We investigate the structure of second-order correlations in electromagnetic
fields produced by statistically stationary, homogeneous and isotropic current
distributions. We show that the coherence properties of such fields within a
low-loss or non-dissipative medium do not depend on the source character-
istics, but are solely determined by the propagation properties, and that the
degree of coherence of the field is given by the sinc law. Our analysis repro-
duces the known results for blackbody fields, but it applies to a wider class of
sources, not necessarily in thermal equilibrium. We discuss the physics be-
hind the universal behavior of the correlations by comparing the results with
those obtained by an electromagnetic plane-wave model.
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