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Abstract

In this thesis we study the interaction between monochromatic electromagnetic waves
and multilayer structures. The optical properties of this structure are described by its
reflection and transmission coefficients. We introduce a combination operator giving the
optical properties of two such structures together. More complex structures can be built
by “adding” further layers or structures. We also define a simple “multiplication” oper-
ator which is useful for calculating the optical effects of periodic multilayer structures.
These two operators are used to study the effects of the interface roughness in these struc-
tures. Further, this method is used to treat the case of nonlinear intensity-dependent
propagation. Within the same formalism we treat the continuous refractive index vari-
ation present in interdiffused layers. A direct comparison between the roughness and
interdiffusion effects is then possible. One-dimensional photonic bandgap structures are
studied using the multiplication operator which calculates the band structure. The for-
malism is applied to the experimental determination of the roughness of GaAs/AlGaAs
multiple quantum well structures.

Using this same formalism one can calculate the energy level in quantum wells and
generally in multiple quantum well structures. These energy levels correspond to n-level
quantum systems. We study the interaction of a monochromatic wave with this system
and show that the classical treatment of this interaction breaks down in the case of high
intensity excitations. We introduce a method to describe these high intensity effects
which is based on a combination of the continuous fraction and the Floquet method.
Within this unique formalism we can treat different nonlinear effects such as the Stark
shift, the abnormal high harmonic generation and multi-photon resonance and explain
their links. Further, this method is generalised to the case of two beam excitations such

as pump-probe and non-degenerate four-wave mixing.
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Chapter 1

Introduction

The optical properties of thin films have their origin in the similarity of the wavelength
of the light and the thickness of the thin layer. The interference colours of thin films
were first observed by R. Hooke and R. Boyle in the 17%" century. Hooke concluded
that light consists of vibrations propagated at great speed. Later, the wave nature of
light was established and described accurately by Maxwell’s equations. Considering
this description of light we can understand the optical properties of thin films as the
interference between the different reflections in the thin layer.

This same effect can be observed in thin layers of semiconductors. In this case
we have the wavelength of the electronic quantum wave which is comparable to the
thickness of the quantum well. Schrédinger’s wave equation describes this phenomenon
and leads to the introduction of discrete localised quantum states in quantum wells.
These electronic states correspond to stable stationary waves trapped between the two
interfaces of the thin layer.

The interaction between these two effects is an optoelectronic effect. This field of
study is very important nowadays because of the increase in telecommunication traffic
and the increased use in daily life of optoelectronic devices. 'T'he design and development
of these devices demands a good understanding of the different effects and interactions
between the different components of the device and the electrical and optical waves.
One of the practical problems arising in the manufacturing of these thin layer devices is
their surface roughness. This roughness affects the optical properties of the device and
its electronic performance. Another interesting aspect of thin layers and the electronic

systems associated with them is their behaviour when subject to high intensities of light.
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In this work we address these two problems from a theoretical point of view. In
a first step, we consider only problems in one spatial dimension, that is, the waves
are homogeneous in the direction transverse to the direction of propagation and the
thin layers are plane. In the time domain the waves are taken as being monochromatic.
Within this model, the effects of the interface roughness are treated as a loss of coherence
of the monochromatic light wave. Our next step is to generalise our method in order
to handle more complex structures. Therefore, we introduce a new method (which we
call LTR) to calculate the optical properties of multilayered structures which allows the
study of distributed roughness effects. This method also allows us to treat various other
effects such as the intensity dependent non-linear propagation of light in multilayered
structures and the continuous refractive index variation in these same structures. This
method can be generalised to handle plane waveguides and one-dimensional photonic
structures such as distributed Bragg reflectors.

In the second part we concentrate our research on the electronic states of matter and
its interaction with one or two monochromatic waves. Using the equivalence between
Maxwell’s and Schrédinger’s equations we used the LTR method to calculate the energy
levels in multiple quantum wells. The behaviour of this quantum system under electro-
magnetic excitation is treated in the density matrix formalism with which we study the
systems response to high intensity excitations. This study leads to the definition of a
precise method for solving the evolution equations.

The first chapter corresponds to this brief introduction.

In the second chapter, we develop a formalism allowing a study of the optical prop-
erties of multilayered structures. This formalism is equivalent to other methods, such
as the matrix method or the recursive method. The advantage of our method is the
simplicity with which each layer is described. We use directly the Left reflection, the
Transmission and the Right reflection coefficients as the definition of the characteristics
of a single layer. In order to treat more complex structures we introduce a combina-
tion law which takes two layers defined respectively by their LTR elements combined
to a new total LTR element. Further, we define a multiplication operator which is
particularly suited to the study of periodic multilayered structures.

In the third chapter, we introduce in the LTR. formalism three different, effects. We
start by treating within the LTR formalism the cumulative effects of interface roughness

in multilayered structures. This is facilitated by the direct physical meaning of the LTR



CHAPTER 1. INTRODUCTION 8

elements. We can thus introduce a special LTR element which takes into account the
interface roughness. This element can then be combined with any other LTR. elemen-
t to calculate the optical coefficients of a multilayered structure including roughness.
The roughness itself is described by a statistical distribution of the interface position
which for simplicity we take to be Gaussian. We further apply the LTR formalism to
continuous refractive index variation where we define a combination integral operator
which can be used to study any variation in the index with depth. Finally, we treat
in this chapter the optical properties of these structures when subject to high intensity
monochromatic light. In this case, we assume the dependence of refractive index on the
incident light intensity. This study presents a problem because this intensity depends
on the number of reflections taken into account. We solve this problem by a physically
based method. After defining an intensity dependent combination law we proceed by
slowly “turning” up the light intensity. This makes possible the definition of a sequence
of LTR elements converging towards the LTR element at the required intensity.

In the fourth chapter, we show that it is possible to apply the LTR formalism to
other optical devices. We start with the study of plane waveguides where we use the
LTR formalism to define the guided modes. This can be achieved by considering an
exponentially decreasing wave solution of Maxwell’s equations alongside propagating
wave solutions. A second interesting study using the LTR formalism is the treatment
of periodic photonic structures. In the one dimensional case we can directly apply the
multiplication operator to one period of the structure. For a better understanding of the
effects of this operator we break it into two parts: one takes into account the effective
interface of the considered period and the other the effective propagation through the
period. Combining n such periods is equivalent to a n-times greater propagation length.
This allows the direct introduction of the bandstructure in one dimensional periodic
structures. Finally, we show how it is possible to expand the LTR formalism to three
dimensional photonic structures.

In the fifth chapter, we apply the LTR formalism to three different practical cases.
We start by considering the dependence of an LED emission as a function of the rough-
ness of its surface semi-transparent mirror. In this case we generalise our formalism to
take into account the angular dependence of the wave when its propagation direction is
not perpendicular to the multilayered structures. Further, in the case of the LED we

take into account the emission of the light from inside the structure. The other two cases
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correspond to the experimental determination of the surface and interface roughness in
multilayered structures. We start by considering a monolayer of CdZnSe. This case is
of special interest because it allows a comparison with the directly measured surface
roughness by atomic force microscopy. Another application is GaAs/AlGaAs multiple
quantum well structures. In this case we are particularly interested in the roughness
introduced by the selective oxidation of the layers.

In the sixth chapter, we study the behaviour of a quantum system interacting with
an electromagnetic excitation. We start by defining the Schrodinger equation and its
stationary solutions. Any solution can be decomposed into stationary solutions and one
can then treat the evolution of the system with the help of the density matrix equation.
The stationary solutions themselves correspond to the eigenfunctions of the Hamiltonian
operator. In the case of multiple quantum wells we use a variation of the optical LTR
formalism to search for these eigenfunctions.

In the seventh chapter, we use different methods to find solutions to the density
matrix eqautions when subject to a stationary excitation. We start by defining a nu-
merical solution where we use a stationary excitation to simplify the procedure. We
show the existence of two distinct solutions: the transient and the stationary solutions.
A comparison is then made between this numerical solution and different approximating
analytical solutions. These solutions are found by using the perturbation expansion, the
rotating wave approximation, the continuous fraction method and the Floquet expan-
sion. All of these methods exhibit a breakdown in the solution when the intensity of the
excitation is increased. This breakdown occurs regardless of the order of the expansion.

In the eighth chapter, we introduce a new method for solving the density matrix equa-
tion for any intensity. This method is based on a combination between the continuous
fraction method and the Floquet method. Using this method we define an approximated
recursive solution for which we show the convergence towards the exact solution. This
method is then generalised to treat the case of a high intensity bichromatic excitation.

In the nineth chapter, we apply the method to solve the density matrix equation for
different excitation configurations. These different configurations correspond to single
beam, pump probe and non-degenerate four wave mixing. In all of these cases we
determine simple analytical expressions for the optical response of the systems which
remains valid in different excitation configurations (high or low intensity, resonant or

non-resonant excitation). Further, these recursive solutions are used to show different
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non-linear phenomena in optics such as the dynamical Stark shift, the abnormal high
harmonic generation and multi-photon resonance. As all of these effects can be modelled
in a unique framework, we can explain their link and thus gain a better understanding
of the dynamics of an n-level system under high intensity excitation. We proceed in the

same way for the pump probe and the non-degenerate four wave mixing configurations.



Chapter 2

LTR Method: Monochromatic light

propagation in multi-layered systems

2.1 Introduction

In this chapter we start with Maxwell’s equations and deduce the scalar wave equation
describing the electric field propagation. Using the continuity conditions of the electrical
field and the fundamental solution of the scalar equation we study the behaviour of the
electromagnetic field at the interface between two media of different refractive indices.
This treatment leads to the definition of the reflection and transmission coefficients for
a monochromatic plane wave propagating through the interface.

A monolayer consists of two such interfaces. Because of the multiple reflections
between the two interfaces the total reflection and transmission coefficients of such a
monolayer is not simply the multiplication of the transmission and reflection coefficients.
In order to treat a monolayer and more generally a multilayered structure we introduce
two caleulation methods.

In the matrix method [1-4] each layer is characterised by a matrix whose elements are
derived from the thickness and the refractive index. This matrix defines a linear system
of equations which links the transmission and reflection coefficients to the starting and
ending indices of refraction. Solving this system leads to the two coefficients. For the
calculation of the reflection and transmission coefficients when the monochromatic wave
comes from the other direction this equation system has to be redefined and solved

again.

11
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The second method treated in this chapter is the recursive method [5,6] . This is
based on the assumption that once the reflection and transmission coefficients are known
for one layer it can actually be treated as being a single interface described by these
coefficients. In consequence, when adding a single monolayer to the initial layer one has
to calculate the transmission and reflection coefficients for only one layer whose initial
interface is defined by the transmission and reflection coefficients of the first layer. Thus,
one is able to take into account all of the layers in a multilayer structure step by step.

In this chapter, we generalise and simplify this method by defining an LTR. element
consisting of three coefficients: reflection from the left, transmission, and reflection from
the right. Thus, our method, simplifies the effective interfaces method [7] which con-
siders the transmission from the right and from the left. This LTR element completely
defines a multilayered structure. Further, we define a composition law which calculates
the global LTR element of any two LTR elements put together. Thus any multilayered
structure can be treated within this framework by combining the different LTRs of the
monolayers constituting the multilayered structure.

To simplify the calculations of periodical structures in the LTR framework we define
a multiplication operator. This operator allows the direct calculation of the LTR for n

periods of a structure when the LTR is known for one period.

2.2 Background

The starting point of our study of the propagation of light through multi-layered systems

is the Maxwell equations [8]

— = 18E - 613 — —
AB=—— |+ —— AM 2.1
v 5 #0(J+3t+v ) (2.1a)
s OF
V/\E+§_0, (2.1b)
— — 1 - -+
V-E_g(p—v-P), (2.1c)
V-B=0. (2.1d)

These equations describe the time evolution of the vector fields E and B. The constant

¢ = 1/,/m€ corresponds to the speed of light in vacuum while p and 7 correspond to the



CHAPTER 2. LTR METHOD 13

free charge density and current flow. In the following we consider Maxwell’s equations
in the absence of free charges.

The quantities P and M are the electrical and magnetic polarisation respectively.
These polarisations can have two origins in the materials. They can be permanent as in
an electret or a permanent magnet or they can be induced by the external electromag-
netic field. It is this second case which interests us. We consider non-magnetic (M =0)
and dielectric materials (16 = E{]XE). This second assumption implies a linear response
of the material whose polarisation is proportional to the electric field.

Using all this simplification and eliminating the magnetic field in equations (2.1) we

can write the wave equation for the electrical vector field

- 1 82E X 82E
2 = o
¥ Ll 2 o2

(2.2)

For multilayer structures we will use scalar versions of this equation, one for each
component of the electrical field E, in the form
n? 0°U

VU-——= =0. 2.8

2 Ot? 2:8)

where n = /1 + x is the refractive index of the material. To come back to the vectorial

wave equation (2.2) one has to consider three equations (2.3), one for each component

of the electrical field E.

The monochromatic travelling wave solution of this equation is
U(z,t) = Upet@—2), (2.4)

where we consider the z—axis as the travelling direction. The wave vector is given by
k = 2w /) where A is the wavelength. The electrical field is the real part of the complex

solution (2.4).

2.2.1 Matrix method

We describe in the following the propagation of monochromatic light through multi-
layered structures. In this case the propagation can be characterised by the transmis-

sion and reflection coefficients. To find these coefficients one considers an incoming
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Figure 2.1: Decomposition of the monochromatic field at an interface.

monochromatic wave, U,(2,t), on to an interface between two layers having different
refractive indices n; and n,. At normal incidence this wave splits into two waves: one
transmitted, U;(z,t), and one reflected, U,(z,1), (see figure 2.1). The scalar fields for

these waves are

Uy (z,t) = Upe*(t—m2), (2.5a)
Ui(2,t) = taUpe™@=m2%), (2.5b)
U, (2,t) = rigUpei*(ett™m?) (2.5¢)

where t;2 and 712 correspond to the transmission and reflection coefficients. At the

interface we have the continuity condition of the field and its normal derivative (i.e. %)
U1 -+ Ur = Ut, (263)

ou,  oU, 09U,
0z i 0z 0z’ (2:65)

By substituting equations (2.5) into these continuity conditions one finds the following

two linear equations

1+ T2 = tlg, (27&)

Ny — Mtz = Natya, (2.7b)
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Figure 2.2: Example of a multilayered structure.

which when solved give us the transmission and reflection coefficients

ny — Ty
— 2.
T12 IR (2.8a)
2?11
tis = . 2.
12 ™ + Ty ( Sb)

Using the same continuity condition (2.6) one can define the reflection and transmis-
sion coeflicients, r and ¢, for a layer of refractive index, n,, and thickness, z;. To do this
one can introduce the characteristic matrix (for the deduction of this matrix see [9])

cos(kniz1)  —n-sin(kni21)

M = (2.9)

—"?:711 Siﬂ(k'ﬂlzl) COS(knlzl)

Using the characteristic matrix (2.9) the coefficients are defined by the following relation

1+7 t
=M , (2.10)

no(l—r1) nat
where ng and n, are respectively the refractive indices on the left and right side of
the layer. This matrix method takes into account the multiple reflections inside the
monolayer and also the interference of the multiple transmitted and reflected electrical
fields.
In the case of multiple layers (see figure 2.2) each layer is characterised by a matrix
cos(kn;z;) —n%'j sin(kn;z;)

M; = : (2.11)
—in;sin(kn;jz;)  cos(kn;z;)



CHAPTER 2. LTR METHOD 16

and the total multilayered system is characterised by the matrix product of all the

characteristic matrices

M= MiMQ---Mnml- (212)

Further, the reflection and transmission coefficients are calculated by using the fol-

lowing relation

1+7r t
=M ; (2.13)

no(1—r) Nt
where we consider different refractive indices on each side of the multilayered system.

An important property of the matrix M is that its determinant is equal to 1. This
property can be used in the case of a periodical multilayered system. Indeed, the
characteristic matrix of such a system is given by M"™ which can be evaluated in this
case using the Chebyshev polynomials of the second kind |9, 10).

Altogether the characteristic matrix method permits us to calculate the transmis-
sion and reflection coefficient of a multilayered system by solving the linear system of
equations (2.13). Each time a new layer is added to an already existing structure a new
characteristic matrix has to be calculated and the relations (2.13) have to be solved a-
gain. The transmission and reflection coefficients of the old structure cannot be re-used.
This disadvantage is overcome by using the recursive method which we introduce in the

next section.

2.2.2 Recursive method

An alternative method for describing the propagation of a monochromatic wave in a
multilayered structure is based on the actual transmission and reflection coefficients for
a monolayer of width z; index of refraction n,. To the left of this monolayer we have

the refractive index ng and to the right the refractive index n, (see figure 2.2). Using
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the characteristic matrix method we get

Tor + T12 exp(%k'nl 31)

1 — 719712 €xp(2ikn, 21)

T91 + T10 €xp(2tkn, 2

L 1 2—1 1'1[]?}:)2 exl:)((mk?; 2:1)) (2141))
tmtm exp(iknlzl)

1 — rygr12 €xp(2ikn, z;)
t21t12 exp (ik'ﬂ]_ Z])

1-— TioT12 exp(Qikﬂ,lzi)

Toe = (214&)

(2.14c)

to2 =

(2.14d)

20 =

where 7;; and t;; are the reflection and transmission coefficients at the interfaces between
layer 7 and layer j.

The recurrent method [11] uses the already calculated transmission and reflection
coefficients when adding another layer to the structure. Indeed, for n + 1 layers these

coefficients read

o Tont Tant1 exp(2iknn2n)
i T Tn1Tnn+1 €Xp(2tknn2y,)
Tn+1n + Tho exp(?iknnzn)

- 2.15b
Tn+10 1 = Tn1Thna exp(2iknnzn) ( ° )

tontnn+1 €xp(ikng,2,) .
t = 2.15¢c
i exp(2ikn,zy,) (&150)

M 1= TriTnn+1 €Xp(2ikn,2y,) .

(2.15a)

where the coefficients 71, 71, t1n and £, correspond to the first n layers.

The advantage of this method is the direct use of the propagation coefficients to
define the effects of a multilayered system. On the other hand this method has no
advantage in the case of periodical multilayered structures. Further, a single monolayer
is not defined as an independent element having some characteristic properties as in the
case of the matrix method where each layer is defined by its characteristic matrix. In the
following paragraph we solve this problem by introducing an algebra which combines
the advantages of the recurrent method with those of the characteristic matrix method.

We wish to mention here another variant of the recursive method which is based on
the treatment of transmission lines in the network theory [12-14] as there is an analogy
between the two phenomena [15]. Within this method, the results can be graphically

evaluated using Smith charts.
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2.3 LTR Method

The principal idea of this method is to characterise each element or ensemble of elements
of a stratified medium by its transmission and reflection coefficients. First of all we need
to count the number of parameters characterising one multilayered structure. In the case
of the characteristic matrix method a two by two matrix describes one monolayer or a
system of monolayers, which means four parameters are needed for the characterisation
of such a system. The determinant of this matrix is always equal to one, thus the four
parameters identified are not independent but have to fulfill a condition. This reduces
the number of parameters needed for the characterisation of a multilayered structure to
three.

Indeed there are three different reflection and transmission coefficients for a given
multilayered structure. The field reflection coefficients for an incident wave propagating
from the right, g, or from the left, r;,, are generally not the same. This counts for two
parameters. On the other hand, the transmission coefficient is the same for any stratified
medium when coming from the right or from the left. Thus, the field transmission
coefficient ¢ is the third parameter needed.

A convenient way of writing the three parameters characterising a multilayered sys-
tem is to write them in column form. Further we replace the reflection coefficient from
the left by L, the transmission coefficient by 7" and the reflection coefficient from the
right by R. As an example of these new definitions we can take a look at the LTR

element for a single monolayer, £, of refractive index n and width 2

2

L TL TllT;g;y
i
b= v {=| ¢ |=| agid | (2.16)
R Tr rllT;g%
with
T:l__n
i (2.17)

p = exp(iknz) -

In this example we consider a monolayer surrounded by a vacuum of refractive index
1. This points out a further difference between our LTR method and the two methods

introduced above. Indeed a monolayer is intrinsically described by the LTR element
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which does not depend on the neighbouring layers. This is not the case for the above
mentioned methods. To achieve this, all the layers are characterised with respect to
the vacuum even when they are embedded in a multilayered structure. This method
corresponds to inserting infinitely small layers of vacuum between the different layers
which does not affect the reflectivity and transmission of a multilayer structure [16].
This can also be shown by considering the continuity conditions (2.6).

The LTR element L£(n, k, z) defined by (2.16) constitutes the fundamental element
of a multilayered structure. To calculate the reflection and transmission coefficients for
such a structure from L(n;, k,z;) we need to define the combination law for any two
LTR elements. Using the definitions of L, 7', R and the recurrent method, one can

define the effect of combining two LTR elements

LoT?
o L U
Ly Ly Ly+ i

T, || & | = R : (2.18)

R T2
—_2
R, Ro Ra+ -5t

This composition of the two LTR elements corresponds to calculating the propagation
coefficients of a infinitely narrow vacuum gap limited on the left by (L, 71, R;) and on
the right by (Lz, T2, R2). We thus can define a new LTR element which can further be
combined with another one. The reflection and transmission coefficients of the structure

represented in figure 2.2 is given by

L(ni, k,z1) ® L(ng, k,z2) @ - & L(Np—1,k, 2n—1), (2.19)

where the starting and ending media are considered to be vacuum (ng = n, = 1).
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As a first example of the composition law we can consider the case of the composition

of two layers with identical index of refraction but of different width

1-p} 1-p3
l—;:azlsf'E % 1~-p_%'rE
L(n,k,z1) ® L(n,k,z2) = | m (L= ®| po i)
y vy ~1 3. T¥3 l—pfrz m
1-p? - 1-p2
1-;:151'2 1—pgr2
1—(;?1#2?2
" T=lpip2)?r
1-r2
P1P2 (T (p1p5)%77)
L—(p1p2)?

1—(p1p2)?r?

= L(n, k,z + 2z3). (2.20)

where p; = exp(iknz) and p, = exp(iknzs).
To define a group using the “additive” composition (2.18) we need to define a neutral

LTR element that does not change anything when combined with any other LTR

element. In our case this corresponds to an infinitely narrow vacuum layer

N=|1], (2.21)

which has no reflectivity from either side and a transmission coefficient of one. Further,

we need to show that there is always an inverse LTR element for every given LTR.

This inverse element is defined by

L —L/(T? - LR)
-l 7 |=| T/*-LR) |, (2.22)
R —R/(T* - LR)

where with the minus sign we indicate the inverse. In the discussion we will see what

happens when T? — LR = 0. When combining a LTR element with its inverse one finds
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as expected the neutral element

b i 0
T le-| 17 |=]1]. (2.23)
R R 0

Thus the set of LTR elements forms a group with respect to the composition law (2.18).
This group is non-abelian because it does not commute (i.e. the result depends on the
order of the composition). Indeed one can easily think of two different layers that would
show a difference in the optical properties displayed depending on the order in which
they are put together.

2.3.1 Multiplication (polynomial method)

In the case of a periodic structure we are interested in calculating the optical effects of a
sequence of n identical layered structures. This can be determined by the composition

of n LTR elements which defines a multiplication law in the LTR group

L L L L
T |e| T |®.®0| T |=n|T]. (2.24)
R R R R

nt?rrnes

To define an operator that acts like a multiplication we need to show first that the

LTR element ‘multiplied’ by an integer number is of the form

L

s

(2.25)

S
- T =
Il
o

R

£

where the quantities s, ¢, and d, are polynomials of L, T" and R. Further, we consider

the following property of these polynomials

t2 = d2 + (T? — RL — 1)s,d,, + RLsZ, (2.26)
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to hold. As we will see this property is necessary in order for the polynomials s,, t, and
d, to exist.

In the following we show that this property and the polynomial form is true for any
integer multiplication factor n. To do this we use the recursive theorem which states
that if a relation holds for n = 1 and the assumption of being true for n implies it to
be true for n + 1, then this relation holds for all n € N. In the case of n = 1 (neutral
element for the multiplication) we have indeed s; = d; = 1 and t; = T. Further, we
can verify that the relation (2.26) is fulfilled for s, ¢; and d;. Let us presume that the
relations (2.25) and (2.26) are true for the integer n and show that they imply these

relations to be valid for n + 1

[ L

T

L
n+1)| T
R \R

I
3
= I
@

(12) (L)
T

\Bx) \R)
(ﬁ@jﬁﬁ”\

— 5T
= Z._RLs. . (2.27)

dp—RLsp+T2s
\ R dl’l_'RLsn )

We have to use the property (2.26) on (2.28) to show that we can define a unique set of

polynomials s,, t, and d,. We have then

dn—RLsy +T2 8n
L dn—RLs,

T . (2.28)
Rc_tn —RLsp+T?sp
dn—RLsy

(n+1)

~v I I
|
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Using the recursive theorem this shows that the polynomial property is true for all

n € N. Further we can identify the link between the polynomials of different order

8p+1 = Oy — RLs, + T?s,, (2.29a)
aii=Ttas (2.29b)
dn+1_ = dn = RLSn. (2.290)

To finish our deduction we have to show also that the property (2.28) holds for the order

n + 1. Indeed using the above definitions one can show after simplification that

In the following we study the series s,, t, and d, which are defined in a recursive
manner. In the case of the polynomial d,, we have the following five terms which we use

to define the general form of the sequence

dyi= 1, (2.31a)
dy =1—- RL, (2.31b)
ds = (1—- RL+T?%?*-T*2+T? - RL), (2.31c)
di=(1-RL+T??-T?(1-RL+T?(3+T?-RL)+T", (2.31d)
ds = (1— RL+T?)*—T?(1 — RL+T??%(4+T? - RL)

+T*(3+ 2(T? — RL)), (2.31e)
dp=(01—-RL+T*)"'-T?>(1-RL+T*"3(n—-1+T?—-RL)

T (2.31f)

Indeed, after searching a little one finds that the coefficients in this polynomial can be

expressed as factors of binomial coefficients. The general expression of the series d, is

dy = E(—T"’)"(l = R e ((n N z) + (T? - RL) (” mi 1)) . (2.32)

1
i=0 g
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In the same way we can find the general expression of the s, series
sk n—1i—1
Sp = Z(—T)‘(l — RL + T)“‘2‘_1( ; ), (2.33)
i=0

where the binomial coefficient is defined by

(:1) - #!—m)' (2:34)

and where we consider the binomial coefficient to be zero if m > n. The series t,, turns

out to be a simple geometrical sequence that can be expressed by
tn =T™ (2.35)

We have thus defined the integer multiplication operator which has the form of a
rational fraction (2.25) with the numerators given by the series (2.33) and (2.35) and the
denominator by the series (2.32). This rational fraction can be generalised to take into
account the multiplication with non-integer numbers by using the following generalised

binomial coefficient

(n) _ C(n+1) i5:98)

m m+1)I'(n—m+1)’

where I'(n) is the Euler gamma function.

2.3.2 Multiplication

Although the multiplication formalism is easy to understand and apply, the operator
that defines the multiplication as a rational expression of the parameters L, 7" and R is
rather complicated. To simplify this operator we have to introduce the parameters a, b

and ¢ which we define later as functions of L, T" and R.
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Indeed, inspired by the composition of two monolayer LTR elements as defined by

equation (2.20) we find that for any parameters a, b and ¢ the LTR element

1__b2n
L”’ Ca1 5o

T, |=| 252 |, (2.37)
i

1-b2n
1—a2b2n

ol

has a very interesting property. The composition of two such LTR elements gives

L, L, (ca%

T. |©| T |=| Erla) (2.38a)
R, B )\ &5

(' B

=1 Tuia |- (2.38b)
\ Reen

This means that for the LTR elements defined by (2.37) the composition law simplifies
to a simple normal addition. Further, a given set of LTR elements based on the same
parameters a, b and ¢ forms a subgroup where each element is defined by its order
number n. Within this subgroup the multiplication operator simplifies to a simple

multiplication of the order number by the multiplication factor

1—b2(nm)
Ly, €A 2gatam) L

nmi1__ .2
m| T, Tl | =| T |- (2.39)

Il

1—b2(nm)
Ry ¢ T-aZt?wmy Ronen

In order to use this subgroup to define the general multiplication operator we must
make the first order element of the subgroup equal to any given LTR element. We have

to chose the parameters a, b and ¢ so that the following relation is true

L, cat =y 1_;": L

_02
o= %2 =T (2.40)
R, e it R
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This relation implies that the composition of any integral number of layers can be
calculated using the relation (2.38). This relation implies the following equation for the

parameter a
VRLa* — (1+ RL —T?)a+ VRL = 0. (2.41)

We can thus deduce the parameters a, b and c to be equal to

_1+RL-T?+/0+RL—T??—4RL

, 2.42a
¢ WRL (2.422)

A 2 - 22 _ 2
po L RL+T +\/(21T RL +T?)2 — 4T (2.421)

2 _
_T°-RL+ \/RLa’ (2.420)
T
L

= —, 2.42d
¢ 7 ( )

The root of (2.41) is chosen so that in the case of a monolayer the parameter a corre-
sponds to 7 in (2.17). The other possible solution gives a = 1/r and b = 1/p.
Using the property (2.38) with the parameters (2.42) we can define, with the help

of (2.37), a multiplication operator. This operator reads

1_b2n
ca 1—a2b2n

o*(1-a%) (2.43)

1—a2b2n g

a l_bzn
¢ 1—a?b?n

3
= I B~
|

-

which is much simpler than the preceding definition of this operator (2.25) using the
rational functions.
The definition of the multiplication operator by (2.43) implies other interesting prop-

erties. The multiplication by zero gives the neutral element for the composition law,
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while the multiplication by minus one gives the inverse element as follows

(L) (o

ol 7 |=]1], (2.44a)
\&/ \o0
(L\ ([ -L/(T-LR)

=1| 7 | =| THT-LR) |- (2.44b)

\ R ) \ -R/(T-LR)

Another benefit of this definition of the multiplication operator is its direct appli-
cability to the multiplication by non-integer numbers without the use of complicated
functions such as the Euler gamma function. One use of the multiplication operator in
its non-integer form is the possibility of easily modelling the reflectivity coefficient of a
multilayered structure during growth. For example, the LTR element for » and a half
layers is given by the composition of the LTR element of n layers and one last layer
multiplied by one half. Another possible use of the multiplication with a non-integral
number is the backwards calculation of the reflectivity coefficient of one period from the
measure of the optical properties of n periods of multilayered structures. In this case
the measured LTR element is simply multiplied by 1/n. We must note here that this
multiplication operator is based on the parameter b to the power of n. If n is not an
integer, b™ is not uniquely defined and special care must be taken because the power

function is multi-valued.

2.4 Discussion

We start our discussion with the study of the domain of definition of the LTR method.
This is important in that it gives insight into the different special cases that can be en-
countered while using this method and thus a better understanding of the method itself
can be gained. Further, we can deduce some general conclusions about the behaviour
of multilayered systems. Indeed, in the preceding section we have five cases whereby,
for the calculation of the LTR element, we use a division by a denominator that can in
some cases be zero. Consequently, in the following we will study the definition of the

LTR element for a single monolayer (2.16), the composition law (2.18), the definition
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Figure 2.3: Decomposition into multiple reflections for a monolayer and for the compo-
sition of two multilayered structures.

of the inverse element (2.22), the multiplication operator using the binomial coefficients
(2.25) and finally the multiplication as defined by equation (2.43).
In the case of a single monolayer (2.16) the LTR element is not defined when we

have
1 =r?p? (2.45)

If we consider only absorbing materials (i.e. whose imaginary part of the index is positive
Im(n) > 0) then this can never be the case. We then have [p?| < 1 and thus 1 > |r?p?|.

On the other hand, the treatment of materials exhibiting gain with the LTR method
must be carried out with some caution. To better understand the implications of this
statement let us take a closer look at the transmission and reflection of a monochromatic
wave by a single monolayer. The total field reflected and transmitted can be decomposed
into a sequence of multiple waves travelling back and forth in the layer reflected by its
two interfaces (see figure 2.3). It is the sum of all these fields coming out of the layer
that gives the resultant reflected and transmitted wave. As an example we consider the
reflected wave and calculate this sum for an incident field of amplitude one. This gives

us the reflection coefficient to the left

L =1 — tiot1p?r — tiatarp'r® — tiate p%r® — - - (2.46a)

=7 — titap’r(1 + p*r2 + p*rt + p°r% +---). (2.46b)
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We can now see directly that the reflection coefficient is not defined when the above
geometric series is not converging. This is the case for 1 < |r?p?|. Physically this would
mean that during the multiple reflection in the monolayer the amplitude of the wave is
increasing. For this to occur, not only has the material to amplify the wave but also the
losses due to the reflection at the interface must be small. Whereas for an absorbing
layer we can always calculate the LTR element.

The second case that we consider is the actual composition law (2.18). Indeed the
composition of two LTR elements is not defined when 1 = R, L. This case can be easily
dismissed when considering only absorbing material. Their reflection coefficients have
a modulus less than one and thus the denominator of (2.18) can not physically be zero.
To understand why this problem arises let us consider the two reflection coefficients
with a modulus equal to one (1 = R, = L»). This would correspond to a case where the
composition law is not defined and would arise when the light wave is trapped between
two totally reflecting interfaces.

An alternative approach would consider the multiple reflection picture (see figure

2.3), similar to the case of a monolayer. We have then

L=L+T!R Ly +T:RIL3+T:RILY + - - (2.47a)
=Ly +T¢R Ly(1 + R Lo + R2LS +---). (2.47b)

Again this coefficient is defined by a geometric series which converges only if 1 > |R; Ly|.
To be complete we have to show next that any two LTR elements whose coefficients
have a modulus less than one will, when combined, give a LTR. element of the same
kind. The actual mathematical demonstration of this property is beyond the scope of
this chapter.

The study of the case where the LTR elements have no inverse, leads to an interesting
observation. Indeed the inverse (2.22) is not defined when 72— LR = 0. Let us consider
therefore a multilayered structure defined by an LTR element. We can then calculate the
reflected light to the left and to the right of this structure while it is monochromatically

illuminated from the left and from the right (see figure 2.4). We have then

E! = TE, + RE,, (2.48a)
E,= LE, + TE,. (2.48b)
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Figure 2.4: Decomposition into multiple reflections in the case of total absorption. To
calculate the total outgoing field on the right side of the monolayer we considered the
total absorption conditions 19 = —7r9; = p and E; = E>. By symmetry the left hand
side of the monolayer leads to the same results.

This corresponds to a linear system of equations linking the incident field amplitudes
with the amplitudes of the field leaving the multilayered structure. When the above
mentioned condition 7% — LR = 0 is fulfilled there exists a family of fields E; and E,
such that no light comes out of the structure. One can say that the transmitted wave
from the left is destructively interfering with the reflected wave from the right and vice
versa. This can be seen also in the decomposition of the fields into the multiple reflection
scheme (see figure 2.4).

Further using (2.16) the definition of the LTR element for one monolayer, one can
deduce the conditions imposed on the coefficients 7 and p by the condition T?— LR = 0.
We then have the simple relation 7 = p which states that the losses through reflection are
equal to the losses due to the absorption while propagating through the material. Using
this derived condition we can graphically illustrate the index of refraction, absorption
coefficients and length of such a monolayer. Figure 2.5 shows that there is a complete
family of complex indices for which a monolayer of a certain length would be totally
absorptive. The optical length indicated corresponds to 27z/A where z is the actual
thickness of the monolayer. Further, one can easily imagine more complicated structures
where the condition of total absorption is fulfilled.

The intuitive explanation of the impossibility of defining an inverse element for a
total absorptive structure is as follows. Having an inverse element means that one can
mathematically conceive an inverse structure that, combined with the first real structure,

will give something that has no effect (neutral element). If the initial structure has the
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property of total absorption then the light going through the inverse structure would be
totally absorbed by the real structure and thus cannot go through. It is then impossible
to conceive a structure that would allow the light to be transmitted.

We now consider the case of the multiplication operator for a positive integer. This
can be treated using the rather heavy formalism (2.25) of the sequence of polynomials
Sn, tn and d,. For the operator to be defined, the denominator sequence d,, has to be
different from zero. We can split the multiplication by n into the multiplication by
(n — 1) and the combination with one further LTR. element. We have already treated
this last combination at the beginning of this section and showed that it is defined when
the multilayered structures are absorptive.

Finally, we discuss the multiplication operator as defined by (2.43). From this defi-

nition of the multiplication the following property holds

= (m=xn) (2.19)

3
3
&N
I N

Thus if the multiplication (2.43) is not defined for n; (LTR;) then it will not be defined
for the inverse of —n;' (LTR,). This brings us to the case already studied beforehand
where we showed that the LTR elements corresponding to the total absorption cannot

be multiplied by minus one.

2.5 Summary

In this chapter we started with the Maxwell equations to show the effects of an interface
between two materials with different refractive indices. These effects are considered for a
monochromatic wave and can be represented in the simplest case by the reflectivity and
transmission coefficients. The determination of these coefficients becomes more difficult
when considering a multilayered structure. To illustrate this, we showed two different
methods normally used to calculate these coefficients. While the matrix method is
easy to apply, the parameters employed to calculate this matrix are not straightforward
physical parameters. This property also implies a complicated definition of the optical
transmission and reflection coefficients in the case of a periodic multilayered system (use

of the Chebyshev polynomials of the second kind). The second method considered is the
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Figure 2.5: Graphical representation of the total absorption condition (only some possi-
ble conditions are considered). As an example the lower graph includes also the complex
index of GaAs as a function of wavelength from 600nm to 900nm [17] (900nm is at the
bottom of the figure).
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iterative method. This method, while using only physical parameters (transmission and
reflection coefficients), is difficult to generalise directly to consider periodic structures,
that is, the periodicity does not simplify the problem.

We thus introduced a formalism that allows a very simple calculation of the reflec-
tivity and transmission coefficients in the case of periodic multilayered structures and at
the same time it uses only physical parameters. This formalism consists of a combination
law which enables us to calculate the optical properties of two successive multilayered
structures when the optical properties of each of them is individually known. Further
the formalism comprises a multiplicative operator which allows the direct calculation of
the optical properties of a periodic structure when they are known for one period.

We finished this chapter by reviewing the different special cases which can arise
when using this formalism. We showed that all of these cases have a physical meaning.
Using these special cases we deduced the existence of total absorption in multilayered

structures under certain conditions.



Chapter 3

Roughness, continuous refractive index
variation and non-linear propagation

in multilayered structures

3.1 Introduction

In this chapter we show how to include three different effects into the LTR. (Left re-
flection, Transmission and Right reflection) formalism. We begin by defining an LTR
element which corresponds to interface roughness. This element can be used between
two layers in order to model the effects of interface roughness on the transmission and
reflection coefficients. Further we generalise the LTR formalism to treat continuous
refractive index variation. This is the case when the layers interdiffuse for example.
Another phenomenon that we study in this chapter is the response of a multilayered
structure to a high intensity monochromatic wave. In this case the refractive index and
the absorption coefficient depend on the intensity of the light and thus the transmission
and reflection coefficients change with intensity.

The roughness of an interface influences greatly the optical properties of a multilay-
ered structure [18]. Its quantitative measure is very important for assessing the quality
of such a structure. Too much roughness implies a large amount of scattered light which
is no longer available for transmission, reflection or absorption. This can be seen on an
unpolished surface where the interface becomes opaque because of the roughness of the

surface. This opacity is due to the large amount of scattered light but also to the phase

34
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(1]

change of the reflected or transmitted light. In its turn, the phase change is induced by
the passage of the light through this uneven surface. In this chapter we model statisti-
cally, in one dimension, the effects of an uneven surface on the phase of a monochromatic
wave. This phase change leads to the interference between the light interacting with the
different parts of the surface which in turn changes its reflection and transmission.

Another application of the LTR formalism is the easy calculation of the continuous
refractive index variation in multilayered structures (for a similar study see [19]). This
variation can be achieved by induced partial disorder through annealing. In this case
two adjacent layers interdiffuse implying a gradual change of refractive index between
the two layers. In order to treat this continuous refractive index variation we use the
multiplication operator discussed in the preceding chapter.

In the third part of this chapter we study the effects of a high intensity monochro-
matic wave on a multilayered structure [20,21]. By high intensity we mean the intensity
needed to induce a change in the refractive index of the material. The problem in
modelling such an interaction arises from the change of intensity during the light prop-
agation through the structure. Thus, as it propagates it will change the refractive index
by different amounts and consequently more or less light propagates. This effect couples
the reflection and transmission coefficients to the light intensity and vice-versa. In a
multilayered structure the major problem has its source in the multiple reflections be-
tween the different layers. Thus, knowing the transmission and reflection coefficients for
the incident intensity is useless because after multiple reflections the incident intensity
might change and induce a different amount of transmission. Due to this change, the
multiple reflections have to be recalculated because of the different intensity and so on.
We solve this problem by not using specific transmission and reflection coefficients dur-
ing the calculation but by defining a dependence for each layer. This dependence is then
used to define a composition law for the dependence in the LTR frame-work. Using this
generalised composition law we can calculate, for example, the effects of combining two

non-linear elements to determine a new intensity dependence for the combined element.

3.2 Roughness effects

This section starts with the theoretical treatment of the surface roughness as a statistical

distribution of the depth of the interface. To simplify the calculations we take this
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distribution to be a normalised Gaussian function centred on the mean position of the
interface. The width of the Gaussian corresponds to the measure of the roughness. At
the same time this uneven interface induces different optical path lengths to a perfect
monochromatic wave transmitted or reflected by it. Knowing the roughness distribution
we are then able to calculate the distribution of the phase and amplitude after such
an interaction. When this beam interacts with a second rough surface its phase and
amplitude distributions change again. The resulting distribution turns out to be the
convolution between the phase-amplitude distribution of the wave and the distribution
characterising the second rough surface. After some mathematical treatment we are then
able to characterise the propagation through a rough monolayer including the effects
of the multiple reflections on the boundaries of the monolayer. The transmission and
reflection coefficients deduced by this method are then used to define the fundamental

LTR element for one monolayer including roughness.

3.2.1 Model

To a first approximation, the roughness is modeled by a succession of parallel planes
(see figure 3.1) which are located at different positions. The effects of the different
slopes of the planes are neglected here. The positions of the planes are characterised by
the distribution function s(¢) which corresponds to the proportion of the surface at the

position (. This distribution function is normalised

f Y S(Q)dc=1. (3.1)

—0oC

The origin of the position variable ( is chosen so that the distribution is centered. This
means that the average position of the surface is at ( = 0, that is, the first order

momentum of the distribution is

o=/ " es(Q)dc. (3.2)

The parallel planes are distributed around this mean position. The roughness is then

characterised by the width of this distribution which corresponds to the second order
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Figure 3.1: Interface roughness distribution and its effects.

momentum of s(¢)

AC? = f " s(0)dc. (3.3)

On the other hand the monochromatic wave is characterised by a complex amplitude
distribution A(¢). This distribution gives the amplitude and phase of the wave which
has travelled the distance ¢ with respect to the the centre of the distribution. For
example, a coherent and monochromatic wave corresponds in this description to an
amplitude distribution function given by the Dirac delta function Ayd(C) since the wave
is composed of only one amplitude and phase. When such a wave meets with a rough
surface it loses its coherence and consequently the amplitude distribution gets wider.
Indeed, after passing through the interface the beam is made up of different parts each
having passed through a different portion of the interface and thus having acquired
different amplitudes and phases. This process repeats itself on each passage through an
interface. We must note here that this is an empirical model and the propagation of the
wave treated in this manner is not a solution of Maxwell’s equations because it does not
take into account the light scattered off-axis.

In order to calculate the effects of the roughness on a monochromatic wave with a
general amplitude distribution we determine its effects on a normalised Dirac amplitude
distribution (coherent wave A;(¢) = 6(¢)). We start with a study of the reflection from
an interface characterised by the roughness distribution s(¢).

The amplitude of the wave reflected from the interface at the position ( is

A‘reﬂectitm (C) = TS(C)e%kC? (3.4)



CHAPTER 3. ROUGHNESS AND OTHER EFFECTS 38

where k is the wave vector of the monochromatic wave. The first coefficient r = (1 —
n)/(1 + n) corresponds to the normal reflection coefficient which is independent of the
actual position of the interface. The last two terms correspond to the ratio of the
interface at the position ¢ and to the phase change undergone by the wave when reflected
from this position. If the refractive index n is complex then the last coefficient gives the
phase and amplitude change of the reflected wave.

In the same manner, the phase distribution for the transmitted wave can be deter-

mined

Atransmissim(() =1s (C) ei(l—n)kc’ (35)

where n is the index of refraction on the other side of the interface and t = 2/(1 + n)
the transmission coefficient. The difference between the two refractive indices appears
here because we defined the phase with respect to the mean position of the interface.
When the incident wave has an initial amplitude distribution then the amplitude
distribution of the reflected wave is given by the convolution between (3.4) and the

initial amplitude distribution

Af((;) = /: Atf (Cl)Areﬂection(C - Cl)dCI

= A; % Areﬂect'ian: (36)

where * corresponds to the convolution operator. To handle the transmission, one simply
replaces Arefiection(C) by Atransmission (C)-

After several reflections and transmissions through the optical system, the final wave
is defined by a final amplitude distribution A(¢). To determine from this distribution
the received intensity, we suppose that all parts of the beam interfere in a point (i.e.

focal point of a lens). At this point, the intensity is given by

I= ’ / : AQdc| (3.7)
=40 : (3.8)

where A(v) corresponds to the Fourier transform of A(C). In the next section we use

this property to find the transmission and reflection coefficients for a rough monolayer.
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3.2.2 Application to a monolayer

In the following we apply this model to the case of a single monolayer. This gives us a
better insight into the influence of the roughness on the optical properties. Further it
will show us the usefulness of the above mentioned property namely the writing of the
measured intensity as a Fourier transformation. The results of this subsection will give
us the starting point for the generalisation of the LTR formalism to include roughness.

As already shown in the preceding chapter, in a monolayer we have multiple reflec-
tions inside the layer (see figure 2.3). The transfer function for the transmission of this
monolayer is given by the sum of convolutions of the multiple reflections between the

two interfaces
Afinat(€) = "% (Agor % Aro) + €% (Agor * Apro % Arig * Apro) + - -

where 2z corresponds to the thickness of the monolayer and 7 to its index of refraction.
The distributions Az, A4 and A, correspond to the transmission from the medium
0 to 1, from 1 to 0 and to the reflection when going from medium 1 to 0.

To evaluate this series of convolutions we use the properties of the Fourier trans-
formation which transforms a convolution into a multiplication. This is further very
convenient because the actual measurement of the resulting intensity (3.7) is defined

using the Fourier transformation. After the transformation, the transfer function reads

Afina!(v) = eﬁmzﬁtm (V)/iuo(v)
=+ 63*“31@;01 (V)/iﬂg(v)ﬁﬂo(l/);iﬂg(!/) riwe (39)
1

= "2 4,0, (v) Ao (v — :
101 () Anio )1_62*”214’2‘10(1/)

(3.10)

which is nothing but a normal geometrical series that can be easily evaluated.
If we consider the roughness to be characterised by a Gaussian distribution one can

calculate the intensity transmission coefficient

1 22
e 2a:7 3.11
Az 27 ( )

s(z) =

The width of the distribution Az gives the amount of roughness for the interface and

corresponds to the second order momentum of this distribution (root mean square). The
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Fourier transformation of this distribution is
3(v) = e 2R (3.12)

and thus the different transformed transfer functions read:

fifm (0) = ng(k/i’r) = ?‘016_2152&22, (313&)
Ar10(0) = riod(nk/m) = rige 2 KA (3.13b)
Au2(0) = to13((1 — n)k/2m) = tge~(-"K*A2/2 (3.13¢)
A1 (0) = t105((1 — n)k/2m) = tge~ (I #A*/2 (3.13d)

Considering the above definitions the intensity transmission and reflection coefficients
are:

2
(1= 2k2A 2 i
tortioe (1-n)*k*Az einzk

T= ; (3.14a)

1— T%{)e—tlnz k2Az2 elinzk

2
i 2\L2Z A L2 ;
onZK2As2 tiiticrice (1-2n+3n?)k“Az f2e2mzk

To€ 1 — r2je—n?k?As2 g2inzk

(3.14b)

Interpreting these coefficients is easy if one notes the resemblance to the transmission
and reflection coefficients in the absence of roughness. The effects of the roughness can
be seen here as a change of the internal transmission and reflection coefficients. The
amount by which these coefficients change is linked to the ratio between the optical
length of the roughness, nAz, and the wavelength of the incident wave, A = 27/k. For
example, given a roughness of 2nm in a monolayer of 1xm thickness having a refractive
index of 3 at a wavelength of 600nm, the transmission coefficient will change by 2%. For
a roughness twice as large the change is about 6%. This small example also shows the
non linearity of the response. In the case of reflectivity, the sensitivity of this method
is much greater. Under the same conditions as above, but this time at a wavelength of
570nm and for a roughness of 1nm, the change in reflectivity coefficient is 4% whereas
for a roughness of 2nm the change is 15%.

An important characteristic of a monolayer is its finesse, . This can be defined by
calculating the transmission coefficient as the thickness of the monolayer is increased.

One then observes selective transmission of the monochromatic light when the thickness
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Figure 3.2: Transmission coefficient as function of the monolayer thickness for different
roughness.

of the monolayer leads to constructive interference of the wave (see figure 3.2). The
finesse is defined as the ratio between the separation of the fringes and their half-width.

From the definition of the transmission (3.14a) we can determine the finesse

£ T
"~ 2sinh(k2A22(1 4 n2) + In(r))’

(3.15)

where 7 = |rg;| is the reflectivity coefficient. The expression for the finesse simplifies
to the normal definition when there is no roughness, that is F =nr/(1 — r?). In figure
3.2 we also remark that increasing the roughness of the monolayer decreases the finesse.
This relation links the finesse coefficient not only to the optical properties of a monolayer
but also to its optical quality.

Finally, we remark that the equations (3.14) giving the intensity and transmission
coefficients are not conserving the energy of the field. Indeed, in presence of roughness
their sum is not unity. This is due to the treatment of the problem in one dimension,
neglecting the diffraction of the wave in other directions at the edges of the roughness
steps. Our model is a first order approximation which takes into account only the
directionality non-scattered light. The directional scattered light makes up the intensity

lost due to the roughness.
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3.2.3 The roughness in the LTR formalism

The LTR formalism is based on the combination law acting on two LTR elements. In
the case of the roughness we introduce a statistical distribution of these elements, that
is, they depend on the optical path length. In order to include the roughness effects in
the LTR calculations we have to deduce the combination law for two LTR elements

that each have a different distribution. Let us consider two layers defined by

Li(¢1) Ly(C2)
Ti(¢1) and To(G) | - (3.16)
R(G1) Ry(C2)

The combination law for the left reflection in its expanded form reads
L) =L +Ti*LoxTy + Ty xLox Ry % Lo* Ty + -+ . (3.17)
This expression can be simplified when using the Fourier transformation

Lv)=L(v) + (3.18)

Tf)’ (V)flz(V)
1 — Ry (v)La(v)
In the same manner one can deduce the transmission and the second reflection coeffi-
cient. Consequently in the LTR formalism the combination law including a roughness

distribution is

L(v) Ly(v) Ly(v)
Tw) | =] i) |®| Ta@) |- (3.19)
}%(U) Rl (D‘) R2 (V)

The second step necessary to include the interface roughness effects in the LTR
calculations is to define the roughness in this formalism. One can use the transmission
and reflection coefficients calculated in the preceding section in the case of a rough
monolayer. This approach has the disadvantage that when two such rough monolayers
are combined by the LTR method the roughness between them is taken into account
twice. Indeed, each layer has at its common interface a roughness variation independent

of the other layer. These two roughness are not correlated. This implies that the
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straight forward method of combining two rough monolayers leads automatically to
considering small vacuum layers of random thickness between the two layers which
implies an overestimation of the roughness effects.

To avoid the above mentioned problem, we introduce a new LTR element which
corresponds to a “rough” element. This element placed between two adjacent perfect
layers takes into account their common roughness. It is formed by the materials of the
two layers separated by an internal rough interface (see figure 3.3) with no vacuum layer
between them. In a first approximation the interface is represented as an ensemble of
parallel steps, neglecting the effects of different step slopes as already defined for the
case of the monolayer treated above. The depth of the steps are statistically distributed
with a distribution function s(¢). This distribution is normalised and its mean value,
which corresponds to the position of the ideally flat interface, is chosen for the origin of
the (-axis. The standard deviation of s(() is a measure of the roughness.

Using the combination law described in equation (3.19) together with a Gaussian in-
terface distribution (3.11) and a monochromatic incident wave, the rough LTR element

can be written

—2n2k2Az?

To1 T12€ T20
. o] 212 2
Arough = | Vit | @ | Viatae mm) EAs2 | Voatao (3.20)
90212 A L2
T10 To1€ 2nsk Az To2

where the subscripts 1 and 2 stand for the two adjacent media split by the rough
interface. Further, for the sake of simplicity, we have written this rough element as
the combination of three elements. We remark here also that the LTR element has no
width as it begins and ends at the same place. This property makes the insertion of the

rough element between any two layers possible.
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3.3 Continuous refractive index variation

In this section we apply the LTR formalism to continuous refractive index variations.
This case is a generalisation of the multilayered structures which treats only the case
of constant refractive index with a discontinuity at the interface between two layers.
The continuous refractive index variation consists in the dependence of the refractive
index with depth in a layer. This is obtained by many growth techniques or post growth
treatments.

In order to treat the refractive index variation we define by “quadrature” a LTR
integral. This integral is based on the LTR composition law and on the multiplication
operator. With its help one can formally calculate the LTR of a layer with refractive
index variations. This LTR integration is then used in the case of a linearly varying
refractive index where the result is graphically compared to the direct analytical solution

of Maxwell’s equations.

3.3.1 The LTR integral

In the case of the combination of NV layers (see figure 2.2) we can introduce a combination

operator which combines all the layers

L L, ol Ly
Bl |=|nl|e|n|e.eo | (3.21)
=L R R, R» Ry

We then use this notation to define the LTR integral

lim AzL(n(z + jAZ)) = ‘%‘ZI dzL(n(z)) (3.22)

Az—0

J

where £(n) is the LTR element for a monolayer of unit thickness as defined by equation
(2.16) and N = (z; — z)/Az. The refractive index is given by the function n(z). This
integral gives the transmission and reflection coefficients for a layer whose refractive
index is changing with depth. In order to calculate this integral the layer is decomposed

into thin layers each having a constant refractive index (see figure 3.4). These layers are



CHAPTER 3. ROUGHNESS AND OTHER EFFECTS 45

Index (n)

Depth (z)

Figure 3.4: Decomposition of a linear varying index into small layers of constant refrac-
tive index.

then combined using the combination operator (3.21). In the following application we
show that as the thickness of the thin layers decreases, this integral operator gives the

same results as the analytical solution of Maxwell’s equations.

3.3.2 Application to a linear refractive index change

We can apply the integral defined above to the case of a layer with linear refractive index
change. The transmission and reflection coefficients of such a layer can be deduced by

considering the solution of Maxwell’s equation

OE(z,t) (ng+m2)20°E(z,t)
922 c? oz O (3:23)

where ng is the starting index of refraction and n, is the rate of change of the refractive

index of the layer with depth. The solution of this equation is

4 2
E(Z,t) =g+ n12 (CIIIM (’M.‘J (no T nlz) )

2nic
L 2
SOy (W (o +117) )) gt (3.24)

2n,c
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Figure 3.5: Transmission and reflection coefficients for a layer with a linear varying index
(see figure 3.4) as a function of the layer thickness. The continuous line corresponds to
the exact solution of Maxwell’s equation and the dots to the LTR method.

where I, /4(2) and K,/4(2) are the modified Bessel functions of the first and second kind.
The integration constants C; and C; correspond to the two waves travelling in opposite
directions and can be determined by considering the continuity relations (2.6) of the field
at the layer interface. The fields outside the layer can then be decomposed into incident,
transmitted and reflected parts defining the transmission and reflection coefficients.
On the other hand one can treat the problem of a layer with continuously varying
refractive index by using the integral formalism already introduced. This formalism

leads directly to the transmission and reflection coefficients

% dzL(ng +mz) = (3.25)

= I I

In figure 3.5 we have represented the transmission and reflection coefficients for a
layer with a constant refractive index gradient as a function of its thickness. These
coefficients are calculated using the two methods described above, that is, the exact
solution of Maxwell’s equations and the LTR integral. One notes the good agreement.

Beyond the graphical verification of the LTR integral it is possible to show the con-
vergence of equation (3.22) towards the exact solution but this is beyond the scope of

this work. A possible procedure to show this convergence could use the LTR formalism
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Figure 3.6: Field definitions when combining two intensity dependent LTR elements.

to define the exact solutions to Maxwell’s equation for a step-function refractive index.
One can show that as the step-function tends towards the continuously varying refrac-
tive index function, the solution defined by the LTR method tends towards the exact

solution.

3.4 Intensity dependent propagation in multilayered

structures

When the index of refraction depends on light intensity the simple LTR method does
not work directly. The normal LTR method is built on the assumption that the system
is linear with respect to the incident fields. If the refractive index depends on the inten-
sity, the reflection and transmission coefficients depend also on the incident intensity.
This has no further consequence in the case of a single layer if the dependence of the
coefficients is known. The problem arises when one combines two or more intensity
dependent LTR. elements. Indeed, one has to know in this case the intensity of the
fields between the layers (see figure 3.6).

The composition law can then be written

Ly(Ey, Ey) Ly(Es, Es) L'(E,, Ey, E,, Es)
T\(Eop, E\) | © | Ta(Ea, Es) | = | T'(Eo, Er, Es E3) | (3.26)
RI(E():El) R2(E2:E3) R’(EU:EI-; E2:E3)
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where Fy, E,, E> and E3 are the fields incident on the two layers. On the other hand
the inter-layer field can be calculated with the help of the LTR. coefficients of each of
the layers

B = T\(Ey, E\)Ly(Es, E3)Ey + To(E», E3)E;
1 — Ly(Es, E3)Ry(Ey, E)

E, = Ti(Ey, E1)Ey + T,(E,, E3) Ry (E,, EL)E3_
1 — Ly(FE,, E3)Ry(FEy, E\)

; (3.27a)

(3.27b)

This system of equations links the four incident fields. Solving leads to two solutions
E\(Ey, E3) and Ey(Ey, E3). Substituting these solutions into equation (3.26) gives the
final LTR coefficients depending only on the external incident fields

Ly (E,, E)) Ly(Es, Es3) L(Ey, Es)
Ti(Eo, E1) | © | Ta(Ez, Es) | =| T(Eo,Es) |- (3.28)
Ry (Ey, E) Ry(E,, E3) R(Ey, E3)

Thus the number of parameters does not increase as one combines more and more
nonlinear LTR elements. At each combination one can eliminate the internal fields by
the use of the equations (3.27). This combination law is again self-consistent as its result
has the same form as the individual elements of the combination.

The difficulty of this method consists of finding the solution of (3.27). Indeed, this
system of equations is nonlinear and there is no general method for finding solutions.
An analytical solution can only be found in special cases for nonlinear LTR elements.
In the following we show a practical method which can be used to solve this problem.

As for the LTR method itself, the solution of this problem has a physical meaning.
Indeed the principal idea is to increase the amplitude of the incident field slowly thus
going gradually from the linear state to the non-linear state. This approach is based on
a knowledge of the linear response of the multilayered structure. This can be calculated
by the normal LTR method. We then use the internal fields found in the linear case to
deduce the LTR elements for the same incident intensity. This step is repeated until
the LTR element converge. This self-consistent method ensures the correct result in the
case of bistability where a small change in the incident intensity induces a jump in the

transmission coefficient. We use this self-consistent LTR elements to start the whole
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process with a slightly higher incident intensity. We can thus increase the intensity to
the desired level step by step.

Practically, the effects of the slow increase of the incident power can be expressed
with the help of a sequence of LTR combinations. We consider here an increasing

sequence, E,,, of incident fields

5 P L=l
for &y s | T |@| It | @8 | T |, (3.29)
R;n—l Rgm—l R:‘n—l

where the LTR coefficients for the E,, input field are calculated with the interlayer fields
resulting from the F,,_; input field. The sequence E,, can be an algebraic sequence
or one could change the step size of the sequence depending on how rapid the LTR
coeflicients are varying with E. The first element of this sequence is given by the linear

LTR coefficients

0 | =1 “B0,0) |- (3.30)
R} R(0,0)

In figure 3.7 we are comparing the solution of the nonlinear Maxwell equation with
the solution defined by the nonlinear LTR method. The Maxwell equation in this case

reads

PE(z,t) (ni+ng|E(2,1)?)20%E(2,t) _
922 c? o (3:31)

and for the LTR method we use L(n; + ny(|E1|* + |E»|?)) as defined by equation
(2.16). This figure shows that the two methods give the same resulting transmission
and reflection field as a function of input intensity. We remark here that in order to find
the solution of the nonlinear Maxwell equation one has to use a backwards calculation
method, that is, to presume that the output field is known. This is not the case for the
LTR method where one gets directly the transmission and reflection coefficients for a

given input intensity.
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Figure 3.7: Transmission and reflection coefficients as a function of the incident power
calculated by the two methods. The continuous line corresponds to the solution to
Maxwell’s equations and the dots to the LTR method.

3.5 Summary

In this chapter we have generalised the LTR method to be able to treat three other
cases. We started by considering the effects of the roughness on the optical properties of
a monolayer. In this case the transmission and reflection coefficients must be generalised
to distributions which take into account the roughness distribution. Their effect can be
described by the convolution of their distribution with the phase-amplitude distribution
of the wave. By using the properties of the Fourier transformation one can evaluate
this convolution while taking into account the multiple reflections inside the monolayer.
The resulting distribution gives the final phase-amplitude distribution of the wave after
the interaction. The experimental measure of the intensity integrates the interference
of all parts of the wave. We can define an LTR element which models the roughness
when combined between two successive perfect layers. This rough LTR element takes
the correlated roughness at the interface of the two layers into account. Once this
rough element is introduced, one can build more complex multilayered structures having
roughness at internal as well external interfaces.

The second application of the LTR method treated the case of a continuously varying
refractive index. Compared to the multilayered structures composed of layers with

constant refractive index, the continuously varying case corresponds to a refractive index
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which varies with depth. Its treatment consists of introducing an LTR. integral which
can be evaluated by quadrature. Effectively, this integral considers the refractive index
variation as a succession of infinitesimal thin layers of constant refractive index. As the
thickness of these layers tends toward zero, the integral defined by quadrature converges
towards the solution of Maxwell’s equations with varying refractive index as a function
of depth. We showed this graphically in the case of a linear refractive index variation.

Finally, the LTR. formalism was generalised to include the change of refractive index
with the intensity of the monochromatic wave. In this case we have to introduce the
dependence of the LTR. elements on the two incident fields (from the right and from
the left). When combining two or more of such intensity dependent LTR elements,
one has to know the internal fields “trapped” between the layers. The next step was
to consider a slow variation of the intensity of the incident wave thus passing from the
linear to the non-linear case and stopping at the desired intensity. In the linear case,
we could calculate the internal fields as the LTR elements are not actually intensity
dependent in this case. Knowing these fields, we use them to calculate LTR. elements
for the next higher incident intensity. In this way, we can reach the desired intensity
step by step. Physically, this method corresponds to slowly turning up the power. We
showed graphically that the solution found by this method gives the same result as the
solution to the nonlinear Maxwell equation.

With these three examples of generalisation of the LTR method we have shown the
versatility of our formalism and the ease with which one can apply it to very different

cases.



Chapter 4

LTR formalism for waveguides and

photonic structures

4.1 Introduction

In this chapter we generalise the LTR formalism in order to treat wave propagation in
more complex situations. Originally the LTR approach treats the case of plane waves
propagating through plane multi-layered structures. These plane waves are solutions
of Maxwell’s equations in homogeneous and isotropic media. In this case, the LTR
formalism links through the transmission and reflection coefficients these solutions at
the interface between two such media.

Without changing anything in the LTR formalism we can generalise it by considering
other solutions of Maxwell’s equations. This is the case of plane waveguides. In a
waveguide mode the field outside the guide is described by an evanescent wave and not
by a plane wave of constant amplitude [22]. The LTR method gives the coefficients
linking these evanescent waves and the plane waves inside the waveguide. A particular
solution corresponding to a waveguide mode is achieved when the divergent evanescent
field has zero amplitude. Another possible generalisation is based on the change of
the considered solutions to cylindrical waves. This is the case for cylindrical symmetry
waveguides such as optical fibres.

In the case of periodic structures we can distinguish between the one dimensional
case [23] and the two [24,25] and three dimensional cases [26-28]. The one dimensional

case can be treated by the normal LTR formalism. We use this case to show some of the
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features present in periodic structures. The generalisation to two and three dimensional
periodic structures leads to the consideration of more complex solutions of Maxwell’s
equations (i.e. more than one plane wave corresponding to the different diffraction
orders). The “link” at an interface between two such solutions can no longer be described
by simple transmission and reflection coefficients. We have to use matrices in order to
ensure the continuity of the solutions at the interface. These matrices link two families
of solutions on either side of the interface. We can continue using the LTR formalism
after generalising it by changing the transmission and reflection scalar coefficients to
matrices. Special care must then be taken because of the non-commutativity of the

matrix multiplication.

4.2 Waveguides

We can generalise the LTR method to treat the case of plane waveguides. Our approach
is based on classical methods for calculating the waveguide modes [22,29]. In order to
take these modes into account we must consider a different solution of Maxwell’s wave
equation (2.2). Contrary to the plane waves (2.4) this solution has to depend on more

then one spatial coordinate. The general solution has the form
U(z,y, 2,t) = Uy exp(i(wt — kF) + @7), (4.1)

where 7 is the position vector and the vector pair k and & are the real and imaginary
part of the wave vector. In order for this function to be a solution of the wave equation,

the wave vector must comply with the following dispersion relations

n2w?

2

—k*+a? =0, (4.2)

=

&=0. (4.3)

C

In the following we consider a specific case of this dispersion relation i.e. the real part
k of the wave vector is parallel to the waveguide and the imaginary part @ is perpendic-
ular to it (see figure 4.1). In this case, the second dispersion relation is automatically

fulfilled.
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Figure 4.1: The waveguide configuration.

As for travelling waves we can define the reflection and transmission coefficients

connecting the solutions on either side of the interface

Ui(z,y,2,t) = Uy exp(i(wt — ky) + az), (4.4a)
Ui(z,y, z,t) = t12Up exp(i(wt — ky) + anz), (4.4b)
Ur(z,y, 2,t) = 112Up exp(i(wt — ky) — ax), (4.4¢)

where ay is so chosen that the dispersion relation is fulfilled in the second medium
having the refractive index ny. In order to satisfy the continuity condition w and k
must be the same on both sides of the interface. We remark here that a, can also be
purely imaginary without affecting the form of the solutions. This can be the case when
nng kz
eE < "

Further, the continuity condition implies the following transmission and reflection

coefficients

X — Q9 =
tig = 4.5a
12 g’ (0)

2«
Tio = ; 4.5b
0= e (4.5b)

We can now define the LTR element corresponding to a layer of thickness Ax

1_2

L TL Tl_pzrz
. _ _ (1—1‘2
£wg - T - t - p“_p ) 3 (46)
R TR 7‘11—_%35

—pr
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with
— —02
" afe . (4.7)

p = exp(apAz)

Having obtained the definition of the LTR for one layer we can calculate the general
transmission and reflection coefficients for any composite waveguide. In order to ascer-
tain whether the structure is waveguiding or not we must define a waveguide condition.
This condition is the same as the totally absorbing condition described in the preced-
ing chapter i.e. T2 — LR = 0. This implies that there is no wave emerging from the
waveguide. In our definitions of the solution these emerging waves diverge at infinity.
The remaining incoming waves correspond to the evanescent waves on either side of the
waveguide. Further, we remark that all of the above treatment can be generalised to
the case where the vectors k and « are not in this specific configuration.

Practicaly speaking, in order to find the guided modes in such a multilayered struc-
ture one starts with the dispersion relation (4.2). Knowing the pulsation frequency w
and choosing the exponential decay coefficient « one can determine the wave vector k.
As the frequency and the wave vector must be the same inside and outside the structure
one can use the dispersion relation inside each layer with the corresponding index of
refraction to calculate the internal exponential coefficient a,. This coefficient can also
be imaginary in which case we have a stationary wave inside the layer. Once the coeffi-
cients o and «s are known one can calculate the transmission and reflection coefficient
for each interface. Using these coefficients in (4.6) one can define the LTR element for
one layer. The whole structure can then be calculated using the addition and multipli-
cation algebra. Finally, this structure is wave guiding at this frequency and wavelength
if the total LTR elements fulfils the total absorbsion condition 7% — LR = 0. In order

to find all guiding modes of a fibre one has to scan the exponential decay coefficient c.

4.3 Photonic bandstructures in one dimension

Another application of the LTR formalism is the study of periodic multilayered struc-
tures. These kinds of structures are very useful for the control of the propagation of
optical beams [30,31]. A good example is the Distributed Bragg Reflectors (DBR) used

as high reflectance mirrors. These mirrors are usually fabricated out of non-absorbing
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dielectric films. One can engineer a periodic structure made of such films so that it is
highly reflective at a given wavelength. This reflection is only due to the constructive
and destructive interference of the multiple reflections from the different interfaces of
the periodic structures. The origin of this high reflection explains also its dependence
with respect to the wavelength.

In this section we will use the already introduced LTR multiplication operator in
order to show the different properties of the periodic multilayered structures such as
DBRs. Our first step consists in redefining the operator in a form more suitable for this
study.

In order to find an analytical form of the multiplication operator we have used the
LTR elements of a monolayer as a starting point. Applied to a monolayer the mul-
tiplication operator should only give the LTR element of the same monolayer having
a different thickness. The new thickness of the layer is given by the original thickness
multiplied by the multiplication factor. This corresponds to the change of the propa-
gation length of the layer by this factor without changing the interface transmission or
reflection. This can be observed in the LTR formalism when the LTR element of one

monolayer (2.16) is expressed in a different form

¥ 0 —F
L(n,k,z) = 1I=r2) |@®]| p |® 1-7r2) |, (4.8)
—r 0 T

where 7 and p are defined by (2.17). We can now distinguish the different parts compris-
ing the LTR element for one monolayer. The left and right elements in (4.8) stand for
the transmission and reflection coefficients at the interface of the monolayer. The middle
part corresponds to the propagation through the monolayer. Applying the multiplica-
tion operator to equation (4.8) is equivalent to changing the power of the propagation

coefficient p.
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Using the decomposed definition of the LTR element for a monolayer we can define

a decomposed operator for the multiplication

L ac 0 —ac
w7 |=| vice |e| v |o| viz® (4.9)
R —afc 0 a/c

where the factors a, b and ¢ are defined by the equations (2.42). As for the decomposed
monolayer operator we notice here two distinct elements: the free propagation through
the medium described by the middle term (0,5",0) and the interface effects described
by the outer elements.

In the following we discuss the properties implied by the propagation term. This
is equivalent to treating an infinite periodic structure where the interfaces are at in-
finity and have no effect on the propagation through the structure. One can interpret
the properties of this propagation without the interfaces as the bulk properties of the
structure.

There are several possibilities for the propagation coefficient b. This complex number
can have an absolute value smaller than, greater than or equal to one. The first two
cases correspond to an exponentially increasing or decreasing wave. These solutions
are divergent in the case of a perfect periodic structure. In the presence of a local
breakdown of the periodicity this solution can represent a non-diverging solution, as we
will see below.

In the case where the modulus of the propagation factor is unity the only useful
information is conveyed by its phase. This phase is equivalent to the phase acquired by
the wave while propagating through one period of the structure. Simple multiplication
by n gives the phase of the wave after n periods.

In order to study the different possibilities of the propagation factor b in more detail

we can rewrite it in the following form

where ¢ = (1 — RL+T%)/2T. Here we consider only non absorbing refractive indices. In

this case the coefficient ¢ is real. Indeed, for real refractive indices we have the following
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- imaginary phase
- real phase

Figure 4.2: Periodic structure constructed with layers of different refractive indices.
Real and imaginary phase of the wave while propagating over one period.

relation
1= |S['“"a — LR| = |T2| + |R2| = [T2| -+ |L2f. (4.11)

This implies directly the following properties for the transmission and reflection coeffi-

cients

T = i|T|e'e+h), (4.12a)
R = |R|e*, (4.12D)
L = |R|e®. (4.12c)

Using these relations we can show that the coefficient ¢ must be a real number. We

then have the following three cases:

g>1 then b>1,
g=1 then b=1, (4.13)
g<1 then [b=1.

The first case corresponds to the divergent solutions of the wave equation whereas the
last two cases give periodic solutions. In the more general case of complex refractive
indices we have complex coefficients implying a complex propagation coefficient. The
divergent solution, for example, is then defined by an exponentially growing solution

having a changing phase at the same time.
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To illustrate this, let us consider a periodic succession of two layers of different refrac-
tive indices in the absence of absorption. In figure 4.2 we represented such a structure
where we judiciously choose the basic period so that the LTR for one period is sym-
metric. This does not influence the bulk propagation coefficient but does influence the
interface LTR element (¢ = 1 in this case). In this configuration one can easily calculate
the propagation coefficient and its phase. Figure 4.2 shows the phase introduced while
propagating over one period as a function of the wave vector of the pulse.

One observes in figure 4.2 the succession of regions where the introduced phase
is real and where it is imaginary. The latter correspond to the divergent solutions.
The imaginary phase gives the characteristic exponential coefficient with which the
solution increases or decreases. These domains are the so called band gaps. Light cannot
propagate through the structure at this wavelength. The domain in which the phase
is real corresponds to the cases where light can propagate through the structure. The
phase change over one period corresponds to the associated wave vector in the structure.
Therefore, figure 4.2 gives the photonic band structure of the periodic multilayers. From
the study of this structure one can introduce the effective index (equivalent to the
effective mass in the electronic band structures) and the group velocity. It is also
possible to define a k - p approach [32].

In the case of absorbing media the phase over one period is no longer either real
or imaginary but has a complex value. Its real part gives the phase change over one
period, and the imaginary part its decrease or increase (there are always two solutions;
one increasing and one decreasing). These solutions can be seen as damped oscillations.

When composing two different periodic structures one has to include in the compo-
sition the interface LTR. elements. Further, depending on the frequency of the light,
one can be led to consider the divergent solutions. For example, one can have localised
solutions when considering a structure having n periods embedded in another periodic
structure. If for a given wavelength the interior structure allows propagating solutions
whereas the exterior structure has a forbidden gap at this wavelength then we can have
a localised solution [33,34]|. These solutions have an exponential decay in the exterior

structure (evanescent wave) and would correspond to a waveguide mode of the structure.
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4.4 Photonic bandstructures in 2 and 3 dimensions

4.4.1 Propagation in periodic structures

In order to treat more than one spatial dimension we have to take into account the
transverse direction in the complete Maxwell wave equation. As a first step we consider
only one transverse direction

o’U " U n(z,2)* 8°U
0x?2 = 022 cz o2

=0 (4.14)

where z is the principal propagation direction and z the transverse direction. We remark
here that the refractive index depends on the transverse direction. In this section we
study the effects of periodic structures. In the case of two spatial dimensions we take

into account the transverse periodicity of the structure
(11? + Ay, ) = ﬂ'(x: 3)2 (415)

where A, is the period in the transverse direction. Further we search sinusoidal oscil-

lating fields of the form
Ul(z, z,t) = u(z, z)e*". (4.16)
Inserting this function in equation (4.14) we can obtain a differential equation for

the amplitude u(z, z)

Pu  %u  n(z,2)?w?

=), 4.1
ox? T 022 c? =1 (4.17)

To simplify this differential equation further we can take advantage of the periodicity in
the transverse direction of the refractive index. This can be done by taking the Fourier
transform of the equation in this direction

. Pu(ks, 2) '
—k2u(kg, 2) + 3 +ZN w(k, — jk',2) =0 (4.18)

where k, and k' = 27w /A, are the wave vectors of the field and of the periodic refractive

n(z, z} w?

index. The sequence N;(z) corresponds to the coefficients of the Fourier series of
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and the summation corresponds to the convolution between this series and the Fourier
transform of the amplitude. This convolution couples the different Fourier components
of the amplitude. More precisely the Fourier component with a wave vector k, is linked
through this differential equation to the Fourier components having the wave vectors
k: — jk' where j is an integer. We see here that we have to take into account only the
starting wave vectors k, lying between —k’/2 and +k’/2. All other wavevectors can be
defined in this domain by adding or substracting multiples of &’.

Further, for every starting wave vector k, we can introduce a Fourier series defined
by u;(2z) = u(k, — jk', z). The propagation equation can then be written

0?u;(2)
022

+Traik(z)mkj(z)uj(z) =0 (419)

where the matrix m(z)my;(z) = N;(2)—0;;(kz—jk')?. Here we have used the convention
of the summation over the repeating subscript. This gives us a system of differential
equations which is a generalisation of the scalar equation valid for one spatial dimension.

One can also use an alternative approach to the Fourier transformation in order
to take into account the periodicity in the transverse direction. This can be done by
decomposing the amplitude in the transverse direction into the one-dimensional eigen
solutions in this direction. These solutions form a base and can be found by using
the one-dimensional periodic multilayer approach. The matrix equation has the same
form in this alternative decomposition except that the matrix m;;(z) can have a simpler
form. The results expressed in the two bases are equivalent and there is always a
transformation between the different representations. In the following we will use the
Fourier space representation.

This method can be generalised to the three dimensional case by taking into account
the Fourier series terms in the two transverse directions. The amplitude of the field is
then described by two series having two indices. The convolution thus corresponds to a

summation over the two indices of the two dimensional series.

4.4.2 Matrix LTR

The first step in the study of the propagation through this three dimensional medium is
to find the solution of equation (4.19) when the matrix m;;(z) is constant with respect to

z. Once the solution is established we can determine the effects of an interface between
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two regions of constant m;;. This will give us the transmitted and reflected solution at a
discontinuity between two different media. We can then implement the LTR formalism
step by step and this can then be used to find the optical response of more complicated
structures.

Equation (4.19) is a first order differential equation which can be solved in an ana-
lytical manner by using the exponential function of matrices. Indeed, in the case of a

constant m;; we have
ui(z) = exp(imy;z)ul ™ + exp(—im;;z)ug (4.20)

where uJ* and )~ correspond to the initial conditions. We recognise here the two
solutions propagating in the two directions. At the interface we have two such solutions

with different propagation matrices m;;

1% medium : exp(imka)u? + T; exp(—im;2)u) (4.21a)

2°! medium :  ty; exp(—imj;z)uy (4.21b)

where m; is the propagation matrix in the second medium. The matrices ri; and
are the reflection and transmission matrices.

The continuity equations give us the relations between the transmitted and reflect-
ed waves. Placing the interface at z = 0 simplifies the equations and the continuity

equations lead to

Oki + Tki = ti, (4.22a)

Miki — ThiMyji = LrgTMy;. (4.22b)

The first equation corresponds to the field continuity whereas the second equation cor-
responds to the derivatives continuity. Solving this system of equations gives the two

matrices

Ty = (M — mi) (M +mi;) ™, (4.232)
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The determinant of the matrix (m;; + m};) must be non-zero for the reflection and
transmission matrices to exist.

This matrix approach of the propagation through periodic media can be used as a
starting point for the definition of a three dimensional LTR formalism. This generalised
formalism is very similar to the one dimensional case except that one has to take special
care of the different operations permitted as the matrices are generally not commutating.
This implies the introduction of two transmission matrices, that is one from the left and
one from the right.

The advantage of the LTR formalism for three dimensional photonic structures is
that it gives the possibility of introducing concepts from plane multilayer systems. The
roughness for example can be used to simulate the uneven boundary of a photonic
crystal. One can also introduce an effective index of refraction variation. This would

model the lattice displacements in the photonic crystal.

4.5 Summary

In this chapter we have shown two interesting generalisations of the LTR formalism
to different optical structures. We started with the treatment of plane waveguides.
By using the definition of general evanescent waves we determined their transmission
and reflection coefficients and thus the LTR. element for one layer of the waveguide.
The normal addition and multiplication operator can then be used with such layers to
give a total LTR element. If the LTR element of the waveguide structure fulfils the
totally absorbing condition for one particular wavelength than it is waveguiding for this
wavelength.

Further, in this chapter we treated the case of periodic structures in one, two and
three spatial dimensions. In one dimension we could define the conditions in which
a wave can propagate through the structure. This is made possible by rewriting the
multiplication operator and splitting it into two parts: the surface or interface and
the propagation part. Using the latter we could determine the phase added to the
propagating wave when travelling one period of the structure. The plot of this phase as
a function of wave vector gives the optical band structure. When this phase is imaginary
we have an evanescent wave which can only exist at the interface. This property can be

used when combining two or more periodic structures.
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Finally we showed how to generalise the LTR formalism in order to treat periodic
structures in two or three dimensions. This generalisation is based on the decomposition
of the solution into propagating modes. When a wave is incident onto such a periodic
structure there is more than one transmission and reflection coefficient. Each of the
transmission and reflection coefficients shows the amount the wave is “reflected and
transmitted” (generally speaking diffracted) in the different modes. As the incident wave
can itself be composed into more than one mode, it is necessary to introduce transmission
and reflection matrices which show the coupling between them while interacting with
the periodic structure. These matrices could be used to define a new kind of LTR
elements. In the same way as for the multilayered structures one can introduce addition

and multiplication operators for these elements. This will be treated in future work.



Chapter 5

Applications: LTR formalism

5.1 Introduction

In this chapter, we apply the LTR formalism to three practical cases. In each of them
we concentrate on the effects of interface roughness. We begin by treating the effects of
the roughness of one interface, followed by a study of the interaction of the roughness
of the two interfaces of a monolayer. We finish by treating the cumulative effects of a
distributed roughness in a periodic structure.

In the first case, we analyse the effects of the roughness in a Light Emitting Diode
(LED). The roughness is assumed to be situated at the interface between the top electric
contact and the actual LED device. Further, we change the LTR formalism in order to
take into account the emission of light from inside the device (active region of the LED).
Another interesting study in the case of an LED is the angular dependence of the light
emission. We therefore generalise the LTR formalism to include the angle of incidence
of the incoming or emitted electromagnetic wave. The roughness effects are then studied
either in the emission spectrum or in the angular dependence of the emission at a given
wavelength.

In the second section of this chapter, we treat the effects of the roughness of a thin
layer of zinc cadmium telluride. This example is interesting because using this sample
we can compare two different methods of measuring the surface roughness. One is the
determination of the roughness by optical means where we measure the transmission

spectrum of the sample. Knowing the thickness and refractive index of the sample
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we could fit the spectrum by varying the roughness. The second method is the direct
measurement of the roughness by Atomic Force Microscopy (AFM).

Finally, we study the roughness effects introduced in selectively oxidised multilay-
ered semiconductor structures. The samples studied are GaAs/AlGaAs multiple quan-
tum wells containing oxidised AlGaAs as barrier layers around each quantum well. The
incentive for this study was to determine the roughness introduced by the oxidation
process which is important for the operation of VCSEL and other optoelectronic de-
vices. Another aspect of this study is the utilisation of the multiplication operator in

combination with the roughness because the sample is made up of 35 identical periods.

5.2 Roughness in an LED

In the following we study the effects of roughness on the angular dependence and the
cavity mode of a Light Emitting Diode (LED) in the framework of the LTR formalism.
In order to treat the case of an LED with the LTR formalism we have to generalise it
to include the emission of the light in the active region inside the LED device. Further,
it is necessary to be able to treat the case of angled propagating light waves in the LTR
formalism.

Generally, an LED is constructed out of a highly reflecting substrate, an active layer
and a low reflection top layer (see figure 5.1). This structure ensures a directional
emission of the light. Light emitted from the active layer is transmitted by the semi-
transparent top layer and reflected back from the highly reflecting substrate. One of
the problems in LEDs is the electrical contact on the top. This contact can introduce
extra roughness in the structure and thus diminishes its performance. Once the LTR
formalism is generalised to treat the new aspects of the LED we study the effects of this
roughness on the emission of the LED.

The major difference from the normal LTR procedure is in the position of the light
source. In the case of the LED, the light source is between two multi layered structures.
In order to calculate the response of the LED to the emission of the light we need to
consider the multiple reflections between the two LTR structures. This can be done by

using the same method applied for defining the combination law for the LTR elements.
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Figure 5.1: (a) Structure of an LED and (b) its corresponding LTR structure.

The emitted field coefficients to the left and right are:

Er =T+ LoR\T5+ -+ BRI + LoRy Ry T + -+ -

_ Tg(l + Rl) =

T 1-L,R,’ (5:1)

_Ti(1+Ly) ’
ER = 1— Lle 2 (0.2)

This method takes into account the multiple reflections between the right and the left
layers in the case of normal incidence. We remark here that the maximum emission
coefficient is two in field and four in intensity. This takes into account the case where
we have total reflection on one of the sides and constructive interference on the other.

In a second step, we generalise the LTR method to include the angular dependence.
This can be done by using Snell’s law (law of refraction) linking the angle of incidence
to the angle of transmission (see figure 5.2)

sin(f;) _ mno
sin(f;) ni

(5.3)
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The origin of this relationship is the continuity equations for the vector field. In the
case of absorption, these angles are complex and a geometrical representation is more

complicated.

Figure 5.2: Refraction and reflection for a non-normal incident plane wave.

Further, we have to consider the Fresnel formulae for the parallel (denoted by sub-
script ||) and perpendicular (denoted by subscript L) components of the vector field

with respect to the plane of incidence

b= Ty cosz(;zl)c—l(isafios(ﬂt) ’ (5:4z)
b= n cos?;tl)cisézi{):os(ﬂt) i (:4h)
1= B o) 640
) e 540

Using equations (5.3) and (5.4) we can deduce the LTR element £ for a single layer for

a plane wave withi an angle of incidence, 6. For the TE wave we have

o8
Tll_pzrz
—r2 - -
.CJ_(TL, k, 2y 9) = p(E;_pz;g—) ) (FJ.O)
1—p2
r

1—p*r
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with

__ cos(0)—+/n?—sin?(6)

o cos(8)+\/n2—sin2[9) ) (5.6)

p = exp(ikzy/n? — sin?(0))

Taking a closer look at £, (n,k, z,0) we see that it is equal to L(n, k, z) as defined in
equation (2.16) with a small change. The refractive index of vacuum has been replaced
by cos(f) and the material index n by y/n? —sin?(f). In the same manner, one can
deduce the LTR coefficients for the perpendicular component of the field. In this case,
we have to replace the material index n by \/Win@ and the vacuum refractive
index by n? cos(6).

GaAs AlAs

bBR
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Figure 5.3: (a) Multi layered structure of the LED under consideration. (b) Angular
emission coefficient at 900nm in a polar representation. The Az coefficient corresponds
to the effective roughness of the Au contact as defined by equation (3.11).

Using relations (5.2) and (5.1) we can calculate the angular emission of an LED.
In figure 5.3 we show emission rates for perfect interfaces and for different levels of

roughness. In order to take into account the roughness element with an angle of incidence
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we consider the generalisation of the roughness element

To

Xrough.!.(g) = vV 1— Tg 53}

r1exp (—2(n? — sin®(0))k2Az?)
\/n?—sin?(6)—y/n3—sin?(0) *k2A22
1 —r?exp (— ( - )

—ry exp (—2(n} — sin®())k*Az?)

T2

@ | /1-—12 (5.7)

with

i . cos(&)—\/r?—sinz(ﬂ)
o cos(0)++/n? —sin?(8)
o — \/nf—sinz(ﬂ)—\/ng-sing(ﬂ)
\/ﬂ?——sinz(ﬂ)—H_fng—sing(G)
— cos{ﬂ)—\/;;-—sing(ﬂ)

Ty =
\ : cos(9)+-\/n 2 —sin?(0)

This is equivalent to the normal incidence roughness element (3.20) where all the re-

fractive indices have been replaced in the same manner as for (5.5).

Emmission intensity
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Figure 5.4: Emission spectra for different effective roughness of the metallic contact.
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Figure 5.3 shows also the limitation of the roughness model in the case of the angular
dependence of the emitted light. As remarked in the third chapter the roughness model
loses energy due to the directional scattered light which is no longer in the direction
of propagation of the plane wave. In the case of the LED, the emitted light is not a
plane wave but has an angular distribution. When the light is scattered this angular
distribution changes. This effect cannot be modelled considering only a one-dimensional
structure. Figure 5.3 shows only the part of the light which has not changed direction
while going through the rough interfaces.

Another interesting feature of an LED is the emission spectra as a function of the
roughness. This gives insight on the cavity modes and their change with the introduc-
tion of roughness. In figure 5.4 we showed that with increasing roughness the mode
corresponding to the resonance of the cavity diminishes in amplitude and broadens.
This is similar to the effects measured in high-speed resonant cavity enhanced Schottky
photodiodes [35]. It also corresponds to the results from the preceding chapter where
we showed the link between the roughness and the finesse coefficient of a Fabry-Perot

cavity.

5.3 Roughness measure for a monolayer

5.3.1 Samples

The samples studied in this section are thin layers of zinc cadmium telluride
(Zn,Cd,_.Te). This material shows large nonlinear optical properties [36,37]. Fur-
thermore, its band gap can be adjusted between 1.49¢V and 2.26eV (830nm and 550nm)
by changing the relative Zn/Cd ratio [38,39]. At the same time, varying this ratio in the
alloy allows the lattice constants to be matched to a variety of other II-VI compounds
e.g. HgCdTe and HgZnTe. It is thus a material with good potential for optoelectronic
devices.

Here we consider optical quality thin films. These can be prepared by many sophisti-
cated methods such as molecular beam epitaxy, electrodeposition, liquid phase epitaxy
etc.. The sample characterised in this section is prepared as a polycrystalline thin film in
a simple evaporation chamber, using the ternary compound as source. Its zinc telluride

content is 85% so that the final thin layer is Zng g5Cdg 15 Te. In order to characterise the
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optical quality of the samples prepared by this method we use its transmission spectra

to determine the optical roughness of the surface of the thin layer.

5.3.2 Results

The optical transmission spectra of the films are measured in the range of 550nm to
800nm using a Beckman spectrophotometer. The measured transmission spectrum (fig-
ure 5.5) show the position of the band gap and Fabry-Perot fringes in the transparent
region. It is mostly these fringes which give information about the optical properties
of the thin layer. Indeed, their absolute value and the difference between maxima and
minima can be used to determine the absorption coefficient and the roughness of the
thin layer. Further, the spectral position of the fringes is linked to the refractive index

and the thickness of the sample.
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Figure 5.5: 'Iransmission spectrum of Zng gsCdg 15Te. The dots correspond to measured
data and the continuous line to the fit.

Using the above mentioned parameters we are able to fit the transmission spectra in
figure 5.5 to a remarkable degree. Further, it is possible to compare the roughness mea-
sured by the optical method with the roughness measured by atomic force microscopy
for this same sample [40]. Measurements over a distance of 1um with the AFM indicate
a roughness of 13nm and the optical transmission measurement gives the best fit for

a value of 18nm. The overestimation of the roughness by the optical method can be
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explained by the size of the light beam on the sample which is of the order of 1mm?.
In this example we determined that we can distiguish between the roughness and ab-
sorbtion effects. Increasing the roughness diminishes the contrast of the Fabry-Perot
fringes. Whereas, increasing the absorbtion coefficient diminishes the contrast of the

fringes and the overall transmission coefficient.

5.4 Roughness measurement in multilayered struc-
tures

The interface between different materials in multilayered semiconductor structures has
received considerable attention recently. The interface roughness in such structures is an
important parameter limiting both the optical and the electrical performance of devices
[41-46]. In particular, this problem is crucial to selectively oxidised Al(Ga)As/GaAs
multilayers, which are now becoming widely used to form high reflectivity and wide-
bandgap distributed Bragg reflectors (DBRs) in vertical cavity optoelectronics devices,
such as lasers, LEDs, modulators and detectors. The scattering loss by interface rough-
ness decreases the maximum reflectivity of DBRs, thus deteriorating the device perfor-
mance.

Several authors have studied the Al(oxide) layers and the interface quality of
Al(oxide)/AlGaAs structures [46-51]. Transmission electron microscopy (TEM) has
revealed a granular structure of the Al(oxide) [47,48| and the grain size has been es-
timated to be about 8nm [48]. A porous interface between Al(oxide) and AlGaAs has
been observed [48,49] and an interface transition width of 2nm has been reported in [47].

The reflectance method used in our measurement is a simple, non-destructive and
direct way to stndy the optical properties of selectively oxidised Al(Ga)As/GaAs mul-
tilayers [46,50,51]. In this work we measure the reflectivity spectra of GaAs/AlGaAs
multiple quantum well structures with and without oxidation of the barrier layers. The
LTR method is then used for calculating the reflectivity and transmission spectra of
these multilayer optical structures. The simple statistical roughness model introduced
in the preceding chapter is used to describe the effect of interface roughness. By fitting

the experimental reflectivity spectrum using this model we have assessed the interface
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roughness of the oxidised layers, as well as the Al(oxide) parameters (refractive index

and thickness) [52-54].

5.4.1 Samples

The samples were grown by molecular beam epitaxy on (100) semi-insulating GaAs
substrates with 2° misorientation towards (110). A GaAs (400nm) buffer layer was fol-
lowed by 35 periods with each period containing an AlggsGag2As (50nm) barrier layer,
an Aly4GaggAs (7.5nm) spacer, a GaAs (7nm) quantum well and another Aly4GaggAs
(7.5nm) spacer. An AlygsGago2As (50nm) barrier layer and a GaAs (30nm) cap layer
completed the structure. Three samples were used. The first (2408uu) is as-grown. The
other two (2408e and 2408c) were patterned and etched (RIE, 36 min) to obtain 20um
strips spaced by 2um grooves (see figure 5.6). The Alj 9sGag g2As layers in sample 2408c¢
have been laterally oxidised at 398°C for 70 minutes. Scanning electron microscopy has

shown that these conditions ensure a complete oxidation of the AlygsGagg2As layers.

cap layer (30nm)  Top view of the oxidised sample

(SEM picture)

barrier (50 nm) 2um  20um

_spacer (2.5,5.0 or7.5nm
<-quantum well (7 nm)

35 periods
_A

buffer (400 nm)

Etched stripes
(RIE, 36mins)

=
GaAs  Aly GaeAs  AlggdGayoAS
or Al(oxide)

Figure 5.6: Structures of the selectively oxidised Al(Ga)As/GaAs multilayers

5.4.2 Experimental Setup

Measurement of the optical properties of materials must be corrected for spectral de-

pendencies of the light source, any optical elements and the detector sensitivity. Dark
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current and parasitic light must also be taken into account. In single beam configura-
tions this is achieved by measuring two successive spectra. To overcome the necessity
of spectral calibration and to improve the signal to noise ratio, dual beam techniques
are commonly used where the same detector samples alternately a reference beam and
a beam from the sample [55]. Using a lock-in amplifier eliminates the parasitic noise. A
simultaneous measurement of both beams by using a double frequency optical chopper
and two lock-in amplifiers achieves both corrections.

In our set-up for reflectivity measurements we used a simple technique for simultane-
ous recording of two optical beams using a single optical chopper, detector and lock-in
amplifier [56]. The new feature of our method is based on chopping the two beams with
the same frequency but with a phase shift of 7/2 or 37/2. The corresponding electrical
signals from the detector are measured as the in-phase and the quadrature signal by the

lock-in amplifier.

lamp
lens < >
U v beam
splitter
\
sample X TY ‘lens
[ > v monochromator
\ + detector
optical chopper Y

lock-in amplifier |

reference mirror

Figure 5.7: The setup used to measure simultaneously the reference and reflectivity
signal. The inset in the upper right corner shows the relative position of the beams and
the optical chopper, which corresponds to a relative phase shift of 37/2.

Figure 5.7 illustrates schematically our technique, applied to the case of reflectivity
measurements. The collimated beam from the lamp is split into two beams, which are
reflected from the sample (beam X) and from the reference mirror (beam Y'), respective-
ly. The beams are recombined and focused on the entrance slit of the monochromator,
coupled to a Si photodetector. By moving the optical chopper in a direction perpen-

dicular to the plane of rotation it is possible to tune the phase shift between the two
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beams until it becomes 7/2 or 37/2 The ratio between the X and Y outputs of the lock-
in amplifier gives the relative reflectivity of the sample with respect to the reference
irror.

The simultaneous detection of X and Y beams reduces considerably the noise com-
pared to a successive detection of the two beams. To illustrate this, we have measured
two time dependencies of the signal using the same sample (GaAs/AlGaAs multiple
quantum wells with oxidised AlAs layers) under identical conditions recording twice

8000 (X,Y) pairs at 4Hz. The light source was a tungsten lamp with a stabilised power

supply.
1200 a 12001
X
1
p P
0 -_-III||| IIIII-_- 0 1
=y .2 0.0 0.2 =0.2 0.0 0.2
relative deviation, % relative deviation, %

Figure 5.8: Normalised frequency distributions ((p) of a: X and b: X/Y1 and X/Y2.
The relative deviation is calculated with respect to the mean value.

Let X be the X signal obtained during the first run and Y1 and Y2 be the corre-
sponding signals from the first and the second run, respectively. The single recording
of X does not take into account any spectral or noise corrections. The ratio X/Y1 is
the reflectivity measured by our technique, while X/Y?2 corresponds to the case of suc-
cessive detection of the sample and the reference beams, as in a single beam set-up.
The frequency distributions of X, X/Y1 and X/Y2 around their mean values are shown
on Fig. 5.8. It may be observed that the standard deviation is the largest for X/Y2
and smallest for X/Y1. This implies that in the case of a single beam configuration
the spectral corrections introduce noise, while in our technique they decrease the noise.
This improvement is a result of the simultaneous detection of the X and Y beams.

This simple dual optical beam measurement technique with simultaneous detection of

the two beams significantly reduces the noise compared to the single beam configurations
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while having many of the advantages of using a double frequency optical chopper and two
lock-in amplifiers. Applications could be in spectral measurements such as reflectivity,
transmission and excitation spectroscopies. Further, our technique can be generalised
to a three-beam configuration in laser pump-probe experiments using a dual frequency

chopper.

5.4.3 Results

In the calculations we have used the Afromowitz model [57] for the refractive index of
GaAs and Aly,GaggAs, while for Aljg3GaggzAs the model of Fern and Onton [58] has
been applied. No excitonic effects have been considered. The reflectivity spectrum of
the as-grown sample (2408uu) is shown in Fig.5.9. A series of interference fringes is
observed with a period of 30-40nm, which increases with wavelength as expected. In
order to achieve optimal matching in the simulation we have assumed a small deviation of
the refractive indices over the whole spectral range considered. This is +1.5% for GaAs
and Aly,GaggAs and +0.3% for AlygsGaggpAs. We fix these values in the analysis of
the other samples. No roughness has been considered in this case. For multilayers with
close refractive indices such as in the GaAs/AlGaAs system, the effect of the roughness

in our model becomes noticeable for o>4-5nm.
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Figure 5.9: Measured and calculated reflectivity spectrum of the as-grown
GaAs/AlGaAs multiple quantum well sample.
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When simulating the reflectivity of a single layer with the thickness of the whole
of the structure (2600nm without the buffer layer) and a refractive index averaged in
proportion to the thicknesses of the different materials we obtain fringes which are
shifted along the Y-axis, but have the same wavelength positions. This means that
the observed fringe pattern is determined predominantly by the interference of the light
reflected from the front surface and from the last interface (Al g9sGag g2As/GaAs).

In the case of etched samples the contribution of the layers at the bottom of the
grooves has been added into the simulations in proportion to their area. Unlike the
work of MacDougal [50] we have not been able to fit the experimental curves without
considering these layers. Their effect is revealed as a modulation of the whole of the
spectrum with a period of about 100nm, which corresponds to a groove depth d,.. The
extent of the modulation depends on the roughness o of their surfaces. The reflectivity
spectrum of the etched, but non-oxidised sample (2408e) is displayed in Fig.5.10. The
fringes are at the same positions as for the as-grown sample, but their amplitudes and
the mean reflectivity value are modulated, because of the groove layers. Optimal fitting
is obtained for d,,—3335nm and o, —80nm.

The oxidation of AlGaAs layers changes their parameters considerably [47-51].
Shrinkage of layer thickness is commonly observed. TEM [47,49] and reflectance [51]
studies have found different values for the extent of this shrinkage, which range be-
tween 3% and 13%. The refractive index decreases by approximately a factor of 2.
Values in the range 1.5-1.65 have been obtained by ellipsometric and reflectance mea-
surements [50,51]. It is usually assumed to be wavelength independent in the visible
and the near-infrared regions.

Figure 5.11 represents the reflectivity spectrum of the oxidised sample (2408¢c). In
comparison with the two previous cases the period of the fringes is increased by about 1.5
times, which corresponds to the decrease of the effective refractive index and thickness
of the structure after oxidation. Besides, the fringe amplitude is smaller and the mean
reflectivity value is lower. This is attributed to light scattering by interface roughness
of the oxidised layers. The modulation of the spectrum due to the groove layers has a
similar extent as in Fig.5.10, but is more clearly observed, because of the smaller fringe
amplitude.

In the simulations we have varied the index and the thickness of the oxidised layers

and the roughness of their interfaces. An optimal fit is obtained with an oxide index of
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1.54, oxide thickness of 44.5nm, or 89 % of the initial value and a roughness of 8.4nm.
The groove parameters in this case are slightly different: d,,—3247nm and o4—70nm,
which can be explained by changes due to the oxidation. The values obtained for the
refractive index and the shrinkage extent are in good agreement with the findings of
other authors [47,49-51]. The interface roughness of Al(oxide) layers is larger than the

result obtained in [46], but corresponds to the reported grain size of the oxide granular

structure [48].
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Figure 5.10: Measured and calculated reflectivity spectrum of the GaAs/AlGaAs mul-
tiple quantum well sample which has been patterned, but not oxidised.
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Figure 5.11: Measured and calculated reflectivity spectrum of the GaAs/AlGaAs mul-
tiple quantum well sample, which has been patterned and oxidised.
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In conclusion the effects of interface roughness can be easily included in the LTR
calculations of multi-layered structures by introducing a “rough” element between adja-
cent layers. The model is applied to GaAs/AlGaAs multiple quantum well structures
with and without oxidation of the barrier layers. The fits to the reflectivity spectra have
given important parameters for the oxidised layers such as the interface roughness, the

refractive index and the thickness.

5.5 Summary

In this chapter, we have applied the LTR formalism in three different cases. We studied
the effects of the electric contact roughness on the light emission of a LED. The introduc-
tion of the roughness showed a deterioration of the emission efficiency and a broadening
of the emission mode. In the second case we treated the effects of the surface roughness
in transmission experiments measured on a thin layer of zinc cadmium telluride. The
comparison with the roughness measured by AFM showed that the optical method gives
a good estimation of the surface roughness. Finally, we studied the changes in the reflec-
tivity spectra when selectively oxidising layers in GaAs/AlGaAs multiple quantum well
structures. We could assess in this case the effective roughness of the oxidised layers.
Further, the LTR method could be used to evaluate the shrinkage factor of these same

layers.



Chapter 6

Multiple quantum well n-level systems

6.1 Introduction

In this chapter, we introduce the quantum n-level system and its theoretical treatment
in the framework of the density matrix equation. As an example of an n-level system we
use multiple quantum well structures. Taking advantage of the similarities of Maxwell’s
electromagnetic wave equation and Schrédinger’s quantum wave equation we can change
the LTR formalism (Left reflection, Transmission and Right reflection) and apply it to
the multiple quantum well case. Using this formalism we determine the eigen-levels of
such a system which can then be used in the density matrix formalism to study the

system evolution under excitation.

6.2 Definitions

In the first section, we consider Schrédinger’s equation [59,60] and its eigen-states to de-
fine an n-level system. Based on these definitions, we introduce the different relaxation
times leading towards thermodynamical equilibrium of the n-level system in the density
matrix formalism [61]. In this formalism, the relaxation has its origins in the coupling
between the quantum system and its environment that can be treated using the Marko-
vian approximation [62] which we use as a working hypothesis. Finally, we show briefly

the link between the n-level systems and the optical properties of semiconductors [63,64].

81
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6.3 Evolution equations in n-level systems

In quantum mechanics, the evolution of any system is determined if one knows its wave
function (¢, ) as a function of time (where 7 represents the generalised coordinates).

The equation of evolution of this wave function is Schrédinger’s equation [60,61,65]

500 T)

5 = HY(t,7)- (6.1)

The linear and Hermitian operator H is associated with the total energy of the system
and is called the Hamiltonian operator. The constant % is Planck’s reduced constant
linking the energy to the frequency.

The eigen-functions of the Hamiltonian operator H can be used to solve equation
(6.1) for a time-independent Hamiltonian. The equation giving the eigen-values and

functions of the Hamiltonian is
Ejv;(7) = Hy;(7), (6.2)

where E; are the eigen-values which correspond to the energy of the system in the state
¥;(7). The set of eigen-values of H can be seen as the spectra of the Hamiltonian.
They can be degenerate (several eigen-functions having only one eigen-value) or non-
degenerate (one to one relation) and the spectrum can be continuous or discrete. In this
work, we study the case of a discrete set of eigen-values.

The complete solution of (6.1) can be found by separation of time and space variables.

Then, to each eigen-function is associated a solution of (6.1) having the form
E;

The general solution is represented by a linear combination of all the eigen-functions

of the Hamiltonian

o0

B(t,7) =) ()5 (7). (6.4)

j=1
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where c;(t) are the probability amplitudes for each of the states. Introducing (6.4) in

(6.1) one obtains the evolution equations of the probability amplitudes

= dc(t) 1: =
ih ;it = Hjci(t), (6.5)

where
H} = 6 E;, (6.6)

which corresponds to the projection of the Hamiltonian operator on its eigen-function
base. The square of the modulus of the probability amplitude gives the probability
of finding the system in the associated eigen-state. In the case of a discrete, finite and
non-degenerate set of eigen-values the Hamiltonian operator defines n eigen-states. This
system is an n-level system.

Another equivalent description of quantum mechanics uses the density matrix for-
malism. This approach is very useful for the phenomenological introduction of the
relaxation because the density matrix describing the state of the system gives the prob-
ability of each state directly as well as its coherence. Thus we have direct access to the
global probability of the system and so we are able to keep this probability constant
in time when introducing the relaxation phenomena. Besides, this formalism allows
the treatment of statistically mixed states in a simple manner. In the following, this
formalism is defined and we introduce the operator corresponding to the relaxation of
the system.

Above, the general solution of Schrodinger’s equation is projected on an eigen-
function base of the Hamiltonian. After this decomposition (6.4), the population p,, of

state n is defined by

pun(t) = cu(t)ea(t). (6.7a)

These terms are the diagonal elements of the density matrix and represent the proba-
bilities for the system to be in the state n. The sum of these probabilities over all states

is equal to ) pn, = 1, which is the normalisation condition of the wave function.
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Another important quantity in the study of the evolution of a quantum system is

the coherence p,,, between the different states

Prinilt) =5 (B (1) (6.7b)

which gives the phase between the populations of the two states. These terms are the
non diagonal elements of the density matrix. The derivative with respect to time of the
argument of the coherence corresponds to the energy difference between the two states.

The definitions of the population (6.7a) and coherence (6.7b) are given in the “pure
case” where the initial state is known perfectly. Mathematically, this implies a knowledge
of the initial conditions of the Schrédinger equation. In the case of an incomplete
knowledge of the initial conditions, this state is described by the probabilities p; of the
different initial conditions. This case is a statistical mixture and its populations and
coherence can be defined from the probabilities of the mixture and the definitions of the

pure case

Pmn(t) = c}(t)cm(t)

= Bphn(t)- (6.8)

With the help of the density matrix, Schrédinger’s equation (6.1) can be cast into
the form

d -
5 — Heous — paHL, (6.9)

ih T

where the summations are done using Einstein’s convention. The Hamiltonian operator
H, considered here, includes the states of the studied system as well as those of the
surrounding thermal bath. The right hand side corresponds to the commutator between
the Hamiltonian and the density matrix.

The Hamiltonian in (6.9) can be decomposed into two parts: a part giving the
internal energy of the studied system and another taking into account the interactions
with the surrounding thermal bath. This last part induces an energy dissipation [66]

and generally is described by a random interaction adding a supplementary term to
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equation (6.9)

. dpi' . 69“
h—L = HFpy; — pa HY + b | =2 : 6.10
' dt FH pik 4 i at relazation ( )

This relaxation term is written with the help of the relaxation coefficients I' describing
the relaxation of the different populations and coherence towards their thermodynamical

equilibrium! p(® [67]. Thus, the relaxation of the populations, is given by

a nn T
(—gt ) = =T (s —.00.) s (6.11a)
relazation

where (I'™™)~" js the longitudinal relaxation time and corresponds to the dissipation
of energy to the thermal bath (inelastic collisions). The relaxation of the coherence is

given by
Opij ij
OPij . 6.11b
( at relazation S-Jp-? ( )

which defines the transverse relaxation time (I‘g)_l constituted from energy dissipa-
tion (inelastic collisions) as well as losses due to the interaction between the different
populations (elastic collisions).
Considering the two relaxation terms (6.11a) and (6.11b), the density matrix equa-
tion can be written as
. dpij
’&h"&"f = H:C,ij — p,ij;: — F:;I (,Ok( = E::}) . (612)
In this work, we study the stationary and dynamical response of n-level quantum
systems in the framework of this relaxation model.
As the energy dissipation is towards the thermal bath, the different relaxation coef-

ficients I" as well as the balance state p(®) depend on the temperature. The populations

at thermodynamical equilibrium p(® are given by the Boltzmann distribution [68]

P53 = ce~ /B0, (6.13)

'The phenomenological introduction of the relaxation times can also be achieved by starting from
the causality and inertia principles. In this case, the deduced relaxation coefficients matrix I" generalises
the one in equation (6.12)
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where k is the Boltzmann constant. The proportionality coefficient ¢ can be determined
from the normalisation condition ) P =

Once the density matrix evolution is known we can deduce the polarisation of the
system. Indeed, knowing the electronic wave function, the microscopic polarisation can

be determined by calculating the first order momentum of the wave function

At =q [ ] f W (8, AT, F)dr. (6.14)

The matrix corresponding to the dipolar momentum of the system can be introduced,

using the eigen-functions 9; and 1); in the case of the dipolar approximation [69],

g=a [ [wem@en (6.15)

Symmetry considerations simplify the general form of this matrix. For example, if the
eigen-states 1); and ¢; have the same parity, the corresponding matrix element is zero.

With the help of the dipolar momentum matrix, the interaction Hamiltonian between
the system and the field can be written as

Wit) = i - E(t). (6.16)

7

In the density matrix representation, the evolution equation is

d
aﬁd—i = Hop — pHo+W (t)p — pW(t)-T (p — p?), (6.17)

and the macroscopic polarisation is given by the trace of the dipolar momentum applied

to the density matrix including the statistical distribution (6.8)

. N_ .
P(t) = 37T (i ps) (6.18)

where N and V are respectively the number of n-level systems and their total volume.

From the polarisation and excitation field, a new quantity corresponding to the
amplitude of the response of the system can be introduced. This is the dielectric sus-
ceptibility that is composed of a linear and non-linear part. The linear susceptibility x

is defined as the proportionality factor between the macroscopic polarisation P and the
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excitation field E at the same wavelength
P(w) = x(w)E(w). (6.19)

The susceptibility is in general a second order tensor, which means that the polarisation
and the external field are not necessarily colinear.
The dielectric susceptibility as a function of time is given by a convolution between

the transfer function %(t) and the field E(t)

P(t) = [ " 4t — 1E(r)dr. (6.20)

o0

In order to fulfil the causality condition [67] (no polarisation induced before the
excitation), the transfer function x(#') must be zero for all # = ¢t — 7 negative. This

condition is written in real time as
x(t") = x()e(t), (6.21)

where O(t') is the Heaviside distribution?. Using the Fourier transformation of the

Heaviside distribution one finds
/oo e WOt dt' = —'ip.v.l + 1(5(w)
& w 2

where p.v. is Cauchy’s principal value. Therefore, the causality condition (6.21) can be

written in reciprocal space as

where f* g represents the convolution between functions f and g. This equality links up

through a Hilbert transformation the real x’ and imaginary x” parts of the susceptibility

2The Heaviside distribution is defined as ©(¢') = 0 for ¢ < 0, ©(0) = 1/2 and O(¢') = 1 for t' > 0.
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in the following manner

X' (w) = p.v. /w dwlff_(-wui), (6.22a)
X'(w) =p.v. f_ " duy ;(: (f‘i. (6.22b)

These two equations are called Kramers-Kronig relations. The transfer function of all
causal systems must fulfill these conditions.
The Kramers-Kronig relations can be generalised to include the non-linear responses

of matter. In this case, the polarisation is written as

P(w) = x' (w)E(w)

+ /oo dw, fm dwa X (w1, w2) E(w1) E(ws)d(w — wy — wg) + -+ (6.23)

where x! and x? are respectively the linear and the lowest order non-linear susceptibility.
The generalisation of the Kramers-Kronig condition for the non-linear susceptibilities

of higher orders can be found in the literature [70, 71].

6.4 Multiple quantum well n-level systems

In this section we use the LTR formalism (Left reflection, Transmission and Right
reflection) to calculate the energy levels in semiconductor multiple quantum wells. In
order to do this we have to write the quantum wave function in the same form as the
electromagnetic wave used in the optical LTR formalism.

This can be achieved by using the effective mass approximation which treats the
carriers as free particles (i.e. particles in a constant potential) having an effective mass
determined by the k - p method at the band edge [72,73]. In this approximation the
band structure at the band edge is given by a parabola whose quadratic coefficient is
inversely proportional to the effective mass. The band gap energy itself corresponds to
the constant potential in which the free carriers are moving.

In the case of multiple quantum wells, we have a succession of different semiconductor

layers each having different effective masses and band gaps. The stationary Schrédinger
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Figure 6.1: Interface between two crystals.

equations for the quantum wave function in each crystal is

h2 d‘z

2m* dz?

b+ Vip = Ey (6.24)

where m* is the effective mass, E the eigen-energy and V the potential of the crystal.
This stationary equation has two fundamental solutions which lead to the following

wave solutions

. JE-V E ;
¥,(z,t) = exp (a 2m e zgt) " (6.25a)
Y_(z,t) = exp (—?I 2m* E ?_i; Vz — a%t) y (6.25Db)

These solutions correspond to a travelling wave to the left and to the right.
In order to define the equivalent wave vector and refractive index we have to consider
the continuity conditions of the quantum wave in the envelope approximation at the

interface between two different media (see figure 6.1)

¢l(50>t) = ?)L'Z(ZU:t): (6263)
1 d 1 d
m—;albl(zo: t) = ”—Laa%(zoat)- (6.26b)

We see here a slight difference with the continuity conditions of the electromagnetic
wave. In this case the relation giving the continuity of the derivative is a function of

the effective mass.
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Figure 6.2: The “total absorbing condition” (I — LR = 0) as a function of the energy
for three coupled quantum wells for the following parameters: width 4 units, separation
0.5 units, effective mass 1, i = 1 and crystal potential inside the wells -1.

We consider at the interface an incident, a transmitted and a reflected wave

- E -V, E
Y1(z,t) = exp (z Zm‘{—h-—lz—'a}i—t)
- E
+712 €Xp (—z’ 2m{uz — i—t) . (6.27a)
R h
- E
e (T =] (6m)

where the coefficients 75 and ;5 correspond to the reflection and transmission coeffi-
cients of the quantum wave function. Inserting the solutions (6.27) into the continuity
conditions (6.26) we get two equations giving us the relative amplitudes of the reflected

and transmitted waves.

1+1r2 = tho, (6.28a)

(6.28D)
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We can now define an effective refractive index by comparing this equation to (2.7).
This effective refractive index in defined up to a multiplicative coefficient. We choose
this coellicient so as to have an effective refractive index of unity in the absence of the

crystal potential

E—W
mi

ng = /m§ (6.29)
where mg corresponds to the electronic mass in vacuum. Further we can now define the
effective quantum wave vector

m; |2E

by = — (6.30)

We can see here the difference between the electromagnetic wave and the quantum
wave in the envelope function approximation. The wave vector and the refractive index
changes in each material. This is due to the dependence of the continuity relation of
the derivative on the effective mass.

Using the definition of the effective quantum refractive index we can define the

reflection and transmission coefficients

= e 6.31a
o= T (6:312)
t1p = ﬂ (6 31b)

Finally, we can define the LTR element for a quantum well of effective refractive

index n and width 2

L TL 'rll_;zi
Lonkz2)=| T | = t = p(EL_:Q—) 3 (6.32)
R TR TllT}%
with
p=1imn

tha ; (6.33)
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Using this definition of the LTR element £, we can now construct more complicated
structures such as multiple quantum wells. Once the total LTR element is known for the
structure we have a localised solution of the stationary Schrodinger equations when the
“total absorbing condition” is fulfilled as defined in the second chapter (7% — LR = 0).
Further, one can use all the properties of the optical LTR formalism in the case of
multiple quantum wells. A good example is the treatment of intentionally disordered
quantum wells [74, 75].

Figure 6.2 shows graphically the eigen-energies of a multiple quantum well structure
having three wells. The eigen-energies correspond to the positions of the minima in the

logarithmic plot.

6.5 Summary

In this chapter we described the interaction between an electromagnetic wave and a
quantum system. We started with the general Schrédinger equation which treats the
evolution of the wave function. The solution of this equation can be written as the
superposition of the eigen-functions of the Hamiltonian operator. This standard pro-
cedure leads directly to the density matrix formalism treating the population and the
coherence of each eigen-state.

In the second part, we expanded the optical LTR formalism in order to treat the
stationary Schrodinger equation in the case of multiple quantum wells. Using this for-
malism one can easily determine the eigen-energies of these structures. They correspond

to the energies where the total LTR fulfils the “total absorbing condition”.



Chapter 7

Solution breakdown in n-level systems

at high intensities

7.1 Introduction

The study of the evolution of a n-level system under excitation is interesting because
it shows in a straightforward manner the quantum behaviour of such a system. In
the case of the interaction between a monochromatic electromagnetic field and an n-
level system we observe resonance phenomena when the photonic energy equals the
energy levels of the systems. Further, when the amplitude of the field is increased
we observe again resonance phenomena when the interaction energy equals the energy
levels of the n-level system or their multiples. It is the treatment of these cases where
approximating approaches breakdown. After showing the limitation of the different
methods we continue by developing an analytical method that gives the exact solution
to the density matrix equations when the excitation is monochromatic. This solution is
valid for any excitation amplitude. A possible application of the high intensity part of
the exact solution is treating the response of noble gases under high intensity. This kind
of excitation is not possible in the case of semiconductors because the absorbed light
would melt them before reaching this high intensity region. Further, this monochromatic
approach can not be applied in the case where the pulse duration is too short compared
to different time constants of the n-level system.

In this chapter, we show the problems that arise when searching for solutions of the

density matrix equation describing the evolution of the n-level system under excitation.
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Several methods that can be used for solving this equation are presented for the case of
monochromatic excitations and we discuss the limits of these methods. The methods
treated include perturbation expansion, the rotating wave approximation, the continu-
ous fraction method and the Floquet expansion. These different methods are compared
to the numerical solutions that we develop in the case of periodic excitations.

Here we present different methods for the solution of the evolution equation of an
n-level system. The advantages and disadvantages of each of the methods are discussed
as well as compared to the results obtained with the help of a numerical integration.
We start by describing this numerical method which we use to treat a two level system
in the density matrix framework. The other approximating techniques, widely used in
the literature, can be classified in two categories, following the evolution equations that
they solve.

In the first category are those that can be applied to Schrédinger’s equation as well as
to the density matrix equation. In the following paragraphs, we introduce two of them,
that is the perturbation expansion and the rotating wave approximation. The first one
consists of a power expansion of the excitation field. We show that this expansion has a
finite convergence radius and that, for an excitation amplitude higher than the amplitude
corresponding to this radius the method does not converge. In the case of the rotating
wave approximation, the result is valid for a greater domain but not for all intensities.
Nevertheless, these two methods taken together are able to explain a great number of
phenomena experienced at low intensities of excitation [76]. In the case of the density
matrix equations, we compare graphically the solutions found using these methods to
the solution found by numerical integration. The comparison for Schrédinger’s equation
without relaxation can be found in [77] in the case of the rotating wave approximation.

The other two methods presented here are only applicable to Schrédinger’s equation
without relaxation terms. The first method is based on the continuous traction deter-
mined for a two level system. It shows a good correlation with the exact solution of
the equations of the density matrix, but it is not applicable in the case of resonance
with the system. This is due to the absence of relaxation terms in Schrodinger’s equa-
tion. Furthermore, it cannot be used to determine the response of the system at the
fundamental harmonic of the excitation. This response must be determined by anoth-
er procedure. Finally, we introduce the method based on a Floquet expansion. This

has the same disadvantage as the continuous fraction method, namely it gives correct
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results only away from resonance. On the other hand, the Floquet expansion, shows
the stationary Schrédinger equation of the complete system, composed of the excitation
wave in interaction with the n-level system. The Floquet method can also be used in

conjunction with the perturbation expansion [78].

7.2 Numerical integration of the density matrix equa-
tion for a two-level system

In order to be able to compare the different resolution methods of the dynamical equa-
tions of the n-level systems we develop a numerical resolution method of the density
matrix equations for a two level system. This method takes into account the periodic
character of the excitation and thus allows us to distinguish between the transient part
of the solution and its periodic part. This is an advantage when compared with a com-
plete numerical integration as one can see in the case of the two level system [79] but also
in the case of the more complex atomic models [80,81]. In fact, in these two cases, the
rate of increase of the excitation amplitude is important because the calculated solution
depends on this parameter. Our method is independent of such a parameter. Further-
more, the Fourier transformation of the periodic solution corresponds to the solution
found directly in the frequency space and described in the next chapter of this work.
First the temporal evolution of a two-level system is studied in a numerical approach.
More precisely, the solution of the Bloch equations [67] for a two-level system is treated
by decomposing it into a homogeneous part and a non-homogeneous part. The solutions
of these two parts are calculated numerically by the [82] Runge-Kutta method for one
excitation period. From there, the general solution is constructed using the periodic
properties of the excitation. We also deduce the necessary initial conditions so that the
evolution is periodic. We show that this particular solution is an attractive solution
towards which all other solutions converge in an exponential manner. Besides, we show
that this attractive and periodic solution does not exist in the absence of the relaxation

terms in the density matrix equation. Thus, this method is not valid without relaxation.
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7.2.1 Transient solution

In this section, we use the Runge-Kutta [82] integration method to describe the temporal

evolution of a two-level system while subject to an excitation E(?)

E(t):{ 0 for t<0 (71)
f(t) for t>0

with f(¢) = f(t + T) being a periodic function of period 7.
The density matrix equation for a two-level system in Bloch space representation

can be written as follows

i—:: = —PQ{E - Qﬂy: (728‘)
dy 2E(t)u

= Qoz — Loy + = Z (7.2b)
dz _ 2E(t)u

pri =Y I'i(z — z), (7.2¢)

where = and y are respectively the real and imaginary parts of the coherence pq,. The
variable z is the population inversion z = pp, — paq, and 2y the same but at thermody-

namical equilibrium. Using vectorial notation the system of equations (7.2) becomes

B _ g7 B - v (R - ) (3

where R, W and }?‘ represent respectively (z,v, z), (2uE(t)/h,0,$) and (0, 0, ), while

the operator I' is the relaxation matrix

'y 0 O
= 0 Pz 0
0 0 Iy

With the help of the Bloch equation, the evolution of the state of the system can be
followed in three dimensional space. The coordinates (z,y, z) of the vector R describe
in time a trajectory in this Bloch space.

In the following, we study the solution of the Bloch equations (7.3) while considering
a periodic excitation. This solution can be decomposed into two parts. The first part

R =o.

of the solution is the solution of the homogeneous equation, which means that



CHAPTER 7. BREAKDOWN IN N-LEVEL SYSTEMS 97

The second part is a particular solution. The sum of these two gives us the general
solution.
Before the numerical integration of the homogeneous equation, it is necessary to

introduce the solution in a matrix form
-
R(ti = C(t) R¢=o0, (7.4)

where R(t) is determined by a certain matrix C(¢) and by its initial conditions E
The matrix C(¢) corresponds then to the homogeneous evolution operator of the state
of the system. Considering the periodicity of the excitation, we do not need to know the
evolution operator for more than one period. The differential equation for this operator

can be written

dC(t)
— = M(@)C(1), (7.5)

where the matrix M containing both the excitation and the relaxation term is

—T'y ) 0
MO =| -0 -T, 2
0 _2E’(:)p _1-\1

For m defined by the equation (7.4) to be a solution of (7.3) it is necessary that the
matrix C(t) fulfils the following initial condition

Ct=0)=1I

where I represents the identity matrix.

The particular solution SPTS is determined numerically for one period from the Bloch
equation (7.3). The initial condition for this special solution is the zero vector.

To construct the general solution of Bloch’s equations, we have at our disposal the

following functions known over one period

C(t), for0<t<T,

S, for0<t<T.
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The general solution can be written as a sequence of vector solutions in Bloch space

each valid over one period

Rn(t) = C(At)Roy(nT) + S,(A2),  fornT <t < (n+ )T, (7.6)
with
At =t [T,
R_, (05 = Rt:f]

In figure 7.1a, the evolution of the solution is represented in the Bloch space during
the first periods of the excitation. For initial conditions, the thermodynamic equilibrium

state is used.

7.2.2 Stationary solution

Figure 7.1 shows that the general solution of Bloch’s equation is not necessarily periodic
when the excitation is periodic. Nevertheless, there exists a special initial condition that
implies a periodic solution. We determine this initial condition using expression (7.6).
The solution found with the help of this initial condition is the asymptotic solution to-
wards which all other solutions converge. The “speed” with which a solution approaches
the asymptotic solution depends on the relaxation times.

To determine the initial conditions corresponding to the periodic solution we specify

the relation (7.6) at the end of each period

Ro((n + DT = C(T)Rosa (T + By (T, (7.7)

This relation, between the states of the system at times nT and (n + 1)7, corresponds
to a recursive sequence. Figure 7.2 shows the series R,((n + 1)Ti in Bloch space. The

periodical initial condition is solution of the linear equation

R =C()R +R, T (7.8)

This implies that the initial condition is self-consistent. The iteration over one period

of the solution starting with this initial state leaves the system in this same state.
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Figure 7.1: Evolution of the state of the system in the Bloch space for the three first
periods of the excitation (f(t) = Asin(w;t)). The figures (b), (c¢) and (d) are used for
the determination of this evolution with the help of the equation (7.6) (b) particular
solution R},(At) for one period (c) homogeneous solutions with the initial conditions
(z=1,y=0,2=0) and (z =0,y = 1,2 = 0). These two solutions form two lines of
the matrix C. (d) Homogeneous solution with the initial condition (z = 0,y = 0,z = 1).
This solution forms the last line of the matrix C.
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Figure 7.2: Poisson [83] section, (the state of the system after one excitation period) for
a two-level system under excitation (f(t) = Asin(wit)).

We remark that usually the relation (7.8) does not have any non-zero solution R if
Rﬁ = 0. This corresponds to the absence of the thermodynamical equilibrium term
? in equation (7.3) and thus also in the case of Schrédinger’s equation (relaxation
terms are empirically introduced into the density matrix formalism). Consequently,
Schrodinger’s equation for an n-level system, under periodic excitation, generally does
not have any periodic solution. In the case where it has one (matrix C(T") accepts unity
as eigen-value), it is not attractive.

Figure 7.2 shows graphically the convergence of the iterative sequence (7.7) towards
the solution of (7.8). In fact, the convergence can be shown mathematically when
returning to the Bloch equation (7.3). Let P_(f,5 be the periodic solution and m =
R_(ts - P_(tj . Then AR(t) is a solution of

dAR(t

= W(t) x AR() — TAR(). (7.9)

When multiplying equation (7.9) by AR(ti, the behaviour of the difference between any

given solution and the periodical solution can be studied

jdA @ _ ldARz ) — _ARGIARE. (7.10)
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Figure 7.3: The evolution of the system is represented in Bloch space for one period of
excitation. The initial condition is the one giving a periodic solution ﬁ calculated with
the help of equation (7.8). Three typical intensities for the excitation are considered: (a)
linear domain of excitation, (b) saturation of the system, (c) domain of the characteristic

oscillations.
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This differential equation shows the behaviour of the norm of this difference. As the
matrix I' is diagonal and the smallest element is I';, the norm has an upper limit given
by the solution of the equation

147()

5 g = T1f(®), (7.11)

with the initial condition £(0) = |AR(0)[2. The solution of the equation (7.11) decreases

exponentially. Consequently, the limit

lim IAR{)| =0, (7.12)

implies the convergence of any solution towards the periodic solution. This means that
after a large number of excitation periods the solution approaches asymptotically the
periodic solution. Figure 7.3 shows the periodic solution for different intensities of ex-
citation. For weak intensities, the cycle done by the system is very nearly circular.
This response of the system corresponds to a linear behaviour where the different ap-
proximate resolution methods give satisfactory results. When excitation intensity is
increased saturation effects appear. We observe then in Bloch space a deformation of
the cycle in the z direction corresponding to an oscillation of the population. For even
higher intensities, the energy received by the system cannot any more be stored in the
excitated population. The cycle described then by the system shows higher harmonic
components that are visible in Bloch space as supplementary circular movements.

By comparison, the evolution of a two-level system in Bloch space in the absence
of relaxation terms implies that the trajectories are located on the unity sphere [84].
Consequently we observe important differences in Bloch space between the trajectories
in absence and in presence of the relaxation terms.

To summarise, we deduced a numerical integration method for the density matrix
equation including the relaxation terms for a two level system. Such a study is necessary
in order to have a reference solution of these equations so that we are able to compare the
different resolution methods. Finally, this method is also necessary for the verification
of the properties determined in the next chapter when we will solve the equation in an

analytical manner.
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The philosophical question of the “why” if one has a numerical solution one should
continue searching for an analytical solution, can be replied to as follows. The deduced
property of a numerical solution cannot be general for they are only the property of a
special case. More precisely, the numerical solution of these equations shows a complex
behaviour of these systems when periodically excited. This behaviour was not treated
in the literature to its correct value and consequently a deeper study of these equations
is necessary. The advantage of an analytical study in comparison to a numerical study is
its ability to determine the limiting cases of this behaviour. Furthermore, once the exact
and general solution is known it is possible to particularise it for the problem treated.
This particularisation can take into account justified approximations and consequently
leads to simple and easy formulas for use in practice. Finally, the analytical methods
allow us to find the solution in the more general case of an n-level system in the presence

of two monochromatic fields.

7.3 Perturbation expansion

There is no general solution of Schrédinger’s equation if the Hamiltonian operator is time
dependent. In the case when the Hamiltonian operator can be divided into a constant
part and a relatively small time dependent part we can use the perturbation approach
which uses a Taylor expansion with respect to the excitation. For Taylor expansion,
there exists around each point of expansion a convergence radius. This is the same
in the case of the perturbation expansion. In this section, we introduce this method
without worrying about the convergence radius. In the next section, we will return to
this problem to show the importance of this convergence radius when the amplitude of
the time dependent part increases.

The starting point for the perturbation expansion is the general density matrix

equation

d
ih = Hop — pHot AW (1) p= oW ()T (p - o), (7.13)

where AW (t) corresponds to the part of the Hamiltonian depending on time. This part

can be seen as a perturbation of the Hamiltonian Hg corresponding to the system at
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rest. The solution then is searched in the form of the sum of powers of A
p(t) = po(t) + Api(t) + Npa(t) + - - . (7.14)

When inserting this sum (7.14) into the density matrix equation, we can identify one
equation for each power of A\. The constant part corresponds to the solution in absence
of excitation

L d
ih=P2 = Hopy — poHo—T (po — o), n=0. (7.15a)

For the n'* order density matrix the equation is

 dpn
i T;::' = Hop, — puHo+ W (t)pn_1 — pu1 W(#)=Tp, n>1. (7.15b)

This system of differential equations can be solved in a recursive manner. Each of
these equations (7.15) is simpler to solve than the general equation (7.13) because the
excitation term appears in the equation as a free term and not as a time dependent
coefficient (7.13).

In order to be able to compare the solution (7.14) defined by the system of equations
(7.15) and the one calculated by the numerical method, we develop in more detail this
solution for a two level system. More particularly, the system considered is symmetric
with respect to its origin. Then, the interaction between the system and the field is

given by the matrix

W(t) = pE(t)
= ¥ E(t) (7.16)
Hba 0

where p is the matrix corresponding to the dipole momentum of the system (6.15) and

E(t) with excitation field

0 for t<0
E@) = (7.17)
sin(wt) for t>0.
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The Hamiltonian operator of the system is

0 0
0 hSQ

where h{)y corresponds to the energy difference between the eigen-states of the two

levels. The equilibrium state of the system is given by the relation (6.13 )

A0

0 py

o0 = (7.19)

As the initial condition for equation (7.13) at the instant ¢ = 0 we consider the
system in its thermodynamical equilibrium state p(t = 0) = p(®. Starting with this
general initial condition it is necessary to define the initial conditions for all equations
(7.15). In order for this sequence of initial conditions to be valid for any amplitude

parameter )\, we choose the following initial conditions

po(t = 0) = p® (7.20a)
pa(t=0)=0 forn > 0. (7.20Db)

The zero and first order solutions of equations (7.15) are

po(t) = p©
pl(t)aa =0
pr(t)ay = —pg) %(z’w;e(_r’”mw — iw cos(wit) + (iy2 + Qo) sin(wit))

p1(t)ba = —pg)%(—éwle(_r”_i%)‘ + iw; cos(wit) — (iva — o) sin(w t))

p1(t)e =0

where pg) represents the difference of populations pgg) and PE&) at thermodynamical equi-

librium. The coefficient I'y corresponds to the inverse of the transverse relaxation time
(6.11b) of the two level system and the coefficient I'; to the inverse of the longitudinal

one (6.11a). The denominator D is

D = (I3 — 2iTyQ — OF + w?))
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and D* is its complex conjugate.

We notice that the first order solution is composed of two parts. A transient part
defined by an exponentially decreasing term and a stationary part whose amplitude
remains constant as a function of time. These two parts are also observed when searching
the numerical solution of the density matrix equations where we have a unique periodic
and “attractive” solution. All other solutions are approaching this in a exponential
manner. Consequently, the transient term can be neglected when searching for the
stationary solution. Besides, we can easily verify that the solution, in the absence of
the exponential term, remains a solution of equation (7.15b) for n = 1. The difference
between the stationary solutions and the transient ones resides in the initial conditions
(cf. discussion of the numerical solution).

Before calculating the solution for the higher order perturbation, we verify that the
defined susceptibility at the first order verifies the Kramers-Kronig conditions (6.22).
For that, the polarisation is determined with the help of relation (6.18)

Py (t) = 2 Re (papo1 (t)sa)

©) Q2 sin(w;t) — Cawy cos(wit) — w? sin(wt)
= QA“ab#baQDpD 2 2 _ 2 2 2 2 ¥
ﬁ(Fz -+ QD Qngl -+ wl)([‘z -+ QO -+ Qngl -+ wl)

From the polarisation, we can define the linear susceptibility at the frequency of exci-

tation

_ —itabtsaSl0p
xi(w) = A(Ta + (S + w)) (T = i(Q—w))’ Fa)

We notice that the linear Kramers-Kronig relation is fulfilled by this susceptibility. This
can be easily verified by looking for the poles of the susceptibility in the complex plane
(the frequency w is treated as a complex variable). In fact, these two first order poles are
located in the inferior half of the complex plane divided by the real axis. Consequently,
the perturbation expansion to the first order fulfils the Kramers-Kronig condition [67]

and therefore the causality principle.
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The formal dependency between the density matrix elements at the different orders

of the expansion are:

p2n-—1(t)aa — pQ'n—l(t)bb — 0: (7223)
— t _
Pon—ilt)ab. = Phy_i(E)be = f f dre— T2—i0)(t-7) sin(wl'r)
0
(ﬁabp‘zn—2 (t)bb - uab!f’?n—‘a(t)aa): (722b)

e t
Pon(t)aa = —pon(t)ey = f/ dre~T1(t=7) sin(w; 7)
0

(HasP2n-1(t)ba — MvaPon—1(t)ab), (7.22c)
P'z'n(t)ab = _Wn(t)ba = 0: (722d)

for n > 0. With the help of these relations, it is possible to describe the solution at
any order. These solutions can all be divided into a transient part and a stationary one

exactly as the first order solution. The stationary parts are:

P2n—1(t)aa = P2n—1(t)ss = 0, (7.23a)
— t+T )
Pon-1(t)ap = PEn_l(t)ba = ﬁf dre—(T2—i0)(t+T—T) sin(wlr)
t
(HabP2n—2(t)s6 — HabP2n—2(t)aa), (7.23b)
g 4T
pﬁn(t)aa = _:Ozn(t)bb — _ﬁ dTE_Fl(t+T_T) sin(wl'r)
t
(KabP2n—1 (t)ba — HbaP2n-1(t)ab), (7.23¢)
Pon(t)ab = —p2n(t)oa = 0, (7.23d)

where T' = 27 /wy, di = 1 —exp(—(T'2 —i2)7T) and d2 = 1 —exp(—TI'1T"). The stationary
solution at the order n is defined in an iterative manner with the help of the solution at
the order n — 1. If the solution at order n — 1 is periodic then the solution to the order
n is also periodic.

Figure 7.4 shows graphically the behaviour of the solution found with the help of the
perturbation expansion for a two level system. For this graphical study, we represent
the solution in different manners in order to show the differences when comparing the
perturbation solution with the solution obtained numerically. First, the two solutions

are compared in Bloch space in figures 7.4a and 7.4b. In this representation, we observe
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Figure 7.4: Comparison between the solutions found by the perturbation method and
the numerical solution for a two level system. The evolution of the two solutions in the
Bloch space is represented for a weak excitation intensity in figure (a) and for a strong
excitation intensity in figure (b). Figure (c) shows the behaviour of the polarisation at
the fundamental frequency according to the excitation amplitude.
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Figure 7.5: Comparison between the solutions found by the perturbation method and
the numerical solution for a two level system. The figure shows the amplitude of the
response at the harmonic frequencies for a weak (a) and a strong (b) amplitude of
excitation.

that for weak excitation intensities, figures 7.4a, the two solutions are in very good
agreement. This corresponds to the linear domain of excitation. On the other hand,
for high intensity excitations, figures 7.4b, this is not the case. While the numerical
solution remains inside the unity sphere where it makes complicated cycles during an
excitation period; the one determined with the help of the perturbation expansion is
divergent. The cycle described by this last remains circular even for high intensities but
it increases in radius beyond the unity sphere.

In order to understand the basic differences between these two solutions we show in
figure 7.4c the amplitude of the polarisation at the fundamental harmonic when the ex-
citation amplitude varies. The amplitude of the polarisation gives the energy absorbed
by the two level system while excited. The log-log representation is useful because one
can visualise more easily the transition from the linear behaviour to the non-linear one.
Further, this representation is equivalent to the linear one [77]. In this figure we ob-
serve that for excitation amplitudes smaller than the saturation amplitude F,,; the two
solutions are equal. From the amplitude of saturation E,,; onwards, the perturbation
expansion is no longer valid. This amplitude corresponds to the convergence radius of
the Taylor expansion meaning that the series (7.14) does not converge towards the exact
solution for excitation amplitudes greater than E,,,. This divergent behaviour explains

the abnormal increase of the radius in the Bloch space. We determine in an analytical
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manner this convergence radius in the following section with the help of the rotating
wave approximation.

Finally, to explain the absence of oscillations (see figures 7.3) in Bloch space, we
represent in figure 7.5 the amplitudes at the harmonic frequencies of the polarisation
for a weak excitation and a strong one. For the weak excitation intensity, the amplitude
of the harmonic response decreases as the power of the order of the harmonic. This
behaviour is visible in the case of the perturbation expansion as well as for the numerical
solution. When the excitation amplitude corresponds to a non-linear domain of the
system this is no longer the case. The perturbation expansion continues to show the
same decrease as for the weak intensities while the numerical solution shows a saturation
of this response for the small harmonic orders followed by a decrease of the response
for the higher harmonics. This explains the characteristic oscillations of the system in
Bloch space for the numerical solution and their absence in the case of the perturbation
expansion.

In conclusion, the perturbation expansion is not usable for stronger excitation am-
plitudes than the convergence radius of this expansion. This is not astonishing, because
strong excitation intensities can no longer be treated as a perturbation of the Hamiltoni-
an of the system at rest. On the other hand, in the considered example, this convergence
radius of the expansion corresponds to the saturation amplitude of the system namely

the intensities where the non-linear effects appear.

7.4 Rotating wave approximation

The rotating wave approximation neglects the fast varying terms in the density matrix
equation. The starting point of this approximation is the density matrix equation (6.17)
for a two level system in the form of the Bloch equations (7.2). Originally this approxi-
amtion was used when describing the evolution of a 1/2 spin subject to the superposition
of two magnetic fields composed of a constant and an oscillating part. The first part of
the field corresponds to the Hamiltonian of the system at rest while the oscillating part

corresponds to the excitation field. The excitation in this case is monochromatic

E(t) = E sin(wit).



CHAPTER 7. BREAKDOWN IN N-LEVEL SYSTEMS 111

Once excited, the spin 1/2 shows a precession movement. It is by placing oneself in the
rotating reference frame of the spin that the evolution equations of the spin are resolved
when neglecting the oscillation terms.

In the case of the density matrix equation, the change in frame of reference corre-

sponds to the following changes

iy t
Pab = a'a.b'ewi )

—iwt
Pba = Tbat i )
PD = Pvb — Paa-

These changes of variables allow us to show the “slowly” varying terms (that rotate with
the reference frame) and the “fast” varying terms (that rotate with a harmonic frequency
of wy).

The density matrix equation (6.17) for a two level system in the rotating reference

frame are
d 2
% =+=E (HabTsa — Oartta) — T1 (oD — P), (7.24a)
da;b dope i 1By
- = —-Q T Hba L @) .24
dt dt @(wl O)O'ba + 3 HbaPD Yol (7 b)

where the fast varying terms exp(2iwt) and exp(—2iw;t) are neglected. From these
equations we can find the exact analytical solution in the stationary case by solving the
system of linear equations (7.24) when the derivatives are zero. The real and imaginary

part of the dielectric susceptibility at the excitation frequency can be determined:

, _ WTilapp) 1 (7.25a)
B ho D02+ T (w — )2+ 4aiTy’ '
2 (0) _
¥ = wThpp (S0 —wn1) (7.25b)

h Fll—‘% + Fl (L:Jl — Qg)2 + 4&%1—‘2,

where a; = puE/h represents the “precession” frequency. The rotating wave approxima-
tion is valid for a greater range of excitation intensity than the perturbation expansion,
but it does not take into account effects that appear at higher excitation intensity.
Further, the susceptibility determined with the help of the rotating wave approxima-

tion does not fulfil the Kramers-Kronig condition. This condition is fulfilled only if the
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Figure 7.6: Comparison between the solutions found by the rotating wave approximation
and the numerical solution for a two level system. The amplitude of the polarisation of
the system at the fundamental frequency is represented as a function of the excitation
amplitude.

terms containing the excitation amplitude are neglected in the denominator in equations
(7.25). The origin of this problem lies in the non-linear aspect of the density matrix
equations implying a non-linear solution. In fact, the susceptibility (7.25) is not only
composed of the linear susceptibility x'(w) but also of the higher order susceptibility
(see definition 6.23) as x®(w,w, —w) (there is no polarisation at the second order for
a centro-symmetric system). The linear part of the susceptibility satisfies the linear
Kramers-Kronig relations. Besides, a direct verification of the differential equations
(7.24) generalised to any excitation field shows their causal character; thus it is during
the approximation that the causality is lost.

In figure 7.6, we represent the amplitude of the response at the fundamental frequen-
cy as a function of the excitation amplitude. This figure shows that the rotating wave
approximation remains valid for excitation intensities where the perturbation approach
diverges. We also observe the amplitude where the rotating wave approximation is no

longer valid

G? cutof f = 8\/4(1)‘]?F% + (Qg - w?)?._
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This cutoff amplitude is due to the relative increase of the anti-resonant terms (the
fast varying terms) in comparison with the resonant terms. To determine this cutoff
amplitude we use the solution methods presented in the next chapter.

Contrary to the perturbation expansion, the rotating wave approximation cannot
model the high harmonic generation as in figure 7.4d. Further, the Bloch space repre-
sentation of the solution shows only a perfect circle without any special point. From this
remark, we can conclude that the complicated cycles shown by the numerical solution
in Bloch space have their origin in the high harmonic generation. This hypothesis is
reinforced by the observation of the perturbation solution behaviour in Bloch space. In
this case, the cycles are more or less circles with small deviations. Besides, the high
harmonic generation for the perturbation expansion is much smaller for high intensities
than for the numerical solution.

One of the advantages of the rotating wave approximation is its compatibility with
the perturbation expansion, that is to say the result found when using these two approx-
imations successively, does not depend on the order in which they are done. In fact, we
can use this property to calculate the convergence radius of the perturbation expansion.
For that, the solution of equation (7.24) is written as a Taylor expansion with respect
to the excitation amplitude (7.14). The polarisation of the system can be determined
with the help of relation (6.18) and of the solutions to the different orders of equations

(7.24)

P=x.E + x:E?> + x3E® + ... (7.26)
with
_ Wy 1

Xr= h ]—‘2 -+ ?t(LIJl — Qg)’

X2 = 0}
_ I'gp,z 1
X8 = TXURE T2 4 (wy — Qo)?

The convergence radius (7.26) of this series can be calculated from the ratio between

two consecutive odd terms of this series. Indeed, the convergence radius thus found
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corresponds to the excitation amplitude giving the maximum of polarisation

Ecanvergence =

R [T1(T3 + (w1 — Q)2

—\/ (I3 + (w1 = o)) (7.27)
[

In conclusion, the combination of the perturbation expansion with the rotating wave

approximation allows the definition of the linear and non-linear susceptibility in a very

simple manner. On the other hand, this expansion is no longer valid for excitation

amplitudes higher than the convergence radius.

7.5 Continuous fraction method

In the following we describe briefly the continuous fraction method as proposed by
Plaja et al. [85]. This method applies particularly to the two level systems without
relaxation terms. They are treated in the framework of Schrédinger’s equation and thus
they do not take into account the relaxation terms. A monochromatic wave is used as
excitation. The equations of the probability amplitudes of the two states deduced from

Schrodinger’s equation are:

{j—tao = —iVa; cos wt, (7.28a)
%al = —1Qa; — itV ag cos wit. (7.28Db)

The quantum state of the system is determined by the two complex functions ay(t) and
a1 (t). The wave function is given by ¥(t) = ao(t)1,+a1(f)¢,. This quantum system has
an eigen-frequency (2. Further, w; is the excitation wave frequency and V' the coupling
between the two level quantum system and this wave.

The dipole moments of the system normalised to the excitation amplitude and the

population inversion are defined by:

p(t) = Viag(t)ai (t) + ao(t)ai (B)], (7.292)
po(t) = lar (t)* — |ao(t)[* (7.29b)

With the help of these two definitions, the system of complex differential equations can

be written in the form of a purely real system where only the inversion population and
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the polarisation intervene:

d?p(t)

T e Q2p(t) = 29V ?pp(t) cos(wit), (7.30a)
dpp(t) _ 2 p(t)
5 n cos(wlt)ﬁ. (7.30b)

The Fourier transformation transforms equations (7.30) into a system of equations
linking the dipole moment at the ¢** harmonic to the dipole moments at the (g + 2)%

and (g — 2)** harmonics

2¢° | O — g%} q—2 g+2
= s e —— >3 T3l
pq(qz_l"" V2 Pq 2q_1+3”q+2q+1: q2z09, ( )
with
p(t) = queiqw‘t- (7.32)
q

The solution of this relation implies a continuous fraction, that is to say a fraction whose

denominator is a fraction whose denominator is also a fraction and so on

— —(g—2)/(g—1)
T 3@ —D+ (B =) V2 +[(a+2)/@+ Dizara’ (7.33)

2q

with 2, = pg/ps—2. In order to evaluate this continuous fraction (7.33), it is necessary to
begin with a high index, g,.; while neglecting p, in comparison with p,_» that is to say
that z,,,, = 0. The continuous fraction method gives the ratios between the different
odd harmonic dipole moments.

To determine completely the values of these harmonics, it is necessary to calculate
the response at the fundamental frequency with another method. For that, the difference

of populations is evaluated al the moment ¢, where the excitation field V cos(w;t) is zero

pp(to) = —1

- prf)eime
q

~ P?) - 29%)?
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where p}, is the population difference at the frequency qw;. Using this relation, the

polarisation of the fundamental harmonic can be written

V2Q),
Lo 0
b= (% —wd) + (3/2)V2 (54)

This polarisation corresponds to the one determined with the help of the rotating wave
approximation applied to the differential equation system (7.28). Consequently, the
comparison of the response of the system with the response calculated numerically gives
the same result as the one presented in figure 7.6.

In figure 7.7, the response of the system at odd harmonics is represented and com-
pared to the one calculated with the help of the numerical solution. The differences
appear when the amplitude of the excitation occurs in resonance with one of the har-
monic responses. In this case, the continuous fraction method shows more pronounced
resonance effects. This is due to the fact that this method does not include the relaxation
phenomena implying that the complex poles of the polarisation are closer to the real
axis' and therefore more pronounced. Generally, the method of the continuous fraction
gives good results for centro-symmetric two level systems. Its defect resides in the im-
possibility of treating the n-level systems and the relaxation phenomena. Furthermore,
the solution found is as good as the term giving the polarisation at the fundamental
harmonic (7.34). The response of the system at this harmonic can be very complicated
for strong excitation amplitudes as we noticed in the numerical solution (see figures 7.6
and 7.4c). The continuous fraction method does not take into account these effects.

Figure 7.7c shows that the behaviour in Bloch space of the continuous fraction solu-
tion differs with respect to the numerical solution (figures 7.7d) for resonant excitation
amplitudes. This behaviour difference has its origin in the use of the rotating wave
approximation at the time of the determination of the response at the fundamental
frequency.

Another interesting detail in figure 7.7c is the periodicity of the solution in Bloch
space. When determining the numerical solution we showed that the solutions of equa-
tion (7.28) are not periodic generally. By constructing the solution with the help of

definition (7.32) and the continuous fraction (7.33), we notice that it is periodic for any

' A polarisation of the type P(w) = 1/(I' — i(wo — w)) is resonant when w = wp. Its pole is at
w = il' + wp. The closer the pole is to the real axis, the smaller is the relaxation coefficient and
consequently the maximum of the polarisation is larger.
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Figure 7.7: Polarisation intensity at the odd harmonics calculated with the continuous
fraction method and with the numerical solution. (a) Resonant excitation (V' = 10,
Q =w; = 1) and (b) non resonant excitation (V =1, Qy = 10w; = 1). At the top, the

ratio between the polarisations calculated by the two methods is represented.

A comparison of the two solutions in Bloch space is given by: (c) Solution obtained by
the continous fraction method and (d) numerical solution.
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excitation amplitude. This contradiction is due to the neglecting in the Fourier series of
the terms having a different frequency from the harmonics of the excitation frequency

that is to say the polarisations defined by
p(t) — eiAwt Zpﬁweiqwﬂ, (7.35)
q

with Aw between 0 and the excitation frequency w;.
At this point, we are brought to consider a generalisation of the continuous fraction
method (7.33) in order to include the terms (7.35) neglected in the literature. With

these terms, the relation (7.31) can be written

e [ 2(gqur + Aw)? " 02 — (qu; + Aw)?
7 \(qu1 + Aw)? — w? Y=
Aw 9w+ Aw — 2w Aw QW1 + Aw + 2wy

= : 7.36
Pe-2 qu; + Aw — 1wy pq”qwl + Aw + 1w, (7.36)
Introducing the non integer coefficient
A
s W (7.37)

at the place of the harmonic order ¢ in the Fourier series we have the new continuous

fraction

zAw _(T - 2)/(T - 1) (738)

T 22— 1)+ (@ - rwd) VR [(r+2)/(r + D]
Finally, the complete solution can be constructed from all the terms z2“ defined for Aw

varying between 0 and w,.

7.6 Floquet expansion

As in the case of the continuous fraction, the Floquet expansion is applicable only in
the case of Schrodinger’s equations (for example (7.28)) and not for the density matrix
equations. Thus, this method cannot explain the relaxation phenomena but has the
advantage of introducing the notion of the dynamic state or the Floquet state. This
kind of state is shown in the first part of this section when the numerical solution is

searched for a two level system. The states correspond to the periodic solution. Here,
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the Floquet expansion brings them forward in the general case of the n-level systems
and for a monochromatic excitation (for bichromatic excitations see [86,87]).
The goal of the Floquet expansion is to transform the time dependent Schrédinger’s

equation

zh% = Hypco + 2 cos(wit)Wagca (7.39)

to a time independent equation. For this, it is necessary to use Floquet’s theorem [88]

that shows the existence of a solution of equation (7.39) in the form

L (7.40)

where €, is the quasi-energy of the state. The Floquet state can also be introduced with
the help of SU(2) symmetry [89].
Substituting (7.40) in equation (7.39), we find for each quasi-energy €, a modified

Schrodinger equation

T

d
€nCo + zh-g?- = Hopcly + 2 cos(wit) Wapch. (7.41)

Finally, the wave vector ¢ is decomposed in a Fourier series with the fundamental

frequency equal to the excitation one
h =) ¢ imattam, (7.42)
m
This Fourier transformation gives the time independent equation
€nC'™ = (Hup — himw, ) ™ + Wyg (ci™! 4 im 1) (7.43)
Defining the Hamiltonian operator
H= (Haﬁ - ﬁmwl) Onm + Waﬁ (5nm—1 = d.r.\m-l-l) (7—44)

and the wave vector associated with the Floquet state

(7.45)



CHAPTER 7. BREAKDOWN IN N-LEVEL SYSTEMS 120

Schrédinger’s equation (7.39) can be written as a stationary equation
e.C =HC, (7.46)

whose solution is composed of the eigen-vectors of H. The eigen-values of H are the
quasi-energies of Floquet states. One interesting property of these quasi-energies is
their periodicity. Indeed, the Floquet Hamiltonian is invariant when adding a multiple

of the energy of excitation
H=H+ nﬁwl,

and consequently the eigen-values (quasi-energies) are also periodic.

The Floquet expansion method is based on the determination of the eigen-values of
the Floquet Hamiltonian. The states associated with these eigen-values can be seen as
forming a new quantum system composed of an n-level system and the excitation wave.
These new states are indexed with the help of two quantum numbers, namely the state of
the n-level system (¢ in equation (7.45)) and by the harmonic number of the excitation
field (n in equation (7.45)). As this method is based on the search of eigen-values, it
cannot directly be generalised to the case of density matrix equations which include the
relaxation terms. This impossibility is due to the appearance in equation (7.46) of the

free term associated with the thermodynamic equilibrium of the density matrix.

7.7 Summary

In this chapter, we studied, using the density matrix equations, the interaction between
an n-level system and a monochromatic electromagnetic excitation. In order to define
the evolution of the n-level system we used several methods for solving the equations.
We started with a numerical solution method, where, taking advantage of the periodicity
of the excitation, we could introduce a matrix operator linking the state of the system
before and after one period of excitation. Using this matrix one can find the stationary
and transient solutions of the density matrix equations. This numerical solution was
then used as a reference against which we compared four other methods: perturbation

expansion, rotating wave approximation, continuous fraction method and the Floquet
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expansion. In this way we could show the limits of these methods as one increases the

excitation amplitude.



Chapter 8

Stationary excitation of an n-level

system

8.1 Introduction

In this chapter, we describe the behaviour of an n-level system in interaction with one
or several monochromatic fields. In the preceding chapter, we illustrated the problems
that arise when one searches for analytical solutions of the density matrix equations
describing such systems. Usually, only a solution by quadrature can be found. Never-
theless, for special time dependent excitation fields one can find an analytical solution.
This is the case of the Dirac excitation, meaning an infinitely brief excitation. Besides,
the Fourier transformation of a real monochromatic wave is composed of two Dirac
functions. Following these remarks, we develop a method for finding the solution of the
density matrix equation of an n-level system under monochromatic excitation in this
chapter. In order to do this, we use the Fourier transformation.

This chapter starts with a general introduction to our method. First, we treat the
behaviour of a two level system as well as more generally of an n-level system interacting
with only one monochromatic field. After the Fourier transformation, the density matrix
equation becomes an infinite system of linear equations linking the density matrices at
the different harmonic frequencies of the excitation. This system of equations can be
written in a matrix form where the characteristic matrix has non-zero terms only on the
principal and secondary diagonals. We show that the solution found from this truncated

matrix at the N** order, converges towards the solution of the infinite matrix as 1/N.

122
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We also give a recursive method for solving the truncated linear system. In the case
of the n-level system this recursive solution takes the form of a generalised continuous
fraction.

In the second section, the method used for the monochromatic excitation is gener-
alised for the bichromatic excitation, namely the excitation by two beams of different
wavelength and intensity. The bichromatic excitation presents, not only an interest in
optoelectronic systems (for example [90,91]) but also in nuclear magnetic resonances [92]
where the same kind of n-level quantum systems are considered. A fourth order tensor
relation must be taken into account in order to treat the bichromatic excitation. Oth-
erwise the method is the same as for the monochromatic excitation. The fourth order
tensor relation links the density matrices at the harmonic frequencies obtained from the

linear combinations of the two excitation frequencies.

8.2 The n-level system under monochromatic excita-
tion

In this section, we deduce the stationary response of an n-level system under monochro-
matic excitation in the framework of the density matrix equation. In order to facilitate
this study, we deduce the response of a two level system and of a more general n-level
system in parallel. The difference between the two approaches resides in the order of
the applied operators after the Fourier transformation. For the two level system, the
calculation is made with the help of matrices, while for the n-level systems we need to
use fourth order tensors. The following subsections are consequently divided into two
parts. First the behaviour of a two level system is established and next the results are
generalised for the n-level system.

In the first subsection, we start with the density matrix equation (6.9) including
the relaxation terms (6.11). This equation is transformed with the help of the Fourier
transformation and the resulting system of equations is solved after being truncated.
Further, we show that this solution converges towards the exact solution. Finally, a

recursive method of solution is developed.
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Figure 8.1: The elements considered in our model.

Environment

8.2.1 Description of the quantum system

The description of the quantum system in the density matrix formalism is presented in
the preceding chapter. We remark here that at a given instant, the state of the system
is characterised by the density matrix, that is to say by the populations and coherence
of the eigen states of the Hamiltonian operator. The evolution of the density matrix is
determined by equation (6.12) which links the different populations whilst keeping their
sum constant.

Acting on the quantum system is the electromagnetic field. It intervenes in the
evolution equation through the dipolar operator p;;. In this section, the considered

excitation field is monochromatic
E(t) = E; cos(wit), (8.1)

where w; and F, are respectively its frequency and amplitude.
When the quantum system is excited, it absorbs energy. A part of this energy is
dissipated by exchanges with the surrounding environment. This dissipation is modelled

by the relaxation coefficients in the density matrix equation
kl (0)

dp;; 1 1
;’ = a(prkj = p,-ka) + EEI cos(wit) (1 prj — Pek#?) — il — o). (8.2)

In the following, we are interested in the stationary response of the quantum system
that is to say the equilibrium state between the incoming energy from the electromag-
netic field and the loss of energy due to the relaxation phenomena (see figure 8.1). This
equilibrium state is determined by the density matrix equation (8.2) and is characterised

by a periodic solution at the fundamental excitation frequency. This type of behaviour
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is known in classical mechanics as a forced oscillation. The external force corresponds
to the electromagnetic field and the dissipating force of the oscillator to the relaxation
coefficients. This analogy, although very limited, can be used for a better comprehension
of the behaviour of the quantum system at the time of the excitation.

For the two level system, equation (8.2) can be written in an explicit manner for the

four elements of the density matrix

d aa 1

f;t = +;ﬁE1 COS(wIt) (p‘abpba = )Oab;u*ba) - Fl (Paa — g{;)), (833)
dpab 1 1

e ;.}:L(Haa — Hip) pab + 7B cos(wit) ey (Pob = Paa) — L2Pab,  (8.3D)
d 1 1

% = E(be — Ha)pra + ﬁEI cos(w1t) iba(Paa — Pob) — T'2Pbas (8.3¢)
d 1

ﬁi—" =+ B cos(wit) (Hoapas — Prattas) — T (pws — AD), (8.3d)

where a and b are the basic and excited states of the system respectively. The longi-
tudinal relaxation coefficient I'; implies, in the absence of excitation, the relaxation of
populations p,, and pp, towards their equilibrium state pff;) and pgg). In this case, the
solutions of equations (8.3a) and (8.3b) correspond to an exponential relaxation with
the characteristic time 77 = 1/I';. The transverse relaxation coefficient I', has in ef-
fect the exponential relaxation of the coherence towards zero with a characteristic time
T, = 1/T'y. Finally, the considered two level system is by hypothesis centro-symmetric
and consequently the elements p,, and yy;, of the dipolar interaction matrix are zero.
The only allowed transitions are from state a to b and vice-versa. This implies also
that all even-order susceptibilities are zero (x** = 0) because the polarisation is an odd

function with respect to the field P(—F) = —P(E). The dipolar momentum of these

transitions is given by the non diagonal terms of the dipolar operator pqp = 3,
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Equation (8.3) can also be written using a simpler matrix form as follows

(0)

Paa 0 —tba pa 0 Paa
1, 0 _ E(Q —tap 0 0 Mab Pab
0 i poa 0 0 —pba Pa
ng) 0 Bba —Hap O Pob

-I 0 0 0 Paa Paa

i 0 € —T 0 0 P | d Pazi& )
0 0 —i-Ty 0 Pra dt | gy,
0 0 0 . b Pob Pbb

where the resonance frequency €y/(27) is defined by

S = Hy, — Hy,

The n-level system

In the case of the n-level system, it is more convenient to use Liouville notation for the

density matrix equation

dpij "
Lfjpr — 5; — T8 pya + 2 cos(wit) EX pu = —T¥p), (8.5)

where the Liouville operator L = [H, ] is a fourth order tensor defined by

LY = — (6,Hf — 6fH,) . (8.6)

E(J

The interaction with the electromagnetic field in the Liouville notation is described

by the following tensor

E
BY = ok (s — o). (8.7)

LY
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Figure 8.2: Example of the population relaxation (longitudinal relaxation) in the case
of four levels (n=4) and in absence of thermalisation effects. The relaxation coefficient
v corresponds to the global relaxation time of the populations while the different 1";‘3
govern the relaxation between the different states of the quantum system.

The conservation of the total population

_ dpij
0 = T’r(dt)

R )

7

implies the following condition on the relaxation tensor I', more precisely on the longi-

tudinal relaxation coeflicients

d =9 (8.8)
i

for all j = 1,---,n (for an example see figure (8.2)). From a mathematical point of
view, there is no special condition to be fulfilled by the transverse relaxation times.
In order to determine this relation we took only transverse and longitudinal relaxation
times into account(6.11) whilst the mixed terms (for example I['?3) are neglected here.
Physically, they would imply, for example, a relaxation from a stationary excited pop-
ulation towards the coherence of two states (in classical physics this would mean the

relaxation of potential energy to give kinetic energy).
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8.2.2 Fourier transformation

In the preceding chapter, we showed the difficulties to be overcome when searching for
the solution of the density matrix equation in the case of the time dependent excitation.
This equation (8.4) with a periodic excitation is a special case of time dependent exci-
tation. The advantage of a periodic excitation in comparison with any other excitation
is its simple representation in the frequency domain, that is to say after Fourier trans-
formation. Consequently, the Fourier transformation is suitable for use in simplifying

the density matrix equations
f) =Fe®) = [ e s (89)

—00

In the following, we use some properties of this transformation:

F(cos(wt) f(t)) = —;—f(w +wy) + %f(w —wy), (8.10a)
F (%(:—)) = wf(w), (8.10b)
F(fo) = d6(w)fo (8.10c)

With the help of the Fourier transformation (8.9) and of its properties (8.10), the

evolution equation (8.4) can be written as

- -

0 —tba pa 0 Paa(w — wy) Paa(w + w1)
Ei | —Ha O 0 pab Pab(w — w1) i Pab(w + wr)
W g 0 0 —Ha Poa(w — wi) Poa(w + w1)
0 Mba —Ha O |\ Aw(w —wi) Pow(w +wr) ] |
T <o 0 0 0 Boal)
0 Ly +i(w — Q) 0 0 Pap(W)
o 0 Tp+i(w+Q) 0 1)

0 0 0 Iy +iw ()
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Figure 8.3: Relation between the different frequency components of the density matrix.
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The Fourier transformation has changed the differential equation to an algebraic equa-
tion that links the different frequency components of the density matrix. Indeed, the
density matrix at the frequency w is coupled to the density matrix at the frequency
w — w; and at the frequency w + w; (see figure 8.3). This “coupling” is more or less
important according to the amplitude of the excitation field.

One can distinguish two different types of solution of equation (8.11) depending on
whether the starting frequency w is or isn’t a multiple of the excitation frequency w;. In
the first case, the solution of equation (8.11) corresponds to the Fourier transformation
of the periodic special solution of the differential equation (8.4). In the second case, the
solution corresponds to the homogeneous solution of the differential equation (8.4). This
homogeneous solution is transient and corresponds to an exponential relaxation towards
the thermodynamic equilibrium density matrix with the relaxation times 77 and T5. As
we are interested in the stationary state of the system we discard this transient solution
and study the solution corresponding to the special periodic solution. We remark that

for this solution, in equation (8.11), only the harmonic frequencies of the excitation
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intervene. Further this algebraic equation can be simplified if one defines

pw) = Y FS(nw —w)
ﬁn
oo an
= S| ™ | stw - w)
n=-—00 ﬁ?a
P
for the density matrix and

pld

50 = —T, 0

0

A0

pl(:b)

for the thermodynamical equilibrium state.

The interaction matrices between the different harmonics of the density matrix are:

[y + inw, 0 0 0
i 0 Ty + i(nw — Q) 0 0
0 0 Ty + i(nwi + Qo) 0

0 0 0 I'y + 2w,

and

0 —Mba Jab 0
_E | —Ha O 0 Hab
2h e 0 0 —pba

0 Hab  —Hba 0

Considering these notations, equation (8.11) can be written

6n0p” = Ep*t + Ep" + HYPY, (8.12)
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or in a matrix form

[ \
o H*tZ B 0 0 0 0 0 o0 0 0 [ \
0 E Hrtl E 0 0 0 0 o0 0 0 pnt2
an 41
0 0 E H" E 0 0 0 0o 0 0 "
0 ﬁﬂ
0 0 0 E H»! E 0 0 0 0 0 -1
0 0 0 0 E Hr—2 0o 0 0 0 0 =2
~2
0 0 0 0 0 0 H2 E 0 0 0 P
0 ﬁl
" 0 0 0 0 0 E H' E 0 0 *
FlO) 0
0 0 0 0 0 0 0 E H° E 0 !
0 a2
0 0 0 0 0 0 0 E H! E
\ / 0 0 0 0 0 o o o E m- ! |\ /
(8.13)

The n-level system

In the general case of the n-level systems, the Fourier transformation gives the differential

equation the following tensor form
(L:c; — ) — Ff_:) ﬁkl ((U) + Egﬁk! (UJ — L«Jl) -t Eg;'}k;(w + L-:J]), = —E(w)l"f;pg:) (8 14)

As for the two level system, we are interested in the periodic solutions of the dif-
ferential equation (8.5 ). In this case, the solution of the equivalent equation (8.12) is
composed only of the harmonic frequencies of the excitation frequency. We can thus

decompose the density matrix with these harmonic frequencies

(P (W) = D p"6(nwr — w).

n=—0oc

Defining the two interaction tensors between the different harmonics of the density

matrix

L" = (L¥ — inw I} — T))
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and
E = (Ej)

implies the following infinite system of linear equations

EﬁN+2 + EﬁN + LN+LﬁN+1 s 0

EﬁN+1 Z EﬁN—-l + LN,@N — {}
EﬁN . EﬁN—-E + LN—l,aN—l = 0
Eﬁ2 4 Eﬁo 4 Llp*l — 0
Eﬁl + Eﬁ‘_l + Lﬂﬁ(} s _l'\p(l})

Ef)o 4 E,a—z % L_lﬁ_l — 0

This system of equations can be written under a “matrix” form where each element

is a fourth order tensor
M2 = 6T, (8.15a)
with

M? = §?L" + 67, \E + 67_,E. (8.15b)

8.2.3 The truncated solution

The method of solution for this infinite system of equations (8.13) that we adopt trun-
cates the dependences between the higher harmonics. Indeed, from a certain harmonic
order, the norm of the diagonal elements of the matrix M? is bigger than that of the
secondary diagonal (see figures 8.4). From this harmonic onward, we can neglect the
“coupling” between the density matrix at one harmonic frequency and the following har-
monic. This special truncation is described later. The error due to this approximation

is established in the following subsection.



CHAPTER 8. STATIONARY EXCITATION 133

- : DS000
diagonal SDS00

i s 0SDSO
= 00SDS

‘ \/

elements of
the secondary

/ diagonal
! | ! I ! | ! | ! I !
-60 -40 -20 0 20 40 60

n

1Y &
|

Harmonic order

Figure 8.4: The norm of the principal and secondary diagonal of the matrix ||MZ||?
(equation (8.15b )) as a function of the harmonic order n.

When truncating at a given harmonic order N, the matrices E (due to the excitation)
are neglected in comparison with the matrix HY (8.13). For that, the matrix (8.13) is

decomposed into nine parts

[ ( A\ \ (: \ )
HVYt2E 0 0
\--E H"Y \E 0 - - 0 ) 0 0 - )
( 0 E \ (BN 0 \ (0 \
0 E HN-!
: : H N+E 0 B
\ 0 ) \[] iie B H—N) \E 0 )
A [0 0 E (BB :
0 0
\ J\ P
. / \ /4
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00X 00 cox (2N+1) 00X 00

11 M12 13
2N+1 2N +1

00X 00 cox(2N+1) 00X 00

These nine parts are themselves matrices of different orders. The matrices M;; and
Mg are almost diagonal while the matrix Mj, is tri-diagonal. The link between these
three parts is made with the help of the matrices M3, Mg, Mgz and Mjys. In the

same manner as for the matrix ME, the solution is divided into three parts

( ; \

ﬁN+1
()
e p1
=| 2
~—N+1 363
\ )
ﬁ_N_l
and also the free term of the algebraic equation
() )
0
(0 )
= 8
p© = ﬁéo)
: P
\ 0
0
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Considering this segmentation, the equation (8.13) is written

:6(10) M;; M My 2 i)
PO [ = My My My pe | =M| p, (8.16)
,65,”) Ms; Mz, Mss P3 P3

In order to be able to neglect the dependencies between the higher harmonics, the
matrices M;; and M3z are also divided into a diagonal and a non-diagonal part. This

second part can be seen as being a perturbation on the diagonal part

M, = HN+2 0 %+ 0 E | =D+
0 HN+ -« B 0
and
H-N-1 0 0 E
Msj3 = 0 H-VN-2 +| E 0 = D33 + 033.

Using all of the above notations, the exact solution of the infinite system is a solution

of equation

ﬁio) Dy +61 My 0 p1
| = My, My, My p2 |- (8.17)
i 0 Ms; Dss + 033 P3

The approximate solution obtained neglecting the perturbations d;; and d33 can be

written
s (8.18)
'—Dg‘-}l MggO’g
with

pg}) = (Mgg = MngfllMlz = M23D531M32) 02. (819)
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The two matrices M21D1_1£M]2 and M23D§31 M3, link the superior and inferior diag-

onal parts of M? in the solution o,. These two matrices can be evaluated as

(2N+1) )
EHM)TE 0 .- 0
" 0 0 J
My, D;i My, = _ _ _ ¥ (2N + 1) (8.20)
0 0
and
(2N+1) 3
0 i ese 0
i 0 :
: 0 0
0 0 EHMNYHTE
.
Defining thus
6N =E (HN-H.)_l E
and

sN=EHM)TE
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the equation (8.19) giving the approximate solution o2, can be written as

[0\ (HY-" E 0 i 0 0 o\ o)
0 E H¥-' E © 0 0 0 o1
0 E HV2: o 0 0 a2
poO | =
0 0 0 ! HY? E 0 Ca A
0 0 0 0 i E HN¥ E o N+
\ 0 /) \ o 0 0 i 0 E HN-§V )\ oV )
(8:22)

Finally using equation (8.18) we can deduce the approximate density matrices at the
different harmonic orders valid for the two level system. This can be generalised for the

n-level system.

The n-level system

In the case of the n-level system, we define the approximate solution, namely the solution

where the dependences between the higher harmonic order are neglected, as follows
( -
g =4

aNF o (LN+1)_1 EoN

o-N-1 — _ (L—N—l)-l Eo—N
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where 0=V ...o" are the solutions of the finite linear system of equations:
—E (LM) ' EoV + Bel-t + LV = 0
EdV - EoN—? + LN-1gM-1 =
Eo? - Eo? - Llo! = 0
Eo! - Eo! - L% = —Ip®
Eo’ - Eo—2 + Lo = 0
Eo—N+2 - Eo— VN + LNMHgN = 0
Eg—N+! — E(L YY) EsN + L NN = 0

This solution is a generalisation of the solution valid for a two level system. In the

following we show that these two solutions have the same properties.

8.2.4 Convergence of the truncated solution

In this subsection, we estimate the error due to the truncation of the algebraic system. A
preliminary graphical study of the approximate solution for different truncation orders
as a function of the excitation amplitude shows that the solution found by truncation
is valid up to a given amplitude (see figure 8.5). From this excitation amplitude, the
approximate solution truncated at the order IV shows a different behaviour from the
approximated solutions at a higher order. In this graphical study, we plot the population
of the excited state at zero frequency.

Figure 8.5 shows a series of oscillations. These oscillations are better displayed
when the order of the truncation is greater. In other words, for a given excitation
amplitude, the result obtained is almost the same for all truncation orders greater than
a certain given truncation order. In the following, this hypothesis is demonstrated from
a mathematical point of view. Therefore the induced error by truncation of the matrices

M,; and Mj; is evaluated by calculating the difference between the exact solution p
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Figure 8.5: Population of the excited state at zero frequency for different excitation
amplitudes and for different truncation orders.

and the approximated one o

D+ 4011 Mo 0
\Y B%) My, M
0 Mj, D3z + 033

1

P3

—~1

T2

-1

-1
—JllDu M]g(fg

—833D 35 M350
(8.24)

Let A\jr be the smallest eigen value of matrix M and m the biggest element of the

matrices 633D§31M32 and &, DfllMlg. Then we can find the upper value for the difference

between the exact solution p and the approximate solution o

Hﬂz—ffz”

2

<

P1

02 =

P3

Tr.
2_
[ Am|

|lo2 |-

-1
_Dll Mlgo'g
D)

-1
—D33 M320'2

(8.25)
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The factor m can be calculated from the matrix §;;D7,'M,3, which means from

(2N+1) )
0 0 ---
6uD' My = i  00. (8.26)

EHY)TE 0
0 0

/

For a two level system, this implies
“abﬁbaE%/(élﬁg)

T T+ (N + D + Q)|

Consequently, the relative error induced by the approximate solution decreases as 1/N,

that is to say inversely proportional to the truncation order

O(1/N)
[Am]

o2 — 02| < |loa|l. (8.27)

The n-level system

In the case of the n-level system the difference between the approximate and the exact

solutions can be evaluated from
M? (5" — o™) = =8 ,E (L") ' EoV — &%y ,E (L V) Eo V. (8.28)

Let us define, as for the two level system, the smallest eigen value Ay, of M?, and the
biggest element m of E (LV "'1)_1 E and E (L7V _1)_1 E. Then the difference between

the two solutions has an upper value given by the inequality

. m
|p—ol| < zm”(’”;

where m is proportional to 1/N. Consequently, the relative error diminishes with the

truncation order.
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8.2.5 The recursive solution method

The recursive resolution method consists of the triangularisation of matrix M after the
above discussed truncated approximation. We define a recursion sequence giving the
terms of the diagonal of M after subtraction of the influence of the following harmon-

ic. With this method we generalise the continuous fraction method described in the
preceding chapter.

Let the initial term of diagonal be
DY = HY -5V, (8.29a)
the general recursive term be
D" = H" - E (D) 'E, (8.29b)
and the last term of this sequence be
D-¥ =g 5 ¥ -E (D)L, (8-29¢)

During the triangularisation of the matrix M, the free term changes also, giving a

sequence of terms with the first term given by
7’ =p, (8.30a)
and the general recursive term by

7 = —E (D™*) 7 4L (8.30Db)
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With the help of these two sequences, equation (8.22) can be written as

(o ) (D E 0o : o 0 0 \[ o )

0 o DVM1 E ! 0 0 0 gt
0 0 DN2:!: g 0 0 oN-2
n’ =
: 0 0 0 ! DNz E 0 ' A
/S 0 0 0 : 0 DM E g
\ 2" ) o o 0 i 0 o DN\ oV )

(8.31)

Consequently, the approximate solution can be defined as a sequence with the first

term given by
o N =DM "y¥, (8.32a)
and the general recursive term by
o" = (D")7! (y* — Eo™ 7). (8.32b)

With the help of these three recursive sequences we define the solution of equation

(8.22). This method can be generalised to the case of the n-level system.

The n-level system

In the case of the n-level system, we can again define two sequences. The first sequence

gives the diagonal terms D™ with the first term
DY =LY - E (L) 7'E, (8.33a)
the general recursive term

D" =L"-E(D""")'E, (8.33b)
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and the last term
D¥=LV_-E(LY)'E-E(MD ) 'E. (8.33c)
The free member sequence is defined by the first term
n° =Tp©, (8.34a)
and the general recursive term
7t = —E (Dn+1)~l 7. (8.34b)

From these two recursive sequences, the solution can be determined in a recursive

manner with the initial term
o ¥ =D Ny ¥ (8.35a)
and the general recursive term
o" = (D)7 (" — Ea" ). (8.35Db)

In this section, we rigorously deduced the solution of the density matrix equations
in the frequency domain. This solution can be defined as the limit of a convergent
sequence. The terms of this sequence are the approximate solutions, calculated from
the interaction matrices between the different harmonics, truncated at the order N. We
showed that this sequence converges as 1/N as well for the two level system as for the
general case of a n-level system. Finally, a recursive resolution method is described for

determining the solutions at the order NN.

8.3 The n-level system under bichromatic excitation

In the preceding section, we treated the case of an n-level system under monochromat-
ic excitation. We established that such an excitation at high intensity induces high
harmonic generation of the electromagnetic field (the response of the system is at fre-

quencies which are multiples of the excitation field). Likewise a bichromatic excitation
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induces the response of the system at the frequencies corresponding to the linear combi-
nations of the two excitation frequencies w; and w, with whole number coefficients (see

also [93,94])
Wresponse — T + mws with n,me N.

This response of the system, at new frequencies, can be used in the characterisation of
materials presenting non-linear optical effects. From an experimental point of view, the
creation of new frequencies allows the spectral filtering of the response of the system and
thus the measurement of a background free measure. Furthermore, when the difference
between the two excitation frequencies is the same order of magnitude as the inverse
of one of the relaxation times of the system, the response of the system presents a
phenomena of “resonances”. From these phenomena, the relaxation times can be deduced
even if the length of the impulse is longer than the relaxation time. For this reason we
have generalised the monochromatic solution method to the case of the bichromatic
excitations.

The solution of the density matrix equation is more complex in the case of a bichro-
matic excitation. Contrary to monochromatic excitation, bichromatic excitation is gen-
erally non periodic. This is the case if the two frequencies are not commensurable [95].
This non periodicity induces, after the Fourier transformation of the density matrix
equation, an algebraic equation that can no longer be written under the simple form of
a matrix relation between the density matrices at different harmonic frequencies. In the
following, we generalise the method form monochromatic excitation to the bichromatic
case. This generalisation consists of a change of a matrix relation (second order tensor)
to a relation using a fourth order tensor. Finally, the result is verified for the case where
the two frequencies are commensurable and therefore the periodic excitation for this

case can be treated as a generalised monochromatic excitation.

8.3.1 The Fourier transformation

A bichromatic excitation is characterised by the two amplitudes E; and E, and the two

frequencies w; and wy of two sinusoidal fields. The sum of these two fields forms the
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excitation

E(t) = El COS(&J}f) + E2 COS(w:gt). (836)

The density matrix equation (6.12) with this excitation field is written

dp,;' 1
dtJ = E(Hfﬁkj — piHE) — T¥(ora — p)
1
+ =By cos(wit)(4ipw; — pirks)
1
- EEQ cos(wat) (1f pr; — pikiy)- (8.37)

Its Fourier transformation has the following tensor form

—d(w) f;Pg:) = (L —iw —TY) pu(w) + EX pra(w — wr)

+ Ef’}‘ﬁu (w4 wy) + F;’;Iﬁkl (w—w2) + F}glﬁk! (w+ws)  (8.38)

with
= 22 (6‘1;’-‘ - 6‘3‘;5{) (8.39a)
2 iR TR '
FH=_2 (El-pf - 5*;51‘) ; (8.39b)
@ gV Y

Equation (8.38) shows the links between the composing frequencies of the density
matrix. This dependence is similar to the one outlined in figure 8.3 for the monochromat-
ic excitation. In this case the dependence makes the system respond at the frequencies
W — Wi, W+ w, w— wsp and w + ws.

As for the monochromatic excitation, we are interested in the stationary solutions
of the differential equation (8.37 ). The Fourier transformation of the density matrix
equation implies a decomposition of the spectral response following the two frequencies
of excitation. In other words, a non zero solution of equation (8.38) can only be found

for

Wnm = MWy +mwy  with n,m € N. (8.40)
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This decomposition of the spectrum into frequencies indexed by two whole numbers is
unique only if the two frequencies are not commensurable. In the case where the two
frequencies are commensurable, an infinity of pairs (n, m) give the same frequency wy,,.
In the following, we decompose the response of the system onto these two frequencies.
Therefore, a unique decomposition is useful. We show at the end of this section that
this decomposition remains valid for the bichromatic excitations with commensurable
frequencies.

In the case of a non commensurable bichromatic excitation, the solution of the
density matrix equation is composed only of terms at the frequency wy,, corresponding

to the mixed harmonic of the two excitation frequencies

oo

Bs@) = D P"™8(wnm — w). (8.41)

n,m=—00

The interaction between the harmonics of the two frequencies occurs through the

following three tensors:

Lym = (Lf — iwamIf — T5), (8.42a)
E, = (Ef), (8.42b)
E; = (F). (8.42c)

With the help of these tensors, equation (8.38) can be put into the form of a infinite

system of linear equations that can be written in a tensor form

M22, ™™ = 53831, (8.43a)
with
M2 = 0269 Lym + 5£+1E1 + 08 _\Ey+67 B2+ 07 Ea. (8.43Db)

In these relations, we notice the similarity between the equations found while treating
the monochromatic case (8.15). The bichromatic excitation is simply the generalisation
of the monochromatic one by transforming a second order tensor relation (matrix rela-

tion) into a fourth order tensor relation for the two level system and by transforming
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a fourth order tensor relation into a sixth order tensor relation for the general n-level
system.

The generalisation of this procedure to any number of monochromatic excitations r
adds to the equation (8.43b) the supplementary terms E; (with ¢ = 3...r) and changes
the order of the tensor M to 2r (the order tensor relation is then 2r + 2).

In the case where the two frequencies are commensurable, their ratio is a rational
number. This property implies that the frequencies w,,, for different indices n and m
correspond to the same frequency. Let the ratio between the two frequencies be defined

by the denominator ¢ and the numerator p

Wy p
— == 8.44
g (8.44)

where p and ¢ have no common factor. Then the frequencies
Wntig)m—jp) = (M + j@Qwi + (m — jp)w,  with n,m,j € N. (8.45)

are the same frequency.

Using this property, equation (8.38) can be written in a matrix form as in the case of
the monochromatic excitation. Physically, this form is possible because the bichromatic
excitation is periodic in the case of commensurable sinusoidal fields. Consequently, this
case can be treated in the same manner as the monochromatic case. The basic frequency

of this commensurable excitation is given by

which allows us to introduce the decomposition of the spectrum following the multiple

frequencies of Aw. The new decomposition of the frequency is

wp, =nAw with n € N. (8.47)
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Between this new decomposition and the one with two indices we have the following

relation

Wpnm = PWp+ qwn

=  Wpsn+grm

which implies that all the mixed harmonics of the two frequencies are in reality the simple
harmonics of the fundamental frequency given by Aw. Defining the new Lagrangian

operator
L, = (LY —iw, I} - TH),

and using the interaction tensors E; and E, defined in equations (8.42b) and (8.42¢)

the infinite system of linear equations can be written

MP 5" = 62T p©, (8.48a)
with
M} = 67Ln + 64, E1 + 6, _pE1 + 07 B2 + 6, _ Ea (8.48b)
where
s = 3 olen ). (8.49)

This relation between the harmonic frequencies of Aw written in a matrix form (see
equation (8.13)) is composed of a diagonal part originating in the tensors L, and of
two secondary diagonals offset with respect to the principal diagonal by p and of ¢ and
originating respectively from the tensors E; and E,.

The system of equations (8.43) is equivalent to the system of equations (8.48). To
show this equivalence it is necessary to define the relation between the density matrices

p" and p™™. For this, the solutions (n;, m;) of the Diophantine equation must be used

pri; + qm; = j. (8.50)
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Then the density matrix defined in the equation (8.49) is
=y i, (8.51)

Using this same summation rule on the system of equations (8.43), we can verify that
it transforms into the system of equations (8.48).

A direct application of this property follows from the demonstration itself. The
equivalence between these two representations makes possible the usage of our general
non-commensurable resolution method for the commensurable bichromatic excitations.
This is the case for experiments where the pump and the probe are degenerate (w; = wy)

or at another harmonic frequency (w; = 2w, for example).

8.4 Summary

In this chapter, we obtained a method for finding the solution of the density matrix
equations for an n-level system. This method is based on the joint employment of the
continuous fraction method and the Fourier transformation. The method is illustrated
in the case of a two level system and more generally n-levels excited by monochromatic

and bichromatic excitations.



Chapter 9

Applications: Chromatic excitation

9.1 Introduction

We review in this chapter some effects that can be explained by the n-level density matrix
equations solved using our method. These effects include the saturation of the response
of the system at the fundamental frequency when it is submitted to high intensity
excitation. During the saturation phenomena the energy received by the system is
redistributed to the higher harmonics. Thus, we show the observed plateau in the
generation of the high harmonics. With our method, we deduce, from the polarisations
at the fundamental and at the third harmonic, the saturation intensity and the dynamic
Stark shift. We also show, the multiple photon resonances as well as their reciprocal
Stark shift as a function of the excitation intensity. This last effect helps to understand
the oscillation effects of the system response as a function of the excitation amplitude.
Further, we apply this method to two concrete cases of bichromatic excitations. First,
we study the “non degenerate pump-probe” configuration which is modelled with the
help of the general relations obtained in the second section. The considered bichromatic
excitation is composed of a low and a high intensity beam. The first can be treated as
a first order perturbation (method similar to [95]), whereas, the second beam is treated
with our method and is valid also for high intensities. The second configuration studied
corresponds to the “non-degenerate four-wave mixing” setup. In this case the two beams
are of high intensity [96,97] and must be treated using the fourth order tensor formalism.

For quantum systems we use an ideal two level system and an excitonic system (n-

level system). Further, from the general solution, we deduce a simplified version taking
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into account the properties of the physical system (for example w; = Qo > I's > TI'y).

This facilitates the comparison with experimental results.

9.2 One wave excitation

In the following, the recursive resolution method is applied to the two level system. To
simplify the solution in the form of a continuous fraction, we use a centro-symmetric
system (pqa = mp = 0). Considering this symmetry, the interaction between two
adjacent harmonics in the sequence (8.29), characterised by the matrix E (D)™ E, has

a special form where only two terms A, and B, can be distinguished

E(D"*) ' E= (9.1)
0 -B, B, 0
Introducing the following notation:
1
By = : : ’ (9.2a)
T'2+i(wo+nwr) + Ta+i(nw; —So)

1
Bn = §(F1 + inwy ), (9.2b)

E
o = & (9.2¢)

2k

the expressions of the density matrices at the different harmonics can be simplified.
When using the point symmetry property (9.1) and the above notation (9.2 ), one can

write the recurrent sequence (8.29) as
Ap=—"-— (9.3a)
and

By= (9.3b)

Any1 — B
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where only the two distinct elements of the matrix (9.1) are treated. This sequence can

also be written in the form of a continuous fraction

A, = (9.4a)

— Qnt1
2

and

a2
By= —— . (9.4b)
gl =, B8
L_8ﬂ+3 s

With the help of these matrix elements, we can specify the solution of the density

matrix at zero frequency

~0 1

p = m(rﬂ - PIP(O)) (9.5)

with
A = Ag + c.c. (96)

and where c.c. designates the complex conjugate and I the unity matrix.

From the density matrix at zero frequency, we can deduce the response at the funda-
mental frequency, that is to say the response having the same frequency as the excitation.
For that, it is necessary to use the triangular matrix of equation (8.31 ). With the help

of this matrix and putting
Yn = Ly + i(wa + nwn ) (9.7)
the populations and the coherences at the first harmonic are respectively

Paa = P = 0, (9.8a)

. (0)
- 1Tipp’ MAo
e i , 9.8b
Pav = = 4@A—T) (11 + 1) (6.8b)
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Figure 9.1: Polarisation response of the two level system at the first harmonic as a
function of the excitation amplitude on a logarithmic scale.

)51 — %Flpg)'yilA{]
%7 a(2A-T1)(m +7%)

(9.8¢)

The point symmetry of the two level system gives no population at this frequency while

the coherences give the induced polarisation

Flﬂoﬂ(DO)An

@A-T)(m + 7)) 28)

Pwl (Elawl) = a

that is represented in figure 9.1. In this figure we observe several distinct domains
of the polarisation response. For the weak excitation amplitudes, the response of the
system is linear. In this domain, the solution found corresponds to the one calculated
with the help of the perturbation theory. From a certain amplitude of excitation E{*,
a saturation of the response becomes visible. For higher excitation, the amplitude of
the polarisation response diminishes. This last amplitude domain can no longer be
treated by the perturbation theory. It corresponds to the instant when the amplitude
of the exciting field implies that the terms of the secondary diagonal in equation (8.15a)
become greater than the term MY (first diagonal term). In order to find a solution
that demonstrates this saturation behaviour, it is necessary to take into account the

dependence between the different harmonics at least to first order.
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When introducing the different definitions in equation (9.9) and in the case where
w R Q> > (9.10)

the polarisation at the first and at the third harmonic can be written

BT ittantt5aQ00% Tt [E? o e + 2H271v-1]

P(Ey,w) = , : 9.11a
(Easea) U Aty ity + 4B pap v D22 (0 + wi)’ ( )

% E2 A
PilBy,wi) se 210BEW G 00 ). (9.11b)

2h2y37* 4

We remark here that the dielectric susceptibility x;(w:) defined from this polarisation
fulfils the Kramers-Kronig relation (see §I.C) in the case where the terms in E? are

neglected. Moreover, in this case, the dielectric susceptibility fulfils the condition

X(—wl) = X*(wl)

which corresponds to a real polarisation after Fourier transformation.

In the case where the terms in E7 are no longer negligible (high excitation intensity),
the Kramers-Kronig relation is no longer fulfilled because the system is becoming non-
linear. The response of the system cannot then be described by the convolution of the
Dirac response and excitation field. This is the case for excitation amplitudes greater

than

B = \/Flh"(w% — 9)* + 20\ D3R2 (wf + ) (9.12)

B 24tapitpal'2 (2 + w?)

With the help of the measurement of this saturation amplitude as a function of the
excitation frequency, we can determine the product of relaxation times (transverse and
longitudinal). In fact, by virtue of (9.12), this product is proportional to the minimal

saturation amplitude (see figure 9.2). Further, their ratio is proportional to the slope of

the asymptote of this saturation graph.
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Figure 9.2: The saturation amplitude of a two level system as a function of the excitation
frequency. From this graph, the ratio and the product of the two relaxation times
(transverse T, = 1/T'» and longitudinal 7} = 1/T';) can be determined.

With the help of equation (9.11a), we determine the amplitude from which the

response of the system begins to grow again

V2h
Epin = ———1/ 4w?T2 + (92 — w?)2. 9.13
min \/m\/ 1+2 ( 0 1) ( )

For excitation amplitudes greater than E,;,, the response at the fundamental har-
monic exhibits a succession of periodic peaks (see figure 9.3). The excitation amplitude

for the n** saturation peak is given by

n?—1

Bt ek
2 s o

(9.14)
Mathematically, this periodicity can be explained by the almost periodic structure of
the interaction matrix between the different harmonics of the density matrix. This
periodicity appears also in the expression for the different elements (9.4).

This periodicity of response at the fundamental frequency can be explained by con-
sidering the behaviour of the system as a function of the excitation frequency for different

excitation amplitudes. Figure 9.4 shows such a spectrum. For weak excitation ampli-
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Figure 9.3: The response of the system at the fundamental harmonic as a function of
the excitation amplitude for an excitation much greater than the saturation amplitude

(9.12).

Pclarisation P, (10 C m)

3x10° V/m

Figure 9.4: The response of a two level system at the fundamental frequency as a
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function of the excitation frequency for different excitation amplitudes.
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Figure 9.5: Shift towards the blue of the saturation frequency of the fundamental har-
monic (figures 9.4) as a function of the excitation amplitude.

tudes, corresponding to a linear regime, the response of the system has a Lorentzian
behaviour where the maximal response is given when the excitation frequency is in
resonance with the system eigen-frequency y/(27). Increasing the amplitude of the
excitation, a saturation phenomenon appears first at resonance and next when an odd
number of photons are in resonance (w = €y/3, w = /5, ...). This saturation corre-
sponds to the absorption of several photons.

To the multi-photon absorption phenomenon one has to add the optical Stark shift

which corresponds to a shift towards the blue of the fundamental resonance (figures 9.5)

Postark = \/ 203 + 2B s, (9.15)

which is also present in the multi-photon resonances.

With the help of these two effects (the multi-photon resonances fig. 9.4 and the
shift towards the blue fig. 9.5) we can explain the periodic amplitude oscillations of
the response of the system when the excitation amplitude increases (9.3). To show
the link between these two phenomena, let us look at the behaviour of the saturation
of the three photon absorption (w = €4/3). When the amplitude of the excitation

increases, this saturation undergoes a movement towards the blue. For sufficiently large
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Figure 9.6: Response of a two level system at the fundamental frequency, at the third
harmonic (w = 3w;) and at the fifth harmonic (w = 5w, ) as a function of the excitation
amplitude.

amplitudes, this shift makes the three photon saturation correspond to the fundamental
resonance of the system. We notice then a new saturation of the fundamental resonance
of the system (w = €y). This corresponds in reality to the saturation of the shifted
three photon resonance towards the blue. This effect repeats itself for all the multi-
photon resonances. Whenever such a resonance crosses the fundamental resonance, a
fast decrease of the response can be observed.

So far, we were interested in the response of the system at the fundamental harmonic.
In order to evaluate the polarisations for other harmonics, it is necessary to employ the
recurrent sequence (8.32). Considering the new notation, the elements of the density
matrix for the odd harmonics (centro-symmetrical system) can be written:

iz _ _ BnYn+2(gy — Ppa)Ans2

— 9.16
P (Yna2 + 7in_2)a? e

and

e = Bnn—2(Py — Ppa) A2
- (Y42 + Y n_p)a?

(9.16b)
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Figure 9.7: Response of a two level system at the fundamental frequency, at the third
harmonic (w = 3w;) and at the fifth harminic (w = 5w;) as a function of the excitation
amplitude which is largely above the saturation amplitude (9.12).

The populations p+? and pj,t* are zero for these harmonics. From these expressions,
the response at the fundamental harmonic as well as at the third (w = 3w;) and at the
fifth (w = 5w, ) are represented in the case of weak excitations (figure 9.6) and of strong
excitation (figure 9.7).

As for the fundamental frequency, the responses at higher harmonics show several
regimes of the system depending on the excitation amplitude. For weak excitations, the
behaviour is linear for the first harmonic, cubic for the third harmonic and generally at
the power n for the n** harmonic. For amplitudes higher than the saturation amplitude
(9.2), all the polarisation responses change as the amplitude to the power n — 2. For
example the third harmonic is proportional to the excitation amplitude. When the
excitation increases even more in amplitude, the different harmonics undergo periodic
oscillations similar to the fundamental harmonic..

In order to better understand these periodic oscillations, we represent in figure (9.8)
the behaviour of the response up to the 21 harmonic for two different excitation am-
plitudes. Two possible responses appear: a “plateau” followed by a fast decrease of the
response as a function of the harmonic order. The harmonics being part of this plateau

are those that are saturated and that present an identical oscillating behaviour. As the
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Figure 9.8: The relative amplitudes of the response of a two level system at different
harmonics as a function of the harmonic number for two excitation amplitudes.
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Figure 9.9: The relative amplitudes of the high harmonics generated in argon with the
help of a Nd:YAG laser [98].
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excitation amplitude increases, this plateau includes more and more harmonic order-
s. This phenomenon is observed experimentally in gases such as xénon, krypton and
argon (density between 10'7 and 10'® atoms/cm?®), excited at a wavelength of 1064nm
(intensity between 10'® and 10" W/cm?). In this case, a very effective high harmonic
generation can be measured (see figures 9.9 and [99]) reaching the 31%* order. This
result completes those obtained for an excitation at a smaller wavelength in these same
systems [100]. More recently, this generation of high harmonic orders has been observed
up to order 135 in neon and 57 in argon [98,101]).

Several [102] theoretical approaches are used to model this phenomenon. They can
be divided into several groups. On one side we have the research of the direct solution to
Schrodinger’s time dependent equation. This is solved numerically for a one dimensional
atom [103,104] but also for the more elaborate case of three dimensions [105-107]. This
numerical solution in three dimensions is used in the case of a semiconductor [108] where
high harmonic generation can be observed. As an alternative to the direct solution
of Schrédinger’s time dependent equation, this phenomenon can be treated using the
Floquet states [109,110]. Yet, another possible approach is the classical treatment of an
electron in the field of a proton subject [109,111] to a monochromatic excitation. This
method uses the classical trajectory of the electron and the Monte-Carlo solution to show
a plateau in the high harmonic generation. Finally, alternative models are proposed in
the literature which approximate the atomic potential by a short range interaction [112]
or the numerical solution of Bloch’s equation (without taking relaxation terms into
account) for a two level system [79].

Our result, shown in figure 9.8, corresponds to this last approach, generalised to
include relaxation phenomena and solved in an analytical manner. The advantage of
such a solution is the possibility of determining the harmonic order “cut off”. This cut
off corresponds to the order N at which one can truncate the dependence between the
different harmonics. It can be evaluated as

1 E?

Neutoff = —

—_— 9.17
W HabMba =+ Qg ( )
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9.2.1 Monochromatic excitation of an excitonic system

Excitonic systems in semiconductors give a good example of n-level systems. These
correspond principally to an electron-hole pair created in our case by optical means
(absorption of a photon) and held together by Coulomb interaction. The energy levels
E, of such an electron-hole pair can be calculated in the same manner as those of a
hydrogen atom [63]

4
E,=E,—

~ 52723 (9.18)

where p is the reduced effective mass of the electron and hole, e the charge of the
electron, € the dielectric constant and E, the energy gap of the semiconductor. For low
dimensional semiconductors such as quantum dots, the excitonic energy levels change
in comparison with those of hydrogen due to the confinement of the exciton [113,114].
These excitonic systems can be modelled, to a first approximation, by a two level system,
made out of a ground level (no exciton) and the first excitonic level F; (n = 1).

When these quantum systems interact with the electromagnetic wave the exciton ap-
pears. Further, this corresponds to the induced polarisation that represents the response
of the system to the applied external field. Usually, the excitonic levels reveal themselves
by a series of resonance peaks (in transmission or reflection) when the photonic energy
of the excitation equals the energy of the excitonic levels (9.18).

In order to show the differences between the response of a two level system and an
n-level system, we take a look at the response of a four level system at the excitation
frequency (figures 9.10). The four considered levels correspond, in energy and dipole
moment, to the first three levels of an exciton [113].

In this case we use the same procedure as for the two level system treated previously.

The solution for an n-level system is determined with the help of recursive relations
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Figure 9.10: Response of an excitonic system at the excitation frequency as a function
of the excitation amplitude. The three first excitonic levels are taken into account.

(8.33). In the case of the truncation at the first order, the different terms are:

D! = L'-E(L?)TE

D’ = L°-E(D)7'E

D! = L'-E(L )T E-E(D)E
P = Tp®

! = —E(D° ' rp®
Consequently, the solution is
ol=— (D) 'E (D% Ip©. (9.19)

We notice (figures 9.10) that for weak excitation amplitudes, we have, as for the two
level system, a linear response of the system followed by saturation and by characteristic
oscillations. This phenomenon is comparable [115] to the suppression of ionisation in
atoms when excited at high intensities [116-119]. In conclusion, the general phenomena
shown in the two level system remain valid for the n-level system where other phenomena

superpose.
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9.3 Pump-probe configuration

In the following, we consider a bichromatic excitation. The solution in the case of these
kinds of excitation is the generalised Fourier-Floquet matrix in a tensor relation (8.43).
We apply this formalism in the case where the amplitude of one of the two exciting beams
is in the linear regime. This corresponds to a “pump-probe configuration”. Practically,
a high intensity beam is exciting the sample while a second weak beam is used to
measure the refractive index changes induced in the sample. This can be seen as an
interaction between the two beams. The magnitude of this interaction depends on the
non-linear part of the response of the sample which itself depends on the intensity of
the pump beam. During such an interaction, several effects can appear such as the
dynamic Stark shift, induced absorption or transmission. These effects are explained by
the saturation of the system under the high intensity pump beam. In this subsection,
we study these effects in the framework of the Fourier-Floquet transformation for a
bichromatic excitation.

In order to solve the system of equations (8.43) in the case of a pump-probe config-

! of the density matrix. This

uration, we take into account only the terms p™® and p"
means that the pump is treated to the order IV (as its high intensity implies a non
linear response) while the probe is treated at the zero™ order. This approximation is
in agreement with the amplitudes of the two beams and implies for its description two

systems of equations each similar to the monochromatic excitation equations

MPOG™ = §TpO, (9.20a)

M2 M = —Egp™. (9.20b)

In the tensor MP? defined by (8.43b ), the terms E; and E, correspond respectively to
the pump and to the probe excitations. The first equation (9.20a) describes the effects
of the pump on the system. It can be resolved by the recursive method described in the
preceding section. The second equation (9.20b) takes into account the linear interaction
of the probe with the system in equilibrium with the pump excitation. With the help

of these two equations, the saturation effects, induced by the pump, can be studied.
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Figure 9.11: (a) The susceptibility due to the pump as a function of the pump amplitude.
(b) The polarisation due to the probe for the amplitudes E4 and Ep of the pump. The
frequency of the pump is w; = 2.7rad/fs. The resonance frequency of the system is
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shift.

9.3.1 Two level system

In the following, we develop the behaviour of a two level system in the pump-probe

configuration. As in the preceding section, the approximation conditions (9.10) are

taken into account. Further, the solution developed to first order shows the effects of

the dynamical Stark shift.

In order to simplify the notation we use the following definitions:

4!

{5 A |

/51

a2

g3

g4

[y + i + iwy,
'y + i€ — iwy,
' — iwy + two,
[y — twy + tws,
[y — i€y + iws,
[y + 12 — 2w, + 1w,

(2C2Q0x10 + iL2x 1094 + QoX-1094 — Q0 X1094)-
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The susceptibility induced by the pump can be determined with the help of the first
equation in the system of equations (9.20). This susceptibility depends not only on the

frequency of the pump but also on its amplitude

F1|H|QQOP(§) (2R2y_17t + E2|pl?)
2R3T |71 |y-1|? + 4RE?|p|? T2 (2 + w?)

[y |p2Q0p%) (212 111 + E2|ul?)
e _ ' : , 9.21b
X-0lBL) = T Pl + 4AEZ PTG + o) .

x10(E1, w1) (9.21a)

Figure 9.11a represents the norm of the susceptibility as a function of the intensity of
the pump. This figure allows the definition of the two pump intensities used in the
calculation of the induced polarisation by the probe (figure 9.11b). The polarisation
due to the probe shows a resonance at the eigen-frequency of the system (2 for low
pump intensities and w, for high pump intensities due to the dynamical Stark shift),
at the pump frequency and at the sum and difference frequencies 2w; + 2y — 2w, and
2w; —ws. These last resonances are of Fano type [120] while the resonance at the pump
frequency (w = w;) was also found in a similar theoretical treatment [121,122].

The susceptibilities (9.21) are used to define the right hand term of equation (9.20b).
From this last equation the susceptibility of the probe is found (9.22) to be

B 4R*T2Q0x10X-109491 + EZ| 12X -1095
2 (x10 — X-10)(F?919391 + EF|u|?g2)

Xo1(E1, wi,we) = (9.22)

Figure (9.12) summarises these results while representing the induced susceptibility
by a high intensity beam (pump) and one induced by the probe in the pump-probe
configuration.

When increasing the intensity of the pump, we observe two effects. On the one hand
we have the appearance of virtual resonances induced by the pump and on the other the
dynamical Stark shift of the principal resonance as well as the other induced resonances.
These effects are represented in figure 9.13. We notice in this figure the behaviour of
resonances described in figure 9.11, namely the shifts of the induced absorption 2w; —w;

and induced transmission 2w; + 2y — 2w;.
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Figure 9.13: Stark shift of the different resonances as a function of the pump amplitude.
The frequency of the pump is w; = 2.7rad/fs and the resonance frequency of the system
is 2 = 3rad/fs

9.3.2 Three level system

In the following we explain the induced absorption in a three level system. In order to
model such a system it is necessary to use the tensor notations introduced in the above

sections. The two equations (9.20) are:

0 (Lm E, 0 \ ( Pm \

Ll p® = E; Ly E; P ) (9.23a)
0 ) \ 0 E Luy)\s")
,010 \ ( L, E; 0 \ ( PH \

—Ep | p% = E, Ly, E, M. (9.23Db)

SV RS AVEY

Introducing the first recursive term of the diagonal

Dgo = Lgo — E1Lg E; — E;LT 1 Es, (9.23c)
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Figure 9.14: Theoretical simulation of the saturation of the intermediate level of a three
level system. This saturation implies an apparent shift of the absorption edge.

we can deduce the other harmonics of the density matrix for the frequencies w;, 0 and
—W1

P = —LitE;D; e, (9.24a)
p® = DgTp?, (9.24b)
p0 = L7} E;Dgrp®. (9.24c)

Finally, it is necessary to determine the diagonal term Dy;. For this we use the

density matrices defined above (9.24) as well as the diagonal recursive term defined by
(9.23Db)

D[ll = L01 = ElLi-llEl - EIL:{IE]_. (925)

The density matrix, corresponding to the response induced by the probe is then

Pm = _Dﬂ_l1 (E2P{]0 = ElLl_llEi!P10 = EIL:{1E29_10) . (9'26)
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With the help of this density matrix, the polarisation, the susceptibility and finally
the absorption can be calculated easily. Figure 9.14 represents the theoretical result of
our approach where the three considered levels model an excitonic level and a trapped
biexcitonic level in a Cd,Zn,_.Te [123,124] compound. This figure can be compared to
figure 9.15 which summarises the experimental results obtained in Cd,Zn,_,Te. These
experiments were done with the help of a variable wavelengh dye laser for the pump and
of a spectrally large probe. The amplitude of the pump is maintained constant while its
wavelength is varied. With the help of this experiment, we show the existence of this
trapped biexcitonic third level. In fact, in a system having only two levels (9.22) the
induced absorption by the pump in such a configuration does not show such a behaviour.
On the other hand, the experimental results are comparable with the simulation of a

three level system.

9.4 Non-degenerate four-wave mixing

In this subsection we treat the excitation of an n-level with two beams having different
frequencies. This kind of excitation generalises the pump-probe configuration as the
second beam can have any amplitude. Such a configuration corresponds to the non-
degenerate four-wave mixing and is useful in order to measure the transverse relaxation
time [125,126]. The theoretical treatment of this configuration must take into account
the higher harmonic orders of the density matrix for both beams. On the other hand,
the use of a higher harmonic order implies more difficulties in the determination of
approximated analytical solutions valid for the n-level system. Consequently, we deduce,
as a first step, the analytical formulas for a two level system while the study of the more
general n-level system remains numerical.

For the two level system, its evolution equations (8.3) can be simplified. This sim-
plification transforms the system into a new system of equations whose treatment no
longer resembles that of the n-level system of the preceding section. Furthermore, the
treated two level system is point symmetric which implies further simplification. The

excitation is bichromatic, and corresponds to the sum of two monochromatic waves

1 ] . " 5
E(t) e §(Ele—lw|t 2 Ereswﬂ S Eze—!wzt __+_ Esetht). (927)
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Each of the two excitation fields is decomposed into two complex conjugated amplitudes.
This allows a study of the effects induced by the relative phase of the two fields. The
system of equations giving the evolution of the elements of the density matrix is
wpp(w) = %(Elﬂabﬁba(w + w1) + ET pabPoa(w — wi)
— B ptpaPab (W + w1) — EY e Pab (W — w1))
+%(E2#abﬁba (w + wa) + E3 pabPa(w — wo)
—Esipafap(w + w2) — E pbafab(w — wa))
—T1(pp(w) — 8(w)p) (9.28a)
iwha(w) = o=plEipp(w+wi) + Eipp(w —w1)]

i . ..
+ﬁp’ba[E2;OD (w + ws) + E3 pp(w — wo)]
= (P £ (9.28b)
. 1 R b
%wpﬂb(w) = _ﬁ,uab[ElpD(w + wl) + E1 pp(w - wl)]

0 ) .
—ﬁﬂab[ﬁ‘zpp (w + w2) + E3pp(w — we))
— (F2 — Eﬂo) ﬁab; (9280)

with pp = pw — Pe and pg) = pp — Paa- Algebraic manipulation of this system
transforms it into a new system of equations depending only on the polarisation at
different frequencies. In fact, in adding (9.28b) and (9.28c) we obtain the following

relation between the two coherences po, and py,

s +i(2 + Ld)

: 9.29
s + ?;(—Qu + w) ( )

MbaPab (w) = —UabPba (w)

After Fourier transformation, the polarisation of the system can be written as a

function of the matrix element p,

Pw) = paPab(w) + fabPra(w)
—2i Y

; 9.30
F2 + Z(——Qg + UJ') ( )

:ua.b:aba (w)

and the difference between p,, and gy, as a function of the polarisation

% 1 . o +aw
:ubapab(w) — HabPba (w) = _P(w) i?.Qg : (931)
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Using these two relations and equation (9.28a), we can determine the relation be-

tween the population difference pp and the polarisation

pp(w)(Ty + iw) = m —[E\P(w +w) (T2 +i(w + wy))
EfP(w — w) (T2 +i(w — wi))]

— L B P(w+w) (T + i(w + w2))

A
E;P(w —wy)(Ty + i(w — wy))]
+6(w)p0T ;.

The substitution of this relation in equation (9.28b) simplifies the evolution equation

so as to depend only on the polarisation

-~ P2 + i(—Qg + U.J)

P((AJ) _‘82&_20“‘16 (F2 + ’G(Qo + UJ))
iea 1 : (T2 +i(w + 2wy))
2?}, ﬁQO * [E1E1P(w+2WI) (FI +z(w+w1))

(Fz + z(w — 2&)1))

+EE}P(w — 2w) 1+ i@ =)

w5 (I'2 + iw) (L2 + iw)
+E,\E}P(w) ((F1 Fiw+w)) 1 +iw-— wl)))
: (Cati(w+26) oo (L + i — 2uy)
+E2E2P(w + 20)2) (F1 n i(w n UJQ)) + E2E2P(w —_ 2(.02) (1’\1 + i(w — {.dz))
* B (Tg + iw) (2 +w)
+EE3P(w) ((I‘1 +iwtws)) | (T1+i(w— wz)))

b sn ) (ST o)
LB B3 P(w + wi — wy) ((D"(E f m;;ﬂ) N (Fz( ;:«: ¥ wlu;;oz) )
ammpte—an o) (ST S g )
+EIEEP(W e wz) ((FQ(I'_: "‘fi(;“il;l;ﬂ) (FQ(I_!—[ 1+£L’:, wwia;)wz) )]

(0)
= ‘“”2&;0 (E16(w — w1)d(ws) + EX(w + w,) 8 (ws)

+E5d(w — we)d(wy) + E56(w + wa)d(wr)).- (9.32)

As we already mentioned in the preceding sections, in the system of equations (9.32)
only the polarisation at the harmonic frequencies of the excitation interact. In this case,

the polarisation of the frequency w is coupled to the polarisations with the frequency
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w + jw; + kwe (where j + k = 0,+2,+4,...). The free term is proportional to (Ed(w —
wi)+ E1é(w+wi + E2d(w—ws) + E36(w+ws)). This implies that the polarisation can be
written as a sum of Dirac functions corresponding to the harmonics of the frequencies

of w; and ws,

z Z §(w — nwy — mws), (9.33)

n=—00 Mm=—00

with P,,, = 0 for n +m = 2k. This allows the determination of a system of equations

for the polarisation. This system corresponds to the relation (8.43) in its general case

- Fz + ?;(—Qo + wnm)

an o r (2 ]
= L
——x |E\E P, BBy o :
" 2h ﬁQU * [ FEESRL (F; + ‘iwﬂ+1m) i e : (F1 e zwn_lm)

(Fg -+ ?;(.dnm) (FQ + iwnm) )
(Fl =} ?;wn.+1m) (Fl + iwn—lm)
(Fg + iwnm+2) 2 (FQ = ?:wnm—i’)
+ EsEs Py 7———+
(T + iwnm+1) 2ratnm (T1 + iwnm-1)
(F2 o iwnm) (F2 e ﬁ.'{"‘Jirl.‘rlrt) )
(Fl + E.'f*‘-]'ﬂ'.l'n44) (Fl -+ E-C&Jnm 1)

+E\E! Py, (

+E2EyPonyo

+E,E} B, (

5 (T2 + iwnt1ms1) | (T2 + twWniime )
+E\EP,  1m _
rnim ( (Pl -+ 3wn+lm) Fl + z"-"mr:ras-i-l
= (F2 + ?lwn+1m—1) (Fz + Wnt1m— 1))
+E\ESP, 1 - +
Earmem ( Iy +’¢wn+1m,) (T'y + tWnm—1)
- (T + twn—1m+1) = (F2 + twn- 1m+1))
D Dol Y 2 -
AR L ( (Ty + wWwn—1m) (T4 +?.wnm+1)

~ (Co 4 iwp—1m-1) (F2+ an—im—1))]
+ETES Py 1m— : -
12 el ( (Fl + 3wn—1m) (Fl ¥ z"-‘-"'mm—l)
(0)

- z“b;gp (El 61!150111, + El*é-—ln(sﬂm + E260n'51m = Eséﬂﬂé— lm)- (934)
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From the system of equations (9.34) developed to first order and using the following

notation, we can deduce the polarisation at the frequency of one of the two beams:

F2 + iwnm
C = e
nm ?.QQ ?

nm = ?;Q'O(l_cfam)?

Tam = _‘Fl_?:wnm:
Elzu
aq = —
1 2h ?
0 = 2B
2 2?1 ?
ny = —21¢_1090-1910Y-11Y1-1,

ny = 8igro(c-1090-171-1 = Co-19-107-11)5

n3 = —8igo-1(ci0g-107-11 + c-10q1071-1),

di = ¢-1090-19019107-11700Y1-1,

dy = 4(co-19-109019107-11%0 + €109-1090-1901 711711
+€_1090-19019107-1171-1 + C019—1090-191070071-1),

d3 = 4(&0?40‘10—1?01’)’—11'}’00 + €019-1090-1G107Y-1171-1
+€0-19-109019107-11Y1-1 + C—1090-190191070071 1),

ds = 16(c_10c1090-19017-11 — 2€o—1C109-109017~11
+C0-1€019-109107-11 + Co1€109-1090-1Y00
+C-10C0-1901910%00 + C—10C1090-1901 Y11
+€0-1€019-10910Y1-1 — 2€-10€01g0-19107Y1~1)5

ds = 16(co-1C109-109017-11 + C-10C0-19019107-11
+€0-1€014-10910700 + C01€109-1090-171-1 + €-10C0190-191071-1)5

ds = 16(co1€109-1090-17-11 + Co—1€109—-109017-11

+c_10€1090-1901Y00 + C—10C0190-1910Y1-1 + C—1uCu—1(101fI10"{1—1)-

The polarisation is then

['1(an, + a%azﬂ'z + agn;a,)

Py =- , ;
o d\ + a?dy + aids + a?aids + alds + alds

(9.35)
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This analytical formula is a generalisation of the monochromatic case as well as of
the pump-probe configuration. Indeed, if the amplitude a; is zero then this equation
describes the polarisation induced by one excitation beam (9.11a). In the case where
the intensity of the second beam is small we can neglect a3 and the susceptibility found
corresponds to the pump-probe configuration (9.22).

Another easily measurable quantity in the case of the non-degenerate four-wave
mixing is the response at the frequency (2w; — wy). The advantage of such a measure
resides in the spectral resolution of the response with respect to the excitations. Further,
in the case where the two beams are not collinear we also have a spatial separation
between the excitation beams and the response at the frequency (2w; — ws).

In order to determine the polarisation P5_, to a first approximation, it is necessary
to use the relation (9.34) as well as the polarisation at the fundamental harmonic (9.35
). From the relation (9.34), we find the following relations between P, | and P_,.

The higher orders of pOl&I’iS&tiOll pgl, 1530, pd—l; }A?;;_g, P2_3, pl_q, 130_3 and ﬁ—l—Z are
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Figure 9.16: Simulation of the response of a two level system excited (a) in resonance
or (b) out of resonance in the four-wave mixing configuration.
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neglected in the following relations:

~ F2 = i(—Qo + (.dg..,l)
—329(},&@
a.uba 1 “ (2(1—‘1'}'%.&)2_1) (Fz‘l"i&.’z_l))
F e F . s
. (Fl ~+ iu)3_1) (F1 + 3&)1_1)

(FQ -+ ?,(Q{) +w2_1))

2h th
Ufdba L e (2 Ty + 2:0'-?2-1) Ty + iwz—l))]
2h m[} (F] + %wg_g) (Fl + ’5(020)

~ Z.u'ba 1 (2 (Fl + iw1_2) (Fg + iwl_g))

P, E'Ej
T P Ao R \ T+ ) (T + s

_—

~ ” (F1 =+ z'ww) (Fz + iu}w))
— —_ PETE.
2h WS [ S ((1"1 + iwng) (Tt + iwi—1)
(T2 + iwﬂ—l)]

b O . o o
i =151 1(F1+iw1_l)

(9.36a)

(Fg + ?:(Qg + wl_g))

~ |:].—‘2 + E(—QO + wl_g)
‘3'290%5
i hba 2(Fy +iwi—g) (T + ’iwl—z))
+—+—FE\E} - _
2h hgg ! ( (Fl + 'ng_g) (Fl + Wwa. 2)
a1 . [2(T) +iwi—2) (T2 + twi—2)
—EES - -
2h ﬁQg (Fl + zw1_3) (Fl + ‘I.(dl_l)
* *%p‘,ba 1 2(F[ +2-Ld2_;) (FQ -I-‘iwg_l))
P, , EJE
W Tl 2 21 RS ( (T1 + dwa_3) (T + twy_1)
mba 1 ~ % (F] + ?:wo_l) (Fg + ’iwg_l))
= Py 1EJE. - :
[ R ( (Ty + iwo—2) (T'y + twi—1)
(L + iwyp) ]
(F]_ °+' Z‘{U‘]_l)

+

+PEoE, (9.36b)

In figure 9.16 we have represented the response of a two level system excited by
two beams in the non-degenerate four-wave mixing configuration. This response of the
system can be described by simple formulae each valid over a frequency domain. These
formulae are represented on the graphs.

TMurther, figure 9.16a shows the response at the frequency (2w; — ws) of a two level
system when the first beam is in resonance with the two level system. Three different
domains can be distinguished when varying the difference in frequency between the two
beams. The transition between these regimes occurs when the difference in frequency
implies a beating with a frequency comparable to the relaxation coefficients I'; and I's.

In the same manner, several regimes can be observed in figure 9.16b where the
theoretical simulation shows the case where the first beam is off resonance with respect

to the two level system. When the detuning of the two beams is varied (see also [127,128])
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Figure 9.17: Reponse of an excitonic system to a bichromatic excitation out of resonance.

two different slopes can be observed. In addition to the two slope changes, there is a
“resonance” effect between the detuning (w; —ws) and the relaxation coefficients I'; and
[',. Further, we have a resonance at the moment where the detuning of the two beams
corresponds to the difference in frequency between the first beam and the resonace of

the two level system.

9.4.1 N-level system

In the case of an n-level system, the analytical formulae giving the polarisation in the
non-degenerate four-wave mixing configuration become more complicated. We then
need to use the general equations and tensors in order to describe the relation between
the different harmonics of the density matrix. Figure 9.17 represents the response of an
excitonic system where we took into account the first three levels with their energy and
dipolar moment [113]. In comparison with the two level system excited out of resonance,
the excitonic system shows additional resonances corresponding to the different excitonic
levels. With the help of such a configuration, we can determine in this case the transverse
and longitudinal relaxation times as well as to spectrally resolve energy levels.

Figure 9.18a shows the experimentally measured non-degenerate four-wave mixing
signal for CdSe [129] quantum dots. Experimentally, we observe a resonance when

the difference between the two frequencies is 26meV. The numerical simulation of this
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Figure 9.18: (a) Response of the dispersed CdSe quantum dots in glass to a bichromatic
excitation in the non-degenerate four-wave mixing configuration. The measured signal
is at the frequency (2w; — ws) [129]. (b) Numerical simulation of the response at the
frequency (2w, — wy) of a four level system excited with two frequencies.
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experiment is represented in figure 9.18b where we considered a four level system in
which the three superior levels are equidistant in energy and their difference is 26meV
(phonon energy). The theoretical simulation shows a resonance when the detuning of the
two frequencies is 26meV but it cannot explain the difference between the two possible
cases (w2 —wi) > 0 and (w2 —w;) < 0 . Further experiments are necessary to confirm

this difference.

9.5 Summary

The application to two level systems show several phenomena that appear in the presence
of high intensity excitations. The pump-probe configuration is considered as a special
case of a bichromatic excitation where one of the beams is of weak intensity and treated

to zeroth

order. In non-degenerate four-wave mixing, the two excitation beams are
treated in the same manner, namely with the help of the truncated matrix obtained in
the bichromatic case. In all these cases, simplified forms of the solution are deduced of

which some are compared to the experimental results.
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Conclusion and future work

In this work we have dealt with the propagation of plane waves through multilayer
structures and their interaction with electronic systems in these multilayers.

We started by deducing a novel method for the calculation of the optical properties
of multilayer structures. This method (LTR) is solely based on physically meaningful
quantities such as the transmission and reflection coefficients. The method is based
on an addition operator that allows the formal combination of two multilayer elements
resulting in the determination of the overall optical response of the structure. Further,
we defined a multiplication operator suited to the treatment of periodic structures.

An important conclusion deduced from the properties of the multiplication operator
is that a periodic structure can be treated as a single period and then the results can
be broken up into surface and bulk properties. As one considers more and more periods
of the structure the importance of the bulk properties increases whereas the surfaces
are less and less important. In the case of optoelectronic structures the bulk properties
give rise to band structures. When combining two different structures, the properties of
the surface become important and greatly influences its immediate environment. One
can thus introduce a surface band structure. This property can be applied to photonic
crystals and in future work we plan to expand the formalism to be able to treat electronic
structures in the same unique formalism.

Another important expansion of our LTR method is the inclusion of interface rough-
ness effects. These roughness effects are treated as a statistical distribution of the po-
sition of the interface. Optically, our model of the roughness can be observed in the

transmission and reflection spectra as a decrease in the contrast of Fabry-Perot fringes.
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In the case of high finesse cavities such as LEDs or VCSELs the roughness changes
the emission mode through broadening and decreased intensity. Applied to selectively
oxidised structures we could deduce the effective roughness introduced by the oxidation.
Further, comparing, for a monolayer sample, the roughness model with the roughness
measured by atomic force microscopy we showed that these were in good agreement.
Our optical method overestimates the roughness effects which are due to the greater
sampling domain of the structure.

Another use of the LTR formalism is the treatment of continuous refractive index
variations and non linear propagation. In the latter case we arrived at the conclusion that
one can find the solutions to non-linear intensity-dependent propagation equations by
defining a sequence of solutions as a function of the intensity. This sequence corresponds
to the evolution of the system when slowly increasing the intensity.

We showed that our LTR formalism is in reality a more general formalism by ap-
plying it to various different cases. Indeed, the formalism always works when we are in
the presence of an interface at which we have continuity conditions of two functions on
one side and of one function on the other side of the interface. This configuration leads
to the consideration of reflection and transmission coefficients of these functions. Using
this general approach we demonstrate the use of our formalism to find the propagation
modes in plane waveguides and the eigen states in multiple quantum wells.

Starting from the eigen states in multiple quantum wells we used the density ma-
trix formalism to study the interaction between light and a quantum n-level system.
We showed that using standard procedures to solve the density matrix equations the
solution breaks down when treating high intensity excitations. In order to address this
problem we developed a recursive solution method based on a combination between the
continuous fraction method and the Floquet expansion. This method can be used to
treat monochromatic as well as bichromatic excitations in or out of resonance with the
quantum system.

We applied our recursive solution method to different configurations such as the s-
ingle beam excitation, the pump-probe configuration and the non-degenerate four wave
mixing case. In conclusion we showed that many of the non-linear effects present at
high intensity can be understood in the framework of a single and unique model. This
allowed the explanation of the link between the plateau observed in the generation of

high harmonic frequencies and the saturation of the population inversion of the system.
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In short this effect originates in the impossibility of the system to store the energy
received at high intensities in the population inversion. The energy is then mostly
converted into the higher harmonics. This induces abnormally high harmonic genera-
tion at high intensities. Further, using our recursive solution method we could show a
quantum behaviour as a function of the excitation intensity. Indeed, as one increases
the intensity oscillations appear in the response of the system. These oscillations take
place when the electromagnetic energy of the interaction is a multiple of the resonance
frequency and correspond to the successive saturation of the multi-photon absorption.
In the pump probe configuration we showed the appearance of pump induced virtual
resonance. Finally, we showed the possibility of measuring coherence relaxation times
using the frequency detuning between the two beams in the nondegenerate four-wave
mixing configuration. The spectra obtained in this setup shows that resonance effects
become observable when the beating period between the two beams is comparable to
the coherence relaxation times. It is thus possible to measure relaxation times which
are smaller than the pulse duration of the pulse.

In future work, we plan to combine in a unique framework the LTR formalism
and the quantum n-level systems. With this model we hope to study more complex
periodic and non periodic devices where we have an intrinsic coupling between the
electromagnetic wave and the electronic wave. Another promising direction of study
is the generalisation of our methods to three dimensional structures such as photonic
crystals and induced gratings. Finally, we wish to expand our results to treat the

propagation of short pulses through these structures.
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