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Resumen en Espanol

La matriz de Jones y la matriz de Mueller-Jones (es decir la matriz de Mueller no despo-
larizante) son los elementos matematicos centrales del calculo de Optica de polarizacion.
En esta tesis discutimos otras formas que pueden usarse para representar las propiedades
de polarizacién de los sistemas deterministas. Investigamos cuatro formas diferentes que
interpretamos como los estados de los sistemas Gpticos deterministas. El estado vectorial |h)
es el elemento central de nuestro formalismo. La combinacién paralela coherente de sistemas
opticos deterministas puede expresarse, mas convenientemente, como una combinacion lineal
de estados vectoriales. En otras palabras, cualquier sistema 6ptico no despolarizante puede
considerarse como una combinacion coherente de otros sistemas deterministas que sirven
como sistemas basé€. Sin embargo, los estados vectoriales no son adecuados para representar
la combinacion en serie de sistemas Opticos, porque los vectores |/) no se pueden multiplicar
como |hy)|hy)|h3). Observamos que existe un estado de matriz complejo Z que imita todas
las propiedades de las matrices de Jones, incluida la propiedad de multiplicacién de estados.
Las matrices Z también son similares a las matrices de Mueller no despolarizantes por la
relacion M = ZZ*. Mostramos que las matrices Z transforman la matriz de Stokes S en otra
matriz de Stokes S’ de acuerdo con la relacién S’ = ZSZ7, donde la matriz S corresponde al
vector Stokes |s) y S’ corresponde al vector Stokes transformado |s") (|s") = M|s)).

Las matrices Z también transforman los vectores de Stokes, |s), en vectores complejos
|$) segidn |§) = Z|s). Se puede demostrar que, a diferencia de un vector |s), un vector |$)
contiene la fase introducida por el sistema dptico. Ademas observamos que los vectores |/)
y las matrices Z son representaciones diferentes de estados cuaternion, k. Los estados de
cuaternion se pueden agregar o multiplicar para producir nuevos estados de cuaternién, por lo
tanto, son adecuados para representar cualquier combinacidn coherente de sistemas Opticos
deterministas. Los resultados muestran que los estados de cuaternién transforman cuaternion
de Stokes, s, en un cuaternién de Stokes, s’, de acuerdo con el esquema s’ = hsh'. Las
formulaciones de matriz Z y cuaternién son especialmente ttiles para describir la aparicién
de efectos de despolarizacion. El enfoque de matriz de densidad es mas conveniente cuando

queremos encontrar los componentes originales de una matriz de Mueller despolarizante.
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Las matrices de densidad asociadas con los sistemas Opticos deterministas (puros) se definen
en términos de vectores |#) como H = |A) (h|. Una matriz de Mueller despolarizante puede
escribirse como una suma convexa de matrices de Mueller no despolarizantes. La matriz
H asociada (matriz de densidad de la mezcla) también se puede escribir como una suma
convexa de matrices de densidad correspondientes a los sistemas de componentes puros. Se
puede demostrar que si existe algin conocimiento sobre las propiedades de anisotropia de
los sistemas de componentes, es posible encontrar las matrices de Mueller no despolarizantes
de los componentes originales tinicamente mediante las condiciones de clasificacion de las
matrices H. Aplicamos nuestro formalismo a varios fenémenos, en particular estudiamos
por ejemplo los efectos de interferencia en un experimento de doble rendija de Young con
métodos polarimétricos completos. También demostramos que nuestro formalismo puede ser
util para la formulacién analitica de sistemas dipolo interactivos. Finalmente, aplicamos el
método de descomposicion del estado vectorial para analizar la hibridacion de plasmones,

resonancias de Fano y efectos circulares en geometrias quirales y aquirales.



Summary

The Jones matrix and the nondepolarizing Mueller matrix are the basic mathematical objects
of polarization optics calculus. In this thesis we discus other forms that can be used to
represent optical properties of deterministic systems. We investigate four different forms
that we interpret as the states of deterministic optical systems. Vector state |4) is the central
element of our formalism. Coherent parallel combination of deterministic optical systems
can be most conveniently expressed as a linear combination of vector states. In other
words, any nondepolarizing optical system can be considered as a a coherent combination of
other deterministic systems that serve as basis systems. Nevertheless, vector states are not
suitable for representing serial combination of optical systems, because |4) vectors cannot be
multiplied as |h1)|hy)|h3). We observe that there exists a complex matrix state Z that mimics
all properties of Jones matrices, including the multiplication of states property. Z matrices
are also akin to the nondepolarizing Mueller matrices by the relation M = ZZ*. We show
that Z matrices transform the Stokes matrix S into another Stokes matrix S” according to the
relation 8’ = ZSZ", where S corresponds to the Stokes vector |s) and S’ corresponds to the

transformed Stokes vector |s') (|s') = M|s)).

Z matrices also transform Stokes vectors, |s) into complex vectors |§), according to
|5) = Z|s). It can be shown that |§) vectors bears the phase introduced by the optical system.
We observe that |h) vectors and Z matrices are different representations of quaternion states,
h. Quaternion states can be added or multiplied to yield new quaternion states, therefore they
are suitable for representing any coherent combination of deterministic optical systems. It can
be shown that quaternion states transform the Stokes quaternion, s, into a Stokes quaternion,
s', according to the scheme s’ = hsh'. The Z matrix and the quaternion formulations are
especially useful for describing the emergence of depolarization effects. The density matrices
that associated with deterministic (pure) optical systems are defined in terms of |4) vectors
as H = |h)(h|. However, since a depolarizing Mueller matrix can be written as a convex
sum of nondepolarizing Mueller matrices, the associated H matrix (density matrix of the
mixture) can also be written as a convex sum of density matrices corresponding to the pure

component systems. It can be shown that if there exists some knowledge about the anisotropy
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properties of component systems it is possible to find the nondepolarizing Mueller matrices
of original constituents uniquely by means of the rank conditions of H matrices. We apply
our formalism to several phenomena, for example we study the interference effects in a
Young’s double slit experiment with complete polarimetric methods. Moreover, we show
that our formalism can be useful for the analytic formulation of interacting dipole systems.
Finally, we apply the vector state decomposition method to analyze plasmon hybridization,

Fano resonances and circular effects in chiral and achiral geometries.



Preface

In this thesis we propose an alternative point of view to the Jones-Mueller formalism that is
based on vector/matrix states or, alternatively, on quaternion states. Our new formalism is
ultimately equivalent to the combination of Jones and Mueller formalisms and it is possible
to shift from one formalism to another. Nevertheless, our method is not redundant, we think
that it is a step towards the unification of the formalism and it permits a better understanding
of some aspects of the optical phenomena. In particular, we will present its applications
to the description of coherent, partially coherent and incoherent combinations of optical
systems, decomposition of depolarizing Mueller matrices, interactions between nanoparticles
that lead to interesting phenomena such as hybridization of energies, Fano resonances and
circular effects in achiral and chiral configurations. We believe that every mathematical tool
brings new potential perspectives of its own. There are many examples in the history of
science that a new point of view introduces new perspectives. The Lagrangian formulation of
classical mechanics is basically equivalent to the Newtonian formulation, but it has provided
a new point of view for the universal stationary action (least action) formulation of physical
laws. The Hamiltonian formalism is still another form of the Lagrangian formalism with
the Poisson brackets (prototypes of quantum mechanical commutators), and constitutes the
backbone of quantum mechanics and quantum field theories. Similarly, the vector/matrix
and quaternion states formalism of polarization optics may suggest new perspectives that

allow new conception of optical phenomena.

In classical mechanics the state of the physical system is represented by a point in the
phase space. In quantum mechanics the state of the system is a vector, or, strictly speaking,
a ray in the Hilbert space. Quantum mechanical state vector contains all information that
can be retrieved about the physical system. Jones formalism is about the interaction of light
with the optical medium. In polarization optics, Jones matrix is considered as a mathematical
tool that represents the scattering properties of a deterministic optical system. Jones matrix
can be formulated in terms of the basic spectroscopic parameters that characterize the effect
of the optical system on the state of light. Accordingly, the Jones matrix transforms the

polarization state of incoming light into a new polarization state, but, the Jones matrix itself
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is not considered as a state of the optical system. In this thesis we suggest that the Jones
matrices, and all other alternative forms, can be considered as the state of the optical system.
System state contains all the information about the optical system besides its scattering
properties. Significance of the state representation approach becomes more apparent when
the system state is represented by a vector state.

This thesis consists of four main chapters. The first chapter includes the history and the
background material for the foundations of Jones-Stokes-Mueller formalism. The second
chapter presents the original work that has been studied in seven sections with the references
to the published papers. First three sections are about the vector and matrix states of
optical media and their coherent linear combinations. The fourth section attempts to unify
several alternative state representations by means of the quaternion state concept. Next
section is about the outer product of vector states and the density matrix formalism of
polarization optics, in a very similar way to the formalism of quantum mechanics of mixtures.
Applications of the vector/matrix state formalism to various phenomena, such as dipole-
dipole interaction between nano particles, plasmon hybridization, Fano resonances, circular
effects in chiral and achiral configurations, and depolarization effects due to the incoherent
combination of deterministic optical systems are investigated in the last two sections. The
published papers are presented in the third chapter in a chronological order and last chapter
contains a short discussion and conclusions of the thesis, followed by an appendix and the

bibliography.



Chapter 1
Background

Polarimetry is the technique that works on the measurement and interpretation of the polar-
ization of transverse waves [1]. The instruments used are called polarimeters. Polarimetry
itself is a very broad field and it includes many other more specific techniques or methods.
Thus, the application as a technique to extract information about the physical properties of
thin films or bulk materials from the changes in the polarization of light is usually known as
ellipsometry. In a similar way, the polarimeter that is used to determine the concentration of
sugar in a solution is called saccharimeter, etc.

Generally speaking, we can distinguish two basic forms of polarimetry: when the goal is
to characterize the polarization of light detected, Stokes polarimeters are used, for example,
we can highlight the wide application of these insturments in astronomy [2]. On the other
hand, when the goal is to measure optical properties of a material medium one uses polarime-
ter that generate and detect polarized light and that, in their most general form, are called
Mueller matrix polarimeters (or Mueller matrix ellipsometers) [3, 4]. This thesis is focused
on this second form of polarimetry.

A quasi-monochromatic beam of light is said to be polarized when both, the relative
amplitudes and the relative phase between the different components of the electromagnetic
field remain related to each other in a deterministic and predictable way. If for some reason
for example the phase relation is perturbed, light will become partially polarized. Besides its
polarization properties light is an electromagnetic wave in the usual sense which is described
by Maxwell’s equations [5].

A plane wave is a constant frequency wave whose wavefronts are infinite planes perpen-
dicular to the propagation axis. For a plane wave propagating along the z-axis, the electric

field vector can be written as

E = (Exe®& + Eye'®§)e’ k), (1.1)
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where E,g, Eyo and J,, 6, are the amplitudes and phases along the x and y directions.

Within this assumption, the polarization state of light is given by the relations between
the relative magnitudes and phases of the x and y components of the electric field vector
E. For a quasi-monochromatic light g—g;‘ and Oy - 0, are constants, hence E is completely
polarized and it can be described by a Jones vector which contains all the information about
the polarization of the wave. The Jones vector can be written as a column vector [1]:

En.ei(0—kz+6y) . En.e'®

E) = (ES;C:i(a)t—kz-i-@y)) = @) (EZ;CZiSy> : (1.2)
In some parts of this Thesis we will use Dirac’s Bra-Ket notation [6], as you can see in Eq.
(1.2) . This notation is not very extended in polarization optics, but it will be adopted for

convenience because it eases some of the calculations.
The intensity of light can be obtained by multiplying the Jones vector |E) by its Hermitian

adjoint,

[ = (E|E) = Ey,Eox +E8yEoy, (1.3)

The effect that a deterministic optical element has on the polarized light is described by a

2 x 2 complex Jones matrix J [8, 9]

Eout y/ J. Ein
o | =0 ) (14
EOy Jio J11 EOy

The Jones matrix describing the net effect of a series of optical elements is obtained by
the matrix product of Jones matrices of the optical elements. The total effect of N optical
elements is described by

J=InIn-1--J2Jd1. (1.5)

In this scheme the incident Jones vector interacts with the optical element J; first, then with
element J,, etc.

Jones matrices are described in terms of the basis of a particular coordinate system. If we
want to use a rotated coordinated system, the Jones matrix expressed in the new coordinate

system can be obtained as follows:

¥ =R(0)JR(—a), with R(a):(_c(s’islff‘oz) :g;i‘(?)) (1.6)

where « is the orientation of the axis of the new coordinate system with respect to old

coordinate system and J’ is the Jones matrix expressed in terms of the new coordinate system.
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The Jones vector is an efficient way of describing completely polarized light. But
unpolarized or partially polarized light can not be expressed by a Jones vector. In order to
describe a general polarization state, a Stokes vector, |s), is introduced in terms of the Stokes
parameters sp, s1, 52 and s3 [10]:

50 (EgcEox + EOyE0y>
E E
=[] = | (Eokor—Eoo) | (1.7)
$2 (EgyEox+ EOXE0y>
53 (l(EoyEOx Ej Eoy))

which includes unpolarized states as well as completely polarized states. The expressions
in the brackets denote time averages in order to account for the variations in the amplitude

and phase. The Stokes parameters satisfy the following inequality:

S(Z)ZS%—I—S%—FS%. (1.8)

The equality is only satisfied in case of completely polarized light. The equation, s(z) =

s% + s% + s%, represents a sphere of three dimensions sy, 52, 53 with a radius sg, which is called
the Poincare sphere. For an unpolarized or partially polarized light equality is not satisfied.

In this case, the degree of polarization p is defined in terms of the Stokes parameters,

\/57+ 53+ 53 19)

S0

p:

For completely polarized light p = 1, for unpolarized light p = 0, and for partially polarized
light 0 < p < 1. Partially polarized light can be written as a sum of two components: an

unpolarized component and a completely polarized component,

The matrix method which manipulates Stokes vectors was developed and popularized
by Hans Mueller [11] after the pioneering contributions of Paul Soleillet and Francis Perrin
[12-14]. The Mueller formalism has a direct connection with experiment, because it works
with real and measurable intensities instead of complex amplitudes. Therefore, Stokes vector
and Mueller matrices are much convenient for experimental work in polarimetry. The effect
of an optical element on the polarization state of incident light is described by a 4 x 4 Mueller
matrix. A Mueller matrix M consists of 16 real elements and connects the input and output
Stokes vectors:

sy = M]s), (1.10)



12 Background

where
My Mo Moy My;
M M M M
M — 0 Mu My M (111)
Myy My My My

M3y M3 Mz M;s;

For every Jones matrix there exists a corresponding Mueller-Jones matrix (also known as
nondepolarizing Mueller matrix or pure Mueller matrix) which can be found by means of the
following relation:

M=AJoJ)A !, (1.12)

where ® is the the Kronecker product and A is a unitary matrix,

10 0 1 1 1 00
10 0 -1 1 1{fo o 1 —i

A= . ATT=—-AT== , 1.13
01 1 0 2 210 o 1 (1.13)
0 i —i O 1 -1 0 0

the superscript " indicates conjugate transpose.

A beam of light is said to be polarized when the relative phase between the different
components of the electromagnetic field remain related to each other in a definite way. If for
some reason the phase relation is perturbed, light will become partially polarized. In practice
as the light passes through a medium, phase correlations may be destroyed or the relative am-
plitudes of the electric field vector may be affected due to selective absorption of polarization
states. Hence, polarized light becomes partially depolarized, i.e., the degree of polarization
is reduced. In polarimetry experiments the depolarization usually can be due to incoherent
scattering introduced by the sample or the incoherent superposition of the light interacting
with different materials. Another source of depolarization is the limited spectral resolution of
the instruments. In general, optical elements are not perfectly monochromatic; they integrate
over a range of wavelengths and can cause depolarization. Isotropic depolarizing samples
depolarize all input polarization states equally; on the other hand, anisotropic depolarizing
samples depolarize particular polarization states but may not depolarize other polarization
states. To quantify the depolarization effect of a medium, the depolarization index (DI) of
a Mueller matrix was introduced by Gil and Bernabeu [15, 16]. The DI is defined as the

Euclidian distance of the normalized Mueller matrix from the ideal depolarizer:

\/(Zij MF) — Mg,
V3Moo .

DI = (1.14)
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DI varies from zero to the unity. For an ideal depolarizer DI= 1, for a non-depolarizing
medium DI= 0, and intermediate values correspond to partial depolarization.
We can associate a complex 4 x4 covariance (coherency) matrix, H, to any Mueller
matrix [18, 17],
1 1
H:Z.ZOMijA(Gi(X)G;)A , (1.15)
ij=

o; are the Pauli matrices with the 2 x 2 identity in the following order:

o (1 O) o _ (10
0_017 1_0_17
(1.16)
S C I A (O
1 o) T\ o)

The matrix H given in Eq.(1.15) is named in many works as coherency matrix and
identified with the letter C, as it was given by Cloude [19]. This is done to distinguish it
from a different definition of H that does not include the matrix A (note that as A is only a
unitary matrix, it does not add or remove any polarimetric information). However, in all the
published works associated with this thesis we always denote H as the covariance matrix
and it must be understood according to the definition given in Eq.(1.15).

H matrix is very useful for eigenanalysis. Most importantly, for a physical Mueller matrix
(either depolarizing or nondepolarizing) the eigenvalues of H must be non-negative (i.e. H
must be a positive semidefinite Hermitian matrix). The rank of H is also informative about
the depolarization. If the Mueller matrix of a system is non-depolarizing (alternatively, pure
or deterministic), then the rank of the associated covarience matrix is one. In practice, due
to the unavoidable noise, one finds that experimental Mueller matrices are never strictly

non-depolarizing.






Chapter 2
Introduction

The Jones and Mueller formalisms that we have introduced in the previous section may not
be regarded as two competing formalisms but, instead, as two complementary formalisms.
For example, addition of Stokes vectors represents an incoherent combination (intensity
superposition) of beams while addition of Jones vectors represents a coherent superposition
(amplitude superposition). Therefore, with the combination of both formalisms, something
we will generally refer as Jones-Mueller formalism, one can get a complete and consistent
framework for the phenomenological study of interaction of light with optical material media
[4].

As stated by Parke [7] scattering properties of a coherent parallel combination of optical

systems can be expressed as a linear combination of Jones matrices of individual systems,
J=J1+J+J3+--- (2.1)

Jones matrices are complex 2 x 2 matrices. It will be shown that it is also possible to define
complex 4 x 4 matrices (Z matrices) which are equivalent to Jones matrices, and the coherent

linear combination of states can be written in terms of Z matrices [20-24]:
Z=c\Z\+cZr~+c3lz+--- (2.2)

where Z is the matrix associated with the coherently combined system, Z; denote the matrices
associated with subsystems and c; are complex coefficients. We also argue that the Jones and
Z matrices are more than scattering matrices, they can be considered as matrix states that
define all optical properties of deterministic optical systems. This coherent linear combination
of states principle brings the formalism of polarization optics more closer to the formalism of

quantum mechanics. But, when expressed in terms of Jones or Z matrices the power of the
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coherent linear combination principle may not be fully appreciated. There exists one more
mathematical object that may be used for representing the state of a deterministic optical

systems. The vector state |i) is more suitable for representing linear combination of states,
’h> =Cl‘h>1+Cz|h>2+C3’h>3—|—--- (2.3)

where |h) and |h); are vector states associated with the combined system and subsystems,
respectively, and each vector state can be represented by a four component complex vector. In
Eq.(2.3) ¢; play the role of probability amplitudes of quantum mechanics, but for macroscopic
optical systems, including systems at the nano scale, such as nanoantennas, c¢; cannot be
interpreted as probability amplitudes. Nevertheless, the analogy with the quantum mechanical
state superposition is more clear in terms of vector states.

To our knowledge, Z was first introduced by Chipman [26]. But, the significance of the
Z matrix becomes more apparent when we make the connection with the nondepolarizing
Mueller matrix. We observe that every nondepolarizing Mueller matrix, M, can be written as
M = Z*Z = ZZ*. This observation allows us to interpret Z matrix (or |k) vector) as the state
of an optical system analogous to the state vector of quantum mechanics, |y). At first sight, it
may be plausible to interpret M = Z*Z = ZZ* as an analogue of the expression for quantum
mechanical probability in terms of probability amplitudes: probability = y*y = yy*. But
unfortunately, this analogy cannot be pursued too far [27-29].

2.1 Representations of deterministic optical media states

and their properties

We write the Jones matrix in terms of the parameters 7, a,  and :

J:(T-l-(.X ﬁ_m’). (2.4)
B+iy T—a

The corresponding nondepolarizing Mueller matrices can be obtained from the Jones matrices
by a transformation, M = A(J ® J*)A", where A is a unitary matrix given by Eq.(1.13).

We introduce, Z matrix, written in terms of 7, &, 8 and ¥ as follows:

T a B Y
o T =iy ip
B iy 1t —ia
y —if i 7T

) (2.5)
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where 7, &, B and y are complex numbers, and they are closely related with the real valued
anisotropy coefficients defined by Arteaga et al. [30]. « is related with linear horizontal
anisotropy, 3 is related with linear 45° anisotropy and 7 is related with circular anisotropy.
[20]. 7 can always be chosen as real and positive if the overall phase is not taken into account.
In terms of spectroscopic parameters [31] isotropic phase retardation (1)), isotropic amplitude
absorption (k), circular dichroism (CD), circular birefringence (CB), horizontal and 45°
linear dichorism (LD and LD’), horizontal and 45° linear birefringence (LB and LB’), 7, «,
B and 7y can be written as:

(2.6)

where ¥y =N — ik, L=LB—iLD, L' = LB —iLD', C = CB—iCD, T =VI*+L?+(C?
[20, 32, 33].

In all respects, the Z matrix is equivalent to the Jones matrix, and the Z matrix transforms
the Stokes vector representing complete polarization state of light, |s) = (sq,s1,s2,53)7, into

a complex vector, |§) = (§o,51,82,53)7:
Z[s) =3). 2.7)
It can be shown that |§) bears the relevant phase introduced by the optical system,
(s|Zls) = 2(E|J|E) = 2(E|E'), (2.8)

where |E) and |E’) are input and output Jones vectors. Z matrix also transforms the Stokes

matrix, S [34], into a complex matrix, S, which is the matrix analogue of |5),

ZS =8, (2.9)
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where S is defined as

S0 S1 52 853
ST So —Iis3 s

S= _ . (2.10)
§2 183 S0 —15]

853 —iS2 iS1 S0

The vector state |h) can be written as a column vector,

) = (2.11)

T
o
B
Y

|h) vectors are generators of nondepolarizing Mueller matrices. It is possible to define and

classify the Mueller matrix symmetries according to nonzero components of |4) vectors [20].

The appendix contains a tabulated list of |/) vector states, Z matrix states and their corre-

sponding Mueller matrix M for the most common optical components used in polarimetry.

2.2 Coherent linear combination of states

The representation of an optical system with a vector state becomes more prominent when we
want to study coherently combined optical systems. When analyzed in terms of vector/matrix
states, analytic formulas become very similar to the quantum mechanical formulas [35].
But, it is worth noting that linear combination of two or more vector/matrix states should
not be understood in the sense of quantum superposition. The vector/matrix states are
mathematical objects that describe properties of optical systems (including nano systems).
We never suggest a superposition of states belonging to the same optical system. Linear
combination of states of optical systems means that associated deterministic physical systems
are combined in parallel coherently so that they are illuminated by the same coherent wave
front simultaneously. The combined system’s state, in general, can be associated with a single
new optical system endowed with optical properties that may be different from the optical
properties of its constituents. Conversely, we may consider any deterministic optical system
as a coherent parallel combination of two or more deterministic optical systems in the physical
sense described above. For example, physically, a quarter-wave plate can be considered as a
coherent parallel combination of two orthogonal linear polarizers and, mathematically, the

state of the combined system (QWP) can be written as a linear combination of orthogonal
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linear polarizer states:
1+i 1—i
h = h
\howp) > \hup) + 5

where |hgp) is a linear horizontal polarizer state vector with T = \/LE’ o= ﬁ, B=y=0,

lhyp), (2.12)

|hyp) is a linear vertical polarizer state vector with T = %, o= _\/LE’ B =vy=0and |howp)
is a quarter-wave plate state vector with 7 = %, o= ﬁ, B = y=0. Here, |hgyp) and |hyp)
are the basis states that span the relevant vector space. Complex coefficients ¢; = (1+1i)/2

and ¢, = (1 —)/2 can be calculated in terms of scalar products of |h) vectors,

c1 = (huplhowp), c2 = (hvp|howp). (2.13)

In this example basis vectors are orthogonal. In general, they could be nonorthogonal states
as well, provided that they satisfy the completeness relation defined for nonorthogonal basis

system for a given vector space.

2.3 Coherent combinations of states in a Young’s double

slit experiment

In a separate paper [22] we investigate interference effects and Pancharatnam phase [36] for
several coherent combinations of Z matrices. We describe an experiment in which coherent
light is sent through a calcite crystal that separates the photons by their polarization (due
to its double refracting effect), which is an analog of Young’s double slit experiment with
polarizers [37, 38]. Calcite crystal can be considered as a coherent linear combination of two
orthogonal linear polarizer states [25],

1 .
Z=—(Zu+eZy), 2.14

io . . .
where c; = \/Li’ c) = fﬁ and Zg and Zy are matrix states corresponding to horizontal and

vertical linear polarizers, respectively. Separated beams are then let to superpose, and
the recombined beam is used to measure the Mueller matrix of the system, which is also
calculated by the relation M = ZZ*. The results are interpreted according to Z matrix
formulation of coherent linear combination. When ¢ is zero or it is a multiple of 27 the
result is an identity Mueller matrix, while for other values, M progressively evolves between
a horizontal quarter-wave plate (¢ = —m/2), a vertical quarter-wave plate (¢ = 7/2), and
a half-wave plate (¢ = m) Mueller matrices. This work can be considered as the first

experimental implementation of a Young’s experiment with complete polarimetry, which
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demonstrates that our method can be used for the experimental synthesis of optical devices

with on demand optical properties.

2.4 Quaternion formulation of optical media states

When the light interacts with two or more optical systems (J1,J2,J3---JN) sequentially,

Jones matrix of the overall process can be written as a product of Jones matrices,
J=JInINno1 - J3d2Jh. (2.15)
A similar algebra is also possible with Z matrices,
2Z=7ININ 1 -137,7,. (2.16)

But, it is not possible to define multiplication of |4) vectors that give a similar expression.
Nevertheless, |h) vectors are the representatives of nondepolarizing states and in the paper
entitled, “Quaternion algebra for Stokes Mueller formalism” [39] we show that calculus of
polarization optics can be reformulated in terms of quaternion states so that the vector and

matrix states are different forms of the same quaternion state, h.

The quaternion state, h, is also defined in terms of 7, o, B and 7,
h=r1l+ici+iBj+ivk, 2.17)

where 1,1, j and k are the quaternion basis [40]. In this work, we study the properties of h
quaternion and its applications to polarization optics. Quaternion multiplication of h; states

that results in a new quaternion state h is feasible:
h=hyhy_1---h3hyh;. (2.18)

Quaternion states can also be linearly combined to yield a new quaternion state, hence,
coherent parallel combinations of nondepolarizing optical systems can be reformulated in
terms of quaternion states. It is also shown that quaternion state, h, turns out to be the rotator
of the Stokes quaternion:

s’ = hsh’", (2.19)

where s is the quaternion form of Stokes vector (s = so1 + isyi+ isoj + is3k), h' is the Her-

mitian conjugate of h and s’ is the transformed (rotated) Stokes quaternion that corresponds
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to the output Stokes vector |s’) of Stokes-Mueller formalism,
|s") = M|s), (2.20)

where |s) is the usual Stokes vector.

In this thesis it is shown that Z matrix can be written in an exponential form, so as the
quaternion state h,

h=¢"
h:—é(leriLiJriL’j—iCk). (2.21)
When we differentiate h with respect to ¢ (distance along the direction of propagation of
light) we get
o =" (2.22)

This equation is a reformulation of the Stokes—Mueller differential formalism, and it can be

compared with the well-known quaternion differentiation formula:

1
q= Ea)q, (2.23)

where ® is the angular velocity. Hence, 27 /¢ can be interpreted as the angular velocity
of rotation by an angle (= T /2) of the quaternion state through the medium, where 7
describes the changing rate of h along the pathlength. Since, the vector state |) and matrix
state concepts (Jones and Z matrices) are different forms of the same quaternion state, h,
quaternion state may serve as a key element for the unification of all formalisms developed
thus far at different stages by many contributors. [4, 5, 7-13, 15, 16, 18, 26, 32, 36, 38, 41—
44]

2.5 Outer product of vector states and the density matrix

Linear combination and multiplication of Jones matrices, Z matrices and A quaternions are
feasible and these forms are suitable to represent parallel and serial combinations of optical
systems. Multiplication of |h) vectors in the form |h)|h)|h) - is not defined, therefore they
are not suitable to represent serial combinations. But, inner product and cross product (and
even tensor product) of |h) vectors can be defined and vector states are suitable for all familiar

vector operations. |h) vectors have one more advantage over the other state representations:
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outer product of |h) vectors can also be defined [34, 46]:
H = (1) (h]. (2.24)

If i = j, His a 4 x 4 Hermitian matrix. In this case, H has a special meaning and it is called
covariance matrix (also known as coherency matrix or C matrix) in polarization optics. But,
we have a tendency to interpret H as a density matrix, similarly with the density matrix of
quantum mechanics. In fact, H matrix can be considered as another form of optical media
states. If there is only one deterministic system H matrix represents a pure system. When two
or more optical systems are combined incoherently H matrix of the combined system will be
a mixed state. H matrix becomes more important in case of depolarization. H matrix and the
associated Mueller matrix can be converted into each other by a one-to-one transformation

[20], and H matrix is very useful for analyzing depolarizing Mueller matrices.

2.6 Applications of the formalism: Interacting optical sys-

tems at the nano scale

In a coherent linear combination given by Eq.(2.3) we assume that the subsystems do not
interact with each other. Coherent linear combination of interacting optical systems is another
issue that we have analyzed in detail [21, 45]. In case of interaction, the combined state
is no more a simple linear combination of the original constituents, now it contains a new

ingredient: the interaction state contribution, |A)inseractions
’h> =1 ‘h>1 + C2’h>2 + Cint|h>intemction- (2.25)

Advantages of vector/matrix state formalism becomes more prominent in describing optical
behaviour of interacting nanoparticles (nanoantennas) that scatter light [47, 50]. Scattering
characteristics of rod shaped nanoparticles can be modelled as linear polarizer states. A rod
shaped particle can be viewed as an oriented dipole endowed with a Lorentzian polarizability.
When we consider two or more nanoparticles we have to take into account two basic
processes: coherent parallel combination and coherent serial combination. In a coherent
parallel combination wavefront of an incident plane wave interacts with the nanoparticles
simultaneously, whereas, in a serial combination several successive coherent interaction
stages are applied. In general, due to the mutual dipole-dipole interactions between the
nanoparticles the system responds to the incident light as a whole, and the state of the

combined system can be described by a single vector/matrix state. From the holistic point
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of view it would be rather complicated to analyze the phenomenological behaviour of
the coupled system. However, applying the state decomposition procedure could be of
considerable help. It can be shown that the state of the coupled system can be written as a
linear combination of several states: state vectors of individual (noninteracting) subsystems
and mutual interaction states. We call this procedure “decomposition of state of interacting
systems” and we apply it to several configurations of coupled nanoantenna systems. The first
stage of the decomposition procedure can be carried out in terms of Jones matrices. In fact,
Jones matrices are more appropriate for this purpose, because dipole-dipole interactions can
be more conveniently worked out by means of the dyadic Green functions [47]. However,
when we try to analyze the measured or simulated scattering matrix (Jones matrix or Mueller
matrix) of the coupled system it is much more easier to work with vector states in order to
exploit conventional methods of vector algebra.
Our first example is a coherent combination of two interacting coplanar nanoantennas.
It is shown that the state of the coupled system can be written as a linear combination of
three states: states for individual (noninteracting) nanoantennas and a state for the mutual
interaction,
J =glanJi+ aJa + (a1 A) Jing), (2.26)

where  and o are the Lorentzian polarizabilities of particles, A is the interaction coefficient,
g is the overall factor which is also a function of o, @, and A, J is the Jones matrix of the
coupled system, J; and J, are Jones matrices of noninteracting individual systems and Jju¢ is
the Jones matrix of the interaction contribution. The isolation of the interaction part from
other states is very important for the analytical investigation of various phenomena such as
plasmon hybridization, Fano resonances and circular effects.

Plasmon hybridization is well known in nano optics [48]. When two systems interact
with each other via an interaction potential the individual resonance energy levels get shifted.
These hybridized energy levels depend on in-phase and out-of-phase vibrational modes and
they are very sensitive to the geometry. Even for the simplest geometries, the problem of
plasmon hybridization cannot be easily tackled without an analytic approach based on the
proposed decomposition of the coupled state into more basic states.

We study the case of two coupled nanoantennas [45, 49]. One antenna is oriented with
an angle of 45° with respect to the other one. It is possible to isolate the effect of interaction
mathematically as a separate state, and the contribution of this state to the whole process
can be figured out by an interaction coefficient which can be calculated from the observed
or simulated scattering matrices. We work on simulated scattering matrices[50]. Our first
observation is that the interaction coefficient depends on the wavelength (energy) of the

incident light and it diminishes by increasing distance between the particles. We also show
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that the state of the coupled system has an overall coefficient, g, that also depends on energy,

interaction coefficient A and the Lorentzian polarizabilities:

1

o< Er—es (2.27)

8

+

Hybridized energies, ™, can be calculated from the harmonic oscillator model for the

coupled system,

2 2 2 2\2 2,22 2
w7+ o i\/(w — 5)? +4wF ;N A
n 1 /) i 22 193 , (2.28)

where  is the frequency of the incoming radiation (driving force), @; are the individual
resonance frequencies of particles, 7; are the corresponding amplitudes of oscillations that

depend on the size of the particles. Eq.(2.28) reduces to a simple equation for identical
particles (o1 = 0,11 = M2, @1 = W2 = @),

0" = wy\/1+nA. (2.29)

The overall coefficient, g, is in general a complex number. From the roots of the denominator
of g it is possible to calculate the peaks of the spectra that correspond to hybridized energies,
™. Derivation of the hybridized energies from the vector/matrix state formalism of interact-
ing particles shows how powerful can be the proposed analytic approach when applied to a
complicated problem of coupled nanoparticles. Vector form is more flexible than the other
forms when we want to play with the basis states. We first write Eq. (2.26) in terms of vector

states:
\h) = g1|h)1 + g2|h)2 + Gine | )it (2.30)

where g1 = g0, g» = g0, and g,y = g 0 A are complex coefficients that can be determined
algebraically from the results of the measurement [45]. It can be shown that the state of the
coupled system can be written in an alternative way by applying the following change of
basis:

2,/8182 2

We may call [#*) as hybrid basis, and in terms of hybrid basis,

h) can be written as a linear
combination of two hybrid modes, so that it is no longer necessary to make an explicit

reference to the interaction term. In terms of hybrid basis Eq.(2.30) can be written as

Ry = v Rt +vT|hT), (2.32)
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where v = | /8182 £ gins- The maxima of g (i.e., the resonant conditions for the hybridized
modes) occur when either vt =0 or v- = 0. In general g and g, may vary with energy,
and hybrid basis are energy dependent. If g; = g, hybrid basis become merely geometrical

and energy independent:
[ior+ A2 1) i
2 2

Resolution of the hybridized energies by the proposed analytic method becomes important

|hE) = (2.33)

when the hybridized peaks cannot be clearly identified in the scattering spectra. Strength of
the interaction between the nano systems mainly depends on the orientations of the particles
and the separation between the particles. If the interaction between the particles is weak the
hybridized energy peaks cannot be clearly distinguished and they manifest themselves only
as peak-broadening. As the interaction gets weaker peak broadening diminishes, but, with the
proposed analytic method it is still possible to resolve the hybridized energy contributions.

Another interesting phenomena that our decomposition scheme can provide a clear
explanation is the Fano resonances [51, 52]. In certain conditions coupled oscillators show
interesting characteristics due to the interference effects between the hybrid modes. In
order to observe interference effects at least two overlapping states are needed. Since the
interference effects between hybrid modes stem from the linear combination of states, without
the decomposition theorem Fano resonances in coupled systems cannot be analyzed. Our
formulation is also in accordance with the coupled oscillator model for Fano resonances and
experimental observations.

Besides all other interesting phenomena, circular polarization effects may emerge from
the interaction between nano systems [53]. We have taken nanoantennas as basic constituents
of more complex nanosystems and macrosystems, and we modelled the optical response
of nanoantennas as oriented dipoles that behave as linear polarizers. Hence, we assume
that the state of a nanoantenna oriented in a certain direction in space can be represented
by a linear polarizer state. To be more specific, a linear polarizer state is characterized
by a vector with real valued 7, and B with ¥y = 0. Parameter ¥ is associated with the
circular response of the system. Without accounting the interaction effects it is not possible
to obtain a linearly combined system state of noninteracting linear polarizers with a nonzero
Y parameter. Mathematically this means that any linear combination of linear polarizer states
in the form of |h) = oy |h)| + 0 |h), + - - - cannot yield circular effects without an interaction
term that couples the individual states. Therefore, when we consider parallelly combined two
or more nanoantennas circular effects could only emerge if there are mutual dipole-dipole
interactions and there are path differences to the observation point. In fact results show that,
even for interacting coplanar nanoantennas, circular effects are mostly observed at the near

field where phase differences between the component nanoantennas are more prominent. In
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a serial coherent combination of dipoles, it can be shown that decomposition of the state of
the combined system yields two more terms that account for the circular effects due to the
phase and sequential field transactions [54].

2.7 Depolarization effects and decomposition of depolariz-

ing Mueller matrices

Up to now, we have encountered various forms of deterministic optical media states (M,
J, Z, |h), h). Some of them have advantages over the other forms in some cases. But, Z
matrix formulation is still has a distinguished property that M = ZZ* = Z*Z. In other words,
Z. matrix is very akin to the nondepolarizing Mueller matrix, M. This property becomes

important when we begin to study depolarization effects.

Let us consider the simplest case and let Z; and Z; be two matrix states that combined
coherently with complex coefficients ¢; and ¢, with the normalization condition, c¢jc} +
cocy =1,

7 =ci7y+ 7. (2.34)

Corresponding nondepolarizing Mueller matrix can be written as
M =Z7Z" = c:A\Z1Z] + 265 Lo 25 + 1 ST Zs + o L7 (2.35)
First two terms correspond to nondepolarizing Mueller matrices, M; and M3,
M =ZZ" = c;ciMy + c2csMy + 134G 2y + cac L2 . (2.36)

Last two terms in the expansion are not Mueller matrices, and if the optical systems are
combined incoherently these coherency terms vanish,

Mdep = w My +wa2Ma;, (2.37)

where wi = cic}, wp = c2¢; and My, is a depolarizing Mueller matrix. In general, any
depolarizing Mueller matrix can always be written as a convex sum of at most four nondepo-
larizing Mueller matrices [18].

If the Mueller matrix of a depolarizing optical system is given it can be decomposed into

its arbitrary nondepolarizing constituents; but, arbitrary decompositions will not be unique,
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in general, there will be infinitely many equivalent decompositions,

Myep = wiMyp +wo, M, = wiMj +wHMj, = WMy +wiMj = -+ (2.38)
In the paper entitled, “Decomposition of a depolarizing Mueller matrix into its nondepolariz-
ing components by using symmetry conditions”, '[56] we show that, in case of a two-term
combination, depolarizing Mueller matrix of the combined system can be decomposed into
its original nondepolarizing components uniquely if one of the component systems has a
symmetry, i.e., if one of the parameters (7, a, 3,7) of one component system is zero, and
if the symmetries of two component systems do not overlap completely. Decomposition
procedure makes use of outer products of |i) vectors. Each nondepolarizing component of a
depolarizing Mueller matrix can also be expressed as an outer product of |A;) vectors;

H; = |h){hil, (2.39)

where H; is the complex-Hermitian matrix (density matrix) associated with the nondepolar-
izing Mueller matrix, M;. Since, all M and H are linked with each other by a one-to-one

transformation, Eq.(2.37) can be written in terms of H matrices also:
Hyep = wiH; +woHy, (2.40)

where H; are rank = 1 density matrices (pure states) and in case of a two-term combination
Hyep is a rank = 2 density matrix (mixed state). Hence, original component Mueller matrices
and their weights w; and w; can be solved uniquely from the rank conditions [55-57].

To conclude, in this thesis we investigate different forms of optical system states and we
try to introduce a complete mathematical framework. We apply our formalism to several
phenomena such as coherent linear combination and decomposition of deterministic optical
systems, plasmon hybridization, Fano resonances and circular effects observed in different
configurations of interacting nanoantennas, depolarization effects and resolution of a mixed

state into its pure components by the density matrix approach.

'Note that this paper does not make use of vector and matrix states formalism that is used in the other
publications discussed this thesis. At the time this paper was published (chronologically it was the first) the
formalism was not yet developed.
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1. INTRODUCTION

Many polarimetric measurements lead to depolarizing Mueller
matrices. The analysis and interpretation of a depolarizing
Mueller matrix tends to be more difficult than the nondepola-
rizing case because it is not possible to directly identify the basic
polarimetric properties (different forms of diattenuation and
retardance) characteristic to the material sample or remote sens-
ing target. From an experimental point of view, it is of great
interest to identify and calculate, if possible, the nondepolariz-
ing (pure) components included in a depolarizing polarimetric
measurement.

In general a depolarizing Mueller matrix can be considered
as a parallel combination (convex sum) of two or more non-
depolarizing Mueller (or Mueller—Jones) matrices [1,2]. The
minimum number of pure components to describe a Mueller
matrix depends on the rank of its covariance matrix, H. The
rank of H ranges between 1 (for a nondepolarizing system)
and 4. Therefore, at most four nondepolarizing components
are sufficient to describe any depolarizing Mueller matrix.
This work deals with the case in which the covariance matrix
H has rank 2, and the depolarizing Mueller matrix arises from
the parallel combination of two pure components:

1559-128X/16/102543-08 Journal © 2016 Optical Society of America

M = aM, + a;M,, (1)

where the weights satisfy a; + o, = 1 and M; and M, are
nondepolarizing Mueller matrices.

From an experimental perspective, this two-term parallel de-
composition is quite relevant because it corresponds to the case
in which the light beam interacts with two different types of
optical media and then the emerging beams recombine inco-
herently at the detector. This often happens in finite spot size
measurements when the light spot impinges on two spatially
distributed areas of the sample with distinct optical properties.
The objective of this work is to determine the individual optical
response of these two areas (i.e., M; and M) and their weights
from a single measurement of M. The only additional @ priori
knowledge required is that one, and only one, of the compo-
nent matrices has a certain symmetry.

In a recent publication [3], Ossikovski ez al. provided a
method for such decomposition and applied it to finite spot
size measurements when one of the two Mueller matrices
has block-diagonal symmetry. This work offers an alternative
solution to calculate the pure components and generalizes
the result to six different types of symmetries of a nondepola-
rizing state. Even if the optical properties of a material, optical
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system, or target are not known in detail, it is often possible to
anticipate the Mueller matrix symmetry of at least one of the
constituents because it is tightly related to its crystallographic,
mesoscopic or macroscopic structure [4].

The manuscript is organized as follows: in Section 2, we
review the Cloude (spectral) and arbitrary decompositions.
Section 3 introduces the three fundamental symmetries in
M and H for basic nondepolarizing states. The analytic equa-
tions of our two-term decomposition for each fundamental
symmetry are given in Section 4. In Section 5, we study three
additional symmetry cases and provide their decomposition.
The decomposition procedure is illustrated with numerical
and experimental examples in Sections 6 and 7, respectively.

2. CLOUDE DECOMPOSITION AND THE
ARBITRARY DECOMPOSITION

Every physically acceptable Mueller matrix M with elements
my s associated to a positive semi-definite Hermitian
matrix, H:

13
H= i ZU my(o; ® o)), 2)
L=

which is known as the covariance matrix. ¢, are the set com-
posed by the Pauli matrices and the 2 x 2 identity matrix. ®
stands for the Kronecker product. All over this work, we assume
that Mueller matrices are normalized to their element 2. This
brings also the condition trHy = uH, = tr H = my = 1.
The elements 7; of M can be calculated from H by

my; = ul(o; ® o;)H]. (3)

The Cloude decomposition [5] (also known as the spectral
decomposition) shows that any H matrix can be considered as a
combination of up to four nondepolarizing components:

3 3
H= Zﬂiui ® llj = ZA;H,‘; (4)
i=0 i=0

in which the weights 4; are the non-negative eigenvalues of H
and u; are the normalized eigenvectors. The superscript ¥ in-
dicates the conjugate transpose. H; are rank 1 covariance ma-
trices. Due to the equivalency between H and M, this can also
be expressed as

3
M=) 1M, (5)

i=0
The Cloude decomposition is, in fact, a particular case
among many different possible parallel combinations of a de-
polarizing system into pure components that are, in general,
referred as the arbitrary decomposition of a Mueller matrix
[1-3]. The arbitrary decomposition of M into a linear combi-
nation of pure states can be expressed as convex sum of

Mueller—ones matrices:

3 3
M=YpM:  >p=L  p>0 (8
i=0 i=0

In this work, we will deal with a particular case of the
arbitrary decomposition in which M has a rank 2 covariance
matrix, and the decomposition has only two terms.
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3. SYMMETRIES OF THE THREE
FUNDAMENTAL PURE STATES

The identification of the three distinct forms of anisotropy of a
Mueller matrix leads to the definition of three possible funda-
mental pure states [6]. Each one of them is characterized by a
simple symmetry. We organize them as follows.

A. Type 1
1 my 0 0
| my 1 0 0
M. = 0 0 My ms | @
0 0 -myy my

with 73, + m%, + m3; = 1. Type 1 symmetry leads to a block
diagonal Mueller matrix. In this case, the retardation and/or
diattenuation anisotropies of the optical wave coincide with the
two orthogonal axes that define the laboratory plane of refer-
ence. This symmetry is, for example, typical of ellipsometry
measurements at a certain angle of incidence on isotropic ma-
terials.

B. Type 2
1 0 myy 0
_ 0 myy 0 my;
M, = myy; 0 1 o0 | @)
0 -msz 0 mp

with 7, + m?, + m?; = 1. Type 2 symmetry corresponds to
a situation in which the directions of retardation and/or dia-
ttenuation of the optical wave are aligned with the bisectors
of the coordinate axes. This is a nonreciprocal symmetry.

C. Type 3
1 0 0 3
_|0 my om0
MC - 0 =myy My 0 ’ (9)
M3 0 0 1

with 72, + m?, + m?, = 1. Type 3 symmetry corresponds to
a system in which the anisotropy occurs between left- and right-
handed circular polarization states. In this case, there is rota-
tional symmetry.

All these three types of nondepolarizing Mueller matrices
contain only two independent parameters. The covariance
matrices H associated to these highly symmetric pure states also
exhibit some characteristic symmetries. They are presented in
Table 1 together with equations that add constraints between
the different H matrix elements. Note that each one of the three
covariance matrices shown contains only two independent
parameters, as M;, M, and M.

4. CALCULATION OF THE TWO-TERM
DECOMPOSITION

This section shows how to calculate the two nondepolarizing
terms of the decomposition M = a;M; + a;M,. Due to the
equivalence between M and H, this factorization can be also
written as H = oy H; + a,H,. Now it has to be assumed that
H, has one of the symmetries shown in Table 1, while H, has a
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Table 1. Three Fundamental Pure States Expressed in Terms of M and H

Covariance Matrix H”

Case Mueller Matrix M
1 my O 0

Moy 1 0 0
Typel 0 0 My M3
L 0 0 —my3 myy
(1 0 my 0 ]
0 myy 0 m;

Type 2 my 0 1 0
L0 -m3 0 my |
! 0 0 my; |

0 my o myp 0

Type 3 0 -my my 0
| 703 0 0 1|

P 00 W]P=(0+my)/2

0 0 0 | W= (mp + im3)/2

0 00 0|P=1-P

w* 0 0 P|PP=W'W

K N N K] K=0+m)/4
N* K K N*|N = (my+ims)/4
N* K K N*|K=05-K

K N N K |KK=N*N
E V. -V EJE=0+m)/4
Vi E  -E V|V =(my+imy) /4
-v* -E E -V*|E=05-E
E V -V E |EE=V*V

“denotes the complex conjugate.

different symmetry or no specific symmetry. The symmetric H;
will be indicated as H.
The pure component a,H, can be written:

a,H, =H-aH, (10)
then, if Hg is a type 1 matrix:
ho -l by by gy - W
hio i o s
ho by b3 ’

by - W* by by by -y P

ol = (11)

where /;; are the elements of H. As H; is nondepolarizing, this
matrix should be of rank 1. For a rank 1 matrix, the determi-
nant of any 2 x 2 submatrix must be zero; otherwise, the matrix
would have rank 2 or higher.

Let us consider the following determinants:

hoo = P by hoo-ar P hos - W —

=0,
ho  hu ho b3

0. (12)

From these two equations, it is possible to calculate a; P and
a,W. a,P is calculated from the additional condition P =
W*W /P that warrants that the calculated H;g will also be
a rank 1 matrix. Finally, @; can be determined from the trace
of aiHyg [a; = u(aHig)].

Note that 4, B, and C are always real parameters while G, H,
M, and Y can be complex. * denotes the complex conjugate.

The determinants in Eq. (12) are not the only possible al-
ternatives to calculate the unknown parameters; in fact, there
are many options. For example, P and W can also be calculated
from the following determinants:

hoo-an P by, hoo-aq P bz -y W _

=0,
hZO b22 h20 h23

0. (13)

Interestingly, the unknown parameters cannot be calculated
when central 2 x 2 submatrix of H (i.e., the elements 4,;, 4,5,
b1, and hy,) vanishes. This clearly occurs when H, has the
same symmetry as Hig, i.e., when it has type 1 symmetry,
too. Such an overlap makes the decomposition impossible.
In all the other situations, i.c., when H, is of type 2 or 3,
or a combination between different types, will lead to a non-
vanishing 2 x 2 central submatrix.

A calculation similar to Eq. (11)—(13) can be repeated when
Hjs is assumed to have type 2 or type 3 symmetry. Table 2
summarizes the solutions for all three types. The equations pre-
sented there can be directly used to calculate Hyg from H for a
given symmetry in Hyg.

In Table 2, the symmetries 2 and 3 are split in two different
cases (a and b). Cases labeled as  offer a solution based on the
most outer determinant, i.e.:

/700 h03

DetA =
¢ b b

» (14)

Table 2. Equations That Solve the Two-Term Parallel
Decomposition for H;g Having Type 1, 2, or 3 Symmetry

Symmetry Equations
a P = (hyhoo = hoho1) /11
(IILV = [hrohos = 3 (hoo - a1 P)]/ hro
o P =a, WW*/P
Type 1 alternatively,
a1 P = (hyahoo - hrho2) /22
ay W = [hahoz ~ haz (oo = oy P)]/ g
— }130/703‘/’00%3
oK = /230:/7031;/)23'/700 ot
— Psohor—hoohsi+ai K (h31-hot)
Type 2a o = =
o K =a NN*/K
T — bbby
ok = byt =hy=hy
j— /ﬂl}’orhu/’m+UHK(/70|’/’02)
Type 2b aN = =
o K =a NN*/K
— h?Uh(B _hﬂﬂhii
alE - /]3U+}/03_h33_h00
Type 3a e V*E = hm”nj*/Jno/;’;jrlzz)ff(’lm’hm)
o E=a,VV*]E
T huhn-hahy
ok = oy thathothy
— huhia=hiiho +ay E(hey +hey)
Type 3b oV = It

O E=a,VV*/E

In all cases @; is determined from a; = tr(a;Hyg)
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while cases labeled as & offer a solution based on the central
determinant,

hll }]]2

DetB =
21 /722

. (15)

When dealing with experimental data and to avoid numeri-
cally ill conditions, it is advisable to calculate the unknowns us-
ing determinants that do not lead to divisions by small numbers.
Therefore, we should choose the solution based on the determi-
nant that contains elements with larger values because it is nu-
merically more stable and noise robust. Moreover, in some
particular situations, only one of the two sets of solutions
may be applicable. For example, if H is a combination between
type 1 and type 2, Det B will vanish, and only solutions based on
Det A will work. Likewise, if H is a combination between types 2
and 3, then solutions based on Det A need to be avoided.

Instead of using different sets of solutions, one for every matrix
type, it is also possible to use a unique set if columns and rows
permutations are used to transform the symmetry type. For ex-
ample, a Mueller matrix with type 2 symmetry can be reduced to
a type 1 by permuting the second and third rows and columns,
and one with type 3 symmetry can be reduced to a type 1 by
cyclically permuting the second, third, and fourth rows and col-
umns. This operation is geometrically equivalent to relabeling the
axes of the Poincaré sphere. Thus, after applying these permuta-
tions, the equations corresponding to type 1 symmetry could be
used to study all three matrix types. If this approach is used to
calculate the decomposition, it is then necessary to undo the
permutations to recover the original symmetry type.

5. OTHER SYMMETRIC PURE STATES

The three fundamental symmetries defined in the previous sec-
tion are not the only cases in which a pure state exhibits sym-
metries in its Mueller matrix. The anisotropies corresponding
to symmetry types 1, 2, and 3 can appear combined one with
another, thus generating pure states that are less simple than
those given in Table 1 but still highly symmetric. We identify
these symmetries as types 1-2, 1-3, and 2-3. The type 1-2

Table 3. Three Additional Symmetry Cases for Pure States
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symmetry has no circular anisotropy, the type 1-3 symmetry
has no linear anisotropy along the bisectors of the coordinate
frame and the type 2-3 has no linear anisotropy aligned with
the axes of the reference frame.

Table 3 shows the parameterization of the Mueller matrices
and their equivalent covariance matrices for these three addi-
tional symmetry cases. The two-term parallel decomposition
given in Eq. (1) also has a solution when one of the components
has symmetry type 1-2, 1-3, or 2-3. The only additional re-
quirement is that the other component of the factorization
must include some anisotropy of the missing type. For example,
if one of the components has a known symmetry type 1-2, the
decomposition is solvable as long as the other term has some
circular anisotropy (i.c., of type 3).

The procedure to calculate the terms of decomposition is
analog to the one in the previous section. The elements of
the covariance matrix can be calculated from zeroing the deter-
minant of every 2x2 submatrix of the matrix given by
Eq. (10). The analytic equations that permit the decomposition
for these symmetry cases are summarized in Table 4. All covari-
ance matrix elements not listed in this table can be directly cal-
culated using the additional relations between parameters given
in the last column of Table 3.

6. NUMERICAL EXAMPLE

Consider the two pure states given by the Mueller matrices:

1 0 0 0.1489

M, = 8 -06.93180581 8;?(5)213 8 » (16a)
0.1489 0 0 1
1 0.0544  0.6124 0.2719

Mi= | 065 oonds ostis odce | (169

-0.1196 -0.0768 -0.4519 0.5935
M, has type 3 symmetry, while M, contains all types of

anisotropy and offers no evident symmetry. For this example,

Case Mueller Matrix M Covariance Matrix H”
1 o1 myy M3 A* G G "1 4B = Ge*
T Moy My My 73 G B B H GH* — MB
ype 1-2 Moy My My T3 G* B B H* BC = HE*
Moz -~z —Mh3 33 | M* H H C -
- ml Zm Zoz Zos é‘l* g —g [{‘[{ AB = GG*
01 11 12 13 - .
T}’Pe 1-3 —mgy =My My M3 G* -B B -H* gCH:—]—[]Zf
L 703 73—z 733 | M* H -H C
1 my; Moy M3 é‘l* g [; éq* AB = GG*
_ RO R PR E *
TYpe 2-3 _— Sy oy H* v* C H* iljg_ H’;l_ly*
Moz =Mz M3 M3 A G H A -

“Note that A, B and C are always real parameters while G, H, M and Y can be complex. * denotes the complex conjugate.
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Table 4. Equations That Solve the Two-Term Parallel

Grating : Decomposition for Types 1-2, 1-3, and 2-3
Symmetry Equations
bbby
Beam spot aB = e
Type 1-2 a, G — hoplny=hor o +ay Blhoy ~hoy)

1712

alH — /731/722'/7112732“113(/731'/732)

2221

bbby h
0 0 — 11722-P21 P10
01 4l 0; s alB hithy+hy +hy
02 09| Type 1-3 a G = b1 hro=hiy by +a1 B(hoy +hoy)
03 nthn

h31hya=hy1 hsy-ay B(hsy +h3y)
a H = 1hnhnhs -1 Bs +hy
! oyt

— _hsohys—hoohss
;A = hso+ho3~hs3=hoo

Type 2-3 a G* = hohos~hoos -1 AUno-hs)

0.1 hos=hoo

e

Ri{mA
A
A

0.0

haohos—hoohas -1 A(hyy—h;
P o8 4 a, H* = 2 Qohlif (hy~hy3)
300 400 500 300 400 500 300 400 500 300 400 500 03—P00

Wavelength [nm]

In all cases a; is determined from a; = tr(a;Hys)

Fig. 1. Spectroscopic ellipsometry measurement in the boundary
between a Si wafer and a holographic grating. The light spot was care-
fully placed so that it impinged simultaneously on both materials, as is
shown in the top photo. The angle of incidence was 60°.

we take the weights @) = 0.3 and @, = 0.7 to generate a combined state given by M = a;M,; + a,M,. The covariance matrix
associated with this combined Mueller matrix is

0.4952 0.1789 4 0.0985; 0.0407 4 0.0232; 0.3892 4 0.0161/
H= 0.1789 - 0.0985: 0.0923 0.0315 - 0.0026;  0.1736 - 0.0037: (17)
0.0407 - 0.0232; 0.0315 + 0.0026: 0.0238 0.0355 + 0.0190:
0.3892 - 0.0161; 0.1736 + 0.0037;  0.0355 - 0.0190: 0.3886

In this example, Det A clearly involves larger values than Det B; thus, it is advisable to chose #ype 34 equations of Table 2 to solve
this particular case. However, there is enough numerical precision in this example to use any of the two sets of equations (3a or 3b) to
obtain a;H,g successfully.

In the given numerical example, the parameters are found as follows:

Ea; = 0.1433, (18)
Va, = 0.0289 + 0.01124, (19)
Ea, = 0.0067, (20)
and @, is calculated as @ = tr(a;H,5) = 2(Ea; + Ea;) = 0.3. Finally, we obtain the following covariance matrix:
0.4777 0.0962 + 0.0372; -0.0962 - 0.0372i 0.4777
H — 0.0962 - 0.0372 0.0223 -0.0223 0.0962 - 0.0037: 1)
171 -0.0962 + 0.0372: -0.0223 0.0223 -0.0962 + 0.0372i |’
0.4777 0.0962 + 0.0372; -0.0962 - 0.0372i 0.4777

and H, will be trivially recovered from a,H, = H- a /H,.
In summary, only with the information given by Eq. (17) and the « priori knowledge about type 3 symmetry, we have recovered
the two covariance matrices of the original pure states.

7. EXPERIMENTAL EXAMPLES

To demonstrate the applicability of the decomposition with a real experiment, we have considered two different examples.
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Fig. 2.

Solid lines show the calculated ellipsometric response for the silicon wafer (blue) and the grating (red) from the “mixed” Si-grating mea-

surement. The experimental spectroscopic Mueller matrix measured for Si (circles) and the grating (squares) are also shown for comparison.

A. Combined Measurement of a Silicon Wafer and a
Holographic Grating
Here, we used a holographic reflection grating (1800 lines/mm)
and studied its ellipsometric specular reflection (zeroth order
diffraction) at an angle of incidence of 60°. A silicon wafer
was placed on top of the grating so that the light spot (of
around 2 mm in diameter) impinged simultaneously on the
two different media: silicon and grating. Spectroscopic mea-
surements were created with the homemade Mueller matrix
ellipsometer based on four photoelastic modulators described
in [7]. Figure 1 shows the Mueller matrix measurement of
the combined Si + grating system as the light beam illuminates
a region that includes both materials.

Silicon has a cubic crystal structure, and measurement on a
Si wafer leads to a type 1 Mueller matrix that is typical of el-
lipsometry measurements. With this  priori knowledge, and by
using the decomposition procedure we have described, we will
be able to obtain the polarimetric responses of Si and the gra-
ting from the “mixed” measurement given in Fig. 1. In prin-
ciple, this decomposition will be possible if the grating does not
exhibit a Mueller matrix symmetry that coincides with the one
of Si. The diffraction grating is sensitive to the polarization of
the incoming radiation, and it is well-known that, when the
direction of the grooves is not parallel or perpendicular to
the plane of incidence, the characteristic Mueller matrix of the
grating differs considerably from type 1 symmetry. The accu-
racy and validity of the decomposed data (i.e., the retrieved

Mueller matrices of Si and the grating) is going to be checked
with independent measurements made on silicon and on the
grating at the same orientations that were used for the com-
bined measurement.

The covariance matrices H associated to the experimental
depolarizing Mueller matrices of Fig. 1 should have rank 2,
as we know that the studied optical system consists of two spa-
tially distributed nondepolarizing components. However, in
practice, due to the unavoidable noise and other experimental
nonidealities, it is possible that the other two eigenvalues of H
are small but not strictly zero. To amend this, we imposed the

0.8 T T T T T T

L L L L L L

250 300 350 400

Wavelength [nm]

450 500 550

Fig. 3. Calculated weight of Si (@;) for the combined Si-grating

measurement.
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First film

-

Second

Wavelength [nm]

Fig. 4. Spectroscopic transmission measurement in which a portion
of the beam goes through two superposed polarizing films; the other
portion only goes through one.
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rank 2 condition by Cloude-decomposing the experimental
data and truncating the summation in Eq. (4) to only two
terms, those associated to the two largest eigenvalues. Once
the rank 2 condition is warranted, the equations shown in the
first entry of Table 2 can be used to decompose H into the two
nondepolarizing components corresponding to Si (H;s) and
the grating (H,).

Figure 2 shows the resulting Mueller matrices for the Si wa-
fer and the grating. This figure compares the data calculated
from the combined measurement with the independent mea-
surements made on both materials. The agreement with the
experimental data shows that the decomposition is physically
meaningful because it recovers the true optical response of
the two components. In addition to the data included in
Fig. 2, the decomposition also provides the weights. Figure 3
shows the spectroscopically determined a;. In the UV region of
the spectra, a; takes larger values because silicon has a higher
reflectivity than the grating. In fact, it is possible to distinguish
two peaks at around 275 and 360 nm, which are characteristic
of the reflectance spectra of silicon. However, above 500 nm,
the contribution of the grating is clearly dominant (a; < 0.3),
and, because of its smaller weight, there is slightly more uncer-
tainty in the determination of the polarimetric response of

silicon.
Measurement of superposed films
-0 -0.6
0.12
e Calculated superposed films from
combined measurement 0.06
07 _0'7'\/\_ 0.00
Measurement of the single film W M 7ﬁ —
-0.06
e Calculated single film from -0.12
combined measurement -0.8 08
1.0 1.0 0.6
0.1
05 05 0.3
0.0
00 00 0.0
05 -0.3
-0.5 06 -0.1
-1.0
0.3
05 0.8/, 050N
0.3
0.0 0 0‘
0.0 0.0 .
-05 03 o
05 -0.
1.0 / -0.6
0.8
00 06 06 0.05
-0.3 04
0.3 0.00
06 0:2
0.0 ™ 0.0 -0.05
== 02
400 600 400 600 400 600 400 600
Wavelength [nm]
Fig. 5. Solid lines show the calculated transmission Mueller matrix for the single polarizing film (red) and the superposed films (blue) from the

“mixed” measurement. The experimental Mueller matrices measured for single film (circles) and the superposed films (squares) are also shown for
comparison.
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B. Measurement of a Polarizer Film Partially
Covered by Another Misaligned Polarizing Film

In this example, we studied a randomly oriented polarizing film
that was partially covered by another misaligned polarizing
film, as is shown in the photo in Fig. 4. This second polarizing
film had nonideal characteristics and exhibited some remark-
able retardance below 500 nm. The light spot was placed so
that a portion of the beam transmitted only through the first
polarizing film, while the other portion of the beam transmitted
through the two superposed films. This combined system was
measured in transmission, and we obtained the Mueller matrix
spectra, as shown in Fig. 4.

The effect of a randomly oriented polarizing film is de-
scribed by a type 1-2 Mueller matrix because it has no circular
anisotropy (the change in polarization is the same effect for left-
and right-circular polarization states). The region with the two
superposed and misaligned films does not have any particular
symmetry in the Mueller matrix because it contains all three
types of anisotropy.

The same approach as in the previous example was used: we
independently measured the Mueller matrix of every component
of system and compared these values with the data extracted
from the combined measurement after imposing the rank 2
condition using the Cloude decomposition. Experimental
and calculated results from the combined measurement in
the spectral range from 400 to 600 nm are presented together
in Fig. 5. The agreement between both sets of data shows, here,
t00, that the decomposition is capable of calculating the optical
response of the two components from a single Mueller matrix
measurement.

8. CONCLUSION

We have shown that, for depolarizing polarimetric experiments,
which are a combination of two nondepolarizing states, it is
possible to analytically retrieve the individual polarimetric re-
sponse of each component. The decomposition of the com-
bined state into its pure constituents is possible if one of

Research Article

them agrees to a certain symmetry pattern; no other specific
knowledge about the individual responses is required. We have
reviewed the three basic fundamental symmetries of a nonde-
polarizing system plus three additional symmetry cases that
arise when different types of anisotropy are combined. The ana-
lytic equations that solve the decomposition for each one of
these six cases have been provided so that the Mueller matrices
of the two pure components and their respective weight can be
directly calculated.

We believe that this two-term parallel decomposition can be
useful for the experimentalist dealing with depolarizing systems
because it offers insights about the depolarization mechanisms
and permits obtaining physical information about the constitu-
ents of complex optical media without any modeling effort.
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Nondepolarizing Mueller matrices contain up to seven independent parameters. However, these seven parameters
typically do not appear explicitly among the measured 16 parameters of a Mueller matrix, so that they are not
directly accessible for physical interpretation. This work shows that all the information contained in a nonde-
polarizing Mueller matrix can be conveniently expressed in terms of a four component covariance vector state or a
generating 4 x 4 matrix, which can be understood as a matrix state. The generating matrix, besides being directly
related to the nondepolarizing Mueller matrix, mimics all properties of the Jones matrix and provides a powerful
mathematical tool for formulating all properties of nondepolarizing systems, including the Mueller symmetries

and the anisotropy coefficients.
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1. INTRODUCTION

The 16 real elements of a Mueller matrix describe the transfor-
mation of the polarization of a beam when interacting with
an optical material or system. In absence of depolarization
the Mueller matrix contains only seven independent parameters
[1].

To study the properties of a Mueller matrix M (nondepola-
rizing or depolarizing), it is useful to transform M into a
Hermitian matrix H. This Hermitian matrix is sometimes
called the covariance matrix of M and is defined as

1 3
H= ZOMij(ai ® ), (1)
Lj=!

where M ; are the elements of M, the superscript * indicates
conjugate, ® is the Kronecker product, and o¢; are the
Pauli matrices with the 2 x 2 identity in the following order:

60 = ((1, ?), o = ((1) _01), @
0 1 0 -7
02 = (1 0)’ 03 = (i 0)' @)

Here 4 x 4 matrices 6; ® 0';»‘ form a complete basis for a
given M to H transformation. However, the representation of
H is not unique. Instead of the basis 6; ® 67, we can use

1084-7529/17/010080-07 Journal © 2017 Optical Society of America

the transformed basis U(6; ® 6;‘)U'] , where U is any suitable
unitary transformation.

In this work we will let U = A, and we will use the follow-
ing transformed basis:

_ -1
I, =A(c; ® 6]*)A s (4)
where
1 0 1
1 0 -1
A= s
0 1 1 0
0 7 -i O
1 1 0 O
o1lo 0o 1 -
Al =-AT =— s (5)
210 0 1 i
1 -1 0 0

where the superscript 1 indicates the conjugate transpose. In
terms of the new basis Hij> the covariance matrix H becomes

1 3
H=_ z ML, (6)

i,j=0
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In an explicit matrix form,
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Moy + My, Mo + My Moy + Moy Moz + M3
My + M3, ~i(My3 - M3)) +i(M 3 - M3)) -i(Myy - My,)
Moy + My Moy + My, My + My M3+ M
H— 1| tilMa - Msy) My - M3, +i(Mo3 - M) -i(Mo, - My) @
4 Moy + My My + My, Moo - My, Moz + M3,
-i(My3 - M3,) -i(Moz - M3) +Myy - M3; +i(Myy - M)
Moz + M3 My + My Mys + Mz, Moo - My,
+i(My, - M) +i(M g, - M) -i(Moy - M) My + M3;
This form of H was given by Cloude in 1986 [2]; he referred T
to this matrix as the “coherency” matrix, and, while the matrix a
in Eq. (1) seems to be more popular in the literature, he re- 1h) = Vi (10)
served the name “covariance” matrix. However, posterior au- v

thors have not necessarily kept the same naming distinction.
Here, to avoid confusion, we will refer to any representation
of H as a covariance matrix.

The inverse transformation from H to M is given by

3
o M=> H;l;, (8

i,j=0

M;; = w(TT;H)
where H;; are the elements of the matrix H.

2. COVARIANCE VECTOR OF A
NONDEPOLARIZING MUELLER MATRIX

If and only if the Mueller matrix of the system is nondepola-
rizing, the associated covariance matrix H will be of rank 1. In
this case it is always possible to define a covariance vector |4)
such that

If determined from a Mueller matrix, @, /3, and y will generally
be complex parameters, while 7 can always be chosen as real and
positive because the Mueller matrix does not contain informa-
tion about the global phase.

In terms of the parameters 7, a, f3, y the covariance matrix H
takes its simplest form:

A 7o S 7/ M v
at*  aa* aff* ay*

pr* pat ppT pre

* * *

yotoyat yBt vy

H = [h) (/]

(11)

Any nondepolarizing Mueller matrix can thus be written in

H = |h){hl, 9) terms of 7, @, f, and y as
7t + aa® Tt + ar* o + pr* oyt + yrt
B+ +i(yp* - Pr) | +ilay* -ya*) | +i(fa* - ap*)
Ta* + ar* 7t + aa* af* + pa* ay* + ya*
M — -i(yp* - Pr) PP - +i(zy* - yr*) Fi(pr* - 7f*) (12)

B + pr* ap* + pa* " - aa* Br* + yp*

-ilay* - ya*) -i(zy* - y7*) +pp* - rr” +i(ra” - ar®)
o + et ar* + ya* By + 1B JE—

~i(fa* - af*) -i(p7* - 7f%) -i(ra" - ar”) -pp* +rr*

where the vector |4) is the eigenvector of H corresponding to
the single non-zero cigenvalue of H [3-5]. If My, =1,
Ao = t(H) = 1, and all other eigenvalues being equal to zero,
(hlh)y = 1. In general, if rank (H) = 1, 4y = a(H) = M,
A =, = A3 = 0; hence, if My, > 0, H is positive semide-
finite.

In our preferred basis I1;;, we will parametrize the dimen-
sionless components of |4) as 7, @, f, and y and write

From the diagonal elements of Egs. (7) and (11), we can
write

1
et = 2[Mog + My + My + M3 20, (13)

1
fm’*:Z[M00+M11—M22—M33]ZOJ (14)
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1
ﬂﬁ*:Z[MOO_M11+M22_M33]ZOJ (15)

1
YV*ZZ[MOO—MU—Mzz + M35 2 0. (16)

And we can directly read from these expressions the trace of H:
w(H) = 7% + aa” + " +yy* = My, (17

We note that, although the values of the parameters 7, a, f,
and y depend on the system of basis used in the definition of
the covariance matrix H, the quantities 7%, aa*, pf*, and yy*
are independent of any representation, i.c., they are invariants
of the formalism.

It is also worth noting that the above inequalities are also
true for depolarizing Mueller matrices, which can be written
as a convex sum of nondepolarizing Mueller matrices.
Therefore, these conditions are necessary for a real matrix to
be considered as a Mueller matrix.

Similarly, a Jones matrix also can be parameterized as

J =106, + a6, + fo, +y03, (18)
so that
_(Tt+a p-iy
J_(ﬁ+iy T—a)' (19)

In this parameterization 7 also can be a complex parameter
because the Jones matrix can contain the global phase.

A. Relation to the Anisotropy Coefficients

One particular advantage of the preferred basis defined in

Eq. (4) is that 7, @, §, y can be closely related to the anisotropy

coefficients defined by Arteaga ez al. [6]. It is also possible to

define and classify the Mueller symmetries in terms of the com-

ponents of the covariance vector |/) in a very concise form.
In [6] three anisotropy coefficients were defined:

ay = \/ %KMm + M) + (M3 - M)’ (20)

Pa= \/%[(Moz+M20)2+(M13—M31)2L (21)

Ya= \/%[(Mo% + M30)* + (My; - M)’} (22)
where only the positive signs of the roots are considered and
is given as

z= 3M%0 - (M3, + M%z + M%s)
+2(Mo Mg + MoyM + Moz M)
“2(My3 M3y + My3M31 + M My). (23)
The anisotropy coefficients satisfy the inequality
a+p+ri <L (24)

Equality is satisfied only if the Mueller matrix is
nondepolarizing.
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If the factor X becomes zero, the coefficients a4, 4, and y4
are undefined, and then they cannot be applied to the Mueller
matrices of the form diag(1, e}, 5, €1¢,), €2 = €3 = 1.

The different types of anisotropies defined in [6] lead to
three basic types of symmetry for nondepolarizing systems.

Type 1 symmetry: Linear horizontal anisotropy (o = 1,
Pa=0,74=0):

1 My, 0 0
My, 1 0 0

0 0 My My |
where My, = Mg, My, = Ms3, My = -M3,, and M3+
M3, + M35 = 1.

Type 2 symmetry: Linear 45° anisotropy (a4 = 0, f4 = 1,
74 =0)

M, = (25)

1 0 My O

0 M, 0
M, 0 1

0 Msj 0 Ms;
where My, = Myy, My, = Msz, M3 = -M3,, and M3,+
M3, + M= 1.

Type 3 symmetry: Circular anisotropy (a4 = 0, 4 =0,

ra=1:

M, = (26)

1 0 0 My

0 My My 0

0 My My 0
Ms, 0 0 1

where My3 = Mg, My, = My, My, = -M,,, and M3;+
M3+ M3, =1.

For a nondepolarizing Mueller matrix, we can define the
anisotropy parameters @4, 4, and 74 in terms of the compo-
nents of the covariance vector. In order to do this, we first write
Y in terms of 7, a, f§, and y:

T = 16[z]*lal* + 181 + IrI*) (28)

With this definition of Z, it can be shown that the anisotropy
parameters can be written as follows:

P S . (29a)
A7 N al? + 1817 + I
I
= 29b
b=\ ar T B+ e (290)
l7]?
E ) E 29c
"4 =\ GE P T (29¢)

For depolarizing Mueller matrices, it is not possible to define
the anisotropy parameters in terms of the components of the
covariance vector in a simple way like this. But, for depolarizing
Mueller matrices, a4, 4, and y 4 still are, respectively, propor-
tional to the weighted average of the absolute values of a, 5, and
v associated with the covariance vectors that represent a depo-
larizing system.

M, = (27)
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B. Covariance Vector and Mueller Matrix Symmetries

Different forms of the covariance vector translate in different
symmetries of the Mueller matrix. There are four main situa-
tions or classes that depend on the number of vanishing
component(s) of the covariance vector.

Class 1. Only one of the parameters 7, @, f3, y is non-zero.
There are four possibilities in this class. For a normalized
Mueller matrix, the vector generators are as follows:

generator, |h) = (1,0,0,0) T
generator, |h) = (0,1,0,0) T
generatory |h) = (0,0,1,0)7,

Y =(0,0,0,1)7.

(30)
generator, |/

These covariance vectors generate a Mueller symmetry
that corresponds to a diagonal matrix of the form
diag(1, ey, e, €¢5), where e% = e% =1, i.e., all the possible
diagonal nondepolarizing Mueller matrices. This includes
the cases of a half-wave plate, a mirror reflection, and the
identity.

Class 2. Only two of the parameters 7, a, f§, y are non-zero.
There are six different possibilities in this class, which are given
by the following vector generators:

generator,, |h) = (7,2, 0,0) T,
generator |h) = (7,0, 8 0)7,
generator,,  |h) = (7,0,0,7) T 31)
generator |h) = (0,0, 3,0)7,
generaror,, 1) = (0,,0,7)7,

lh) = (0,0,8,1)".

The generating vectors labeled as generator,,, generator g,
and generator,, lead to the symmetries labeled type-1, type-
2, and type-3 in [7], respectively. The vectors generator,,
generator,,, and generatory, correspond, respectively, to a
type-3 matrix multiplied by diag(1, 1, -1, -1), a type-2 matrix
multiplied by diag(1, -1, -1, 1), and a type-1 matrix multiplied
by diag(1, -1, 1, -1).

Class 3. One of the parameters 7, a, f3, ¥ is zero. There are
four possible generators in this class:

gcneratorﬂy

generator,;, 15 = (0,0 p7)7,
generator g, 1h) = (7,0,8,7) T 32)
generator,,, |h) = (7, ,0,7)7,
generator,,; |h) = (z, 2 3, 0)7,

where generator,,, generator,,,, and generator,,,; are, respec-
tively, generating the symmetries labeled type-23, type-13, and
type-12 in [7], while generator,;, generates either a type-23
symmetry multiplied by diag(1, 1, -1, -1) or a type-12 sym-
metry multdplied by diag(1, -1, -1, 1) or a type-13 symmetry
multiplied by diag(1, -1, 1, -1).

Class 4. None of the parameters 7, @, f, or y vanish. This
class does not generate any particular symmetry in the Mueller
matrix.

The covariance vectors listed above can be alternatively clas-
sified according to the parameter 7: symmetries with 7 = 0, and
the symmetries with 7 # 0. When 7 = 0 the resulting nonde-
polarizing matrices have some particular properties, as, for ex-
ample, these matrices do not have a real logarithm, and they
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cannot be decomposed with the differential decomposition
(8], although they can be still correctly treated with the analytic
method [9].

3. GENERATING MATRIX FOR
NONDEPOLARIZING OPTICAL MEDIA

A nondepolarizing optical media can either be described by a
covariance vector or by a Jones matrix. Here we introduce one
more mathematical object (Z) in matrix form, which is closely
related to the Mueller matrix:

T a f y
| T -y ip
Z= p iy v -ial (33)
y -if ia T
By direct matrix multiplication, it can be shown that the
Mueller matrix of any nondepolarizing optical media can be
written as

M=2727" =71 (34)

Formally, Z and Z* can be defined in terms of the Jones
matrix:

Z=AJ®DA', Z'=A0®J)A", (35

where T is the 2 x2 identity. With these definitions it is
straightforward to prove Eq. (34). It is also possible to show
that Z matrices mimic all properties of Jones matrices. For ex-
ample, if we consider a sequential product of Jones matrices

J=JN'JN,1---J2'J1; (36)
then the definition of Z in terms of J, Eq. (35), leads to the

following sequential combination:
7= ZN'ZNfl"'ZZ 'Zl' (37)
By direct matrix multiplication it can be shown that all Z;
and Z;‘ matrices commute; then it is a simple exercise to find

the associated expression for the sequential product of nonde-
polarizing Mueller matrices:

M = (ZyZy.,... 2,725 T . T5TY)
= (INLY) Ly Ly ). (L1 (2, 1Y)
= MN . MN—I"‘MZ . Ml' (38)

A. Differential Treatment: Z Matrix as a Matrix
Exponential

The differential analysis of the Z matrix can be treated analo-
gously to the Jones matrix [10] or to the Mueller matrix. The
equation
dZ.
dl
introduces the differential matrix z, which relates the Z matrix
of a homogeneous anisotropic medium to its spatial derivative
along the direction of propagation of light (/).
This differential equation has a solution of the form Z = ¢*
and, as Z = A(J ® DA"!, we can rely on the Jones matrix
exponential [11] to find the differential Z matrix:

Z=AJ®DA,=A(N QDA = (ANSAD " (40)

27 (39)
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where IV is the differential Jones matrix, which is given by [12]

_ i xy+L L +iC
N__21<L’—z'C z-L ) @1
where y=n-ix, L=LB-iLD, L =L1B -iLD/

C = CB - iCD. Here we have introduced the spectroscopic
parameters [12], which are defined as follows: isotropic phase
retardation (), isotropic amplitude absorption (k), circular di-
chroism (CD), circular birefringence (CB), horizontal and 45°
linear dichorism (LD and LD’), and horizontal and 45° linear
birefringence (LB and LB’). Their relationship with 7, @, f, and

y is

i T o iL (T
T =¢72 cos (E) a=-¢ - sin (E)’ (42)

y il T yiC T
p= —5’717 sin (E) y = 6’717 sin <E)’ (43)

where 7 = V/I[* + L"? + C°.

As
z=(AN®DA")/ (44)
this differential Z can be written as
X L L -C
il Ly iC il
2| L' -iC y -iL
-C -il' il y

(45)

Because z commutes with the complex conjugate of itself
(z*), the exponential form of Z leads immediately to the
exponential form of a nondepolarizing Mueller matrix:

M = 27" = Z*Z = é*e* = t%) =, (46)
where

x -LD -LD' CD
ID -« CB LB

—_ L

L=z+2=1 1p 8 & s| ©)

CD -1B’ 1B -K

One advantageous aspect of z and Z matrices is that, sim-
ilarly to Jones matrices, they can include the global phase (rep-
resented by 7 in the spectroscopic notation). This global phase
information is not allowed in M or L (only « survives). In a
subsequent paper, we will show that this is useful in some
calculations.

B. Inverse of the Z Matrix
We first calculate the determinant of Z:
det(Z) = [t*-> - -y > 0. (48)

Equality is satisfied for pure polarizers. If det(Z) is non-zero
there exists an inverse matrix Z! such that

777 =172 =1, (49)
where 1; is the 4 x 4 identity.

We also calculate the explicit form of the Z™! matrix by
following the usual matrix inversion procedure:
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toa

7 — L tea iy -

Pl -p-p | -y T ia

-y i -ia T

As it can be seen from Eq. (50), in order to obtain 771, itis

not necessary to follow the tedious matrix inversion procedure,

it is enough to reverse the signs of a, f, and 7, apart from the

factor 1/(z% - a® - * - y*). Once we get Z7', it is straightfor-
ward to write the inverse of the associated Mueller matrix:

M = Z-N(Z) = (Z)*Z. (51)

(50)

C. Hermitian Z Matrix

From the explicit form of the matrix Z, it can be directly ob-
served that, if and only if the parameters 7, @, 3, y are real, Z is
Hermitian and the associated nondepolarizing Mueller matrix
is also Hermitian. And because M is real, a Hermitian M is
symmetric. In this case the Mueller matrix takes the following
simple form:

M, =2,Z; =Z7;Z, (52)

My 2ta 21 21y

_ | 2ta My 20 2ay
W=l 2 20p an 2p |

2ty 2ay 20y Mg

where the subscript 4 stands for Hermitian and
My =7 +a>+p +7°,
My =2 +d-f -7
My =7 -+ -1
My =7 -a* - B>+ 72
This Mueller matrix is equivalent to the general diattenua-
tion matrix My, given in [12].
D. Unitary Z Matrix
For Z to be unitary, by definition,
77 =777 =1,, hence Z7' = Z. (54)

If we choose 7 to be real, this can be true if and only if @, f, and
y are pure imaginary numbers. In this case, the term (7% - @ -
S = ¥?) becomes equal to tr(H). If the Mueller matrix is nor-
malized tr(H) = M, = 1, then the inverse (or the Hermitian
adjoint) of a unitary Z matrix can be obtained by simply
inverting the signs of the three parameters @, f, and y.

If we let @ = iat, p = iff, y = i7 (@ B, 7 are pure real num-
bers), we can write a nondepolarizing unitary Mueller matrix
(and because M is real, a unitary M is orthogonal) as

M, =212, =7Z]Z, (55)
My, 0 0 0
M| 0 M, 2af+27r  2ay-2pr
» 1 0 2ap-2yr M,, 2B7 +2ar
0 2ay+2pr 2B7-2ar Ms,

(56)
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where the subscript # stands for unitary and
Mo =7+ + B +7,
M, =2 +&-P -7
My =7 - + -7
Myy =72 - - > + 72

This Mueller matrix is equivalent to the general retarder
Mueller matrix My, given in [12].

E. Polar Decomposition of Z Matrix

Any complex matrix Z can be written as a product of Hermitian
and unitary matrices:

Z=2,7,007 =117, (57)

where Z), and Z,; are Hermitian matrices associated with the
amplitude anisotropy and Z,, is a unitary matrix associated with
the phase anisotropy. Because of the noncomutativity of
Hermitian and unitary parts, Z, and Z) are not identical,
and they are related to each other through the following rela-
tions:

7,=17'7,7, and Z,=Z2Z,ZF.  (58)

In the following we follow the other route. We assume that
Z,, and Z,, matrices are given, and we write the two alternative

ways of multiplying them:
72-=7,7, 17 =171, (59)

It can be shown that Z and Z’ lead to the polar decompo-
sitions of the associated Mueller matrices

(2,2.)(2,2,)" = (2,1.)(Z}Z7)
= (Z,L;)(Z,L;) =MM, =M, (60)

(2,2,)(Z,2,)" = (Z,1,)(Z;Z})
=(2,L;)(Z,Z;) =MM, =M’, (61)
where we use the following commutation relations:

77 =77, LZ:=177, (62)

4. NUMERICAL EXAMPLE

We can illustrate the calculation of the covariance vector |/)
and the matrix Z with the following Mueller matrix:

30 8 4 12
118 26 8 0
M= 30|12 0 12 26| (63)

4 8 -22 12

M is nondepolarizing because it satisfies the trace condition
tr(M"M) = 4M32, [13,14]. The corresponding covariance
matrix, given in Eq. (6), is

20 4-12i 4-2i 4-2i

1| 44126 8 242 242§
H_3—0 442i 2-2i 1 1 (64)
442i 2-2i 1 1
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It can be shown that rank(H) = 1 and tr(H) = 1; hence, the
covariance vector |h), i.e., the normalized eigenvector
corresponding to the nonzero eigenvalue, is

T 20
e v [ 4412
=g = Taool 4+2 | (65)
y 4+2i

With these values of the parameters, 7, @, 3, and 7, we can find
the anisotropy parameters defined by Arteaga ez al. [6]:

g = V0, Pa= Vo.1, Y4 = Vo.1. (66)

Because M is nondepolarizing a% + % + y4 = 1, and because
the |4) vector is normalized,

400 + 160 + 20 +20

2 2 2 2 L
(e + laf + B2 + 1y ot
(67)
The corresponding Z matrix is
20 4412 442 4+ 2i
1 44120 20 2-4i -2+ 4i
T V600 | 4+2i 2+4i 20 12 - 4i
442i  2-4i -1244i 20
(68)
By direct matrix muldplication it can be shown

that ZZ* = Z*Z = M.

5. CONCLUSIONS

In this work, we have shown how the information contained in
nondepolarizing Mueller matrices can be expressed in terms of a
covariance vector or a generating 4 x 4 matrix. These two rep-
resentations have in common that they are built around three
complex parameters (a, f3, y), which are unequivocally linked to
different forms of anisotropy and one additional parameter of
isotropy, 7, that is real if it is calculated from a Mueller matrix.
This representation is closely related to the coefficients of
anisotropy, which were identified with geometric arguments
in a previous paper, and provides a systematic classification
of all possible Mueller matrix symmetries.

The 4 x 4 Z matrix is a mathematical entity, intimately re-
lated to a nondepolarizing Mueller matrix, which preserves
many of its properties, and, with the advantage, it can deal with
a global phase. It acts as a matrix state generator for pure (i.c.,
nondepolarizing) Mueller matrices, much like |4) is the vector
state of a rank 1 H. In a subsequent paper, we will detail how
these mathematical tools turn out to be useful for the polari-
metric description of coherent or incoherent superposition
processes.

Funding. Ministerio de Economia y Competitividad

(MINECO) (CTQ2013-47401-C2-1-P, FIS2012-38244-
C02-02).
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The fluctuations or disordered motion of the electromagnetic fields are described by statistical properties rather
than instantaneous values. This statistical description of the optical fields is underlying in the Stokes-Mueller
formalism that applies to measurable intensities. However, the fundamental concept of optical coherence, which
is assessed by the ability of waves to interfere, is not treatable by this formalism because it omits the global
phase. In this work we show that using an analogy between deterministic matrix states associated with optical
media and quantum mechanical wave functions, it is possible to construct a general formalism that accounts
for the additional terms resulting from the coherency effects that average out for incoherent treatments. This
method generalizes further the concept of coherent superposition to describe how deterministic states of optical
media can superpose to generate another deterministic media state. Our formalism is used to study the combined
polarimetric response of interfering plasmonic nanoantennas.

DOI: 10.1103/PhysRevA.95.063819

I. INTRODUCTION

In optics, interference is the phenomena that occurs when
two coherent waves superpose. The celebrated example is
the Young’s double slit experiment with a beam of light, but
coherence and interference are not restricted to photons. Any
moving particle is susceptible to interference with another if
they keep a well-defined and constant phase relation, as it
can occur for example between two oscillating dipoles [1]. In
optics this is one of the most fundamental interactions. When
a material medium is irradiated by an electromagnetic wave,
molecular electric charges are set in oscillatory motion by the
electric field of the wave, producing secondary radiation in a
form of refracted, reflected, diffracted, or scattered light with
certain polarization attributes.

Polarized light was the only quantum phenomenon that
was understood quantitatively before the birth of quantum
mechanics in 1900. Many mathematical tools of quantum
mechanics appear in the classical description of a polarized
electromagnetic wave and, for example, Malus’s law, which
was postulated in 1809, is also obeyed at the single-photon
level and allows a quantum mechanical interpretation in terms
of probability amplitudes [2]. In quantum mechanics, the
observable values are the eigenvalues of Hermitian operators
associated with the observable quantity. The observable cor-
responding to the optical phenomena occurring in light-matter
interactions is the 4 x4 scattering matrix with 16 real elements
also known as the Mueller matrix that describes the linear
transformation of the Stokes parameters of a light beam upon
interaction with a linear medium.

In this work, we first demonstrate how alternative repre-
sentations of nondepolarizing (deterministic) optical systems
that were recently presented [3] can be used to make the
analogy between the Mueller-Jones states of optical systems
and the quantum mechanical wave function. We also show
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that quantum coherence in material media can be represented
by a coherent linear superposition of matrix (or vector) states
associated with nondepolarizing Mueller matrices. This linear
combination is generally understood as a sum of Jones matrices
of nondepolarizing component systems [4,5]. But here, instead
of Jones matrices, we propose a linear combination of matrix
(or vector) states with complex coefficients that play the role
of probability amplitudes of quantum mechanics.

Even though the relationship between polarization optics
and quantum mechanics has been studied by several previous
authors [6-9], these works are mainly focused on the descrip-
tion of the polarization states of a light wave, and they do
not consider light-matter interactions through material media
states. Ossikovski et al. [10] recently presented a treatment
of spatial coherency in polarimetry and ellipsometry with
Mueller matrices, albeit their formulation is fully based on
classical electromagnetic tools. In general, available theories
about coherence and polarization [11-13] require a direct
consideration of electromagnetic fields. Nevertheless, our
formalism is entirely based on the description of material
media with Mueller-Jones states, and it provides a complete
analogy between the phenomenological Stokes-Mueller for-
malism describing the interaction of light with a material
medium and quantum mechanics.

The overall effect of the interaction of light with a
deterministic, i.e., nondepolarizing, medium or optical system
can be described by a 2x2 complex matrix J, referred to as
the Jones matrix [14]. The 4x4 real matrix for transforming
the Stokes vectors is the Mueller matrix M that is directly
connected with the experimental work in polarization optics. If
the medium is deterministic then the associated Mueller matrix
(also known as the Mueller-Jones matrix) can be analytically
obtained from the Jones matrix [15]. As opposed to the Jones
matrix, a Mueller matrix does not contain information about
the overall phase change introduced by a material medium,
because it is not an observable.

Sometimes it is convenient to study the properties of a
general Mueller matrix M (nondepolarizing or depolarizing)

©2017 American Physical Society



3.3 Formalism of optical coherence and polarization based on material media states

47

KUNTMAN, KUNTMAN, SANCHO-PARRAMON, AND ARTEAGA

by transforming M into a Hermitian matrix H which is called
the covariance matrix [16]." If and only if the Mueller matrix
of the system is nondepolarizing, the associated covariance
matrix will be of rank 1. In this case, it is always possible to
define a covariance vector |/) such that

H = |h)(h], M

where the vector |h) is the eigenvector of H corresponding to
the single nonzero eigenvalue [17-19].

As its mathematical form suggests, H = |h) (k| is an analog
of the pure state of quantum mechanics expressed in the density
matrix form, where the covariance vector |A) plays the role of
a quantum mechanical state vector |W). In a suitable basis
that we defined in a previous work [3], the dimensionless
components of |A) are 7, «, B, and y:

h) = (r.a,8,7) @)

where o, f, y are complex parameters and T can be chosen
to be real because the global phase is not an experimental
observable.

A deterministic state can be alternatively given by a Jones
matrix J, a Mueller-Jones matrix M, covariance vector |h),
or a 4x4 complex matrix Z defined as [3]?

T o B y
N K T —iy ip
= B iy T —ia |’ 3
y —if i« T
This matrix has a remarkable property [3]:
M, =27 =7"Z, “4)

where M is a Mueller-Jones matrix.

Here, the analogy between the Z matrix and a quantum
mechanical wave function, usually denoted as v, is evident.
The Z matrix is a complex matrix state that, when multiplied
with its complex conjugate, gives a real valued Mueller-
Jones matrix with elements that are observable quantities in
experimental polarization optics. In the following, Z matrices
will be referred to as Mueller-Jones states, and we will show
that it is also possible to think of a linear superposition of Z
matrices in a way very similar to the superposition of quantum
mechanical wave functions.

II. COHERENT SUPERPOSITION
OF POLARIZATION STATES

The coherent superposition of polarization states of light
can be introduced with Young’s double slit experiment. The
wave function of the combined beam can be written as a linear
superposition of wave functions of light emerging from each
slit:

¥ =ava + bs. 5

"Note we call this covariance matrix H while other authors use C.
Our notation is defined in detail in [3].

2This matrix was also defined in the Ph.D. thesis of R. Chipman
(University of Arizona, 1987) with the name of “polarization coupling
matrix,” but its properties were not studied.

PHYSICAL REVIEW A 95, 063819 (2017)

The phenomenon of interference of light comes into play if
¥; are, in all respects, identical to each other except relative
phases. For example, if ¥, = e®v, (0 < ¢ < 27), and if we
leta=»b= iz then the probability distribution function at a
given detection point displays a typical cos ¢ dependence:

VYT = VP4 e )1+ e
Vag(1+ cos @). (6)

If we consider an extended detector, the probability density at
the detector will vary accordingly with the cosine term as a
function of position, because the optical path (and therefore
the value of ¢) changes with the detection point. On the other
hand, if we set a vertical and a horizontal polarizer before
each slit, there will be no sign of interference at all. Thus, it
is worth remarking that the lack of visibility of interference
fringes does not necessarily indicate absence of coherence.

A. Superposition of Z matrices

A superposition of optical media states may take place
during a light-matter interaction experiment. When a light
beam simultaneously illuminates different parts of the material
medium, each part having different optical properties, the
light emerging from different parts, in general with different
polarizations, may coherently recombine into a single beam.
If the studied material medium is composed of several
nondepolarizing (deterministic) systems, each system with
a well-defined Jones matrix, then the Jones matrix of the
combined system is simply given by a linear combination of
the Jones matrices of the component systems [4,5,20]:

J=YJ. ©)

For the analogies with quantum mechanics that we are tracing
in this work it is more practical to rewrite Eq. (7) with
normalized Jones component matrices, so that each term of
the superposition is preceded by a complex coefficient that
accounts for the relative amplitude and phase:

J=al, +b)y +clc+---, 3

and satisfies the normalization condition |a|> + |b]? + |c|® +
--- = 1. By means of definition Z = AI ® J)A~! (where A is
a constant unitary matrix [3]), this coherent linear combination
can be directly translated to the Z matrix states with the same
complex coefficients:

Z=al,+bly,+cl .+ ---. )

Complex coefficients a,b,c, ..., here play the role of prob-
ability amplitudes of quantum mechanics. Obviously, this
is a coherent summation and the resultant matrix state Z
corresponds to the nondepolarizing Mueller matrix of the
combined system. The complex coefficients can generally be
functions of space, time, and frequency. These dependencies
can entail depolarization effects if the measurement system
cannot resolve these variations, as will be discussed later.
Without loss of generality we may restrict our presentation
to a two-term coherent parallel combination. It can be shown
that Eqgs. (8) and (9) lead to the same Mueller-Jones matrix of
the combined nondepolarizing system, M ;. For instance, from
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Eq. (9), M; can be written in terms of Z matrices as follows:
M, =27" = aa*Z,Z;+bb*LyZ;+ab*Z,Z}, + ba*Z,Z;.
(10)

In this expansion, Z,Z} and Z,Z; are the Mueller-Jones
matrices of the nondepolarizing component systems, whereas
7,7} and Z,Z, are the matrices resulting from coherence that
cannot be interpreted as Mueller matrices in the usual sense.
The combined term ab*Z,Z; + ba*Z,Z;, turns out to be a
real matrix; but it still is not a Mueller matrix. The result
provided by means of Eq. (8) is mathematically equivalent
to Eq. (10) under the transformation A(J,, ® J; YAl =127, V0
[3]. Besides rendering the mathematics compact and simple,
the advantage of the Z matrix approach is that, in contrast to
Jones formalism, it also permits treating incoherent or partially
coherent processes by, respectively, truncating or attenuating
the coherence terms Z,Z;; and Z,Z;.

B. Superposition of |k) states

The Jones and the Z matrix approaches are equivalent de-
scriptions for a coherent parallel combination of deterministic
systems. However, sometimes it may be convenient to work
with vectors rather than matrices, and to formulate the coherent
parallel combination process in terms of the covariance vectors
of the associated systems:

|h) = alhq) + blhp) + clhe) 4+ -+, (1)

where |a|> + |b|> + |c|> +--- =1 and the complex vectors
|h;) are defined in Eq. (2).

For a two-term coherent parallel combination, the covari-
ance matrix H of the combined system can be written as

H = [h)(h]|
= aa”|ha)(ha| + bb*|hp) (he| + ab®|ha)(hol
+ba*|hy)(hal., 12)

where |h,)(h,| and |h,)(h,| are the covariance matrices
corresponding to the Mueller-Jones matrices of the nonde-
polarizing component systems; |hy)({h,| and |h;)(h,| are the
mixed coherence terms which cannot be related to the usual
Mueller matrices. The covariance matrix H leads directly to
the Mueller-Jones matrix of the combined system.

In quantum mechanics, any state vector (pure state) can be
written as a linear combination of basis states (pure states)
which are, in general, a complete set of eigenvectors of a
Hermitian operator that corresponds to an observable quantity:

N
W) =" ailv):, (13)

i=1

where a; are complex numbers (amplitudes) and |y); are the
eigenvectors of a Hermitian operator that constitute a complete
set of basis system. The covariance vector |/) is the analog of
the quantum mechanical state vector | W), and it is also possible
to decompose a given vector |h) with respect to a complete
basis set of component systems. We simply apply the ordinary
vector decomposition procedure:

|h) = ai|h1) + azlha) + aslhs) + aslhs), (14)
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where a; are complex coefficients and |h;) constitute a
complete set of basis vectors. The vectorial decomposition of
|h) is not unique: for a given | /) there may exist infinitely many
decompositions with respect to different sets of complete basis.
Basis vectors |h;) can define an orthogonal or nonorthogonal
basis. For example, if |4) and |k, ) correspond, respectively, to
orthonormal covariance vectors of a linear horizontal polarizer
and a linear vertical polarizer, then the following expansion of
|) will correspond to a horizontal quarter-wave-plate state:

1+

k) 2

L
Ihy) +T’ Iha). (15)

The algebra of Mueller-Jones formalism admits a super-
position of |h) states as given in Eq. (14). Therefore, at least
mathematically, we can consider an ideal quarter-wave-plate
state as a coherent linear combination of two orthogonal linear
polarizer states. In practice, this means that it is possible
to combine two orthogonal polarizers coherently with the
associated complex coefficients as given in Eq. (15) to obtain
an “artificial” quarter wave plate that effectively responds to
the incident light just like a genuine one (e.g., a crystal plate).
In fact, this is intimately related to the common model for
an optical linear retarder which resolves a light wave into
two orthogonal linear polarization components and produces
a phase shift between them.

In general, we can use a nonorthogonal basis to decompose
a given covariance vector |h). However, decomposition with
respect to a nonorthogonal basis is more involved: we have to
take into account covariant and contravariant types of vectors
and expansion coefficients. As an example, the covariance
vector of an ideal partial polarizer can be decomposed into
nonorthogonal basis states, one of them being the direct beam
state which corresponds to the identity Mueller matrix, and the
other component being a horizontal linear polarizer state, with
suitable coefficients.

III. PARTIAL COHERENCE AND DEPOLARIZATION

In a real experiment, the measuring apparatus may be
unable to resolve the fluctuations in the phases of the
electromagnetic fields arising during the interaction of the light
beam with a sample, then the measured scattering matrix of
the combined system turns out to be a depolarizing Mueller
matrix that can be considered as a mixture of nondepolarizing
Mueller-Jones matrices. Kim et al. [21] consider an ensemble
average of Jones matrix realizations in order to explain de-
polarization. Gil gives a more detailed depolarization scheme
based on an incoherent convex sum of Mueller-Jones matrices
[4]: if we let I® be the intensity of the portion of light that
interacts with the i element, and denote J©, M(Ji> the respective
Jones and Mueller-Jones matrices representing the i element,
the Jones vector € of the light pencil emerging from each
element will be given by

¢ =JVL/piel, 16)

where p; = IV/I, I being the total intensity. The correspond-
ing Stokes vector s’ of the complete emerging beam, obtained
through the incoherent superposition of the beams emerging
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from the different elements slf , can be written as

s=Y = <Z piM(ji)>s = Ms, a7
i i

where M is the depolarizing Mueller matrix of the incoherently
combined system.

In this result the system is considered as an ensemble,
so that each realization i characterized by a well-defined
Mueller-Jones matrix Mf,'), occurs with probability p;; hence,
the optical system can be considered as a proper mixture
of Muller-Jones realizations at the outset. However, even
when the fluctuations in phases in each of the elements
take place, instantaneous realizations are still deterministic.
In other words, at a given time, space, and frequency all
phases can be considered as constants, therefore the linear
superposition is instantaneously coherent and the Mueller
matrix of the combined optical system is instantaneously
nondepolarizing (here the adverb instantaneously does not
only imply a temporal meaning). Only when we begin to
take into account the statistical averages (time average, spatial
average, and/or frequency average), coherence terms will be
washed out and the result will be depolarizing. For example,
consider a simple case where the Z matrix of the combined
system is formed by a linear combination of Z matrices of two
subsystems at a given instant:

1 7+ e'? 7
==Ly + —=1p,
V2 V2
where Z,, Z;, are the matrix states of the subsystems, and ¢ is

a constant phase angle. The nondepolarizing Mueller matrix
corresponding to Z will be

M= v it iz Tz (9
J = ) a 2 b 2 adtip ) by,
where Z,Z;; and Z}Z,, are the coherence terms.
Now consider another instance:

Z (18)

- 'z %y (20)
=—7,— —17,.
NG
In this case there is an additional phase, ¢’™ = —1. Then the
nondepolarizing Mueller matrix corresponding to Z’ is
1 1 e o el
M;=-M,+-M, - —Z,Z; — —7,7. 21
1= Mt M = by = e b
In the arithmetic mean of M; and M’
Maverage = %Ma + %Mb: (22)

the coherence terms are totally truncated, and the result is a
depolarizing Mueller matrix which turns out to be a convex
sum of nondepolarizing Mueller matrices of the component
systems.

The matrices M and M are the instantaneous (in the sense of
constant phase) realizations of the measurement process. Now
consider a continuum of similar instantaneous realizations
and assume that the phase relations between the component
systems change very rapidly during the exposure time 7. For
example, let the phase angle ¢ be a function of time so that
the orientation of unit vector ¢’ randomly fluctuates with a
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vanishing integral fOT e'? dt, then, due to the temporal average
of the instantaneous realizations, the coherence terms will be
truncated in the case of incoherence or attenuated in the case of
partial coherence and depolarization effects will appear. Here
we have discussed temporal averaging in these two limiting
cases, but similar results would be obtained for spatial and
frequency averaging.

In general, when the phases of the complex coefficients
of a system with two components fluctuate we may replace
Eq. (10) by

M = |a*Z,Z} + |bI*ZyZ;; + (ab*) 2,2 + (ba™)ZyZ:, (23)

where the brackets (...) denote averaging over space, time, or
frequency. Clearly, the degree of coherence is then controlled
by the terms (ab*) and (ba*). In the case of total coherence,
(ab*y = ab* and (ba*) = ba*, and there will be no depolar-
ization [the Mueller matrix will be given by Eq. (10)], while
for total incoherence (ab*) = (ba*) = 0. In between these two
limiting cases there will be partial coherence. It is therefore
possible to quantify the degree of coherence with the following
parameter:

(ab*)(ba*)
R A PETE @9

where p takes values between O (total incoherence) and 1 (total
coherence). Note that p is similar but not exactly equal to the
Coherence Index proposed in [10].

Interference. Consider now the development of an interfer-
ence pattern on the screen of Young’s double slit experiment,
photon by photon. The arrival of each photon at a point detector
is an instantaneous realization of the superposed probability
waves. But, if the coherency of light cannot be preserved in a
long period of time, the interference pattern will be washed out,
in spite of the fact that the instantaneous detection of a single
photon still obeys the well-defined superposition principle of
quantum mechanics.

We may observe interference effects in the overall detected
intensity if in Eq. (18) Z, = Z;:

Lt Sz = Lza400. 09)

ﬁ a \/E a 5 a .

This is an analog of Young’s double slit with two equivalent
component systems with a relative phase between them. The
corresponding Mueller-Jones matrix is

Z

M, =Z,Z;(1 + cos ¢) = M,(1 + cos ¢), (26)

where M, is the nondepolarizing Mueller matrix (Mueller-
Jones matrix) of the equivalent component systems. Note that
Eq. (26) is an analog of Eq. (6), but here the interference
is given in terms of Mueller-Jones matrices associated with
optical media.

Interference effects can only be observed if the value of
¢ can be preserved during the measurement. If ¢ varies
drastically, on the average, the cos ¢ term will tend to vanish
but the Mueller-Jones matrix of the combined system will be
still equal to M,. For depolarization effects, uncontrollable
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random fluctuations in the phases are not enough: at least two
systems with distinct states should be combined in parallel.

IV. EXAMPLE: COHERENT EFFECTS
BETWEEN DIPOLES

Superposition of distinct states can be illustrated by small
(much smaller than the wavelength of light) spherical particles
with isotropic polarizability that can be put in oscillatory
motion when they are placed in a periodic electric field,
producing secondary radiation. If, in an oriented material
medium, dipoles are constrained to vibrate only along a certain
direction, the forward-scattering matrix of the dipole coincides
with the Mueller matrix of a linear polarizer. Therefore, for
vertical and horizontal dipoles we have, respectively,

1 -1 0 O
-1 1 0 0
Mv=1o0 o o of
0 0 0 O
1 1 0 O
1 1 0 0
Ma=10 0 0 o @n
0 0 0 O
The corresponding Zy and Zy Matrices are
1 -1 0 0
T — -1 1 0 0
vV L210 o0 1 i)
0 0 —i 1
1 1.0 0
{1 1 0 0
In = 2l 0 1 —i (28)
0o 0 i 1

The superposed state is given by Z = ayZy + ayZy. If the
two particles are identical and with the same complex weights
ay and ay (ay = ay = a), the coherent superposed state will
be given by

Mo = a|X(ZyZY + ZuZly + Ty LYy + ZyZy) = 2]al™],
(29)

where I is the 4 x4 identity matrix, meaning that the coherent
superposed system is able to maintain the polarization state
of any incoming beam. In fact, this is a general result
when superposing Z matrices that correspond to orthogonal
directions of anisotropy. For example, the same identity matrix
is recovered when superposing left- and right-handed circular
polarizers. As discussed earlier, equivalent results for coherent
superposition are also obtained by the summation of Jones
matrices shown in Eq. (7), but that approach cannot describe
the incoherent or partially coherent cases discussed below.

If ay and ay have the same amplitude (lay| = |ay| = |al)
but different and fluctuating phases the coherence terms may
average to zero and an incoherent superposition will be
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FIG. 1. (a) Surface charge distributions (positive charges in red
and negatives in blue) for the long and short nanoantennas at the
indicated wavelengths. (b) Calculated extinction and scattering cross
sections for the two types of nanoantennas. Due to the different aspect
ratio, the resonances occur at different wavelengths. (c) Normalized
Mueller matrix for each structure when the long axis is oriented
along y.

obtained:
1 0 0 O
" * 01 0 O
Mivcan = lal*(ZvZy +ZnZi) =2lal*| o o o o
0 0 0 O
(30)

Note that regardless of the characteristics of the component
particles, Miycon Will only be affected by the amplitudes
of ay and ay but not by their phases. Any intermediate
situation between the limiting cases of Egs. (29) and (30)
can be represented by Eq. (23) and will correspond to partial
coherence.

The case of plasmonic nanoantennas. The coherent super-
position of dipoles can be well illustrated for visible or near-IR
light by analyzing the optical response of thin strips of gold
with the nanoantenna geometry shown in Fig. 1(a). These
metallic rectangular structures have a width and thickness of
50 nm and a length of 500 nm (for the long nanoantenna)
and 250 nm (for the short nanoantenna). The electromagnetic
response of such antenna-like particles is calculated using
the boundary element method (BEM) [22,23]. We used the
MATLAB implementation of the BEM method developed by
Hohenester et al. [23]. The optical constants of Au are taken
from Johnson and Christy [24] with the data extrapolated to
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FIG. 2. (a) Surface charge distributions for a cross made of two long nanoantennas at the indicated wavelengths. (b) Comparison between
the normalized Mueller matrix obtained from BEM simulation (red) of the structure in (a) and the calculation (black). (c) Surface charge
distributions for a cross made of a long and a short nanoantenna. (d) Comparison between the normalized Mueller matrix obtained from BEM

simulation (red) of (c) and the calculation (black).

the infrared range by the Drude model. The extinction spectra
of the long nanoantenna [Fig. 1(b)] shows a dipolar resonance
at 1560 nm and a secondary quadrupolar resonance around
640 nm, as it is shown by the surface charge distributions
of Fig. 1(a). The short nanoantenna [Fig. 1(b)] has a single
dipole resonance located at shorter wavelengths (960 nm),
corresponding to a smaller aspect ratio [25]. The simulated
Mueller matrices for the vertically oriented short and long
nanoantennas are shown in Fig. 1(c). At long wavelengths, the
Mueller matrix for both structures is very close to a vertical
polarizer [My in Eq. (27)], while at the shortest wavelengths
energy of light is no longer confined in a dipolar resonance,
and the nanoantennas behave more like retarders.

In the next step, we analyze the superposed effect of
two combined nanoantennas that are not necessarily aligned.
This combined effect can be calculated from Eq. (10)
by using the component Z matrices derived from the
Mueller matrices of Fig. 1. We simply rotate the simu-
lated Mueller matrices of vertical nanoantennas to obtain
their Mueller matrix at an angle 0: R(—0)MR(6). First we
consider two perpendicularly crossed nanoantennas, which
are illustrated by cross-like structures in Figs. 2(a) and 2(c).
For a cross formed by two equal nanoantennas, the complex
coefficients associated with each component antenna are the
same, then the coherent superposition of orthogonal Z matrix
states leads to an identity Mueller matrix [Fig. 2(b)], as it was
anticipated by Eq. (29). However, even if the Mueller matrices
of long and short nanoantennas are very similar [Fig. 1(c)], the
combined effect of perpendicularly crossed long and short

antennas strongly differs from the identity Mueller matrix
[Fig. 2(d)] because, in this case, the complex coefficients
are not the same. For any of these perpendicularly crossed
configurations, the Mueller matrices simulated by the BEM
method are in good agreement with the matrices calculated
from the data of component nanoantennas.

In a cross made by orthogonal nanoantennas there is no
significant electronic interaction between the dipole modes of
the antennas, and the extinction spectrum is, qualitatively, an
addition of the spectra of the individual antennas. However,
the situation can be different if the dipole moments of the
antennas are parallel or partially parallel because, in this case,
they can significantly couple to each other. According to the
plasmon hybridization theory of particle dimers, coupling of
the individual resonances results in a lower energy mode with
the dipole moments of the individual particles being in phase,
and results in a higher energy mode with the dipole moments
out of phase [26]. This second case has an overall lower dipole
moment and hence scatters less light. The surface charge distri-
bution calculated at the resonances confirms the nature of these
coupled modes (see Fig. 1 of the Supplemental Material [27]).

In Fig. 3 we consider the superposed effect of the
nanoantennas with a relative orientation of 45°. Since in
this configuration the dipole moments are oblique, the cou-
pled modes substantially modify the individual responses
of the antennas. The intensity of the coupling depends
on the distance between the antennas (see Fig. 2 of the
Supplemental Material). When the coupling is significant,
the calculated Mueller matrices [with Eq. (10)] from the
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FIG. 3. (a) Surface charge distributions for crossed and distant
(1.5 um of separation) oblique nanoantennas. (b) Extinction and
scattering cross section for the systems shown in (a). The strong
coupling in the oblique crosses results in low and high energy modes
that do not appear for the distant dipoles, when coupling is not
significant. (c) The calculated Mueller matrix from the component
nanoantenna states is in agreement with BEM simulation for distant
dipoles.

associated component nanoantenna matrix states do not match
the BEM simulations of the combined nanostructure. However,
instead of simulating crossed antennas, when we consider
separated antennas, as shown in Fig. 3, the results of the
BEM simulations show good agreement with the coherent
superposition calculations of Eq. (10), because the coupling
effects are minimized. Extending our interference formalism
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by incorporating specific dynamical laws of interaction will be
the subject of future work.

V. CONCLUSIONS

In this work, it is shown that the coherent (constant
phase) parallel combination of deterministic systems can be
written as a linear combination of Z matrices with complex
coefficients. In practice this means that we can synthesize
any nondepolarizing optical system as a coherent linear
superposition of a complete set of nondepolarizing basis
systems. When the component Mueller-Jones states are the
same but have different relative phases, interference effects are
expected to be observed. It is also shown that depolarization
can arise from temporal, spatial, or frequency averaging over
fluctuating and distinct Mueller-Jones matrices. If the parallel
combination process is incoherent at the outset, this averaging
totally cancels out the coherence terms, and the Mueller matrix
of the combined system reduces simply to the convex sum of
Mueller-Jones matrix realizations.

The mathematical formalism we have described is based
on the linear light-matter interactions described in Mueller
matrices. It allows us to introduce the concept of “superpo-
sition of Mueller-Jones states” of optical media, and makes
an analogy between the quantum mechanical wave function
¥ and the matrix material media state Z. This constitutes
a theory of optical coherence that has the particularity that
is grounded on the 16 observable quantities (elements of
a Mueller matrix) that characterize an optical media, as
opposed to the single observable quantity (intensity of light)
around which other theories are built. Note that the analogy
with quantum mechanics allows us to directly formulate the
optical superposition of Mueller-Jones states pertaining to
optical media without need of an explicit consideration of the
superposition of electromagnetic fields, which is the starting
point of other formulations of optical coherence. We think
that this formalism introduces a unified theory of coherence
and polarization that can be specially useful for experimental
techniques that explore polarized light and material media
interactions such as polarimetry or ellipsometry. In these
techniques the polarization of light is affected by coherent,
partially coherent, and incoherent superposition processes
which often can coexist. In nanophotonic applications our
formalism may also provide theoretical means to tailor the light
emission of nanostructures embedded in large area domains
with the desired polarization response and functionality.
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Coupled modes in oblique nanoantennas
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Figure 1. Low and high energy modes (A=1640 nm and A=1380, respectively) that appear due to the interaction between
oblique nanoantennas. The surface charge distributions show that the low energy scattering peak corresponds to an in-phase
coupled mode while the high energy peak corresponds to out-of-phase coupling.
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Coupling between plasmonic nanoantennas as function of their distance
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Figure 2. Mueller matrix simulations using the BEM method for different geometrical configurations of two nanoantennas
that have a relative orientation of 45°. Each simulated configuration is identified with a letter (A, B, C, D, E or F) and the
calculated Mueller matrix using each nanoantenna Mueller-Jones state (and neglecting interaction between antennas) is
indicated with a dotted line. Clearly, results A and B are those that differ more from the calculation because, in these
configurations, the interaction between nanoantennas is strong. As the distance between the antennas increases, the results of
the simulation re-conciliate with the non-interacting calculation.

2/3



56 List of Publications

Coupling between long and short nanoantennas

x10°

Extinction distant
[ == Scattering distant

\ l A=1560nm
Extinction crossed
== Scattering crossed
. . h
500 1000 1500 2000

450nm Wavelength (nm)

cross section

Iihihle
FYY
SRIT

T T 7m0
Wavelength (nm)

Figure 3. a, Surface charge distributions for crossed and distant (450 nm of separation) oblique long and short nanoantennas
b, Extinction and scattering cross section for the systems shown in a. ¢, The calculated Mueller matrix from the component
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In this Letter we describe an experiment in which coherent
light is sent through a calcite crystal that separates the
photons by their polarization. The two beams are then let
to superpose, and this recombined beam is used to measure
the Mueller matrix of the system. Results are interpreted ac-
cording to our recent formalism of coherent superposition
in material media. This is the first experimental implemen-
tation of a Young’s experiment with complete polarimetry,
and it is demonstrated that our method can be used for
the experimental synthesis of optical devices with on-
demand optical properties.  © 2017 Optical Society of America
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Coherence is related to the ability of waves to interfere. Most
optical interference effects occur in the micro- or nano-scale
(e.g., thin films) and we do not have access to a macroscopic
control of the two or more beams that coherently superpose.
With the high temporal and spatial coherence of lasers it is easy
to merge two or more macroscopic beams in a well-controlled
manner in an interferometer. However, it is usually difficult to
have a precise control of the polarization state of light at the
different arms of an interferometer, because beam splitters tend
to produce some change in the polarization of light (even those
marketed as non-polarizing), making accurate polarimetric
measurements often problematic [1-3].

In this work we use a different approach to achieve the
superposition of two macroscopically distinguishable beams.
When light goes through a crystal slab of calcite, or any other
crystal with strong birefringence, it splits by polarization into
two rays that take slightly different paths in a phenomenon long
known as double refraction. If the two emerging beams, carry-
ing orthogonal polarizations, are not very distant one from the
other it is easy to merge them again (at least partially) by using a
lens that focuses the light on the exit window of the crystal that
makes the beams diverge afterwards. A scheme of the process is

0146-9592/17/193900-04 Journal © 2017 Optical Society of America

shown in Fig. 1(a). Effectively, this method recombines two
beams that are juxtaposed in the space [4] avoiding the
non-idealities associated with beam splitters, and it allows us
to keep the experimental device simple, as it is not necessary
to consider multiple arms. Despite the fact that our experimen-
tal setup does not involve two slits, the optical outcome is ana-
log to the famous Young’s double-slit experiment when the slits
are covered by orthogonal polarizers as it was first suggested
in 1819 by Fresnel and Arago [5,6] and as we have recently
demonstrated [7]. Our experimental data was analyzed accord-
ing to a new formalism of optical coherence and polarization
[8] that is useful to describe superposition processes taking
place during a polarimetric experiment. It is based on a quan-
tum mechanical analogy and uses complex Mueller—Jones
matrix states, Z, that relate to Mueller—Jones matrices as
M = ZZ* or covariance vectors, |5) [8,9].

Measurements were done with the 4-PEM Mueller polarim-
eter described in [10]. It uses four photoelastic modulators of
different frequencies to determine simultaneously all Mueller
matrix (MM) elements from frequency analysis of the intensity

(@) Lens Calcite crystal Pinhole

(z)N PEMO PEM1 PEM2 PEM3
‘oM Polarizer[ ][ | Lens

" Polarizer
Laser nlin Pinhole ﬂ mﬁ Detector
=l 1 o
j = -

= K| 0 uCa\cile crystal
I 0

Monochromator

Fig. 1. (a) Double refraction in the crystal generates two point-like
sources separated by a distance 4 with horizontal (/) and vertical (V)
polarizations. A mobile pinhole is placed at a distance D to scan the
superposed beams. (b) Detail of the setup when mounted in the
4-PEM Mueller polarimeter.
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of light at the photomultiplier detector. Two basic modifica-
tions of the instrument (with respect to the basic description
of [10]) were required in this experiment. First, the incoherent
light source of the polarimeter was replaced by a He—Ne laser
(632.8 nm). Second, in front of the polarization state analyzer
(PSA) a pinhole of 20 pm (or 30 pm in other measurements)
has been inserted, as it is shown in Fig. 1(b). This pinhole,
which is displaceable with a motorized x—y translator, controls
the spatial resolution of the measurement.

With this method it is possible to obtain MM maps with
good spatial resolution. Displacing the pinhole is equivalent
to studying a different point of a hypothetical “measurement
screen” placed at position of the pinhole. When the distances
between the pinhole and the two emerging beams from the crys-
tal are exactly the same, the beams reach the pinhole with the
same phase, while for other positions of the pinhole there will
be a phase difference that will result in fringes in some MM el-
ements. The distance between two successive fringes is given by
Ax = DJ/d, where 1 is the wavelength, 4 is the distance be-
tween two emerging beams in calcite, and D is the distance to
the pinhole. In our experiment & ~ 1.5 mm and D ~ 420 mm.

As a preliminary check, we measured the MM correspond-
ing to each individual beam (by blocking its partner). The crys-
tal behaves as a polarizer and the two beams carry orthogonal
polarizations. The crystal was then carefully rotated until the
MMs of horizontal and vertical polarizers, My and My, were
respectively obtained, within the experimental error. Then we
let the two diverging beams superpose and set the pinhole to
map, point-by-point, an area of 1 x 1 mm?. The result is pre-
sented in the color map of Fig. 2(a).

Fringes appear at particular MM elements approximately as
horizontal lines. This orientation is due to the experimental
configuration, because the two emerging beams appear one

0. fee—o

==
==

-05 00 05-05 00 05-05 0.0 05 -05 00 05
Vertical displacement (mm)

Fig. 2. (a) Spatial evolution of the MM (in a region of 1 x 1 mm?

and with a pixel resolution of 20 pm). (b) The area boxed in (a) plotted
as a function of pinhole’s vertical displacement. In the point identified
with zero vertical displacement the identity MM is measured.
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in the top of the other and with A and V' polarizations, as
it is shown in Fig. 1(a). The orientation of the fringes, as well
as the MM itself; rotates if the crystal is rotated. In Fig. 2(b), we
plot the evolution of the MM as a function of the vertical dis-
placement of the pinhole (1 mm in total). The central point
does not correspond exactly to the position where the distances
between the pinhole and the two beam spots are the same since
there is an initial phase shift caused by the different path lengths
of the two beams through the crystal [7].

The superposition shown in Fig. 2 can be mathematically
presented using Z matrices as [8]

Zo= ‘7,17 )
0 ) H \/i V>

where the phase ¢ accounts for the phase difference between
the two beams. ¢ depends on the position of the pinhole be-
cause it is given by the difference in the optical path between
the two beams. As

1 -1 0 0
Zy = L -1 1 0 0
V2 o 1 il
0 -7 1
1 1 0
1 1 1 0
=5l 01 @
0 0 7 1
then
I+e? 1-¢% 0 0
ZO:L 1-6? 1467 0 0
V2 0 0 1464 —i(1-67)
0 0 i(1-¢?) 14 6¢
)
And the corresponding MM is
1 0 0 0
M, =775 = 8 (1) cog d - si(1)1 ¢ “)

0 0 sing «cos¢
which is close to the experimental matrix of Fig. 2. When ¢ is
zero or is a multiple of 27 an identity MM is obtained while, for
other values, it progressively evolves between a horizontal
quarter-wave plate MM (¢ = -7/2), a vertical quarter-wave
plate (¢ = 7/2), and a half-wave plate (¢ = 7).

The only significant difference between the results of Fig. 2
and Eq. (4) can be seen in the spatial dependence of elements
mg; and m;. This occurs when two beams are not balanced
and they do not superpose with exactly the same amplitude,
as it was assumed in our theoretical description [Eq. (1)]. In
fact, assuming Gaussian beams in the crystal, only when the
pinhole is equidistant from the two beams a superposition with
the same amplitude is expected.

The measured MMs are modified when other optical
elements are added in the experiment. In Fig. 3 we show three
color maps in which other oprtical elements are added in the
optical path. Figure 3(a) corresponds to a measurement in
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Fig. 3. Color maps of the spatial evolution of the MM in a region of 1 x 1 mm?. In (a) the beams emerging from the crystal have gone through a
polarizer with transmission axis at approximately 45°. In (b) only the lower beam has gone through a quarter-wave plate with the fast axis at -45°. In
(c) both beams have gone through a quarter-wave plate with the fast axis at -45°.

which the two beams separated by the crystal have gone
through a film polarizer with the transmission axis at 45°. This
superposition can be mathematically presented as

1 e
"=/ NG

And, as Z matrices commute [9],

z ZsZy + ZsZy = ZisZ,. (5)

1 0 cos¢ -sing
0 0 0 0

M, =22, = MM, = 1 0 cos¢p -sing |’ ©)
0 0 0 0

where Mys is the MM of the polarizer with the transmission
axis at 45°.

In Fig. 3(b) the vertically polarized beam emerging from the
crystal has traversed a quarter-wave plate with the fast axis at
-45°. This superposition can be presented as

Z,= %ZH + %ZRZV)
1 0 7 O
. | 10 -1
w1chR:E Co01 ol (7)
01 0 1
1 0 -sing/2 -cosp/N/2

1/2 1/2 -singp//2 —cosp/~/2
0 0 cosgp/~/2 -singp//2
-1/2 1/2 sing/~/2 cosp/N/2

In Fig. 3(c) the two beams emerging from the crystal have gone
though a quarter-wave plate with the fast axis at -45°. This
superposition can be presented as

M,=2,Z; = @®

1 £t
e = —=LpLy +—=1ZpZLy =137, 9
ﬁRH rLy R0 9)

Z
V2
and the Mueller matrix is

1 0 0 0
0 0 -sin¢g -cos¢
— f— —
M. =Z2.Z; = MM, = 0 0 cos¢p -sing |’ (10
01 0 0

All the above results concern the coherent superposition and
the measured MMs are, within the experimental uncertainty,
non-depolarizing. One way to reduce the coherence of these
measurements is to increase the size of the pinhole, so that
the fringes cannot be well resolved. To describe this partially
coherent case we may use Eq. (1) to write

(e )

1 1 . (ez’r/»(x,y))
M = EMH + EMV + TZVZH +

2

7,7},

(1)
where ¢(x, y) makes explicit the dependence of the phase with
the position in the space and

S / P dS, (12)
Ap

P

(it =

This surface integral extends over the area of the pinhole, Ap.
Small pinholes provide good spatial resolution that translate in
coherent measurements, but if the pinhole size increases, the
phase variations are averaged over the measurement area leading
to partially coherent or incoherent results that exhibit depolari-
zation effects [8]. In general, when the spatial resolution is
poor, several periods of fringes will be averaged thus giving
(eF®®2)) 20 and only the two first terms of Eq. (11) will
remain. The partially coherent experimental results can be like-
wise interpreted using the classic Jones and K-matrix formalism
from [4].

In Fig. 4 we study the variation of the measurement as a
function of the spatial resolution. The initial mapping was
made in the experimental setup of Fig. 1 with a 30 pm pinhole
over an area of 2.3 x 3.67 mm? in order to collect several peri-
ods of fringes. No depolarization is observed (depolarization
index, DI, equal to 1 [11]) in this image. In the second
map, we have done 8 x 8 binning, which is approximately
equivalent to using a pinhole with a diameter of 240 pm.
With this lateral resolution it is no longer possible to resolve
the fringes and the depolarization is maximum in a rather thin
region at the middle of the image. In this region the intensity of
the two superposing beams is roughly the same (i.e., 50%—-50%
superposition) while for points above and below this region one
of the beams clearly predominates over the other. In the last
map we have averaged all pixels of the map, which is roughly
equivalent to a measurement without a pinhole. The poor spa-
tial resolution (~3 mm) leads to an incoherent result that
is approximately given by the convex sum of the MMs of a
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Fig. 4. Spatial evolution of the normalized MM in a region of
2.30 x 3.67 mm? for different spatial resolutions. In the top left corner
of each MM appears the depolarization index, DI [11].

horizontal and vertical polarizer [Eq. (11) with truncated
coherence terms].

For the Mueller matrices displayed in Figs. 2 and 3, inter-
ference fringes will not be visible in the overall transmitted in-
tensity when illuminating with unpolarized light. This is in
agreement with the third Fresnel-Arago law of interference
[5,6]. However in [8] we showed that, when the two superpos-
ing Z matrix states are equal, the resulting MM will be globally
scaled by a factor that depends on their phase difference:

M’ = ZZ*(1 + cos ¢) = M(1 + cos ¢),  (13)

indicating that, in this case, interference fringes would be ob-
served for any incoming Stokes vector. To study this situation
we set a new experiment in calcite (outside of the polarimeter)
to image with a camera the interference fringes generated for
different superpositions of Z states. Here, to avoid the effects of
laser speckle in the captured images, we used a monochromat-
ized Xe lamp as a light source. The results are shown in Fig. 5.
In Fig. 5(a) (that corresponds to the same type of superposition
as in Fig. 2) no interference fringes are detected, but
they become visible [Fig. 5(b)] when two polarizers at 45° are
added at each side of the calcite crystal, because Z4sZyZ;5 =
Z,sZyZs and Eq. (13) holds. This situation makes the
experiment completely analog to Young’s double-slit experi-
ment, as discussed in [7]. In Fig. 5(c) the first polarizer is
turned to -45° and, as in this configuration ZsZyZ 45 =
-Z4sZyZ 45 the interference fringes are similar to those in
Fig. 5(b) but shifted by 180°. In this case, this additional phase
shift, which is different from ¢, can be understood as a
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Fig. 5. Intensity of the transmitted beam, as seen with a camera, for
the superpositions indicated at the bottom of each panel.

Pancharatman phase [12], i.e., it is a geometrical phase that
depends on the trajectory of the polarization state in the
Poincaré sphere.

In this Letter we have described an alternative version of
Young’s experiment in which coherent light is sent through
a calcite crystal that separates the photons by their polarization.
The two beams are then let to superpose and this recombined
beam is used to measure the MM of the system. To our knowl-
edge this is the first time that a version of Young’s experiment
has been experimentally analyzed with Mueller polarimetry.
The experimental results are easily described by our recent for-
malism of coherence and polarization. This work demonstrates
that by using coherent light and having a macroscopic control
of the phase difference between two beams it is possible to ef-
fectively synthesize in the space Mueller—Jones matrices with
on-demand optical properties. This method provides a simple
pathway to control and modulate spatially the polarization of a
light beam from combinations of two basic optical elements
with a well-controlled phase difference.
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(MINECO) (CTQ2013-47401-C2-1-P,  FIS2012-38244-
C02-02).
REFERENCES

—_

. H. F. Hazebroek and A. A. Holscher, J. Phys. E 6, 822 (1973).
. C. H. Lin, C. Chou, and K. S. Chang, Appl. Opt. 29, 5159 (1990).
. F. Barroso, S. Bosch, N. Tort, O. Arteaga, J. Sancho-Parramon, E.
Jover, E. Bertran, and A. Canillas, Thin Solid Films 519, 2801 (2011).
. R. Ossikovski and K. Hingerl, Opt. Lett. 41, 4044 (2016).
. F. Arago and A. Fresnel, Ann. Chim. Phys. 10, 288 (1819).
. R. Barakat, J. Opt. Soc. Am. A 10, 180 (1993).
. R. Ossikovski, O. Arteaga, J. Vizet, and E. Garcia-Caurel, J. Opt. Soc.
Am. A 34, 1309 (2017).
8. E. Kuntman, M. A. Kuntman, J. Sancho-Parramon, and O. Arteaga,
Phys. Rev. A 95, 063819 (2017).
9. E. Kuntman, M. Ali Kuntman, and O. Arteaga, J. Opt. Soc. Am. A 34,
80 (2017).
10. O. Arteaga, J. Freudenthal, B. Wang, and B. Kahr, Appl. Opt. 51, 6805
(2012).
11. J. J. Gil and R. Ossikovski, Polarized Light and the Mueller Matrix
Approach (CRC Press, 2016).
12. S. Pancharatman, Proc. Indian Acad. Sci. A 44, 247 (1956).

w N

No oA



3.4 Light scattering by coupled oriented dipoles 61

PHYSICAL REVIEW B 98, 045410 (2018)

Light scattering by coupled oriented dipoles: Decomposition of the scattering matrix

M. Ali Kuntman,' Ertan Kuntman,? Jordi Sancho-Parramon,’ and Oriol Arteagaz*“'*
! Independent researcher, Ankara, Turkey
2Departament de Fisica Aplicada, IN2UB, Enphocamat Group, Universitat de Barcelona, C/ Marti i Franques 1, Barcelona 08030, Spain
3Rudjer Boskovic Institute, Bijenicka cesta 54, 10000, Zagreb, Croatia
4LPICM, Ecole Polytechnique, Université Paris-Saclay, 91128 Palaiseau, France

® (Received 12 January 2018; published 11 July 2018)

We study the optical response of two coupled oriented dipoles with the dimer axis perpendicular to the wave
vector of light by analyzing how their scattering matrix can be decomposed. The scattering matrix can be written
as a linear combination of three terms with a clear physical meaning: one for each particle and another that is
responsible for the coupling and that vanishes for noninteracting or distant particles. We show that the interaction
term may generate optical activity for certain scattering directions and that this effect manifests itself mostly in
the near field. This simple and intuitive theory based on matrix and vector states of oriented dipoles also describes
hybridization processes and Fano resonances. The decomposition method can be also formulated in terms of a
hybrid basis that allows us to quantitatively determine the individual contribution of the in-phase and out-of-phase
coupling modes to the overall intensity. Our method can help to understand the optical response of more complex
nanostructures that can be decomposed into dipole terms. The results are illustrated in gold nanoantenna dimers

which exhibit a strong dipolar resonance.

DOI: 10.1103/PhysRevB.98.045410

I. INTRODUCTION

Dipole interactions occur when two dipoles interact with
each other through the space. For example dipolar interactions
are responsible for electrostatic interactions inside molecules
or between molecules which have permanent dipole(s): The
partially negative portion of one polar molecule can be attracted
to the partially positive portion of a second polar molecule.
Dipole interactions are also very important for optical interac-
tions in nanoscale particles. Since the oscillating electric field
of a light wave acts on the charges of a particle, causing them
to oscillate at the same frequency, the particle becomes a small
radiating dipole whose radiation is seen as scattered light.

In optics, the interaction between induced dipoles is usually
treated considering their mutual interaction potential [1]. This
approach has also been generalized for the calculation of the
light scattering by arbitrarily shaped particles, as a numerical
technique known as the coupled dipole method or discrete
dipole approximation (DDA) [2—4]. The method is based on a
finite volume discretization of the scattering object, in which
each volume element is modeled by an oscillating electric
dipole that acts as receiver and emitter of electromagnetic
radiation. Each dipole of the collection interacts with all the
others, so that the fields at each dipole are determined by
the incident field and interactions among all the dipoles of
the collection. Similar approaches can also be used to study
radiative heat transfer in systems of multiple dipoles [5].

In this paper we study analytically the simpler but relevant
case of interaction between two oriented dipoles that form a
dipole dimer. Despite that there are in the literature several
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methods (both analytic and numeric) to predict the optical
response of coupled dipoles [2,6-9], usually these methods
provide the overall optical response and do not permit us to
distinguish the contribution of the individual dipoles from
the coupling contribution. We propose a study of the dipole
interaction based on a decomposition of the scattering matrix.
In our model the two dipoles are excited in phase by the
incident wave that drives the system and we consider that
the polarizabilities of the two particles are fully anisotropic,
i.e., they can only be polarized in a predefined direction, in
contrast to the classical consideration of a dimer made of
isotropic spherical particles [10-12]. The existence of well
defined directions of polarization brings our optical scattering
problem closer to real nanostructures or metamaterials, where
the direction of polarization is given by the morphology and
orientation of the objects. The simplest example perhaps is the
interaction between two plasmonic nanoantennas (a plasmonic
dimer). Dipolar nano-objects (e.g., nanoparticles, nanorods,
etc.) are generally regarded as most elementary components to
build more complex composite nanostructures [13—16]. They
are also the simplest “plasmonic molecules” and the possibility
of controlling and measuring their chiroptical properties has
created a growing interest in the usage of plasmonic dimers in
biological applications such as DNA based nanostructures [17]
or intracellular localization [18].

Our decomposition shows that the scattering matrix of
oriented dipole dimers can be written as a linear combina-
tion of three scattering matrix terms with a clear physical
meaning: one for each particle and the remaining one for
the interaction. Despite the simplicity of the theory, it allows
us to understand subtle effects such as the emergence of
optical activity in certain achiral dimer configurations. Our
decomposition method also allows for an easy representation of

©2018 American Physical Society
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hybridization processes and of Fano resonances in anisotropic
plasmonic nanostructures. In particular we show that the
decomposition can be also formulated in terms of a hybrid
basis which allows us to determine the individual contribution
of each hybrid mode to the overall intensity. Finally, we apply
our decomposition method to study the scattering matrix of
oriented gold nanoantenna dimers in the spectral region where
they exhibit a strong dipolar resonance. With this method we
can quantify the relative contribution of coupled modes in the
nanoantenna dimer and analyze how the interaction modifies
the optical properties of the individual nanoantennas.

II. GENERAL FRAMEWORK

The induced electric dipole moment vector, p, on a particle
is proportional to the corresponding incident electric field,
Eo(r):

p = caE,y(r), )

where @ is the electric polarizability of the particle, and ¢ is the
permittivity of the medium where the dipole is located. When
we put two particles close to each other we have to consider
mutual interactions. In this case, each one of the dipoles will
experience the induced field of the other dipole. This coupling
effect can be taken into account to find the actual dipole of
each particle as follows [14]:

1 = @16, (ry) + &1k*Ge(r) — 1) - pa, 2

P2 = 856E,(r2) + &2k>Ge(r, — 1)) - i, 3)

where Gp is the free-space electric dyadic Green’s function, k
is the wave number, and &, &, are the polarizability tensors
of the associated particles. Explicit form of dyadic Green’s
function is given by

= i 1
Gew p=|(1+L - —
e(r) - p [( + o k2r2)p

33
1=z )@ P 20, @)

where u, is the unit vector along r and g(r) = e*" /4mr. The
notation can be simplified if we let:

i 1
3i 3
B(r) = (—1 - o + W)g(r). (5b)
Thus,
Ge(r) - p = A()p + B(r)(u; - puy. (6)

Now let us consider the scattered far field at an observation
point z. The total scattered field can be considered as a sum of
the fields due to the interacting dipoles.

k2 = =
Egu,j = ?[(GE(rf —r11)-p)j + (Gelry —r2) - p2)jl,

Q)

where j = x,y,z. Note, however, that the z component van-
ishes for a far-field detector in the z axis.

In the following we will show that, according to the above-
mentioned dipole-dipole interaction scheme, the total 2 x 2
scattering matrix (or Jones matrix) of the whole process can
be written as a linear combination of three Jones matrices,
two of them corresponding to the usual Jones matrices of
noninteracting dipoles and the third one being the Jones matrix
due to the interaction. The interaction Jones matrix is scaled
by a factor which is a function of the distance between the
interacting dipoles so that for distant dipoles this coupling term
consistently vanishes.

III. DECOMPOSITION OF THE SCATTERING MATRIX
OF THE COUPLED DIPOLE SYSTEM

Let us consider a coherent parallel combination of interact-
ing dipoles as given in Fig. 1. d is the distance between the
dipoles, which are located in the same z plane, and are excited
simultaneously by a plane wave. According to the figure the
unit vectors u(r, — ry) and u(r; — rp) will be

u(r; —ry) =(0,—-1,0), u(ry —rz) =(0,1,0).  (8)

We consider that the polarizability of the dipoles is fully
anisotropic, i.e., they can only polarize along a certain di-
rection. The polarizability tensor of each dipole, é&; and @,

will be:
~ a; b,‘
& =a (bi cj) O)

with i = 1,2. o) are o, are the Lorentzian polarizabilities of
the dipoles and &;, @; are given by the following rotation:

& = R(~p)a; ((1) 8)R<¢i), (10)
where
__ [ cos¢ sin ¢
R(¢) = (— sin ¢ cos¢)’ an
and ¢ and ¢, are the rotation angles as defined in Fig. 1. Then
a; = cos’(¢), (122)
bi = cos(¢:) sin(¢;), (12b)
ci = sin®(¢y). (12¢)

Y IEy,
: :
P4 P, )/k 0
d >

X
py\ 2

FIG. 1. Scheme of the geometry. Dimer axis and dipole vectors
are perpendicular to the direction of propagation of incident light.

z
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From Egs. (2) and (3) we can calculate the dipole vectors,
whose components are given by:

Pix = eaja1 Eyy + eab Ery + ajai8y pay + a1b182pay,
(13a)
ea1biErx +caiciEry + a1b18) pay + 1182 pay,
(13b)
P2 = eapar Eoy + canbr By + a2a281 pry + a2bady pyy,
(13¢)
earbr Ery + earcr Egy + b8 piy + a2c28:piy,
(13d)

where k2A = 81, k*(A + B) = 8,. We can solve these coupled
equations for the components of the dipole vectors:

Py

P2y

El+ A&
= C—=, 14
P gt 1 —O{IOQAZ ( )
El+arAE
= S—, 15
Py = &y 11—a|a2A2 (15)
&+ a1 A&
= C,— 16
P2 £ 21 —(X|O{2A2 ( )
&+ a1 A&
= S—, 17
Pay = e a an
where
C,‘ = COS¢ia S,' = sin¢,-, (18)
& = CiEjy + SiEiy, (19)
and
A = C1Cy81 + 815,98, (20)

Note that A is the only term that is related to coupling. A
far field detection point, z, has characteristic vector ry with
a module much larger than those of the dipole vectors: ry >
r1,r2. In these conditions r s will be perpendicular to r; and r»,

ikz
= etz
G —7T)Pi)j = —Pij» 21
( E(rf I',) Pt)/ 47_[2171/ ( )
wherei = 1,2and j = x, y. Ifthe detection point is equidistant

to the dipoles we simply get:

Egax = ,3(171): + p2x)7 (223)
Escaty = ,B(ply + sz), (22b)
where
kZeikz
B = 1 . (23)
TTEZ

According to Fig. 1, itis reasonable to assume that E;(r;) =
E,(r,) = Ey as it corresponds to a plane wave propagating in
the z direction. Then the scattering problem can be directly
formulated with a 2 x 2 scattering matrix T that transforms
the fields as follows:

Escax ) _ (Tt T2\ (Eox) _ ( T11Eox + Ti2Eo,y
Egcay T T )\ Eoy Ty1Eox + T Eoy )

(24)

From Egs. (22a) and (22b) we find that the 2 x 2 scattering
matrix T can be presented as:

T = ylaiJi + aoJs + @1oo AJindd, (25)

where Ji, J2, and Ji, are Jones matrices given by

(s
5= (c,- s B 26)
o 2C,C, C1$5 4+ G5
J‘"t_(clsz+czsl 255, ) @7
and
ep
___ 28
Y I C oAl @9

y can be understood as an overall (polarization independent)
complex amplitude of scattering. Note that it is also affected
by the coupling term A.

In Eq. (25), J; and J, are the Jones matrices of the individ-
ual, noninteracting dipoles. As seen in Eq. (26), the scattering
matrix of a horizontal (¢ = 0°) or vertical (¢ = 90°) dipolar
particle is diagonal. Ji, is a combined term that contributes
only when there is interaction (A # 0). Therefore, whenever
the dipoles are sufficiently separated the contribution of the
interaction matrix Ji,. will be negligible. It is also possible that
still for small separations between the dipoles the system has
a vanishing A due to their particular orientations in the plane.
This happens whenever the dipoles are orthogonal and the line
joining the dipole centers is parallel to one of the dipole vectors
as, for example, when ¢; = 0° and ¢ = 90° in Eq. (20). This
situation will be discussed in more detail in Sec. I1I B.

Instead of using 2 x 2 scattering matrices it is sometimes
useful to rearrange the information contained in the scattering
matrix in a so-called four-component covariance vector. The
covariance vector that corresponds to a Jones matrix is defined
as follows:

Jii+ J»

Ji—Jn

Jo+Ja |
i(Ji2 — Jo1)

1
)y = 5 29)

where J;; are the elements of 2 x 2 the scattering matrix. We
use the standard bra-ket notation of quantum mechanics, where
the bra is the Hermitian conjugate of the ket and represented
by a row vector. As it was discussed in Refs. [19,20] the outer
product |h)(h| generates a 4 x 4 covariance scattering matrix
of rank 1 that can be considered as an analog of a pure state
in quantum mechanics. In terms of covariance vectors we can,
alternatively, write the decomposition in Eq. (25) as:

[h) = ylelh)1 + azlh)2 + a1 Al Yind, (30)

where:
1
_ 1 cos*(¢y) — sin*(¢hy)
|h); = 2| 2sin(@;)cos(g) |’ eh
0
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and

cos(¢p1 — ¢2)
cos(¢r + ¢2) . 32)

IWYine = Sin(gy + )
0

Note that because the matrices in Eqs. (26) and (27) are
symmetric, the fourth component of these covariance vectors
is always zero. This reads as an absence of circular polarization
effects [19,21].

IV. OPTICAL PROPERTIES OF DIMERS
OF ANISOTROPIC PARTICLES

The above presented decomposition of the scattering matrix
or the covariance vector allows us to study several relevant
optical properties characteristic of dipolar dimer systems.
In particular, in the next subsections we will use our de-
composition method to discuss circular polarization effects,
hybrid modes, and Fano resonances. All these are well-known
optical properties that have been previously analyzed in the
context of dimer systems [6—11,13,22-27]. The advantage of
the decomposition method that we have introduced is that it
distinguishes the contribution of the individual dipoles from the
coupling contribution and that works for dimers of anisotropic
particles at any relative orientation in the plane, allowing, for
example, the derivation of generalized analytic expressions for
the dipole coupling that are a function of the orientation angles.

A. Circular polarization effects

Chiroptical effects with plasmonic dimers have been con-
sidered in several recent publications [28-31] as they are rela-
tively easy to fabricate with modern techniques. The geometry
considered in most of these works is different from Fig. 1, as
they consider two misaligned dipoles in which the dimer axis
is completely parallel to the wave vector of light. This is a
chiral configuration that gives rise to optical activity in these
plasmonic samples. In essence, this corresponds to the coupled
oscillator model of Born and Kuhn (Born-Kuhn model) [31,32]
which, when applied to a chiral geometry, is the basis for the
classical theory of optical activity. This model provides an
intuitive way to understand the generation of optical activity
(circular dichroism and circular birefringence) in chiral media.

In general, the serial combination of two misaligned par-
ticles with a dipolar response leads to circular polarization
effects, or chiroptical effects in the far-field detection. This
can be intuitively seen by considering the Jones matrix product
associated to a sequence of dipolar elements, e.g., J,J;, and
transforming it into its associated covariance vector:

cos(¢1 — ¢2)
cos(¢r + ¢2)
sin(1 + ¢2) | G9)
i sin(¢; — ¢»)

in which the fourth component, associated to these circular
effects or chiroptical effects [20,21], is nonvanishing. But this
case of serial (sequential) combination of elements is totally
different from the geometry given in Fig. 1. In Egs. (31)
and (32) the fourth components of the vectors were zero, which

|h>J2J1 =

reads as an absence of circular effect as it could be expected
from the achiral geometry of the problem.

However, depending on the location of the observation
point, there may exist a varying phase difference between the
radiation fields of the dipoles. Earlier, in Egs. (22a) and (22b)
we considered that both dipoles radiate to a point of the far field
with the same complex factor 8 [Eq. (23)], but if the detection
point is not equidistant from the dipoles, we have to consider
different phases.

(34a)
(34b)

Egcax = lgplx + ﬂ/Pz)c,

Escaty = ﬁply + 5/1?2)7,

where B’ = Be'X. x is an additional phase term that ac-
counts for the different optical paths from each dipole to the

detector.
In this situation Eq. (25) must be replaced by

T = ylad) + %oy + 0102 AT inc, (35)
where
- CiCr(1 + €'%) C1Sy + Cy8e'x (36)
mt = C]Szeix + S8 S18:(1 + eiX) ’

Then the covariance vector associated with this interaction
matrix is:

cos(py — ¢2)(1 + ¢%)

cos(y + ¢2)(1 + ¢*)

sin(y + o)1 +¢%) |
—isin(gy — g2)(1 — %)

where the fourth component now is different from zero if the
dipoles are not parallel to each other (¢; # ¢»,). Note that when
x = m only the fourth component of |h)], survives and the
interaction term displays pure circular effects.

This emergence of chiroptical signals from achiral systems
is an interferencelike phenomenon that arises when there is a
phase (path) difference to the observation point. Translating
the point of detection will also modify the values of optical
activity signals, eventually also switching their signs. There
are two other important aspects that need to be highlighted:

(i) The effect may manifest itself only for interacting
dipoles. In noninteracting systems (A = 0) with the geometry
of Fig. 1, the superposition of the dephased dipolar scattering
contributions is not sufficient to generate chiroptical effects in
the scattering matrix. Note that the only matrix modified in
Eq. (35) is the interaction matrix.

(i) This effect is not observed in the far field unless large
scattering angles are considered. When the detection distance
is large compared to the separation of the dipoles d, the phase
difference will be given by x = 2mdx/AD [33], where D is
the distance between the plane of the dipoles and the parallel
plane that includes the detector, X is the wavelength, and x is
the position of the observation point along the axis parallel to
the line connecting the two point dipoles. As in the far field
D > d, this phase difference tends to be negligible in far field
realizations unless one considers sufficiently large scattering
angles (implying large x).

We believe that the progress in the near field microscopy
offers new perspectives for exploiting this effect for biosensing.

R ine = (37
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FIG. 2. Simulated response of two equal gold nanoantennas forming a cross by 45°. (a) shows the geometry and dimensions of the
cross structure, which has a thickness of 50 nm. (b) and (c) show the scattered field |E|?> in a plane at 10 nm above the cross when the
structure is illuminated with a plane wave of 1640 nm with right-and left-circular polarizations, respectively. In (d) we calculate the ratio

(Urcp — Irep)/Urcp + Ircp)-

For example, this means that the near-field scattering finger-
print for such an arrangement of dipoles can be drastically
modified by only adjusting the handedness of the incoming
polarization, but without substantially affecting the far-field
response. To illustrate this we have simulated the near field
scattering of two crossed thin strips of gold with the nanoan-
tenna geometry shown in Fig. 2(a). The simulation has been
made with the boundary element method (BEM) [34,35]
considering light with a wavelength that corresponds to the
dipolar resonance of nanoantennas with this geometry (1640
nm). The plane wave is polarized in the x y plane and propagates
along +z. The obvious differences between Fig. 2(b) and
Fig. 2(c) show that the near field response of the structure (the
figures show it in a plane 10 nm above the nanostructure) is
strongly sensitive to the handedness of the incoming circular
polarization, as it is anticipated by Eq. (37).

The ratio (Ipcp — Ircp)/(Ucp + Ircp), shown in
Fig. 2(c), quantifies the differential scattering between
left- and right-handed circular polarization. Note that it
vanishes along two well defined orthogonal lines that cross the
center of the nanostructure. These points correspond to zones
that are equidistant from both nanoantennas, and there is no
added phase x (x = 0). As we have previously pointed out,
the strong circular effects [Fig. 2(c)] wash out in the far field
because y becomes negligible. In fact we already gave the far
field response for this nanostructure in terms of the Mueller
matrix in Ref. [19] and it was not sensitive to the handedness
of the incoming polarization.

The emergence of chiroptical signals in certain sys-
tems with achiral geometries has been previously consid-
ered in molecules [36,37], crystals [38], and metamateri-
als [39,40]. Perhaps the most paradigmatic example is the water
molecule [37] (point group C»,) where, due to the difference
in electronegativity between the oxygen (O) and hydrogen (H)
atoms, there is a dipole moment pointing from each H to the
O. These two permanent dipoles are misaligned by 104.45°
and they are both in the same plane, so it is the same type of
geometry that we have considered. Our results can also be used
to understand, at least qualitatively, the emergence of chirop-
tical signals in such planar systems for certain directions of
observation. In fact optical activity in these achiral molecules
and crystals is determined by an optical activity tensor, that
when plotted, has the same twofold symmetry with alternating
signs as the one displayed in Fig. 2(d).

B. Hybrid modes

Let us consider a coupling process as given in Fig. 1.
Equations (13) can be rearranged as follows:

Plx — ®1a181 P2y — a1b182pay = saja1 E1, + ca1bi Eyy,
(38a)
Piy — a1b181 pay — 1182 p2y = a1b1 Ey + eajci Eyy
(38b)
D2x — 020281 p1x — A2b282 p1y = earar Eoy + €aabr By
(38¢)
P2y — 2b28 1 p1x — 2282 p1y = €arbr Eny + gy By

(38d)

Here we consider piy, piy, pax, and ps, as independent vari-
ables. Right hand side of the equations are the external fields,
i.e., the driving forces of the dipoles, and we assume that the
dipoles can be described as Lorentzian oscillators with a profile
of the form:

aj(w) =

i Wi
— (39)

P I
o —w? —iliw

where w is the frequency of the incoming radiation, w; is the
frequency of resonance, 1, is the amplitude of oscillation which
depends on the particle size, and I'; is the damping. For the
analytical calculus of this section we will assume that there is
no damping (I'; = 0).

The coupled Eqgs. (38) can be written as a matrix equation:

AP = E, (40)

where P is a four-dimensional vector consisting of the com-
ponents of the dipole vectors p; and p,, E is also a four-
dimensional vector associated with the right hand side of the
coupled equations, and A is the following matrix:

)»1 0 —81a| —82171
_ 0 A =81b1 =&y
A= —81ay  —&by A o | @b
—(31172 —82()2 0 )\,2

where Ay = 1/, A, = 1/a,. This problem can be treated as
the well known problem of coupled mechanical (harmonic)
oscillators [41]. Here the components of the electric dipole
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vectors play the role of position coordinates and the external
fields are associated with the driving forces. Normal modes
of the coupled system of oscillating dipoles can be found by
equating the determinant of matrix A to zero, which leads to
the equation:

A%A% — A*q2 =0, (42)

where A is defined in Eq. (20).
There are four roots. Two of them are trivially given by
MAy =0, i.e., either A or A, is zero. Nonzero roots are

Mry = A% (43)

Note that this is also the condition that makes the denominator
of y [Eq. (28)] vanish, so that there is a resonance in the scat-
tering [Eq. (25)]. We can analytically examine the conditions
for this resonance if the Lorentzian profile given in Eq. (39)
(without damping) is assumed for the polarizabilities:

(l)% — (,()2 (1)% — (,()2 2
MAy = 5 5 = A" (44)
2h nNaws,

We solve now for w. Roots with A1, =0 give v = w
and w = w, that correspond to trivial cases with no interaction
between the dipoles. Nonzero roots give the frequencies for
two hybridized modes:

L et ed s J(0F - o) +deteimma
oF = 5 . (45)

If the dipoles are identical (o = ;) we have

0T = wy/1 £ A. (46)

For any pair of angles, ¢; and ¢,, we always have two hybrid
modes. For example, if we choose ¢y = ¢, =0

o = wp/1 £ néy, @7)

if we choose ¢ = ¢, =

o = wp/1 £ nés. (48)

The strength of the coupling may be evaluated with the aid
of the parameter

[SIE

Oce = v/ M@0 A2, (49)

If the coupling is weak (w. < |w; — wy]), the solutions of
Eq. (45) reduce to

2
T (50)
41 — w2)
Vi 1)
Mo — )’
and in the case of strong coupling (w. > |w; — ws|), the
approximate solutions are

a)+%a)1+

w R w

+ ~ w1 + wy + a)cc"
2 2
These formulas coincide with the resonances predicted by the
plasmon hybridization model for two plasmonic particles given
in Ref. [42], which the advantage that here we know how the
coupling parameter w,, varies with the dipole orientation.

w (52)

Figure 3 shows the switch of the energy of resonance for
two coupled dipoles with equal polarizabilities («¢; = az) as a
function of the distance between them for six different geomet-
rical arrangements. Their hybridization can be evaluated with
Eq. (46). In both, a (¢ = ¢» =0°) and b (¢ = ¢, = 90°),
particles oscillate in phase but a corresponds to a m-type
stacking (dimer axis perpendicular to the dipole direction),
while b is a o-type stacking (dimer axis parallel to the dipole
direction). In this case the shift in energy is stronger than in
a and the resonance evolves to lower frequencies. Note that
for a and b, the incoming plane wave can only excite one of
the two hybrid modes, the in-phase mode. The energy splitting
of the in-phase and out-of-phase modes for these two cases
are schematically shown in Fig. 4. The scattering matrices
corresponding to these two cases (assuming the more general
case o] # ) are:

(i) Case (a), dipoles perpendicular to the dimer axis:

ar +ar+ 2010281 (10
T, =ef——m—5— , 53
8’3 1 — O{]Olzalz (0 0) ( )
(i) Case (b), dipoles parallel to the dimer axis:
a1 +or+ 201028, (0 0
Ty=ef———F———5— . 54
b ﬁ 1— 0(10[28% (0 1) ( )

If only the near-field contribution of A and B (i.e., only the
d~3 term) is retained in the coupling parameters 8; and 8,, we
have that §; o« —1/d> and 8, o< 2/d>, and we may define the
polarizabilities of the coupled systems for cases (a) and (b),
respectively, as follows:

o) + oy — Zalaz/d3

a = s 55
* 1-— 0[10!2/616 ( a)
dayan /d?
= o + oy + 4o/ 7 (55b)

l—40{10lz/d6

that respectively correspond to m and o type bonding/
antibonding. The polarizabilites for the coupled dimer system
were first defined in Ref. [43]. When o) =« =« and if only
the near-field contributions of §; and §, are considered, far field
scattering matrices given by Eqgs. (53) and (54) simplify to:

20 1 0
T, =ef—r ,
P add (0 O)

2 0 0
1—2a/d3\0 1)

Therefore for T, only the in-phase mode that corresponds
to «/d> = —1 (antibonding configuration) can be excited,
and the out-of-phase mode (bonding configuration) is dark.
Meanwhile, for T}, the in-phase mode corresponds to 2« /d> =
1 and the out-of-phase mode (antibonding configuration) is
dark. Dark modes cannot be optically activated with a plane
wave, since it always generates an in-phase situation. Indeed,
an out-of-phase mode could be activated if the dipoles were
not located in the same z plane, so that the incident electric
field is not the same for both dipoles [44]. Another possibility
to excite the out-of-phase mode, even for dipoles located in
the same z plane, is using inhomogeneous excitation, such as
focused radiation [45].

(56a)

T, = ef (56b)
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FIG. 3. Calculated intensity for the scattering of two coupled dipoles as a function of the distance between them. The dipoles can only
polarize along the orientations shown by the arrows drawn at the top of each panel. These calculations correspond to illumination with a
left-handed circularly polarized plane wave. The two particles were assumed to have polarizabilities of the same magnitude (¢; = o) but
different orientation. The spectroscopic values of the polarizability that we have used in this example are those that result from applying
Clausius Mossotti relation to spherical silver particles in vacuum with a radii of 1 nm and using the Drude model of silver. Note that these
spectroscopic values of polarizability are chosen for illustration purposes only and that the calculation is not describing a coupled system of

spheres.

The remaining panels of Fig. 3 show misaligned dipoles. In
(c) (¢1 = 0° and ¢, = 90°) there is no hybridization because
A = 0 due to the orthogonality. Panels (d) (¢; = 0°, ¢, = 45°)
and (e) (¢1 = 90°, ¢ = 45°) show configurations which are,
respectively, rather close to (a) and (b), but here both hybrid
modes, in-phase and out-of-phase, can appear, despite that
the in-phase is still much more intense than the other. In
) (¢ = —45°, ¢, = 45°) the directions of oscillation are
orthogonal, like in (c), but here both particles have dipolar

component parallel and perpendicular to the dimer axis and
A is no longer vanishing. Note also that a rotation of the
dipole arrows in (c) does not lead to the arrangement in (f).
In this arrangement the two hybrid modes have a very similar
intensity.

The availability of the scattering matrix together with the
knowledge of the geometry of the problem provides very valu-
able information for the study of the hybridization. Suppose
that we measure the transfer matrix of the whole system. Call
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FIG. 4. Energy splitting in hybrid modes for a dipole dimer
perpendicular (7 -type stacking) and parallel (o -type stacking) to the
dimer axis. Red and blue colors, respectively, indicate positive and
negative charge distribution.

this measured matrix, T,,, and let the associated covariance
vector be |t),,. If the orientation of the interacting dipoles with
respect to the measurement coordinates are known then the
matrices Ji, J», and Jiy are also known [defined by Egs. (26)
and (27)], as well as their associated vectors |h);, |h),, and
|n)int. Therefore, we can either decompose T,, or |t),,:

(57a)
(57b)

T = &1J1 + g2J2 + gineJint
|t)m = gllh)l + g2|h>2 + gintlh)inh

where g1,g2, and giy are complex amplitudes (expansion
coefficients) that can be determined algebraically. Note that
this three term decomposition of an interacting two-component
system was already suggested in Ref. [19]. Comparing with
Eq. (25) gives

g1 =vyal, & =y, gn=YxinA. (58)
Therefore,
2
Sin _ o0y A2, (59)
8182

We can then rewrite y in terms of the complex coefficients g,
82 and gin:

1 8182
Y X 7 = , (60)
1— (L) (V8182 — &in)(/8182 + &ind)
8182
where we can define
vE = /218 £ gint- (61)

The maxima of y [i.e., the resonant conditions for the hy-
bridized modes given by Eq. (43)] occur when either vt = 0
or v~ = 0. Note that v* are in general complex numbers and
their real and imaginary parts may not vanish simultaneously.
We assume in our analysis of hybridization that Re(v¥) = 0 is
a condition of resonance if at the same time Im(v™) is small or
slowly varying.

We may now use v and v~ to define a new basis, | ™) and
|h™), in which [t),, can be formulated as

|6} = v IRT) + 07 |R7), (62)

where |t),, is now written as a two term decomposition of
hybrid modes, so that it is no longer necessary to make an
explicit consideration of the interaction term. We may call |A™)
and |h™) the hybrid basis.

From direct comparison between Eqgs. (57b), (62), and (61)
we can find:

) = gilh)1 + g2lh)2 " |h)im7 63)

2,/8182 2
where, as g; and g, can vary with frequency, the definition
of the basis is frequency dependent. Note however that when
g1 = g» the definition of the hybrid basis becomes merely
geometrical and energy independent:
_ i+ 1R A)ing

+
) = S (64)

C. Fano resonances

Fano resonances in hybridized systems arise due to interfer-
ence effects between the radiating states of the system [25,26].
We have shown that our interacting dimer system can be
described as the superposition of three matrix or vector states.
The most favorable condition for interference occurs when
the superposed states are identical (fully overlapping), and
this occurs when the states are characterized by the same
normalized 2 x 2 scattering matrix or covariance vector.

Consider the case of dipoles parallel to the dimer axis,
already presented in Eq. (54), which can be now written as

0 0 0 0 0 0
Tb=V|:011(0 1)-1-0!2(0 l>+20l10l252(0 l)i|

(65)

to highlight that J; = J, = Jiu. Alternatively, this can be also
presented by a covariance vector:

1/2
-1/2
0
0

[h)p = y (a1 + oz + 2010282) (66)

The scattering intensity is given by
(hlh)y =y (1 + 02 + 2010287) /2. (67)

In the previous section we have shown that the denominator of
y is a key to analyze the hybrid resonances, but y is an overall
factor that is not taking into account interferences between
the states. Interference takes place in the superposition term
o + oz + 2a 026, and, for example, one can expect a Fano dip
when the real part of this superposition term vanishes and the
imaginary part is small or slowly varying. This happens when
there is destructive interference between the states. Figure 5
shows an example of this effect by considering the same calcu-
lus as in Fig. 3(b) but know with «; # «. One can observe dips
in the radiated intensity in between the two resonant modes.
Note that, in this configuration, no interference can occur if
o) = ap = « because then the scattering matrix simplifies to:

efa (0 O
Tp=—— 68
b 1 —O{(Sz (O 1)7 ( )

which does not allow interference because it contains just a sin-
gle state. Indeed, symmetry breaking between coupling dipoles

045410-8



3.5 Light scattering by coupled oriented dipoles 69

LIGHT SCATTERING BY COUPLED ORIENTED DIPOLES: ...

PHYSICAL REVIEW B 98, 045410 (2018)

photon energy (eV)
Intensity (a.u.)

B
distance (nm) Photon energy (eV)

FIG. 5. Scattering intensity as a function of the distance for
two parallel dipoles with different polarizabilities. Because of the
interference, there is Fano dip (dashed line) in between the two
resonant modes.

is a standard requirement for the generation of Fano reso-
nances [46,47]. A more in-depth analysis of Fano resonances in
other dimer configurations will be the subject of a future work.

V. APPLICATION TO PLASMONIC NANOANTENNAS

The analytic theory of light scattering by two coupled ori-
ented dipoles that we have developed thus far can be useful to
describe light-matter interaction processes which involve ma-
terial structures that have dipolar responses. One good example
is the case of plasmonic nanoantennas that we have already
used in Sec. III A. Of particular interest is studying how the
interaction affects the outcomes of optical measurements, since
this analytic method may eventually permit us to distinguish
the interaction contribution from the overall measured far-field
optical response. With modern Mueller matrix polarimetry
approaches it is possible to measure the complete scattering
matrix in different plasmonic systems [48,49], even for single
particles [50].

‘We apply this analytic method of the interaction to the far
field response of a nanoantenna dimer made of gold and we
analyze the same basic geometry as in Fig. 2, but for cases
that differ in the distance between nanoantennas, as shown in
Fig. 6(a). The far-field 2 x 2 Jones scattering matrix for these
six configurations is calculated with the BEM method and then
converted into a covariance vector to apply the decomposition
of Eq. (57b).

The covariance vectors | 1)1, |h)2, and | k)i are simply given
by the geometry of the considered nanoantenna dimer. As in
our example ¢; = 90° and ¢, = 135°, the covariance vectors
[defined in Eqgs. (31) and (32)] will be:

1 1 1
11 -1 110 1| -1
=510 |- he=35{_1| M= 7l
0 0
(69)

@

2 (nm)

z (nm)

2 (nm)

om0 T om)

0.8

l9,/9,9,!

04

00}
1000 1200 1400 1600 1800 2000 2200 2400
Wavelength [nm]

FIG. 6. (a) Different geometries of nanoantenna dimers consid-
ered in the BEM simulations. The only difference between the consid-
ered cases is the distance between the center of the nanoantennas (d),
which is respectively set at 0 nm, 225 nm, 250 nm, 500 nm, 750 nm,
and 1500 nm in A, B, C, D, E, and F. (b) Spectroscopic values of
|g2,/8182| for the six different configurations.

In this basis, Eq. (57b) leads to a system of three equations
and three unknowns (note that the fourth equation is trivial
because, for the present simulations of the nanoantennas, the
fourth component of the covariance vector |t),, is always zero),
hence, it is possible to find g;, g2, and gin:

g1 =2(ho + h2), g2 =2(ho+ hy),
gine = —V2(ho + hy + hy), (70)

where ho, h1,and h; are, respectively, the first, second and third

complex elements of the covariance vector |t),, corresponding

to the simulated scattering Jones matrix with the BEM method.
Therefore we can write:

g2 (ho+hy+ hy)?

8182 2(ho+hi)ho +ha)’
The results of this analysis for the six cases presented in
Fig. 6(a) are given in Fig. 6(b). We plot |gi2m/g1g2| (where
the bars |...| denote the complex modulus) as a function of

the wavelength. The most obvious result is that | gizm /8182|
diminishes as the distance between the nanoantennas increases.

(71
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FIG. 7. Complex coefficients v+ and v~ corresponding to simu-
lation A. The vertical lines indicate the position of the hybridization
resonances.

Note that for cases D, E, and F |gi2m/g|g2| is very small
across all the spectrum, which indicates that interaction is
weak. Only for cases A and B the interaction leads to a
marked hybridization in the overall scattering intensity. For the
remaining cases, hybridization mostly manifests itself as peak
broadening, and the two hybrid contributions are not clearly
distinguishable in the overall intensity unless v and v~ are
calculated.

Hybridized frequencies can be calculated by analyzing
the complex amplitudes vt and v~ of the hybrid basis. As
discussed earlier, the resonances appear when the real part of
vt is zero and the imaginary part is small or slowly varying
(i.e., maxima of gamma). This is illustrated in Fig. 7, which
displays the spectroscopic values of v and v~ and the spectral
position of the resonances for Simulation A. The resonant
peaks found for all the simulated cases are summarized in
Table I.

The values in Table I show that the hybrid frequencies are
very sensitive to the distance between the nanoantennas. The
spectral response can be therefore analyzed and designed by
changing the interparticle distance, without need to modify
the particle shape and orientation. This could be important
for potential applications in near-field biosensing, in which
small changes of distance translate in abrupt changes of light
intensity. This is the basis of nanometrology tools such as
plasmon rulers [13,51,52]. In fact our analytic approach allows

TABLEI. Spectral position of the in-phase (A ) and out-of-phase
(A_) hybridization resonances for the considered cases.

Case Ay (nm) A_ (nm) |+ — A_] (nm)
A 1635 1360 275
B 1484 1828 344
C 1499 1692 193
D 1522 1620 98
E 1532 1614 82
F 1594 1545 49

600 [ :

400 } g

Amplitude (a. u.)

200 F :

0 1 1 1 ! 1
800 T T T T T T
Total scattering intensity, |
In-phase intensity, I
Out-of-phase intensity, I

600

400

Amplitude (a. u.)

200

0 I 1 1 1
1000 1200 1400 1600 1800 2000 2200 2400

Wavelength [nm]

FIG. 8. Comparison of the in-phase and out-phase calculated
intensities (/™ and I-, respectively) with respect to the overall
simulated scattering intensity (/) for simulations A (a) and B (b).

us to determine the position of the hybrid frequencies and
study their intensity. The intensity of scattering for each hybrid
mode is

IF = vE (), (72)
where * indicates the complex conjugate and
2V2+2
) = | ~V2E2 73)

a2 -vz2f
0

corresponding to the basis in Egs. (69). Note that for an
orthogonal hybrid basis like this one (A*|h~) = 0. In fact the
hybrid bases are orthogonal whenever g; = g», and when this
occurs:

I=It+1", (74)

where [ is the overall scattering intensity (I = (k|h)). Figure 8
shows how the decomposition in the hybrid basis clearly dif-
ferentiates the contributions of the in-phase and out-of-phase
modes to overall scattered intensity. Notably, the amplitudes
I and I~ can perfectly account for the position in energy
and amplitude of the in-phase and out-of-phase hybridized
peaks. This shows the usefulness of the proposed three term
decomposition method for dimer systems.
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VI. CONCLUSION

We have shown that the scattering matrix of a coupled
dipole dimer can be written as a linear combination of three
states which have a clear physical (and geometrical) meaning.
The study of the interaction term AJi, and the complex
factor y permits a clear understanding of phenomena occurring
in some particle dimers, such as the emergence of optical
activity in certain achiral configurations, hybridization effects,
and Fano resonances. The application of the formalism has
been illustrated by studying the dipolar resonance of coupled
plasmonic nanoantennas which were simulated by elaborated
numerical methods. Some of the results given by our analytic
calculus are:

(i) The near-field scattering fingerprint for an achiral dipole
dimer can be drastically modified by only adjusting the handed-
ness of the incoming polarization, but this will not substantially
alter far-field response for small scattering angles.

(i) We have obtained an analytic expression [Eq. (45)] that
provides the frequencies of the hybrid modes for any geometric
arrangement of dipoles in a plane. Fano-like resonances can be
also explained from the interference between the matrix states
of our decomposition.

(iii) We have shown that the hybridization-induced spectral
splitting in coupled oriented dimers can be well explained by
our decomposition method. The hybrid basis that we have
defined allows us to quantitatively distinguish the contribution
of the in-phase and out-of-phase modes to the overall scattering
intensity in particles with anisotropic polarizability, something
that, to our knowledge, has never been achieved with prior
descriptions of plasmonic hybridization processes. This is
possible even for weakly coupled particles, where no evident
peak splitting is observed in the scattering cross sections.

Our analytical model provides a simple framework to under-
stand and quantify the relative contribution of coupled modes
in complex nanostructures. We think that this analytic method
can be particularly useful in nanophotonic applications that
make use of small antennalike elements for controlling electro-
magnetic waves such as optical trapping, single-molecule lo-
calization, and recognition or surface-enhanced spectroscopy.
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In this paper, we show that the Stokes—Mueller formalism can be reformulated in terms of quaternions and that
the quaternion algebra is a suitable alternative presentation of the formalism of Mueller—Jones states that we have
recently described [J. Opt. Soc. Am. A 34, 80 (2017)]. The vector and matrix states associated with the Mueller
matrices of nondepolarizing optical systems are different representations that are isomorphic to the same
quaternion state, and this quaternion state turns out to be the rotator of the Stokes quaternion. In this work,
we study the properties of this general quaternion state and its application to the calculus of polarization effects.
We also show that the coherent linear combination of nondepolarizing optical media states and depolarization

phenomena can be reformulated in terms of quaternion states.
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1. INTRODUCTION

The formulation of the problem of interaction between polari-
zation devices/media and polarized light is usually made using
the Stokes—Mueller matrix formalism, but it is also possible to
use a more abstract, coordinate- and matrix-free algebraic for-
malism based on quaternions. The use of quaternions in polari-
zation optics is not common, but it was pioneered years ago by
Pellat-Finet [1,2] and, more recently, it has also been consid-
ered by other authors [3,4]. These works mainly focus on par-
ticular uses of quaternions in certain polarization calculus, for
example, to simplify the calculation of Jones matrix cascades of
birefringent systems, but they do not provide a quaternion rep-
resentation for the most general polarization operator having all
possible forms of birefringence and dichroism. In this work, we
show a complete formulation of polarization algebra in terms of
quaternions. Through isomorphic properties, it is shown that
such formulation is equivalent to other well-known represen-
tations given by the Jones calculus, Mueller—Stokes calculus,
covariance vectors, etc.

We start recalling several results from polarization theory.
The covariance matrix H associated with the Mueller matrix
M is [5]

H= > My, ™)

where M l-j(i, j=0,1,2,3) are the elements of the Mueller
matrix M, l_[,-j =A(6; ® 6;‘)A'1:

1084-7529/19/040492-06 Journal © 2019 Optical Society of America

1 0 1
1 0 -1
A= s
0 1 1
0 7 -i
1 1 0 O
1. 1[0 1 -
Al=-AT=— 2
2 210 1 i
1 -1 0 0

The superscript T indicates the conjugate transpose (Hermitian
conjugate), the superscript * indicates complex conjugate, ® is
the Kronecker product, and 6; are the Pauli matrices with the
2 x 2 identity in the following order:

0'0:((1) (1)) 0'1:<(1) 701), ()
6) = (? (1))) 03 = <(z) ;)l) 4)

If and only if the Mueller matrix of the system is nondepola-
rizing (we can also call it pure or deterministic), the associated
covariance matrix H will be of rank one. In this case, it is always
possible to define a covariance vector |4) such that [5-10]

H = [h) (4], ©®)

where |4) is the eigenvector of H corresponding to the single
nonzero eigenvalue.



74

List of Publications

Research Article

In previous works [9,10], we parameterized the dimension-
less components of |4) as 7, a, f, and y:

T
|h) = ; (6)
Y

where 7, a, f§, and y are generally complex numbers. One of the
parameters can be chosen to be real and positive if the global
phase is not considered, as it is typically done in polarimetric
measurements because it is not accessible.

On the other hand, in [9], we introduced another object, Z,
that serves as a Mueller—Jones state in matrix form and that has
applications in many calculi [11,12]:

T a p 4
z—|@ T -y z/? ‘ @
p iy 1 -ia
y -if ia T
By direct matrix multdplication, it can be shown that the
Mueller matrix of any nondepolarizing optical media can be
written as

M =277 =Z7*Z (8)
The Mueller matrix transforms the Stokes vector |s) =
(50> 515 $2,53) T into another Stokes vector |s'):
ls") = Ms). (9)
Similarly, it can be shown that the Z matrix transforms the as-
sociated Stokes matrix according to the following scheme:

S’ =Z7SZ, (10)
where the Stokes matrix, S, is defined as
So S 52 3
s S ~is is
S = 1 '0 3 '2 (1 1)
5 IAX] S0 -85
53 —ifz ifl 5o

We note that the term Stokes matrix has been used previously
[6,13] with a different meaning: to refer to 4 x 4 matrices that
transform Stokes vectors into Stokes vectors, so that the set of
Mueller matrices is constituted by those Stokes matrices that
satisfy the Cloude’s criterion. It should not be confused with
the different meaning that it has here.

The Stokes matrix S can also be defined in terms of the
polarization matrix ®:

S=A@® QDA (12)
where
@ = |ENE] (13)
and |E) is the Jones vector:
E
5= (7) (14)
y

The Z matrix can be written in terms of the Jones matrix, J, as
follows:

Z=AJ QDA (15)
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Proof of Eq. (10) immediately follows from the definitions of Z
and S.

Similar to the Jones matrices, Z matrices can describe the
product state of the combined system associated with a serial
combination of nondepolarizing optical media:

Z = ZN . ZN*I"'ZZ . Zl‘ (16)

However, such a product state is not possible with |/) vectors.
Therefore, |5) vectors and Z matrices (and by extension Jones
matrices), despite containing the same information, appear as
different algebraic entities.

In this work, it will be shown that Z matrices, Jones matri-
ces, and |4) vectors are actually different representations of the
same quantity, and they are isomorphic to the same b quatern-
ion. The development of this quaternion algebra is possible
thanks to the close relation of these two mathematical repre-
sentations to Pauli matrices, which are the basis matrices that
allow to construct the complex 2 x 2 matrix operators in polari-
zation optics [14]. Before introducing the quaternion represen-
tation, we complete the formalism based on Z matrix states that
we have presented in [9] by describing how it handles optical
phases.

2. OPTICAL PHASES AND Z MATRICES

In addition to the intensity, the phase of the electromagnetic
waves plays an important role in optics. The Stokes vector,
|s), and the Mueller matrix, M, are real; therefore, the trans-
formation [s') = M]s) cannot keep track of the phase of the
polarization state. The Jones formalism that is based on
Jones vectors, |E), and Jones matrices, J, can represent optical
phases. For the transformation

|E") = JIE), (17

arg((E|E")) is the total phase (geometric phase plus dynamic
phase) acquired.

In our formalism of Z matrix states, we can also consider the
following transformation:

S=1s, (18)

where § is not a Stokes matrix. By using Eqs. (12), (15), and
(17), this identity can be rewritten explicitly as follows:

S=A(E'YE]) @ DA™ (19)

Therefore $ is just the extension of the operator |E’){E|, and it
carries the same phase contained in |E”).

Similarly, the transformation Z|s) does not generate a Stokes
vector, but it leads to the following theorem:

(s1Z[s) = 2(EJIE) = 2(E|E"). (20)

According to this theorem, it is possible to read the phase ac-
quired by the polarization state from (s|Z]s). As it can be seen
from the left hand side of Eq. (20), since the Stokes vectors are
free from phase, all the additional phase comes from the Z
matrix.

Therefore, we conclude that the Z matrix can include opti-
cal phases information of the Jones formalism, and it can be
used as a bookkeeping device for the evolution of the phase.
For example, it is possible to keep track of the phase for suc-
cessive rotations of the polarization state on the Poincare
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sphere, and it is possible to calculate the Pancharatnam—Berry
phase for closed loops.

3. DEFINITION OF THE h QUATERNION STATE

First, we observe that the Z matrix can be written as a linear
combination of four matrices:

Z = 7l + ial + if] + iyK, (21)
where

1000 0 -i 0
11:0100,1: i 00 ’

0010 000 -1

0001 0010

0 0 -0 00 0 -

0 0 01 00-10
]:-iooo’K:01oo (e2)

0 -1 00 -0 0 0

These basis matrices have the following properties:

P=]=K*=IJK = -1,

IJ=JI=K, JK=-KJj=I  KI=-IK=].
(23

We note that these basis matrices are isomorphic to the basis
quaternions defined by Hamilton [15]:

2= =k =ijk=-1,
ki= ik =j. (24)

Therefore, the Z matrix of Eq. (21) is isomorphic to the 4
quaternion:

ij=-ji=k  jk=-kj=i

b =11+ iai + ifij + ivk, (25)

which is directly related with the covariance vector |4). It is
worth noting that the Jones matrix, J, is also isomorphic to
the A quaternion. To show this, we write the Jones matrix
in terms of Pauli matrices [9,16]:

J =16, + a6, + po, + y03, (26)
which can be written as
J = w0y + ia(-ic\) + ifi(-ic,) + iy(-ic3). (27)

The 2 x 2 matrices 6y, -i61, -i6,, and -i65 are, respectively,
isomorphic to the quaternion basis, 1,7, j, and k. Therefore, we
can write the associated Jones quaternion, A, as follows:

b =11+ iai + ifj + ivk, (28)
which is identically equal to the quaternion state 4 defined for
the Z matrix and the |/) vector.

We therefore conclude that the vector state |4), the matrix

state Z, and the Jones matrix J are isomorphic to the same
quaternion state, A.

4. PROPERTIES OF THE QUATERNION STATE

It is possible to define a polarization formalism based on the
quaternionic form of the nondepolarizing media states. The

algebra of this formalism is free from any matrix (or vector)
representation. The most relevant properties of the 4 quatern-
ion are described in this section, while other more particular
properties are discussed in Appendix A.

A. Multiplication of Quaternion States

We can multiply two (or more) 4 quaternions and those results
into another A quaternion:
(7271 + gy + Boffy + 72711

+i(ta + apty + 4 -7 i
b= hyhy = '(2 1 271 '/}2}’1 '}’2/}1). . (29

+i(ro 8 + Boti - iayyy + ir,on)f

+i(toy) + 7271 + iwfy - ifray)k
It is worth noting that the resultant 4 quaternion is not a four-
component column vector, but a single hypercomplex number
that corresponds to the covariance vector |4) with the following
components:

7,11 + aay + Bofy +vars
Ty + T + ifoy1 - iy
|h) = , ‘ . (30)
©py + Poty - iy, + iy
Y1 127+ iwf - b
The Z matrix serves as a short-hand multiplication table for |/)
vectors [17]:

|5 = Z,|h), (31)

where |h),Z,, |h,) correspond to b quaternion, b, quaternion,
and A; quaternion of Eq. (29), respectively. The quaternion
multiplication algebra of Eq. (29), which exploits the multipli-
cation of two hypercomplex numbers, offers a compact and
simple alternative to the matrix—matrix multiplication Eq. (16)
or to the matrix—vector multiplication Eq. (31).

B. Transformation of a Stokes Quaternion

An ordinary three-dimensional vector » can be rotated about an
axis by an angle € as follows:

v' = qugq, (32)
where ¢ is a unit real quaternion, and g is the Hamilton (qua-
ternion) conjugate of ¢:

9= a1 +ai+ qjt ok
4= 9l -91i- 90,5 -5k (33)
where ¢q,, ¢,, ¢, and q; are real numbers such that
99=39=q +qi + 9+ g5 =1
From Eq. (10), it immediately follows that a very similar

transformation (rotation) applies to the Stokes quaternion

(see also Liu ez 4l [3]):

s' = bsh', (34)
where A" is the Hermitian conjugate of the A quaternion:
b =1 + ia*i + if*j + ir*k. (35)

s is the Stokes quaternion that corresponds to the Stokes vector
ls) = (0,51, 52,53)

s=sol +isyi +isy j + isz ke, (36)
and s is the transformed (rotated) Stokes quaternion that cor-
responds to the transformed Stokes vector |s'):
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|s") = M), 37)

where M is a nondepolarizing Mueller matrix. The proof is
straightforward but tedious. By direct multiplication of three
quaternions in Eq. (34), it can be shown that the transformed
Stokes quaternion s’ is isomorphic to the transformed Stokes
vector |s"). The most general transformation of a Stokes vector
by a nondepolarizing optical system state is thus given by the
triple quaternion multiplication of Eq. (34).

It can also be shown that the theorem of Eq. (20) can be
written in terms of the quaternions as follows:

s-bs = (s|Zls) = 2({E|J|E), (38)

where “” indicates the quaternion dot product.

C. Rotation of the Quaternion State

The Mueller matrix of an optical element can be rotated by an
angle 0 in a plane perpendicular the light propagation direction:

M(6) = R(O)MR(-0), (39)
where
1 0 0 0
R(0) = 0 c.os(29) -sin(20) 0 40)
0 sin(20) cos(260) O
0 0 0 1

Similarly, the covariance vector of a nondepolarizing Mueller
matrix can be rotated as follows:

|h(0)) = R(O)]h), (41)

where |h(0)) generates M(6).
The covariance vector of the matrix R(6) is |r(0)) =
(cos(6),0,0, - i sin(@))” with the associated quaternion 7:

r = cos(0)1 + sin(0) k. (42

The quaternion 7 is unitary, and it is the rotator for the
quaternion 4:

h(6) = rhr', (43)
where 7' = # = cos(6)1 - sin(0) 4.

5. APPLICATION TO THE REPRESENTATION OF
OPTICAL MEDIA

A. Superposition of Mueller-Jones States and
Depolarization

As we have shown before [10], the Mueller—Jones state of a
nondepolarizing optical medium can also be represented by a
covariance vector |4) or by a matrix state Z. Here we have
shown that these are isomorphic to the same quaternion state
h. Therefore, any coherent linear combination of quaternion
states is also a quaternion state that corresponds to a new
nondepolarizing optical medium state:

b= ab, + bh, + chs..., (44)

where the coefficients «, b,¢, ...
numbers.

In a coherent linear combination (superposition) process,
the Stokes quaternion is simply subjected to a rotation by
the combined quaternion state A. If the superposition process

are, in general, complex
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is partially coherent or incoherent, we have to consider depo-
larization effects. In this case, the covariance matrix H associ-
ated with a depolarizing Mueller matrix will be of rank >1, and
any depolarizing Mueller matrix can be written as a convex sum
of at most four nondepolarizing Mueller matrices:

M = wM; + w,M, + w3;M; + wMy. (45)

This is known as the arbitrary decomposition of a Mueller ma-
trix [6,18,19]. M;,M,, M3, and My are nondepolarizing
Mueller matrices; wy, w,, w3, and wy are real and positive num-
bers with the condition

wy + wy + wy + wy = 1. (46)

Decomposition of a depolarizing Mueller matrix into its non-
depolarizing components is not unique. In the spectral
(Cloude) decomposition [20], weights w; are the eigenvalues
of the covariance matrix, H, and the component matrices
M; are the nondepolarizing Mueller matrices corresponding
to the associated eigenvectors of H.

For an incoherent combination, from the linearity of the
convex summation of Eq. (45), we can immediately write a
transformation formula for the Stokes quaternion:

4
s = ZI: wh;sh,. (47)

The same depolarization scheme given in [10] applies to the
quaternion formulation as well.

B. Nondepolarizing Mueller Matrix

The nondepolarizing Mueller matrix can be recovered by shift-
ing from the triple quaternion multiplication of Eq. (34) to
a matrix—matrix—vector multiplication. Consider the second
product (sh") of the quaternion rotation in Eq. (34); it maps
to the following matrix—vector product:

*

5o 5 $ 53 T

. . *

B 51 ) —153 1859 a
sht — S|h*) = ‘ ‘ , (48

sy isy sy —is p

s3  —isy @5y Sy r*

where S is the matrix associated with the Stokes quaternion s.
It can be shown that the order of multiplication can be re-
versed by means of the Z* matrix:

S|h*) = Z*|s), (49)

where |s) is the Stokes vector (|s) = (59> 51,52, 53) 7).

Since quaternion 4 is associated with the Z matrix, the triple
quaternion product maps to the following matrix—matrix—vec-
tor product:

s' = bhsh' — |s') = ZZ*|5s) = (ZZ*)|s) = M[s),  (50)
where M is the Mueller matrix. An explicit form of the Mueller

matrix in terms of the parameters 7, @, f§, and ¥ can be found
in [9].

C. Exponential and Differential Forms of the
Quaternion State

Any quaternion, ¢ = wl + xi 4 yj + zk, can be expressed in
an exponential form:
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q = |ql(cos 0 + # sin 0) = |q|e™, (51)
where |q| = /99, cos 0 = w/lq|, &= (xi + yj + zk)/

Var+ 4+ 22, and sin 0 = \/x? + 5 + 2% /|q].

Similarly, the quaternion b = 71 + iai + iffj + iyk can be
written in polar form using the expressions for 7, a, f, and y in
terms of the spectroscopic parameters [9,21]: 7 (isotropic phase
retardation), k (isotropic amplitude absorption), CD (circular
dichroism), CB (circular birefringence), LD (horizontal linear
dichroism), LB (horizontal linear birefringence), LD’ (45°
linear dichroism), and LB’ (45° linear birefringence):

L (T il (T
T=c¢ cos<2) a=-¢ Tsm(z), (52)

y il T 4 iC T
ﬁ = —["_7/ lT sin (5) Yy = 5'7117 sin (5) ) (53)
where  y=n-ix, L=LB-ilD, L' =1B'-iD/,
C=CB-iCD,and T = 1>+ L"* + C°.

If we choose 6 = T /2, then the quaternion 4 can be
written as

b= (54)

where #i is another quaternion that can be written as
= ‘5’(;(1 + iLi + iL'j - iCk). (55)

The quaternion #i corresponds to the differential z matrix [9]:
X L L -C
| L iC il
2= “ . (56)
21 L -iC y -iL
_C Ll il
Now we can differentiate A with respect to / (distance along the
direction of propagation of light):

db dh h
a—ab—jb, (57)

where we have taken into account that all the parameters in i
(¢» L, L', and C) are proportional to / for a nondepolarizing
medium [21]. This equation is a reformulation of the
Stokes—Mueller differential formalism [22], and it can be com-
pared with the well-known quaternion differentiation formula:

i=300 (58)

where @ is the angular velocity. Hence, 2f1// can be interpreted
as the angular velocity of rotation by an angle @ (= 77/2) of the
quaternion state through the medium. Therefore, i describes

the changing rate of b along the pathlength.

6. CONCLUSION

The Stokes—Mueller formalism can be reformulated in terms of
quaternions. The vector state |4), the matrix state Z, and the
Jones matrix J are isomorphic to the same quaternion state A.
We have shown how quaternion algebra can be used to replace,
or computationally simplify, the representation of optical media
states and their mathematical operations.

The transformation of a Stokes vector given by a nondepo-
larizing Mueller matrix can be expressed by quaternion rotation
that can be formally presented as the multiplication of three
quaternions. Particularly, if M is a unitary matrix, then a, f,
and y are pure imaginary numbers, and the quaternion state,
b, becomes a real quaternion. In this case, the quaternion
rotation of the Stokes quaternion can be conceived as a three-
dimensional rotation on the Poincaré sphere.

In summary, quaternion algebra can embrace all aspects of
the Stokes—Mueller formalism, allowing for a synthetic repre-
sentation of the matrix algebra used for the description and
transformation of polarized light. This compact notation offers
practical advantages in computer calculations of polarization
effects, and it shows the straightforward connections between

different Mueller—Jones operators (|4), Z, and J).

APPENDIX A: OTHER PROPERTIES OF THE h
QUATERNION AND SPECIAL CASES

1. The norm of the covariance vector is given by
(hlh) = v + aa* + pp* +yr* = My (A1)

In the quaternion language, this norm corresponds to the real
part of the quaternion A, multiplied by its Hermitian conjugate:

R(bh") = t7* + aa* + pB* + yy* = My, (A2)

2. The following property can be used to define successive
rotations:

(hibh)" = hlh]. (A3)

For example, if 4, and A, are two quaternions corresponding to
two rotations, the transformed Stokes quaternion can be writ-
ten as

hy(bshi) B = (hyb)s(hih}) = (hoby)s(hoby)',  (Ad)
which means that b4, is the combined rotator.
3. If 7 is real, and a, 3, and y are pure imaginary, then
bbh' = h'h = tv* + aa* + BB* + yy* = (hlh) = My,
(A5)
and if |4) is normalized to unity, then
bh" = h'h = 1. (A6)
In this case, A" is the inverse of b, and the inverse rotation for
Stokes quaternion can be written as
s=h's'h. (A7)
This case corresponds to unitary Z and unitary M [9].

4. In general, inverse rotation is related to the Hamilton
conjugate of the quaternion 4, which is defined as

b =11 - iai - if}j - iyk. (A8)
Since

bh =1 -a*- -y, (A9)
if (72 - a? - 2 - %) > 0, the inverse of b can be defined as

b b (A10)

_Tz_az_ﬁz_},Z'

Similarly, the inverse of the Hermitian conjugate of 4 is
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(b = (&) (A11)
N () - (@) - (") - (r)*’
where (b") = b* = ¢*1 - ia*i - if*j - iy*k.
5. If r,a, 3, and y are real,
h=h' (A12)
In this case, transformation of the Stokes quaternion becomes
s' = bsh. (A13)

This case corresponds to Hermitian Z and Hermitian M [9].
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A typo has been noted in the paper reproduced above. Below Eq. (31) it should say
“where |h), Z5, |h),” instead of “where |h), Z, |h),”.
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Chapter 4
Discussion and Conclusions

In classical mechanics the state of the system is represented by a point in the phase space.
In quantum mechanics state of the particle is a vector in the Hilbert space. In this thesis
we introduce a vector state |h) that represents the state of the optical medium. |A) is a four

component complex vector:

T

(04
hy = (4.1)
) 5

10

Components of |h) can be defined in terms of basic spectroscopic parameters, isotropic
phase retardation (7)), isotropic amplitude absorption (k), circular dichroism (CD), circular
birefringence (CB), horizontal and 45° linear dichorism (LD and LD’), horizontal and 45°
linear birefringence (LB and LB’):

4.2)

where ¥ =1 — ik, L=LB—iLD,L' = LB'—iLD',C=CB—iCD, T =V L*+L"?*+C2.
The vector state is closely related with the matrix state Z. The matrix state, Z, is a4 x 4
complex matrix which is isomorphic to the 2 x 2 Jones matrix. In this thesis we have shown

that there also exists a quaternion state representation of the optical medium. The Jones
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matrix and Z matrix are isomorphic matrix representations of the quaternion state A. It is also
worth to emphasize that the quaternion state has a similar structure with the |4) vector, but,
the quaternion state has one more property. Multiplication of |h) vectors as |A;)|h2) - - - |hy) is
not feasible, but, quaternion multiplication of quaternion states is feasible and yields another
quaternion state:

h=hhy---hy (4.3)

Jones matrices and Z have the same property:
J = J1J2 oo JN

Z=7:Z, - In (4.4)

But these state representations do not form a group under multiplication because multiplica-

tive inverse elements do not exist, in general.

|h) vector, Jones matrix, Z matrix and h quaternion can be added by themselves to yield
states of the same kind:

\h) = c1|h1) +calha) + - en|hn), (4.5)
J=ciJi+cJ2+---endn, (4.6)
1 =cZ71+cZy+ - cNIN, “4.7)
h=chy+cyhy+---cnhy. (4.8)

In order to make use of the usual vector and matrix manipulations, vector state, |k), may
have several advantages over the other state representations. For example, it is possible to
define a scalar product, (h;|4;), and an outer product, |4;)(h;|, of |h) vectors. Scalar product
of vector states is especially useful to implement the usual vector algebra for decomposition
of media states into more basic states that serve as basis states. Outer product of |4) vectors
allows to define another matrix state, H:

H = |h)(h|. (4.9)

The matrix state H can be interpreted as a density matrix with an analogy with the quantum
mechanical density matrix. Density matrix interpretation becomes more significant when we
study depolarization. In case of depolarization, H matrix represents the mixed state of the
mixture.

2 x 2 complex Jones matrices are basic elements of the theory of deterministic optical sys-

tems. Addition and multiplication of two or more Jones matrices yields another Jones matrix,
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therefore, Jones matrices are suitable to represent coherent parallel and series combinations
of deterministic optical systems. For example, let J; and J, represent two deterministic
optical systems, and let J be the Jones matrix of the coherent parallel combination of two
systems:

J=clJi1+c2ds. (4.10)

The associated nondepolarizing Mueller matrix of the combined system can be obtained from
the Jones matrices by the transformation, M; = A(J; ® J ;*)AT, where A is the unitary matrix
defined in Eq. (1.13):

M= A[(c1J1+c2J2) @ (c1J1 4+ c2J2)*]AT, 4.11)

where c| and ¢, are generally complex coefficients. 4 x 4 complex Z matrices have very
similar properties with Jones matrices. They can be added, they can be multiplied, hence
they are suitable for representing parallel and serial processes. Z matrices have a very
simple relation with nondepolarizing Mueller matrices, M = ZZ* = Z*Z. This relation
considerably simplifies the algebra of Eq.(4.11). Let us consider a coherent combination of

two deterministic optical systems represented by Z matrices:
2 =c\l1+ 2y, (4.12)

where Z and Z; are the matrix states corresponding to component systems and Z is the matrix
state of the combined system. The associated nondepolarizing Mueller matrix can be found
without applying tedious steps of Kronecker matrix product and unitary transformations
performed by multiplying from left and right with A and AT matrices:

M= (C1Z1+62Z2)(C1Z1+02Z2)*. (4.13)

As it was shown in [22], Z matrix formalism is also very useful for formulating partial
coherence. It is possible to study interference effects in a complete polarimetric version of
Young’s double slit experiment with gradually diminishing coherence. As the pinhole size
increases, the phase variations are averaged over the measurement area leading to partially
coherent or incoherent results that exhibit depolarization effects. These effects can be clearly
observed in the elements of the Mueller matrix of the combined system.

A covariance matrix (density matrix), H, can be defined as an outer product of |A) vectors:
H = |h) (h|. Here, we have a strong analogy with the state description of quantum mechanics
in terms of density operators (matrices). H matrix can be considered as a density matrix. If

rank of H matrix is one, i.e., H matrix has only one nonzero eigenvalue, H is a density matrix
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(density operator) representing a pure state (deterministic optical system). Analogy with
quantum mechanical density operator formalism can be made for mixed states also. If two or
more optical systems are incoherently combined Mueller matrix of the system becomes a

depolarizing Mueller matrix which can be written as a convex sum of its components:
M=w M +w,My+w3Mz+--- (4.14)

Rank of the H matrix associated with the depolarizing Mueller matrix, M, is greater than one
and, in general, it can be at most four. In other words, in case of depolarization, the matrix H

has two, three or four nonzero eigenvalues, and it represents a mixed state of a mixture:
H=wH{+w,Hy +w3H3z+--- 4.15)

It is worth noting that, in quantum mechanics, a mixture does not have a vector state, |¥),
it can only be represented by a density matrix, p. Similarly, in polarization algebra, a
depolarizing Mueller matrix cannot be associated with a vector state, |h), i.e., a mixture does
not have a vector state.

H matrix formalism is especially useful in the decomposition procedure of depolarizing
Mueller matrices into their nondepolarizing components. It can be shown that, under certain
symmetry conditions, two-term combinations of nondepolarizing Mueller matrices can be
resolved, and the original component Mueller matrices can be retrieved uniquely by means
of the rank considerations of H matrices.

In this thesis it is shown that Jones matrices, Z matrices and |h) vectors are just different
forms of the quaternion state, h. Quaternion states can be added, can be multiplied and they
transform (rotate) the associated Stokes quaternion, s into s’ by means of the triple quaternion
multiplication, s’ = hsh', where s is the quaternion form of Stokes vector (s = sol 4 isji+
isoj+ is3k), k' is the Hermitian conjugate of h and s’ is the transformed (rotated) Stokes

quaternion that corresponds to the output Stokes vector |s') of Stokes-Mueller formalism,
[s) = Ms), (4.16)
where |s) is the usual Stokes vector.

The vector state |#) does not have an exponential form, but the quaternion state h (and Z

matrix) can be written in an exponential form:

h=¢"
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h= —é(xl—i—iLi—i—iL’j—iCk). (4.17)
When we differentiate h with respect to ¢ (distance along the direction of propagation of
light) we get
dh dh h
— =—h=-h. 4.18
e dt l (4.18)

This equation is a reformulation of the Stokes—Mueller differential formalism, and it can be
compared with the well-known quaternion differentiation formula:

1
q= 504, 4.19)

where @ is the angular velocity. Hence, 2//¢ can be interpreted as the angular velocity
of rotation by an angle (= 7 /2) of the quaternion state through the medium, where 7
describes the changing rate of h along the pathlength. Since, the vector state |h) and matrix
state concepts (Jones and Z matrices) are different forms of the same quaternion state, h,
quaternion state may serve as a key element for the unification of all formalisms developed
thus far at different stages by many contributors.

The vector state approach is especially useful for the analysis of interacting systems. The
state of an interacting system can be resolved into its basic constituents and interaction states:

\h) = g1|h)1 +g2h)2 + -+ Gine | B it (4.20)

In general, there may be more than one interaction state depending on the geometry and the
number of particles.

As an implementation of vector state formalism we study the scattering matrix of a
coupled dipole dimer and show that it can be written as a linear combination of three states
which have clear physical (and geometrical) meanings. The study of the interaction term
permits a clear understanding of several phenomena occurring in particle dimers, such as
the emergence of optical activity in certain achiral and chiral configurations, hybridization
effects and Fano resonances. As an example, we study the dipolar resonance of coupled
plasmonic nanoantennas which are simulated by elaborated numerical methods.

Given these results, the main conclusions of this work are:

* The coherent (constant phase) parallel combination of deterministic systems can be
written as a linear combination of Z matrices with complex coefficients. In practice
this means that we can synthesize any nondepolarizing optical system as a coherent
linear combination of a complete set of nondepolarizing basis systems. This leads to

the concept of “linear combination of states” of optical media, and allows us to make
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an analogy between the quantum mechanical wave function ¥ and Z matrix by means
of the relation, ZZ* = M.

The analogy with quantum mechanics allows us to directly formulate the optical combi-
nations of optical media without need of an explicit consideration of the superposition
of electromagnetic fields, which is the starting point of other formulations of optical
coherence. We think that our formalism introduces a unified theory of coherence and
polarization that can be especially useful for experimental techniques that explore

polarized light and material media interactions such as polarimetry or ellipsometry.

As an application of the formalism we study interacting dipole systems and we obtain
an analytic expression that provides the frequencies of the hybrid modes for any geo-
metric arrangement of dipoles in a plane. Fano-like resonances can be also explained

from the interference between the matrix states of our decomposition.

The Stokes—Mueller formalism can be reformulated in terms of quaternions. The
vector state |4), the matrix state Z, and the Jones matrix J are isomorphic to the
same quaternion state h. We have shown how quaternion algebra can be used to
replace, or computationally simplify, the representation of optical media states and

their mathematical operations.

The hybridization-induced spectral splitting in coupled oriented dimers can be well
explained by our decomposition method. The hybrid basis that we have defined
allows to quantitatively distinguish the contribution of in-phase and out-of-phase
modes to the overall scattering intensity in particles with anisotropic polarizability,
something that, to our knowledge, has never been achieved with prior descriptions of
plasmonic hybridization processes. This is possible even for weakly coupled particles,
where no evident peak splitting is observed in the scattering cross-sections. Our
analytical model provides a simple framework to understand and quantify the relative
contribution of coupled modes in complex nanostructures. We think that this analytic
method can be particularly useful in nanophotonic applications that make use of small
antenna-like elements for controlling electromagnetic waves such as optical trapping,

single-molecule localization and recognition or surface-enhanced spectroscopy.

Near-field scattering fingerprint for an achiral dipole dimer can be drastically modified
by only adjusting the handedness of the incoming polarization, but this will not

substantially alter far-field response for small scattering angles.
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* For depolarizing polarimetric experiments,which are a combination of two nondepolar-

izing states, it is possible to analytically retrieve the individual polarimetric response

of each component.

The nano scale, being an intermediate scale between the macroscopic and microscopic
systems, is an area of optical effects peculiar of its own. But, these effects still can be
described classically without making any reference to genuine quantum concepts such as
quantization. However, when we go to more smaller dimensions, nanoparticles will inevitably
begin to display quantum effects. In that limit we may expect that the analogy between the
vector/matrix states and the quantum state vectors may offer a starting point for foundation
of a new formalism that deals with quantized properties of nanoparticles.






Appendix: list of vectors and matrix
states

This appendix contains a tabulated list of |k) vector states, Z matrix states and their corre-
sponding Mueller matrix M .
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