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Abstract

Reflectance anisotropy spectroscopy (RAS) is a non-distractive optical probe of
surfaces that is capable of operation within a wide range of environments. In
this thesis by applying this optical technique it has been attempted to determine
the degree of anisotropy of the biaxial Potassium Titanyl Phosphate (KTP) crystal
with fractional error 0.165 %. In addition, the angle between the two optical axes
of KTP crystal has been calculated with mean error 0.16 % for the case of acute
angle and 0.17% mean error for obtuse angle. Furthermore, attempt was made to
apply the method to natural basalt rock which is found from Ertal’ Ale eastern

part of Ethiopia.



INTRODUCTION

When electromagnetic wave interact with crystal a number of important op-
tical properties will be observed. Crystal is a three-dimensional representation
of some unit of atoms or molecules whose microscopic structure is characterized
by a periodic representation in three dimensions of a motif composed of atoms.
In the case of quartz, for example, the motif is made up of three silicon atoms
and six oxygen atoms and occupies a volume of 0.113nm3. Thus crystals have or-
dered structure and the study of order and disorder is a central preoccupation of
the crystallographer. The periodic structure of crystals at the atomic level affects
their macroscopic and physical properties. Properties that are not directional de-
pendent are termed isotropic; those which are directional are termed anisotropic.
According to an ancient definition, crystal is a body which is both homogeneous
and anisotropic.

Anisotropic crystalline matter has a number of properties which are depen-
dent on the direction of observation. Thus, electrical conductivity may depend
on the orientation of the electrical potential applied to the crystal; Young’s mod-
ulus which describes the linear strain of a material resulting from a linear stress
is equally a function of direction. Anisotropy is also the source of characteristic
properties that are lacking in isotropy materials. As example, one may consider
piezoelectricity and birefringence. With the longitudinal effects, additional trans-
verse effects may occur. In a crystal, an electric current dose not necessarily flow
parallel to the applied electric field. In general, a crystal under a longitudinal
stress will under go not only a longitudinal dimension change but shear [1].

In most cases anisotropy materials exhibit nonlinear effects; that is the phase
velocity of light waves in nonlinear material varies with the direction of propaga-
tion and the polarization of the wave. Thus, the phenomena which will now be
described are derived from nonlinear polarization of material media. The effects
depend on the crystal structure and are absent in isotropic media and centro-
symmetric crystals. The possibility of nonlinear interactions of beams of light
to produce second harmonic generation (SHG) and other observable effects will

be mentioned later on . In this thesis it has been attempted to determine the



degree of anisotropy of the KTP crystal which has so many optical importance.
Potassium Titanyl Phosphate-KTP crystal

Potassium titanyl phosphate (K770 PO4;KTP) was first synthesized in 1890 by
L.Ouvard. But its great application was not identified until the 1970’s [2]. KTP
is a nonlinear optical crystal, which possesses excellent nonlinear and electro-
optic properties. A combination of high nonlinear coefficient, wide transparency
range and broad angular as well as thermal acceptances make KTP very attractive
for different nonlinear optical and wave guide applications [3,4]. Its electro-optic
wave guide modulator figure of merit that is nearly double that for any other
inorganic materials. Further more, it is known as a quasi-one dimensional super-
ionic conductor of K* ions and it is a room temperature ferroelectric material
having a phase transition temperature at 934 + 2°C [5].

Transparency band edges of KTP crystal are at 0.35um in UV and 4.4pm in IR
region. Due to very high effective nonlinearity and excellent optical properties of
KTP crystal lies in 0.99 — 3.3um region. This allows to use KTP as an intarcavity
and extracavity frequency doubler for the most commonly used lasers, such as
Nd:YAG laser. The vary large temperature band-width of KTP is particularly ad-
vantageous for maintaining pulsed energy stability of the converted beam. Due to
this feature and good thermal properties, KTP has an exceptional figure of merit
for doubling of high average power (cw or quasi-cw lasers). Thus relatively high
bulk damage threshold combined with a low absorption loss at 1um, renders this
material a prime choice for all intracavity frequency doubling applications [3].

KTP belongs to the family of isomorphic compounds with the general composi-
tion of MTiOX , where X= P or As and M= K, Rb, NH, , Tl or Cs (for X= As only) [4].
Solid solutions exist among the various members of this family, with only slight
changes in lattice parameters. All members are orthorhombic and belong to the
a centric point group mm2 and space group Pna2; at room temperature. For KTP
the lattice constants are a= 12.814 A°, b= 6.404 A° and c= 10.616 A°, and each
unit cell contains eight formula units. Its complicated characterized by chains of
TiOg octahedral linked at two corners by alternating long and short Ti-O bonds

that give rise to the large nonlinear optical effects observed in KTP [2,4,6].



The application of KTP requires crystals of high perfection of sufficient size.
Basically, KTP crystals are grown by hydrothermal and flux methods. Here the
later one is a promising method, because large size optical quality crystal can be
grown at normal atmospheric conditions without incorporating water molecule
which give rise to considerable absorption in infrared region [5].

The KTP crystal morphology is similar for both flux and hydrothermal-growth
processes and specifies depend on seed size and orientation. The morphology is

shown in fig.1.1.
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Figure 1: Natural KTP crystal morphology .

Here generally it consists of (100), (201) and (011) series of planes that form
relatively sharp caps along the c or polar axis and of the (011) and (110) series of
planes that form shallower caps along b axis, other higher-order phases can also

be present but usually these form smaller faces. the (100) planes form natural



surfaces that readily cleave at room temperature when mild concentrated pres-
sure is applied. Phase matching for various nonlinear processes requires propa-
gation in the principal planes. The natural crystal morphology permits long phase
and large apertures to be obtained in this directions when natural (100), (201) and
(011) entrance and exit faces are used [6]. All the above mentioned superior prop-
erties of KTP crystal is coming from its anisotropy properties, Therefore, all those
superior properties of KTP crystal make the writer’s to be interested to measure
its degree of anisotropy and other related physical quantities.

This thesis is organized in five chapters. The first chapter generally deal with
the interaction of matter with light. The optical properties of matter are inter-
preted on the basis of the electromagnetic theory of light by using Maxwell’s equa-
tions. Then the nature of electromagnetic wave has been discussed when it prop-
agate through isotropic and anisotropic medium. After that Fresnel coefficients
are derived and explained to calculate reflectance of reflected light. In the sec-
ond chapter the phenomena of polarization is discussed by considering different
states of polarization. In addition, the state of polarization was expressed math-
ematically by applying Jones calculus and Stok’s vectors. The basic principles
of Reflectance Anisotropy Spectroscopy (RAS) is introduce in the third chapter.
In the fourth chapter the experimental results will be discussed and interpreted
based on the experimental data. The final chapter of this thesis consists a brief

summery and conclusion based on the experimental results.



Chapter 1

LIGHT AND MATTER

1.1 Maxwell’s Equation

When one applied Reflectance anisotropy spectroscopy (RAS) as an optical tech-
nique it wouldn’t give any sense without considering Maxwell's equations. The
two concepts with which Maxwell was chiefly concerned and which were well es-
tablished before his electromagnetic theory were both associated with magnetic
fields in the vicinity of conductors. The first of these is Ampere's circuital law, the
second is Neumann'‘s equation which followed Faraday's laws of electromagnetic

induction [7], and he was also consider Gauss's law as well as continuity equation

In general the propagation of light through medium can best be understood
in terms of electromagnetic waves, on the other hand, the behavior of the elec-
tric field £ and magnetic field H, which are independent of one another can be
described by a total of four equations. Two of which relate E and H through a
charge density (p) and current density (7)

For a neutral dielectric medium ( one with no free charges) Maxwell's equations
are

—
VD =0, (1.1)

N
VB =0, (1.2)
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.

B__90 1.

V x ETR (1.3)
oD

VxH=22417. (1.4)
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Here non magnetic media will be considered for which
— —
B = uoH. (1.5)
On the other hand, the electric displacement vector D is defined as
— — —
D =¢FE+ P, (1.6)

where the polarization P is the electric dipole moment per unit volume of the
medium. Polarization is the only term in the Maxwell equations relating directly
to the medium. Now, if one substitute Eqgs.(1.5) and (1.6) into Eqgs.(1.1) to (1.4),

the Maxwell’s equations can be rewritten as

— 1_—
VE =——VP, (1.7)
€0
—
VI =0, (1.8)
VxE=-— om (1.9)
- l,LO at7 *
oH 0P
— —

In order to obtain the general wave equation for the electric field the curl of

Eq.(1.9) is taken, then substituting Eq.(1.10) to eliminate magnetic field Hie.

1 9%E (a?? a7>
= ko .

Vx(VxE ar g
(VX E)+ G =~ | 5z T 5

(1.11)

It is also possible to get the general wave equation in terms of magnetic field by

taking the curl of Eq.(1.10) then substituting Eq.(1.9) to eliminate electric field.



1.2 Propagation of Light through Medium

The presence of matter affects the propagation of light in many ways. The most

common and noticeable effects are:

i) The velocity of the propagating light is smaller in material medium than
in empty space. The change in the velocity of light at the surface of the
separation between the media gives rise to the phenomena of reflection and

refraction.

ii) Part of the energy of light is transformed into heat due to partial absorbtion
of the light bean.

iii) The light is partially scattered.

The three effects mentioned above depend on frequency. The frequency de-
pendence of the index of refraction leads to dispersion. On the other hand the
frequency dependence of absorption is responsible for the color of most objects.
Of course, the propagation of light in material substance is inherently a very com-
plex phenomenon. Because the electromagnetic disturbance at any point of the
medium results from the combined effects of primary wave coming from the light
source and secondary waves due to the forced oscillations of the microscopic
dipoles. Yet many optical phenomena can be explained by a simple theory in

which the secondary waves do not appear explicitly [8].

1.2.1 Electromagnetic wave in Isotropic Dielectric Material

In this section, we shall consider the propagations of light waves in homogenous
(isotropic) dielectric materials. In the case of isotropic, non conduction medium,
electrons are highly bound to the atoms comprising the medium and there is no
better direction. Here, see also the mechanical representation of charged har-
monic oscillator for the case of isotropic medium in fig.1.1.

Let us assume that the electron of charge -e in a dielectric at a distance 7 from

the equilibrium position. Here the macroscopic polarization density is defined as



Figure 1.1: The mechanical oscillator model for an isotropic medium-all the springs
are the same, and the oscillator can vibrate equally in all direction. .

the electric dipole moment per unit volume. If there are N molecules per unit

volume, the macroscopic polarization P of the medium is given by

P = _NeT. (1.12)

If the displacement of the electron in the above equation comes due to the
external static electric field E, which is not very much over a distance comparable
with the intermolecular distance, and if the electron is elastically bound to its

equilibrium position with force constant k, then the force equation would be
—¢E = k7, (1.13)

Form which the position of the electron is found to be

_,  ¢E
=——. 1.14
T ? (1.14)
Hence up on substituting Eq.(1.14) in to (1.12), one readily gets
2—)
P = NTGE (1.15)

Since the electron is subjected to resistive force, the equation of motion of the



electron is expressed as

S

—

where we follow the convention of writing E as Ege~"wt=k2) This means that 7(t)
in eq.1.16 is also regarded mathematically as a complex quantity in our calcula-
tions but only the real part is physically meaningful. This shows both E and 7

are harmonically time dependent, therefore, eq.1.16 can be rewrite as
(—mw? — imwy + k)7 = iy (1.17)

Therefore, 7 can be given as

E
7 = € (1.18)

mw? + imwy — k’

Now Substituting Eq.(1.18) in to (1.12) and results in

Ne? —

P = E
—mw? —imwy+ kO

(1.19)

The cause of the frictional damping force is the term m+y in the denominator in
the above equation.The reduced static polarization can be calculated if w = 0. As
it can be easily seen, for a given amplitude of the impressed electric field, the
amount of polarization varies with frequency. A more significant way of writing

the above equation is:
Ne? =

P
 m(w?) —imwy

(1.20)

where wy is the effective resonance frequency of the bound electrons .

wo—\/z. (1.21)

Further more the complex polarizability a(w) can be defined as

P =aWw)E, (1.22)



10

where
¢ 1.23
aw) = m(wd — w?) — i2mwy’ (1.23)
Here the complex polarization density is given by:
— — —
P=NP =Naw)E. (1.24)
Using this polarization density in the in homogeneous wave equation i.e
10°E 1 d*P
V2E - (1.25)

2 A2 e dt2

it is possible to obtain the following relation by taking E = Ege—(wi—F2) | ¢2 _, _j2

2
and j? — —w?

wQ . =57 w2 . =57
(—k% + S ) Ege i Wt=k2) — _ = Na(w)Ege (W= F2), (1.26)
c? c2ep
from which the wave number must satisfy the dispersion relation and it can be

2
2= <1+Na(”)>. (1.27)

02 €0

put in the form i.e

After substitute Eq.(1.23) in to (1.27) one can see that there is an imaginary term

in the denominator,which is implies that the wave vector k must be a complex

number. )
K2 = n2(w) (1.28)
=5 , )
which can also be expressed as
L — fn(w). (1.29)
&

In this case because «(w) is complex, it not difficult to see that, the refractive

index is also a complex number.

Ne?
2

2
=1
(@) + mwo(wg — w?), —i2mwoyw

(1.30)
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n?(w) = [nr(w) +inr(w))?, (1.31)

where np and n; are the real and imaginary parts of the index of refraction re-
spectively.
Here the electric field which is propagating in the medium along z-direction is
considered.
E(z,t) = Ege t(wt=k:z), (1.32)

Hence in the view of Eqgs.(1.29) and (1.31) one can see that

n(u))z)

E(z,t) = Ege™ (W= (1.33)
which can also be expressed using Eq.(1.31) as
E(2,t) = Bge M@ x omwlt=nr(@)?) (1.34)

Now is is possible to see that E(z,t) is no longer purely oscillatory. Due to n;(w) be-
cause the field decay with increasing distance of propagation. Since the intensity
is proportional to the square of the electric field, the intensity shows exponential

decay with z-direction.

I,(2) x E?, (1.35)
I,(2) = I,(0)e2m @)% (1.36)
I,(2) = I,(0)e™ @)z, (1.37)

where a(w) is the absorption coefficient or extinction Coefficient which is given by

[9].

a(w) = W, (1.38)

2Ne? w2y
= . . 1.39
a(w) eome (wg — w?)? + 4yw? ( )

It is also possible to verify that the absorption coefficient depends on the wave

length of the light as
4
a(\) = 7;’”. (1.40)
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Therefore, it can be easily realized that absorption is associated with the complex

part of the index of refraction of the material.

1.2.2 Light in Anisotropic Dielectric (crystal) Medium

Until now we have confined our attention to the propagation of light in isotropic
media, i.e substances whose optical properties are the same in all directions.
Liquids as well as amorphous solid substances such as glass and plastic, are
usually isotropic because of the random distribution of the molecules. In many
crystals, however, the optical as well as the other physical properties are different
along different directions [8].

Anisotropy occurs in the propagation of electromagnetic waves through which
an electric field produces a polarization which is not, in general , in the same
direction as the electric field. A similar effect might be expected when the mag-
netic permeability is not a simple scalar quantity, but refractive index is usually
determined primarily by the dielectric constant. This occurs for light propagating
through crystals and for radio waves propagating through an ionized gas contain-
ing a static magnetic field.

In the earlier discussion, our charged oscillator model was characterized by
isotropic binding. But now, to portray the optical properties of anisotropic crys-
tal,it is necessary to elaborate bound model oscillators. Therefore, one must as-
cribe to model oscillating charges i.e, anisotropic binding such as represented by
mechanical model of fig.1.2.

A further complication is that the refractive index in any one direction may
be a function of the state of polarization of the wave so that a ray entering the
medium with a random polarization will be split into two components which will
be refracted differently. The medium is then said to be doubly refracting or bire-
fringent. The two components may be plane polarized, as for propagation of light
in crystals such as calcite, or circularly polarized, as under some circumstances
for the propagation of light in the ionosphere [11,12].

Consequently, the displacement of the electron under the action of an external

field E depends on the direction of the field as well as its magnitude. This is also
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Figure 1.2: Mechanical model depicting a negatively charged shall bound to positive
nucleus for anisotropic medium,where pairs of springs having different stiffness.

of the resulting polarization P. The relation between P and E is expressible as a

tensor relation in the form

P, X111 X12  X13 E,
Py | =¢c | xa1 x22 x23 |-| By |- (1.41)
P, X31 X32 X33 E,

The above equation can be rewrite as

—

N
P =¢xF, (1.42)
where y is the susceptibility tensor which is given by

X111 X12 13
X = X21  X22 X23 . (1.43)
X31 X32 X33

In the treatment of isotropic media the displacement D is related to the electric
field E by the relation D = ¢E. Where ¢ is a scaler quantity. D and E being in
the same direction. It is found that when an electric field E is established in an

optically anisotropic medium, the direction of D does not in general coincide with
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— — —
that of E. The relation between D and E may be exposed by
— — —
D=¢(l+x).E=¢cE, (1.44)

1
where, 1 is the unit matrix 0

0 01
tensor. For ordinary non-absorbing crystals the y-tensor is symmetric so that it

and €= ¢(1 + x), which is the dielectric

assumes the diagonal form and the quantities ki; =1+y;y, .., and so forth, are
called the principal dielectric constants. In view of Eq.(1.42), the general wave

equation in Eq.(1.25) can be written in the form

- - = 1(92@) 1 82E>
Vx(VxE)+ =—

2 o 2X o (1.45)

It then follows that the crystal can sustain monochromatic plane waves of the

?.7—11)15)

usual form e~ provided that the propagation vector ¥ satisfies the con-

dition. ) )
Tx (K xE)+5E=-2XE, (1.46)
c c
which is equivalent to
y o w? w2
(—ky —k; + 02> Ey + kykyEy + kyk B, = _CTXHE“” (1.47)
y oy WP W2
kykyEy <—I<:x — kI + C2> Ey +kyk.E. = —C—2X22Ey, (1.48)
y oy WP W2
kzkxE:p + kzkyEy + (_kx - ky + C2> Ez = _07X33EZ7 (149)

In order to interpret the physical meaning of these equations, consider a particu-
lar case of a wave propagating in the x-axis. In this case k, = k and k, = k., =0 as

a result one can have

2 2
w —_ w
By =- HZxuks,
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w? w?
(—k2 + 02) E, = —§X22Ey7 (1.50)

(=42 + ) Bz = ~ % xsBs,

The first equation implies that Fx = 0, since neither w nor xi; is zero.This means
that the E field is transverse to the x-axis, which is the direction of the propaga-

tion. Conceder next the second equation. If £, # O ,then

K:%\/1+x22=%\/k22, (1.51)

The third equation, likewise, implies that if £, # 0, then

w w
KZE\/1+X33=E\/1{33~ (1.52)

Now ¢ is the phase velocity of the wave. Thus we have two possible phase veloci-

— —
. ¢ . . 3 . ¢

ties, namely,—\/kf22 if the E vector points in the y-direction and N if the F vector

is in the z-direction. More generally it can be shown that for any direction of the

propagation vector k there are two possible values of the magnitude k and hence

two possible values of the phase velocity. To do this, let us introduce the three

principal indices of refraction n;,ns and ns defined by

n1 =1+ x11 = vKi1,

ng = /1 + x22 = v/ Koo, (1.53)
n3 =+/1+ x33 = VKs3.

To get nontrivial solution for E,, E, and E, of Eq.(1.49), the determinant of the

coefficients must vanish, i.e

(%)2 - kgg - k,g kxky kzkz
kyky ()2 — k2 — k2 keyk. . (1.54)
k. ks k.k, (Z82)2 — k2 — k2
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Here, the above equation can be represented by a three-dimensional surface in
space. To plot this representation it is necessary to first determine the shape
of the wavefront corresponding to a point source in a homogeneous birefringent
medium. The wavefront, by definition, is the surface whose points are simulta-
neously reached by a light wave emitted at a given instant from the velocity of
propagation is the same in all directions and the wavefront is spherical, as we
know. In an anisotropic medium, however, the wavefront has a more complex
shape because the velocity of propagation is different along different directions.
Moreover, it is represented by a double surface because, as it has been seen, for
each direction there are two possible velocities of propagation, corresponding to
two waves with mutually perpendicular planes of vibration (see fig.1.3)

Now conceder any one of the coordinate planes, say the xy plane. In this plane

k., = 0, and the determinant in eq.1.54 reduced to the product of the two factors.

n3w niw oW | o

(=) = ke = I (=) = R (= )" = k2] = kaky} = 0. (1.55)

(& (&

Since the product must vanish, either or both factors must be zero. Setting the

first factor equal to zero gives the equation of circle.

nsw

K+ k= (?)2. (1.56)
The second factor gives the equation of an ellipse.

2
EvIRE i =1. (1.57)

Similarly equations are obtained for the xz and yz planes. The intercept of the ¥
surface with each coordinate plane therefore consists of one circle and ellipse as
shown.

The nature of the % surface is such that the inner and outer sheets touch at a
certain point P as shown in fig.1.3. This point defines a direction for which the two
values of k are equal. That is an optic axis of a crystal, where the phase velocities

of the two orthogonally polarized waves reduce to the same value compering to
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,

Optic axis ™,

Figure 1.3: The wave-vector surface.

other place. Here,we can conveniently classify crystals according to the y tensor
as follows ,see table-1.1:

In a uniaxial crystal the index of refraction that corresponds to the two equal
elements, yi11 = x22 is called ordinary index ng, which does obey snell’s law and
the other index, corresponding to xs3, is called the extraordinary index ng, and
does not obey snell’s law [1]. If ny < ng , the crystal is said to be positive when the
velocity of propagation of the extraordinary wave (1) is greatest in the direction
of the optic axis and smallest in the directions perpendicular to the optic axis.

If ngp > npg, it is called negative crystal that is the velocity of propagation (v )
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a 0 O Z :Z :z :a, n: 1+a
Isotropic cubic 7=/0 a 0 n— A2 T A
0 0 a
1 1 a O O le:ZZZZai Zggzb
Uniaxia crystal 7=|0 a 0 A
0 0b n=+vil+a
ne =v1+b
Biaxial crystal 8 8 8 =8 Xn=b ym=C
iaxial cr =
’ “ 0 0 c n=+1l+a
n, =v1+b
n, =+1+c¢

Table 1.1: Classification of crystals according to tensor.

is minimum in the direction of the optic axis and a maximum in the directions
perpendicular to the optic axis see fig.1.4.

To summarize, the wave front developing from a point source in a uniaxial
crystal consists of a sphere and of an ellipsoid of revolution around the optic axis.
These two surfaces are tangent to each other at the points of intersection with
the optic axis. If the crystal is positive, the ellipsoid is prolate and lies inside the
sphere (fig.1.4a). If the crystal is negative, the ellipsoid is oblate and encloses the
sphere (fgi.1.4b). In biaxial crystal, the shape of the wave front is more complex. If
the three characteristic directions are parallel to the x, y and z, axis, respectively,
of a Cartesian frame of reference, the intersection of the wave front with each of
the three coordinate planes consists of a circle and an ellipse. The wave front does
not consist of two separate surface, but of a unique continuous surface folding

up on itself and intersecting in a complicated manner [8,10,12,13].
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Figure 1.4: Wave fronts in uniaxial crystal: (a) positive crystal; (b) negative crystal.

1.3 Reflection and Refraction of light at plane boundary

In this section a basic phenomena of reflection and refraction of light would be
investigated from the stand point of electromagnetic theory and applying bound-
ary conditions. Consider a plane harmonic wave incident up on a plane boundary
separating two different optical media see fig.1.5. There will be reflected and
transmitted wave.

The space-time dependence of these three waves, namely the incident ,re-
flected and refracted waves , with constant amplitude factors, is given by the

following complex expressions respectively:

|

expj( k.7 —wt),
expj(?’.? — wt),
e:chj(?”.?> — wt).

Now, in order that any constant relation can exist for all points of the boundary
and for all values of ¢, it is necessary that the arguments of the three exponential

functions be equal at the boundary. Thus since the time factors are already equal,
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Boundary 06 n,

|2"

Figure 1.5: Coordinate system for analyzing reflection and refraction at a plane
boundary .

one may have the following relation at the boundary i.e
EF=%KT=k"T. (1.58)

These equations imply that all three wave vectors ?,?’ and k" are coplanar,
and their projections on to the boundary plane are all equal. Again choosing a
coordinate oxyz such that one of the coordinate planes, say the xz plane, is the
boundary, and also the & vector lies in the xy plane, called plane of incidence
see again fig.1.5. The angles between the boundary normal (y-axis) and the wave

vectors are labelled as 0,0’ and ¢ as shown. Therefor,Eq.(1.58) becomes
ksing = k'sind’ = k" sing. (1.59)

Now in the space of the incident and reflected waves (y > 0), the two waves are
travelling in the same medium but in opposite direction, hence the wave vectors
have the same magnitude. i.e ? = k' . The first equation then reduces to

the familiar law of reflection, which is angle of incidence is the same as angle of
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reflection.
0=2¢. (1.60)

Taking the ratio of the propagation constants of the transmitted wave and the

incident wave, we have

Je

?” 7 n2
k

ny

g

20|

where n; and ns are the indices of refraction of the media, and n is the relative
index of refraction. The second part of equation 1.59, therefore, is equivalent to

Snell‘s law of refraction.
Sind  n

qub—n—l:n (1.62)

Moreover, when the incident beam vibrates in the plane of incidence, there exists
a special angle of incidence for which the intensity of the reflected beam drops to
zero. In this case the incident beam is totally refracted.

This particular angle of incident is called polarization angle or Brewster's an-
gle. Its value, ¢, , is related to the indices of refraction of the two media, n; and

ny , by the following equation:

tan ¢, = Z—i =n, (1.63)

This law is known as Brewster’s law.

1.4 Amplitudes of Reflected and Refracted waves

1.4.1 Fresnel Equations

To obtain the amplitudes of reflected and refracted waves, it is mandatory to
formulate Fresnel equations to do so,it has been denoted E is the amplitude of
electric vector plane harmonic wave that is incident on a plane boundary sepa-
rating two media, and letE’ and E” denote the amplitudes of the reflected and
transmitted waves, respectively. Then it follows from the Maxwell curl equations

as applied to harmonic waves,Eq.(1.8), that corresponding incident, reflected and
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transmitted amplitudes of the magnetic vectors are given follow respectively:

% xE
H=-"" (1.64)
[y W
— KX E
H = ——— (1.65)
oy W
_)// _>l/
gy kX< ET (1.66)
hew
It should be noted that the above equations apply either to the instantaneous
values of the fields or to the amplitudes, since the exponential factors e:ppi(?.?’ —

wt), and so forth are common to both the electric fields and associated magnetic
fields.

To find relative magnitudes of the three waves must treat separately the x-
components of E, which is perpendicular to the plan of incidence (xy-plan) con-
sider fig.1.5. This case is called transverse electric or TE polarization, and that
component of E),Which is parallel to the incidence or the magnetic vector of the
incident wave is parallel to the boundary plan. This is called transverse mag-
netic or TM polarization.For each of these components our boundary conditions
require the continuity of the surface (zx-plane) for both the electric and magnetic

field vectors.

1) For the normal component of the electric field (TM polarization) it is possible

to have the following expiration.

= B T
EF+ E =FE". (1.67)

Writing the corresponding equations for the magnetic field vectors, and it can be

noticed that they are parallel to the plane of incidence,so that results in

— — —
—H cos + H'cos = —H" cos ¢,

—kE cos0+KE cosd = —k"E". (1.68)
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2) For the parallel components of the electric field (TM polarization) the conti-

nuity of the horizontal components requires that

— — —
E cos+ E'cost = E" cos ¢, (1.69)

and the continuity of the horizontal components of the corresponding magnetic
field implies that

— — —
KE -K'E' =K'E", (1.70)

Here, it has been used the fact that each magnetic field amplitude H, H'and H" is
proportional to kﬁ, KE' and k" E", respectively as implied by Egs.(1.64) to (1.66).
The coefficients of reflection r; and r, , and the coefficients of transmission t;

and t, are defined as amplitude ratios, namely

rs— | — r,=|— , (1.71)
° |:E>_TE P L E :|TM
— —
El/' 'E/l
tS - |:_> tp = _):| . (1.72)
ITE L E 1l1m

Here to eliminate ﬁ” from the two sets of Egs.(1.68) and (1.70) and it is good
using the relation n = ¢ to obtain the following relations for ratios of the reflected

amplitudes to the incident amplitudes:

cost —ncos ¢
s = ————————— 1.73
T cos 0 + ncos ¢ ( )

n cos f + cos ¢

r, = (1.74)

" ncosf+cos’

Ratios for the transmitted amplitudes can be obtained by eliminating E’ in the
two cases. By using Snell‘s law in Eq.(1.62), the equations for the amplitudes of
the reflected in the form:

(1.75)
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cos 0 sin ¢

ts = m, (1.76)
and ( )
_tan 0— ¢

r, = 7tan(9—|—qb)’ (1.77)

¢ —9 cos 0 sin ¢ (1.78)

P "sin(0 + ¢) cos(0 — ¢)°

The above equations are known as Fresnel's equations.They were originally ob-
tained by Fresnel using the elastic-solid theory of light. It should be understood
that the elastic-solid theory was never able to give a completely consistent and
satisfactory account of reflection and refraction, even when the assumptions con-
cerning the boundary conditions were skilfully adjusted to produce the desired
results. The electromagnetic theory does not introduce any special assumptions
for this purpose. It uses the standard boundary conditions which are derived
from the results of experiments on electricity and magnetism.

For the case of normal incidence § = 0,¢ = 0 , and Fresnel equations give an
undetermined results. To investigate this case, it is must convenient to return to

the boundary conditions in Eqs.(1.67) and (1.70) which now become:

and

from the above equations, one can easily compute the following relations i.e

Br__2m g Fromomy (1.79)
ni + ng ny + n2

The reflectance p? is the ratio of the intensities of the reflected and incident
waves. since the intensity is proportional to the square of the amplitude,its math-

ematical expiration can be given by

2= |2 (1.80)
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Thus, for example, in the case of perpendicular incidence, we obtain

ng — Ny 2 n—112

2

= = , 1.81
g <n2+n1) [TWJ (-8

where, n = 22, relative index of refraction. The sign of the above equality is nega-

ny’

tive or positive depending on whether the relative index n is greater or less than
unity,respectively. A negative value of % means that the phase of the reflected
wave is changed by 180° relative to that of the incident wave. Thus such a change
of phase occurs when light is partially reflected upon entering a dense medium
[8,10,13,14].



Chapter 2

POLARIZATION OF LIGHT

2.1 Unpolarized Light

One fundamental characteristic of electromagnetic radiation remains to be dis-
cussed, that is polarization, and it is rooted in the transverse nature of electro-
magnetic waves. To see different state of polarization, the nature of unpolarized
light is defined initially.

Strictly monochromatic light is fully polarized, though ,it may range anywhere
from linear through elliptical to circular polarization. Natural light, on the other
hand, is generally found to be unpolarized, for the phase relation between x and
y components is totally uncorrelated and phase difference varies rapidly because
of this the mean value of phase difference become zero.

Even from the wave-optical point of view natural light is generated in the form
of pulses. When caused by narrow spectral lines, these pulses may be of the order
of 107 sec. and contain, say, a million cycles; but even this relatively long period
is short compered with the time of observation in the usual optical experiment
so that the radiation field observed consists of a large number of pulses whose
phases are randomly related. If their angle of polarization:

o = tan"1(

) —

<a§g, 2.1)

m%m
N3

8
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are uniformly distributed over the semicircle, the light will be totally unpolarized.
Where E)z and ﬁy are the x and y components of transverse electromagnetic
waves.

0'4 Hz and its bandwidth one million

The frequency of this light may be 6x1
of that, so that it is monochromatic for many purposes, yet its spectrum band is
wide enough to make it unpolarized. Such narrow band width light is same times

called quasi-monochromatic [8,14].

2.1.1 Elliptical, Circular and Linear Polarization

Here, a cartesian system of coordinates with the x-axis in the direction of propa-
gation is considered. The y-axis parallel to the optical vector of one wave, and the
z-axis parallel to the optical vector of the other wave. The optical vectors of the

two waves are represented by expression of the type

E)y = Ay cos[w(t — £) + 1],

E.=A. cos[w(t — %) + 1)a). (2.2)

The functions E’)y and EZ also represent the components of the resultant op-
tical vector E along the y and z axes. At a given point in space, this vector varies
with time in both length and direction. Its tip describes a curve, of where Eq. (2.2)
are the parametric equations. To determine the shape of this curve, we need only
t between the two equations. For this purpose we denote iy = ¥y — 11, the phase
difference between the two oscillations and redefine the origin of time by putting

wt' = w(t — £) + 11, so Eq.(2.2) becomes to be
—
E, = Aycos(wt’),

—

E. = A, cos(wt' + 1),

E)Z = A, coswt’ cos) — Azsinwt’ sin 1. (2.3)
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From these equations, one can obtain

E E
4 _ 7y o ] .
. , cos Y = —sinwt sin 1. (2.4)

Squaring both sides of Eq.(2.4) then the following result will be found.

E. E 2 E, 0\
AZZ — Tyy costp| = sin?wt’'sin® ¢ = [1 — <Ayy> ] sin? 1), (2.5)

and, after few reductions it is possible to get the coming expression

E2 E?2 E,E, .
/T% + A—é — ZA—ZA—Z cosp = sin® 1. (2.6)

This is the equation of an ellipse, and one can conclude that the tip of the vector
representing the resultant optical distance at a given point in space describes an
ellipse in the plane perpendicular to the direction of propagation. Therefor, this
facts expressed by saying that,the wave is Elliptically polarized.

Note that at any instant of time, the magnitude E of the resultant optical

disturbance is given by the equation:
E*=E2+E> 2.7)

It follows that the intensity (/) of the elliptically polarized wave equals the sum
of the intensities (/) and (I.) of the two linearly polarized waves vibrating in the

perpendicular planes xy and xz:
I=1,+1. (2.8)

Thus Eq.(2.2) shows that ﬁy varies form +A4, to —A,, and E)z varies from
+A, to —A,. Hence, the ellipse represented by these equations, or by Eq.2.6 is
inscribed in a rectangle with sides of length 24, and 24, see Fig.2.1.

If the two oscillations are in phase, i.e., if 1) equals zero or an even multiple of
7, the ellipse degenerates into straight segment, coincident with the diagonal of

the rectangle that lays in the first and third quadrants Fig.2.1(b). Indeed, in this
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A, A
/‘\
A A
k_/
a b v =2nr
A, A,
A A,
© v =2(n+dr d w=02n+1) 2
2

Figure 2.1: States of polarization corresponding to different values of the phase
difference ¢ .

case Eq.(2.4) yield

E, E, A
Yy _ = E,=“YE, 2.
oty v =7 Fx (2.9)
If ¢ an odd multiple of 7, Eq.2.3 give
E, E, A
Yy _Ex E,=-"YE,. 2.10
A, A - VT, (2.10)

The resultant wave is again Linearly polarized, but now the optical disturbance is
parallel to the other diagonal of the rectangle i.e, to that lying in the second and
fourth quadrants fig.2.1(c). If ¢ is an odd multiple of 7, Eq.(2.6) becomes

2
E,  EZ

—= 4+ —= =1 (2.11)
A2 A2
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Which is the equation of an ellipse having its axes in the y and z directions
fig.2.1(d). If in particular A, = A., the ellipse reduces to a circle and the wave
is said to be Circularly polarized. In this condition, the vector representing the
optical disturbance at a given point in space rotates with uniform angular speed
without change of magnitude.

In the case of elliptical or circular polarization one may in quire in to the
direction of rotation of the optical vector. For this purpose consider the positions
of the optical vector at time t'=0 and at ¢ = 7, where 7 is a very small fraction of

the period 7. These positions are shown by the segments op;, and op, in fig.2.2.

A P A

s > o ?

Figure 2.2: (a) 0 < ¢ < m; the optical vector rotates clockwise (right-handed polar-
ization). (b) 7 < ¢ < 2m; the optical vector rotates counterclockwise (left-handed
polarization).

From Eq.2.3, and considering the above conditions one can obtained the fol-

lowing expressions.

at t'=0: E, = A,, E, = A, cos,

at =71 E, = A,coswT E. = A, cos(y) + wr). (2.12)
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It is obvious that, the cosine is a decreasing function of its argument if the argu-
ment lies between 0 and 7, and an increasing function of its argument if argument
lies between 0 and —n. Thus, if ¥ is in the range 0 < ¢ < 7, ﬁz is a decreasing
function of time ¢’ = 0, the point p, lies below the point p; fig.2.2 (a), and the op-
tical vector rotates clockwise with respect to an observer to ward whom the wave
travels. However,if ¢ is in the range —7 < ¢ < 0, E, is an optical vector function
of time at ¢’ and the optical vector rotates counterclockwise fig.2.2 (b).

In conclusion, for a wave travelling in the direction of the x-axis of a right-
handed cartesian frame of reference, the optical vector rotates clockwise or counter
clockwise depending whether the z-component leads or lags the y-component by
a phase angle less than 7. When the rotation is clockwise one can speak of right-
handed polarization.When the rotation is counter-clockwise, left-handed polar-
ization will be realized. A phase difference ¢ + 2n7, where n is an integer; thus,
in particular, one may have left-handed polarization if the z-component leads the

y-component by a phase angle between 7 and 27 [8,12].

2.2 Matrix Representation of Polarization

2.2.1 The Jones Calculus

It is sometimes convenient employ a complex vector amplitude E)O defined as
follows
— — —

the corresponding wave function is

—

— —
E = Egexpi( k z — wt). (2.14)

This expression can represent any type of polarization. Thus if E)o is real, linear
polarization will be found, where as if it is complex, one can see elliptical polar-
ization. In the special case of circular polarization the real and imaginary parts of

—
E( are equal.
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The complex vector amplitude given in Eq.(2.13), is not the most general ex-
pression, because it was assumed that the x-component was real and the y-
component was imaginary. A more general way of a plane harmonic wave is
given by

- ) . 3
Eog= FEyi + lEoy_], (2.15)

where Ey, and Ey, can both be complex. Accordingly, they can be written in the
exponential form as:
on = |E0x’€i¢m7 (2 16)

Eoy = |Egyle™v. (2.17)

A convenient notation for the above pair of complex amplitudes is the following
matrix known as Jones vector:
Eo, ’EOx‘ei¢$

= 4 , (2.18)
Eoy | Eoy| ey

where ¢, and ¢, are the appropriate phases.

If the phaser components Ey, and Ey, of the Jones vector to assume all possible
values at two independent complex numbers, all possible states of polarization of
all values of intensity and phase are generated. Here, it is possible to see from
table.2.1 how the Jones vector represent the state of polarization.

Where A is the amplitude of the wave at that particular state of polarization.
One of the application of the Jones notation is calculating the result of adding two
or more waves of given polarizations. The results is obtained simply by adding the
Jones vectors. For instant one can easily find the sum of right and left circular
polarized waves of equal amplitude. The calculation by means of Jones vectors

proceeds as follows:

1 1 1
+ =2
—1 1 0
The last expression shows that the resultant wave is linearly polarized in x-

direction and its amplitude is twice that of either of the circular components.
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State of polarization Jones vector

()
(")
(1)
()
)

Table 2.1: Jones vectors for different states of polarization.

1
Linearly polartzed in the x-direction. A
]
]
Linearly polartzed 1n the v-direction. A
1
0 1
Linearly polartzed at 45 relative to x-axis A
1
1
Left circular polartzation A
i
1
A

Right circular polarization

Another use of the matrix notation is computing the effect of inserting a linear
optical element, or a train of such elements, in to a beam of light of given po-
larization. The optical elements are represented by 2 x 2 matrices that is Jones
matrices. The types of optical devices that can be, so represented include linear
polarizers, circular polarizers, phase retarders (quarter-wave plates,...), isotropic

phase changers and isotropic absorbers.

The matrices are used as follows. Let the vector of the incident light be

!/

A
and the vector of the emerging light to be . Then the incident and the

B/
emerging light be related as follow i.e
A a b A
= . , (2.19)
B’ c d B

b
where | © is the Jones matrix of the optical element. If light is sent through
c d
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a train of optical elements, then the result is given by matrix multiplication:

A b b n by A
R U R ¢ . . (2.20)
B’ c dp ¢y doy cn  dy B

Here, it should be noted that the Jones calculus is of use only for computing
results with light that is initially polarized in some way, that mean, there is no

Jones vector representation for unpolarized light [10,15].

2.2.2 Orthogonal Polarization

Two waves whose states of polarization are represented by the complex vector am-
plitudes ﬁl and ﬁg are said to be orthogonally polarization if they have satisfied

the following important conditions
- =
E,. E;=0. (2.21)

Where the asterisk denotes the complex conjugate.

For linearly polarized light , orthogonality merely means that the fields are
polarized at right angles to one another. In the case of circular polarization it is
readily seen that right-circular and left-circular polarizations are mutually orthog-
onal states. Similarly, the ellipse of polarization that correspond to two orthogonal
Jones vectors have equal and opposite ellipticities (handedness) and their major
axes are mutually orthogonal. But, there is a corresponding orthogonal polariza-

tion for any type of polarization.
Ay Ay
In terms of Jones vectors it is easy to verify that and are
By By
orthogonal if and only if

Aq ; + BlB; = 0. (2.22)

It is instructive to note that light of arbitrary polarization can always be resolved
in to two orthogonal components. Thus resolution in to linear components is

written
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and in to circular components is written.

A

1 1

—1

(A—iB).| |. (2.23)

DO |
~

2.2.3 Eigenvectors of Jones Matrices

An eigenvector of any matrix is defined as a particular vector which, when mul-
tiplied by the matrix, gives the same vector within a constant factor, in Jones

calculus this can be written:

a b A A
c d)\B B
The constant )\, which may be real or complex, is called the eigenvalue.
Physically, an eigenvector of a given Jones matrix represents a particular po-
larization of a wave which up on passing through the optical element in question,
emerges with the same polarization as when it entered. However, depending on
the value of )\, the amplitude and the phase may change. If write A= |\|e~®, then
|A| is the amplitude change, and ¢ is the phase change.
The problem of finding the eigenvalues and the corresponding eigenvectors of

a 2 x 2 matrix is quite simple. The matrix equation above can be written as:

=0. (2.24)

Now in order that a nontrivial solution exists, namely one in which A and B are

not both zero, the determinant of the matrix must vanish.

=0, (2.25)
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this is a quadratic equation in A, known as the secular equation. Up on expanding

the determinant we get
(a—A).(d—X) -bc=0.

Whose roots A\; and )\, are the eigenvalues. To each root there is a corresponding
eigenvector. These can be found by noting that the matrix Eq.2.24 is equivalent

to the two algebraic equations i.e

(a—A\).A+bB =0 cA+(d—\).B=0, (2.26)

the ratio of A to B, corresponding to a given eigenvalue of \,can be found by

substitution of A\; and ), in to either equation [10,16].

2.2.4 Jones Reflection Matrix

In the case of either internal or external reflection, one can identify the TM com-
ponents as “horizontal” and the TE components as “vertical” then it can utilized

the Jones calculus by defining a reflection matrix as

-r, 0
(2.27)
0 rg
The Jones vector of the reflected light is then given by
A -r, 0 A
= . , (2.28)
B’ 0 r B
A /
where is the vector of the incident light and C ] s the vector of the
B B

reflected light. The vector of r, and r, are given a function of the angle of incident
by using Snell‘s law and considering Eqs.(1.72) and (1.73) i.e

_ 2 _ ain2
r. — cos n sin“ 0 2.29)

cos 8 + \/712—5111207
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—n2cosf + V/n? —sin? 6

r, = (2.30)

n2cosf + \/n? — sin® 0 .

Here the most important point is to know that, off-diagonal elements of these

matrices Eq.2.28 are zero for isotropic dielectrics and non-zero values of the off-
diagonal elements can occur in the case of anisotropic substances, such as crys-
tals. For further treatment of reflection matrix, the case of normal incidence as
an example is considered. Here, the reflection matrix is given by

—p 0 -1 0

=p. , (2.31)
0 »p 0 1

where p = };—Z and n is the relative index of refraction. Suppose that the incident

1
light is a right circularly polarized, so that its Jones vector is . The Jones

vector of the reflected light is then

-1 0 1 -1 n—1 1
0. . =0 ] = . - (2.32)
0 1 —1 —1 n—1 )

Thus the reflection light is left circularly polarized, and its amplitude is changed

by the factor ZH Similarly, its found that if the incident light is left circularly
polarized, then the reflected light is right circularly polarized. this reversal of the
handedness of the circular polarization is independent of the value of n, and thus
occurs in the case of both internal and external reflection provided the angle of

incidence is small [10].

2.2.5 Stoke's vector

The modern representation of polarized light actually had its origins in 1852 in
the work G.G.Stokes. He introduced four quantities that are functions only for
observable of the electromagnetic wave and are now known as the Stokes param-
eters. The polarization state of a beam of light (either natural or totally or partially

polarized) can be described interims of these quantities. To see it, let us specify
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an ellipse with its major axis is (a), its minor axis is (b) and the angle (¢) the major

axis makes with the x-axis:
b<a 0<op <. (2.33)
A derived parameter, which may be called "ellipticity”

b - T

— tan~ (= _ r
x| = tan™"(~) 1 T
is often useful.( The sign of x indicates handedness, y being negative for left-
handed polarization). This parameter, when divided by 7, is a measure of the

extent to which the ellipse approaches a circle.
4 . =
s X = 0, 1

corresponding, respectively, to linearly and circularly polarized light. The two sets

of parameters (E,, E,, v, «) and (a,b, ¢, x) can be shown to be related as follow.

a’+b° = E; + E}, (2.35)
tan 2¢ = cos tan 2, (2.36)
tan 2y = sin v sin 2a. (2.37)

It may help to visualize the state of polarization by plotting the ellipse conceptually
as a point on a unit sphere, called the Poincare sphere (see fig.2.4), on which
the the equator corresponds to linearly polarized light and the north and south
poles, respectively, to right and left circularly polarized light. More generally, the
latitude:

0 =2y, (2.38)

corresponds to double the “ellipticity” and the longitude:

¢ =29, (2.39)

to twice the angle of the major axis.
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Figure 2.3: The Poincar‘e sphere.

If information concerning the magnitude of the radiation is of interest, the
radius [9], of the sphere is taken in proportion to the intensity of the wave.

Here, for the sake of convinces cartesian coordinate system is considered, so
that the z-axis passe through the poles and the longitude ¢ is measured from the

xy-plane, the ordered array

(2.40)

can be used to specify point x ,y ,z on Poincar‘e sphere. it is the Stokes vector of

the state of polarization corresponding to the point x ,y ,z. for fully polarized light

22+ 4+ 2% =50 (2.41)
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In terms of the two sets of parameters by which we have described the state of

polarization:
s=a’+b = E2+E, (2.42)
T = scos 2 cos ¢ = B2 —E;, (2.43)
y = scos2ysin¢ = 2K, F, cos 1, (2.44)
z=ssin2x = 2E,E, sin. (2.45)

In each case the first equality follows readily from the geometry in fig.2.3 and
the second equality can be derived there from by means of Egs.(2.1) and (2.34) to
(2.37).

For unit intensity, linearly polarized light the stokes vector has the form

Ccos 2a
, (2.46)

sin 2«

and for right and left circularly polarized light

) (2.47)
+1

respectively [14,15]. In this experiment, since polarized light is used, Jones ma-

trices may applied frequently throughout this paper.



Chapter 3

THEORY AND MEASUREMENTS
OF RAS

3.1 Introduction

In this chapter the basic principles of the optical technique RAS and its appli-
cation in the study of the optical property of surfaces described. The field of
surface science has changed dramatically with the discovery of Scanning Tun-
nelling Microscopy (STM) by Binnig and Rohrer, in 1983 [17]. Since then, it has
become possible to image almost routinely surfaces and surface bound species
with atomic scale resolution. The STM has allowed to visualized quantum me-
chanics as never before.

The surface of solid is inherently different than the rest of the solid (bulk), spe-
cially in the case of their bonding properties. Surface atoms simply cannot satisfy
their bonding requirements in the same way as bulk atoms. Therefore, surface
atoms will always want to react in some way, either with each other or with for-
eign atoms to satisfy their bonding requirement [17]. When light reflected from
the surface of material it contains information about the nature of the surface
[18].

More recently, a variety of ways have been devised for directly measuring sur-

face effects in optical reflectivity. For instant, in surface differential reflectivity
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(SDR) technique, the incident light is split (in time, using a chopper) between two
identical samples, one of which is modified, for example by adsorption. Here, the
ratio ITB’ is the value required which is directly proportional to %, the fractional
difference is ratiometric, and it is surface specific. SDR provided the first con-
clusive demonstration of the use of reflectivity spectra in the detection of surface
states. The technique, however, is not applicable if a reference surface is not
available.

An alternative approach to surface specificity is the symmetry, as exemplified
by Second Harmonic Generation (SHG). While centro-symmetric materials have
null second order polarizability, this symmetry is necessarily broken at a surface.
Thus second order reflection (i.e. light reflected with two times the frequency of
the incident light), derived specifically from the surface and this method becomes
increasingly important in surface studies.

Recently Beleckman et al have proposed a new reflection spectroscopy which is
surface specific without imposing symmetry constrains on the surface [19]. This
technique known as 45 degree reflectometry (45DR), relies on a particular feature
of the Fersonal equations. At 45° angle of incident, for a mathematically sharp
and clean interface, R% is identical to Rp irrespective of the dielectric constants
of material. Measuring the quantity Ay = R%(45%) - Rp(45°) thus allows one to
detect directly any deviation from the ideal sharp, clean interface and to study its
properties. The sharp interface assumed in Fresnels equations is a mathematical
model, real systems are characterized by a transition region can thus in principle
be studied by measuring the difference between R%(45°) and Rp(45°.

The surface sensitivity of this Ay5 technique is in general not as high as that
of ellipsometry, since the optimum angle for ellipsometry is close to the pseudo
Brewster angle, and for metals and semiconductors the pseudo Brewster angle is
well above 45°. However, the built in baseline allows one to do direct measure-
ments of, for example, the surface states, surface roughness and so on, without
resorting to a "before-after” strategy.

Spectroscopic ellipsometry (SE) is another ratiometric modulation technique.

In this case the sample is not modified, but rather the polarization of the incident



43

light is modulated between the perpendicular and horizontal states, and :—’: is
measured. (r represent complex Fersnel reflection amplitudes and are related to
the corresponding reflectivities, R, by R =| r |?) [20,21,22].

Generally, optical spectroscopy is extensively used to characterize surfaces,
the dominating techniques being reflectance anisotropy spectroscopy (RAS) and
spectroscopic ellipsometry (SE) [20]. Already in 1966 Cardona et al observed that
rotating a Si(110) sample around the surface normal changed the reflectivity as
a function the azimuthal angle. However, it took about twenty years before the
phenomenon of surface-induced optical anisotropic started to be investigated sys-
tematically. The high potential of RAS for growth-monitoring was demonstrated
by Kamiya et al [24]. By measurements on GaAs(001) in ultra-high vacuum as
well as in atmospheric pressure of Hy, He and N,. It was noted that each of the
well-known GaAs(001) surface reconstructions such as (4 x 4), (2 x 4) and (4 x 2)
gives rise to a characteristic, fingerprint-like RAS spectrum. The correlation be-
tween reflection high-energy electron diffraction patterns and the RAS spectra
allowed them to establish a database for GaAs(001) surface reconstruction.

The surface reconstruction can thus be determined in-situ, even at ambient
conditions. For many semiconductors a change of the surface reconstruction
during layer growth occurs. RAS can, therefore be easily used to monitor growth
and layer completion. This application has proven highly successful and is now
exploited commercially. However, surface optical spectroscopic gives only indirect
information about the surface structure and chemistry. The intuitive interpreta-
tion of the spectra in terms of bond polarizabilities is difficult and often leads to
wrong results even for relatively simple surfaces. Reliable calculations of surface
optical spectra are needed to fully exploit their diagnostic potential.

One of the first major attempts to calculate surface optical properties was
made by McIntyre and Aspens [23,25,26]. They approximated the inhomogeneity
of the surface dielectric tensor by a two-step function, i.e. modeled the surface by
three-layer system consisting of vacuum, thin film and substrate. This model was
later extended to include surface anisotropy and remains very popular because of

its simplicity. A more general approach was take in 1979 by Bagchi et al. They



44

started by considering a semi-infinite electron gas. The truncation of the bulk
leads to modification of the optical properties in the surface region. Based on the
assumption that this region is much thinner than the light wave-length, the light
propagation equations were solved. A few years later Del Sole generalized this
model to the case of larger anisotropic in real crystal and obtained an expression
for the surface contribution to the reflectance, %, where R is the reflectance
according to the Fresnel equation [26].

Since the first studies on the cleavage surfaces of Si and Ge, reflection spec-
troscopy has proven to be a powerful probe of surface electronic properties. In
those studies, the fundamental problem of discriminating between optical tran-
sitions of different origin of identifying surface-related structures against bulk
feature was addressed by direct composition between the experimental spectra
obtained for the clean and chemisorbed surfaces [differential reflection (DR) spec-
troscopy]. More recently an alternative approach to this problem, based on the
study of reflectance anisotropic (RA), has been introduced.

Both methods, however, are indirect, as both chemisorption-induced modifi-
cations of the optical properties and intrinsic anisotropic of clean surfaces cannot
always be directly attributed to electronic transitions involving surface states.
Indeed, the effect of chemisorption may be much more complex than the pure
quenching of clean surface states: new states may arise, and those of the clean
surface may still be present, with modified energies and wave functions. Sim-
ilarly, the origin of anisotropic in surface optical properties cannot always be
attributed to anisotropic in the spectrum of surface state, since they occur even
at natural surfaces, where no optically active surface state is expected in the
frequency range of interest.

For Si(111) 2 x 1, the simple interpretation of DR data in terms of transitions
between surface states was still able to provide a great amount of information, be-
cause in this case the main surface-related optical features correspond to below-
band-gap transitions. For the higher energy features of the DR spectrum, how-
ever, calculations of surface optical properties based on a semiempirical tight-

binding approach have shown that above-band-gap DR features are not directly
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related to surface state, owing to a strong geometrical effect induced on bulk
states by reconstruction.

Starting to the first published work on RDS/RAS technique, there has been a
rapid growth of the field, as can be seen in the scientific literature. The number of
publication in peer-reviewed journals from 1987 to 2004 inclusive involving RAS

is shown in fig.3.1.

Figure 3.1: Historical growth of RAS.

The publications have been categorized broadly in to research involving semi-
conductors, metals or others systems. The figure shows that RAS associated with
semiconductors research has dominated the field. However, the technique has
provide to be very versatile and has recently been applied electrochemical envi-
ronments [23].

In this work RAS technique is applied for investigating surface properties,
since RAS takes advantage of the anisotropy found in surface reconstructions

to obtain a very high surface sensitivity. Anisotropy in the optical response is
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common to many materials of current interest. Super-lattices, whether semicon-
duction or metallic, are optically anisotropic and can be represented by a set of
uniaxial optical constants with optical axis normal to the surface [20].

RAS is a powerful tool for characterizing the surface of crystalline materials
and initially it was applied to semiconductor surfaces as mentioned above. The
measurement of RAS requires an accurate method of determining the polariza-
tion state of light reflected from clean and smooth surface. In RAS method the
spectroscopic range from near IR through visible to near UV part of the spectrum
(1-6 ev) is utilized.

In most cases, RAS technique is employed to probe the anisotropy of sin-
gle crystal surfaces. Advances in the interpretation of reflectance spectroscopy
spectra are made possible by the understanding of the reflectance spectroscopy
response from clean surface prepared in Ultra-high vacuum environment. Such
studies benefit from the availability of a wide range of probes to characterize the
surface such as scanning tunnelling microscope, low energy electron diffraction
(LEED), X-ray photoelectron spectroscopy (XPS), ultra- violet photoemission (PE)
and inverse photoemission (IPE) spectroscopy. Combining these techniques with
RAS provides insight in to the atomic and electronic structure and the morphology
of surface [23,27].

The physical origin of the reflectance anisotropy has been attributed to contri-
butions from transitions between surface and bulk electronic states [28], anisotropy
in the surface region. Because, the surface has lower symmetry than the bulk and
bulk spatial dispersion, microscopic and macroscopic roughness [24,29,30,31].
Also, the difference of the dielectric response along and perpendicular to the op-

tical axis may be responsible for the origin of RAS signals [23].
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3.2 Principles and Instrumentations of Reflectance Anisotropic

Spectroscopic

3.2.1 Basic optical principles of RAS

Optical spectroscopies are extremely valuable for the in-situ, non-destructive and
real-time surface monitoring under challenging conditions as may be encoun-
tered, eg. during epitaxial growth. RAS is one of the plethora of surface sensi-
tive spectroscopies probing linear optical coefficients, which has been particularly
successful in exploring surface structures [23,32].

Reflectance anisotropy spectroscopy, also termed reflectance difference spec-
troscopy (RDS) [24,33] measures the relative difference in complex reflection coef-
ficients % for light polarized along two perpendicular directions within the sample

surface plane; normalized to the average reflectance r [25,27,34].

Ar_ Ty —Ty H ) H
Aot () pitm(2) o0

Where r, and r, are complex Fresnel reflectances of light polarized linearly along
the indicated directions within the surface [15,21,25,27]. Here, the relative dif-
Ar

ference in complex reflectances, which can be related to the relative (power)

reflectance difference is given as:

AR — Re—Ry
R ’
according to
AR Ar
—— = 2Re(— 3.2
i (=), (3.2)
Where R,= | r, |? etc [29,33,35] and R is the average value %. Note that

@ is just the normalized peak-to-peak value of the sinusoidal component of

the detected beam [36]. However, residual linear polarization of the source and
residual linear polarization sensitivity of the detector may affect the result [31,37].
Of course baseline correction can be achieved by taking the polarizing axis ori-
ented +45° and —45° relative to the optical axis [28,32]. The signals to be detected

are usually of the order of | % |= 0.001 — 0.01 and carry information originating
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only from the surface region because the bulk beneath is optically isotropic and

therefore does not contribute to the measured spectrum [23,25,27].

3.2.2 Intensity Modulation

If we are considering linearly polarized light at near-normal incident on a sample

rotating with angular frequency w in the diagonal frame of the sample, the time-

stnwt
dependent polarization vector of the input light has the form e . The
coswt
intensity of the light reflected by the sample is therefore
AR
I~R-— - cos 2wt, (3.3)

where R and AR represent, respectively, the average and the anisotropy of the
reflected intensities, hence, both of them can be expressed interims of r, and r,

in the following ways.

e P ]ry P
2

R AR =|7r; * = |1y |? (3.4)

The ratio of the oscillatory (I»,) and time-independent (/) intensities contribu-

tions to the reflected intensity is a direct measurement of %:

I, 1 AR
2w _— R 3.5
Iy 2v/2 R (8-5)
or
AR Lo,
— =22 3.6
i V2 T (3.6)

The RAS signal A—}f and conventional reflectance signal R can be easily sepa-
rated by using frequency selective and phase selective amplifiers in the detection
system. The main disadvantage of the rotating sample spectrometry is simply
that it is not always convenient or even possible to rotate the sample, particularly
for in-situ studies. The remedy would appear to be trivial: rotate the polarizer in
steady of the sample.

An inherent drawback with mechanically rotating components is the difficulty
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of maintaining precise alignment. In addition, mechanical modulation techniques
are relatively slow since a signal modulation cycle is usually of the order > 102
sec [23,30].

3.2.3 Phase Modulation

As in related fields, photoelastic modulation has became popular in the RAS com-
munity. The photoelastic modulation (PEM) is essentially a dynamic wave plate.
In effect, one linearly polarization, perpendicular to the modulation axis, is un-
affected by the PEM, while light polarized along the modulation axis undergoes a

retardation, I', which can be given by:
I' =Tsin(wt) (3.7)

To achieve significant retardation ( we will see that I'y approaching half wave
retardation is required) the crystal must be driven at its resonance frequency.
Since the speed of sound in crystals is of the order of 103, resonant frequencies
are of the order of 10° Hz for devices with physical dimensions of the order of
1072 m. In addition to high speed and low noise, PEM modulation offers greater

information content than the intensity modulating techniques discussed above.
Ar

RAS is most fully expressed as <", a complex quantity, while % is real and, for
small anisotropies, approximately equal to 2Re(%). By modulating phase rather
than intensity, measurement of both the real and imaginary parts of % becomes
possible.

The standard phase modulating reflectance anisotropic spectrometry has three
polarization-sensitive elements, i.e, a polarizer, PEM and an analyzer when the
last two elements are placed after reflection of light from the sample. The trans-
mission axes of the polarizer and PEM are parallel but the transmission axes of
the an analyzer is making 45" from the transmission axis of PEM. The electric

amplitude of the light reaching the RAS detector is described by the expression:

10 cos() isin(%) ry 0 1

00 zsm(%) cos(g) 0 ry

A ~ , (3.8)

—_
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and it follows that 7, the light intensity reaching the detector, is a harmonic series
Io+ 1,4+ o, + ... where [j is time-independent and the remaining terms are root-
mean-square oscillations at the angular frequencies indicated by the subscripts.
Setting 'y to 2.405 radians ensures Jy(I'g) = 0, where J,, is a Bessel function of
order n, and leads to

Lnw o Jn(To)Im(AL) Ar

T _ gm0 v 9 1 (Do) Im(—), 3.9

where n is an odd integer, and

Ar
IZ;" = SW ~ 2Jn<F0)R€(%), (3.10)
Where n is an even integer. Generally standard analogue lock-in amplifiers are
used to measure the fundamental and first harmonic (and hence determine %),
but digital lock-in amplifiers of extinction ratio of the order of 10° s. have been
successfully employed to measure higher order harmonics, enabling high speed
measurements. In principle, the phase modulating RA spectrometry eliminates

mechanically derived noise but is sensitive to other instrumental errors that are

tolerated by the rotating analyzer and rotating sample spectrometry [23,25].

3.3 Crystal Symmetry and Anisotropy

A mineral is a naturally occurring homogeneous solid with a definite (but not
generally fixed) chemical composition and a highly ordered atomic arrangement,
usually formed by an inorganic process. That is, atoms in a mineral are arranged
in an ordered geometric pattern. This ordered arrangement is called a crystal
structure, and thus all minerals are crystals. For example, every crystal of quartz
will have the same ordered internal arrangement of atoms. A solid compound that
meets other criteria, but has not definite crystal structure is said to be amorphous.
In all crystals angles between corresponding crystal faces of the same mineral
have the same angle. This is true even if the crystal faces are distorted (Steno’s

law).
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One of the consequences of this ordered internal arrangement of atoms is that
all crystals of the same mineral look similar and it is believed that crystals are
formed by a regular repetition of identical building blocks. When a crystal grows
in a constant environment the shape remains unchanged during growth, as if
identical building blocks are added continuously to the crystal. That mean it
is possible to describe the structure of all crystals in terms of a single periodic
lattice, but with a group of atoms attached to each lattice point or situated in
each elementary parallelopiped. This group of atoms is said the basis; the basis
is repeated in space to form the crystal.

Crystals have an ordered internal arrangement of atoms, i.e., atoms are ar-
ranged in a symmetrical fashion on a three-dimensional network referred to as
lattice. The crystal faces reflect the ordered internal arrangement of atoms and
thus reflect the symmetry of the crystal lattice. Analysis of the internal motion of
a crystal relies heavily upon the symmetry properties of the crystal. Crystal may
be symmetrical with relation to planes, axes and centers of symmetry. Planes of
symmetry divide crystals in to equal parts (mirror image) that correspond point
for point, angle for angle and face for face. In the case of symmetry with respect to
an axis (Rotational symmetry), an axis is an n-fold axis of symmetry, if for every
point of the object, p, there is a corresponding point p’ on the plane perpendic-
ular to the axis and at equal distance from the axis, but rotated by an angle 27”
about the axis. An n-fold rotation symmetry is defined as an operation with a
minimum rotation angle of 2*; only 2-fold, 3-fold, 4-fold and 6-fold rotations may
occur among the symmetry operations of a crystal lattice.

An object that requires rotation of a full 360° in order to restore its original ap-
pearance has no rotational symmetry. Since it repeats itself one time every 360°
it is said to have a 1-fold axis of rotational symmetry. Thus 1-fold symmetry im-
plies no symmetry at all and this condition can also one characteristic of isotropy
crystals. If an object appears identical after a rotation of 180°, that is twice in a
360° rotation, then it is said to have a 2-fold rotation axis, most of the time this
phenomenon is observed in anisotropic crystals. For the case of 3-fold rotation

axis an objects repeat themselves three time in a 360° rotation. Although objects
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themselves may appear to 4-fold, 5-fold, 6-fold, 7-fold and 8-fold or higher-fold
rotation axes, there are not possible in crystals. The reason for this is that the
external shape of crystal is based on a geometric arrangement of atoms. Note
that if one try to combine objects with 5-fold and 8-fold apparent symmetry, it is
impossible to combine them in such a way that they completely fill space. Note
also in the context of axis of symmetry that a 4-axis is also a 2-axis and a 6-axis
is also 2- and 3-axis. Where 1, 2, 3, 4 and 6 fold axes are also called the proper
axis. A rotation operation and inversion about a center of symmetry on the axis
leaving the object unchanged, mean the axis is improper axis. An improper n axis
of symmetry is defined by n. Therefore, as one have 1, 2, 3, 4 and 6 axes, it is
also possible to have 1, 2, 3, 4, 6 axes as the the equivalent improper axes. Here
note that, 1 is simply a center of symmetry, 2 gives a mirror image about the plan
m, perpendicular to 2 axis through the axis of symmetry. 2 axis usually denoted
by its plan m and 3-fold axis is also a 3-fold axis and with a center of symmetry
on the axis. Therefore, all the symmetries with respect to a plan, a line and point
can now be classified in to 10 basic symmetry elements i.e. 1, 1, 2, m, 4, 4, 3,
3, 6, 6. Again if a point on a 2, 4, 6 fold axis is a center of symmetry, then the

plane perpendicular to the axis through the center of symmetry is a mirror plane
4

thus, the combination will be expressed as % o7 OF %. Thus one can obtain 13
groups of single axis of symmetry which are given as 1, 1, 2, m, 2, 4, 4, 1, 3,
3, 6, 6, %. Intersecting of proper axes of symmetry are characterized by 2 2 2,
322,422,622,23 3,432 and adding center of symmetry to each given
six new groups one may have 2 2 2 3 2 2 4 2 2 0 2 2 2 334pd 132
in addition by replacing two of these even folded axes to give 7 new compatible
sets of compatible proper and improper axes. Thus by considering the above all
type of symmetry they display crystallin substances are grouped in to 32 classes.
These in turn are grouped in to seven systems on the basis of the relation ships
of their axes, i.e, imaginary straight lines passing through the ideal centers of the
crystal. These basic groups can be classified in to the following crystal classes:
From the basic formula for generator matrices, one can define the generator

matrices for each of these classes. Once the generator matrices are found, it is
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Triclinic 1,1

Monoclinic 2.m, %n

Orthorhombic 222,2mm, %n %n %n

Tetragonal 4,21,%1,422’4”‘”"2‘2”1’%%%
Cubic 233,432, 43m, 2 33,4 372
Trigonal 3,3,322,3mm, 3 %n %n

Hexagonal 6,6,%,622,6mm,62m,%%1%1

Table 3.1: The seven crystal systems.

easily to define the bond matrices for each class and hence the elastic coefficient
matrix for each class. Thus, in general, the lass the symmetry of a class the more
is the anisotropy, which means, for higher-fold rotation axes, the crystal will not

show anisotropy property [1,38,39].

3.4 Methodology

The schematic set-up of RAS spectrometry is shown in fig.3.1. Here, a well-
collimated beam of monochromatic linearly polarized light from a 5 mV HeNe
laser source (PHYWE), is passes through quarter-wave plate (QWP), chopper and
polarizer (P) section of the instrument. The model SR540 optical chopper is used
to square-wave modulate the intensity of optical signals. The unit can chop light
sources at rates from 4 HZ to 3.7 KHZ. The light emergent from the polarizer is
reflected at near-normal incidence (~ 5° off normal) from the specular surface
of a rotating sample under study. Of course, the data reported here optend by
rotating the sample at two points on the surface of the sample by using suitable
stepper motor (model number 17BSC 002) which is under computer control. To
do so, it has been rotated the sample +45° and —45° from the optical axis of the

studied optical material (determination of optical axis will be discussed in the
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next chapter). In this experiment, since the interest is only on the light coming
along and perpendicular to the optical axis, the reflected light must passe through
analyzing section of the instrument that consists analyzer (4) its, transmission
axis is making 45° that of polarizer, followed by a photodetector (D). The detector
detects the light flux affected the light has travelled through the polarizer-analyzer
sequences of elements. Thus the light received by the photodetector is amplified
for measurement by a lock-in amplifier (LIA) ( Stanford research systems, model
SR830 DSP). Since LIA is interfaced with the computer having a LabView software,

the data will be easily accessed.

nanorotator

Figure 3.2: Schematic diagram of RAS.



Chapter 4

Data Analysis and Interpretation

4.1 Determination Of Optical Axis Of KTP Crystal

As discussed in the previous chapters, to apply the optical technique RAS it is
mandatory first to determine the optical axis of the sample under study. Here,
the main question is how to determine the optical axis of the sample? Before
determining the optical axis, it is necessary to investigate the properties of trans-
mitted and reflected light along the optical axis of a material having optical axis.
As it has been seen in section 1.2.2 by considering 3-Dimension. & space, when
light of arbitrary polarization propagates through anisotropic crystal, it can be
considered to consist two independent waves that are polarized orthogonally with
one other and travelling with different phase velocities. But those two phase ve-
locities may have the same value, when they are propagating in the direction of
an optical axis of the crystal see fig.1.3. Similarly, one may expect that the light
reflected from the optical axis may have also some peculiar characteristic. To see
this spacial nature of the reflected light the well-known KTP crystal was taken. It
is known that KTP is a biaxial crystal and has three principal refractive indices,
n1, ny and n3 which are all different in magnitude [2]. Since KTP is anisotropic
crystal it has crystallographically distinct axes and interact with light by a mech-

anism that is dependent upon the orientation of the crystallin lattice with respect
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to the incident light angle. When light enters the optical axis of anisotropic crys-
tals, it behaves in a manner similar to the interaction with isotropic crystal, and
passing through at a single velocity. However, when light enters a non-equivalent
axis, it is refracted into two rays each polarized with vibration directions oriented
at right angles to one another, and travelling at different velocities. From this
phenomenon one can easily realize that, the intensity of transmitted light along
the optical axis is some what intense than the reflected light from the optical axis.
Keeping this in mind, it was considered to be necessary to investigate the property
of the reflected light from the two optical axes of the crystal. The experimental
set-up used is shown in fig.3.2. Care was taken, so that the HeNe laser light
be incident, as much as possible, at the center of the well-polished KTP crystal,
i.e. the reflected light from the crystal should be on the same point when the
sample rotate 360°. After the above two important and tedious procedures were

performed, the experiment was carried out. The data collected is shown in fig.4.1.
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Figure 4.1: Reflected light as a function of the angle of rotation of KTP crystal.

As it has been discussed in section 3.3, for a system under consideration
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is said to be anisotropy, it must have at least one 2-fold rotation axis (one cs
symmetry elements) and absence of higher order symmetry like 4-fold, etc rotation
axes. From fig.4.1, the intensities at 0°, 154°, 181° and 338" represents minimum
values. Compering the pair of angles 0° and 181° and 154" and 338° the difference
in the pair of angles, considering the accuracy of the experiment, is approximately
180°. In addition the intensity of the pair of angles are nearly the same. From this
one can easily observe that the crystal shows identical properties after a rotation
of 180° in a 360° rotation. So, it is possible to realized that the crystal has two
2-fold rotation axes and denoted them by ¢, and ¢}, i.e., anisotropy is expressed
twice. Further more, it is expected that the intensity of the reflected light from
the optical axis may have minimum value comparing to the intensity of reflected

light from other parts of the material. By considering the above argument the two
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Figure 4.2: Symmetry along 181°,where G represent the values of intensities from
182° to 360° .

optical axes of KTP crystal may found nearly along 154° and 181°. Since for RAS
technique it is enough to consider only one optical axis, therefore, it was taken

the optical axis along 181° since the symmetry effect can be properly visualized.
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Here it can be also realized that, how much the selected optical axis is symmetry
by considering fig.4.2, which is shows that fitting of the values of intensity from
0° to 181° with the values of intensity from 182° to 360°.

4.2 Data analysis and Interpretation

Since the optical axes of KTP crystal determined to be along 154° and 181°, it
is possible to calculate the degree of anisotropy by using intensity modulation
method. To do so, the polarization of the incident light was adjusted in such a way
that it is parallel to the selected optical axis of the crystal. Then the crystal was
rotated 360° to take those two important parameters i.e., the reflected intensity of
light along the optical axis (r,) which is found when the optical axis make +459
from the incident light and the reflected light perpendicular to the optical axis (r,)
which is found when the optical axis make —45° (315°) from the incident light see

fig.4.3.
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Figure 4.3: Intensity vs angle along 181 for KTP crystal .
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The values obtained for r, and r, are summarized in table.4.1.

Degree re|? Degree ry|?
440 0.00614 314" 0.00R32
459 0. 00623 315" 0.00532
46" 0.00631 316" 0.00532

Table 4.1: Values of r, and r.

Using Eq.(3.4) the degree of anisotropy of KTP crystal is computed. For the
case of 44" and 314° the change in reflectance AR and average value of reflectance
R are found to be 0.0054 and 0.15134 respectively. From the values of (AR) and
(AR), the degree of anisotropy of KTP crystal is obtained to be 3.568 x 10~2. This
value is computed simply by taking the ratio of difference in reflectance and the
mean reflectance. For the case of 45° and 315° the degree of anisotropy of KTP
crystal is calculated to be 3.95 x 1072, In similar manner the degree of anisotropy
of KTP crystal for the case of 46° and 316 is 4.12 x 10~2. Finally by taking the results
of the above three cases, the average degree of anisotropy of KTP crystal has been
obtained to be 3.88 x 1072 4+0.00165. This results are in the range of the expected
value [25,27].

In addition, from this experiment it is also possible to get the minimum as well
as maximum angles between the two optical axes of KTP crystal. To do so, the
sample was rotated for 720°. The data obtained from the measurement is shown
in fig.4.4. From the previous discussion it is clear that the intensity of reflected
light from the optical axis is minimum. Thus from this figure it is possible to
observe that, the minimum intensities of reflected light pointed at 159°, 185", 340°,
366, 524°, 549° and 677°. Here for the sake of simplicity the first four points were
considered and one can easily realized that along which angles the two optical
axes of KTP crystal is expected by considering fig.4.4.

In order to obtain those optical axes, the most important point is to repre-

sent the minimum intensities of fig.4.4 on the diagonal interception of the biaxial
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Figure 4.4: Intensity vs angle of KTP crystal along 181° for 720° .

crystal. To make it so, light of arbitrary polarization was consider, which is prop-
agating through anisotropic crystal like KTP. The light then may be considered to
consist of two independent waves (one is represented by elliptical waves and the
other one is circular waves) that are polarized orthogonally with respect to each
other and travelling with different phase velocities. However, there are points
where the two waves touch one another. A line passing through the center and
the point, where the two waves overlap, defines an optical axis. Along the axis the
phase velocities of the two orthogonally polarized waves are invariant. Therefore,
the above situation can be figure out in fig.4.5. From fig.4.5 it can be realized
that the minimum angles between the two optical axes determined by calculating
the difference between 185° and 159° or 366° and 340 i.e

A6y = 185° — 159° = 26 or Aby = 366° — 340° = 26V, 4.1)
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Figure 4.5: Representation of the minimum intensities of fig.4.4.

and the maximum angle between the two optical axes which is given by
Afs = 340° — 185° = 155° Ay = 366" — 159° = 157°. 4.2)

Since from the geometrical point of view Af; = A6, and Af; = Ab,, then the

average of the two angle differences for the smaller separation A#f;:

Ab; + Ab
Af, = % = 26°.0000 + 0.0016, (4.3)
and for bigger separation Af,:
Abs + Ab
A, = 220 1560 0000 + 0.0017 (4.4)

Therefore, from the results one can easily understand that how far the results
are in a good agrement with the expected value. Here what is expected that,when
light reflected from an optical axis of the crystal, the same properties must be

observed on intensity verse angle graph after 180", when the crystal rotate 360°.
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4.3 RAS for the case of Basalt rock

In this section the optical technique RAS is applied to determine the degree of
anisotropy of the natural basalt rock. Basalt is a hard, dense, dark volcanic rock
composed chiefly of plagioclase, pyroxene and olivine, and often having a glassy
appearance. The name basalt is usually given to a wide variety of dark-brown to
black volcanic rocks, which form when molten lava from deep in the earth’s curst
rises up and solidifies. Basalt deposits frequently cover areas on many thousands
of square kilometers. In general basalts are what cover all of the ocean floor and
some continental areas where there is rifting as in the Ertal’ Ale reagin eastern
part of Ethiopia [40,41,42]. Basalt differs from granite in being a fine-grained
extrusive rock and having a higher content of Iron and Magnesium. The density
of basalt rock is between 2.8 and 2.9 gem™3. It is also extremely hardness 5 to 9
on Mho’s scale. This gives basalt a superior abrasion resistance and casted basalt
is often used as a paving and building material. Common mineral types including
quartz, feldspar and biotite are often found in a glassy matrix. In general the

composition in the rock is tabulated in table[4.2] as follow.

Element SIOZ A|203 FeO3 MgO Ca0 | NaO | KO T|02 P,Os | MNO | Cro03

% 58.7 |172 |103 |3.82 |804]334 1082|116 | 028 | 016 | 0.06

Table 4.2: Composition in basalt rock.

Although the crystals in this basalt rock are almost randomly oriented, there
is a slight preferred orientation, which gives the rock a textural anisotropy this
anisotropy measured by doing image analysis of oriented microscope slides cut
through the rock by Tony Philpotts. In addition he also measured the degree
of anisotropy of a basalt rock by taking the minimum and maximum of mag-
netic susceptibility where he found at 56.4° and 106° respectively by considering
anisotropy of magnetic susceptibility (AMS), which gives a very accurate measure
of the anisotropy of the rock’s texture, at least in terms of its response to a low

intensity magnetic filed, on the cube of basalt rock. However, the faces of the top
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and bottom of the cube crystal which give the most significant results ( only 60%
probability that shape distribution is isotropic ), indicate a maximum elongation
in direction of 103". This would appear to confirm that, the anisotropy of mag-
netic susceptibility is caused by the magnetic crystal having anisotropy to their
shape or distribution, which in turn must reflect a general textural anisotropy
in the specimen. These measurements all confirm that the rock has a textural
anisotropy [41]. However, the origin of the anisotropy is not yet explained fully.
Thus, in this work it has been also found that, the minimum and maximum re-
flected intensities are at 56° and 102° respectively. After rotating a basalt rock 720°,

by taking North-South direction as reference see fig.6. From this graph one can
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Figure 4.6: Intensity vs angle for natural basalt rock rotating 720° .

easily realized that, how much the optical technique applied in this research is
coincide with the result found by using anisotropy magnetic susceptibility (AMS)
at least numerically ( see the relation between electric field and magnetic suscep-
tibility from Maxwell’s equations ). Off course, this very small difference arise,
because in the case of AMS experiment, the whole part of rock (bulk) was scan-

ning, but in this work, it has been considered only a single point of the surface of
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rock i.e. the center of the rock. Furthermore, it has been attempted to determine
the degree of anisotropy by using optical technique RAS. Thus, before expressing
the degree of anisotropy of the rock, determination of the optical axis of the crystal
is conducted on a well polished basalt rock along 135°, using the same procedure

as for KTP crystal measurements. Then data in fig.4.7 have been found.
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Figure 4.7: Intensity vs angle for natural basalt rock .

From fig.4.7 it is easy to observe that the basalt rock is not ideally isotropy
crystal, because it is known that for the case of ideally isotropy materials the
intensity of reflected light is independent of the angle of rotation of the sample. In
addition, as pointed out earlier in this chapter, anisotropy systems should have at
least one 2-fold rotation axis (one c; symmetry element) but this condition is not
observed in the case of this basalt rock because there are a number of different
crystals in basalt rock. Therefore, it is possible to realized that the basalt rock
has no a long range optical axis at that particular point. Thus, it is difficult to
apply RAS technique to get the degree of anisotropy of basalt rock, because the

above optical technique is applicable if and only if the sample must have a well
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defined and long range optical axis. Further more, in most cases this optical
technique is highly applicable for single crystal. But by considering table 4.1 one
can simply see that there are so many different compounds in this basalt rock,
hence, that may be another case for RAS technique not applicable for this rock.

2|73 and

Data recorded from the measurement are given in appendix where | r

| r |2 represents Fig.4.1, Fig.4.7 and Fig.4.4 respectively.



Chapter 5

CONCLUSION

When light interact with matter, the reflected light may contains a number of
information about that material, especially when the reflected light is analyzed by
using sensitive optical techniques like Reflectance Anisotropy Spectroscopy (RAS).
In this work the non-distractive optical technique RAS is applied to calculate the
degree of anisotropy of KTP crystal. Since KTP crystal have two 2-fold rotation axis
(two ¢, symmetry elements) along 0° to 181° and 154° to 338°, then by considering
only one optical axis along 181° the degree of anisotropy of KTP crystal is obtained
and its value is 3.880 x 1072 40.00165.

In addition using this optical technique the angle between the two optical axes
was determined by rotating the sample 720°. The angle between the two optical
axes for the case of acute angle is calculated and its value is 26°.0000 +0.0016 and
156°.0000 +0.0017 for obtuse angle. Furthermore, attempt was made to determine
the optical axis of natural basalt rock. However, optical axis could not be deter-
mined, because it has no ¢, axis of rotation. But, the angles of minimum and
maximum magnetic susceptibility measured by anisotropy magnetic susceptibil-
ity is very close to the angle of minimum and maximum intensities of reflected
light by using reflectance anisotropy spectroscopy. Since this natural rock is
composed of so many compounds and elements, it has more than one crystals
with in it, therefore, it has no long range optical axis. But one can determine

the degree of anisotropy of this basalt crystal by applying an optical techniques

66
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which are not dependent on the optical axis of the sample like Surface Differential
Reflectivity (SDR), 45 Degree Reflectometry (45DR) and others. In this work it is
realized that the optical technique RAS is an easy way to characterize an optical
axis of crystal.

Finally, the readers of this thesis must be aware of that, this thesis presents
basic principles, concepts and applications of RAS for determination of degree
of anisotropy of KTP crystal and other related quantities. Here, the descriptions
and results are in simplified form, therefore, the readers can find more details

information about theoretical and experimental parts in the cited references.
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0.00581] S 11E-04] 0.00833) 236] 0.00189 0.00448] 418] 0.00827] 586] 0.00605
0.00575] 4.80E-04] 0.00641] 237| 0.00189 0.00448) 417 0.00628] 587] 0.00613
0.00569] 4.38E-04] 0.00645] 235] 0.001589 0.00446) 418]  0.0053] 588] 0.00621
0.00565] 4.11E-04]) 0.0085] 238] 0.00159 0.00445) 419 0.00534] 599] 0.00631
0.00558) 3.79E-04) 0.00638] 240] 0.00183 0.00448] 420 0064) 600] 0.0064
0.00555] 3.34E-04 241] 0.00189 0.00446) 421] 0.0085] 801] 0.00648
0.00551| 32.04E-04 242] 0.00189 0.00448) 422] 0.00558] 802] 0.00657
0.00547| 2.72E-04 243] 0.001839 0.00445] 423 0.0085%5] 03] 0.00662
0.00547) 2.34E-04 244) 0.00189 0.0044E] 424 0068| 604] 0.00666
0.00548] 2.00E-04 )| 245] 0.00189 0.00448] 425] 0.005%1] 605] 0.00658
0.00547) 1.71E-04]) 0.00688] 246] 0.00189 0.00446) 428] 0.006558] 806] 0.00&87
0.00548] 1.48E-04] 0.0070&] 247| 0.001589 0.00446) 427 0.00707] 807] 0.00659
0.00554]  1.24E-04] 0.00713] 245] 0.001589 0.0044E5) 428] 0.00714] 508] 0.00655
0.0056] 1.06E-04) 0.00717] 249] 0.00189 0.00445] 42%] 0.00715] 609] 0.00652
0.00567| S01E-05) 00072] 250 0.00189 0.00448) 420] 0.00713] 810] 0.00657
0.00572] 8 38E-05) 0.00715) 251] 0.00189 0.00448) 421 0071] §11] 0.00651
0.0058] B.11E-05) 0.00714) 252] 0.001839 0.00446) 4232 0.00707] 612] 0.00643
0.00588) 7.B9E-D5) 0.00713) 253] 0.00183 0.00445] 433] 0.00598] 613] 0.00633
0.00595) 7.78E-D5) 0.00707] 254] 0.00183 0.00445] 424] 0.00588] 614] 0.00622
0.00599] 805E-05) 0.00701] 255] 0.00189 0.00448) 435] 0.00575] 815] 0.00611
0.00599] 827E-05) 0.006581) 256] 0.001589 0.00446] 435] 0.00555] 616] 0.00603
0.00597| 861E-05) 0.00681) 257] 0.001589 0.00445) 437] 0.00655] 617] 0.00596
0.00593] S18E-05) 0.0067] 258] 0.00183 0.00445] 438] 0.00543] 618] 0.00591
0.00584] S.66E-D5] 0.00658] 259] 0.00183 0.00445] 43%] 0.00534] 619] 0.00589
0.00573] 1.03E-04] 0.00648] 260| 0.00189 0.00448) 4401 0.0083] §20] 0.00588
0.00559] 1.09E-04) 0.00643) 261] 0.001589 0.00446) 441] 0.00625] 621] 0.00559
0.00546]  1.13E-04]) 0.00637] 262| 0.00189 0.00448) 442 0.00822] 622] 0.00581
0.00532) 1.13E-04) 0.00633) 253] 0.00183 0.00445] 442] 0.00518] 623] 0.00592
0.00519] 1.12E-04] 0.00632] 264| 0.00189 0.00448] 444 0.0082] 824] 0.00552
0.00506]  1.08E-04]) 0.0083] 265 0.00189 0.00448)] 445] 0.00522] §25] 0.00552
0.00498] S978E-05) 0.0063] 266] 0.001589 0.00446) 4458] 0.00823] 626] 0.00592
0.00489) B8.61E-05) 0.00628) 257 0.00183 0.00445] 447] 0.00522)627] 0.00588
0.00483) 7. 30E-05) 0.00627) 2588] 0.00183 0.00448] 448] 0.00518] 628] 0.00582
0.00481) ©.10E-05) 0.00628] 269| 0.00189 0.00445| 449 0.00514] 629] 0.00574
0.00458] 4.84E-05) 0.005818]) 270] 0.001839 0.00446) 450] 0.00607] §30] 0.00568
0.00478] 3.50E-05) 0.00808] 271] 0.00189 0.0044E5) 451] 0.00596] 631] 0.0056
0.00476) 2.60E-05) 0.00588] 272 0.00183 0.00445] 452] 0.00585] 632] 0.00553
0.00471) 1.93E-05) 0.00583) 273] 0.00189 0.00448) 453 0.00573] 833] 0.00548
0.00465]  1.41E-05] 0.00588] 274] 0.00189 0.00448) 454 0.0055] §34] 0.00545
0.00456) 1.01E-03) 0.0055] 275 0.00159 0.00445] 455 0055] 635] 0.00541
0.00443) ©6.89E-08) 0.00538) 276] 0.00183 0.00445] 458] 0.00543) 636] 0.00543
0.00426] 4.44E-08]) 0.00523) 277] 0.00183 0.00445] 457] 0.00538] 637] 0.00549
0.00405| 2 92E-08] 0.0051&] 278| 0.00189 0.00448) 458] 0.0054] 838] 0.00557
0.00383] 2.24E-08]) 0.005 279] 0.00189 0.00445) 459] 0.00544] 539] 0.00564
0.0036] 215E-08) 0. D“ 3] 280] 0.00189 0.00445) 460] 0.00554] 840] 0.0057
0.00336] 2 33E-D08] 0.00% 281] 0.00189 0.00445] 461] 0.00564] 641] 0.00575
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101 0.00313] 2 52E-DE) 0.00531) 282| 0.00189) &.28E-07| 0.00448) 482 0.00575]| 842] 0.0058
102 0.00295] 2.72E-DE8) 0.00543) 283| 0.00189) &.28E-07| 0.00448] 453) 0.00588| 843] 0.0058
103 0.00283| 2 82E-D8) 0.00557) 284 0.00189) &.28E-07| 0.00448] 484| 0.00558] 844] 0.00577
104 0.0028] 2.72E-08) 0.00571) 285] 0.00189] 6.25E-07] 0.00448] 485] 0.00607] 845] 0.00571
105 0.00285] 2.T72E-05) 0.00584) 285] 0.0018%9) 6.23E-07| 0.00445] 466] 0.00617] 645] 0.0056
106 0.00297| 2.52E-D5) 0.00595) 287 0.00189) 6.23E-07| 0.00446) 467 0.00622] 647] 0.00545
107 0.00314) 2.42E-08) 0.00505) 2858] 0.00189) 6.23E-07| 0.00445] 468] 0.00627] 648] 0.00528
108 0.00336] 2.42E-D08] 0.00511) 289 0.00189) 6.23E-07| 0.00445) 4689] 0.0053] 649] 0.0051
108 0.00357| 2.52E-08) 0.00817) 280] 0.00189) 6.28E-07| 0.004485] 470 0.0083] 650] 0.00487
110 0.0037 2.42E-08] 0.00622] 281 0.00189) 6.23E-07] 0.00448] 471] 0.00625] 651] 0.00463
111 0.004] 2.24E-08] 0.00623) 282| 0.00189) 6.28E-07] 0.00448] 472] 0.00622] 852] 0.00437
112 0.0042) 2.24E-08) 0.00622] 253] 0.00183] 623E-07] 0.00448] 472] 0.00615] 853 0.00411
113 0.00438] 2 15E-D8] 0.00821) 284| 0.00189] 6.28E-07] 0.00446] 474 0.00808] 654) 0.00383
114 0.00454] 2A5E-D8] 0.00818) 285] 0.00189] 6.23E-07] 0.00446] 475] 0.005588] 655] 0.00355
115 0.00469| 1.89E-DE) 000815 286| 0.00189) & 28E-07| 0.00448] 47E| 0.00588] 856] 0.00325
116 0.00482| 1.684E-D8] 0.0081§ 2587| 0.00189) 6.23E-07| 0.00448) 477 0.00575] 857] 0.00295
117 0.00494) 1.35E-08) 0.00805) 288| 0.0018%9) &.28E-07| 0.00448] 478| 0.00582] 58] 0.00287
118 0.00503] 1.01E-0E8] 0.00588) 2589] 0.0018%9) 6.23E-07] 0.00448] 475 0055] 659] 0.00238
119 0.00513] 7.83E-07] 0.00593] a00] 0.00189] 6.29E-07] 0.00446] 480] 0.00538] 660] 0.00211
120 0.00523| 5.36E-07) 0.00588) 301| 0.00189) 6.23E-07| 0.00445] 481] 0.00525] 651] 0.0019
121 0.00533] 4 11E-O07) 0.00583) 302| 0.00189) 6.23E-07| 0.00445) 482) 0.00313] 652] 0.00174
122 0.00541) 2.01E-O7) 0.00578) 303] 0.00189) 6.23E-07| 0.00445] 483) 0.00303] 653] 0.0016
123 0.00549] Z10E-O7) 0.00574) 304| 0.00189) 6.23E-07| 0.00448) 484) 0.00434] 654] 0.001465
124 0.00559] 1.82E-07] 0.00572) 305] 0.00189] 6.28E-07] 0.00446] 485] 0.00487] 655] 0.00134
125 0.00566] 1.34E-07] 0.00571) 306] 0.00189] 6.23E-07] 0.00446] 486] 0.00482] 666] 0.00122
126 0.00573] S.30E-D8] 0.00571) 307| 0.00189] 6.29E-07] 0.00446| 487| 0.004£8] 6567) 0.00115
127 0.00581] 7.56E-D8] 0.00573) 208] 0.00189] 6.2SE-07] 0.00446] 488] 0.004£8] 658] 0.00106
128 0.00588] 7 56E-08] 0.00576) 309) 0.00183) 623E-07] 0.00445) 485] 0.00482) 665]9 58E-04
129 0.00594) 1.58E-07) 0.00578) 310] 0.00189] & 28E-07| 0.00448] 450 0.00487] 570]8 82E-04
130 0.008] 3.01E-OV] 0.00584] 311] 0.00189] 6.25E-07] 0.00448] 491) 0.00452) 671]7.58E-04
131 0.00805) &.79E-O7) 0.00501) 312| 0.00189) 6.23E-07| 0.00448) 452) 0.00458] 672]6.57E-04
132 0.00808| 1.72E-08) 0.00557) 313] 0.0018%9) 6.23E-07| 0.00448] 453) 0.00508] 673]5.45E-04
133 0.0061] 313E-08) 0.00503) 314] 0.00189] 6.23E-07] 0.00445] 454) 0.00516| 574|4.60E-04
134 0.00613] 5.10E-08) 0.00508) 315] 0.00189) 6.23E-07| 0.00445] 455] 0.00528] 675]3.84E-04
135 0.00814) 7.38E-08) 0.00815) 316] 0.00189) 6.23E-07| 0.00445] 456 0.0054]| 676])3.12E-04
136 0.00613] S.50E-DS] 0.00822) 317| 0.00189] 6.28E-07] 0.00446] 457 0055 677]2 52E-04
137 0.00813) 1.15E-03) 0.00828) 318] 0.00189) 6.23E-07| 0.00445] 458] 0.00551] 67/8])3.23E-04
138 0.00612] 1.36E-035] Q.00835) 319] 0.00189] 6.29E-07] 0.00446] 499] 0.00575] 67914.07E-04
139 0.00608] 1.55E-03] 0.00842) 320] 0.00189] 6.28E-07] 0.00446] 500] 0.005%] 680]5.41E-04
140 0.00602] 1.67E-03] 0.00848) 321] 0.00189] 6.23E-07] 0.00446] 501 0.00801] 681]7.28E-04
141 0.00593] 1.80E-05] 0.00848) 322| 0.00189] 6.28E-07] 0.00446] 502| 0.00611] 68219 84E-04
142 0.00582] 1.96E-03] 0.00851) 323] 0.00189] 6.2SE-07] 0.00446] 503] 0.0062]683] 0.0013
143 0.00565] 2. 10E-D5) 00085 324| 0.00189) &.28E-07| 0.00448) 504) 0.00628] £84] 0.00185
144 0.00548| 2.24E-05) 0.00845) 325| 0.00189) &.23E-07| 0.00448] 505] 0.00635] 685] 0.00202
145 0.00525] 2.63E-05) 0.00842) 326] 0.0018%9) 6.28E-07| 0.00448] 508] 0.00638] 686] 0.00239
145 0.00496) 2.98E-05) 0.00633) 327| 0.00189) 6.23E-07| 0.00445) 507 0.00642] 6587] 0.00276
147 0.00462| 2.29E-05) 0.00822) 328] 0.00189) 6.23E-07| 0.00445] 508] 0.00642] 65858] 0.00316
148 0.00422| 3.80E-03) 0.00506) 329| 0.00189) 6.23E-07| 0.00445) 509] 0.0054] 683] 0.00356
149 0.0037 4.15E-05) 0.00387) 330 0.00183] 6.25E-07| 0.00448] 510] 0.00634) 890] 0.00393
150 0.00321) 4.19E-03) 0.00563) 331| 0.00189) 6.23E-07| 0.00445] 511| 0.00627] 691] 0.00427
151 0.00265] 4.11E-05] 0.00533) 332| 0.00189] 6.29E-07] 0.00446] 512 0.00614] 692] 0.00457
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152 0.00202] 32.95E-05] 0.00458) 333] 0.00189] 6.28E-07| 0.00446 0.00483
153 0.00148] 2.50E-05] 0.00451) 334] 0.00189] 6.258E-07] 0.0044E6] 5 0.00506
154 0.00122] 32.05E-05] 0.00417) 335] 0.00189] 6.28E-07| 0.00448 0.00527
155 0.00132] 2.66E-05] 0.00356) 336] 0.00189] 6.25E-07| 0.00448 0.00543
156 0.00179] Z2.04E-05] 0.00308) 337] 0.00189) 625E-07| 0.00448 [ 7] 0.00554
157 0.00244] 1.70E-05] 0.00253) 338] 0.00189] 6.28E-07| 0.00448) 518] 0.0045) 598| 0.00561
158 0.00321] 1.34E-05] 0.00206) 339] 0.00189] 6.28E-07| 0.00448] 519) 0.00402| 599] 0.00563
159 0.00385] S.50E-08] 0.00181) 340] 0.00189] 6.25E-07| 0.00448) 520) 0.003458) 700] 0.0056
160 0.0046] 7.71E-08] 0.00185] 341] 0.00183] 628E-07] 0.00448] 521] 0.00282] 701 0.00552
161 0.00517] S81E-08] 0.0022) 342] 0.00189] 6.25E-07| 0.00448) 522) 0.00234| 702| 0.00537
162 0.00567] 4.06E-05] 0.00276) 343] 0.00189] 6.28E-07| 0.00448) 523 0018| 703] 0.00518
163 0.00606] 2.72E-05] 0.0034) 344] 0.00189] 6.28E-07| 0.004485] 524) 0.00172| 704| 0.00482
164 0.00636] 1.80E-06] 0.00404) 345] 0.00189] 6.28E-07| 0.00446) 525) 0.00185] 705] 0.00441
165 0.00658] 1.01E-08] 0.004G6) 346] 0.00189] 6.28E-07| 0.004456] 526) 0.00228| 706] 0.00382
166 0.00672] &.79E-O7] 0.00507) 347) 0.00189] 6.28E-07| 0.00445) 527) 0.00231| 707| 0.00332
167 0.0068] 4 50E-O7) 0.00548] 348] 0.00183] 6.28E-07] 0.00448] 528] 0.00357] 08| 0.00259
168 0.0068] 23.36E-0O7| 0.00581) 349] 0.00183] 628E-07] 0.00448] 528] 0.00417]| 709| 0.00175
169 0.00672] 2.38E-07] 0.00806) 350] 0.00189] 6.25E-07] 0.00448) 520) 0.0047 1] 710]8.82E-04
170 0.00658] 2.38E-O07] 0.00823) 351] 0.00189] &.28E-O07] 0.00448] 521] 0.00518] 711]4.04E-04
171 0.00636] 2.38E-07] 0.00833) 352] 0.00189] 6.25E-07| 0.00448]) 532) 0.00557| 712]5.31E-04
172 0.00609] 2.69E-07] 0.00636) 353] 0.00189] 6.25E-07| 0.00445) 533) 0.00588] 713] 0.00112
173 0.00574] 2.01E-O7] 0.00632) 354] 0.00189] 6.28E-07| 0.00445] 534 0061| 714] 0.00182
174 0.00532] 2.01E-O7] 0.00621) 355] 0.00189] 6.28E-O7| 0.00446) 535) 0.00623]| 715] 0.00Z7
175 0.00481] 2.01E-O7] 0.00502) 356] 0.00189] 6.28E-07| 0.00445] 536) 0.0063|716] 0.00534
176 0.00423] 2.0ME-O7] 0.00573) 357) 0.00189] 6.28E-07| 0.00445) 537) 0.00627| 717| 0.00387
177 0.00354] 3272E-O7] 0.0054) 358] 0.00189] 6.25E-07| 0.00448) 538) 0.00616] 718] 0.00443
178 0.0027 4 93E-07] 0.004588] 358] 0.00189| 6.28E-07| 0.0044E] 538 0.006| 719] 0.0048
179 0.00189] &29E-07] 0.00448) 350 0.00384] 540] 0.00575

180 0.00189] &.29E-07] 0.00448




