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bstract

The effect of an externally applied magnetic field on the propagation characteristics of a
plasmon-polariton wave supported by an infinitely wide thin metal waveguide was inves-
tigated. In order to do so, the dispersion relation was derived, from Maxwell’s equations,
enabling accurate modelling of the situation of interest. The general dispersion relation,
including the constraint equation, for magneto-plasmons was derived in general, and
then, specifically for a magnetic field applied along three orthogonal cartesian axes. The
Josses in the metal were included in the dispersion equation so that a better understanding

of the influence of an externally applied magnetic field may be provided.

The dispersion relation is used as the basis of a software model of magneto-plasmons in
thin metal films. This model is validated against specific cases in the literature with and
without an externally applied magnetic field. The specific formulations in the literature
were deemed to be incorrect, and have been corrected and the results have been interpret-
ed. The model is then used to simulate thin gold films bounded by silicon dioxide at an
infrared wavelength. The modelling results include the effect of the externally applied
magnetic field on the propagation constant and the corresponding field components for
all three cartesian orientations of externally applied magnetic field. The results from these

simulations are presented and interpreted.

An indium tin slab in air with an externally applied magnetic field in three orthogonal car-
tesian orientations is modelled. Numerous branches are found in each orientation. The
modes in these branches exhibit complex behaviour; both plasmon-polariton modes and
total internal reflection modes are present. A thin gold film bounded by semi-infinite sil-
icon dioxide with an externally applied magnetic field in three orthogonal cartesian ori-

entations is also modelled. The effect of a range of externally applied magnetic field
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levels on both the symmetric bound mode and the asymmetric bound mode is examined
for light at the free space wavelength of 1550nm.
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Chapter 1: Introduction

@

tion

1.1 Field of Research

In the telecommunications industry, faster, smaller and cheaper components are always
in demand. For this reason, integrated optical communications components are of great
interest. The basic building block of any optical communications component is an optical
waveguide. Recently, it has been shown theoretically [1-3] and experimentally [4, 5] that
optical waveguides can be built from printed metal lines that guide light as a plasmon-
polariton mode. Such waveguides could prove to be the basis for passive printed integrat-
ed optical circuits, comprising waveguides, bends, Y-junctions and couplers, as well as
active printed integrated optical circuits, such as variable optical attenuators, modulators,

switches, amplifiers and sources.

1.1.1 Definition of Plasmon-Polaritons

An electromagnetic wave travelling through a polarizable medium is modified by the po-
larization it induces and becomes coupled to the medium [31, p1]. These coupled modes
are called polaritons. Bulk polaritons are polaritons propagating in a boundless medium,
whereas surface polaritons are polaritons propagating at the interface between two media

by the coupling of electromagnetic radiation to surface dipole excitations {31, p143].

If a volume of metal is hit with an electron, a charge density will propagate through it.
This is called a volume plasmon. If the propagation occurs at the surface of the metal, it

is called a surface plasmon.
If a plasmon is coupled with a polariton the propagation involves both a photon and an

electron. Such a coupling can occur at the interface of an electron supporting medium and

a diclectric. From Maxwell’s equations, it Has been shown that the interface between two
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media with the real parts of their permittivities having opposite signs, for example, a met-

al and a dielectric, will support a surface plasmon-polariton mode [31, p17].

At infrared frequencies, metals and highly doped semiconductors have low absorption
due to electron collisions. Therefore, they can be modelled as an almost free-electron gas
or cold plasma, allowing their relative permittivity to be defined by the Drude free-elec-
tron theory as follows [31], [32] and [33]:
g =1- __g)f)__ (1.1)
d ®(®—jV) )

This can be divided into real and imaginary components as follows:

g, =g/ —je (1.2)
Therefore the real part is
2
. )
g = l-—5— (1.3)
© t+v
and the imaginary part is
@V
g = ——5—5 (1.4)
o(® +v7)

In equations (1.1), (1.3) and (1.4), ® is the angular frequency of the radiation, v is the

effective electron collision frequency and ®, is the plasma frequency which is defined

as follows:
2 N 2
wp = —4- (1.5)
Eom

In equation (1.5), Nis the density of conduction electrons in m>, g is the electronic charge

in Coulombs, m is the effective optical mass of the electron in kg and €, is the permittiv-

ity of free space in F/m. The real part of the relative permittivity will be negative if
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2,.2 2 S . e .
®" + V" < ®,. The imaginary part of the relative permittivity represents the absorption of

the material due to electron collisions, which results in optical losses. Hence, the term al-

most free-electron gas; a free-electron gas does not have any electron collisions, v = 0.

It has been shown that at infrared frequencies, metals and some highly doped semicon-
ductors have a negative real part of their relative permittivities and can, therefore, support
surface plasmon-polariton modes when in contact with another medium such as a dielec-

tric with positive real part of its permittivity [31, p17].

It has also been shown that interfaces between metals or highly doped semiconductors
and normal dielectrics can only support transverse magnetic modes [31, p17]. Therefore,
surface plasmon-polaritons are transverse magnetic surface electromagnetic waves prop-
agating at the interface between two media with oppositely signed real parts of their per-
mittivities. These waves are characterized by an exponentially decaying amplitude with
increasing distance from the interface such that the field’s amplitude tends towards zero
as the distance from the interface tends towards infinity [34]. The electric and magnetic
fields associated with a surface plasmon-polariton wave are shown in Figure 1.1, in which

the direction of the propagation of the light is in the negative z direction, that is, into the

page.

Hx

Figure 1.1 Fields associated with a plasmon polariton surface wave
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1.1.2 Plasmon Polariton Waveguides

In the same manner that a plasmon-polariton wave can be supported by a semi-infinite
metal-dielectric or semiconductor-dielectric interface, a plasmon-polariton wave can be
supported and guided by a finite thickness, infinitely wide metal or semiconductor film
bounded by a dielectric or even by a finite thickness, finite width metal or semiconductor
film embedded in a dielectric. These two situations produce slightly different field solu-

tions.

In the case of a finite thickness, infinitely wide metal or semiconductor film bounded by
a dielectric, two plasmon-polariton modes are supported at both metal-dielectric or sem-
iconductor-dielectric interfaces. If the film is thin enough, the plasmon-polariton modes
guided by the two interfaces become coupled due to field tunnelling through the metal or
semiconductor, producing a supermode [2]. The supermode may be either a symmetric
mode or an asymmetric mode, as shown in Figure 1.2. These two modes are accompanied
by evanescent fields which penetrate into the media bounding the metal film. The asym-
metric mode has a propagation distance along the metal film which decreases as the metal
film thickness decreases, while the propagation distance of the symmetric mode increases
as the metal film thickness decreases. These modes are called the short-range surface
plasmon wave and the long-range surface plasmon wave [25]. The difference in the prop-
agation distances of these two modes is a direct result of the different fractions of the
power carried by their evanescent fields. In a symmetric waveguide where the two media
bounding the metal film have the same dielectric constant, the propagation distance of the
symmetric mode will be longer than the propagation distance of the asymmetric mode in
a thin film.
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B3

Figure 1.2 Fields associated with the symmetric (left) and asymmetric (right) plasmon polariton modes
guided by an infinitely wide structure

Thin metal films finite in width, as shown in Figure 1.3, also support plasmon-polariton
modes similar to those supported by an infinitely wide thin metal film. These waveguides
provide lateral confinement as well as vertical confinement. Four fundamental modes
were discovered, one for each combination of symmetric or asymmetric main electric
field components in the vertical and horizontal confinement directions. The mode of most
interest is the one that is symmetric in both vertical and horizontal confinement directions
since its attenuation decreases significantly with decreasing metal thickness, in the same

manner as the symmetric mode in the infinitely wide structure.

Figure 1.3 A thin metal film finite in width
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1.2 tivation

Active optical devices are an integral part of the optical integrated circuits of the future.
Active devices provide modulation, emission, detection, attenuation, switching and
sources, as well as, active wavelength selection. The recent discovery that light can be
guided along thin finite width metal strips [1-5], has motivated the investigation of the
properties of this new technology.

One possible way of influencing the propagation characteristics of surface plasmon
waves is to apply an external magnetic field to the metal strip. Since metal waveguide
technology is new, there is no literature on the effect of applying an external magnetic
field to waveguides built with material combinations suitable for operation at infrared
wavelengths. For this reason, a general theory was developed to describe this case. The
theory that has been developed describes infinite width plasmon-polariton waveguide
structures, and can be applied as a first approximation to finite width plasmon-polariton

structures.

1.3 Thesis Objectives

The main purpose of this thesis is to investigate one of the possible ways of affecting fi-
nite width thin metal waveguides so as to make them active: application of magnetic field.
Recently, it has been theoretically [1-3] and experimentally [4, 5] shown that a thin metal
film finite in width is capable of supporting a bound plasmon-polariton propagating
mode. Following this discovery, further exploration of the capabilities of this new optical

waveguide technology is important.

The first objective of this thesis is to theoretically investigate the effect of an externaily

applied magnetic field on the propagation characteristics of a plasmon-polariton wave
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supported by an infinitely wide thin metal waveguide. In order to do so, it is necessary to
derive relations using Maxwell’s equations that enable accurate modelling of the situa-

tion of interest.

The second objective of this thesis is to use the newly developed theory to model plas-
mon-polariton waveguides made from a material combination that facilitates operation at

near infra-red optical communications wavelengths.

1.4 Thesis Organization

Chapter 1 of this thesis provides an introduction to the field of research including a defi-
nition of plasmon-polaritons and plasmon-polariton waveguides. Next, a literary review
of magneto-plasmons is presented in Chapter 2, in conjunction with a definition of mag-
neto-plasmons and a derivation of the dielectric permittivity tensor of an almost free-elec-
tron gas in the presence of an externally applied magnetic field in the three cartesian

orientations.

The general dispersion relation, including the constraint equation, is derived for magneto-
plasmons in Chapter 3. The dispersion relation is derived in general, and then specifically
for a magnetic field applied in all three possible cartesian orientations. The losses in the
metal are included in the dispersion equation so that a better understanding of the influ-

ence of an externally applied magnetic field may be provided.

The dispersion relation is used as the basis of a software model of magneto-plasmons in
thin metal films. In Chapter 4, this model is validated against specific cases in the litera-
ture with and without an externally applied magnetic field. It is then used to model thin
gold films in silicon dioxide at an infrared wavelength. The modelling results presented

in Chapter 5 include the effect of the externally applied magnetic field on the propagation

Magneto-Plasmons in Optical Slab Waveguides 7



Chapter 1: Introduction

constant and the corresponding field components for all three cartesian orientations of ex-

ternally applied magnetic field.

The last chapter, Chapter 6, presents the conclusion and potential directions for future

work. Finally, a list of bibliographic references is presented at the end of the thesis.

1.5 Thesis Contributions

In the last 30 years, surface magneto-plasmons have been investigated theoretically in
several studies. However, most of the literature on the subject is not geared towards op-
tical communications. In this thesis, an effort has been made to analyse the magneto-plas-

mons in structures that are practical at communications wavelengths.

The general dispersion relation for a structure with a permittivity tensor including losses,
which may be induced by an externally applied magnetic field, has been formulated for
what is believed to be the first time. This dispersion relation is used as the basis for amod-
el which is used to reproduce simulations in previous work. The specific formulations in
the previous work have been corrected and the results have been interpreted. Finally, this
model is used to simulate magneto-plasmons in a thin gold film bounded by semi-infinite
silicon dioxide at a free space wavelength of 1550nm for what is believed to be the first

time. The results from these simulations are presented and interpreted.
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a

2. Analytical Derivation

211

finition of magneto-plasmons

Surface magneto-plasmons are surface plasmon-polaritons under the influence of an ex-
ternally applied magnetic field. When a magnetic field is applied to a polarizable medi-
um, such as a metal or highly doped semiconductor, it becomes anisotropic, meaning that

propagation is variable as a function of direction [32].

2.1.1 Derivation of the dielectric permittivity tensor in the presence of a magnetic
field

Metals and semiconductors, used in conjunction with dielectrics to form an interface ca-
pable of supporting surface plasmon-polaritons, can be modelled as a tenuous cold plas-
ma. A cold plasma consists of equal positive and negative charges which have low
thermal energies. In such a medium, only the interaction of the negative charges (elec-
trons) with the wave will be considered since the positive ions are too massive to interact

appreciably [32]. In the following analysis the permittivity of such a medium is derived.

The coordinate system that will be used in the following analysis is shown in Figure 2.1.

The direction of wave propagation is taken to be in the x-z plane at an angle of ¢ with

respect to the z axis. The electric field E associated with the wave may have any orien-

tation perpendicular to the direction of propagation; it may be polarized in any manner.

The applied dc magnetic field B e is chosen to be in the z direction. This simplifies the

analysis without any loss of generality.
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direction of $ L 0°
Ho z
propagation /g =1 ™S

Z

Figure 2.1 Coordinate system with magnetic field and direction of wave propagation

The forces that affect an electron of charge g and effective mass m in the presence of a

wave and a magnetic flux density Bpc are the following:

the electric force is defined by

and the magnetic force is defined by
F m = q(¥ X 3DC)

where ¥ is the velocity of the electron due fo the wave in m/s.

The motion of the electron is damped by collisions with other electrons:
F d = ~mvd

where v is the effective electron collision frequency.

The total force on the electron is given by Newton’s second law of motion:

&

ﬁ‘=ma=mdt

where 2 is the acceleration of the particle in m/s? and # is time in seconds.
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Combining these force relations, the total force being equal to the sum of the magnetic,

electric and damping forces, yields the equation of motion of a particle subjected to ex-

ternal electric and magnetic fields [207:

P = gBrgdxBpc) = mEl+ mdy

7 (2.5)
To obtain the force per unit charge, equation {2.5) is divided by ¢:
ba mdv  m
- =F+9 = —— - .
; E+dxBpc 7 q%;v (2.6)

This vector equation can be expressed in terms of its three rectangular scalar components

in cartesian coordinates as follows:

dv
X = F + M x. n 7
p E,+v,Bpe, it g v,V (2.7)
F dv
= m m
7 E,-v.Bpc, 7 d g v,V (2.8)
FZ mdvz m
— = F = et = 2.9
p E, i v,V (2.9)
Assuming time harmonic motion of the electron of the form
d = p,d” (2.10)
and a time harmonic wave of the form
B = B, (2.11)

the derivatives go to L jo, where @ is the angular frequency of the radiation in radi-

dt
ans. Therefore equations (2.7), (2.8) and (2.9) become

F

—= = Ex+vyBDCz = mjmvx+@vxv (2.12)
q q

5. =iy + 2 2.13
i E,~v,Bpe, = Ejmvy quv (2.13)

Magneto-Plasmons in Optical Siab Waveguides
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Fz m m
===l o= =iy Yy 2.14
p e (2.14)

z z z
q

Solving for the component velocities yields

(o +V)(m/q)E,+ By E, s
Vx T [~ 2, 2, 2 (2.15)
(@ +V)(m/QE, - Bpo,E
Vy T T3 ] ); 2DC2 : (2.16)
BDCZ+(](!)+V) (m /q)
E
z (2.17)

2T Gorv)m/g)
From these relations it can be inferred that the wave will cause the charged particle to

move in a helical path with axis coincident with the magnetic field (z direction) [32]. If
the effect of collisions between particles in neglected (v = 0), v, and v, will become in-

finite for the frequency at which

2 2
m W

2
q

indicating a strong interaction of the wave with the particles at this frequency. This fre-

2
Bpe, = (2.18)

quency is called the gyro (or cyclotron) frequency:

®, = ’%BDCZ (2.19)

Substituting the gyro frequency from equation (2.19) into the component velocity equa-
tions (2.16) and (2.17) yields

v, = %(im;v)Eﬁmg;Ey (2.20)
mg+(jm+v)
v, = AU (2.21)

2. . 2
7w+ (jo+v)

From Maxwell’s equations, we have

Magneto-Plasmons in Optical Slab Waveguides 12
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VxH = J+joD = Ngd+joe (2.22)

where J is the current density in A/m?, D is the electric flux density in C/m? and Nis the
number of charged particles per unit volume. It is assumed that a movement of charged
particles constitutes a conduction current [32]. (That is there is not diffusion current.) Ex-

pressing (2.22) in terms of its three rectangular components yields

(VxR), = jog E, + Ngv, (2.23)
(VxR)y = jog,E,+ Ngv, (2.24)
(VxR), = joeyE,+ Ngv, (2.25)

Introducing the component velocities from equations (2.20), (2.21) and (2.17) yields

2,. 2
(VxH), = [jmeo+ Ng Jory) ]Exﬂ{ 2Nq ' . :lEy (2.26)
m(w, + (GO +v)*) m(®, + (jo +V))

2

N, 2,.

(VxB), = -{ — ' - ]Ex+[jweo+ Ng Gory). ]Ey (2.27)
m(@g+ (O +v)") m(@, + (jo+v)")

2
N
= 7 + __L i
(VxA), I:J(DEO P V)]EZ (2.28)
If the effect of collisions between particles is neglected (v = 0), the permittivity and the

index of refraction of the medium become zerc when the following condition is met:

LA (2.29)
£

The frequency at which this condition is met called the critical or plasma frequency:
2
ol = Y (2.30)
g4

Relow the critical frequency, the real part of the permittivity is negative.
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Substituting the critical frequency into equations (2.26), (2.27) and (2.28) yields

2
(VXH), = {}'mso + aowﬁ——ili”ﬂl—-}Ex + {——M}E (2.31)

2, . 2 2, . 27y
mg+(/m+v) mg+(]m+v)

2
Eq,0, fny -
(Vxﬁ)y = _l: 00" e :lEx+ {jm80+£0w%M]E (2.32)

er+ (jm+v)2 m§+ (jm+v)2 7
€400
(VxB), = {jmso + O;?;;}EZ (2.33)
In general from Maxwell’s equations, we have
VxR = joe- E (2.39)

where € is the permittivity tensor. Based on the above, the permittivity tensor can be de-

duced from equations (2.31), (2.32) and (2.33):

2 . .2
W(®—jV) B0,
1+ 0
2 N2 2 A
~ .2 2 .
e =g, JWp®, - Wy(®—jV) 0 (2.35)
2 N 2 . 22
(0, —(®-jVv)7) (@, —(®-jV)")
mz
0 0 ___..__9____
i W(O—jV),

In the absence of an externally applied magnetic field, B=0=0n . = 0, the permittivity

becomes isotropic:
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w?
0
(W —jVv) 0
- 2
g =g 0 % 0 (2.36)
w(w—jVv)
o
0 0 ]~ s
i ®(w~jv)

From equation (2.36), it can be seen that the relative permittivity is the following:
2
g, =1- _ Do (2.37)
r ©(®~jv) '
We also know that the relative permittivity can be defined in terms of its real and imagi-

nary components:
g, =g —jg," (2.38)
From equation (2.37), it can be seen that the real part of the relative permittivity is

2
Wy

e, = 1-— (2.39
@ TtV
and the imaginary part of the relative permittivity is
2
WyV
g = e (2.40)
o(w” +Vv")

Notice that the relative permittivity in the absence of an externally applied magnetic field
is exactly the relative permittivity as obtained from the Drude free-clectron theory and

given previously in equations (1.2), (1.3) and (1.4).

2.1.2 Three oricntations in the interface case

The above derivation of the dielectric tensor is for the generic case of a z-directed exter-
nally applied magnetic field in 2 homogeneous medium. A much more interesting case is
the case of an interface that can support plasmon-polariton waves and, hence, magneto-

plasmons, when a magnetic field is introduced. Such an interface consists of a dielectric

Magneto-Plasmons in Optical Slab Waveguides 15
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with a dielectric constant that is isotropic and has a positive real part, and a plasma such
as a metal or highly doped semiconductor with a dielectric index that is a tensor and has
a negative real part. Figure 2.2 shows an interface along the x axis with the direction of

wave propagation defined in the z-direction. The interface is defined as follows: for y>0,

the permittivity is é; (metal) and for y<0, the permittivity is &, (dielectric).

infinite in y

infinite in-x infinite inx

direction of
propagation

Figure 2.2 Direction of propagation of plasmon polariton wave at a semi-infinite interface (interface be-
tween semi-infinite half spaces)

Depending on the orientation of the externally applied magnetic field with respect to the

interface and the direction of propagation of the wave, the values of the elements of the

dielectric tensor in the plasma, €1, take on different positions. In the Faraday orientation,

the magnetic field is in the direction of wave propagation (z-direction) and the dielectric
tensor is the same as the one in equation (2.35) derived above. In the Voigt orientation,
the magnetic field is perpendicular to the direction of wave propagation but parallel to the

interface (x-direction) and the dielectric tensor is the following:

Magneto-Plasmons in Optical Slab Waveguides 16
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.
0
- 0
®(®-jv) 0
2 . . 2
- 0 W(@—jVv) —J Wy,
€= % 2 2 2 2
O, - (@-jv))  o(@=(@-jv))
. 2 2 .
0 J 0@, - Wy(®—jv)
2 -2 2 12
i (@, - (®@-jv)") (0, — (©—jV)7)]

(2.41)

In the perpendicular orientation, the magnetic field is perpendicular to the direction of

wave propagation and perpendicular to the interface (in the y-direction) and the dielectric

tensor is the following:

| O)Z(OJ—jV)
1+ 20 5 0
(@~ (@—=j¥)")
. 2
€ =g 0 %
(0 —jVv)
.2
W, 0
2 2
i 0(w,—(0—jv))

.0)2('O
JWeW,

(e~ (0 -v)°)
0

2 .
Wy(®—jV)

(@~ (@-7v)")

(2.42)

As shown above, when a magnetic field is applied to a polarizable medium, the dielectric

permittivity of that medium becomes a tensor. In addition to the three field components

of a transverse magnetic wave, the interface supports supplemental field components

which arise from the off-diagonal components in the dielectric permittivity tensor intro-

duced by the externally applied magnetic field.

Magneto-Plasmons in Optical Slab Waveguides
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2.2 Historical Review

In the seventies and eighties, there was significant interest in the investigation of surface
magneto-plasmons. Surface magneto-plasmons are surface plasmon-polaritons under the
influence of an externally applied magnetic field. Surface plasmon-polaritons have been
studied ever since the discovery, in 1968, of a method for exciting surface plasmon-po-
laritons using an attenuated total reflectance (ATR) setup [6-8]. Soon after, in 1972, the
effect of the application of an external magnetic field on surface plasmon-polaritons was
explored theoretically by Chiu and Quinn [9]. Magneto-plasmons have continued to be
explored theoretically [10-20] as well as experimentally in the single interface case (in-
terface between semi-infinite half spaces) [21-24], and theoretically in the double inter-
face case (thin film bounded by semi-infinite half spaces) [25-29].

The effect of an externally applied dc magnetic field of arbitrary magnitude and orienta-
tion on surface plasmons supported by a metal or degenerate semiconductor has been
studied in the “nonretarded” limit, in which the velocity of light is equal to unity, by K.
W. Chiu and J. J. Quinn [9-10] in the lossless case. They found that when the magnetic
field is applied normal to the surface (perpendicular orientation), the surface plasmon dis-
persion relation is strongly affected by the presence of the dc magnetic field. They found
similar results when the magnetic field is applied parallel to the interface and to the di-
rection of wave propagation (Faraday orientation). However, they found that when the
magnetic field is applied perpendicular to the wave propagation but parallel to the inter-
face (Voigt orientation) they found two branches of the dispersion curve corresponding
to propagation in the positive and negative directions. The presence of the magnetic field
breaks the symmetry between these directions and the two branches exchange places
upon changing the sign of the magnetic field [10]. This orientation generates non-recip-

rocal wave propagation.
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Similar results to those found in the study of magneto-plasmons in the single interface
case have been found in the double interface case. In particular, M. S. Kushwaha and P.
Halevi derived the dispersion relation for the thin film case in all three orientations sep-
arately. They found that, in both the Faraday orientation and the perpendicular orienta-
tion, the spectrum splits and a gap in the spectrum is created. They observe one spectrum
split in the Faraday case and two spectrum splits involving both s-polarized (transverse
electric) and p-polarized (transverse magnetic) waves in the perpendicular case. In the
Voigt case, they found that the dispersion curve has two branches corresponding to prop-
agation in the positive and negative directions, as in the single interface case. Each of
these positive and negative branches then splits into two more branches and creates one

gap in the spectrum each.

The general dispersion equation derived in the next chapter has been developed in a sim-
ilar manner to the way that Kushwaha and Halevi developed the specific dispersion equa-
tions for all three orientations. Upon doing so, it was discovered that Kushwaha and
Halevi made an error in the simplification of the dispersion equation which affects both
the perpendicular case and the Voigt case but has no effect on the Faraday case. However,
an additional branch of the dispersion equation was found through the simulation of the
general dispersion equation in the Faraday case. Simulation of the general dispersion
equation in the perpendicular case produced results similar to Kushwaha and Halevi’s
perpendicular results. However, the spectrum splits in three places rather than two places.
The first two splits have a similar form to those simulated by Kushwaha and Halevi but
do not occur in the same place. Simulation of the general dispersion equation in the Voigt
case produced quite different results from Kushwaha and Halevi’s Voigt results. The
spectrum splits twice instead of once. The discrepancy between the results obtained in
this thesis and those reported by Kushwaha and Halevi in references [28, 29] are believed

1o result from errors in their formulation.
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The theoretical development by Kushwaha and Halevi is quite clear and easily under-
stood, and can therefore be applied to other slab structures not yet examined in the liter-
ature. For this reason, it was chosen as the basis for the development of the general
dispersion equation and for the same reason it is paramount that the errors be noted so

that they are not perpetuated in further research.
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The first step in the investigation of magneto-plasmons is to derive the dispersion rela-
tion. In the case of finite width thin metal films, a powerful numerical modal analysis tool
is required, since an analytic formulation for the dispersion relation cannot be obtained.
This is not the case for infinite width thin metal films, where the dispersion equation can
be obtained analytically. Finite width thin metal films have similar modes and will re-
spond to an external magnetic field in a similar manner to infinite width thin metal films.
Therefore, by modelling infinite width thin metal films it is possible to get an understand-
ing of the effect of an externally applied magnetic field on finite width thin metal films
without the complex modelling usually required. The following model is for magneto-

plasmons in infinite width thin metal films.

The dispersion relation for magneto-plasmons in a thin, semiconducting film bounded by
dissimilar or conducting media was derived by Kushwaha and Halevi. They looked at
certain limiting cases, in three possible orientations of externally applied magnetic fields:
Faraday (z-direction) [27], Voigt (x-direction) [28], and perpendicular (y-direction) [29].
In this thesis, the general dispersion relation for an infinite width thin metal film or sem-
iconductor film supported above and below by dielectrics in the presence of an externally
applied dc magnetic field is developed independent of the orientation of the magnetic
field in both the lossless and the lossy cases. The general dispersion relation is then given
for three magnetic field orientations: Faraday (z-direction), Voigt (x-direction), and Per-

pendicular (y-direction), with reference to Figure 3.1.

The orientation of the infinite width thin metal film with respect to the cartesian coordi-
nates used in the following derivation is shown in Figure 3.1. The metal film lies in the
x-z plane. Its thickness in the y-direction is 4 and its width in the x-direction is infinite.

The direction of wave propagation is in the positive z-direction.
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directin of
propagation

Figure 3.1 Orientation of the thin film and direction of wave propagation in cartesian coordinates

The metal film is cladded by semi-infinite dielectrics above and below. The top cladding

medium has a dielectric permittivity of €, and the bottom cladding material has a dielec-

tric permittivity of €, . The dielectric permittivity of the metal film is a tensor with the

following general form:

L]
(@]

xx Sxy “xz

oW

(3.1)

m 2
i
u]
[¢)

yx Yy TYz

m
m
m

zx “zy “az

3.1]

rivation of vector wave equation for full dielectric tensor

Maxwell’s equations give the general relationships between the electric and magnetic
field. However, they are coupled with these two variables. The vector wave equations are

decoupled versions of Maxwell’s equations.
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Maxwell’s equation as derived from Ampere’s law, equation (3.2), and Maxwell’s equa-
tion as derived from Faraday’s law, equation (3.3), are all that is needed to solve for the

electric and magnetic field components:

)
VxE = -3, (3.2)
VxH = %1? +J (3.3)

where  is the electric field intensity in V/m
B is the magnetic flux density in T
A is the magnetic field in A/m
D is the electric flux density in C/m?®

J is the current density in A/m?
 is the angular frequency in rad/sec
¢ is the time in seconds

In the situation under consideration there are no external sources, therefore J =0 and

equations (3.3) becomes
_ 3D
VxH = 5/ (3.4)

If it is assumed that the fields have a temporal dependency of the form ¢, the time de-
rivative in equations (3.4) and (3.4) becomes j®:
VXE = —joB (3.5
VXA = joD (3.6)
By substituting the material constitutive relations, B = uﬁ (where U is the permeability

in H/m), and D=:zk (where £ is the permittivity tensor in F/m), into equations (3.5)
and (3.6), the number of variables can be reduced to two:

UxE = —jmuﬁ (3.7)
VxB = joek (3.8)
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The above two equations are two linearly independent vector equations with two un-

knowns: £ and H. They are coupled first order partial differential equations and as such
are quite difficult to solve. For this reason they are usually rewritten in the equivalent
form of vector wave equations. These equations are obtained by raising the order of the

derivatives. This is done by taking the curl of equations (3.7) and (3.8):
VXVXE = —jouVxH (3.9)
VXVXE = joeVxE (3.10)

Substituting equations (3.7) and (3.8) in equations (3.9) and (3.10) gives the vector wave

equations for the electric field

VxVxE = o pel (3.11)
and magnetic field

VXVXH = - pel (3.12)

3.2 Constraint Equation

The first step in deriving the dispersion relation is to derive the constraint equation, which

gives the relationship between the complex directional propagation constants: Y,, ¥,,, ¥,

It depends on the coordinate system (cartesian is used here) and the form of the field com-

ponents.

The fields are assumed to have the following spatial and temporal dependence:

B oce T (3.13)

where r is the position vector, 7 = (¥, J, z)
v is the propagation vector (or wave vector), ¥ = (¥, 7, V)
The components of the propagation vector (the propagation constants in x, y and z) can

be decomposed into real and imaginary parts: v, = o, +jB,, where q; is the attenuation
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constant in the i direction in Np/m, B, is the phase constant in the / direction in rad/m,

and | is the direction of propagation constant (X, y or z).

Equation (3.13) can be expanded in cartesian coordinates as follows:

—YJ.x+jmr
B oe (3.14)
oyt
Ey o< g HyTIet
Y2+ jat
E,<¢
Given that
. [3°4 aA aA aA s
X = .
x oxdy 8 372 azax (.13

N E)A BA BA BA
y 0ydz 822 - 9x2 Bxay

aA aA aA aA
2\ xoz p B 8 ayaz

and given the form of the field in equation (3.13) or equivalently in equation (3.14), equa-

tions (3.11) and (3.12) can be rewritten as follows:

VXVSE = H(~LEE,) + YW LEY.E) + (Y, E 1 Y.E,) (3.16)

~ 2 2 ~ 2 ~ 2
VXVXE = 3(~V,H~VH,) + P (4 H -V H,) + 2 H A~V 1H ) (3.17)
The slab is infinite in the x direction, therefore the x-component of the propagation con-
stant is zero, ¥, = 0.

Taking this into account and rewriting equations (3.16) and (3.17) in matrix form yields

the following:
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-1 0 0|[E,

VWE=1 o0 —f v B
0y, |

~“-% 0 o|[m

VOE = 0 o g |,
0wy, -

(3.18)

(3.19)

Substituting the permittivity tensor from equation (3.1) and equation (3.18) into the vec-

tor wave equation (3.11) and multiplying by -1 yields the following:

2. 2+ 2
Ty T, 7O NUE,

2
O pE,,

2
W UE,,

2 2
O TE 0 UHE,,

2

2
Y.+ ke,

2
—Ysz T ueyz

2 2 2
—'Yy'Yz T HE,, Y, TOUE, i

Nh.'j Ym’ th

0 (3.20)

Substituting the permittivity tensor from equation (3.1) and equation (3.19) into the vec-

tor wave equation (3.12) and multiplying by -1 yields the following:

2+ 2 2
O T UE,,
2
® HE,,

2
@ LE,,

2 2
@ ue,, 0 pE,,

2+ 2 + 2
Yz @ p“gyy —'Ylez w ueyz

2 2 2
_Yyyz T uszy Yz T HE,, |

£ T

I

0 (3.21)

Equations (3.20) and (3.21) are two equivalent sets of linear equations for which a non-

trivial solution is found by setting the determinant to zero.

3.2.1 General constraint equation

The constraint equation for the directional propagation constants is the solution of the

vector wave equation in which the spatial and temporal form of the electric and magnetic
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fields has been substituted, equations (3.20) and (3.21). The solution is found by setting

the determinant equal to zero.

By examining the symmetry of the dielectric tensor for all three orientations in equations
(2.35), (2.41) and (2.42), it can been seen that the off-diagonal components of the general

dielectric tensor given in equation (3.1) can be simplified in the following manner:

g, . = —& g€, = &€

o w5 Eay 2> Eay = €y If the media are lossless, v = 0, the dielectric

tensor becomes Hermitian, g, = eji* , and thereby maintains the requirement that the

electromagnetic field energy be conserved [30].

Setting the determinant of equation (3.20), or equivalently of equation (3.21), to zero and
simplifying the general form of the dielectric tensor by symmetry gives the general con-

straint equation:

2 1

-t 2 2 2 2
Y T zgyy[— Vo (€, T €, )+ (-0 U(E, (&, T E,) TE, TE)) (3.22)

+ {y:(eyy - szz)2

2 2 2 2 2 2
+27,0 u[(eyy - ezz)(eyy(sxx ~€..)— eyz) + eyy(sxy -2g )+ szzsxy]

1

4 2.2 2 2 2 2.2 2 2 2
+oU [eyy((exx—-ezz) —4e. ) +(8yz+£xy) +2eyy(£xx-ezz)(exy—eyz)]} }

When there is no magnetic field present, the dielectric tensor simplifies to a single die-

lectric constant value: =g =¢  =¢,

y =€, and &= &, =€ =¢, =g, =¢, =0. Therefore

X Xz
the constraint equation becomes the following:

yf, = - yﬁ - mzp;s (3.23)
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This is the constraint equation in an isotropic medium, where there is no external mag-
netic field, with the directional propagation constant in the x-direction equal zero since

the medium is infinite in this direction.

3.2.2 Constraint equation for the Faraday orientation

In the Faraday orientation, the magnetic field is in the direction of wave propagation (z-
direction) and the dielectric tensor is given by equation (2.35). Substituting the form of
the dielectric tensor in the Faraday orientation into the general constraint equation gives

the Faraday constraint equation with losses:

2 1 2, .2 2. 2
W= 5 — (g TELNY, T O HE, ) — @ UE,, (3.24)

XX

[

+ { (€~ € + 0'pey) + 0'pel, ) + 492 wzusﬁyezz}

In the lossless case, all of the tensor components are either purely real or purely imaginary

and the constraint equation can be simplified as follows:

2 1
Ly

XX

~ (g, + 822)(72 + mzuexx) + wzusf;y (3.25)
|

2
* {{(exx - Szz)(Y§ + (sz,ﬁxx) - 0‘)2“8)25)/] - 4730)2 “Siygzz}

In the lossless case, the attenuation constants are null, a, = o, = 0, and the propaga-

tion constants only contain the phase constant portion: y, = jB, andy, = 7B,, therefore

equation (3.25) becomes
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2 1
—BS =
7 gxx

2 2
(et e, ) (Bl +@pe,) + @uel (3.26)

b

1
2

s

, )
+ é (€4 —€,,) (—BL + @pte,,) — 0’uel,) + 4B wzu%zgyﬁzz}

3.2.3 Constraint equation for the Voigt orientation

In the Voigt orientation, the magnetic field is perpendicular to the direction of wave prop-
agation but parallel to the interface (x-direction) and the dielectric tensor is given by
equation (2.41). Substituting the form of the dielectric tensor in the Voigt orientation into

the general constraint equation gives the Voigt constraint equation with losses:

1 2 2 2 9
Y= 28 (e (Bt 8 ) T O R (E ) )] (3.27)

ZZ

Taking the positive part of the equation, yields the following root:

2
2 2 2 €
Y, = V-0 W e+ (3.28)
8ZZ
Taking the negative part of the equation, yields the following root:
2 2 2
Yy, = Y, @ HE, (3.29)

This root, however, leads to TE (s-polarized) waves, which do not experience a magnetic

force in the Voigt geometry, therefore, this root will not be included [28].
In the lossless case, all of the tensor components are either purely real or purely imaginary

and the attenuation constants are null, therefore the constraint equation can be simplified

as follows:

2
£
Bﬁ = — 535 + mzu(ezz - -15) (3.30)
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3.2.4 Constraint equation for the perpendicular orientation

In the perpendicular orientation, the magnetic field is perpendicular to the direction of
wave propagation and perpendicular to the interface (in the y-direction) and the dielectric
tensor is given by equation (2.42). Substituting the form of the dielectric tensor in the per-
pendicular orientation into the general constraint equation gives the perpendicular con-

straint equation with losses:

2 1

N 2 2
Y = 28”[— V(€ TE,) - 200 HELE, (3.31)

[

4 2, 2 2,2, 2 2
:i: {'Yz(exx - Eyy) -—4(‘0 Meyyexz(’Yz +w p‘syy)} }
In the lossless case, all of the tensor components are either purely real or purely imaginary
and the attenuation constants are null, therefore the constraint equation can be simplified

as follows:

2 1 a2 2
B, = 2?[[32(8” +e,) 2@ HE,E, (3.32)
vy

1

+ {Bi(e,,—€,)" — 40’ pe, g, (-B; + wzueyynﬂ

3.3 Dispersion Relation for Various Geometries

Next, the dispersion equation itself can be derived. The purpose of the dispersion equa-
tion is to give the electric and magnetic fields associated with the mode propagating in

the film. To do this all that is needed is Faraday’s law in differential form (equation (3.4))

and the vector wave equation in E (equation (3.11)):

_ 3B
UxE = -3, (3.33)
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VxVxB-w pel = 0 (3.34)
The full dielectric tensor is maintained in order to handle all applied magnetic field ge-

ometries. The form of the solution is given in equation (3.13) and rewritten here for the

electric and magnetic field components:
Bo=Apd%e e ¥y, =0 (3.35)

where A £ is the coefficient vector, 4 = (E, Ey, E),

B=24d% "%y, =0 (3.36)

where A 5 is the coefficient vector, i = (H, Hy, H).

Substituting the form of the solution into Faraday’s law gives the following three equa-

tions:
o0E, JE, = 337
ay_az_'—'.]mux ()
OF; _ H 3.38
aZ = Bl y (' )
F; _; H 3.39
ay = jJou z ( . )
Substituting the form of the solution into the wave equation gives the following three
equations:
3 E. & E,
——-——2-————2~ =W u(exxEers E,te k) (3.40)
dy 0z
e, 3°E,
—~M-—Z = + + 3.41
ayaz 7 0 u(e, L. +e, v, T € b (3.41)
FE, 3E,
- e — =
8}}2 39z O (e, E, te, B, Te E) (3.42)
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Because the solution has the spatial form eﬂyzz, the derivatives in z become f)% = Y, .
Applying this form of the equation to all six equations, (3.37) to (3.42) yields the follow-
ing:
aE‘Z B
5; + YzEy = —JOUH, (3.43)
—YE, = Joud, (3.44)
oF, )
_3; = __Jmqu (3.45)
2
E, o E = o 5
- ay2 ~-Y,E, = ® u(exxEx+exyEy+sszZ) (3.46)
2 e (e E +e E +g E) (3.47)
Yzay Y25y HAE) By T &) 0y T €y 05, :
CE,_ O, _
-—5 Y. 5 = o U(e, E + szyEy+ e, L) (3.48)
dy Y

3.3.1 Region I

In region I, the dielectric tensor becomes the dielectric constant of the upper cladding:

£=c¢ , - If a guided mode is to be obtained then the wave must decay exponentially along

y in the cladding, as shown in Figure 3.2. [42 Section 9.1] Therefore the solution is in the
following form: E o) = E[eﬂyy‘y, where Y1 is the propagation constant of region I

which is the positive root of 7;2;1 , and E' is a coefficient. An analogous solution can be

written for the magnetic field.
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infinite inx

dirac:tin of
propagation

Figure 3.2 The form of the exponentially decaying fields in the cladding

Substituting this form of the solution into equations (3.43) to (3.48) gives the following:

—vy1E§+Y,E§ = opH, (3.49)
~V,E, = —J'wuHi (3.50)
YylEJIc = —J'wuHi (3.51)

By~ E, = 0'pe,E, (3.52)

1B -V, = o'peE, (3.53)

VA EL+ B, = o'pe (3.54)

To reduce the number of unknowns, E;’, , Hj; and H‘Z[ will be written in terms of Ei and

El

L
From equation (3.54):

2

2
+ @ UE
o V. (3.55)
¥y z
YzYyl

Substitute equation (3.55) into equation (3.49):
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jog,
H, = —F,

Yy i
From equation (3.51):

3.3.2 Region I

(3.56)

(3.57)

In region III, the dielectric tensor becomes the dielectric constant of the lower cladding:

g = g,. The solution is in the form of an exponentially decaying wave, as in region I:

E" H( y) = g , where Y5 18 the propagation constant of region III which is the pos-

itive root of 'y§3 , and E™ is a coefficient. An analogous solution can be written for the

magnetic field. Substituting this form of the equation into equations (3.43) to (3.48) gives

the following:

1 i1 , 17
’Yy3E§ +Y y = JOu x
7 , Ji7
—’YZE; = _J(’Op’Hy
i ,
By = O,

2 I 2T 2 I
""Yy3E3]c —'YZEU =0 u£3E§

X

o 200
”Yzyy3E£ —Vz y

2 T o2 i
_YyB z _"YzYy?;Ej]/ = © “’83E£

To reduce the number of unknowns, E}{H, Hf] and Hfl

and B

From equation (3.63):
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= 0 ue k)

will be written in terms of £

(3.58)
(3.59)
(3.60)
(3.61)
(3.62)

(3.63)
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2 2
i _ (Y3 T O ues) g

Y o i (3.64)
Substitute equation (3.64) into equation (3.58):
HiH _ %EZH (3.65)
y
From equation (3.60):
B - :gf P (3.66)

3.3.3 Region I

In region II, the dielectric tensor remains in tensor form. A guided mode will have the
form of a standing wave in the transverse direction in the core of the waveguide. There-

fore, the solution is in the following standing wave form:
I (T34 Vy2pY ~Yy2m¥ VyomY _ 2 2 .

E(y)=e "E; +e”"Ey,+te " Eyte” " E,, where ¥y, = ./yyzp,where Vyap 1

the solution to the constraint equation that has the form 4 + JB; Yyom = yJ2,2m , Where

Y;Zm is the solution to the constraint equation that has the form 4 - J/B; and E,, E,, E;

and E, are the coefficients. An analogous solution can be written for the magnetic field.

Rewriting equations (3.43) to (3.48) for the ¢ " term of the solution gives the follow-

ing:
=VyapEi, T VB, = JOUH,, (3.67)
—YEi = JORH, (3.68)
Yoopliix = JOUH,, (3.69)
T Bin= LBy = O R(EE, T €0 Byt EEL) (3.70)
YZYyZPEIZ—YgEiy = wzu(syxElﬁeny;ﬁeﬂEu) (3.71)
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2 2
B YYZPEiz * VZ’szpEI}’ = @ pEEt EzyEly te,E,) (3.72)
Group the like terms in the last three equations:
2 2, 2 2 2

(Vop TV, O UELE, t @ Ue By + @ TUELE, = 0 (3.73)

2 2 2 2
o pe, B+ (@7RE,, V) E T (07RE, —V,Y,)0,) B, = 0 (3.74)

2 2 2 2

O UE B+ (OTHE,, — VY00 E, T (O HE, + Y )E, = 0 (3.75)

Write £, interms of £,

—mzu{‘?’xy(mzuezz + YJZ)ZP) + Exz(wzu‘eyz + YzYyZp)]

T2 2 .2, 2 4 2
((0 u’eyz + YZszp)(szp + 'Yz T Hexx) —@u exyexz

E, E (3.76)

X 1z

Write H,, interms of

, 2 2 2 2
— Jm[(ezzYz - 8yz'Yy2p)(’Yz + Yy2p T O usxx) T uaxz(exyyyZp + SXZ’YZ)]

E, (3.77)
ix 2 2, .2 2 4 2 Iz
(@ ueyz+YzYy2p)(Vz +Yy2p+ ® usxx) —@H Sxyexz
Write H,,in terms of E
Y, 18, (O HE,, + V) + €, (WHE,, +7,7,5,)]
Hy, = y2ptixy 2z _iy2p xz 2tz g (3.78)

2 2 2, 2 4 2
(@ ueyz + YzYy2p)(Yy2p TR TO !J‘Sxx) -~ U ELE,,
In a similar manner, the other tangential components can also be written in terms of £,
for region II:
Coefficients of the ¢ terms:

2 2 2 2
_ —@ U’[Exy(m “‘Ezz + YyZp) + exz(m p’eyz - YZ’YyZP)]

x T2 2 2, .2 4.2
(0) ugyz_YZ’YyZP)(szp + Yz +o !"Lgxx) -0 Exyexz

E,, (3.79)

. 2
_ ]w[(azzyz + gyzyyZP) (’Yg + Yin T uaxx) + wzuexz(gnyz - 8nyy2p)]

2x 2 2, .2 2 4 2
(m PEyZ“Yz'ngp)(Yz + yy2p +© “gxx) — M Exygxz

E,, (3.80)
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R 2 2 2
- ]meZp[gxy(m ue,, + Yy2p) + Exz(m p“eyz_yzyyh])]

HZ
2 2 2 2 4 2
(O‘) ueyz_YzYyZP)(YyZP + 'Yz T o uexx) —® U sxyaxz

E,, (3.81)

Z

—sz wY

Coefficients of the ¢ ferms:

2 2 2
— “[Exy(w au“gzz + YyZm) + 8xz<w2u8yz + Yz"{yZm)}

By = 3 R S Ey (3.82)
(@ ugyz + YzYyZM)(yy2m T, T ugxx) A Exyexz )
. 2,2 2 2
_ ]m[(ezzyz - Eyz’YyZm)(Yz + yy2m T uexx) T “Exz(gxyyy2m + Exzyz)] 3 83
3x 2 2.2 2 4 2 E,(3.83)
(w ueyz + 'Yzyy2m)(’yz + Yy2m T u'gxx) —® i Exygxz
, 2 2 2
H., = ‘JO)’Y’ymp[gxy(m u'szz + XyZm) + £xz(m usyz + 'Yz’YyZm)] 3 84
32- T3 2 7. 2 72 E, (3.84)
(@ usyz + YzyyZm)(yyZm TR TO usxx) —@Qu E"chexz
Coefficients of the "> terms:
—co2 [e (0)2 g +v )+e (032 £ _— )]
E4x - - u Xy UE,, - Yy2m . x22 u 'yz YzZyZm E4 (3 85)
4 z :
(@ ugyz—yzYyZm)(yyZm TYTO usxx) L 8xygxz
. 2 2 2 2
_ ]m[(gzzyz + eyzYyZm)(’Yz + Yy2m T "’l‘exx) o uexz(exy'Yz - Exy,szm)]
4x 2 2, 2 2 4 2 E,:(3.80)
(@ “syz"yzYyZm)(Yz + YyZm T uexx) —@p exygxz
, 2 2 2
H4 - Jwyy2m[8xy(m uezz+'yy2m) +€xz(m usyz"'YzIYyZm)] E, (3 87)
z iz .

(O BV, Vyom) Yo + o + @7 HEL) — 0 e, 8,
The three equations for region I, (3.55) to (3.57), have 5 unknown field coefficients. The
three equations for region III, (3.64) to (3.66), also have 5 unknown field coefficients.
The twelve equations for region I, (3.76) to (3.87), have 16 unknown field coefficients.
In order to solve these equations for the dispersion relation, the boundary conditions at

the interfaces must be enforced.
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3.3.4 Matching the Tangential Field Components

A sufficient set of boundary conditions can be obtained by matching the tangential fields
on either side of both interfaces (y = 0 and y = 4). The boundary conditions for the
tangential field components at a dielectric interface (no sources or surface currents) have
been determined from Maxwell’s equations and are required to be continuous across the

boundary [42 Section 1.10].

The form of the solution for the electric field is shown in Figure 3.3 in terms of the un-
known field coefficients and the directional propagation constants. The form of the solu-
tion for the magnetic field is equivalent to the form of the solution for the electric field
shown in Figure 3.3. Each of the field coefficients shown in Figure 3.3 have x, y and z
components. The tangential field components can be matched by substituting the value
of y at the interface, either 0 or d, into the equations that represent the tangential field

components (x and z coefficients) on either side and equating the two equations.

direc’tin of
propagation

Figure 3.3 Equations that correspond to all three regions of the slab waveguide

Matching the tangential field components at the y = 0 boundary yields the following;

it
E" = E, _+E, +E, +E, (3.88)
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ol

BN = E, +E, +Ey,+E,, (3.89)
i1

H' = H_+H, +H, +H,, (3.90)
77

" = g _+H, +H, +H,, (3.91)

Substituting equations (3.76), (3.79), (3.82) and (3.85) into equation (3.88) gives the fol-

lowing:

A +e A +e B

i 2 1 2

77 = @ u{—ﬁ—————"—B 1 T sz- 2Ly, (3.92)
pivp p=p

+Am+£szm1 +Am+8szm2E :I
B, T,-R % BT, ~R %

where A, = g, (0" Ue,,+7,,)
2 2
A, = e (QHE,, +Y)5,)
2
Bpi = WUE, TV,

_ 2
B,=w L

2
Bml =@ ueyz + Yzyy2m
_ 2
Bml = usyz'—’yz’yyzm
2 2, .2
Tp = Yy2p+yz T ue,,
_ .2 2, 2
Tm - 'Yy2m+yz TO HE,,
4 2
R=0wpe,E,
Substituting equations (3.65), (3.77), (3.80), (3.83) and (3.86) into equation (3.90) and di-

viding by jo gives the following

:_8.3.EI” - [€p T+ S l]E wE (3.93)
Y3 ° B,T,-R "2 BT, -R "% '

[leTm+Sml] [Qm2Tm+Sm2]
B .T,-R % BT, -R %

where Qp1 = €,.Y,— €,V

Magneto-Plasmons in Optical Slab Waveguides 39



Chapter 3: Derivation of the Dispersion Relation

QpZ = Ezzyz+ 8yzyy2p
le =&,V E“yz'YyZm
QmZ = &.Y, + E':yz'YyZm

_ 2

Spl = ugxz(gxzyz+ 8)cy’YyZp)
2

Sp.’Z = ® uaxz(gxzyzmsxy’yyZP}
_ 2

Sml = uexz(exzyz+£xyyy2m)

2
S m2 = @ ugxz(sxzyz_snyyZm)
Substituting equations (3.66), (3.78), (3.81), (3.84) and (3.87) into equation (3.91) and di-

viding by jw gives the following

j’ﬁEIII - YyZp[Ap + szBpl]E + YyZp[Ap + E“szpZ]

T B, T,~R z B,T,-R 7%

+ YyZm [Am + £':szml]E _ ’Yy2m [Am + 8szmZ]
B..T,—R 3z B,,T,—R

(3.94)

£y

Z

Matching the tangential field components at the y = d boundary yields the following:

e E = B+ B+ ¢ By 4 B (3.95)
e i = "B+ " B+ ¢ P s+ B, (3.96)
& e i = &+ P e+ ¢ P Ha 4 & Ha (3.97)
e—“{y;d g = e~Yy2de izt e’szde 2zt e’szde 3z+ e’szde4Z (3.9 8

Substituting equations (3.76), (3.79), (3.82) and (3.85) into equation (3.95) gives the fol-

lowing:

—v.d A B, _ A_+¢e

e E, = o' L Lo ) T"’B I’;Zeyyz”dEzz (3.99)
p p2ip

Am + Eszml ”szde?’ + Am + 8szm2 szmd :|
————— g T e—————

e Eaz
mle“R BmZTm_“R

Magneto-Plasmons in Optical Slab Waveguides 40



Chapter 3: Derivation of the Dispersion Relation

Substituting equations (3.65), (3.77), (3.80), (3.83) and (3.86) into equation (3.97) and di-
viding by j@ gives the following:

s o Lol Sl vt (3.100)
. BT, —R
E3: + 1@ T * sz}eyyz”‘dEa;z
BT _R

Substituting equations (3.66), (3.78), (3.81), (3.84) and (3.87) into equation (3.98) and di-

viding by j@ gives the following:

[4,+¢ _ A +¢e B d
-1%‘—15)’c = —Yﬂ”B 2 "f pd, ”’ﬂ”dElersz”; T o2l v, (3.101)
[T plip™ p2ip

Yy2m [Am + Esz ml ] “Yyam® YyZm [Am + €sz mZ] Yyom
e E3z— e

d
Es4z
BmleﬂR BmZTm"R

-+

Equations (3.89), (3.92), (3.93), (3.94), (3.96), (3.99), (3.100) and (3.101) form a set of

eight equations with eight unknowns. This is system is the dispersion relation:

o o0 0 -1 1 1 1 1
2 2 2 2
0 1 0 0 o udl o uAd2 o 'n4ds3 o udé T
& E,
I 01 02 03 04 o
y3 Ex
Yy3
0 ;;; 0 0 uAl 1Al A3 44 || E
17
=0 3.102
0 0 ~¥nd 0 e-7yz,,d evyg,,d e~vyzmd evyz,,,d ‘? ( )
— Y58 d Nyl dal|7tz
0 0 0 ofudie ™ QPpaze™” @Ppaze ™ o’uade™ | g
€ Y, 2,8 d — d d
0 0 —y—‘ 0 Qgle” 027 Q3¢ M g4 || Es,
. E4z
Y 5 d - d d -
-:%; 0 0 0 —yydie Py, a2y, 43¢y, Ade
where
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Al—A +£zB A2 = A +szB A3=Am+8szml =Am+8szn"2
B, T,-R szT R’ B T -R’ B ,T,—R’
T +8 T +5 7 +38
Q1=QEL£__.BE’ szgﬁ%_ﬁ__ﬂ’ Q3=;Q;721L_’2__m§ and
B, T,-R B,T,—R BT, —R
Q4 - QmZTm+Sm2
B T, R

3.4 Conclusion

The general dispersion relation derived above can be used to analytically solve for the
modes supported by infinitely wide thin metal or highly doped semiconductor films under
the influence of an exterally applied magnetic field in the x-direction, y-direction or z-
direction. In the literature, the specific dispersion relations for an externally applied mag-
netic field along these three directions (%, y, z) were derived by Halevi and Kushwaha
[27, 28 and 29] for an infinitely wide thin film without any losses. It should be noted that
in the literature, Halevi and Kushwaha [27, 28 and 29] simplify their dispersion relation
equations in a similar manner to that shown above. However, they make an error while

simplifying that shows up when the x-y off-diagonal elements of the permittivity tensor

are null, €4y =€, =0, which is the case for the perpendicular and Voigt configurations.

Here their relation has been extended to the general case and losses are included and the

simplification error has been corrected.
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4.1 Numerical M

The modes supported by an infinitely wide thin metal film bounded by dielectrics under
the influence of an externally applied magnetic field can be found by solving the disper-
sion equation in conjunction with the constraint equation, as derived in the previous chap-

ter. The constraint equation gives the relationship between the directional propagation
constants: ¥y, ¥,, ¥, In the case of a slab waveguide, which is infinite in the x-direction,
according to the geometry used in the previous chapters, the propagation constant along

X, %, » is zero. Therefore, the constraint equation defines the propagation constant for the

mode, v,, in terms of the transverse decay constant or propagation constant nvy, Yy, O
vice-versa. The dispersion equation is a set of eight equations with ten unknowns, which
generates a homogeneous matrix problem of the following form:

[A1E = 0 (4.1)

where E represents the eight unknown field components and [4] represents the homoge-
neous matrix of the coefficients of the eight unknowns which are combinations of the per-
mittivity tensor and the directional propagation constants, as can be seen in equation

(3.102). Given that the constraint equation defines the propagation constant for the mode

() in terms of the transverse decay constant ('Y, ), the propagation constant for the mode

(7,) is the only unknown and can be found by forcing the determinant of the matrix to

ZE10.

A code was written to find the modes supported by a thin metal film bounded by dielec-

trics under the influence of an externally applied magnetic field. Given an initial guess

for the propagation constant of the mode (Y, ), the corresponding transverse decay con-
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stant () values are found from the roots of the constraint equation. Next, these direc-
tional propagation constants are substituted into the homogeneous matrix of the
dispersion equation and its determinant is found. Muller’s method [43] is used to intera-

tively find the propagation constant values for the mode (7, ) for which the determinant

of the dispersion equation is zero.

Once the propagation constant for the mode of interest has been found, it can be back sub-
stituted into the dispersion relation, equations (3.89), (3.92), (3.94), (3.96), (3.99),
(3.100) and (3.101), to get the x and z directed electric field components in regions [ and
I11, and the z directed electric field components in region II. These field components
along with the propagation constant can then be substituted into the equations indicated

in Table 4.1 to get the corresponding field components.

Table 4.1 Equations and corresponding
field components

Equation Field Component
(3.50) HyI
(3.55) EyI
(3.56) H/
(3.57) B!
(3.59) HyII!
(3.64) E
(3.65) "7
(3.66) e
(3.67)t0 (3.72) E,E,and Hinll
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Before proceeding with the simulation results obtained from the code for the structures
of interest it is important to compare the simulation results obtained from this code with
results presented in the literature, thus validating the code for use in subsequent simula-

tions.

4.2 Validation of Model with no Externally Applied Magnetic Field

The first comparison of simulated results with results in the literature is for the modes
supported by an infinitely wide thin metal film bounded by dielectrics without an exter-
nally applied magnetic field. Charbonneau [44] studied this case for an infinitely wide
thin gold film bounded by semi-infinite silicon dioxide. His results along with the results
from simulations performed with the code described at the beginning of this chapter are
shown in Figure 4.1 and Figure 4.2. These results are the simulated dispersion curves of

a thin gold film, with a refractive index of N;,=0.555-j10.66, bounded by semi-infinite

silicon dioxide with a refractive index of IV, si0,~1 44402, at a free space wavelength of

1550nm. The refractive index (N = n—jk) can be easily converted to the relative per-
mittivity using the following equation:

e = N = n*— K —j2nk (4.2)

The simulation results in Figure 4.1 are for the normalized attenuation constant as a func-
tion of the thickness of the metal film, and the simulation results in Figure 4.2 are for the

normalized phase constant as a function of the thickness of the metal film. The propaga-

tion constant, y,, can be written in terms of its real and imaginary parts, o, and B,, re-

spectively:

Y, = O, +jﬁz (4.3)
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The real part of the propagation constant is the attenuation constant and the imaginary
part of the propagation constant is the phase constant. The attenuation constant and the

phase constant are normalized in Figure 4.1 and Figure 4.2 by dividing by the free space

wave constant, By :
ﬁg = (4.4

where A is the free space wavelength. The ratio, o,/ B, gives the imaginary part of the

index of refraction.

10‘ 3 B T T T T 1 I 1
S Asymmetric mode {Scales)
" —— Symmetric mode (Scales) 1
<>: & Asymmetric mode (Charbonneau) |
:_{) 0 Symmetric mode (Charbonneau)
107k )
107
(=]
&
dN
10
10°F
10’8 J i 1 | | 1 i
g 0.02 (.04 0.06 0.08 0.1 012 3.14 0.18

Thickness of metal film {um)

Figure 4.1 Comparison of simulated dispersion curves for the normalized attenuation constant of two
bound modes supported by a thin Au film bounded by semi-infinite Si0,, at free space wavelength of
1550am, obtained from the code described in this chapter and from reference [44]. The indices of refraction
are N4, ~0.555-j10.66 and Ny, 0, =1.44402 for gold and silicon dioxide, respectively.
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Figure 4.2 Comparison of simulated dispersion curves for the normalized phase constant of two bound
modes supported by a thin Au film bounded by semi-infinite SiO;, at free space wavelength of 1550nm,

obtained from the code described in this chapter and from reference [44]. The indices of refraction are
N ,,=0.555-j10.66 and N, 0, =1.44402 for gold and silicon dioxide, respectively.

It can be seen that, in both the symmetric and asymmetric cases, the attenuation constants
and the propagation constants from simulations performed with the code described at the
beginning of this chapter are in good agreement with the results presented in the literature
[44]. Therefore, the model presented at the beginning of this chapter is valid in the case

where no external magnetic field is applied.

The modes supported by an infinitely wide thin metal film bounded by dielectrics without
an externally applied magnetic field will be explored in more detail in the Chapter 5.
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4.3 Validation of Model with an Externally Applied Magnetic Field

Next, it is important to compare simulated results with results in the literature for the
modes supported by a thin metal film bounded by semi-infinite dielectric when an exter-
nal magnetic field is applied. M. S. Kushwaha and P. Halevi studied this case for a very
thin unsupported film corresponding to highly doped InSb bounded by air with an exter-
nal magnetic field applied in the Faraday [27], Voigt [28] and perpendicular [29] config-
urations. Their results along with the results from simulations performed with the code
described at the beginning of this chapter are shown in Figure 4.3 for the Faraday orien-
tation, in Figure 4.18 for the Voigt orientation, and in Figure 4.29 for the perpendicular
orientation. These results are the simulated dispersion curves of a thin InSb film in air
where the relative permittivity of air is unity and the relative permittivity of the thin InSb

film has the following tensor form in the Faraday configuration:

@ —jmzco
e+ — g 0 g 0
® —0)2) 0)(0)2—0)2)
(o, ¢
~ .2 2
. J W0, e + @y 0 (4.5)
2 2 2 2
m(cog~m ) (mg~m )
m2
0 0 sL——-g
e 0)_

where @y is the plasma frequency as defined in equation (2.30), ®, is the cyclotron fre-

quency as defined in equation (2.19), ® is the angular frequency, and g; is the back-

ground dielectric constant of the film and is equal to 15.7. If the relative permittivity of
the thin InSb film in equation (4.5) is compared with the permittivity tensor in equation
(2.35) for a polarizable medium with an external magnetic field in the Faraday direction,
it can be seen that it is similar but the losses have been neglected here, v = 0, and the

background dielectric constant is no longer unity, which is the usual case, but is equal to
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g, . The relative permittivity of the thin InSb film for the other two orientations of mag-

netic field, Voigt and perpendicular, is the same as the tensor for the Faraday case, except
the elements are positioned differently, in the same manner as in equations (2.41) and
(2.42), respectively. In order to be consistent with Kushwaha and Halevi, the thickness of
the film is set to 2 i m in all three configurations. However, it should not be expected that
the results are invariant with thickness. The plasma frequency has the following value:

_ 0.02mc
W = T

where ¢ is the speed of light in a vacuum and d is the thickness of the film. In the Faraday

(4.6)

configuration, the cyclotron frequency is set to the plasma frequency: @, = @y. In the

Voigt configuration, the cyclotron frequency is set to half the plasma frequency:

0, = %coo . In the perpendicular configuration, the cyclotron frequency is set to half the

plasma frequency divided by the square root of the background dielectric constant of the

film medium: @, = ~—%

®
g 24/8_-L.

calculated with equation (2.19) with the elementary charge being equal to 1.60x10°1°C

The externally applied magnetic fields in each case can be

and the electron mass being equal to 9.11x1 0~3'kg. The external magnetic field applied
in the Faraday configuration is approximately 54 Tesla. The external magnetic field ap-
plied in the Voigt configuration is approximately 27 Tesla. The external magnetic field

applied in the perpendicular configuration is approximately 7 Tesla.

The dispersion curves for all three orientations have been found with the code described
at the beginning of this chapter over the frequencies used by Kushwaha and Halevi. They
have been plotted in Figure 4.3, Figure 4.18 and Figure 4.29, using the same axes as were
used in the literature [27, 28 and 29]. Every branch has been explored meticulously to the
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best of the limitations of the modelling code. Different and additional branches have been

found above those found in the literature, as will be seen in the next three sections.

4.3.1 External Magnetic Field in Faraday Configuration

The simulated dispersion curves for the normalized frequency, ®/®,, versus normalized

propagation constant, ¥,c/,, for a very thin unsupported semiconducting film with an

external magnetic field in the Faraday configuration obtained from the code described in
this chapter and from reference [27] are plotted in Figure 4.3. It can be seen from Figure
4.3 that the simulated results obtained from the code described in this chapter are in good
agreement with those obtained in the literature with the exception of an extra branch in

the results obtained from the code described in this chapter.

2 1 T T = T

— branch 1 {(Scales) - -4
-------- branch 2 (Scales) 1 o
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Figure 4.3 Comparison of simulated dispersion curves for the normalized frequency, ®/ @, versus nor-

malized propagation constant Y,c/@, for a very thin unsupported semiconducting film with an external

magnetic field in the Faraday configuration, obtained from the code described in this chapter and from ref-
erence [27]
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The relative permittivity tensor components for the InSb slab as a function of normalized
frequency over the range that was examined in the literature for the Faraday orientation

is shown in Figure 4.4, In this orientation the cyclotron frequency is set equal to the plas-

ma frequency: @, = ;. When the angular frequency is also equal to the plasma fre-
quency, @/ ®, = 1, the denominators of all of the non-zero tensor components, except

for £__, become zero and therefore the components themselves become infinite. It can be

2z
seen in Figure 4.4 that the tensor components with a resonance at ®/®, = 1, tend as-

ymptotically towards positive infinity as the resonance is approached from below and

tend asymptotically towards negative infinity as the resonance is approached from above.

The diagonal tensor components €, and &, are negative for 1 < ®/w, <1.0317 and

the diagonal tensor component €, is negative for ®/®, < 0.2525. The diagonal tensor

components are positive for the other frequencies.
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Figure 4.4 The relative permittivity tensor components for the InSb slab as a function of normalized fre-
quency, ©/ @, over the range that was examined in the literature for the Faraday orientation of externally

applied magnetic field
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From Figure 4.3, it can be noted that two of the branches (2 and 4) of the dispersion curve
tend asymptotically towards positive infinity as they approach the point @/ @y = 1.

When the angular frequency is greater than the plasma frequency, another branch (3) be-

gins to appear in the dispersion curve.

In order to get a better understanding of the nature of the modes in these dispersion curve
branches, the fields have been plotted at a specific point on each branch. The orientation
of the film and the direction of wave propagation in cartesian coordinates are shown in
Figure 4.5. Notice that the film thickness is from y=0 to y=d, where d is 24 m in this case.
The field components and Poynting vectors are plotted along the y-axis in the following

figures.

-9
Ld

Air

d
0 5

infinite in-x
Adr

direc’tin of
propagation

Figure 4.5 Orientation of the unsupported InSb film and dirsction of wave propagation in cartesian coor-
dinates

Along with the field components, the Poynting vector is also plotted. The real part of the
Poynting vector represents power flow while the imaginary part represents stored energy.
The time averaged Poynting vector, which represents power flow, is calculated with the

following equation:
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3= %m(ixﬂ*) (4.7)
Equation (4.7) can be written in terms of its three rectangular components as follows:
S, = %YK(E}, XH*~E xXH*) (4.8)
S, = ~SR(E X H¥ ~ E,x H,*) 4.9
5, = %%(ExxHy*—-nyHx*) (4.10)

The fields for the mode in branch 1 are plotted at ©/®, = 1.5. They are shown in Figure
4.6 and Figure 4.7, and the Poynting vector is shown in Figure 4.8. The field component
with the largest magnitude is the major field component. The primary fields, in Figure
4.6, are the fields, along with the major field component, that define a TE or TM mode.
The InSb film is between y = 0 and y = 2 um. It can be seen that mode in branch 1 is
mainly transverse magnetic in nature since Ey is the major field component. All six field
components exist, therefore, the mode is not purely TM. It can also be seen that the major
field component is almost symmetric, therefore it can be said that the mode is a slightly
perturbed symmetric mode. This is a symmetric plasmon-polariton mode that is perturbed
by an externally applied magnetic field.
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Figure 4.6 The primary field components (E,, E,, H,) for branch 1 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the Faraday configuration,

at @/ w,=1.5.
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Figure 4.7 The secondary field components (E,, Hy, H,) for branch I of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at @/, =1.5.
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Figure 4.8 The Poynting vector compenents (Sy, Sy, S,) for branch 1 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at @/ @, =1.5,

The fields for the mode in branch 2 are plotted at ®/®; = 0.6. They are shown in Figure

4.9 and Figure 4.10, and the Poynting vector is shown in Figure 4.11. It can be seen that

the mode in branch 2 is mainly transverse magnetic in nature since E, is the major field

component. All six field components exist, therefore, the mode is not purely TM in na-
ture. It can also be seen that the major field component is asymmetric, therefore, the mode
is an asymmetric mode. This looks like an asymmetric plasmon-polariton mode, whose
fields and Poynting vector are shown in Figure 5.4 and Figure 5.5, that is perturbed by an
externally applied magnetic field. It should also be noted that the secondary field compo-
nents are quite large compared to the primary field components and are characteristic of
a transverse electric total internal reflection mode as shown in Figure 4.13 for the total
internal reflection mode in branch 3. The mode shown in branch 2 is therefore a combi-

nation of a plasmon-polariton mode and a total internal reflection mode.
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Figure 4.9 The primary field components (E,, E,, H,) for branch 2 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the Faraday configuration,
at @/ my=0.6.
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Figure 4.10 The secondary field components (E,, H,, H,) for branch 2 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at @/ =0.6
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Figure 4.11 The Poynting vector components (Sy, S, S,) for branch 2 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at ®/®,=0.6.

The fields for the mode in branch 3 are plotted at ®/ @, = 1.5. They are shown in Figure

4.12 and Figure 4.13, and the Poynting vector is shown in Figure 4.14. It can be seen that
mode in branch 3 is mainly transverse electric in nature since E, is the major field com-
ponent. All six field components exist, therefore, the mode is not purely TE. It can also
be seen that the major field component is symmetric, therefore, the mode is a symmetric
mode. Plasmon-polariton modes are TM modes with maximum fields at the interfaces.
The mode in branch 3 does not exhibit this behaviour therefore it is not a plasmon-polar-
iton mode. Tt behaves more like a total internal reflection mode which can be either TE

or TM.
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Figure 4.12 The secondary field components (E,, E,, H,) for branch 3 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at ®/®,=1.5.
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Figure 4.13 The primary field components (E,, Hy, H,) for branch 3 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the Faraday configuration,
at @/ @, =1.5.
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Figure 4.14 The Poynting vector components (S,, Sy, S,) for branch 3 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at ®/ @ =1.5.

The fields for the mode in branch 4 are plotted at @/ @, = 0.6. They are shown in Figure

4.15 and Figure 4.16, and the Poynting vector is shown in Figure 4.17. It can be seen that
the mode in branch 4 is mainly transverse magnetic in nature since Ey, is the major field
component. All six field components exist, therefore, the mode is not purely transverse
magnetic. It can also be seen that the major field component is asymmetric, therefore, the
mode is an asymmetric mode. This is an asymmetric plasmon-polariton mode that is per-

turbed by an externally applied magnetic field.
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Figure 4.15 The primary field components (Ey, E,, H,) for branch 4 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the Faraday configuration,
at @/®, = 0.6.
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Figure 4,16 The secondary field components (E,, Hy, H,) for branch 4 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at @/ @, = 0.6.
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Figure 4.17 The Poynting vector components (S,, S, S,) for branch 4 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Faraday configura-
tion, at @/ ®@, = 0.6.

There are four modes whose dispersion curves are shown in Figure 4.3 for an externally
applied magnetic field in the Faraday orientation. By examining the fields, it has been
found that the mode in branch 1 is a symmetric plasmon-polariton mode, the mode in
branch 3 is a transverse electric total internal reflection mode, the mode in branch 4 is an
asymmetric plasmon-polariton mode and the mode in branch 2 is a combination of an
asymmetric plasmon-polariton mode and a transverse electric total internal reflection

mode.

When no external magnetic field is present, the existence of plasmon-polariton modes re-
quires that the real parts of the diagonal components of the permittivity tensor be of op-
posite sign for the media that make up the interface or interfaces. In this structure this
requirement means that the real parts of the diagonal components of the permittivity ten-
sor are negative since the permittivity of the surrounding medium, air, is positive. As not-

ed previously, the diagonal components of the permittivity tensor are negative only for
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small intervals. Plasmon-polariton modes would not normally exist over most of the fre-
quencies examined. However, the presence of an externally applied magnetic field induc-
es plasmon-polariton modes in the structure through the emergence of the off-diagonal

elements in the permittivity tensor.

Typically, both an asymmetric plasmon-polariton mode and a symmetric plasmon-polar-
iton mode exist in the same structure, and both a transverse electric total internal reflec-
tion mode and a transverse magnetic total internal reflection mode exist in the same
structure. This is not the case in the structure under the influence of an externally applied
magnetic field in the Faraday orientation. The externally applied magnetic field may
cause a mode to evolve into another mode or it may actually cause a mode to appear. For
this reason, the modes seen here are likely not those that would be seen in the same struc-

ture with no externally applied magnetic field.

4.3.2 External Magnetic Field in Voigt Configuration

The simulated dispersion curves for the normalized frequency, @/ ®,, versus normalized

propagation constant, ¥,¢/ ®,, for a thin unsupported semiconducting film with an exter-

nal magnetic field in the Voigt configuration obtained from the code described in this
chapter and from reference [28] are plotted in Figure 4.18. It can be seen from Figure 4.18
that the simulated results obtained from the code described in this chapter are not in
agreement with those presented in the literature. In the literature, Halevi and Kushwaha
[28] simplify their dispersion relation equations in a similar manner to that shown in the

previous chapter. However, they make an error while simplifying that shows up when the

x-y off-diagonal elements of the permittivity tensor are null, &, =g, =0, which is the

case for the perpendicular and Voigt configurations. When this simplification error is in-
cluded in the simulations performed with the code described at the beginning of the chap-

ter, the results agree closely with those from the literature, shown as diamonds and
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squares, respectively, in Figure 4.18. When the simplification error is removed from the
simulations performed with the code described at the beginning of the chapter, the results

differ significantly from those in the literature.
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Figure 4.18 Comparison of simulated dispersion curves for the normalized frequency, ®©/®, versus nor-

malized propagation constant Y,c/@, for a very thin unsupported semiconducting film with an external

magnetic field in the Voigt configuration, obtained from the code described in this chapter and from refer-
ence [28].

Figure 4.18 shows the portion of the dispersion curves that is given in the literature [28],
for comparison. It is not only interesting to compare with the literature but also to see the
behaviour of the dispersion curves over a wider range of values. The simulation results
for the dispersion curves obtained from the code discussed at the beginning of the chapter
for an external magnetic field applied in the Voigt configuration are shown in Figure

4.19.
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Figure 4.19 Simulated dispersion curves for the normalized frequency, ®/®, versus normalized propa-

gation constant y,c/ @, for a very thin unsupported semiconducting film with an external magnetic field

in the Voigt configuration, obtained from the code described in this chapter.

The relative permittivity tensor components for the InSb slab as a function of normalized
frequency over the range shown in Figure 4.19 for the Voigt orientation is shown in Fig-

ure 4.20. In this orientation the cyclotron frequency is set equal to half the plasma fre-

quency: @, = %mo. When the angular frequency is also equal to half the plasma

frequency, @/ ®, = 0.5, the denominators of all of the non-zero tensor components, €x-

cept for €, become zero and therefore the components themselves become infinite. It

XX

can be seen in Figure 4.20 that the tensor components with a resonance at ®/®, = 0.3,

tend asymptotically towards positive infinity as the resonance is approached from below
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and tend asymptotically towards negative infinity as the resonance is approached from

above. The diagonal tensor component €, is negative for ©/w, <0.2524 and the diag-

onal tensor components €,,, and &,, are negative for 0.5 < @/ wy <0.5601. The diagonal

tensor components are positive for the other frequencies.

1 200

o F 200
-1 100
NE n)s
-2 ]
-3 -100
-4 -200
[} 0.5 1 15 2 1] 0.5 1 1.5 2
mlo)o olo,
300 500

3{sz}

200
300
10D
200
B
100

-200 -200
Q 0.5 1 15 2 ) a5 1 15 2

olog ol

Figure 4.20 The relative permittivity tensor components for the InSb slab as a function of normalized fre-
quency, @/ @, , over the range that was examined in the literature for the Voigt orientation of externally

applied magnetic field

From Figure 4.19, it can be seen that one of the branches (2) of the dispersion curve tends

towards positive infinity as the angular frequency approaches the point where

/@, = 0.5. When the angular frequency is greater than one half the plasma frequency,

another branch (4) begins to appear in the dispersion curve.

It can be seen from Figure 4.19 that there are four branches to the dispersion curve in the
Voigt case. In order to get a better understanding of these branches in the dispersion
curve, the fields have been plotted at a specific point on each branch. Due to the trans-
verse application of the external magnetic field in the Voigt orientation, no additional

field components are created and the modes remain transverse magnetic in nature. There-
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fore only the transverse magnetic field components have been plotted since the other

three are null.

The fields for the mode in branch 1 are plotted at @/ ®, = 1.0. They are shown in Figure
4.21 and the Poynting vector is shown in Figure 4.22. It can be seen that the major field
component, E,, is almost symmetric, therefore it can be said that the mode is a slightly

perturbed symmetric mode. This is a symmetric plasmon-polariton mode that is perturbed
by an externally applied magnetic field.
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Figure 4.21 The ficld components (Ey, E,, H,) for branch 1 of the simulated dispersion curves for a very
thin unsupported semiconducting film with an external maguetic field in the Voigt configuration, at
®/0,= 1.0
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Figure 4.22 The Poynting vector components (S, Sy, S;) for branch 1 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Voigt configuration,

at @/ @y = 1.0.

The fields for the mode in branch 2 are plotted at ©/ @, = 0.45. They are shown in Figure
4.23 and the Poynting vector is shown in Figure 4.24. It can be seen that the major field
component, Ey, is asymmetric, therefore the mode is an asymmetric mode. This is an
asymmetric plasmon-polariton mode that is perturbed by an externally applied magnetic

field. By comparing the Poynting vectors in Figure 4.22 and Figure 4.24, it can be seen

that both branches 1 and 2 have similar power flow distributions.
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Figure 4.23 The field components (E,, E,, H,) for branch 2 of the simulated dispersion curves for a very
thin unsupported semiconducting film with an external magnetic field in the Voigt configuration, at
w/ @, = 045.
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Figure 4.24 The Poynting vector components (S, Sy, S,) for branch 2 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Voigt configuration,
at o/ ®, = 045.
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The fields for the mode in branch 3 are plotted at @/ ®, = 0.25. They are shown in Figure

4.25 and the Poynting vector is shown in Figure 4.26. It can be seen that the major field

component, Ey, is asymmetric, therefore, the mode is an asymmetric transverse magnetic

mode. It can be seen from the Poynting vector in Figure 4.26 that most of the mode power
is in the InSb slab rather than the surrounding air. This is indicative of a total internal re-
flection mode rather than a plasmon-polariton mode. Therefore, this is an asymmetric

transverse magnetic total internal reflection mode that is perturbed by an externally ap-

plied magnetic field.
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Figure 4.25 The field components (Ey, E,, H,) for branch 3 of the simulated dispersion curves for a very
thin unsupported semiconducting film with an external magnetic field in the Voigt configuration, at
®/0, =0.25.
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Figure 4.26 The Poynting vector components (S,, S, S,) for branch 3 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Voigt configuration,
at 0/, = 0.25.

The fields for the mode in branch 4 are plotted at @/ ®, = 1.0. They are shown in Figure

4.27 and the Poynting vector is shown in Figure 4.28. It can be seen that the major field

component, Ey, is asymmetric, therefore the mode is an asymmetric mode. This is an

asymmetric plasmon-polariton mode that is perturbed by an externally applied magnetic
field.
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Figure 4.27 The field components (E,, E,, H,) for branch 4 of the simulated dispersion curves for a very
thin unsupported semiconducting film with an external magnetic field in the Voigt configuration, at
®/®, = 1.0.
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Figure 4.28 The Poynting vector components (S, S, S,) for branch 4 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the Voigt configuration,
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By comparing Figure 4.22, Figure 4.24 and Figure 4.28 it can be seen that branches 1, 2
and 4 all have similar power flow distributions, with the majority of the power in the sur-
rounding air rather than the InSb slab, which is indicative of plasmon-polariton modes.

Notice also that the fields for branch 2, in Figure 4.23, and branch 4, in Figure 4.27 are

very similar. The mode in branch 2 exists below the resonance at ®/®, = 0.5, whereas

the mode in branch 4 exists above the resonance. At a given frequency, only one symmet-
ric plasmon-polariton mode and one asymmetric plasmon-polariton mode is present. The

transverse magnetic total internal reflection mode splits from the symmetric plasmon-po-

lariton mode at around @/®, = 0.105.

When no external magnetic field is present, the existence of plasmon-polariton modes re-
quires that the real parts of the diagonal components of the permittivity tensor be of op-
posite sign for the media that make up the interface or interfaces. In this structure this
requirement means that the diagonal components of the permittivity tensor are negative
since the permittivity of the surrounding medium, air, is positive. As noted previously,
the diagonal components of the permittivity tensor are negative only for small intervals.
Plasmon-polariton modes would not normally exist over most of the frequencies exam-
ined. However, the presence of an externally applied magnetic field induces plasmon-po-

lariton modes in the structure.

4.3.3 External Magnetic Field in Perpendicular Configuration

The simulated dispersion curves for the normalized frequency, ,/€;®/®,, Versus nos-

malized propagation constant, A/E:;'yzc/ ®,, for a very thin unsupported semiconducting

film with an external magnetic field in the perpendicular configuration obtained from the
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code described in this chapter and from reference [29] are plotted in Figure 4.29. The

modes in the region above A/52(0/ @, = 1 have been re-plotted in Figure 4.30 for clarity.
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Figure 4.29 Comparison of simulated dispersion curves for the normalized frequency, A/E;m/ @, versus

normalized propagation constant, ﬁzYzc/ o, for a very thin unsupported semiconducting film with an ex-

ternal magnetic field in the perpendicular configuration, obtained from the code described in this chapter
and from reference [29].
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Figure 4.30 Close up of simulated dispersion curves for the normalized frequency, A/S—L‘D/ ©, Vversus nor-

malized propagation constant, A/E;:'yzc/ o, for a very thin unsupported semiconducting film with an exter-

nal magnetic field in the perpendicular configuration.

It can be seen from Figure 4.29 that the simulated results obtained from the code de-
scribed in this chapter are not in agreement with those presented in the literature. In the
literature, Halevi and Kushwaha [29] simplify their dispersion relation equations in a
similar manner to that shown in the previous chapter. However, they make an error while
simplifying that shows up when the x-y off-diagonal elements of the permittivity tensor

are null, &,,=¢, =0, which is the case for the perpendicular and Voigt configurations.

When this simplification error is included in the simulations performed with the code de-
scribed at the beginning of the chapier, the results agree closely with those from the lit-

erature, shown as diamonds and squares, respectively, in Figure 4.29. When the
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simplification error is removed from the simulations performed with the code described

at the beginning of the chapter, the results differ significantly from those in the literature.

The relative permittivity tensor components for the InSb slab as a function of normalized
frequency over the range that was examined in the literature for the perpendicular orien-
tation are shown in Figure 4.31. In this orientation, the cyclotron frequency is set to half

the plasma frequency divided by the square root of the background dielectric constant of

the film medium: @, = %% . When the angular frequency is also equal to half the plas-
L

ma frequency divided by the square root of the background dielectric constant of the film

medium, J;Lm/ ®, = 0.5, the denominators of all of the non-zero tensor components,

except for €, become zero and therefore the components themselves become infinite.

It can be seen in Figure 4.31 that the tensor components with a resonance at

,\/&im/ ®, = 0.5, tend asymptotically towards positive infinity as the resonance is ap-

proached from below and tend asymptotically towards negative infinity as the resonance

is approached from above. These tensor components also cross zero at J.(;‘—L(a)/ Wy =
1.1175, whereas the tensor component €,,, Crosses zero at «/8_[‘0)/ @, = 1. The diagonal
tensor components €, . and €, are negative for 0.5 < ﬁzm/ ®y < 1.1175 and the diag-

onal tensor component £, is negative for ,/e ;®/ @, < 1. The diagonal tensor compo-

nents are positive for the other frequencies.
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Figure 4.31 The relative permittivity tensor components for the InSb slab as a function of normalized fre-
quency, JEZw/ @ , over the range that was examined in the literature for the perpendicular orientation of

externally applied magnetic field

It can be seen from Figure 4.29 that there are six branches to the dispersion curve in the
perpendicular case. In order to get a better understanding of these branches in the disper-

sion curve, the fields have been plotted at a specific point on each branch. The fields for
the mode in branch ! are plotted at st_Lm/ ®, = 0.8. They are shown in Figure 4.32 and
Figure 4.33, and the Poynting vector is shown in Figure 4.34. It can be seen that mode in
branch 1 is mainly transverse magnetic in nature since E is the major field component.

All six field components exist, therefore, the mode is not purely TM. It can also be seen
that the major field component is asymmetric, therefore the mode is an asymmetric mode.
From the Poynting vector in Figure 4.34 it can be seen that the majority of the power is
in the surrounding air rather than the InSb slab. This is an asymmetric plasmon-polariton

mode that is perturbed by an externally applied magnetic field.
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Figure 4.32 The primary field components (Ey, E,, Hy) for branch 1 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the perpendicular configu-

ration, at A/E;‘co/ ®,=0.8.
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Figure 4.33 The secondary field components (E,, H,, H,) for branch 1 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at 'JS_LOJ/ @, =0.8.
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Figure 4.34 The Poynting vector components (Sy, S, S,) for branch 1 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at A/5(1)/ @, =0.8.

The fields for the mode in branch 2 are plotted at A/S—Lm/ 0, = 0.44. They are shown in

Figure 4.35 and Figure 4.36, and the Poynting vector is shown in Figure 4.37. It can be

seen that both E, and E, are significant field components in the mode in branch 2. It can
also be seen that the E, component is asymmetric and the E, component is symmetric,

therefore the mode is asymmetric in y and symmetric in x. From the Poynting vector com-
ponent in the z direction, it can be seen that the majority of the power is flowing in the
positive z-direction above and below the InSb slab however a significant portion of the
power is also flowing in the positive z direction inside the InSb slab. There is very little
power in the x and y directions. This mode cannot be a plasmon-polariton mode since it
is not TM or close to TM in nature. It is not a total internal reflection mode either since
the majority of the power is flowing outside of the InSb slab. However, the majority of

the power in the E, and H, field components is in the InSb slab. This mode may be a com-

bination of the two types of modes.
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Figure 4.35 The field components (E,, E,, H,) for branch 2 of the simulated dispersion curves for a very
thin unsupported semiconducting film with an external magnetic field in the perpendicular configuration,

at Je, 0/ my=044.
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Figure 4.36 The field components (E,, Hy, H,) for branch 2 of the simulated dispersion curves for a very
thin unsupported semiconducting film with an external magnetic field in the perpendicular configuration,
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Figure 4.37 The Poynting vector components (S, Sy, S;) for branch 2 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at Js;m/ 0, =0.44.

The fields for the mode in branch 3 are plotted at ,\/é_L(z)/ ®y = 0.6. They are shown in
Figure 4.38 and Figure 4.39, and the Poynting vector is shown in Figure 4.40. It can be
seen that the mode in branch 3 is mainly transverse magnetic in nature since Ey is the ma-

jor field component. All six field components exist, therefore, the mode is not purely TM.
It can also be seen that the major field component is asymmetric, therefore the mode is
an asymmetric mode. From the Poynting vector in Figure 4.40, it can be seen that the ma-
jority of the power is above and below the InSb slab. However, the majority of the power

in secondary field components, E,, Hy and H,, is in the InSb slab as is the case for the

mode in branch 2. It should also be noted that the mode in branch 2 exists only for fre-
quencies below the resonance at A[e_;m/ ®, = 0.5 and the mode in branch 3 exists only

for frequencies above the resonance. Therefore, the mode in branch 3 replaces the mode

in branch 2 for frequencies above the resonance. The mode in branch 3 looks more like
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an asymmetric plasmon-polariton mode that is perturbed by an externally applied mag-
netic field than the mode in branch 2.

-13

><
-
o,

{E,
o &
$(E}

05 05
4 4
0 s (u ) 0 “18 5 (o ) 5 )
] ¥{pm, v {um
PPy 0.88
0.84
46
“ %
W w' o2
F 44 ]
038
42 078
g 5 5 10 210 % 5 10

niH )
S{H)
i}

i}
LN

5

-
o

o -5 5 10 -1

o

-5

[} 0
¥ (um) y (um)

Figure 4.38 The primary field components (Ey, E,, H,) for branch 3 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the perpendicular configu-

ration, at fe; @/ @y =0.6.
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Figure 4.39 The secondary field components (E,, Hy, H,) for branch 3 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at ,fe—Lm/ ®,=0.6.
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Figure 4.40 The Poynting vector components (S, Sy, 5,) for branch 3 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at A/E—Loa/ @, =0.6.

The fields for the mode in branch 4 are plotted at A/82(0/ ®, = 1.3. They are shown in

Figure 4.41 and Figure 4.42, and the Poynting vector is shown in Figure 4.43. It can be
seen that mode in branch 4 is mainly transverse magnetic in nature since E is the major
field component. All six field components exist, therefore, the mode is not purely TM. It
can also be seen that the major field component is asymmetric, therefore the mode is an
asymmetric mode. From the Poynting vector in Figure 4.43, it can be seen that the ma-
jority of the power is above and below the InSb slab. This is an asymmetric plasmon-po-
lariton mode that is perturbed by an externally applied magnetic field. By comparing the
fields for the mode in branch 1 with the fields for the mode in branch 4 it can be seen that

they are very similar. The mode in branch 4 splits off from the mode in branch 1 at around
Js—Lm/ o, = 1, which is the point at which the permittivity tensor component €, chang-

es sign. Below the split off point the modes in branches 1 and 4 are degenerate. That is
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why the fields are so similar. The existence of an externally applied magnetic field re-

moves the degeneracy above the split off point.
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Figure 4.41 The primary field components (Ey, E,, H,) for branch 4 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the perpendicular configu-

ration, at ,‘/S—LCD/ @y =1.3.
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Figure 4.42 The secondary field components (E,, Hy, H,) for branch 4 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at ,\/é;m/ @y =1.3.
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Figure 4.43 The Poynting vector components (S, Sy, S,) for branch 4 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at ﬁ;m/ ®,=1.3.

The fields for the mode in branch 5 are plotted at ,fs_Lm/ ®, = 1.68. They are shown in
Figure 4.44 and Figure 4.45, and the Poynting vector is shown in Figure 4.46. It can be
seen that the mode in branch 5 is mainly transverse electric in nature since E, is the major
field component. All six field components exist, therefore, the mode is not purely TE. It
can also be seen that the major field component is symmetric, therefore the mode is a
symmetric mode. From the Poynting vector in Figure 4.46, it can be seen that the maj ority
of the power is in the InSb slab, which is indicative of a total internal reflection mode.
This is a symmetric transverse electric total internal reflection mode that is perturbed by

an externally applied magnetic field. The mode in branch 5 exists for frequencies above
approximately A/{::203/ ®, = 1, which is the point at which the permittivity tensor compo-

nent £, changes sign.
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Figure 4.44 The secondary ficld components (E,, E,, H,) for branch 5 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at fe; @/, =1.68.
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Figure 4.45 The primary field components (E,, Hy, H,) for branch 5 of the simulated dispersion curves for
a very thin unsupported semiconducting film with an external maguetic field in the perpendicular configu-

ration, at ,ja:m/ 03, =1.68.
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Figure 4.46 The Poynting vector components (Sy, Sy, S,) for branch 5 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at JEZm/ @, =1.68.

The fields for the mode in branch 6 are plotted at A/8_1,;0)/ ®, = 1.9. They are shown in

Figure 4.47 and Figure 4.48, and the Poynting vector is shown in Figure 4.49. It can be

seen that the mode in branch 6 is mainly transverse electric in nature since E, is the major

field component. All six field components exist, therefore, the mode is not purely TE. It
can also be seen that the major field component is symmetric, therefore the mode is a
symmetric mode. From the Poynting vector in Figure 4.49, it can be seen that the majority
of the power is in the InSb slab, which is indicative of a total internal reflection mode.
This is a symmetric transverse electric total internal reflection mode that is perturbed by
an externally applied magnetic field. By comparing the fields for the mode in branch 5,
in Figure 4.44 and Figure 4.45, with the field components for the mode in branch 6, Fig-
ure 4.47 and Figure 4.48, it can be seen that they are very similar. This is because the

modes in branches 5 and 6 are degenerate modes until the mode in branch 6 becomes dis-
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tinct from the mode in branch § around J;Lm/ @, = 1.6. The existence of an externally

applied magnetic field removes the degeneracy above the split off point.
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Figure 4.47 The secondary field components (Ey, E,, H,) for branch 6 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at ﬁ;m/ @y =1.9.
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Figure 4.48 The primary field components (E,, H,, H,) for branch 6 of the simmlated dispersion curves for
a very thin unsupported semiconducting film with an external magnetic field in the perpendicular configu-

ration, at JE;&/ ®,=1.9.
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Figure 4.49 The Poynting vector components (S, Sy, S,) for branch 6 of the simulated dispersion curves
for a very thin unsupported semiconducting film with an external magnetic field in the perpendicular con-

figuration, at A/E:Zco/ @y =1.9.

There are six modes whose dispersion curves are shown in Figure 4.29 for an externally
applied magnetic field in the perpendicular orientation. By examining the fields, it has

been found that the modes in branches 1 and 4 are an asymmetric plasmon-polariton

modes which are one mode for frequencies below , /g, @/ ®, =1 and become two distinct

modes for frequencies above Je-Lw/ ®, = 1, which is the point at which the permittivity
tensor component €, changes sign. The mode in branch 2 is a combination of an asym-
metric plasmon-polariton mode and a transverse electric total internal reflection mode. It
only exists for frequencies below ngm/ ®, = 0.5, above which the mode in branch 3

exists. The mode in branch 3 is similar to the mode in branch 2 but has stronger plasmon-
polariton characteristics. The modes in branches 5 and 6 are both symmetric transverse

electric total internal reflection modes with very similar characteristics. They exist as a

single mode for frequencies above J%m/ @, = 1, which is the point at which the permit-
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tivity tensor component €, changes sign, and become two distinct modes for frequencies

above approximately N/E—LO)/ W, = 1.6.

When no external magnetic field is present, the existence of plasmon-polariton modes re-
quires that the real parts of the diagonal components of the permittivity tensor be of op-
posite sign for the media that make up the interface or interfaces. In this structure this
requirement means that the diagonal components of the permittivity tensor are negative
since the permittivity of the surrounding medium, air, is positive. As noted previously,
the diagonal components of the permittivity tensor are negative only for certain intervals.
Plasmon-polariton modes would not normally exist over most of the frequencies exam-
ined. However, the presence of an externally applied magnetic field induces plasmon-po-

lariton modes in the structure.

Typically, both an asymmetric plasmon-polariton mode and a symmetric plasmon-polar-
iton mode exist in the same structure, and both a transverse electric total internal reflec-
tion mode and a transverse magnetic total internal reflection mode exist in the same
structure. This is not the case in this structure under the influence of an externally applied
magnetic field in the perpendicular orientation. The externally applied magnetic field
may cause a mode to evolve into another mode or it may actually cause a mode to appear.
For this reason, the modes seen here are likely not those that would be seen in the same

structure with no externally applied magnetic field.

4.3.4 Conclusion

Tt can be seen that the dispersion curves from simulations performed with the code de-
scribed at the beginning of this chapter are not all in agreement with the results presented
in the literature. In the literature, Halevi and Kushwaha [27, 28 and 29] simplify their dis-
persion relation equations in a similar manner to that shown in the previous chapter. How-

ever, they make an error while simplifying that shows up when the x-y off-diagonal
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elements of the permittivity tensor are null, €4y =€y =0, which is the case for the perpen-

dicular and Voigt configurations. When this simplification error is included in the simu-
lations performed with the code described at the beginning of the chapter, the results
agree closely with those from the literature, shown as squares in Figure 4.3, Figure 4.18
and Figure 4.29. When the simplification error is removed from the simulations per-
formed with the code described at the beginning of the chapter, the results differ signifi-
cantly from those in the literature in both the perpendicular and Voigt cases. The
simplification error does not affect the Faraday orientation, therefore, the results from
simulations performed with the code described at the beginning of the chapter agree well
with the results from the literature with the exception of an extra branch, which appears
both when the error is taken into account and when it is not taken into account. It is clear
that if the simulation error is taken into account, the dispersion curves from simulations
performed with the code described at the beginning of this chapter are in good agreement
with the results presented in the literature [27, 28 and 29]. It can, therefore, be inferred
that the model presented at the beginning of this chapter is valid in the case where an ex-

ternal magnetic field is applied in all three orientations.

As the frequency increases, more branches appear in the dispersion curve, indicating that
additional modes can be supported at higher frequencies. Every branch of the dispersion
curves for the corrected dispersion equations in the Voigt and perpendicular configura-
tions as well as the dispersion curve for the Faraday dispersion equation have been ex-
plored meticulously to the best of the numerical limitations of the modelling code. An
additional branch was found in the dispersion curve for the Faraday orientation and the
new corrected dispersion curve in the Voigt case comprises four branches, while the new
corrected dispersion curve in the perpendicular case comprises six branches. The field

components of the modes represented by these branches have also been examined.
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When no external magnetic field is present, the existence of plasmon-polariton modes re-
quires that the real parts of the diagonal components of the permittivity tensor be of op-
posite sign for the media that make up the interface or interfaces. In this structure this
requirement means that the diagonal components of the permittivity tensor are negative
since the permittivity of the surrounding medium, air, is positive. As noted previously,
the diagonal components of the permittivity tensor in all three cases are negative only for
certain intervals. Plasmon-polariton modes would not normally exist over most of the fre-
quencies examined. However, the presence of an externally applied magnetic field induc-
es plasmon-polariton modes in the structure. Future work should include the examination
of the modes in this structure at fixed frequency points as the externally applied magnetic
field is varied to determine exactly how the externally applied magnetic field affects the

nature of the modes in the structure.
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ported by a Gold Film Bounded by Silicon Dioxide

It has been shown recently that a thin metal film finite in width embedded in a dielectric
can form passive optical waveguides at infrared frequencies [1-5]. It is of great interest
to find a way to make these waveguides active. One possible way of doing so is through
the application of an external magnetic field. By simulating the propagation of plasmon-
polaritons along thin metal films of infinite width bounded by dielectrics under the influ-
ence of an external magnetic field, it is possible to get an understanding of the effect of
an externally applied magnetic field on thin metal films of finite width embedded in die-
lectrics. This is possible because the characteristics of an infinite width thin metal film
are similar in many ways to the finite width thin metal film. If an externally applied mag-
netic field has an effect on thin films of infinite width, then it can be inferred that it will
have a similar effect on thin films of finite width, and the investigation of such an effect

could be initiated through more complex optical modal analysis or through experiments.

The first experimental observation of the existence of long-range plasmon-polariton
waves guided by a thin metal film of finite width was done by exciting a waveguide com-
posed of an 8 pum wide, 20nm thick gold metal film embedded in silicon dioxide [4]. Pre-
viously, it has been shown that metal film wavegunides comprising noble metals such as
silver, gold, aluminium and copper have low losses at optical communications wave-
lengths. Gold was identified as having the most promising characteristics at the near in-
frared communication wavelength of 1550nm [4]. For this reason, it was used in the
fabrication of the first finite width thin metal film optical waveguide and will be used for

the following analysis of the effect of an externally applied magnetic field.
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The orientation of the thin film and the direction of wave propagation of the structure that
has been analysed is shown in cartesian coordinates in Figure 5.1. Notice that the gold
film is positioned between y=0 and y=d, where d is the thickness of the film. The field
components and Poynting vectors in the following analysis will be plotted along the y-

axis.

infinite inx
b X

infinite in-x

diraction of
propagation

Figure 5.1 Orientation of the thin gold film bounded by silicon dioxide and the direction of wave propaga-
tion in cartesian coordinates

The analysis will be performed at a free space wavelength of 1550nm, as was done in the
previous work [4]. At this wavelength, Palik [45] gives the complex refractive index of
gold as N = 0.55-j11.5, from which the relative permittivity can be calculated by taking
its square: £ = -131.9475-j12.65. The refractive index of silicon dioxide is not given by

Palik for a wavelength of exactly 1550nm but can be estimated from the values that he
provides for wavelengths above and below 1550nm and is found to be » = 1.444. The rel-
ative permittivity of silicon dioxide is found by taking the square of the refractive index:
g =2.085136. These are the values used for the relative permittivities of gold and silicon
dioxide in the following analysis, however they are slightly different from those used in

reference [44] as presented in the previous chapter.
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When an external magnetic field is applied to the structure, the permittivity of the gold
becomes a tensor as shown in equations (2.35), (2.41) and (2.42) for a magnetic field in
the Faraday, Voigt and perpendicular orientations, respectively. The nominal relative
permittivity of gold is £ =-131.9475-j12.65. By using equations (2.38), (2.39) and (2.40),

the plasma frequency, @, and the effective electron collision frequency, v, can be cal-

culated from the nominal relative permittivity value. The gyro frequency is obtained by
substituting the externally applied magnetic field into equation (2.19). Once the plasma
frequency, the effective electron collision frequency and the gyro frequency have been
calculated they are substituted into equation (2.35) to get the permittivity tensor. Once the
permittivity tensor has been found it can be used in the code described in the previous

chapter to determine the propagation constants at different magnetic field strengths.

5.1 No Externally Applied Magnetic Field

5.1.1 Dispersion Curves

The dispersion curves as a function of film thickness for an infinitely wide thin film of
gold bounded by semi-infinite silicon dioxide using Palik’s relative permittivity values

are shown in Figure 5.2 and Figure 5.3.

It can be seen from Figure 5.3, that as the film thickness increases, the symmetric and
asymmetric bound modes converge to the mode supported by a single metal-dielectric in-
terface. As the film thickness decreases, the plasmon-polariton modes supported at each

metal-dielectric interface become coupled by tunnelling through the metal film and the

two bound modes become distinct. The effective index of refraction (B,/,) of the sym-

metric bound mode tends towards the index of the background, 1.444, as the thickness of
the film decreases. It can, therefore, be inferred that most of the power of the symmetric

bound mode is in the surrounding dielectric and, thus, the value of the effective index of
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refraction is mainly governed by that of the supporting medium. The effective index of
refraction of the asymmetric bound mode tends asymptotically towards infinity as the
thickness of the film decreases, indicating that the velocity of the propagating mode de-
creases with thickness [44]. From this result, it can be inferred that most of the power of

the asymmetric bound mode is in the metal film.
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Figure 5.2 Simulated dispersion curves for the normalized attenuation constant of two bound modes sup-
ported by a thin Au film bounded by semi-infinite Si0;, at free space wavelength of 1550nm. The relative

permittivities are € ,, =-131.9475-j12.65 and e, =2.085136 for gold and silicon dioxide, respectively.
Au 8i0,

Figure 5.2 presents the normalized attenuation constant for the two bound modes. It can
be seen that the attenuation of the symmetric mode decreases significantly with decreas-
ing metal thickness, whereas the attenuation of the asymmetric mode increases signifi-

cantly with decreasing metal thickness. This behaviour is due to the distribution of the
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power of each mode: the symmetric mode has more power in the dielectric and the asym-

metric mode has more power in the metal.
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Figure 5.3 Simulated dispersion curves for the normalized phase constant of two bound modes supported
by a thin Au film bounded by semi-infinite $i0,, at free space wavelength of 1550nm. The relative permit-

tivities are € ;, =-131.9475-j12.65 and £g; o, =2.085136 for gold and silicon dioxide, respectively.

In a real structure, there are three loss mechanisms that contribute to attenuation losses:
losses in the metal, losses in the dielectric and scattering losses. In the case of silicon di-
oxide at this wavelength, the extinction coefficient taken from reference [45] is zero in-
dicating that there are no losses associated with it. In addition, a perfect metal dielectric
interface has been assumed in this model such that scattering losses are negligible. There-

fore, the only source of loss in this structure is the absorption in the metal.
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From Figure 5.2 and Figure 5.3, excitation of the symmetric bound mode in a film with
the smallest possible thickness will provide the lowest loss plasmon-polariton propaga-
tion. In previous work, a thickness of 20nm was chosen [4]. This thickness may have been
chosen because, at this thickness, gold can be deposited in a relatively vniform film when
compared with thinner gold films. Due to its low attenuation level and its use in previous

work, a thickness of 20nm will be used as the gold film thickness in this analysis.

5.1.2 Field Components

When no magnetic field is applied, the dielectric constant is not a tensor and, therefore,
the modes are purely transverse magnetic in nature. That is, they only have three field
components: By, E; and H,. These three field components, along with the Poynting vector
of the asymmetric bound mode of a 20nm thick gold film bounded by silicon dioxide at
the wavelength of 1550nm, with no external magnetic field, are shown in Figure 5.4 and
Figure 5.5, respectively. The three main transverse magnetic field components and the

Poynting vector of the symmetric bound mode are shown in Figure 5.6 and Figure 5.7,

respectively.
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Figure 5.4 Simulated electric (Ey, E,) and magnetic (H,) fields of the asymmetric bound mode supported
by a 20nm Au film bounded by semi-infinite SiO,, with no external magnetic field, at free space wave-
length of 1550nm. The propagation constant is 41534.60773993610 + j6088192.914047782.
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Figure 5.5 Poynting vector of the asymmetric bound mode supported by a 20nm Au film bounded by semi-
infinite Si0,, with no external magnetic field, at free space wavelength of 1550nm. The propagation con-

stant is 41534.60773993610 + j6088192.914047782.
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Figure 5.6 Simulated electric (Ey, E,) and magnetic (H,) fields of the symmetric bound mode supported
by a 20nm Au film bounded by semi-infinite SiO,, with no external magnetic field, at free space wave-
length of 1550nm. The propagation constant is 139.4062040426159 + j5862484.452181567.
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Figure 5.7 Poynting vector of the symmetric bound mode supported by a 20nm Au film bounded by semi-
infinite Si0,, with no external magnetic field, at free space wavelength of 1550nm. The propagation con-

stant is 139.4062040426159 + j5862484.452181567.

The mode is defined as asymmetric when its E, and H, field components are asymmetric

about the metal slab, as can been seen in Figure 5.4. Likewise, the mode is defined as

symmetric when its E, and H, field components are symmetric about the metal slab, as

can been seen in Figure 5.6. Both the asymmetric and symmetric modes have only the

three field components that make them purely transverse magnetic in nature.

From Figure 5.5 and Figure 5.7, it can be seen that there is more of the energy of the sym-
metric mode in the surrounding dielectric when compared to the asymmetric mode. This
can seen from the sloping lines in the Poynting vector as it approaches the film at y=0 and
y=20nm in the asymmetric case as compared to the straighter lines in the symmetric case.
The more energy there is in the dielectric, the less there is in the metal, which is lossy,
making the overall mode less lossy. From the Poynting vector it can be seen that the sym-

metric mode is less lossy than the asymmetric mode for a 20nm gold film.
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In Figure 5.2 and Figure 5.3, it can be seen that the propagation constants of the symmet-
ric and asymmetric modes are much more similar when the film is 100nm thick than when
it is 20nm. By looking at the field components and especially the Poynting vectors, it is
possible to see the similarities in the asymmetric and symmetric modes at a film thickness
of 100nm. The field components and Poynting vectors along the y-axis are shown in Fig-
ure 5.8 and Figure 5.9, respectively, for the asymmetric mode, and in Figure 5.10 and Fig-
ure 5.11, respectively, for the symmetric mode.
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Figure 5.8 Simulated electric (E,, E,) and magnetic (Hy) fields of the asymmetric bound mode supported
by a 100nm Au film bounded by semi-infinite SiO,, with no external magnetic field, at free space wave-
length of 1550nm. The propagation constant is 5042.763503612161 + j5501498.858084749.
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Figure 5.9 Poynting vector of the asymmetric bound mode supported by a 100nm Au film bounded by
semi-infinite SiO,, with no external magnetic field, at free space wavelength of 1550nm. The propagation

constant is 5042.763503612161 + j5901498.858084749.
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Figure 5.10 Simulated electric (Ey, E,) and magnetic (H, ) fields of the symmetric bound mode supported
by a 100nm Au film bounded by semi-infinite Si0,, with no external magnetic field, at free space wave-
length of 1550nm. The propagation constant is 3986.507952717954 + j5858285.905360438.
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Figure 5.11 Poynting vector of the symmetric bound mode supported by a 100nm Au film bounded by
semi-infinite SiO,, with no external magnetic field, at free space wavelength of 1550nm. The propagation

constant is 3986.507952717954 +j5898285.990536048.

By comparing the Poynting vectors for the asymmetric and symmetric modes, in Figure
5.9 and Figure 5.11, it can be seen that they are almost identical. This means that the
asymmetric and symmetric modes have very similar characteristics, as expected because
of the similarity of the propagation constants. At a film thickness of 100nm there is no
real advantage of exciting the symmetric mode over exciting the asymmetric mode since

they are so similar and have similar losses.

5.2 External Magnetic Field Applied in the Faraday Orientation

When an external magnetic field is applied in the Faraday orientation it is in the same di-
rection as the wave propagation. This is in the z-direction with respect to Figure 5.1. For
this reason, it induces off-diagonal field components in the permittivity tensor in all but
the z positions, as shown in equation (5.1). This induces the three other field components

(Ey, Hy and H,) in addition to the transverse magnetic components (Ey, E; and Hy). No-
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tice that the diagonal tensor element in the z position remains constant as the external

magnetic field changes since the gyro frequency is not present in this element.
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5.2.1 Dispersion Curves for the Asymmetric Mode

In this case, the dispersion curves are shown for a second thickness of 40nm, as well as
at 20nm, to examine the dependence on thickness. At a thickness of 40nm, the modes are
still distinct, as can be seen in Figure 5.2 and Figure 5.3, although there is more metal that
will be affected by the externally applied magnetic field. The dispersion curves of the
propagation constant of a 20nm thick gold film and a 40nm thick gold film bounded by
semi-infinite silicon dioxide under the influence of an externally applied magnetic field
in the Faraday (z) orientation have been simulated for magnetic fields ranging from 1
i Tesla to 1 kTesla. The Earth’s magnetic field is about 50 T. A refrigerator magnet can
produce a magnetic field of about 0.02T and a superconducting magnet can produce a
magnetic field of about 20T. Although a pulse magnet can produce a magnetic pulse of
more than 1kT it can only do so for a few millionths of a second. The range chosen for
the magnetic field simulations covers the range over which magnetic fields can be pro-
duced in practice. The dispersion curves of the asymmetric bound mode for the normal-
ized attenuation constants and normalized phase constants, at the free space wavelength

of 1550nm are shown in Figure 5.12 and Figure 5.13, respectively.
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Figure 5.12 Simulated dispersion curve for the normalized attenuation constant of the asymmetric bound
mode supported by a thin Au film bounded by semi-infinite 8i0,, with an external magnetic field applied
in the z direction (Faraday), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold
curve and the left-hand axis for the regular curve.

The attenuation constant of the asymmetric bound mode supported by a thin gold film
bounded by semi-infinite silicon dioxide, with an external magnetic field applied in the z
direction (Faraday) decreases as the magnetic field increases. The attenuation constant
decreases because the fields are less confined to the metal and therefore less energy is be-
ing lost through attenuation in the metal. When a magnetic field of 1000 Tesla is applied
to the 20nm thick film, the attenuation constant decreases by 13% of its value when close
to no magnetic field, 11 T, is applied: from 41535 to 36794. This is a change in attenua-
tion per length of the slab of about 0.05dB/cm. The attenuation constant is thickness de-

pendent; it has a lower initial value and does not change as rapidly for the thicker film
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(40nm). However, the attenuation constants for both thicknesses follow the same de-

creasing trend as the externally applied magnetic field increases.
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Figure 5.13 Simulated dispersion curve for the normalized phase constant of the asymmetric bound mode
supported by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field applied in the
z direction (Faraday), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold curve

and the lefi-hand axis for the reguiar curve.

The phase constant of the asymmetric bound mode supported by a thin gold film bounded

by semi-infinite siticon dioxide, with an external magnetic field applied in the z direction

(Faraday) increases as the magnetic field increases. When the magnetic field varies from

11T to 1kT in the 20nm thick film case, the phase constant increases by 0.09%; it is

6.0882x10% at 1 T and it is 6.0935x10° at 1KT. For the 40nm thick film, the phase con-

stant increases in the same manner as for the 20nm thick film but not as rapidly.
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5.2.2 Field Components for the Asymmetric Mode

When a magnetic field is applied in the Faraday or z direction it is parallel with the direc-
tion of propagation. Therefore, it does not affect the asymmetric or symmetric nature of
the modes but only stimulates additional field components. All six electric and magnetic
field components of the asymmetric bound mode of a 20nm thick gold film bounded by
semi-infinite-silicon dioxide at the wavelength of 1550nm, with a magnetic field of 1T
applied in the Faraday direction (z), are shown in Figure 5.14 and Figure 5.15, and the
Poynting vector is shown in Figure 5.16. The three main transverse magnetic field com-

ponents are shown in Figure 5.14, and the other three field components are shown in Fig-

ure 5.15.
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Figure 5.14 Simulated electric (Ey, E,) and magnetic (H,) fields of the asymmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1 T applied in the z

direction (Faraday), at free space wavelength of 1550nm. The propagation constant is 41530.22007494762
+j6088193.502466070.
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Figure 5.15 Simulated electric (E,) and magnetic (Hy, H,) ficlds of the asymmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1 T applied in the z
direction (Faraday), at free space wavelength of 1550nm. The propagation constant is 41530.22007494762
+ j6088193.502466070.
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Figure 5.16 Poynting vector of the asymmetric bound mode supported by a thin Au film bounded by semi-
infinite $i0,, with an external magnetic field of 1 T applied in the z direction (Faraday), at free space wave-

length of 1550nm. The propagation constant is 41530.22007494762 + j6088193.502466070.
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Notice that all of the x and y field components, E,, E,, H, and Hy, of the asymmetric

bound mode are asymmetric about the metal slab, while both of the z field components,
E, and H,, are symmetric about the metal slab, as seen in Figure 5.14 and Figure 5.15.

The additional field components, E,, Hy and H,, are significantly smaller than the main
transverse magnetic field components, Ey, B, and H,. This indicates that the mode is still

mainly transverse magnetic in nature when an external magnetic field of 1T is applied.

The real part of the Poynting vector represents power flow while the imaginary part rep-
resents stored energy. Therefore, by examining the real part of all three components of
the Poynting vector it is possible to see the direction of power flow in the waveguide. The
direction of power flow in the asymmetric bound mode supported by a thin Au film
bounded by semi-infinite SiO,, with an external magnetic field of 1 T applied in the z di-

rection (Faraday) is shown in Figure 5.17.
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Figure 5.17 Direction of power flow in the asymmetric bound mode supported by a thin Au film bounded
by semi-infinite Si0,, with an external magnetic field of 1 T applied in the z direction (Faraday)

The Poynting vector of the asymmetric bound mode has its major component in the z-
direction, which is the direction of wave propagation. Both above and below the metal
slab, the power is mainly directed in the positive z-direction. However, in the metal slab
the power is directed in the negative z-direction. This power is input power that was input

at an earlier time and therefore appears to be flowing against the direction of propagation.
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The secondary component of the Poynting vector is the y-directed component. Power
flows into the metal slab from the top and the bottom. This is due to the fact that the metal
is lossy and absorbs power. To maintain the steady state mode, power must flow into the
metal. The greater the loss in the metal the greater the y-directed Poynting vector compo-
nent. If there is no loss in the metal, the y-directed Poynting vector component would be
zero. The x-directed Poynting vector component is seven and four orders of magnitude
below the z-directed component and the y-directed component, respectively, therefore it
is has a negligible effect on the resultant Poynting vector. The Poynting vector of the
asymmetric bound mode is very similar to the unperturbed, zero externally applied mag-
netic field case shown in Figure 5.9. Therefore an externally applied magnetic field of 1T
has very little effect on the asymmetric bound mode when applied in the Faraday orien-

tation.

To get some insight into the effect of stronger magnetic fields on the asymmetric mode,
the Poynting vector has been plotted in Figure 5.18 for an externally applied magnetic
field of 1000T. By examining the real part of all three components of the Poynting vector
it is possible to see the direction of power flow in the waveguide. The direction of power
flow in the asymmetric bound mode supported by a thin Au film bounded by semi-infinite
SiO,, with an externally applied magnetic field of 1000 T applied in the z direction (Far-

aday) is shown in Figure 5.19. At an externally applied magnetic field of 1000T, the pow-
er flow is still mainly in the z-direction but the x-component of the Poynting vector is
more significant when a larger magnetic field is applied. This is due to the fact that the
secondary field components, due to the off-diagonal tensor elements, are becoming more
significant. The x-component of the Poynting vector is positive below the film and neg-
ative above the film, indicating that the power flows in opposite directions above and be-
low the film. A slight asymmetry is also introduced in the y-direction inside the metal.

There is more y-directed power inside the metal at the upper interface than at the lower
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interface. Because this additional power is greater than the y-directed power in the die-

lectric above the metal, there is a small spike in the y-component of the Poynting vector.
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Figure 5.18 The Poynting vector of the asymmetric bound mode supported by a thin Au film bounded by
semi-infinite Si0,, with an external magnetic field of 1000 T applied in the z direction (Faraday), at free

space wavelength of 1550nm.
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Figure 5.19 Direction of power flow in the asymmetric bound mode supported by a thin Ay film bounded
by semi-infinite Si0,, with an external magnetic field of 1000 T applied in the z direction (Faraday)

The relative permittivity tensor components as a function of magnetic field are shown in

Figure 5.20. As the magnetic field increases, the real and imaginary parts of the diagonal

components of the permittivity tensor remain constant (g,,) or increase in magnitude

(&> €),) The magnitudes of the real and imaginary parts of the off-diagonal compo-
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nents of the permittivity tensor increase linearly with magnetic field. The real part of the
permittivity tensor primarily affects the phase constant. As the real part of the diagonal
components of the permittivity tensor increases in magnitude, the phase constant will also
tend to increase, if this is the primary influence on the phase constant, which it is for the
asymmetric mode. The imaginary part of the diagonal components of the permittivity ten-
sor affects primarily the attenuation constant. As the externally applied magnetic field in-
creases, the imaginary part of the diagonal components of the permittivity tensor
increase, indicating that the losses in the metal are increasing. Normally this phenomenon
would cause the attenuation constant to increase, however it is decreasing. This indicates

that the fields are being pushed out of the metal film and are, therefore, less attenuated by

its losses.
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Figure 5.20 Components of the relative permittivity tensor as a function of an externally applied magnetic
field in the Faraday () direction

5.2.3 Dispersion Curves for the Sy

The dispersion curves of the propagation constant of a 20nm thick gold film and a 40nm
thick gold film bounded by semi-infinite silicon dioxide under the influence of an exter-

nally applied magnetic in the Faraday (z) orientation have been simulated for the sym-
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metric bound mode. The dispersion curves of the symmetric bound mode for the
normalized attenuation constants and normalized phase constants, at the free space wave-

length of 1550nm are shown in Figure 5.22 and Figure 5.21, respectively.
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Figure 5.21 Simulated dispersion curve for the normalized attenuation constant of the symmetric bound
mode supported by a thin Au film bounded by semi-infinite 8i0,, with an external magnetic field applied

in the z direction (Faraday), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold
curve and the lefi-hand axis for the regular curve.

The attenuation constant of the symmetric bound mode supported by a thin gold film
bounded by semi-infinite silicon dioxide, with an external magnetic field applied in the z
direction (Faraday) decreases as the magnetic field increases. In the case of the 20nm
thick film, the attenuation constant reaches zero and begins to go negative when the mag-
netic field is approximately 800 Tesla. A change of sign in the attenuation constant indi-
cates that the mode is no longer losing energy as it propagates but gaining energy. The

mode represented here is physically realizable if energy is fed into the structure from the
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top or bottom at a slight angle. This energy will begin to compensate for the losses in the
metal and may actually exceed the losses in the metal as the tilt angle increases [46]. This

will be demonstrated below by inspecting the fields.

In the case of the 40nm thick film, the mode is more tightly bound to the metal, therefore
the attenuation constant is higher than in the case of the 20nm thick film and does not
cross zero for any externally applied magnetic fields up to 1000 Tesla. However, the at-
tenuation constant does follow the same trend for both thicknesses, therefore it will cross

zero at a higher externally applied magnetic field in the case of the 40nm thick film.

The phase constant of the symmetric bound mode supported by a thin gold film bounded
by semi-infinite silicon dioxide, with an external magnetic field applied in the z direction
(Faraday) tends towards the phase constant of the background as the magnetic field in-
creases, then it increases as the magnetic field increases. In the case of the 20nm thick
film, the minimum is at about 210T. If the dispersion curve for the 40nm thick film is ex-
amined closely, it can be seen that it follows the same trend as the curve for the 20nm
thick film but has its minimum around 10T. This trend indicates that the mode is evolving
into another mode. When the behaviour of the attenuation constant is compared with the
behaviour of the phase constant, it can be seen that as the externally applied magnetic
field increases, the mode is cutting off, and more and more of the mode power is outside
of the metal, therefore the attenuation constant decreases. As the original mode is re-
placed by the top and bottom fed mode discussed above, the phase constant begins to in-
crease and the attenuation constant continues to decrease as the mode is fed additional
energy. Once the additional energy overcomes the losses in the metal, the attenuation

constant Crosses Zero.
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Figure 5.22 Simulated dispersion curve for the normalized phase constant of the symmetric bound mode
supported by a thin Au film bounded by semi-infinite Si0,, with an external magnetic field applied in the

z direction (Faraday), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold curve
and the left-hand axis for the regular curve.

5.2.4 Field Components for the Symmetric Mode

The three main transverse magnetic field components, the other three field components
and the Poynting vector of the symmetric bound mode with an external magnetic field of

1 T applied in the z-direction are shown in Figure 5.23, Figure 5.24 and Figure 5.25, re-

spectively.
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Figure 5.23 Simulated electric (Ey, E,) and magnetic (H,) fields of the symmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1 T applied in the z
direction (Faraday), at free space wavelength of 1550nm. The propagation constant is 139.2425472023547
+ j5862484.447251684.

R{E}

)

R {Hy}

]
62220
53
-84
65
Y
02 01 (gm ) 04 o
-10 y
235X12
24
245
25
Dz 04 ) 04 0.
x1o™ y {um)
5
D J“\/L‘_'

a

1M

0.1

y {pm}

01 [}

-0. 1 [)
(X 107" y {(um)

0.2

o
o
o

)

0.1

~0.1 0.1

0
v (pm)

o

2

Figure 5.24 Simulated electric (E,) and magnetic (Hy, H,) fields of the symmetric bound mode supported
by a thin Au film bounded by semi-infinite $i0,, with an external magnetic fieldof 1 T applied in the z

direction (Faraday), at free space wavelength of 1550nm. The propagation constant is 139.2425472023547
+j5862484 447251684,
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Figure 5.25 Poynting vector of the symmetric bound mode supported by a thin Au film bounded by semi-
infinite $i0,, with an external magnetic field of 1 T applied in the z direction (Faraday), at free space wave-

length of 1550nm. The propagation constant is 139.2425472023547 + j5862484.447251684.

The symmetric bound mode is similar to the asymmetric bound mode in that all of its x
and y field components, E,, Ey, Hy and Hy, are symmetric about the metal slab, while
both of its z field components, E, and H,, are asymmetric about the metal slab, as seen in
Figure 5.23 and Figure 5.24. The additional field components, Ey, Hy and H,, are also sig-
nificantly smaller than the main transverse magnetic field components, Ey, E,, and H,,

indicating that the mode is still mainly transverse magnetic in nature.

It can also be noted that the Poynting vector of the symmetric mode, in Figure 5.25, has
a shape similar to the Poynting vector of the asymmetric mode in Figure 5.16. The power
flow in the symmetric mode is similar to that of the asymmetric mode shown in Figure
5.17. However, there is more of the energy of the symmetric mode in the surrounding di-
electric when compared to the asymmetric mode. This can seen from the sloping lines in
the Poynting vector as it approaches the film at y=0 and y=20nm in the asymmetric case

as compared to the straighter lines in the symmetric case. The more energy there is in the
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dielectric, the less there is in the metal, which is lossy, making the overall mode less
lossy. From the Poynting vector it can be seen that the symmetric mode is less lossy than
the asymmetric mode.

To see the effect of larger externally applied magnetic fields, the real part of the x-com-
ponent of the Poynting vector and the y-component of the Poynting vector are plotted in
Figure 5.26 and Figure 5.27, respectively, for various magnetic field levels: 10T, 100T,
500T, 800T, 900T and 1000T. The z-component of the Poynting vector is not plotted
since it remains relatively unchanged from its value for an externally applied magnetic

field of 1T over this range of externally applied magnetic field values.
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Figure 5.26 Poynting vector of the symmetric bound mode supported by a thin Au film bounded by semi-
infinite Si0,, with various external magnetic field levels applied in the z direction (Faraday), at free space

wavelength of 1550nm.

Magneto-plasmons in Optical Slab Waveguides 117



Chapter 5. Simulation Results for Magneto-plasmons Supported by a Gold Film Bounded by Silicon Dioxide

%
-
a,
=
-
=]

=107
o
Q o
8,=100T
o
=L

8 for B
¥

3 for
&
h

0.1 0.1 8.2

-4
[) 0.1 0.2 82 04
%107 ¥ {um) .

R 1]
w10” v (um)

800T

8 for Bz=600T
o
Sy for B
- )
et T

y

0.1

o
Y

-2
2 0.1 0 0.1 0.2 %2 o1 [}
x16° y () X 10° ¥ (um)

T HT

<2 2
0.2 0.1 Q 0.1 02 -0.2 0.1 8.1 0.2
¥ (um)

10007
o

z
=

S_for B =800T

Sy for B

o
¥ {(um)

Figure 5.27 Poynting vector of the symmetric bound mode supported by a thin Au film bounded by semi-
infinite Si0,, with various external magnetic field levels applied in the z direction (Faraday), at free space

wavelength of 1550nm.

It can be seen from Figure 5.26 that as the externally applied magnetic field increases,
more and more power flows in the x and -x directions. When the externally applied mag-
netic field is 1000T, x-component of the Poynting vector is in the same range as the y-
component. More interestingly, it can be seen from Figure 5.27, that as the externally ap-
plied magnetic field increases, the y-component of the Poynting vector is affected signif-
icantly. The power flowing into the waveguide from the bottom and the top decreases in
magnitude and actually start flowing out of the waveguide instead of into it. This change
occurs when the phase constant crosses zero just above 800T and the energy that is fed
into the top and bottom fed mode overcomes the losses in the metal film. Some of the en-
ergy that is being fed into the top and bottom is absorbed by the metal and some is reflect-
ed by the metal. The reflected energy combines with previously reflected energy and
radiation loss from the mode in the metal to form an increasing field above and below the

metal film.
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5.3 External Magnetic Field Applied in the Voigt Orientation

When a magnetic field is applied in the Voigt orientation it is parallel with the interface
but perpendicular to the direction of propagation. This is in the x-direction with respect
to Figure 5.1. For this reason, it induces off-diagonal field components in the permittivity
tensor in all but the x positions, as shown in equation (5.2), and does not induce additional
field components. Although an external magnetic field is applied, the wave remains pure-
ly transverse magnetic and only the three main field components (Ey, Hy and H,) are
present, if it is applied in the Voigt orientation. Notice that the diagonal tensor element in
the x position remains constant as the external magnetic field changes since the gyro fre-

quency is not present in this element.
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5.3.1 Dispersion Curves for the Asymmetric Mode

The dispersion curve of the propagation constant of a 20nm thick gold film and a 40om
thick gold film bounded by semi-infinite silicon dioxide under the influence of an exter-
nally applied magnetic field in the Voigt (x) orientation have been simulated for magnetic
fields ranging from 1 p Tesla to 1 kTesla. The dispersion curves of the asymmetric bound
mode for the normalized attenuation constants and normalized phase constants, at the free

space wavelength of 1550nm are shown in Figure 5.28 and Figure 5.29, respectively.
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Figure 5.28 Simulated dispersion curve for the normalized attenuation constant of the asymmetric bound
mode supported by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field applied

in the x direction (Voigt), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold
curve and the left-hand axis for the regular curve.

It can been seen in Figure 5.28 that the response of the attenuation constant of the asym-
metric bound mode to an external magnetic field applied in the Voigt direction is thick-
ness dependent. In the case where the film is 20nm thick, the attenuation constant
increases with increasing magnetic field, whereas, in the case where the film is 40nm
thick, the attenuation constant decreases with increasing magnetic field. In both cases the
changes in attenuation constant are very small. The increase in the magnitude of the im-
aginary part of the diagonal elements of the relative permittivity of the metal due to the
application of the external magnetic field, as shown in Figure 5.20, increases the losses
in the metal. As the losses in the metal go up it is expected that the attenuation constant

will increase. This is the case when the metal is 20nm thick. However, the increase in
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magnitude of the real part of diagonal elements of the relative permittivity of the metal
due to the application of the external magnetic field, as shown in Figure 5.20, causes the
modes to be pushed out of the metal film. As the externally applied magnetic field in-
creases in the case where the metal is 40nm thick, the real part of the diagonal elements
of the relative permittivity cause the fields to be pushed out of the metal at a greater rate
than the losses in the metal are increasing due to the imaginary part of the diagonal ele-

ments of the relative permittivity.
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Figure 5.29 Simulated dispersion curve for the normalized phase constant of the asymmetric bound mode
supported by a thin Au film bounded by semi-infinite Si0,, with an external magnetic field applied in the

x direction (Voigt), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold curve and
the left-hand axis for the regular curve.

Tt can be seen from Figure 5.29, that the phase constant of the asymmetric bound mode
increases as the external magnetic field increases. The magnitude of the real part of the
diagonal elements of the relative permittivity increases as the external magnetic field in-
creases, as shown in Figure 5.20, allowing less of the mode to penetrate into the metal.
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When the mode is pushed out of the metal the phase constant generally tends towards the
phase constant of the background. However, when the mode is being pushed out of the
metal because the magnitude of the real parts of the diagonal components of the permit-
tivity tensor are increasing, a competing effect is present: the phase constant can increase.
In this case, the latter effect overpowers the former effect and the phase constant increases

as the magnetic field increases.

5.3.2 Field Components for the Asymmetric Mode

When a magnetic field is applied in the Voigt or x direction it is parallel with the interface
but perpendicular to the direction of propagation. A magnetic field in the Voigt direction
induces yz and zy off-diagonal components in the permittivity tensor. Since the other off-
diagonal components are null, there is no x-directed electric field component. The y and
z directed magnetic field components are dependent upon the x-direction field compo-
nent, therefore, they are also null. This can be confirmed by examining the equations

leading up to and including the dispersion relation.

The field components and the Poynting vector of the asymmetric bound mode of a 20nm
thick gold film bounded by silicon dioxide at the wavelength of 1550nm, with a magnetic
field of 1T applied in the Voigt direction (x), are shown in Figure 5.30 and Figure 5.31,

respectively.
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Figure 5.30 Simulated electric (Ey, E,) and magnetic (Hy) fields of the asymmetric bound mode supported
by a thin Au film bounded by semi-infinite Si0,, with an external magnetic field of 1 T applied in the x

direction (Voigt), at free space wavelength of 1550nm. The propagation constant is 41534.60774519816 +
j6088192.914155815.
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Figure 5.31 Poynting vector of the asymmetric bound mode supported by a thin Au film bounded by semi-
infinite Si0,, with an external magnetic field of 1 T applied in the x direction (Voigt), at free space wave-
length of 1550nm. The propagation constant is 41534.60774519816 + j6088192.914155815.
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The field components and the Poynting vector of the asymmetric bound mode of a 20nm
thick gold film bounded by silicon dioxide at the wavelength of 1550nm, with a magnetic
field of 1000T applied in the Voigt direction (x), are shown in Figure 5.32 and Figure
5.33, respectively.
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Figure 5.32 Simulated electric (Ey, E,) and magnetic (H,) fields of the asymmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1000 T applied in the
x direction (Voigt), at free space wavelength of 1550nm.
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Figure 5.33 Poynting vector of the asymmetric bound mode supported by 2 thin Au film bounded by semi-
infinite Si0,, with an external magnetic field of 1000 T applied in the x direction (Voigt), at free space

wavelength of 1550nm.

The propagation constant of the asymmetric bound mode under the influence of an exter-
nal magnetic field of up to 1000T applied in the Voigt direction is slightly different from
the propagation constant of the asymmetric bound mode for the nominal (no external
magnetic field) case, but the fields and Poynting vector are not noticeably affected, as can
be seen by comparing Figure 5.30 and Figure 5.32 with Figure 5.4, and Figure 5.31 and
Figure 5.33 with Figure 5.5.

netric Mode

5.3.3 Dispersion Curves for the Syn

The dispersion curves of the symmetric bound mode for the normalized attenuation con-
stant and the normalized phase constant, at the free space wavelength of 1550nm are

shown in Figure 5.34 and Figure 5.35, respectively.

Magneto-plasmons in Optical Slab Waveguides 125



Chapter 5: Simulation Results for Magneto-plasmons Supported by a Gold Film Bounded by Silicon Dioxide

5
x10
3.48 : : ; : %8s
3.45) J2.81
£ £
S &
11 ﬂ.
o h=3
[ )
8 £
< 3
5 Ry
3.44 -12.808
343 L ' : . 8
16° 10" 107 10° 107 10%

B, field [Tesla]

Figure 5.34 Simulated dispersion curve for the normalized attenuation constant of the symmetric bound
mode supported by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field applied

in the x direction (Voigt), at free space wavelength of 1550um. Refer to the right-hand axis for the bold
curve and the left-hand axis for the regular curve.

It can been seen in Figure 5.34 that the attenuation constant of the symmetric bound mode
increases as the magnetic field increases. Both the 20nm thick case and the 40nm thick
case increase in the same manner, but the 40nm thick case increases more rapidly. The
increase in the magnitude of the imaginary part of the diagonal elements of the relative
permittivity of the metal due to the application of the external magnetic field, as shown
in Figure 5.20, increases the losses in the metal. As the losses in the metal increase, the
attenuation constant is expected to increase if the mode is not being pushed out of the

metal very rapidly. This is the case for both thicknesses.
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Figure 5.35 Simulated dispersion curve for the normalized phase constant of the symmetric bound mode
supported by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field applied in the

x direction (Voigt), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold curve and
the Iefi-hand axis for the regular curve.

The phase constant of the symmetric bound mode decreases towards the value of the
background dielectric as the magnetic field increases, as shown in Figure 5.35. Both the
20nm thick case and the 40nm thick case decrease in the same manner, but the 40nm thick
case decreases more rapidly. The magnitude of the real part of the diagonal elements of
the relative permittivity increases as the external magnetic field increases, as shown in
Figure 5.20, allowing less of the mode to penetrate into the metal. Therefore, more of the
" mode is in the dielectric. Because this mode is a symmetric mode, the main field compo-
nent, E,, does not have a zero crossing in the metal, and it can, therefore, be easily pushed
out of the metal and cut off. Since the mode is being cut off the phase constant is tending

towards the value of the background dielectric, 1.444. Although the mode is being pushed

Magneto-plasmons in Optical Slab Waveguides 127



Chapter 5: Simulation Results for Magneto-plasmons Supported by a Gold Film Bounded by Silicon Dioxide

out of the metal, the attenuation constant is increasing because there is still enough of the
mode in the metal to be affected by the increase in the imaginary parts of elements of the

relative permittivity tensor.

5.3.4 Field Components for the Symmetric Mode

The field components and the Poynting vector of the symmetric bound mode for a 20nm
thick gold film bounded by silicon dioxide at the wavelength of 1550nm, with a magnetic
field of 1T applied in the Voigt direction (x), are shown in Figure 5.36 and Figure 5.37,

respectively.
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Figure 5.36 Simulated electric (E,, E,) and magnetic (H,) ficlds of the symmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1 T applied in the x
direction (Voigt), at free space wavelength of 1550nm. The propagation constant is 139.4062047238759 +
35862484.452174554.
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Figure 5.37 Poynting vector of the symmetric bound mode supported by a thin Au film bounded by semi-
infinite SiO,, with an external magnetic field of 1 T applied in the x direction (Voigt), at free space wave-

length of 1550nm. The propagation constant is 139.4062047238759 + j5862484.452174554.

The field components and the Poynting vector of the symmetric bound mode for the same

structure, with a magnetic field of 1000T applied in the Voigt direction (x), are shown in

Figure 5.38 and Figure 5.39, respectively.
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Figure 5.38 Simulated electric (Ey, E,) and magnetic (H,) fields of the symmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1000 T applied in the
x direction (Voigt), at free space wavelength of 1550nm.
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Figure 5.39 Poynting vector of the symmetric bound mode supported by a thin Au film bounded by semi-
infinite $i0,, with an external magnetic field of 1000 T applied in the x direction (Voigt), at free space

wavelength of 1550nm.
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As in the asymmetric case, the propagation constant of the symmetric bound mode under
the influence of an external magnetic field of up to 1000T applied in the Voigt direction
is slightly different from the propagation constant of the symmetric bound mode for the
nominal (no external magnetic field) case, but the fields and Poynting vector are not no-
ticeably affected, as can be seen in by comparing Figure 5.36 and Figure 5.38 with Figure
5.6, and Figure 5.37 and Figure 5.39 with Figure 5.7.

5.4 External Magnetic Field Applied in the Perpendicular Orientation

When an external magnetic field is applied in the perpendicular orientation it is perpen-
dicular to both the direction of wave propagation and the interface. This is in the y-direc-
tion with respect to Figure 5.1. For this reason, it induces off-diagonal field components
in the permittivity tensor in all but the y positions, as shown in equation (5.3). This induc-
es the three other field components (E,, Hy and Hp) in addition to the transverse magnetic

components (Ey, E, and H,). Notice that the diagonal tensor element in the y position re-

mains constant as the external magnetic field changes since the gyro frequency is not

present in this element.
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5.4.1 Dispersion Curves for the Asymmetric Mode

The dispersion curve of the propagation constant of a 20nm thick gold film and a 40nm

thick gold film bounded by semi-infinite silicon dioxide under the influence of an exter-
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nally applied magnetic field in the perpendicular (y) orientation have been simulated for
magnetic fields ranging from 1 pTesla to 1 kTesla. The dispersion curves of the asym-
metric bound mode for the normalized attenuation constants and normalized phase con-

stants, at the free space wavelength of 1550nm are shown in Figure 5.40 and Figure 5.41,

respectively.
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Figure 5.40 Simulated dispersion curve for the normalized attenuation constant of the asymmetric bound
mode supported by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field applied

in the y direction (perpendicular), at free space wavelength of 1550nm. Refer to the right-hand axis for the
bold curve and the lefi-hand axis for the regular curve.

It can been seen in Figure 5.40 that the attenuation constant of the asymmetric bound
mode supported by a thin gold film bounded by semi-infinite silicon dioxide, with an ex-
ternal magnetic field applied in the y direction (perpendicular), decreases as the magnetic
field increases. This occurs because the mode is being pushed out of the metal and less of

the mode power is being attenuated by the losses in the metal. Both the 20nm thick case
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and the 40nm thick case decrease in the same manner, but the 20nm thick case decreases

more rapidly.
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Figure 5.41 Simulated dispersion curve for the normalized phase constant of the asymmetric bound mode
supported by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field applied in the
y direction (perpendicular), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold
curve and the left-hand axis for the regular curve.

It can be seen from Figure 5.41 that the phase constant of the asymmetric bound mode
supported by a thin gold film bounded by semi-infinite silicon dioxide, with an external
magnetic field applied in the y direction (perpendicular), decreases towards the value of
the background dielectric, 1.444, as the magnetic field increases for metal films of both
20nm and 40nm in thickness. Both the 20am thick case and the 40nm thick case decrease
in the same manner, but the 20nm thick case decreases more rapidly. This indicates that
the mode is being pushed out of the metal into the dielectric and is being cut off. This cut-
off is also supported by the mode fields shown in Figure 5.42. They become severely dis-
torted when an external magnetic field is applied because the mode is being cut off.
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5.4.2 Field Components for the Asymmetric Mode

When a magnetic field is applied in the perpendicular or y direction it is perpendicular to
both the interface and the direction of propagation. It stimulates additional field compo-
nents. All six electric and magnetic field components of the asymmetric bound mode of
a 20nm thick gold film embedded in silicon dioxide at the wavelength of 1550nm, with a
magnetic field of 1T applied in the perpendicular direction (y), are shown in Figure 5.42
and Figure 5.43. The three main transverse magnetic field components are shown in Fig-
ure 5.42, and the other three field components are shown in Figure 5.43. The Poynting

vector is shown in Figure 5.44.
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Figure 5.42 Simulated electric (Ey, E,) and magnetic (H,) fields of the asymmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic ficld of 1 T applied in the y

direction (perpendicular), at free space wavelength of 1550nm. The propagation consiant is
41531.92044917875 + j6088158.814474985.
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Figure 5.43 Simulated electric (E,) and magnetic (Hy, H;) fields of the asymmetric bound mode supported
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1 T applied in the y
direction (perpendicular), at free space wavelength of 1550nm. The propagation constant is
41531.92044917875 + j6088158.814474985.
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Figure 5.44 Poynting vector of the asymmetric bound mode supported by a thin Au film bounded by semi-
infinite Si0,, with an external magnetic field of 1 T applied in the y direction (perpendicular), at free space

wavelength of 1550nm. The propagation constant is 41531.92044917875 + j6088158.814474985.
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By comparing Figure 5.4 and Figure 5.42, it can be seen that the main three field compo-
nents of the asymmetric mode remain relatively unchanged in the negative y half-space,
that is to say, below the waveguide, when a magnetic field of 1T is applied in the perpen-
dicular direction. However, the amplitude of the field decreases above the metal slab

when the magnetic field is applied. The additional field components, E, Hy and H,, are
significantly smaller than the main transverse magnetic field components, E, E,, and H,,

indicating that the mode is still mainly transverse magnetic in nature. The z-component
of the Poynting vector is reduced above the waveguide, and the y-component of the
Poynting vector experiences a sharp increase at the lower metal-semiconductor interface.
The x component of the Poynting vector is 6 and 4 orders of magnitude smaller than the
z component and the y component, respectively, therefore it does not have a great influ-
ence on the direction of power flow. The power flow is shown schematically in Figure

5.45.
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Figure 5.45 Direction of power flow in the asymmetric bound mode supported by a thin Au film bounded
by semi-infinite S8i0O,, with an external magnetic field of 1 T applied in the y direction (perpendicular)

To get a better understanding of the effect of a perpendicularly oriented externally applied
magnetic field, the Poynting vector for the asymmetric bound mode with an external
magnetic field of 1000T applied in the perpendicular direction is plotted in Figure 5.46.
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Figure 5.46 The Poynting vector of the asymmetric bound mode supported by a thin Au film bounded by
semi-infinite Si0,, with an external magnetic field of 1000 T applied in the y direction (perpendicular), at

free space wavelength of 1550nm.

When the externally applied magnetic field is increased to 1000T, the x component of the
Poynting vector becomes more important relative to the other components. Power flows
above the metal film in the positive x-direction and more power flows in the metal film
in the positive x-direction but very little power flows in the x-direction below the metal

film. The direction of power flow is shown schematically in Figure 5.47.
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Figure 5.47 Direction of power flow in the asymmetric bound mode supported by a thin Au film bounded
by semi-infinite Si0,, with an external magnetic field of 1000 T applied in the y direction (perpendicular)
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5.4.3 Dispersion Curves for the Symmetric Mode

The dispersion curves of the symmetric bound mode for the normalized attenuation con-
stants and normalized phase constants, at the free space wavelength of 1550nm are shown

in Figure 5.48 and Figure 5.49, respectively.
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Figure 5.48 Simulated dispersion curve for the normalized attenuation constant of the symmetric bound
mode supported by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field applied
in the y direction (perpendicular), at free space wavelength of 1550nm. Refer to the right-hand axis for the
bold curve and the left-hand axis for the regular curve.

It can been seen in Figure 5.48, that the attenuation constant of the symmetric bound
mode supported by a thin gold film bounded by semi-infinite silicon dioxide, with an ex-
ternal magnetic field applied in the y direction (perpendicular), increases as the magnetic
field increases for both film thickness values shown. Both the 20nm thick case and the
40nm thick case increase in the same manner, but the 40nm thick case increases more rap-

idly. The increase in the magnitude of the imaginary part of the diagonal elements of the
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relative permittivity of the metal due to the application of the external magnetic field, as
shown in Figure 5.20, increases the losses in the metal. As the losses in the metal increase,
the attenuation constant is expected to increase if the mode is not being pushed out of the
metal very rapidly. This is what is seen in this case. However, in the asymmetric case, the
mode is pushed out of the metal more rapidly than the losses in the metal are increasing,

therefore the attenuation constant behaves in the opposite manner.
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Figure 5.49 Simulated dispersion curve for the normalized phase constant of the symmetric bound mode
supported by a thin Au film bounded by semi-infinite SiO,, with an extemal magnetic field applied in the
y direction (erpendicular), at free space wavelength of 1550nm. Refer to the right-hand axis for the bold
curve and the lefi-hand axis for the regular curve.

It can be seen from Figure 5.49 that the phase constant of the symmetric bound mode,
with an external magnetic field applied in the y direction (perpendicular), decreases to-
wards the value of the background dielectric, 1.444, as the magnetic field increases for
metal films of both 20nm and 40nm in thickness. Both the 20nm thick case and the 40nm
thick case decrease in the same manner, but the 40nm thick case decreases more rapidly.
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As is the case for the asymmetric bound mode, this indicates that the mode is being
pushed out of the metal into the dielectric and is being cut off. This cut-off is also sup-
ported by the mode fields shown in Figure 5.50. They become distorted when an external

magnetic field is applied because the mode is being cut off.

5.4 .4 Field Components for the Symmetric Mode

The three primary transverse magnetic field components, the three secondary field com-
ponents and the Poynting vector of the symmetric bound mode of a 20nm thick gold film
embedded in silicon dioxide at the wavelength of 1550nm, with a magnetic field of 1T
applied in the perpendicular direction (y), are shown in Figure 5.50, Figure 5.51 and Fig-
ure 5.52, respectively.
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Figure 5.50 Simulated electric (E,, E,) and magnetic (H,) fields of the symmetric bound mode supporied
by a thin Au film bounded by semi-infinite SiO,, with an external magnetic field of 1 T applied in the y

direction (perpendicular), at free space wavelength of 1550nm. The propagation constant is
139.5084114223609 + j5862483.142525522.
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S)(
@ )

0.1

X [} 0.1 [
%10 y (um)

[

-0.1

[} 0.1 a
x16° ¥ {(um)

(&

Sz Sy
O s N oAh 0w N0 b
1Y N
4 3

y {um)

Figure 5.52 Poynting vector of the symmeiric bound mode supported by a thin Au film bounded by semi-
infinite SiO,, with an external magnetic field of 1 T applied in the y direction {perpendicular), at fres space
wavelength of 1550nm. The propagation constant is 139.5084114223609 + j5862483.142525522.
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By comparing Figure 5.6 and Figure 5.50, it can be seen that the field components of the
symmetric bound mode change quite a bit when a magnetic field of 1T is applied in the
perpendicular direction. The real part of the y-directed electric field component, E,, re-
verses sign and experiences a significant reduction in amplitude below the metal film, but
only experiences a small reduction in amplitude above the metal film. The opposite is true

for the imaginary part of the y-directed electric field component, E,. The real part of the
z-directed electric field component, E,, remains relatively unchanged below the metal

film, but above the metal film it is no longer of equal but opposite amplitude but reverses
sign and approaches the amplitude of the part below the waveguide. Once again the exact
opposite is true for the imaginary part: the part above the waveguide remains relatively
unchanged while the part below the waveguide reverses sign and approaches the ampli-
tude of the part above the waveguide. The x-directed magnetic field component, Hy, be-
haves in the same manner as the y-directed electric field component, Ey. The additional
field components, E, Hy and H,, are significantly smaller than the main transverse mag-
netic field components, E,, E,, and H,, indicating that the mode is still mainly transverse
magnetic in nature. However, due to the sign reversal of the y-directed electric field com-
ponent and the x-directed magnetic field component above the waveguide, the mode has
become asymmetric. The Poynting vector, in Figure 5.52, seems to indicate that there is
more energy at the bottom metal-semiconductor interface since there is a sharp increase

in energy at the interface for the y-component of the Poynting vector.

In order to see how the mode evolves as the magnetic field increases, the x-component,

y-component and z-component of the Poynting vector are plotted in Figure 5.53, Figure
5.54 and Figure 5.55, respectively, for several external magnetic field levels: 1pT,
10u T, 1ImT, ImT, 1T, 10T, 1000T.

Magneto-plasmons in Optical Slab Waveguides 142



Chapter 5: Simulation Results for Magneto-plasmons Supported by 2 Gold Film Bounded by Silicon Dioxide

1x10
3
W,
w65
5 1
8
(I)x i " —
4]
0.2 =041 [ a1 0.2
x10™ y {um)

imT

2 01 0
x10"° y {(um)

8, for By
@D o

@
X

107

8 forB =
% y
£+ ow

0.2 0.1

4]
¥ (um)

0.1

1007

=

SxforB

=100mT
Yy

8 for B

X

y=1000T

8 for B

2

B2 04 5 0.1 0.2
x10° ¥ {um)

4

3

2

9

9

02 -0 o .1 0.2
x10° ¥ (pm)

8

7

0.1

o
X

Q
¥ (um)

Figure 5.53 Poynting vector of the symmetric bound mode supported by a thin Au film bounded by semi-
infinite SiO,, with various external magnetic field levels applied in the y direction (perpendicular), at free

space wavelength of 1550nm.
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Figure 5.55 Poynting vector of the symmetric bound mode supported by a thin Au film bounded by semi-
infinite $i0,, with various external magnetic field levels applied in the y direction (perpendicular), at free

space wavelength of 1550nm.

From Figure 5.53, Figure 5.54 and Figure 5.55, it can be seen that the Poynting vector of
the symmetric mode is greatly affected by an external magnetic field applied in the per-
pendicular direction. The z-component of the Poynting vector always points in the direc-
tion of propagation above and below the metal film, although it varies in amplitude as the
externally applied magnetic field changes. In the metal film the z-component does not
change very much except at around 100mT, where it increases in amplitude and changes
direction. At 100mT, the other two Poynting vector components also exhibit interesting
behavior. The x-component is much larger above the metal film than below it. The y-
component has the majority of its power in the metal film with very little above and below
the waveguide. The symmetric mode evolves into an asymmetric mode around 1mT. This
can be noted by the changes in the Poynting vector in all three dimensions. After this
point, more and more of the mode power is drawn into the metal film as the mode con-
tinues to evolve as an asymmetric mode. When the externally applied magnetic field

reaches 1000T the Poynting vector is starting to resemble the Poynting vector of a mode
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unaffected by an external magnetic field, with the noted exception that the x-component
is present and becoming more important. This is due to the secondary field components

that grow in magnitude as the externally applied magnetic field increases.

5.5 Conclusion

The application of an external magnetic field will perturb a plasmon polariton mode in a
finite width gold film bounded by semi-infinite silicon dioxide. The way and extent to
which this externally applied magnetic field influences the mode depends on its orienta-
tion with respect to the gold film, the direction of propagation and the film thickness. The
externally applied magnetic field has the least influence on the asymmetric and symmet-
ric plasmon polariton modes when it is applied in the Voigt direction because additional
field components are not introduced. The externally applied magnetic field has a greater
influence on the plasmon polariton modes when it is applied in either the Faraday or per-
pendicular directions. The effect on the symmetric mode in both cases is quite interesting.
When an external magnetic field is applied in the Faraday orientation, the symmetric
bound mode will cut off and evolve into another mode that is being fed energy from the
top and bottom of the metal film at a slight angle. This energy begins to compensate for
the losses in the metal and may actually exceed the losses in the metal as the tilt angle
increases [46]. When an external magnetic field is applied in the perpendicular orienta-
tion, both the symmetric and asymmetric modes cut off and the phase constant tends to-
wards the phase constant of the background dielectric.

The effect of an externally applied magnetic field on the symmetric bound mode is of
more interest than its effect on the asymmetric bound mode because the symmetric bound
mode has a diminishing attenuation constant for decreasing thickness, and is therefore,
practical for optical devices. When the external magnetic field is applied in both the Far-

aday and perpendicular orientations, the attenuation constants increase and the phase con-
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stants decrease as the magnetic field increases. Both changes are much stronger when the

external magnetic field is applied in the perpendicular orientation.

The change in the attenuation constant due to the application of an external magnetic field
can be exploited in variable optical attenuator. A variable optical attenuaor could also be
designed based on the change in phase constant due to the application of an external mag-
netic field. The change in phase constant could also be used to design a Mach Zehnder
modulator. Although the magnetic field levels used in this study are quite large and im-
practical, the trends seen in this material system may be transferable to another material
system in which the magnetic field levels required to see an effect are more practical.
From the relative permittivity tensor, in equations (5.1), (5.2) and (5.3), it can be seen that
the off-diagonal tensor elements of a material with a smaller effective electron mass will
be more sensitive to the application of an external magnetic field. Therefore, a material
with a smaller effective electron mass would be affected mre by an externally applied

magnetic field.
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6.1 Conclusions

In this thesis, magneto-plasmons have been investigated theoretically. The broader field
of plasmon polaritons has been reviewed and a literary review of the previous work con-
ducted in this area has been presented. The dielectric permittivity tensor in the presence
of a magnetic field has been derived from Drude theory. Based on Maxwell’s equations
a general dispersion relation, including losses, for magneto-plasmons in an infinitely
wide thin film metal waveguide has been developed for what is believed to be the first

time.

6.1.1 Model Validation with Corrected and Interpreted Results

The dispersion relation is used as the basis of a software model of magneto-plasmons in
thin metal films. This model is validated against specific cases in the literature with and
without an externally applied magnetic field. During the validation process, an error was
discovered in the literature. The previous work has been corrected and the results have

been interpreted.

An indium tin slab in air with an externally applied magnetic field in three orthogonal car-
tesian orientations was modelled. It was found that as the frequency increases, more
branches appear in the dispersion characteristic, indicating that additional modes can be
supported at higher frequencies. Every branch of the dispersion curves for the corrected
dispersion equations in the Voigt and perpendicular configurations as well as the disper-
sion curve for the Faraday dispersion equation have been explored meticulously to the
best of the numerical limitations of the modelling code. Numerous branches are found in

each orientation. The field components of the modes represented by these branches have
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also been examined. The modes in these branches exhibit complex behaviour; both plas-

mon-polariton modes and total internal reflection modes are present.

When no external magnetic field is present, the existence of plasmon-polariton modes re-
quires that the real parts of the diagonal components of the permittivity tensor be of op-
posite sign for the media that make up the interface or interfaces. In this structure this
requirement means that the diagonal components of the permittivity tensor are negative
since the permittivity of the surrounding medium, air, is positive. In this structure, the di-
agonal components of the permittivity tensor in all three cases are negative only for cer-
tain intervals. Plasmon-polariton modes would not normally exist over most of the
frequencies examined. However, it is believed that the presence of an externally applied
magnetic field induces plasmon-polariton modes in the structure primarily via the appear-

ance of off-diagonal elements in the permittivity tensor.

6.1.2 Simulation Results for Thin Gold Films in Silicon Dioxide

Once the software model was validated it was used to model thin gold films bounded by
semi-infinite silicon dioxide at a free space wavelength of 1550nm for what is believed
to be the first time. The modelling results include the effect of the externally applied mag-
netic field on the propagation constant and the corresponding field components for all

three cartesian orientations of externally applied magnetic field.

Through the simulations, it was discovered that an externally applied magnetic field has
an effect on a thin gold film bounded by semi-infinite silicon dioxide. The way and extent
to which this externally applied magnetic field influences the mode depends on its orien-
tation with respect to the gold film, the direction of propagation and the film thickness.
The externally applied magnetic field has the least influence on the asymmetric and sym-
metric plasmon-polariton modes when it is applied in the Voigt direction because addi-

tional field components are not introduced. The externally applied magnetic field has a
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greater influence on the plasmon-polariton modes when it is applied in either the Faraday
or perpendicular directions. The effect on the symmetric mode in both cases is quite in-
teresting. When an external magnetic field is applied in the Faraday orientation, the sym-
metric bound mode will cut off and evolve into another mode that is being fed energy
from the top and bottom of the metal film at a slight angle. This energy begins to com-
pensate for the losses in the metal and may actually exceed the losses in the metal as the
tilt angle increases [46]. When an external magnetic field is applied in the perpendicular
orientation, both the symmetric and asymmetric modes cut off and the phase constant

tends towards the phase constant of the background dielectric.

The effect of an externally applied magnetic field on the symmetric bound mode is of
more interest than its effect on the asymmetric bound mode because the symmetric bound
mode has a diminishing attenuation constant for decreasing thickness, and is, therefore,
practical for optical devices. When the external magnetic field is applied in either the Far-
aday or perpendicular orientation, the attenuation constants increase and the phase con-
stants decrease as the magnetic field increases. Both changes are much stronger when the

external magnetic field is applied in the perpendicular orientation.

The effect of an externally applied magnetic field on a finite width gold film will be sim-
ilar to the effect on a slab. Limiting the width of the slab will not change the basic trends
of the effect. In a finite width metal optical waveguide, the symmetric mode is of most
interest. It is highly probable that the effect of an externally applied magnetic field will

be strongest when it is applied in the perpendicular orientation.
The change in the attenuation constant due to the application of an external magnetic field

can be exploited in a variable optical attenuator. A variable optical attenuator could also

be designed based on the change in phase constant due to the application of an external
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magnetic field. The change in phase constant could be used to design a Mach Zehnder

modulator.

6.2 Thesis Contributions

Surface magneto-plasmons have been investigated theoretically in several studies. How-
ever, most of the literature on the subject is not geared towards optical communications.
In this thesis, an effort has been made to analyse the magneto-plasmons in structures that
are practical at communications wavelengths. Three main thesis contributions are of in-
terest:

o The general dispersion relation for a structure with a permittivity tensor including
losses, which may be induced by an externally applied magnetic field, has been for-
mulated for what is believed to be the first time.

» This dispersion relation is used as the basis for a model which is used to reproduce
simulations of a semiconductor slab under the influence of an externally applied mag-
netic field for comparison with the literature. An error was discovered in the formula-
tion in the literature, and the specific formulations in the literature have been
corrected and the simulation results have been interpreted. It is believed that this con-
stitutes the most comprehensive study on magneto-plasmons in a semiconductor film
to date.

o Finally, this model is used to simulate magneto-plasmons in a thin gold film bounded
by semi-infinite silicon dioxide at a free space wavelength of 1550nm for what is
believed to be the first time. The behaviour of the magneto-plasmon modes in this

structure have been studied and interpreted for the first time.
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6.3 Future Work

The simulation work on indium tin slab in the literature and in this thesis was only done
for a single value of externally applied magnetic field over a range of frequencies. Inves-
tigating this structure over a range of magnetic field levels would add to this work and aid
in the interpretation of the modes. The thickness of the slab could also be varied to see
how the effect of an externally applied magnetic field changes as the thickness of the slab

changes.

The thickness of the thin gold films bounded by semi-infinite silicon dioxide could also
be varied, as could the wavelength of the incident light. The almost free-electron gas
model used in the derivation of the permittivity model does not include scattering losses
at the interfaces. Their inclusion would improve the theory. Thin film resistivity models

could be used as a starting point.

Finite width metallic optical waveguides are of greater interest than infinitely wide opti-
cal slab waveguides because the symmetric bound mode can be excited by end-fire exci-
tation. Although the results from this work on slab waveguides can be extended to the
expected trends in finite width optical waveguides, it would be of great interest to theo-
retically study the effect of an externally applied magnetic field on finite width optical
waveguides. This cannot be done analytically; a numerical technique is required. The
method of lines, the finite element method or the finite difference method may prove to

be suitable for this task.

Although the magnetic field levels used in this study of a gold slab bounded by silicon
dioxide are quite large and impractical, the trends seen in this material system may be
transferable to another material system in which the magnetic field levels required to see
an effect are more practical. A material with a lower effective electron mass would be at-

fected more by an externally applied magnetic field. The model could be extended to in-
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clude the permeability tensor so that the effect of an externally applied magnetic field on

a magnetic material could be investigated.

It would be of great interest to experimentally investigate the effect of an externally ap-
plied magnetic field on thin gold films bounded by silicon dioxide. As mentioned previ-
ously, the magnetic fields required for this experiment are quite large in some cases so it

may be necessary to use specialized equipment.

Metal optical waveguide technology is of great interest to the optical communications in-
dustry because the waveguides can be printed in the same manner as the electronic inte-
grated circuits. For this reason, the investigation of magneto-plasmons as a method of

producing active metal optical waveguide devices is of great interest.
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Glossary of Symbols

Symbel
2

o,

i

B

Definition
acceleration

attenuation constant in the i direction
phase constant in the i direction

free space wave constant

magnetic flux density
externally applied magnetic flux density
externally applied magnetic flux density in the z-direction

speed of light in a vacuum
thickness of the film

electric flux density

permittivity tensor

permittivity of free space

relative permittivity

real part of the relative permittivity
imaginary part of the relative permittivity
background dielectric constant

electric field intensity

electric force

magnetic force
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Units

Np/m

rad/m

F/m
F/m

Vim

153



Symbeol

Definition
damping force

total force

propagation vector (or wave vector), ¥ = (V,, Yy ¥z)

complex directional propagation constants in X
complex directional propagation constants in y
complex directional propagation constants in z
magnetic field

direction of propagation constant (X, y or z)
current density

free space wavelength

effective optical mass of the electron

permeability

density of conduction electrons

refractive index of gold
refractive index of silicon dioxide

electronic charge

position vector, 7 = (¥, y, z)

Poynting vector

time

angle of wave propagation with respect to the z axis

velocity of the electron due to the wave

effective electron collision frequency
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Units

H/m
-3

rad/s
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Symbol Definition Units

® angular frequency of radiation rad/s
W, plasma (or critical) frequency rad/s
0, gyro (or cyclotron) frequency rad/s
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