
To my parents





STUDIES OF TEE OPTICAL CONSTANTS

OF SOÎVÎE RARE EARTH FILIvüS

■by

WASIMUL HASAR

A thesis submitted for the degree of Doctor of 

Philosophy in the University ^f London

Department of Physics,
Royal Holloway College. February 1975



ProQuest Number: 10097393

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10097393

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



A B S T R A C T

The electronic hand structures of some rare earth metals 

have been investigated by optical reflection spectroscopy.

Newly developed optimization methods have been used on specimens 

produced in vacuo and measured by means of a reflectometer 

constructed in laboratory,

Optical properties of these rare earth films have also 

been studied as a function of ageing. The results have been 

compared with a model based on the growth of dielectric layers 

on the film surface.

The electronic band structure of iron has also been investigated 

by observing and measuring optical and magneto-optical properties.
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CHAPTER I

TEE ROLE OF OPTICAL AND MAGNETO-OPTICAL CONSTANTS IN SOLID 
STATE PHYSICS.

1 .1. Introduction

Optics is concerned with the interaction of electro

magnetic v;aves with matter. This interaction forms one of the 

fundamental and continuing concerns of Physics, and is the basis 

of innumerable technical devices. Maxwell's electromagnetic 

theory provides a basic description of the interaction, and 

leads to relationships between the behaviour of electromagnetic 

waves in a medium and the properties of that medium.

Studies of the optical properties of metals as a function 

of frequency provide valuable information about their electronic 

band structure.

1.2 . Interaction of the Electromagnetic Waveswith the Medium

The Maxwell's macroscopic equations for a source-free 

and isotropic medium can be written as

V.E^ = 0

V .  F  = 0  ^



(2)

where

E is the electric field,

H is the magnetic field.

M' is the magnetic permeability,

c is the velocity of light in vacuo

€ is the dielectric Constant,

or is the conductivity.and

Using the vector identity

V x  ( V x  E) = (1.2.)

and equations (1.1.), we get the equation for a plane v/ave 

propagating in an energy-absorbing medium:

The solutions are necessarily restricted to transverse plane waves 

because v .E = 0 in the absence of a net charge density. The 

conductivity which appears in equation (1#5) should be called 

the optical conductivity. This is because the energy absorption 

with which v/e are concerned is that arising from electronic 

transitions accompanying photon absorption. These transitions 

correspond to a transverse current density that does not include 

the conventional current such as is obtained with a battery 

connected across the sample. The latter is a longitudinal current, 

it originates from a longitudinal electric field which is derivable 

from a scalar potential function.
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Since experiments on optical properties of solids are 

usually conducted with monochromatic light, we shall consider 

first the propagation of a single plane wave within an isotropic 

medium. Anticipating that the wave vector must be complex to 

describe energy dissipation of the wave, v/e write

E = Gxp i (w»t - ) (1.4)

where E^is perpendicular to the wave vector q. We may assume a

sinusoidal (plane wave) variation of E only in a region large

compared with the lattice constant. This is possible and quite 

satisfactory for a theory of the optical properties of solids, 

but it is not suitable for the x-ray region.

Substituting eq. (I.4) into (I.3), ŵ e find

q’' = ( €  - ) (1*5 )

V/e nov/ define a complex refractive index n such that

q = (— ^  ) n = -^ (n - ik) (1.6)

where n is the refractive index and k is the extinction coefficient 

Now v;e can rewrite equation (I.4) as

e " = ^exp - ( ~  k.? ) J exp-i ( ^  n.r -cot) (1.7)
The first exponential factor in equation (l.7) describesthe 

attenuation of wave amplitude with distance. The absorption 

coefficient, which describes the fractional decrease in intensity 

with distance, is defined as

= (1.8)
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where 1 is the intensity. Since the intensity is proportional 

to the square of the v/ave amplitude, v/e find from Eqs. (1#7) and 

(1.8) that

2<^k = A lT .k ( 1 . 9 )
c A

where A is the wavelength of the light in vacuo.

The second exponential factor in eq. (l*7) describes
Q

a v/ave travelling with phase velocity —  , hence the identification 

of n as the refractive index.

Equations (l.S) and (l.6) can be used to obtain the 

expressions for 6 and cr in terms of n and k. Thus,

€ = (n* - k* )/^ (l .10)

Sometimes it is convenient to use a complex dielectric function

defined as

6 = €i - i (1.12)

where f^, is the old £ of eq. (l.lO), the £  that appears in the 

usual versions of Maxwell's equations when the properties of 

the medium are included. Thus

= (n*̂  - (1.15)

(1.14)

(yLt can be taken as unity at optical frequencies).

1.3. Transverse Kerr Effect and Magneto-Optical Parameters

The effect on the state of polarisation of light reflected
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from a ferromagnetic mirror in the presence of magnetic field, 

whose magnetising vector is parallel to the surface of the mirror 

and perpendicular to the plane of incidence is knov/n as 

transverse Kerr effect,

A macroscopic discussion of magneto-optical effects in 

a ferromagnetic can he based -̂n the general differential equations 

for the electromagnetic field

1 . eurl r (1.15)
—  = curl H (1,16)C Q ̂

and the tensor equations

V  = (1.17)

V  = JX. H (1.18) 

where Q and are the permittivity and the magnetic permeability 

tensors of the magnetised ferromagnetic metal.

The permittivity tensor of a magnetised ferromagnetic 

can be constructed on the basis of induced anisotropy. An 

isotropic magnetised medium may be regarded as a biréfringent 

crystal whose optical properties are determined by.the permittivity 

tensor. V/ithout loss of generality, it may be supposed that the 

magnetisation vector (residual magnetisation, or the magnetisation 

'produced' by the external field) is parallel to z-axis. All 

planes passing through this special direction are equivalent.

It follows that the permittivity tensor of a magnetised ferromagnetic 

must be cylindrically symmetrical, i,e.
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G  =

-i£ Q

e

0

0
0 (1.19)

where g is the complex permittivity defined hy equation (l.12)

and Q = Q, - iQ^ is a complex magneto-optical parameter which L ^
is a function of magnetisation of the body. At optical frequencies,

£  , for metals for which there is little observed anisotropy

of the ordinary optical properties (Krinchik and Chetkin (1959);

Martin, Neal and Dean (1965), Erskine and Stern (1975) etc.).

Some scientists, e.g. Martin, Neal and Dean (1965);
^ y /

Ferguson and Romagnoli (1969), use £ = - i 6a as a magneto-optical

parameter which is related to Q by the equation
/\/ j ^
€ = g. Q

Thus

61= - (tj %%

and are defined hy equation (l.lj) and (I.I4).

(1.20)

(1.21)

(1.22)

■fcVse
An expression similar to (I.I9) can be written for^magnetic

0<\Vv/
permeability tensor, by assuming that the medium is not^electrically 

but also magnetically anisotropic. But it has been shown 

(Krinchik and Chetkin, 1959) that ferromagnetic metals at optical 

frequencies possess gyroelectic properties whereas at superhigh 

frequencies (centimeter range) these possess gyromagnetic properties. 

However, both properties must be taken into account in the intermediate

region,
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Sometimes it is convenient to describe the magneto

optical effects by relating them to a conductivity tensor, 

which for a solid with cubic or greater symmetry (Erskine and 

Stern, 1975), and magnetisation M along z-direction can be 

written in the form

cr (m  ) = i<r

-icr

xy

0 0 ^ x

(1.25)

The conductivity or is related to the commonly used dielectric 

constant É by

Co
=

where
4TT

^ij = 1 for i = j 

= 0 for i / j

( £ij _ S"ij ) (1 .2 4 )

%The imaginary component (5T of , represents the absorptive5C.5C XX
part which describes ordinary optical absorption and is the same

i
quantity as given by equation (I.II). The imaginary component CT xy
of represents the magneto-optical Kerr effect absorptive part.

r rThe real components and cr represent the dispersive parts.XX xy

1.4. Band Structure Calculations

The electronic band structure describes the energy-momentum 

relationship of electrons in a material in terms of the distribution 

of their v/ave vectors throughout the reciprocal lattice of the crystal 

structure. The calculation of electronic band structures is very
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much a specialist task and the techniques employed have been 

reviewed by Kittel (1963), Slater (1965), Harrison (1970) and 

Pincherle (1971)« The calculations are necessarily approximate 

since the results will depend on many-body effects and these 

must be handled in an average sense.

Ideally one would like to calculate band structure of 

metals from first principles, i.e. setting up of the one- electron 

Hamiltonian, containing a potential representing the effect of 

all the electrons in the material, including exchange effects, and the 

solution of the corresponding Schrodinger equation, using an 

absolute minimum of experimental information. Unfortunately, 

many of the quantities, such as effective masses, detailed shape 

of the Fermi surface of metals, are sensitive to variations in 

the wavefunctions used, whatever these are, so that the ideal 

aim has never been completely achieved, and only a combination 

of theory and experiment can lead to the elucidation of all the 

details of a band structure. For a completely theoretical band 

structure to be accurate, total self- consistency must be achieved, 

electron-elcctron and electron-phonon interactions must be 

included, relativistic effects must be considered. The difficulty 

of the problem is illustrated by the many precise and careful 

calculations that have had little quantitative success.

On the other hand, with an empirical band model, there 

is always the danger that it is fitted to an incorrect or incomplete 

interpretation of experimental results, besides the possibility of
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experimental errors. However, between the tv/o extremes of

purely "first principles" calculations and purely empirical

band models there is ample room for intermediate treatments

(Herman et al. 196?), and these empirically adjusted first principles

calculationscan be very useful.

More recently relativistic orthogonalised plane wave (OP\V) 

(Seven 1965) and augmented plane wave (APV/)(houcks 1965) calculations 

have been made using solutions of the Dirac equation (Rose I961) 

and have given results which agree favourably with existing 

experimental data. For rare earths the relativistic augmented 

plane wave method (RAP̂ V) has exclusively been employed (Loucks I967),

1.5. Interpretation of Optical Data in Terms of Electronic 
Band Structure

When light of sufficient energy is incident on a material, 

it induces transitions of electrons from occupied states below the 

Fermi energy to unoccupied states above the Fermi energy. Clearly, 

a quantitative study of these transitions must provide some 

understanding of the initial and final states for the transitions 

and hence some knowledge of the band structure.

The most common experiments consist of shining a beam 

of monochromatic light onto a sample and calculating optical 

constants by measuring the fraction of the incident beam that is 

transmitted or reflected (Heavens, 1955).
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A very general expression relates the optical conductivity 

to the electron states throughout Brillouin zones-(Kubo, 1957), 

(Greenwood, 1950)* In general we do not know all these states, 

and any experimental results depend strongly on the properties of 

the optical surface and other effects not accounted for in the 

Kubo-Greenwood formula. For these reasons it is not considered 

worthwhile to attempt comparisons between experimental data and 

the Kubo-Greenwood formula. Since the optical constants determined 

by different workerSare not generally in good numerical agreement 

(see, for example Section 6 .3.2), it is the shape of the optical 

conductivity dispersion curve which ought to be interpretable 

in terms of electronic band structure. We would expect that 

electron transitions will cause an increase in the optical conductivity.

We will interpret our results using the assumption (Miller, 

Julien and Taylor, 1974) that structures in optical conductivity 

curve occur due to vertical transitions in the Brillouin zone 

and the energies at which these structures occur correspond to 

energy gaps at symmetry interband points, where the joint density 

of states between the bands is high. The shape of the optical 

conductivity curve may be determined by one or more non k-conserving 

processes (indirect transitions).

1,6. Interpretation of Magneto-Optical Data in Terms of Electronic 
Band Structure

The most important result of the band theory of ferromagnetism 

is that the exchange forces give rise to a relative shift of energy



(11)

bands for electrons with opposite spins, and therefore there is 

•an excess of electrons in one of the spin directions.

As mentioned in Section 1,3 that ferromagnetic metals 

possessgyroelectric properties at optical frequencies, i.e. the

interaction between the electro-magnetic radiation and the sample
— ^  ^  /is through the E field only, and not through H field (because,

for a magnetic interaction, a gyrotropic magnetic permeability tensor 

would be required). This is confirmed by the experimental observation 

of zero transverse Kerr reflectivity difference for the incident 

beam polarized with E field parallel to the spontaneous magnetisation 

if ( "e field perpendicular to the plane of incidence).
•—y

The E field can act directly only on the orbital or 

translational motions of the electrons, not on their spins. On 

the other hand, the spontaneous magnetisation M is predominantly 

due to the spin moments of unpaired electrons. It is spin-orbit 

coupling which presumably provides the interaction between M and 

E field, leading to magneto-optical effects.

Erskine and Stern (1975) obtained an expression for the 

off-diagonal absorptive component of , which can be written as

F (w). J (w) (1.25)

where P (CJ) is average matrix element and J (W ) is the joint 

density of states.

If we assume E (6j) is constant independent of Où , then the 

quantity is directly proportional to the joint density of

states in the solid.
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%

We will compare our experimental curve of (00 ) with the

joint density of states curve based on the band structure calculation 

and will interpret our results using the following assumptions;

(a) The general shape of the curve will be given by the joint

density of states curve,

(b) Any structure in the experimental curve already predicted

by joint density of states curve will be due to indirect transitions 

(in an indirect transition, wave vector k is not conserved and we 

assume that all the matrix elements are constant '€x̂/xai).

(c) ’ Any structure in the experimental curve not predicted by

joint density of states curve could be due to direct transitions
■ ^

(in a direct transition, wave vector k is conserved and we assume 

that non-zero optical matrix elements are constant
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CHAPTER II

METHODS OF DETERMINING OPTICAL AND L'lAGNETO-OPTICAL CONSTANTS

2.1, Introduction

The optical constants of absorbing materials can be 

determined by measurements on light transmitted through thin 

films, by measurements on light reflected from thin films or 

bulk specimens, or by a combination of reflection and transmission 

measurements on suitably thin films. The reflection methods 

have been chosen for a detailed study because these are:- 

(i) suitable for thick specimens,

(il) recent work has made these methods computationally the 

most convenient, and

(iii) the Kerr effect involves the influence of changes in 

magnetization on the reflection of light.

The reflection methods can be divided into (a) Non- 
Polarimetric methods, which involve the measurements of changes in 

light intensity on reflection and (b.) Polarimetric methods, which 

involve the measurements of changes in polarisation on reflection.

These methods are discussed in this chapter,

2.2, The Fresnel Reflectance Equations

The generalised Fresnel equations can be written (Heavens, 1955)



t
il

t

n^^cosV -

(14)

n cos©
n^cos y+ n cos 0

nocos 6- n cosy
n^cos 0 + n cos Y

2nnCos G
n^cos y+ n cos 0

2noCos ©
n^cos 0 + h cos y

r ** O - XI uua / \
ü  V'. L  fC /-.^NO Z2& \^0l )

r ,  =  iir U U Ü  W  il U U Ü  O .  \

(2.5)

-L “  ^ - _ .. (2.4)

where
r and r, are the ratios of the amplitudes of the electric 

Il -L

vectors of the reflected beam to the incident beam for light polarised 

11 and ±  to the plane of incidence.

1 1| and t^ are the ratios of the amplitudes of the electric 

vectors of the transmitted beam to the incident beam, for light 

polarised II and JL to the plane of incidence.

n ̂ and n are the refractive indices of the media on either 

side of the interface.
© and y  are the angles of incidence and refraction respectively. 

Using equations (2.1.), (2.2) and the following equations,

1̂1 ■ ""ii
n^Sin © « n SinY  (Snell's law)

n^ « 1 (for vacuo)

n « n - ik,

the Fresnel reflectance equations for a thick absorbing medium can 

be written as

■1
R. = (O. - cos 6 ) + P_____  (2

(Q. + cos©)’- +  ̂ ^
R - Sin 6 tan (5 ) + , ■.

X Q +  Sin e tan e  )*■+ ?* ^
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Where the parameters P and Q are given hy

Q - P « n - k - S i n 0  (2,8)

QP * nk (2.9)
Reflectance is defined as the ratio of reflected to 

incident intensities, and a 'thick* specimen is one for which multiple 

reflections can he neglected.

2,3, Normal Incidence Method

In the case of normal incidence ( ©  = O) equations (2,6) 

and (2,7) lead to identical result ^

R „  = » R = {n- V  1'̂  + k% (2.10)

This equation allows the direct determination of n only for 

transparent materials (k = O), For k / 0 we can write for the 

complex amplitude

r„ - r = (2.11)

Here/i, describes the phase shift which the incident wave suffers 

upon reflection. Solving equations (2,10) and (2.11), we will get

" “ 'Î I a'+ (2.12)
1.

and k = SinA .i  (2.15)1 + R + 2R.^coâÂ^

The dispersion relation between at a particular frequency

60  ̂and the measured reflectance may be expressed in the form

(Bode, 1945).

(2.14)
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The phase shift can thus he calculated if R ̂  is known over the 

entire spectral range, and from R and ^  the optical constants are 

obtained using equations (2,12) and (2,15). The sensitivity of 

this method has been discussed by Miller, Julien and Taylor (1971)•

2.4, One Angle, Non-normal Incidence Method

The Fresnel reflectance equations (2,6) and (2.7) have been 

solved by Querry (1969)* He made the substitutions

F =  ̂ (2.15)
-  1

G = 1̂1'*'  ̂ (2.16)

into equations (2.6) and (2.7)» obtaining
' - G) Sin e cot 2 0  
GF + (1 - F%)Cos^0 - 1

P = - - 2FQC0S 0  - Cos*'© (2.18)

6 ■ . (2.17)
 ̂   ^ _ 2,

Since F and G are functions of the obsezrvables R ̂  and R̂  ̂

P and Q can be calculated for a given 6  . By substituting 

P and Q in equations (2,8) and (2,9), n and k can be obtained.

The optical constants are extremely sensitive to the 

values of R̂ j , R ^  and 0  • Miller, Taylor and Julien (1970)

investigated the shape of the boundary enclosing analytical 

solutions for n and k in terms of R ^   ̂ ^ ®  they
found the optimum angle of incidence for experimental measurement 

to be 74°*

2.5, Two Anfjles Methods

The optical constants n and k of a bulk material can be
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conveniently obtained from measurements of reflectance at two 

angles of incidence©jand , Let us suppose for a given angle 

of incidence that F (R^ , ^ 11  ̂ an observable function of R
and Rjj such that, in the linear relationship

B|| + P , (2.19)
the constants oc and p are derivable from F (R^ ’ ̂

If F(R , R ) and F(R , R ) are measured at 0 and 0 ,
J. II I II % ' %

then n and k may be obtained by the following procedure.

At angle Q\ :

Rj_ = -̂ 1 + P, ' (2.20)

Sets of (n,k) pair are calculated, using the analytical solutions
to Fresnel equations (Querry 1969), such that equation (2.20) is

/
satisfied, and these values are used to calculate F(R , , R , ) at

’  .L  II

. Here, and subsequently, the calculated values are indicated 

by prime.
/

d = F(R^ ,R|| )^ - F(Rj_ , R II )^ (2.21)
is then made arbitrarily small with respect to the (n,k) values
generated by equation (2.20). In practice d will be slightly less

than the precision to which F(R ,R ) can be measured*
Let us now discuss the special cases of equation (2.19)

together with the equation
0 %

R ^  « Rjl Cos (j) + R^Sin (j) (2.22)

where R , is the reflectance for plane polarized light measured
9

for any fixed incident polarization azimuth (p with respect to the 

plane of incidence.

2.5.1. Reflectance Ratio Method 
In this case
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F(R_ ,R„ ) = = f  , i.e. <^ = and p* 0 (2.2$)
This method has been discussed in detail by Miller, Julien and 

Taylor (1972). A flow chart for calculating n and k from two 
reflectance ratio measurements at 0̂  and 6^is shown in figure 1.

2.5.2. Total Reflectance Method
ITHere (j) ^ —  and

F(Rj_ ,R|, ) = = R, i.e.t>6 = -1,p>= 2R (2.24)

If Rj is the value of R for © = 0^, equation (2.21) becomes

Rj, = -R„ + 2R, (2 .2 5 )

i.e. a straight line in (R^ ,Rj| ) space, with gradient -1 and 
intercept 2R^ on the R^ axis. Possible values of n and k are 

calculated at equispaced points on this line, using the analytical 

solutions to the Fresnel reflectance equations. These values of 
n and k are then used to generate the line

R ^  = -R|, + 2R^ (2.26)
I

for 0  , and the calculation proceeds until d = R ̂  - R is made 

arbitrarily small. If the incident light is not completely 

depolarised, then equation (2.24) does not hold, and the parallel 

component of incident intensity may be written

giving
B .

1 + c
C may be determined in a preliminary calibration experiment. 
Alternatively, light linearly polarized with ^  ^  may be used

4
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two reflectance ratio measurements.
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and (2.24) then holds independently of the initial state of 

polarisation of the light.

This method might be advantageous in spectral regions 

where polarisation is not easily achieved, and also eliminates 

errors arising from inaccurate setting of the plane of polarisation 

of the incident light,

2.5.3- R|i method

In this case (j) = 0 and

R„ - - A  (2.27)

For a given angle 0  , the equation

(2.26)

represents a straight line in (r ^ ,R̂  ̂ ) space, parallel to the

Rĵ  axis. Possible values of n and k are calculated at equispaced

points on this line as in method (2), In this case, in order to
reduce the computation time, the starting value of Rj^ to be used

in obtaining these points was chosen to lie at the point of
intersection of equation (2.28) with the boundary in (Rj  ̂ ,R̂  ̂)

space which encloses all possible solutions to Fresnel reflectance

equations (Miller, Taylor and Julien, 1970)# The equation to this
boundary can be obtained by using equations (2,1?) and (2.16) and 

%by putting ? = 0. Thus
A 3 %aF +bF + CF + dF + e = 0 (2,29)

where
a - Cos^e Sin^ 0  

b = -G
% A h Zc ** G + Sin 0  4- Cos 0  + Cot 2 0
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d = -G(1 + 2 Cot^2 0) 

e = Cot^2 6+ CosÔSin’'©

A computer subroutine is used to solve equation (2,29) and thus 

obtain the smallest real value of , which is then used as the 
starting value for a series of steps in Rj^ of 0.001, for which 

n and k are found. These values of n and k are then used to generate 

lines

in (r^  ,R|| ) space, for the angle , until d = (R^^ )^ - (R ̂  ) 

becomes <5*001.

2.5.4 * Rj_ method
IT/ 11In this case (p = —  and

^JL = P ) (2.31)
For a given angle 0 , the equation

(R, ) = p  i (2.52)
1

represents a straight line in (i^ , R^j) space, parallel to R̂  ̂

axis. Equation (2.29) can be written as

AG + BG + C = 0 (2.53)

where
Z Z 

A s= F + Cot 2 0
:z 2»

B = -F - F (1 +2,Cot 2 9 )
C . (1 + F^ ) Cos^e Sin^© + F^(Sin'^0 + 003"^©+ Cot^26)

This equation is solved for G, and thus the minimum value of R̂  is 

obtained. This value is then used as a starting value for a
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series of steps in of 0.001 along the line represented by 
equation (2.32), for which n and k are obtained. These values 

of n and k are then used to generate lines

in (R , R ) space, for the angle 0  , until d = (r , ) - (R )
-L II ^ -i. ^ JL

becomes <5* 001.

2.6 Three Angles Method

A new method for determining optical constants n and k of

bulk materials and opaque films is devised. If I a r e  the

reflected intensities and I , I are the incident intensities
oil ’

for the two components of light, then the reflectance ratio can 

be written as

=*  ̂  ̂oli « E.C (2.35)
^ il  ̂  ̂oXwhere E is the ratio of the reflected intensities and C is the

ratio of the incident intensities, which is constant for a
polarizer at a given orientation with respect to the incident

beam at a given wavelength.
Let E , E and E be the measured reflected intensities 

I z 3

ratios at three angles of incidence ©j, 0^and0^. Then 

2,.C
= E . C  (2.56)

z

E q u a t i o n s  (2.36) c a n  b e  r e p r e s e n t e d  b y  s t r a i g h t  l i n e s  

OA,QB a n d  OC o n  a  ( f ,C)  d i a g r a m  a s  s h o w n  i n  t h e  f i g u r e  2.
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The method consists of choosing a starting value of C (C generally 
lies between O.9OO and 1.100, so one can choose O.9OO as a starting 

value) and then going along x-axis in small steps of 0.001.
For each step the values of and have been found out.

Figure 2,

Each pair of fj" and are used to calculate n and k using the

reflectance ratio method. Each pair of n and k are then used in

Fresnel reflectance equations to produce lines OD, OE, OF etc.
-fEach line has different slope — g—  , and only one pair (n,k) 

will produce a line which will coincide with OC. This pair of (n,k) 

will then be the required solution. The whole procedure is represented 

by a flow chart (Figure )).

The method may be useful for samples in high vacuum, 
where it is often difficult to move the sample in order to get the 
incident beam on to the detector for incident intensity measurements, 

which are required for calculating reflectance or reflectance ratios.
The three angles method can also be applied to thin films 

by calculating the quantities defined below:



c  = C + S T E P

STEP=*OI

TEST=A

READ 
y E

D ©, A.©. /
i X a V

T E S T = 10 '

î
Expt. . 

B=error in

"If

C = 0 - 9 0 0

j^=OE^

calculate n and  
k using f^ond"^

1 ............. 1

STEP = 'lI+STEP
calculate Ç  
using n and k

c  = c - 2 , STEP

4 »
4f

STE P =-O I A = A BS(E^- ^

!' N o >r

Yes

Y  Yes

PRINTFigure 3 : Flow chart for calculating
n anrl k fr^m three angles 
measurements.
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^  (n,k,d, 6, , t  ^
‘ J- HP E ,'a t

(2.37)

?  (n.k.d, e . G5 ) = . fj- . '

(d "being the optical thickness).

There will he only one pair of (n,k) which will give 
a n d a s  the measured values. This pair of (n,k) will then he the 
required solution.

This method can also he extended to the cases, where one 

has to measure either two transmittance ratios or one reflectance 

and one transmittance ratio.

2.7. Ellipsometric Method for Obtaining n and k

Ellipsometry is the analysis of elliptically polarised 

light. If plane-polarised light is reflected from an absorbing 

material at other than normal incidence, the j | and | components 
of the incident electric vector are reflected with a phase 

difference and this gives rise to elliptical polarisation. The 

effect of reflection is characterized by the angle , defined 

as the change in phase, and the angle ijj , the arctangent of the 

factor by which the amplitude ratio changes. Symbolically, 
if the amplitudes of the incident and reflected beams are designated 

Aq and A, respectively, and the phase angles y6 ,
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( y 3 _ y S )  - { P u - p )  (2.38)
reflected *̂  Incident

“ Arctan ) (2.59)"J. O//

Ellipsometry is the measurement of A  and . The formulae 
for determining optical constants from values of Zb. and ^  for 

an ideally clean, film-free surface (Archer I968) are derived 
from equations (2.1), (2.2) and the equation

(2.40)
^ on

The results are (Ditchhurn, 1955)

%2nk « t Sin 4^'Sin (2.42)
(1 + Sin2^GosA)

t = Sin0tan© (2.43)
(0 is the angle of incidence and n ̂  = 1)

An alternative method to calculate n and k is to measure
the principal angle of incidence 0  (the angle of incidence at

which A  = 90°) and the principal azimuth LjJ (the value of yvat Q )

The equations (2.41) - (2.45) for this case will reduce to
n^ - *= t ̂  Cos4 ̂  + Sin^ 0  (2.44)

2nk « t^ Sin4 ^  (2.45)
where t = Sin G  tan G (2.46)

T h u s  b y  m e a s u r i n g  p r i n c i p a l  a n g l e  of i n c i d e n c e  0  a n d  

p r i n c i p a l  a z i m u t h  ijj ,  n  a n d  k c a n  b e  c a l c u l a t e d .

Experimental details of measuring A ,  ijy and ©, (jj are 

given in "Manual on ellipsometry" by Archer (19^8).
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2 .8, A Quicker Technique for Obtaining n and k of Thin Filrr.s from 
Reflectance Ratio Measurements at Two Angles of Incidence

A quicker technique for obtaining optical constants n and k 
from the measurements of reflectance ratios f  and "P at angles ofI &
incidence©, and 0, for thin absorbing films supported by a I 2*
dielectric substrate, using Hadley and Dennison’s formula (1947),
has been devised. This technique is a modification of the method

described by Miller and Taylor (1971) and is useful for ,

lk(k Z.4, #045^;^ 4' 150 ("̂  is the optical thickness), and for all
the optimum angles obtained b;y them.

Miller and Taylor took the starting values of n and k as

1.00 and then by going in small steps in n and k a pair (n,k) is
/ /

obtained such that the theoretically calculated values of and 

for the angles of incidence 0  and ©  and known ~  becomes nearly
' % A

equal (within the experimental errors) to the experimentally obtained 

values ofYj^ a n d .

The technique described here involves the calculation of a 

starting value of either n or k close to the actual value. The 
reflectance ratio ̂  and "^for angles of incidence 0j and 0^are 

first used to calculate the values n^ and k^ using the bulk specimen 

formula (method (1) of section 2.5.), If n and k are the real 
values for the thin filçi, then for all optimum angles of incidence

obtained by Miller and Taylor, 
r^^n for ,045^-^'

dk 3>k for .0804-r ^,150 
t  A
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Flow chart for obtaining n and k of thin films from 
reflectance ratio measurements at two angles of incidence
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Steps in n and k are taken as 0,01.

N o rm a l  method

o

_ Q  o

Q uicker method

.0 7-0 4
d

Figure  ̂: Comparison of the time taken hy tv/o methods of obtaining
n and k of thin films.
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Thus for . 4 5 ^ " ^ «080, the starting values are taken as (n^, 1.00). 

By increasing k up to 4*00 in small steps for each small decrement in 

n^ , the required n and k can he obtained. For 0.080^-^ ̂ 0.150,
the starting values are taken as (1.00,1^). By increasing n up to

3.00 in small steps for each small decrement in k^, the required 

n and k can be obtained. For ̂ ^.150, the bulk specimen formula 
can be used in the visible part of the spectrum. The whole 

procedure is described in the flow chart (Figure 4)*

A comparison of the time taken by a CI)C6600 computer to
calculate the values of n and k, using the normal method and after

the application of technique is shown for n = 2, k = 3, <3*= 60 ,̂

G^= 80^ and for 0.045^'^^ 0.150 in Figure 5*

2.9# Determination of Magneto-optical Parameters from the 
Measurements of Transverse Kerr Effect

In the transverse Kerr effect, the magnetisation vector 
lies in the reflecting interface but is perpendicular to the plane 

of incidence. Let the positive x-axis extend downward and z-axis 

out from the page, with the boundary in the yz-plane. If the plane 
of incidence lies in the yx-plane (Figure 6.), we can assume 

- p A ̂ |^exp(icOT^ )

= cC exp(iC0T^ ) (incident wave) (2.47)



oil

ox

Figure 6: Vectors used in applying the "boundary conditions for 
transverse Kerr effect, (a , A and T ̂ vectors are 
j_ to the page), X
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exp(iUT^ )

E^ = oCA II exp(iCO ) (reflected wave) (2.4 0)

E^ = A_|_ exp(icoTy )

T, - . -

ct . .= Dj exp(iCJT^ )
,oL

exp(itoT^ ) (refracted wave) (2.4 9)
E)^ = D exp (i COT )
T = t -

A . V-

where oC = Cos 0 , |3=SinQ, o i = C o s Y ,  ^  = SinY, "V = ̂

D = - 0 T  , D  = cC T and D = T, .
I I II & l\ 3 X

Boundary conditions require that the following quantities 

be continuous (Sokolov, 19^7)

E , E , ^  and
3 X <$ y 3  X

If we apply the boundary conditions to eqs, (2,47) - (2,49)

we have

\_L * (2.50)
A + A = n («^D - ̂ D ) on 11 % ' I
o C ( A - A  ) = n o ^ D ^O J_ J_

Substituting equation (l,19) into (l,17) we have 

= 6 - i G QE

+ 6E|^ (2,51)
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If we take curl of equation (I.I5) and use equation (1.I6), 

we have
C ̂  ( A E  - grad, Biv. E) = — ^ (2,52)

2>t"-

Substituting equations (2,51) into (2,52) we have

( A E ^  - grad.^ div. E) « 6 E^ - i£ QE
^  0 

( A E ^  - grad.^ div, e )  = 5  E ^ +  i £ Q E ^  (2,53)
( A E J  - grad, div, ^) ~ 6^E ̂

Using a solution of the form given by equation (2,49), we have

. - n^ [d^ - + p'ü)] (2.54)

i€ QD^ -h € = n^ - p> ( 06 + j3*s)j (2.55)
G.Dg = n*- (2.56)

Multiplying equations (2,54) and (2.55) hy oC and ^  , adding 
them and using the identity oC + u = 1, we have 

(^oC + iG Q.p )D^ + ( £ p - i£Q,£?^)L^ = 0 

or - ( - p'l^) i pq +o<,'P'd^+P' = 0

or (f/l^ - p'l^) ip>Q + (%'Dg - pDj)oC=
or odB - 6 ^D . (2.57)

^ ^  ̂ ^'+ ip'q

Substituting (2,57) into (2,50), we have

A II [(e6+ n<7C) + i ^ q ]  = -Â ||[('̂ '- n«^) + ip'o] (2.58)
A^ (o4+ n oC ) = A^^( oC — n oC ) (2.59)

It is evident from these equations that the component which is 

perpendicular to the plane of incidence, and is therefore polarised 

in this plane, is independent of the magnetisation. Physically we

should expect this because the vibrations set up by E vector of 

wave cannot be affected by the B vector of the medium since the
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two vectors are parallel in this case. Owing to the presence 

of magnetisation, the component which is parallel to the plane of 
incidence undergoes a change in amplitude and phase.

The Transverse Kerr effect is then described by the 
expression

R
-  I l\ (2,60)

where R̂  ̂ is the reflectance for the ) | component for the 
ferromagnetic, magnetised to saturation, R is the reflectance 

for the 11 component for the ferromagnetic demagnetised, and

In =
( l i s  the incident intensity)

are the reflected intensities from the ferromagnetic, magnetised
to saturation and d e m a g n e t i s e d .

From equation (2,56)

A I /V/

II
Oil

(oC-n^?c) + ip>Q 
(c4/+ n oc) + i p Q

/oC- n od 2ip Qn^C
./ —> . f j ^n oC (oC + n c/}

Cosy - n Cos 0 
Cos n Cos 0

(2.61)

+ iQ
2 Sin 0  Cos 0  
(Cos V +  n Cos 0 )

+ iQ 2 Sin0 Cos 0_____
(Cos V  + n Cose )

or II

II

, . ̂  Sin20
**" Cos^y - cos^e

where terms containing Q^ have been neglected.

The corresponding ratio of intensities of reflected light is given 

"by



(35)
-1 %

Re ni Im

-  1 -

Sin2 0(AQ^ - BQ^) Sin2 0(AQ^ + BQ^)

A^ +

Neglecting terms containing second and higher order of Q, we have

T ^ 2 Sin2 0(AQ^ - Bqj_)

Hence
- I

2Sin2 0
AQi - B Q ^ 

A^ + B^
(2.62)

w h e r e A -£,Cos^0 - q , B = 5^Cos^ - 1 + p
G^Sine , Q . e^sin e
(%r+ k' )

5^= n - k
( n * + )

5^= 2nk

T h u s ,  i f  n  a n d  k o f  t h e  f e r r o m a g n e t i c  m e t a l s  f o r  a  g i v e n

wavelength are knovm, Q and Q can he determined hy measuring1.
^  at two angles of incidence 0^ and 0^. By knov/ing and

/ /the other magneto-optical parameters 0,and £^can he calculated using 
equations (1.21) and (l .22). Alternatively, 0  and £ can he obtained 

directly from the measurements of S at two angles of incidence 

using equation (obtainable from equation (2.6l))

& . 2 Sin 2 e l l f l l 3 i l  (2.65)

w h e r e  A

and B^ = ( 6^ - 0^ )Cos 0 + 0  Sin 0  ,
By knowing 0̂  ̂ and 0^ , the real and imaginary parts of the off- 

diagonal components of the conductivity tensor (equation (1.25)) 

can be obtained from equation (1.24),
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An alternative method to determine magneto-optical 

parameters is by ellipsometery, which has been discussed in 
detail by Sokolov (19^7)*
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CHAPTER III

OPTIMIZATION TECHi'IIQUES FOR ACCURATE DETERMINATION OF OPTICAL AND 
MAGNETO-OPTICAL CONSTANTS

5*1. Introduction

In this chapter we investigate in detail the sensitivity of 

values deduced for optical and magneto-optical constants, to 
small changes in the measured quantities, and how this sensitivity 

depends on the angles of incidence. Miller et al (1970, 1971) 

discussed the sensitivity of near-normal incidence and one angle 
method for optical constants. For the one angle method they obtained 

the optimum angle 74° and they have shown that large errors in n and 

k may arise from errors in reflectance R̂  ̂ and R^ , when these are 
measured at angles of incidence other than 74°, Here we will discuss 
the sensitivity and optimum conditions for all the other methods 

described in Chapter II. The values of n and k were selected to be 

in the ranges I.O^n-^4,0, 1,0^k^4,0 (typical of metals in 
visible region). Computer programmes written in FORTRAN IV language 

for a CDC 6600 computer, allowed a study of a large number of 
combinations of the parameters concerned.

3.2. Sensitivity and Optimization of Two Angles Methods

Miller et al (l972) examined the sensitivity of the 

reflectance ratio method and found the optimum angles of incidence
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for experimental measurements in angular ranges 58  ̂̂ 0 , ^ 67^ and
8O°;^0^^81^. They found that errors of less than 2̂ 0 may he attained
in the product nk for n k ^ 6, when the reflectance ratios are in

error hy -.005, or 0  and 0  are in error hy -0.% Here we will• ^
examine the sensitivities of other two-angles methods.

If we define the actual values of the optical constants 

as n^and k^, an^ the experimentally observed values as n and k, we 
may calculate cr > the percentage error in n^k^produced by an 

error in reflectance measurements, for various combinations of 0 ,̂

and ©  , (j) and n and k

cr = — X 100/. (3.1)

(the product n^k^is chosen as a suitable parameter because of 

its relevance to band structure calculations)

(R^)^ and (R^ )̂  , at G^and ̂  , are computed for the given n^ and 

Rq , using eqs. (2.6) - (2.9) and (2.22). Then it is assumed that 

^R = 0.001 Rÿ, and the quantities (R^)^+SR and (R^^ - gR are used 
to compute n and k. This particular combination has been chosen 
because it gives largest errors in cr , ,

Figure 7 shows the variation of cr'with ^  for several values 
of n^, k^, G^and 6^. In general the curves indicate an initial 

gradual increase in cT with ^  , rising steeply near ^  = 90°« This 

indicates that method (4) of section 2.5 (R^ method) is evidently 

liable to large errors, and is therefore not generally recommended.

The optimum reflection angles for methods (2) and (5) 

of section 2.5 will be considered below.
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Figure 7 : The variation of cr with 96
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( a )  O p t im u m  a n g l e s  f o r  t h e  t o t a l  r e f l e c t i o n  m e t h o d

The results of a computation of for = 0.002R 
and for many combinations of 0^, 0^, n̂  ̂and k ̂  may he summarized 
as follows.

(i) cr' is found to he minimized hy taking one angle helow 
45° and the other above 45°*

(ii) <T' is practically independent of the lower angle, B , for

i.e. it is determined hy E^for a given n^ and k^. 

Figure 8 shows how (7^depends on 0^, for 6̂  ̂= 20^ and various

n^ and k^, for S'R = 0.002R. It is evident that the optimum

value of 0^ is generally about 8$°. Specific optimum angles 
©^are given in Table 1.

(iii) (p" generally increases as the n ̂ and k^ values diverge 

from each other, Figure 9 shows the variation of cTwith n^ and k^ 
at the optimum angles.

Finally, the errors in (n^k*) produced hy an error of ^0.1°

in G^and ^(assuming no errors in reflectance) were found. These

errors were <̂ 5?̂  except for n ^ =  5, k^ = 1 and n ^ =  4, = 1,

where the errors were between y/o and 5?̂ *

The sensitivity of the method to changes in optical 

constants is indicated hy figure 10, in which R^ is plotted against 

R^, with n^ and k^ as parameters. A similar diagram was produced 

hy Humphreys -Owen (19^1) for angles 20^ and 70°* As figure 8 

indicates, 70^ is the optimum angle only for values of n^ and k ̂
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Figiire 8: The variation of cr* with 0^ for "^/4, at, Q^ = ‘20 .

cr

Figure 9: The variation of c- with n^ and k, at the optimum 
angles, for % R  = 0.002 R.
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Tahle 1

ko
Optimum

e:
Maximum (T (^) 
for %R"0.002 R

Maximum J^Error 
in (n^ko) due to 
angular errors of
io.1

1.000 70-77 1 2
2.000 75-80 2 21 « ÜUÜ 5.000 78-84 3 3
4.000 80-85 4 4
1.000 46-88 1 1

o r\rsr\ 2.000 69-82 2 2
d • UUU 5.000 77-82 2 2

4.000 78-85 5 2

1.000 72-78 2 3
% r\r\r\ 2.000 74-84 1 1^•UUU 5.000 76-84 2 2

4.000 81-84 2 2

1.000 77-78 5 5
A nnn 2.000 56-85 1 14« UUU 5.000 82-85 1 1

4.000 80-85 2 2

%  = 20°



Figure 10; The sensitivity of total reflectance to n^ and 
at 85^ and 20 .

) -- \'’o=2k=3 02 = 46"

\
\

50 . 60 70 80 90
e: . ,

Figure 11 : The variation "*f with 0̂  ̂for 0 = 0 ,  at 6^=
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close to 1.0 and Figure 10 is therefore constructed for the more generally
optimized angles 85^ and 20^,

A typical calculation time for the method is 0,18 seconds 

on GDC 6600 computer (FORTRAN IV), in the case where d (defined 
hy equation 2,21) is made less than 0,0001 for the optimum angles 

( 0^= 85°, 0̂ == 20^), and n and k are computed to better than 0,1^, 

for no = 2; kp =
(b) Optimum angles for R,̂ method

Computation for CT"for ̂ R = ,002R^j and for various values of 

0^, n ̂  and k^, G^and G^from 1^ to 88° shows that;

(i) The optimum values of ©^andG^are both greater than 45°,

(ii) (T is almost independent of the lower angle 0^. Table 2

shows cr for various optimum 0 , at 0  = 4^° - 52°\ In general, the

minima in the curves relating qt to O^are shallow, as indicated
by Figure 11.

Finally the errors in product (n^k^) produced by an 
error of - ,01° in ©^and G^were found at optimum angles,' These were 

found to be
Computing time for this method is 0,02 seconds for 0^ = 4&°, 

n ̂  = 2, k^ = 5 and for 5^°<^0^<C.85°, on .CDC 6600 computer,

5,5, Optimization of Three Angles Method

Since in the three angles method, described in Section 2,6,, 

only tv/o angles 0^and Behave been used to calculate n and k, Q^and 0^ 

can be taken in the ranges 58°^ ©^^^7° and 8 0 ^ 0 ^ ^ 8 1 °  (Miller et al
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ko
Optimum

e,°
Maximum 0“ 
for %R=0.002 RII

1.000 60-67
II

1
1.000 2.000 72-76 1

5.000 73-79 2
4.000 81 2

1.000 58-86 1
2.000 2.000 66-80 1

5.000 74-81 1
4.000 81-82 1
1 .000 69-74 1

5.000 2.000 69-85 1
5.000 74-83 1
4.000 79-83 1

1.000 75-76 1
4.000 2.000 66-86 1

5.000 76-85 1
4.000 78-84 1

4 6 ° < e , < 5 2 °  
Error in due to angular errors of 0,1^ is
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/
1972). The third angle © w h i c h  has been used to calculate E , is optimizedo 3
as follows:-

(i) We fix , c^, G^and (n^, k^ and c^ being the actual

values)

(ii) and and hence E^ and E^ are calculated using Fresnel

reflectance equations.

(iii) ^  and hence E ̂  is calculated by taking n ̂  and k^ for all 

in the range

(iv) 'j^^^and'P^^are calculated for 0^ and 0^using equations 

f g =  °o ( \ +  .002EJ
and "jpg = Cg (E^- .002E^)

(v) and are then used to calculate n and k (reflectance

ratio method)

(vi) The calculated values of n and k are then used to calculate

and hence E ̂  for all angles 1 ^85°*

(vii) A graph is then plotted between (E E ) and ©  and is5 3 o
shown in figure 12 for some combinations of n̂  , k^ and c^, and

for a =  60.0°, a =  80.0°.X- ri
(viii) Next using the same errors in E. and E , n and k are calculated

*• %
using variable c around c^.

(ix) For each c, (E^ - E^) is calculated for 6^.

(x) A graph is then plotted between (E - E ) and c, and is5 3
shown in figure 13 for n^ = 2, k^ = 3, c ̂  = 0.975,©!= ^0°, = 80°

and for three different 0  .
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Figure 12 shows that (Eg — Eg) is small and nearly constant

at lower angles. At certain higher angles it increases sharply,

goes through a maximum, and then decreases sharply, becomes negative

and goes through a negative maximum. The angles at which it increases

or decreases, and the sharpness depend on the values of n^ and k^.

Figure 15 shows that for 0  = 20°, the quantity (E- - E )Ù 3 3
is zero for a value of c very near to the actual value c^, whereas for

0^= 50° and 70°, it is zero for a value of c far from the actual

value Cĝ .

Thus 0^is so chosen that the errors in n^ and k^ produced
/

hy errors in E^ and E^ produce (E^ - E^) less than the experimental 

error in E ̂  ( the experimental error may he talcen as .002 E^) for a

value of c very nearly equal to the actual value c^.

The whole procedure is done for 1 :^n^44, 1 -4 and 0.900;^c^4^. 10C
and it is found that 0^^21° for the errors in the product (n*ko) 

less than 2.5^.
+ oThe whole procedure is repeated for the error of - .01 in 

angles of incidence 0^, G^and©^; the errors in the product (n^k^ ) 

are again found to he less than 2.5?%,

Computer time for this method is ^  5 sec. on a CDC 66OO 

computer using FORTRAN IV compiler for n ̂ = 2, k^ = 5, = 1.025

and for0  ̂= 80°, 0  = 60° and © 5= 20°.

3.4 Comparison of Non-Polarimetric Reflection Method Sensitivities

A general comparison is not possible, since the sensitivity 

varies from method to method with the particular values of n^ and k^.
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Also some experimental arrangements are more convenient than others. 

It may however he useful to present the results of a calculation on 

the effects of 0,2^ changes in intensity ratios measured at optimum 

angles, for the following methods:

(i) and R measured at one angle (R^ , R̂  ̂, G  method).

(ii) R,/R measured at tv/o angles (R /R , 0., 0  method),-1- fi j- ii * “ji,
(iii) R measured at two angles (R, ©^, 0  method).

(iv) Rjj measured at two angles^(R ©^, ©^method)

(v) Reflected intensities ratio (l^/l^^ ) measured at three angles 

(E, 0^, 0^, ©^method).
These results are shown in tahle 5*

5,5 Sensitivity and Optimization of Ellipsometric Method for 
Obtaining n and k

The sensitivity of the ellipsometric method is studied for 

1 ^ n ^ ^ 4  and 1 4 hy the means of the following procedure.

For known values of n^ and k^, Z\and ^  are calculated for
O r oangles of incidence 15:^0 ^85, using the following equations 

(derivable from equations (2,41) - (2,43):

*• Cot ^ 

Sec 2 ijj =

(p -f q - t I 
2qt

(7. 7. . % \IP + q + t ) 
2pt

where

2p =5 n - k - Sin 0  + - k^Sin*'e ) + 4n%k,

(5.2)

(3.5)

(3.4)

and I
7j X 2*2q --n + k + Sin Q + /2. ^ ^  ̂  ̂1 , ^

-  k p  -  S in  0 )+  4 n ^ k ^  J ( 3 . 5 )
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Using Zi = A  + 0,1^ and ^  ^  - 0,1°, n and k are calculated

from equations (2,41) - (2,43)# The quantity or(defined by equation
O y  O3,1) is then calculated for angles of incidence 15 ̂ ^ ^ 8 5 #

The variation of cr with 0  for some combinations of n^and kO o
is shown in figure I4# It is evident from the figure that for some 

combinations of n^ and k^, the percentage error in the product 

(n^k^) can be large at certain angles of incidence. Thus the 

optimum angles are found for 1;^n^^4 and 1 ^ k ^ ^ 4  and are given in Table 4-

The whole procedure is repeated for an error of 0,1° in © ,  it 

is found that 0,9 ^2,0 for 1 ̂ n  ̂ '̂ 4̂» 1 ^k^ ̂ 4  and for all optimum

angles given in Table 4* For 5 2 ° ^ ©  ^ 5 7 ^  the errors are less than 1^.

Thus if the approximate values of optical constants are 

known, an optimum angle (not very close to the Brewster angle) can 

he chosen#

If only one angle of incidence is to be used for different 

specimens, then it is recommended to use an angle between 55° and 

57°, because
i) The Brewster angle does not lie in this range for 1 ^n^:^4 

and 1 ̂ k ^ ^  4#
ii) and ̂  have be en commonly measured to better than - 0,02°, and 

in that case cr* due to these errors in A  and ijj will be much less than 

mentioned in Table 4, The percentage error in product (n^k^) due

to an error in angle of incidence will then be dominant, and is less 

than 1^ at these angles for an error of ,1° in ©  and for 1 Z n ^ ^ 4  

and 1 4  k^ é  4 •
iii) The percentage errors in the product (n k*) due to an error
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Figiire 14: Variation of (T with angle of incidence 0 for
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k. Ranges of ©  °
Percentage error cr' 
due to - .1° in ̂  
and Ljy

1 1 21 - 72 <_ 1
2 58 - 68

3 55 - 79 < 2

4 69 - 79 < 2

2 1 72 - 79 < 1

2 32 - 79 <1

5 38 - 79 < 1

4 64 - 79

5 1 71 - 79 < 1

2 55 - 79 <1

5 39 - 79 < 1

4 18 - 79 <1

4 1 63 - 79 < 2

2 68 - 79

5 58 - 79 <1

4 45 - 79 <1
------- ---- — ________ 1

Percentage error due to ,1° in G i s  less than 2^
for all n . and k .O 0
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of - .1° inZ5>and ip are less than 2^ at these angles, except for 

n = 1, k = 4 and n = 4, k = 1, where is less than

3*6 Comparison of Sensitivities of Polarimetric and Non-Polari- 
metric Methods

A direct comparison of sensitivities is difficult because of 

the experimental conditions involved in the two methods.

In ellipsoraetry, the problem of measuring A-and for a 

perfectly clean surface has been discussed by Archer (1968). Even 

for the cleanest surfaces maintained in the ultra high vacuum, 

measurements are complicated by the effect on A  and of strain 

birefringence in cell windows. It is necessary with windows to 

measure independently the strain double refraction and correct 

A  and ^empirically (Archer, I968). With or without windows, the 

thickness of the unavoidable surface film must be stabilised during 

the measurement and must be knovm with sufficient accuracy to correct 

A  and ^  (the procedure is discussed in "Manual on Ellipsometry" by Archer)

Thus polarimetric methods can yield more information about 

surface films often with greater accuracy, than non-polarimetric 

methods. However, the polarimetric methods when compared with 

non-polarimetric methods, are experimentally more cumbersome if 

dispersion measurements are required, and are certainly more expensive. 

Moreover, the very sensitivity of the method to surface films can prove 

a disadvantage if measurements of the bulk material properties are 

required.
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5*7 Optimum Angles of Incidence for the Determination of
Magneto-Optical Parameters

An optimization study has been performed for the derivation 

of magneto-optical parameters in visible and ultra-violet regions 

of the spectrum from experimental measurements of the transverse 

Kerr effect. The optimization is carried out using the largest 

available range of experimental n, k,Q^, and (i.e. 1 ^n 

2 é k ^ 4, 0.002 0.055, -0.01 0.01) (Krinchik, 1959, a and b)

and for angles of incidence. To assist in the calculations, computer 

programmes were written in FORTRAN IV and run on CDC 6600 computer.

Equation (2.6^) can be written as

where

R

% ' = R Q ^ - S Q ^  (3.6)

2 Sin2 e  (2nk Cos^Q ̂ "  )_______________________

(2nk Cos^© - ^  ) Cos’© -  1 )

^ t (3.8)
S = 2 Sin 2©((n^- k") Cos© - 1 + )

(2nk Cos"© - )+((« - k*)Cos^© - 1 f
The effect of R and S on and the variation of S'with 0  are first 

considered. Calculation of R for all values of n , k^, (the actual values)o ®
and 0  shows R to be positive for most Ô  but negative for higher values

of ©  • The results are summarized in Table 5* For ferromagnetic metals

k ^ n  and hence S is always negative (equation 3.8).

Calculation of 9 for angles of incidence in the range 0^ to 90^
at 0.5^ intervals, and all available Q and Q (Q and Q are taken in2 i.
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small steps over the range defined ahove)shows that V  is positive for

Q positive, and positive or negative for Q negative. (No experimental 
% %

values of Q^were negative). Figure 15 shows the three general shapes

of the curves for the variation of % with ©  . The positions of the

peaks and intercepts vary accordingly to n , k , Q, and Q , such thato o i 2
(referring to Figure 15) 

curve (a) ^  +ve

(h) ^  -ve

.(c) 9  or,<ÿ-ve max. in range 54^ - 74^

max . ^ i n  range 57° - 82*

min. in range 69° - 82°

intercept in range 51° - 87° 

rain, in range 76° - 89°

Tahle 5.
Angles of incidence at which R becomes negative for 

different n^, k^combinations

«0 ko q O

1 2 78
1 5 85
1 4 87
2 5 86

2 4 88

5 4 88



Go

Figure 15: General shape of curves of ^ vs,0
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The two optimum angles are defined as those angles 

which will give minimum errors in the experimentally determined 

values of and Q^. We use the quantity as a measure of 
these errors such that

/ /
(T = ÔOfo (3.9)

where Q , Q have selected fixed values in the experimentally i 2/
observed range and Q^, are the corresponding values calculatedi. 2
after inclusion of possible experimental errors, e.g. in @ , n^and

(The product (q ^Q^) has been chosen in order to avoid four optimum

angles, two for and two for ). From the example shovm in

figure 16, it can be seen that for all but extreme angles of incidence,.

^  is large for Q positive. For Q negative ^  may vary rapidly with

angle in the region 70^ - 80^ and may become zero. Care must therefore

be exercised in a choice of angle if Q is likely to be negative.

The larger values of ^  are associated with larger values of R and

therefore an appropriate angle 0 ^= 40  ̂was chosen to start the

investigation. For n^= 2, k^= 5, the value of G"̂ v/as calculated

for a wide range of ©^with an error in % o f  - ,00005. The worst

possible case was used, where the error in at 0 )̂ v/as + ,00005

and the error in %at was - .00005. Figure 17 shows the

dependence of cT^on 0^for 55°:^ We note that for

CT̂ y'̂ OOfo and (j-is minimum for 80^ ̂ © ^ ^ 8 5 ^ ,  cŝ  was then calculated

for a range of 0 , using 6 = 8)° so as to produce figure 16, from1 %
which a better optimum value of 0^(:j6O^) was obtained. More
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Figure 16: § versus 0  (n^ = 2, = j)

curve (a): Q = 0.01, Q = 0.005 

curve (Td): Q = 0.01, Q =-0.005i %
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Figure 17: <3̂ versus due to error in & of - 0.00005 
= 2, = 5, Q ^ =  0.01, Q ^ =  -0.005)

=  400
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Figure 18: <r versus due to error in S of - 0.00005 for 0^ = 85

(n^ ~ 2, — 5> Q. - 0.01, Q = -0.005)1 z
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precise optimization of 9^ may "be performed, using 60°, if

necessary, "but to a first approximation, for n^= 2, k^= 3,

Q = 0.01 and Q = 0.005, the optimum angles may he taken as 
L 2
e^= 60° and G^= 85°.

The above procedure is carried out for values of n^, k^,

0 ,̂ 0 ^and Q^, and all negative values of Q^, in the ranges 

specified above. The results are shown in Table 6. It is then found, 

that if Q is +ve, the optimum angles listed in Table 6 also produce

small

Table 6
Optimum angles 0^for different combinations 

of n^and k^for 60° ̂  G_^^65^

no

1 2 78 - 86

1 3 85 - 86

1 4 85 - 86

2 3 85 - 85

2 • 4 ■ 8 5 - 8 6

3 4 85 - 86
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It is now desirable to examine the inherent errors in the

experimentally determined values of Q and Q using the determinedi %
optimum angles. The result showed that as Q became very small<T7

increased. V/hen Q and Q were both very small <37 was also large.

In general for Z^O.01 and - 0 . 0 0 2 0 . 0 0 2  the cr̂ v/as found

to be greater than 1 Cÿo.

The effect on cr̂  of an error in (n,k) values from which

Q and Q were calculated v/as now considered. v;as calculated for 1 %
an error in n ̂ and k ̂ of - .05 throughout the whole range of Q^ 

and Q ̂ values. As before, the worst case for error was used 

i.e. where the error in n ̂  was + .05 and the error in k ^v/as - .05*

The angles of incidence are taken from Table 6 such that 60*^^©^^65^ 

and 85^"^ ^ 85^. was found to be extremely small for all
Q^, Q^combinations mentioned above. The range of Q^and Q^values 

for which fell within the range of Q. ̂ and values stated

in the above paragraph of this section.
was also calculated for an error of -0.1^ in the setting 

of the optimum angles of incidence (again the worst case is considered 

where the error v/as +0.1^ in 0  and -0.1^ in ©). The combinations
i

of Q and Q where is again found to fall within thei 2, 3.
exclusion range stated above.

Thus the optimum angles of incidence are 60 ^ G ^ ^ 6 5  and 

83 ^  85^for the range of magneto-optical parameter values typical

of ferromagnetic materials in the visible and ultra-violet range 

of spectrum.
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3.8 Errors in Reflectances and Reflectance Ratio due to an 
Error in Polarizer Setting

T h e  e r r o r s  i n  R  ,  R  a n d  f )  d u e  t o  a n  e r r o r  i n  p o l a r i z e r  
U _L

s e t t i n g  h a v e  b e e n  i n v e s t i g a t e d  f o r  1

I f  R  ,  R  a n d  ' f  a r e  t h e  r e a l  v a l u e s ,  a n d  R ,, ,  R  a n d  a r e  
II -L

t h e  v a l u e s  o b t a i n e d  d u e  t o  a n  e r r o r  i n  i n c i d e n t  p o l a r i z a t i o n  a z i m u t h  

t h e n

Ip  _ p X 100I p  p  error in = ( U "" \\e
R.

error in R^ = I I  x 100 (3.10)

Ii" - f  i^ error in ^  =  ______ ^J_ x 100
f

Using known values of n̂  , k^, the quantities R , R^ and^p 

are calculated for a given 0  from equations (2.6) - (2.9). The 

error in m  is then taken as i 1.0^ and R , R, and hence^ are 

calculated using equation (2.22). The percentage error is then 

found using the above equations.

The above procedure was performed for all 1°^^0-^85^ and 

for 1^n^:^4 and 1:^k^^4. The^ errors in R̂  ̂, R ^and^vary with 

angle of incidence Q  . The maximum percentage errors in 

and f  for different combinations of n ̂  and k^ are given in Table 7.

It is evident from Table 7 that for metals (iĉ n ) the errors 

are very small (^6C.2^ as taken for Table 4), whereas for dielectrics 

the errors are relatively large. Hence for a dielectric a more
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Table 7
Fiaximum % e rro rs  
in  R „

Maximum ÿ» e r ro rs  
in

Llaximum e r ro rs  
in  Ÿ

1 1 0.082 0.022 0.104

2 0.059 0.017 0.056

3 0.025 0.014 0.059

4 0.019 0.012 0.050

2 1 0.570 0.029 0.598

2 0.122 0.025 0.146

3 0.068 0.021 0.089

4 0.046 0.019 0.065

3 1 0.951 0.050 0.961

2 0.265 0.027 0.292

3 0.155 0.025 0.160

4 0.086 0.025 0.109

4 1 1.742 0.050 1.772

2 0.467 0.029 0.496

3 0.227 0.027 0.254

4 0.140 0.025 0.165



accurate polarizer setting is needed than for a metal.
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CHAPTER IV

THE REFLECTOffiTER SYSTEIvI FOR DETERMINING OPTICAL M D  MAGNETO- 
OPTICAL CONSTANTS FOR THICK ABSORBING FIDiîS

4.1 Introduction;

The difficulties associated with the determination of optical 

constants from separate reflectances are discussed in this chapter 

and the reasons given for choosing a reflectance ratio method.

The reflectometer was a modified version of the instrument used 

by Taylor (1972) and is capable of yielding data which is analysable 

by various non-polarimetric methods (Chapter II) to obtain optical 

constants of opaque or transparent absorbing films

4.2 Reflectance Ratio Measurements

The measurement of absolute reflectances presents some

difficulties which will he briefly discussed below.

(a) When measuring absolute reflectances some spatial re

arrangement of the system is necessary in order to measure the 

incident beam under near identical conditions (e.g. same photo

sensitive surface of the detector, same intensity of the source 

while taking measurements) to those for which the reflected 

intensity is measured. Rearrangement is likely to introduce 

errors into the determination through small differences in optical 

path for the two measurements.
(b) Another problem associated with absolute reflectance 

measurements is the large decrease in effective aperture of the
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reflecting surface as the angle of incidence is increased. As 

in many cases where the optical constants of single crystals, etc. 

are being determined, the specimens available tend to be rather 
small, and since in no case must the specimen itself become the 

limiting aperture of the optical system, it follows that the 

beam cross section used must be very small, with consequent loss 

in intensity if beams of only small divergence are to be employed.

The reflectance ratio method and the "three angles" 

intensity ratio method (described in Chapter II) have, however, ' 

the following advantages:

i) No absolute measurements of light intensity are required, 

provided that for the reflectance ratio method, the components

of light incident on the polarizer in the two planes of polarisation 

are of equal intensity or in a known ratio. This can be arranged 

by a suitable depolarizer (Portigal I969) or an initial calibration.

ii) No errors are introduced if the specimen becomes the 

limiting aperture at high angles of incidence, because the 

aperture is the same for both components of polarisation.

iii) In these methods, only a simple rotation of the polarizer 

is needed , rather than the most complex rearrangements 

required in accurate absolute reflectance measurements.

iv) These methods are particularly suitable for measurement 

on a sample in vacuum or other enclosure when the source and 

detector optics are outside the sample cell. Whereas the windows 

must be calibrated for most other methods of obtaining n and k 

under these conditions, this is not necessary for the ratio
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methods, because the optical geometry is identical for each 

component in the ratio, provided that the light passes normally 

through nondichroic windows.
The reasons for preferring the reflectance ratio method 

to the "three angles" method will be given in the next section.

4.3 Variation of Reflectance and Reflected Intensity with 
Incident Polarization Azimuth (j for Thick Specimens

Differentiating equation (2.22) and putting = 0

for maximum and minimum in R^ , we have

Cos 0  Sin 0  (R^- R„) = 0 (4.I)

Since (R^“ ) = 0 is only true for normal incidence, either

Cos 0 or Sin 0 for non-normal incidence.

Substituting Cos ^  = 0 in equation (2.22), we have 

R ̂  = Rj_ (4.2)
and substituting Sin ^  = 0 in equation (2.22), we have

R ^  = R „  (4.3)
Calculation of Rj_ and R|| from Fresnel reflectance equations over

a wide range of values for n ^  4, k 4 and 6 ( /  O), indicates 
that Rj_ is always greater than R jj . This implies that R ^  will 

have a maximum value Rj^ at ^  = 90^ and a minimum value R ̂ | 

at = ol Figure 19 shows the variation of R ^  with (p for 

n = 2, k = 3 and for two angles of incidence 60° and 80^.

Writing equation (2.22) in terms of reflected and incident intensities 

In . , I
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Figure 1$ : Variation of with (p



or I* = In (7--- ) Cos<^ + iLOr-Z-) Sin ^  (4.4) ̂ -̂011 -̂oX.

If , I ^ will vary with p exactly in the same

way as R ̂  • In practice this condition is difficult to obtain,
varjesrandomly with p and a change of not more than 0,1 per

degree of the rotation of polarizer is generally observed. Figure 20

and 21 show typical experimental variations of 1^^ with ^  ,
In Figure 20, a line ilB is drawn to represent the extreme

case of a change of 0,1̂  per degree in incident intensities for

l o X  • Since

/  ô\ y ôz y  ^ 0 3  y  v1 <. %--< -------- ------------and   .... < s - =-- \ -J ---<1
Oil OH -̂ oll ^

it is clear from equation (4,4) that 1 (7^  ) will be minimum
o ^oé “ ofor (p = 0^, and 1--(---- ) will be maximum for (p- 90^, Hence

o±
1 ̂  will be minimum at ^  = 0^ and maximum at p  - 90°*

(1 , 1^^ , ..... , 1^̂  ̂being the incident intensities for

(jf) = 1°, 2°, -----89°).

In Figure 21, a line CD is dravm to represent the extreme 

case of a change of 0.1̂  per degree in incident intensities for 
I ^ 1 , ^ 1  . , Calculations are done for I ̂  as a function
Oil ^ o X  ^

of (p for different n and k and for all angles of incidence 

except 0° by assuming
= 1.000, 1 = 0.999, 1,2 = 0.998, ...*, = 0.910,

which shows that and I,, can be taken as the maximum and

minimum values of for 45*^ 6 &  05° and for all thick specimens

for which n ̂  1 and k 4. The maximum^! errors in reflectance ratios
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arising in taking and 1 as maximum values and minimum

values of I ̂  are shown in Table 8.

Figure 22 shows the experimental curve obtained on a

chart recorder (Panax Equipment Ltd. Type:-SREC2P) for reflected

intensity as a function of rotating polarizer for a thick holmium
film at 0  = 60^.

Experimentally it is also found that can be taken

as a maximum value of I ^ and I a s  minimum value of I ^  for

thick films of Gd, Tb, Dy, Ho, Fe and Hi for all the wavelengths

in the visible range of the spectrum.

Since angles of incidence ^ 2 1 ^  (range of one of the

optimum angle for three angles method) fell outside the range

mentioned above, the reflectance ratio method is preferred over

the three angles method. Also it is found that the ratio )toll
does not change, as long as the collimator and polarizer are

not disturbed. Hence ), once measured, can be used for
•̂01)

many films, and thus only two reflected intensities ratio 

measurements are needed, Whereas for the "three angles" 

method, three measurements of reflected intensities ratio are 

required for each film.

4.4. The Reflectometer

A reflectometer was devised and constructed for measuring 

reflectance ratios of metal films at non-normal incidence.
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Figure 22: Experimental curve on a chart recorder of reflected
intensities with the rotation of polarizer for Ho 
film at 0 = 60^,
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n k
maximum ^ errors in 
reflectance ratio

...... . .±

1.0 1.0 + 0.4
2.0 + 0.4
3.0 +

-i- 0.4
4.0 0.5

2.0 1.0 + 0.3
2.0 + 0.2
3.0
4.0

+
+ 0.3

0.3
5.0 1.0 +

4. 0.3
2.0 0.3
3.0 +1 0.3
4.0 -r 0.3

4.0 1 .0 +1 0.2
2.0 “T 0.2
3.0 -i* 0.2

1 4.0 "r 0.2

. 3.0 0.2 0.2

45 4  ©  4  85
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In addition, using a special optical cell (described in Section 4.6), 

optical and magneto-optical measurements could be obtained for 

films in vacuum and at lov; temperatures, using the same reflectometer.
The essential components of the reflectometer were a source, 

a collimator with a filter, a rotating polarizer, a 7-|- inch circular 

scale spectrometer table and a detecting system. The reflectometer 

is shown in Figure 2J.

The light source used v;as a quartz halogen lamp enclosed 

in a water-cooled housing. The lamp v;as powered by a highly 

stabilized direct current supply (Farnell Ltd, "%rpe: B30/20) 

capable of delivering up to $0 amps. The intensity drift using 

this 200 watt halogen lamp and stabilized power supply was generally 

found to be less than per hour.

The collimator comprised a slit, and a lens of focal 

length 20 cms. manufactured from spectrosil E. A circular 

graded filter (Barr and Stroud Type: COS 1) was used to produce 

monochromatic radiation in the range 4000A^ - yOOOA^. The band

width of the filter was typically 150A^ and the transmission of 

the filter 25^ throughout the spectral range. The whole range 

could be obtained for a 300^ rotation of the filter. The 

filter yias mounted on a bearing, the axis of which was made parallel 

to the optical axis of the system. The bearing was rotated by 

a bi-directional electric motor mounted co-axially with a precision 

circular potentiometer. The speed of the motor was fixed at 0.2 

revolutions/minute. The output from the potentiometer indicated
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the angular setting of the filter to a degree of precision much 

better than the bandwidth of the filter.

The rotating polarizer system consisted of a polaroid 

sheet mounted on a brass cylinder of diameter 5.5 cm, and length

4.2 cm. The cylinder which had three locating grooves around 

its circumference, was rested on rubber rings fitted on three 

metal discs, one on the left hand side and the other two on the 

right hand side when seen from the detector side. A metal plate 

v;as fixed to the arm of the spectrometer table (the arm on which 

the collimator is fixed in the normal spectrometer) with the help 

of two screws and a small cylindrical rod. The whole rotating 

arrangement was attached to this plate by a cylindrical rod of 

diameter 0.62 cm, tv/o springs and two screws. By adjusting these 

screws the polaroid sheet could be adjusted so that the incident 

beam fell nearly normal to it. The cylinder containing the 

Polaroid sheet could be rotated by means of a uni-directional 

electric motor driving the disc on the left-hand side. There was 

no beam movement when the cylinder v/as rotated. The time taken 

by the cylinder for one complete rotation was 80.5 - *3 secs. 

Figure 24 shows the rotating system for the polarizer together 

with the lamp, collimator and filter.
The base of the spectrometer table (Ealing Scientific Ltd, 

Type No; A26/4580) was fixed coaxially, by means of screws, to a 

circular duralumin base of thickness 1.2 cm and diameter 45 ^m.
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57 radial grooves 4.2 cm long, 0.2 cm deep and V-shaped in 

cross-section, were milled in the upper face of duralumin base, so 

as to meet the circumference and locate the angular position of 
the detector.

The detecting system consisted of telescope tube (without 

lens and eye piece) fixed to the rotating arm of the spectrometer 

table, by means of L-shaped duralumin block at a height such that 

the incident beam passed through the centre of the tube. An 

I - sectioned block of duralumin, with two spring-loaded ball 

bearings in one end, was fixed at its other end to the underside 

of the L-shaped block so that the ball bearings were in contact 

with the upper face of the duralumin base. When the telescope 

tube was rotated, one of the ball bearings remained in contact with 

the duralumin base plate and the other traversed the milled grooves. 

The I T sectioned component also provided extra support for the 

telescope tube. A photomultiplier (EMI, Type : 9529B, SI 0 Cathode) 

together with its dynode resistor chain, was magnetically shielded 

by mu-metal, placed in a duralumin case, which was also covered 

by mu-metal. The duralumin case was screwed into the telescope 

tube. Recommendations, supplied by EMI (1968), for the design 

of the dynode resistor networks were followed. The output current 

from the photomultiplier passed to earth through a510K;5b high 

stability resistor and the voltage developed across this resistor 

was the signal recorded. A diffusing screen was mounted in front
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of and parallel to the photomultiplier window, and separated 

from it by a cylindrical tube aluminised on the inside. The 

diffusing screen was a flat disc of flint glass with both faces 

ground. The purpose of this arrangement is to reduce sensitivity 

of the photomultiplier to any changes in incident beam size. A 

supporting cradle for the photomultiplier assembly was screwed 
on L-shaped block attached to the rotating arm of the spectrometer 

table. A digital voltmeter (Solartron LM1010.2) was used to 

measure the output voltage from the photomultiplier.

The incident intensities were measured by setting the 

rotating polarizer to produce II and J_ components using the method 

of Rowell et.al The absolute alignment differed by 0.2^

for the extreme ends of the wavelength range (4OO - 700 nm) for 

both polarization planes (Taylor, 1972). The reflected intensities 

for 11 and _L components were measured by noting the maximum 

and minimum intensities while the polarizer was rotating.

Using this reflectometer the reflectance ratios could 

be measured to better than 0.5̂ , and the angles of incidence 

to better than O.OJ^.
The whole reflectometer was shrouded in a light-tight 

box. Once the angle of incidence was fixed, there v/as no need 

to open the box to set the polarizer or filter for measuring 

the reflected intensities at different wavelengths. A typical 

time was 45 minutes to measure reflected intensities for fifteen 

different wavelengths at a given angle of incidence.
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By removing the rotating polarizer and attaching a 

calibrated circular scale polarizer to the collimator (Figure 25), 

the reflectometer could be used for all the other non-polarimetric 
methods described in Chapter II.

4.5 The Substrate Holder for Optical Measurements in Air

The substrate holder (Figure 26) consisted of a block A 

containing bronze bushes to act as guides for steel rods B 

attached to a solid rectangular base C, was screwed to the prism 

table. A glass substrate could be clamped into position on a 

light frame-work J) fixed on base C, perpendicular to the prism 

table top, by three nylon screws E, F and G. The lateral position 

of the specimen, relative to the reflectometer axis, could be
\

adjusted by moving C relative to A by means of a 0.5 mm pitch 

brass screw threaded into C and free to move in bronze bearing 

in A. This substrate holder, together with the prism table 

levelling screws, allowed the surface of a specimen to be 

brought into coincidence with the rotational axis of the 

reflectometer.

4.6 The Optical Cell for Optical and Magneto-Optical
Measurements in Vacuum

An optical cell (Figure 2?) was designed and constructed 

for keeping films under lov; vacuum, and to obtain reflection 

measurements while the films are cooled to liquid nitrogen temperatures.
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Figure 26: Isometric drawing of specimen holder
in air.

for measurements
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The cell can he fitted snugly, in place of prism tahle, into the 

working space between the telescope tube and rotating polarizer 

and can also be used for lev; temperature optical and magneto
optical studies.

Figure 28 shows a schematic section of the cell. It 
consists of a prism table A fitted with the arrangement for 

adjusting the lateral position of the specimen described in 

Section 4*5* A copper box B, having an inlet and an outlet 

for liquid nitrogen is used, in place of the frame-work, to 

hold the substrate. By means of four screws, the specimen can 

be held perpendicular to the prism table top. The leg E of 

the prism table is screwed into rod D through a hole in the 

duralumin base C and an 'O' ring used as a vacuum seal. The outlet tube 

F for liquid nitrogen is vacuum-sealed into C. The transparent envelope 

G is a fused quartz (Vitreosil, 066 quality) tube of wall thickness 

2.4 mm. This tube, manufactured by Thermal Syndicate Ltd., v;as 

trepanned from a block of the 066 Vitreosil and highly polished 

both inside and outside. It was necessary to have the tube 

prepared in this manner because any imperfections in the wall of the 

tube would not only distort the beam of light passing through 

but would also perturb the state of polarization of the beam.

This envelope G rests on a large diameter 'O' ring (the diameter 

of the 'O' ring being equal to the diameter of the envelope G) 

partially inset in the top face of C.
The top H of the cell is also made of duralumin. In the
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Figure 28; Schematic section of the optical cell
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underside of H another large diameter 'O' ring v;as partially 

inset to provide a vacuum seal with the top end of the tube G.

Extra support to the top H is provided by brass rods I which 

were screwed into C. Another duralumin top K is fixed to H 

by three screws in order to provide vacuum seal for liquid 

nitrogen inlet L and the vacuum line M. Copper and nylon 

tubing are used for liquid nitrogen connections.

To assemble the cell, the glass envelope G is placed

squarely on the 'O' ring in the top face of C. The top of

the cell is then placed into position so that the other end of

G comes squarely into contact with the large diameter 'O' ring

in E. Nuts J are then tightened to hold the top plate. To

evacuate the cell, the vacuum line M is connected to a rotary

pump. The tap in the line M seals the cell from the atmosphere

after evacuation. Tests showed that the cell cnuld be evacuated to
-3a pressure of 1 x 10 torr.

To magnetize the film in the reflecting plane and 

perpendicular to the plane of incidence (for transverse Kerr 

effect) a Helmholtz coil system was constructed which fitted 

snugly around the cell wall and rested on the bottom plate C.

The dimensions of this coil were such that when placed in position, 

the centre of the coil system was automatically aligned with the 

plane of reflecting surface. With a current of 10 amps flowing 

through the coil a uniform field of value 450 Qewas produced 

over the central area of the film. Fig^ure 29 shows the optical 

cell with the Helmholtz coil.
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CHAPTER V

SPECBIEH PREPARATIONS

5.1. Introduction

Any determination of the optical constants of a material 

requires the preparation of a flat, stmin-free and clean surface.

The possible adverse effects of surface roughness on reflectance 
measurements have been discussed in the literature, with regard to 

diffuse scattering of reflected light (Bennett and Porteus I961), 

and more recently, with regard to possible anomalies in reflectance 
near resonant frequencies of the specimen (Berreman, 1970).

This chapter briefly reviews the methods and related 

techniques used for preparing solid films, suitable for optical 

measurements, by thermal evaporation. Other methods of depositing 

films have been discussed in detail by Chopra (1969, Chapter II).

The advantages of the thermal evaporation method over other methods 

and the conditions which must be realized in order that the deposition 

of a film from vapour may take place with a minimum of interfering 

factors have been discussed by Heavens (1955> Chapter II). The high 

reactivity of the metals studied also made this method the most 

suitable.
In order to prepare the films three different vacuum 

evaporation units were used: two ordinary high vacuum (O.H.V.) and

one ultra high vacuum (U.H.V.) All the films were deposited onto 

float glass substrate.
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5,2, Substrate Preparation

One of the requirements to obtain a clean film surface is that

the supporting surface (substrate) must be free from contaminant films

such as grease, absorbed water etc. Different methods used to clean 

substrates have been discussed by Holland .(1956, Chapter III). The 

method used for the present work to clean the float-glass substrate 

of dimension x 25 x 1 mm is given below.

The substrate (soda glass microscope slide) was first 

selected for its freedom from scratches by looking under a bright 

light source. It was then placed in a beaker of degreasing agent 

(DECOH 90), making an acute angle with the base of the beaker and 

ultrasonically cleaned for about JO minutes. The degreasing agent 

was then displaced with distilled water and the substrate was rinsed 

for five minutes. It was then clamped onto a crocodile clip, 

attached to a stand and washed under the stream of distilled 

water for three to five minutes. It was checked that water flowed 

uniformly from the substrate surface. The substrate was then

allowed to dry in air, covered loosely with lens tissue.

5.5. Ordinary High Vacuum (O.H.V.) Preparation of Films

The two ordinary vacuum evaporation systems used for growing 

films were Edwards 12EA/424 and Birvac T4-150. They both consisted 

of 12 inch diameter glass bell jars sealed to the base plates by 

means of L-shaped viton-gaskets. The bell jars were evacuated by
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water cooled oil vapour diffusion pumps and oil rotary pumps* The

rotary pumps were capable of evacuating to <1.0* 005 torr* The

ultimate pressure of the diffusion pumps were better than 5 x 10
-7for Edwards system and 5 x 1 0  for Birvac system* Pirani gauges 

were used to measure the backing pressures over the pressure range 

0*5 - 0*001 torr* A Phillips ionization gauge, incorporated
AoWïv — ̂

in the Edwards system measured pressures to 1 x 10 torr, 

whereas a Birvac penning gauge measured pressures \Xi to 1 x 10 torr 
for Birvac system*

Electrical feed-through , passing through the base plates 

of the vacuum chambers, provided electrical access to apparatus 

inside the bell jars* The apparatus to be used in vacuo was 

constructed from stainless steel where possible* The tungsten 

filament or boat was connected by stainless steel rods to the 

heavy current feedthroughs. The filament could be shielded from 

the substrate by means of a shutter, activated from outside the 

chamber by a vacuum rotary drive. The substrate could be either 

held in a stainless steel holder provided with a tungsten'filament 

(for growing films on heated substrates) or could just be rested 

on two stainless steel strips (for growing films on cold substrate). 

The holder or the strips were supported by a system of adjustable 

clamps, so that the height of the substrate could be set as required.
Before using a filament or boat for evaporation it was 

thoroughly outgassed in vacuo to the base pressure better than 

1 x 10 torr, by passing a current of at least 40 amperes 

through it. After allowing about 20 minutes for the filament to
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cool, it 7/as loaded with the material to he evaporated. Details 

of growth of films in these systems using filaments and boats are 
given in Chapter VI.

A Birvac electron ring-gun (type: RG2) could be used in 

the Birvac vacuum system in place of filament or boat, to evaporate 

materials from refractory crucibles using electron bombardment. 

Electron bombardment has been described in general terms by 

Francombe (1966). The ring-gun consisted of a stainless steel 

cylindrical hollow box with one of its ends plain. The other end 

was conical and each had a hole provided centrally and coaxial 

with the other. A filament of molybdenum (electron emitter) was 

in the form of a loop supported at each end of its diameter by 

suitable connections across which the filament voltage could be 

applied. One end of the filament was connected to the box and 

the other end was insulated from it. The whole assembly v/as 

mounted onto posts which insulated it from earth. The other ends 

of these posts were located onto a table and between this table 

and the box the variable ÏÏ.T. voltage from the Birvac ring-gun 

console (Type : RG ) was applied. Beneath the box a small rotating 

turntable was mounted, capable of holding six cermet (Al^O^) type 

crucibles mounted on molybydenum clips and rotatable from outside 

the vacuum chamber. Both the turntable and crucible were at earth 

potential. Details of growth of iron films using electron 

bombardment are given in Chapter VII.
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5.4. Preparation of Films in Ultra-Hich Vacuum

The U.H.V. system used in the laboratory was manufactured 
by Edwards High Vacuum Ltd. for filament evaporations of metals.

A 12 inch diameter stainless steel chamber containing 
8 ports (Figure JO) was rough pumped with an Edwards alumina-trapped 

rotary pump. At a pressure of approximately 10 torr a Varian 

Triode ion pump was started. This pump had a pumping speed of 

140 litres/sec. at high pressure and a pressure of 10 torr was 

quickly attained with the system isolated from the rotary pump 

with a bakeable valve. At this stage the Uayard-Alpert gauge, 

used for total pressure measurement, was outgassed by electron 

bombardment. Titanium sublimation pump filaments were also outgassed
Qat this stage. The system v;as then baked at 2$0 0 until a pressure

^5 X 10 torr (indicated by the ion pump current) was attained.

The length of time needed to achieve this depended critically on

the cleanliness of the system. The system was allowed to cool and

the gauge again outgassed. The pressure after cooling was generally

found to be ̂ 10 torr. The titanium sublimation pump (T.S.P.)

was then used f o r 12 hours with the ion pump to reduce pressure 
— 10to ̂ 10 torr. At this stage liquid nitrogen was fed to a stainless

steel baffle inside the chamber. This baffle was situated directly

above the T.S.P. filament. The condensation of gas onto this
— II

baffle further reduced the pressure up to 5 x 10 to^^Low pressure 

measurements were made with a modulated Bayard-Alpert ionization gauge.



BAKEABLE VALVE 
AND BACKING LINE UNDER

BLANK
IONIZATION 
GAUGE HEAD

LIQUID NITROGEN
c r y o - p u m p

FOUR ELEMENT  
T.9.P. UNDER

OPTICAL 
PORT ,

OPTICAL
PORTVACHON

PUMP •EVAPORATION
ASSEMBLY

EVAPORATION
SHUTTER
MECHANISM

SUBSTRATE HOLDER 
AND SUBSTRATE 
ATTACHED TO ROTARY 
MOTION DRIVE AND  
GONIOMETER ASSEMBLY

OPTICAL
PORT

Figure 30; Schematic plan view of U.H.V. system.
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Either copper con-flat gaskets or gold wire seals were used on 

all the ports. The system v/as normally let up to atmospheric 

pressure with dry nitrogen, and was sealed as quickly as possible 
in order to reduce the time taken to achieve minimum pressure.

The substrate was mounted onto a stainless steel holder.
The holder was fixed to the rotatory drive and the mounting was 

constructed so that the front face of the substrate passed through 

the axis of rotation of the drive. The source-substrate distance 
was fixed at about 14 cm.

Evaporation took place from a tungsten helical coil heated 

to high temperatures by Joule heating. The coils had an internal 

diameter-^2 mm and a length of-^2,75 cm. The filaments were first 

outgassed in one of the ordinary high vacuum systems described in 

section 5»3 at a pressure of better than 10 torr. The filament 

were held at red heat for approximately 15 minutes and allowed to 

cool, A rod of the material to be evaporated was then inserted 

in the helix and the same pressure v;as obtained. The current in 

the filament was increased until the rod melted, thus wetting the 

tungsten with évaporant. This procedure was repeated with further 

rods until globules of évaporant prevent further packing. The 

globules were then held in a liquid state for approximately JO seconds 

to complete the outgassing. The filament was then taken out from 

O.H,V, system and installed in the U.H.V, system, Outgassing of 

the filament was again done in U.H.V, system by increasing the 

current up to 45 amperes while the shutter was in between the
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filament and substrate. The current was switched off if the pressure
— 6

rose to approximately 10 torr. The system v/as allowed to return to 

its base pressure. This procedure was repeated until no pressure 
burst was observed. The filament was then left to outgass at 45 amps, 

for a few minutes. Details of growth for individual metals are 

given in Chapter VI,
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CIUPTER VI

OPTICAL PROPERTIES OF GADOLINIUM, TERBIUIi AND EOLMIUM 
IN THE VISIBLE REGION

6;1, Introduction;

The optical properties of heavy rare earth metals 

gadolinium (Gd), terbium (Tb) and holmium (Ho), as experimentally 

observed in air, in the visible region of the spectrum, are 

described in this chapter. The optical conductivity curves 

for Gd and Pb are also discussed directly in terms of their 

electronic band structures.

Since no relativistic band structure calculations for 

Ho had been published by the time this experimental work v/as 

done, some comparison was sought with dysprosium (Dy), whose 

band structure calculation had been published (Keeton and Loucks, 

1968).
The optical conductivity curve for Dy, as experimentally

observed in air is discussed in terms of its electronic band

structure. The optical conductivity curve for Ho is then

discussed in relation to the optical conductivity curve for Dy,
aElectron diffraction analysis in reflection onj^number

of samples prepared in U.H.V. showed some semi-circular rings

which indicated the film to be randomly polycrystalline with
0

crystallite size of the order of 1000 A.
The effects of ageing in air for some of these metal films

were also observed, and are discussed in this chapter.
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6.2. The Heavy Rare Earth Metals

The rare earth metals, alternatively known as the 

Lanthanides, are the fifteen elements in the periodic table with 

atomic numbers 57-71» The first seven elements namely 

lanthanum (La), cerium (Ce), praseodymium (?r), neodymium (Nd), 

prometheum (?m), samarium (Sm) and europium (Eu) with atomic 

numbers 57 - 6j are classified as light rare earths, whereas 

the last eight, namely gadolinium (Gd), terbium (Tb),

dysprosium (Dy), holmium (Ko), erbium (Er), thulium (Tm), ytterbium (Yb) 

and lutetium (Lu) with atomic numbers 64 - 71 are classified 
as heavy rare earths. All the heavy rare earth metals have 

hexagonal closed-packed (h.c.p,) crystal structures, with the 

exception of ytterbium, which has face centred cubic (f.c.c.) 

crystal structure.

Gadolinium (2=64) is the first of the heavy rare earth 

metals in the periodic table with the configuration

1^2s^ 2p̂  Jŝ 5p̂ Jd̂ °4ŝ 4p̂ 4d̂  4f^5s^5p^5d^6s^
At gadolinium the half-filled 4f state has a higher energy 

than the 5d level, so that the 4f state has the same population 

as its predecessor in the periodic table, europium (z=6j). The 

addition of another electron and proton to the system makes it 

energetically favourable for the electron to enter the half

filled 4f state. There is also a tendency for the electron 

in the 5d level to be transferred to the 4f level; hence the

configuration of terbium (z=65) is

^s^2s2^ Js^ 3p^ 3d'̂ 4ŝ  4p^4d^4i 5s^ 5p 6s^
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The rest of the heavy rare earths are typified by progressive 

filling of the 4f level. The configuration of the last rare 
earth element lutetium (z=7l) is

1s'"2s"'2p" Jŝ  Jp^Jd%''4p'4dV5s''5p 5d'6s'
The appearance of the 4f electrons at the beginning 

of the lanthanide series clearly means that the nuclear charge 

becomes sufficiently large for them to be bound at that point. 

However, it might be supposed that the 4P electrons would occupy 
the outermost orbitals, whereas all the evidence indicates that 

they lie inside the $s shells. This is because an electron added 

to the 4P shell cannot screen the remaining 4P electrons from 

the added positive nuclear charge. This phenomenon, known as 

lanthanide contraction, causes the atomic radius to decrease 

with increasing atomic number.

Because the 4P electrons are so well embedded within 

the core orbitals the valence electrons are readily transferred 

to other ions, while in metals they form the conduction band. 

Hence in most practical circumstances the rare earth ions are 

tripositive, in which case all electrons are in closed shells, 

and therefore inactive except for the 4P electrons.
The properties of the conduction band in rare earth 

metals play a dominant role in determining the interactions 

between the ions, and hence the magnetic properties of these 

metals. They also, of course, determine their electric, optical, 

and transport properties, as for any other metal.
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6.3 Gadolinium (Gd)

Gadolinium is the first of the heavy rare earth metals 
with atomic number 64. Its melting point is 1593^K, density 

is 8.0 gm/c.c. and ferromagnetic Curie temperature is 292^K.

In all, optical measurements were made on 12Gd films. 
Reflectances R_̂  and R„ were measured at an angle of incidence 

near about 74^ (Section 2.4) on the first seven films. These 

earlier measurements were performed using a different, rectangular 
graded wavelength filter (Barr and Stroud Ltd.), whose bandwidth 

v/as twice the bandwidth of the circular wavelength filter 

(described in Chapter IV). The optical conductivity curves for 

these films indicated some structure which it was thought worth

while to investigate with better resolution, using a more 

sensitive method.

Of ‘±he five films on which reflectance ratio measurements 

at two angles of incidence were made, using the circular wavelength 

filter, one is discussed in detail together with its growth condition. 

The optical conductivity curves of three of the remaining four 

films are also given in this chapter.

6.3.1. Growth of Gd film
The film was grov/n in the U.H.V. system described in 

Chapter V. The growth conditions for the film were as follows

(i) The film was grov/n from 99»95^ pure sample obtained from 

Goodfellow Metals Ltd.
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(ii) An evaporation current of 50 amperes was passed for 

60 seconds through the loaded tungsten filament.

(iii) The pressure at the time of growth v/as better than
-8

4 x 10 torr as measured on the linear scale of the 
Bayard-Alpert gauge.

(iv) The film v/as grown at room temperature on a microscope 

slide with nichrome contacts on its ends for electrical 
measurements by other workers.

(v) The film was taken out from U.H.V. system after six days, 

before which time electrical and some other optical 

measurements were made by other workers using the film. 

Optical measurements were made in air on the day of 

removal.

(vi) The thickness of the film as measured after the optical 
measurements in air, using multiple beam Fizeau fringes 

(Tolansky,1970) was 1020A^. The step in the film 
necessary for such determination was introduced by 

placing a microscope slip in the substrate holder, at the 

time of loading the U.H.V. system.

6.5.2. Optical Properties of Gd film
Reflectance ratios were measured on the above grown Gd film

in air, four hours after it was taken out from the U.H.V. system.

The measurements were made at angles of incidence 65.0° and 80.0°

using the reflectometer described in Chapter IV. The narrow beam

of light wüS made to fall on the area of film well within the
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nichrome contacts for both the angles. The area of the film on 

the glass substrate between the nichrome contacts was 45 x 21 mm^ .

Figure 51 shows the variation of reflectance ratios with 
incident energy in the visible region of the spectrum for 

angles of incidence 65° and 80°. We note the large variation 

in reflectance ratio for an angle of incidence of 80° compared 
with that at 65°. The maximum error in the reflectance ratio 

calculated from the errors of 0.1̂  in the intensity measurement 

was found to be 0.5^. The uncertainty in the measurements v/as 

estimated by measuring the same ratio several times and was found 

to be ^0.5/^* The values of n and k shown in Figure 52 were 

derived from the observed reflectance ratios (Section 2,$.l).

The errors in n and k were obtained by taking an error of +0.5^ 

in the reflectance ratio at one angle of incidence and an error 

of -0.5/i in the reflectance ratio at the other angle of incidence.

This combination accounted for the maximum possible errors in n 

and k. The calculated optical conductivity curve is shown in 

Figure 55. We notice the structure occuring in this curve, 

which will be interpreted in the next section.
Figure 54 shows the spectral dependence of optical conductivity, 

for Gd at room temperature, obtained by different authors. This 

figure illustrates the general disagreement that exists in the 

literature of the optical behaviour of rare earth metals. The 

basic reason for this disagreement probably lies in the reactive 

nature of rare earth metals ( It is observed that the optical 

conductivity changes by as much as 10^ after 68 hours from the
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Figure 51 : Reflection ratios at 80° and 65° measured for Gd
film in air.
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Figure 32; Optical constants n and k for Gd film in air
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Fig-ure 55: Optical conductivity of Gd in air at room temperature
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Figure 34: Optical conductivity of Gd at room temperature "by
several authors.

4- Petrakian; Schuler; Hodgson and Cleyet;  ̂ Miller, Julien
and Taylor; o Erskine, Blake and Platen; » Present work; —  Knyazev.
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first measurements, which were taken 4 hours after the specimen 

was removed from U.H.V. system (Section 6.5.4)). Variations 

in the crystallographic nature and degree of surface contamination 
of the films prepared hy different experimenters are to he 

expected, because of the different methods of preparation.

Our room temperature data in air for this Gd film are 
in good numerical agreement with that of Erskine, Blake and 

Flaten (1974) so far as general level ofcr values is concerned.

They measured the film in vacuum using an automatic ellipsometric 

technique. The qualitative features of Petrakian's (1972) data 

are somewhat similar to early results of Schuler (1966). Both 

of them used a reflectance and transmission method in vacuum. Some 

more recent work hy Schuler (Erskine et al 1974) hears closer 

resemblance to the results-of Hodgson and Cleyet (1968).

Knyazev (1970, 1971) applied ellipsometric methods to obtain 

optical constants of hulk Gd samples mechanically polished in 

a atmosphere. Erskine, Blake and Flaten believe that the 

disagreement between tke.w^resuits and those of Knyazev are 

primarily due to contamination of the surface of his samples, 

despite his efforts to achieve smooth, uncontaminated surfaces.

The only previous work which shows any evidence of 

resolved structure is that of Miller, Julien and Taylor (1974),

The other workers have experimented over a wider energy range 

than here, and they have only detected the broader features of 

the conductivity curve. The additional detail in the present
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curves may Be due to higher energy resolution, and optimization 
of the reflectance measurements.

Because, the general numerical level of optical conductivity 
values changes with the exposure time of the Gd film in air 

(See Section 6.5.4*), it is the structure in the curve which 
is interpreted in terms of electronic transitions and compared 

with the results of Miller, Julien and Taylor in the next section.

6 .5* Theoretical Interpretation of the Ontical Conductivity 
Curve of Gd

As stated in Chapter I, the optical conductivity dispersion 

curve for visible wavelengths should be interpretable in terms of 

the energy band diagram. Non-relativistic band structure 

calculations have been performed by Dimmock and Freeman (1964) 

using augmented plane wave method (Slater, 1957) and their 

results are shovm in Figure 55* The free-atom configuration 

4f 5d 6s was used in constructing the potential. Figure 56 

shows the appropriately labelled 1st Brillouin zone of the 

hexagonal close-packed crystal lattice. Each band is labelled 

according to the irreducible representation according to which the 

eigen functions, which generate the eigen values, transform.

The crystal symmetry limits the type of wave function which 

satisfies the Schroedinger equation for an electron moving in 

a potential having the symmetry of the crystal lattice. The 

labels in Figure 55 indentify the different types of wave function,
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Firure 35: Electronic Band structure diagram of Bulk h.c.p.
Gadolinium- (Dimmock and Freeman, 19o4).
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crystal lattice.
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From the symmetry conditions, we would expect the hands 

to he of zero slope, and therefore parallel, at symmetry, 

interhand points: thus at these points there is a high joint 

density of states. VHiere the joint density of states is high, 

optical transitions are likely to occur. Thus, we might expect 
structure to occur in the optical conductivity curve at energies 
corresponding to the energy difference between hands situated 

ahovG and helow the Fermi level at these points. However, there 

are additional selection rules, which have to he considered. 

These rules for predicting how optically excited electrons 

can move from one energy hand to another have heen derived for 

the h.c.p. crystal lattice hy Petrakian (1972). Tahle 8 gives 
the allowed optical transitions between certain symmetry points 

within the first Brillouin zone of the h.c.p. crystal lattice 

of Gd as obtained hy him. These points were selected for their 

relevance to our photon energy range (1.9 to 3*1 ev), and were 

compiled assuming no spin-orhit coupling.

In order to predict at what photon energies structure 

should occur in the optical conductivity curve, the procedure of 

Miller, Julien and Taylor (1974) is adopted. They made the 

following simple assumptions.
i) All the allowed transitions given in tahle were equally 

probable.
ii) The optical absorption arising from interhand electronic 

transitions at a photon energy E was proportional to the 

number of allowed transitions in the range E i 8E.
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Table 8. Allowed optical Transitions between certain 
symmetry points for first Brillouin zone 
of h.c.p. Gd.

Symme try 
direction

-.. r
Symmetry points of 
allowed transitions

Associated 
energy (ev)

M 2.045

K 2.045

K 2 .24

M 2.585

ÏÏ 2.44

L L » L i 2 .44

L Li->L, 2.40

H 2.58

M 2.79

A A^— 2.84

M 2.95

K Kg 5.17

A Aj— î̂'Ag 5.185
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A plot of the number of allowed transitions in the range 
E-0.05 ev at each photon energy E versus photon energy obtained 

by them is.shown in Figure 37. Clearly the peak positions
shown in figure will have an uncertainty of - 0,03 ev, which

/

is equal to the experimental uncertainty in the positions of 
our observed peaks,

A list, similar to the one produced by Miller, Julien 

and Taylor, is produced and shown in Table 9, Each observed 

peak is assigned to the likely interband transition points 

within the first Brillouin zone. Table 9 also shows the peaks 

observed by Miller, Julien and Taylor. V/e notice the good 

agreement (within Î 0.05 ev) between the sets of results for 

the energy positions of the peaks.

We thus reach the surprising conclusion that even 

though the present measurements were made in air, they still 

show the structure in the optical conductivity curve, and 

the positions of peaks are in good agreement with those 

obtained by Miller, Julien and Taylor in ultra high vacuum.

6.3.4 Effect of Aaeirifi- on Od Film in Air

Optical properties of Gd were also studied as a function 

of ageing. The film was kept in moist air and the reflectance 

ratio measurements at angles of incidence 63° and 80° were made 

after 72 and 16G hours from the first measurements in air. The 

optical constants were deduced from the reflectance ratio 

measurements (Section 2.5.1). It is found that the refractive
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TaTsle 9. Optical transitions in Gd for the range 
1*9 - 3.1 ev

Transition energies ev Assigned
observed 
(present work.)

observed by- 
Miller et al Estimated

transition
points

2.00 1.95 2.00

&
2.25 2.15 2.20

2.40
K^,-. K3

M-
2.45 2.50 2.50

2.60
2.70-2.80 2.75 2.80 fd —

3.10
(probable)

3.10 5.15
K , —  K 3
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index n and extinction coefficient k both decrease with the 

exposure time of the film in air. The optical conductivity 

curves for these tv/o exposure times in air together with the 

original one (the curve obtained 4 hours after the film was 
removed from the U.IÎ.V. system) are shown in Figure 38.

We notice that the optical conductivity decreases by about 10^, 
when the film is left in air for 72 hours after the first measure

ments and it decreases by as much as 15^ for some photon energies, 

when it is left for 168 hours after the first measurements. This 

suggests a non-linear behaviour of optical conductivity with 

exposure time in air. V/e also notice the existence of structures 

in all the curves at the same photon energies.

In order to explain the above results, a theoretical 

model is constructed, in which it is assumed that a dielectric

layer is formed on the surface of Gd film, when it is exposed in

air and its thickness increases with the exposure time. Figure 39 

shows a diagram of such a model, in which

and n are the complex refractive indices of the 

dielectric layer and the Gd film respectively,
d is the thickness of the dielectric layer,

0  and y  are the angles of incidence and refraction

at air-dielectric layer interface,
^  is the angle of refraction at dielectric layer-Gd

interface,
r̂  and t̂  are the ratios of reflected and transmitted 

amplitudes to the incident amplitude for propagation from air 

to dielectric layer.



- o

3 012
Photon energy in ev.

Figure 38: Optical conductivity of Gd in air as a function of ageing.

(a) 4 hours after taking out from U.II.V. (h) hours after taking 
out from U.H.V. (c) 172 hours after taking out from Ü.H.V.
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(121)
/ /

and are the corresponding ratios for propagation 

from dielectric layer to air, and

is the ratio of the reflected amplitude from the

metal surface to the incident amplitude on it*
/ /

The quantities r̂  , r̂  , r̂  , t̂  and t̂  can he written in

the form of equations (2.l)-(2 .4 ). From the form of the

equations (2.1) and ^.2 ) we see that r^ is equal to -r^. Writing 0 , for. 

the change in phase of the beam on traversing the dielectric, lawyer 

% = 2TTn' “  Cos V (6,1 )

The ratio of the total reflected amplitude to the incident 

amplitude' is thus given hy

r = +■.........
. / -atf

i Af

where the time-dependent factor is omitted. Thus, we can write 

omr- reflectances as

h  = ""x 1  ’ 1̂1, = "‘û u and ~q= ^  (6.3)
d d R||

where <d
/ —

-•J.H
(6.4)

II 1 "  - a i i -

1 + îll̂ xl.®
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2n̂  Cos V
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2 Cos 0
n' Cos îT + C o s  0 

2n^ Cos X

, =

_L

Cos 0 + h' Cos y 

2 C o s  (9n̂  Cos G + Cos y 

n Cos ̂  - Cos 0

; tfU - Cos V + Cos 0
(6.5)

n Cos ̂  - in/ Cos
n'Cos V + Cos 0 

n'Cos S - Cos ̂

' ^21 n Cos '^4- n' Cosy 

n Cos y  - r/ Cos ^
n Cos 0 + C o s y ; ''an = n Cos y + n'cos ^

Cos Y  = - Sin^e and Cos ^  = J~n^ - Sin^G
h' n

A computer programme using PORTRAIT IV language v;as written

and is given in appendix 1. This programme first calculatesn and k

of a fresh Gd film from the reflectance ratio measurements at

tv/o angles of incidence ©^and . These n and k values are then

used to calculate l^^and ^  at and , using equations

(6.5)-(6,5) for different thickness of dielectric layer and for
/ /certain assumed values of n and k for the dielectric layer.

These ^  and ^  are then used to calculate n^ and k^ of the film 

with the dielectric layer using the method of Section 2.5-1- 

First of all we assumed that there was no dielectric 

layer on the surface of Gd film, when the first measurements 

were made after 4 hours of taking out from U.H.V. system. V/e 

then assumed that when dielectric layer is formed, it has the 

same value of n as the original Gd film and has a value of o.5 

for k (dielectrics generally have small values of k). This is 

the order of values experimentally obtained for a gadolinium 

oxide film prepared by heating a thin Gd film (370A) in air.
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The values of and were then calculated using the computer 

programme mentioned above. The values of n^ and were found to
be smaller than the values of n and k for the fresh film. This 
is what v/e experimentally observed.

The calculated optical conductivity curves for different 
thickness d of the dielectric layer together with the optical 

conductivity curve of the fresh Gd film (d = O) are shown in 

Figure 40(a). We notice the decrease in optical conductivities 

with the increasing thickness of the dielectric layer. We also 

notice the structure in all the curves at the same photon energies. 

By comparing the experimental results with the theoretical results 

based on the above model, we can conclude that the Gd film 

behaves as if a dielectric layer of thickness in the range 10-20A^ 

is formed in J2 hours.

The optical conductivities for some other combinations 

of optical constants n^ and k'' of the dielectric layer were 

calculated for^20A^ thick dielectric layer. The results are shown 

in Figure 4^* These graphs show that variation of n/and k'' slightly 

change the average slope of the conductivity curve. All the 

structures still exist in every curve. The average slope of 

the conductivity curve for n^= 1.6 and k ̂  = 0.5 is more nearly ' 

the same as that of the optical conductivity curve for fresh film 

than the average slope of the other two optical conductivity curves, 

for d = 20%. From the experimental results we also see that the 

average slope of the optical conductivity curve obtained after 

72 hours from the first measurements^is nearly the same as that
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Fi-onre 4O (a): Optical conductivity of Gd film as a function of
thickness of dielectric layer. (n = n, k = 0.5) >
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" o

Photon energy in ev.

Figure 4I: Optical conductivity of Gd film as a function of
n' and k' of dielectric layer.
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of the one obtained from the first measurements. Thus v/e can 

roughly say that the dielectric layer has a value of 1.6 for 

refractive index and has a value of 0.5 for the extinction 

coefficient, though v/e may expect these quantities to vary with 
the photon energies.

The surfaces of rare earth metals are easily attacked 

hy the atmospheric gases (Gasgnier et. al. 1974). In order to 

he more realistic in assuming the thickness of the dielectric 

layer to he zero at the time of first measurements, which were 

taken 4 hours after the removal from U.H.V. system, the optical 

conductivities for different thickness of the dielectric layer 

were calculated using the results on Gd film in U.H.V. obtained 

hy Miller, Julien and Taylor (1974)« The results are shown 

in Figure 42 for n^= n, the refractive index of Gd film in vacuum 

and k^= 0.5* We again notice the structures in every curve.

The optical conductivity also decreases with increasing exposure 

time. We also notice from Figure 42, that the peaks in the 

curves become less sharp as the thickness of the dielectric layer 

increases. Because our results in air do not show as sharp peaks 

as shown hy the results of Miller, Julien and Taylor, it can 

he assumed that a dielectric layer is formed on the surface of 

the Gd film as soon as it is taken out from the ultra high vacuum.
Since the optical conductivity varies approximately^with 

the thickness of the dielectric layer (Figure 40(h)), and it 

varies non-linearly with the exposure time as Figure 58 suggests, 
we can predict a non-linear behaviour of the formation of
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o f  M i l l e r ,  J u l i e n  a n d  T a y l o r  (1974) U.ÏÏ.Y.
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layer with the exposure time.

Thus Vie conclude that the structure in the optical 
conductivity curve was observable, even though the film was 

exposed in air# Tne numerical value of optical conductivity 

decreases with increasing exposure time in air#

In order to confirm the formation of the dielectric 
layer on the surface of the Gd film a theoretical attempt was 

first made to calculate the optical constants from the two 

reflectance ratio if they were measured from the glass side 

of the film. The attempt failed because theoretically there 

should be large changes in reflectance for very small changes 

in angles of incidence. As an example, should change from 

#398 to .533 and Rj_ from #613 to .228 for a change in angle 

from 30.2° to 30.3°, for a film for which n = 2 and k = 3#

These changes cannot be experimentally determined with sufficient 

accuracy# The reason for this v/as the large variation in the 

factor 0 used in equation (6#4) to calculate reflectances, 

with small changes in angles of incidence, for 0#1 cm thick glass 

substrate. For comparison, this factor was calculated for two 

different thicknesses of glass substrates at a wavelength 4000A^# 

The thicknesses were taken as 0#1 cm and 0#000003cm for n = 1#31 

of the glass substrate# The results for a randomly chosen range 

of angles of incidence are shown in Table 10# For the reasons 

clear from the table no experimental measurements were made from 

the glass substrate side of the film.
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Table 10# The quantity e for two different thicknesses 
at some angles

Angle of - % A.e for n = 1.31, A = 4000a”
incidence thickness = .00003cm thickness — .1 cin

e ‘ai— ---
real part ----imaginary

part
real part ' imaginary 

part
50.0 .-.456 -.690 -.290 -.991

50.5 -.451 -.892 + .255 + .967

51.0 -.446 -.895 -.505 -.925

51.5 -.442 -.097 +. 4^4 +. 880

52.0 -.457 -.899 -.723 -.691

52.5 -.455 -.901 +.968 + .249

55.0 -.428 -.904 -.687 + .461

55.5 -.425 -.906 + .109 -.994

54.0 -.419 -.908 + .916 + .401

54.5 -.414 -.910 '-.566 + .922

55.0 -.409 -.912 -.999 -.029
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6.3.5. Further Data on Gd

Because Ox the importance of the observed structure, it 

is desirable to present some further optical conductivity curves. 
These are shown in Figure 45. Some of the results were taken 

using a lower energy resolution and chronologically these are the 

first curves measured for Gd. The growth pressure and the time 
measurements were started after the removal of the film from 

U.ÏÏ.Y. system are given for each film. All these curves show 

structures of energies observed before. The effect of ageing on 

one of the filmsin air is also shown in the figure.

We notice the consistency in the results as far as the 

structure in optical conductivity curve. We also notice the 

different values of optical conductivity for different films. The 

optical conductivity decreases with increasing exposure time of 

the film in air.

6.4 Terbium (Tb)

Terbium is the second of the heavy rare earth metals 

with atomic number 65. Its melting point is 1725 K, density is 

8.2gm/cc and ferromagnetic Curie temperature is 221^K.

In all, optical measurements were made on 18 Tb films.

On the first 12 films, measurements were performed at one angle 

of incidence using the rectangular graded wavelength filter.

On the last 6 films reflectance ratio measurements were made 

at tv/o angles of incidence using the circular wavelength filter.
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8 X 10 torr, measurements started ̂ 24 hours after the removal 
from UJ-Î.V. , thickness of the film-''020j^ .

p < 2  X 10 ^torr, measurement started ̂ 2 weeks after the removal from 
U.H.V,, thickness of the film not measured.

CM

Photon energy in ev,
p < 4 X 16"̂  torr, measurements started (a) 5 hours, (h) 56 hours,
(c) 198 hours, after removal from U.H.V., thickness of the film-TôOA .
Figure 45: Optical conductivity curves for three different Gd films

grown in U,H,V, and measured in air.
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The growth conditions and optical properties of one of the six
films are discussed in detail. The optical conductivity curves

of four of the remaining five films are also presented.

6.4.1. Growth of Tb film

The film was grown in ultra high vacuum (U.H.V.) system.
The growth conditions for the film were as follows;-

i) The film was grown from a 99̂ 9?̂  pure sample obtained 
from Koch-Light Laboratories.

ii) An evaporation current of 50 amperes was passed for 

87 seconds through the loaded tungsten filament.

iii) The pressure at the time of growth was better than 

5 x 10 torr as measured on the linear scale of the 

Bayard-Alpert gauge.

iv) The film was grown at room temperature on a microscope

slide with nichrome contacts on its ends for electrical 

measurements by other workers.

v) The film was taken out from U.H.V. system after 4 days.
Measurements for the optical properties were made in 

air on the same day. Before it was taken out electrical 

and optical measurements were performed in U.H.V. by 

other workers.
vi) The thickness of the film was 1110A^.

6.4.2 Optical properties of Tb Film
Reflectance ratios were measured on the above grown Tb

film in air, four hours after its removal from the U.H.V. system,
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The measurements were made on the central area of the film at 
angles of incidence 80.5° and 60.5°.

Figure. 44 shows the variation of reflectance ratios 

with incident energy in the visible region of the spectrum 

for the above mentioned angles of incidence. We note the 

large variation in reflectance ratio for angle of incidence 80.5° 
compared with that at 60.5°. The values of n and k of the film 

derived from the measured reflectance ratios are shown in 

Figure 4 5* The calculated optical conductivity curve is shown 

in Figure 4 *̂ We notice the structure occuring in this curve, 

which will be interpreted in the next section.

The optical properties of terbium have not been so 

extensively studied as that of Cd. Figure 47 shows the spectral 

dependence of optical conductivity, for Tb at room temperature, 

obtained by some authors. 'î\s.-Çov̂ Gd, we again find the disagreement 

in the values of optical conductivity. More surprisingly, the 

values of optical conductivity obtained by us, for this Tb film 

in air are greater for most incident energies than those obtained 

by Miller, Julien and Taylor (1974) in U.H.V. But their further 

results on Tb films (L.S. Julien, Ph.U.Thesis, 1973) show the 

variation of optical conductivity between 5*2 x 10 to 2.0 x 10 sec 

for the whole range of photon energies under investigation.

The general disagreement in their values of opticax conductivity 

for different Tb films in comparison to Gd films, they thought, 

was due to more chemically reactive nature of Tb than Gd,
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Figure 44: Reflectance ratios at 80,3° and 60,3° measured for
Tb film in air.
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Figure 46: Optical conductivity of Tb in air at room temperature.
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Figure 47- Optical conductivity of Tb at room temperature by 

some authors.
X Frskine, Blake and Platen; o Present work;
A Miller, Julien and Taylor.
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Erskine, Blake and Platen (1974} results indicate 

structure in optical conductivity curve at 2.75 ev. upon which 

they do not comment. The structures obtained in the present 

work will be compared to those obtained by Killer, Julien and 

Taylor in the next section, as this is the only work available 

at present, which shows some structures in the optical conductivity 
curve,

6,4.5- Theoretical Interpretation of the Optical Conductivity 
Curve of Tb

Figure 48 shows the energy-bands of Tb calculated by

Jackson (1969) who used the relativistic augmented-plane wave
9 2,method. The free-atom configuration 4f 6s was used in constructing 

the potential. The bands are not labelled owing to the method 

of calculation used, and in the absence of labelling, we made 

the simplifying assumption of disregarding the selection rules 

so as to obtain some general indication of the possible transition 

scheme. The energy band differences between bands above and below 

the Fermi level at symmetry interband points for the energy range 

under investigation are listed below. These were obtained by 

Julien (1973) from the output of Jackson's programme.

Symmetry Point Energy Gap AE
M 1.896

2.992
2.788 
2,980
2.788
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Figure 48: Electronic ‘band structure diagram for h.c.p. Terbium
(Jackson, I969).
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Point Bneryr-f Gan

K 2.250
2.462
1.754
1.956
2.924 
1.822 
1.918 
2.856 
2.652

A No transition within range
of measurements,

L 1.958
(This level is assigned a 
strength 4 because both the 
upper and lower levels are 
doubly degenerate)

H 3.046
3.005
2.965

No transition within range
I of measurements.

The estimated peaks are shown in Figure 49 (Miller,
Julien and Taylor, 1974). We see immediately that the peak positions 
are similar to the estimated positions for Gd, In the theoretical 
diagrams the low energy peak for Tb is shifted to lower energy 
by 0,1 ev, whereas in the experimental curve it is still at the 
same value as that for Gd- This can be explained if we consider 
the number of transitions at 1,95 ev in the range 1,95 ~ 0,05 ev
instead of number of transitions at 1,90 ev in the range 1,90 - 0,05 ev.

There will be six possible transitions at 1,95 ev and we will have
a big peak at 1,95 ev. Since there is an uncertainty of - 0,05 Gv in

our measurements, v;e conclude that the estimated peaks are in good
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Figinre 49: Theoretically estimated peak positions for Tb,
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agreement with the observed peaks in the experimental curve. The 

results are summarized in Table 11, which also shows the energies 

observed in the optical conductivity curve by Miller, Julien 
and Taylor,

6,4.4. Fffec_t of A^eimr on Tb Film in Air

The effect of ageing on the above-grown terbium film v;as 

observed. Figure 50 shows the optical conductivity curves obtained 

after 12 and 114 hours from the first measurements. 

we again notice the decrease in optical conductivity with the 

exposure time in air. We also notice that peaks become less 

sharp, and if maximum experimental error is assumed we might 

not be able to observe any structure at all, except at 2.0 ev.

In order to investigate this, calculations similar to those for 

Gd (Section 6.5.4), using the model of the formation of dielectric 

layer, were performed. Figure 5̂  shows the calculated optical 

conductivity curves for different thicknesses d of the dielectric 

layer together with the optical conductivity curve of the fresh 

Tb film (d = 0). In order to calculate these curves the refractive 

index of the dielectric layer was taken as tnat of fresh lilm 

and k^ was taken as 0,5* These values are of tne same order as 

those obtained by Taylor (1972) for terbium oxide. By comparing 

the experimental results with the theoretical results, v/e can 

roughly estimate that a dielectric layer of thickness in uhe 

range 50-50A° is formed on the Tb film in 12 hours. Comparison of 

this with the thickness of the dielectric layer estimated for Gd,
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Fig-ure 50: Optical conductivity of Tb in air as a function of ageing.

(a) 4 hours after taking cut from ÏÏ.H.V. (b) l6 hours after taking
cut from U.n.V. (c) 118 hours after taking out from U.H.V.
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Table 11. Optical transitions in Tb for the range 
1.9 - 3.1 ev

Transition energies ov
Symmetry

Points
observed 
(present v/ork)

observed by 
Miller et.al. Estimated

2.00 1.95 1.95 K, L

2.20 2.15 2.20 K

2.45 2.45 2.40 M

2.50 K

2.80 M

2.70 - 2.90 2.90 K
2.80 .
5.00 -
5.10 5.00 M, H

(probable) » ■
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suggests the correct relative or'er of reactiveness for Gd and 
Tb.

From Figure 51, we also see that the peaks are becomming 

less sharp as the thickness of the dielectric layer increases.

If tne errors in one calculated, optical conductivities — *0$0) 

duo to errors in tno moasurod optical conductivities for fresh 
film (d = O) are considered, we may not get any structure in 

the optical conductivity curves for dielectric layers of thickness 
^  $0A°, except the structure at 2,0 ev.

The effect of changing the values of n^ and of 

dielectric layer was also briefly explored. Like that for Gd, 

the variation of these parameters slightly changes the average 

slope of the calculated optical conductivity curves, and the 

disappearance of the peaks persists.

6.4.5 Further Data on Tb
It was again thought necessary to present further data 

on Tb to add credibility to the observed structure in the optical 

conductivity curves-;* Figure 52 (a) and (b) shows additional 

optical conductivity curves. These results show structure in 

optical conductivity curves at energies given in Table 11, except 

the top curve of Figure 52 (a) which does not show any structure 

at 2.2 ev. This was either due to long exposure time of the film 

in air or due to large energy steps taken in the measurements.

The disappearance of the structure between 2,7 •“ 2.8 ev for 

the top curve of Figure 52 (a), under the error bars.was probably

due to the long exposure time of the film in air.
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from U.H.V., thickness of the film-1340A •

Figure 52 (a); Optical conductivity curves for some Tb film:
grown in U.H.V. and measured in air.
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Figure 52 (h): Optical conductivity of some more Th films grown
in U.H.V. and measured in air.
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The above sets of data provide the motive for a higher 

energy resolution study. The measurements, if these have to he 

taken in air, should he made as soon as possible after taking 

the film out of the vacuum system, in order to observe structure 

in optical conductivity curve.

6.5, Dysprosium (by)

Dysprosium is the third of the heavy rare earth metals 

with atomic number 66. Its melting point is 1775^K, density 

is 8.5 gm/cc and the ferromagnetic Curie temperature is 85^K.

6.5.1. Growth of Dy film

The film ;vas grown in the U.H.V. system. The growth 

conditions for the film was as follows:-

i) The film was grown from a 99*9?^ pure sample obtained

from Goodfellow Metals Ltd.

ii) Because dysprosium sublimes, a tungsten filament could

not be loaded in O.H.V. system as was done for G'd and

Tb. Instead the material, in the form of 1 mm diameter

wire, was placed in the filament, which was then placed

in U.H.V. system. The system was evacuated and a
-io

pressure of about 1 x 1 0  torr was obtained.

iii) The filament with the material was outgassed with pulsing

current up to 40 amperes. The pulsing current was used
—7

in order to keep the pressure below 10 torr.
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iv) A pulsing current up to 60 amperes was passed through the

filament till no material was left in the filament, 

v; The pressure at the time of growth was better than 3 x 10 torr

as measured on the linear scale of the Bayard-Alpert gauge,

vi) The film was grown at room temperature on a microscope slide

with nichrorne contacts on its ends for electrical measurements 

by other workers.

(vii) The film was taken out from U.H.V. system after 4 days. 

Measurements for optical properties were made in air

on the same day. Before it v/as taken out electrical 

and optical measurements were performed in U.H.V. by 

other workers.

(viii) The thickness of the film was 690A^.

6.5*2 Optical Properties of Dy film

Reflectance ratios were measured on the above grown Dy 

film in air, four hours after its removal from U.H.V. system.

The measurements were made on the central area of the film at 

angles of incidence 80.6° and 60.6°.

Figure 55 shows the variation of reflectance ratios 

with incident energy in the visible region of the spectrum 

for angles of incidence 80.6° and 60.6°. The values of n and 

k of the film derived from the measured reflectance ratios 

are shown in Figure 54. The calculated optical conductivity 

curve is shown in Figure 5 5* We notice the structure in this 

curve, which is very similar to that in the optical conductivity
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Dy film in air.

Figure 55  ̂ Reflectance ratios at 80,6° and 60.6° measured for
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Figure 54: Optical constants n and k for Dy film in air
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curves for Gd and 'Tb. Figure 55 also shows the optical 

conductivity curve calculated using thin film formulae (Section 2.8). 

V/e note the difference in optical conductivity at the red end of 

the visible spectrum. The values of optical conductivity are 

nearly the same at the blue end of the spectrum. (-- is bigger at 

blue end than at the red). Both curves show similar structure.

The structure in these curves is not as pronounced as that in 

optical conductivity curves for Gd and Tb.

Because of the similarity of the structures obtained for 

Gd, Tb and Dy, a check was made on the likelihood of systematic 

errors. The whole collimating system was replaced by another 

collimating system, which had a different, rectangular, graded 

wavelength filter (Barr and Stroud Ltd.). The filter permitted 

any desired peak wavelength to be selected within the range 

400 nm to 700 nm and had half peak bandwidths of 26 nm and 52 nm 

at the extreme ends of the wavelength range.

Reflectance ratios were measured at angles of incidence 

80.5^ and 60.5° and the optical conductivities were calculated 

for different photon energies. The measurements were made after 

96 hours from the first measurements. The optical conductivity 

curve is shown in Figure 5^* The higher energy steps were taken 

because the bandwidth of this filter was twice ■ that of circular 

filter. The curve again shows the structures at nearly the same 

energies as before. The structures are rather less sharp, which 

may be due to the effect of leaving the film in air for a long time
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Figure 55: Optical conductivity of Dy in air at room temperature.
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Figure 56: Optical conductivity of Dy film obtained 100 hours
after removal from U,H#V, using a collimating system 
■ with a rectangular filter.
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before taking those measurements (see Section 6.5,4 .)

6,5.5 Theoretical Interpretation of the Optical Conductivity 
Curve of Dysprosium

The only available detailed band structure calculations

are those of Keeton and LoucRs (1968), whose energy band diagram

basod on a starting potential corresponding to a froo-atom

electronic configuration 4f 6s, is shown in Figure 57. They

point out that there is some uncertainty as to the most appropriate
 ̂ 1 2starting potential to use(e.g. 4f 5d 6s is a possible configuration), 

but the optical measurements of Erskin, Blake and Platen (l974)
io ^

are in reasonable agreement with the band model based on 4 f 6 s ,

In Figure 57j the bands are not labelled, and we again 

disregard the selection rules. The energy band differences 

between bands' above and below the Fermi level at symmetry 

interband points for the energy range under investigation are 

listed below. These were obtained by measuring distances between 

energy bands to - .05 ev.

Symmetry Point Enerrv Gao A  E •

K ‘ 2.08
2.42

E ITo transition within range
of measurements

A

r

2.24

No transition within range
of measurements

5.05
2.28
2.76
2.69
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Brillouin zone using potential constructed from
4f'*̂  free-atora configuration (Keeton and Loucks, 196s).
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We note for Dy that there are fewer transitions in the energy 

range under consideration, than for Gd and Tb*

Consideration of Energy Resolution

The numhers of transitions in the range E- .05 were 

calculated at energies 1.9, 2.0, 2.1,....J.1. Figure 58(a) 

chowa tho ostimatod poakc. We note two peako, a hroad one 

at 2.1-2.5 GV, the other at 2.7-2.8 ev. In order to resolve any 

finer structure in the hroad peak, the numhers of transitions at 

energies 1.95, 2.05, 2.15 ••••., 3.05 were also calculated in the 

same range E- .05. The estimated peaks for this case are shown 

in Figure 58("b)* We see that the original hroad peak now becomes 

three peaks. From this it is clear that a better experimental 

energy resolution can yield three peaks, whereas only one hroad 

peak will he observed if the energy resolution is not good.

Figure 58(h) was compared with the experimentally obtained 

structures in the optical conductivity curve. The results are 

summarized in Table 12. We note a reasonable agreement between 

the energy positions of the observed structures and those of the 

estimated peaks.

6.5.4 . Effect of Ageing on Dy film in Air

The effect of ageing on the above grown Dy film was 

examined. Figure 59 shows the optical conductivity curves 

obtained after 12 hours and 178 hours from the first measurements.

We again note the decrease in optical conductivity with the increasing
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Figure 59: Optical conductivity of Py in air as a function of
ageing,

(a) 4 hours after removal from U.H.V.
(h) 16 hours after removal from U.H.V.
(c) 180 hours after removal from U.H.V.
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Table 12 Optical transitions in Py for the energy 
range 1.9 - $.1 ev

Transition energies ev Symmetry

Observed Estimated Points

2.00 2.05 K

2.20 2.25 b, K

2.45 2.45 K

2.70 - 2.80 2.65

2.75

5.10
(probable)

5.05 r
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exposure time in air. Tb, we also note that peaks ‘become

less sharp and that eventually the structures at 2.2 and 2.8 ev 
may become unobservable.

6.6. Folmium (Ko)

Eolmiuiri is the fourth of the rare earth metals (heavy) v/ith 

atomic number 67. Its melting point is 1?75°K, density is 
8.8 gm/cc

6.6.1 Growth of Eo films

A Eo film was first grown in ordinary high vacuum (O.H.V.) 

system using a tungsten filament. Because Ho rapidly sublimes 

when heated on a tungsten filament, another film was grown in 

O.H.V. using a tungsten boat. It was found that Ho evaporates 

in a more controlled fashion if the tungsten boat is used. Optical 

measurements were made on both these films, which were gr :v.n 

on ultrasonically clean microscope slides without any nichrorne 

contacts, at room temperature. The films were grown from a 

99.9/ pure sample obtained from Goodfellow Metals Ltd. The 

growth conditions for two differently grown films were as follows 

(a) Growth Conditions for Film Grown Using Tungsten Filament

i) The filament was first degassed by passing a current of

50 amperes for 10 minutes

ii) The material in the form of 1mm diameter wire v/as placed

in the filament and the system was evacuated.
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iii) The distance between the filament and substrate was 9.0 cm.

iv) A current of 54 amperes was passed for 5 minutes.

The low current was tried tn melt the material first.
-  6

v) The grov/th pressure was-C 5 x 10 torr.

b) Growth Conditions for Film Grown IJsânp: Tunasten Boat

i) The boat was first degassed by passing a current of

80 amperes for 5 minutes,

ii) The material in the form of wire was cut into small

pieces and the pieces were placed in the boat, and the 

system was evacuated.

iii) The distance between the boat and the substrate was 

7.0 cm.

iv) A current of 70 amperes was passed for 50 seconds.

v) The growth pressure was 2 x 10 torr

6.6.2. Optical Properties of Tv/o Differently Grown Ho Films

Reflectance ratios were measured in air, at angles of 

incidence 60.0° and 65.0°, on two above grown films, just after 

their removal from O.H.V. system. Figure 60 shows the variation 

of reflectance ratios with incident energy in the visible range 

of the spectrum for two films. We again note the large variation 

in reflectance ratio for angle of incidence 80.0° compared with that 

at 65.0°. We also note the difference in values of reflectance 

ratio for two films at each angle.
The values of n and k of the films derived from the

measured reflectance ratios are shown in Figure 6l. We note the



2-A
Photon onerg;.' in ov.Oo'

'igure oOi Reflectance ratios at 80.cf and 65.0^ measured in 
air for two Ho films grown (a) using a filament 
and (b) using a boat.
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Figure 61: Optical constants n and k for two Ho films grown
(a) using a filament and (h) using a boat.
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Figure 62: Optical conductivity for Ho films in air at ro^m 
temperature grown (a) using a filament and 
(h) using a boat.
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difference in values of n and k for the two films. This we may 

expect, because the growth conditions for the two films were 

different (Heavens, 1955)*

'Figure 62 shows the optical conductivity curves for two 

differently grown Ho films. Wo note the difference in optical 
conductivity curves, which will be discussed and compared 

with the optical conductivity curve for Dy in the next section,

6.6.3 Interpretation of Optical Conductivity Curves.

In Figure 62, we note the peaks in optical conductivity

curve for Ho.film grown using a tungsten filament at energies

2.0, 2.2, 2.5, 2.8 and 3*1 ev. These energies are in good

agreement with the energies obtained from the optical conductivity

curve of Hy. The optical conductivity curve for Ho film grown
tke.

using a tungsten boat also indicates peaks atiabove energies 

(within - 0.05 ev). Unfortunately the peaks are not sharp and 

those at 2.2 and 2.8 ev in curve (b) are barely discernible within 

the experimental error bars.

Since the tv/o films were grown using different growth 

conditions, it is not surprising that they differ optically.

6.6.4 Further Data on Ho
Figure 63 shows additional optical conductivity curves.

The results indicate structure in these curves at energies mentioned 

in the previous section. Again the peaks are not as sharp for 

film grown using a tungsten boat as for film grown using a tungsten 

filament.
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Figure 63 : Optical conductivity curves for Ho films in air.
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/in attempt to grow Ho film in H.H.V, using a tungsten 

filament in a way similar to that for Dy failed. It was found 

that Ho degassed heavily and produced a pressure hurst in the 

Ü.H.V. system.

6.7* Summary on the Optical Properties of Rare Earths in Air

The general features of the optical absorption spectra of 

Gd, Tb, Dy and Ho are similar. The results show structure in 

the optical conductivity curves for these metals. The structure 

can be reasonably interpreted in terms of direct interband 

transitions. The optical conductivity of these metal films 

decreases with exposure time in air. The sharpness of the 

peaks in the optical conductivity curves also decreases with the 

exposure time and some of the peaks may eventually disappear. The 

decrease in optical conductivity and sharpness of peaks can be 

explained in terms of a model based on the growth of dielectric 

layers on the film surface.
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CHAPTER VII

OPTICAL AI'ID MAGNETO-OPTICAL PROPERTIES OF IRON IN THE VISIBLE REGION

7.1 Introduction

• The optical and magneto-optical properties of iron, as 

experimentally observed in air, in the visible region of the spectrum 

are described in this Chapter, The purpose of the magneto-optical 

measurements waS to obtain new data and to correlate, where 

possible, features in the optical spectra with electronic transitions 

associated with the band structure of iron.

Iron was chosen because (a) it is strongly ferromagnetic 

and produces a large transverse Kerr effect parameter 6 at room 

temperature, and (b) the optical and magneto-optical properties 

have not previously been discussed in terms of electronic band 

structure, in as much detail, as for example, nickel.

The transverse Kerr effect was used to determine.the 

magneto-optical properties because of its simplicity, as it only 

involves intensity measurements. The quantity of interest is 

the change in reflected intensity of the parallel component of 

light (Chapter II) on reversing the sense of magnetisation.

The optical constants of iron have been reported, in 

visible part of the spectrum, by Meyer (1962) and Ferguson and 

Romagnoli (1969), Their results are given for comparison.
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The magneto-optical properties have been studied by Krinchik and 

Arteraev (l$60) and Ferguson & Romagnoli (19Ô9 ) using transverse 

Kerr llagncto-optical effect. Their results are not compared 

owing to the (a) different magneto-optical parameter used by 

different workers (b) large difference in values of the parameter 
obtainod largoly dUQ to tho difforoano In optioal oonotantà.

7,2 Growth of Iron Films

Iron films were grown in Birvac ordinary high vacuum system 

(described in Chapter V) using electron bombardment. The films 

were grown on soda glass microscope slides of dimension 76 x 25 x 1mm , 

at ro^m temperature, from a 99*999?'y sample obtained from Johnson 

Matthey Metals Limited. Iron pieces cut from a wire were placed 

in a cermet (Â ^O^) crucible. The source-substrate distance was

12.5 cm. V.hen the system was under high vacuum ( 2 x 1 0  torr) a low 

voltage v/as applied to the filament, causing the filament to glow 

and emit' electrons. The negative H.T, (up to 5 KV) was then applied 

to the surrounding box, which focussed electrons on to the crucible.

The bombardment resulted first in melting of the iron and consequently 

its evaporation as filament current and II.T. were increased. The 

maximum typical-pressure at the time of growth was 6 x 10 torr.

In all, five films were grown. The first film was grown 

to estimate the amount of material required for a thick film. It 

was found that the wire of length^3.00 cm and diameter O.O46 cm 

produced a film of thickness^2600A° (as measured using multiple beam 

Fizeau fringes (Toiansky, 1970))-
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Optical and magneto-optical measurements were made on all 

the remaining four films. The optical and magneto-optical properties 

of one of the films are discussed in detail. The optical conductivity 

curves of the other three films and magneto-optical conductivity 

( ) of two films are also presented in the Chapter, The
magneto-optical conductivity curve of the first film is not given 

because the magneto-optical measurements made on this film were 

preliminary, and the first aim was to get an ide'a of the order of 

magnitude of ^  at some angles of incidence for a few wavelengths,

7,3. Optical Properties of Iron

Reflectance ratios were measured for the iron film in air, 

just after its removal from O.IÎ.V. system. The measurements were 

made at angles of incidence 64,6  ̂and 80.4^, using the reflectometer 

described in Chapter W ,

Figure 64 shows the variation of reflectance ratios 

with incident energy in the visible region of the spectrum.

Like rare earth metals, we again note the large variation in 

reflectance ratio for an angle of incidence of 80,4^ compared 

with that at 64,6°. The optical constants n and k, derived from 

the observed reflectance ratios are shown in Figure 65, The 

calculated optical conductivity curve is shown in Figure 66 (a),

Y/e observe a broad peak in the optical conductivity curve at about

2.5 ev, A possible explanation for this peak will be suggested in 

terms of electronic band structure of iron, in the next section.
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Pijgure 64: Reflectance ratios at 80,4^ and 64,6 measured for
iron film in air.
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Figure 65: Optical constants n and k for iron film in air.
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Figure 66 (a): Optical conductivity of iron in air at room
temperature.
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Figure 66(h) shows the optical conductivity curves 

calculated from, the results of other workers, together with 

our optical conductivity curve. We note the difference in 

values of optical conductivity, which is not surprising because 

our measurements were made on the film in air. The general 

behaviour of optical conductivity curves are similar. The 

optical conductivity curve due to Ferguson and Romagnoli 

indicate a broad peak at 2.5 ev (they plotted 2 nk against photon 

energy and predicted no structure in their curve), which is in 

good agreement with the energy associated with our peak. The 

optical conductivity curve due to Meyer (1$62) indicates a 

more broader peak in the range 2.2 - 2.7 ev. Again he also 

plotted 2nk against photon energy and did not comment on the 

shape of his curve.

7*4 Interpretation of Optical Conductivity Curve in Terms 
of Electronic Rand Structure of Iron

Iron is one of the transition metals, with atomic number 26. 

At room temperature it is ferromagnetic and has b.c.c. crystal 

structure. The labelled first Brillouin zone for the b.c.c. 

lattice is shown in Figure 67.

Recently, a nevi band structure calculation for ferromagnetic 

iron has been reported by Buff and Bas (1071). In their calculation 

they incorporated features which had emerged as a consistent pattern 

in band structures reported by several other workers. Their band 

structure calculation has been chosen to explain the structure in



Figure %7: First Brillouin zone for B.c.c, lattice.
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optical conductivity curve as this is the only calculation which

leads to self consistencywitkthe ohserved magnetic moment# The
7 i

electron configuration Jd 4s was used. The wave functions were 

expanded in terms of tight binding functions (Colloway, I964) 

and orthogonalized plane waves (Colloway, 1964). Their results are 
shown in Figure 68.

Figure 68(a) shows the band structure for majority spin 

and Figure 68(b) shows the band structure for minority spin.

The bands are not labelled and in the absence of labelling, 

differences between bands above and below the Fermi level at 

symmetry interband points for the energy range under investigation were 

obtained by measuring distances between energy bands to - C.05 ev 

and are listed below.'

Symmetry Point Energy Gan ev Spin

N 2.43 ' Majority
2.76 Majority
2.77 Minority
5*18 Minority

~ Y  2.45 Minority
H (No transition within

? (range of measurements

The observed peak at 2.5 ev in the optical conductivity curve 

can be assigned to either (a) a transition at the N symmetry point 

in the majority spin band, or (b) a transition at p  symmetry

point in the minority spin band, or (c) both optical transitions

(a) and (b) together. To be more definite about the exact case we 

require to know the selection rules and hence allowed transitions.
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ITo attempt v/as made to calculate allowed transitions because 

of lengthy procedures involved to label the band structure diagram, 

which require considerable expertise in group theory.

The optical conductivity curve does not show any structure 

at 2,75 ev, as predicted by the band structure diagram. This may 

of course be because selection rules do not allow these transitions.

Finally it appears from the optical conductivity curve 

that some structure^exist at energwfabove 3,1 ev. If it is so, 

it may be assigned to the optical transition at F symmetry point 

in minority spin band,

7 .5  Magneto-Optical Properties of Iron Film

The iron film was placed in the optical cell described 

in Chapter IV. The polarizer was set to produce light polarized 

parallel to the plane of incidence. A transverse magnetic field 

(magnetising vector parallel to the surface of the film and 

perpendicular to the plane of incidence) was applied and the 

quantity 6/ (the transverse Kerr effect parameter) was obtained 

using the expression

I, - 1%
î - T î ;

where
I^ = intensity of reflected light for magnetic field in

one direction, and
I = intensity of reflected light for magnetic field in 
%

the opposite direction.
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Figure 69 shows the variation of 9  with angle of incidence 

for a v/avelength of 5293A^, The errors in y  were calculated using 

0^1 ft error in the measured intensities. We note that S' is 

maximum at about 63^, zero at abour 81  ̂and minimum (or absolute 

maximum in the negative quadrant) at about 63^.

Figure JO shows the variation of %  with incident energy

for two angles of incidence 64.6^ and 83.3^, which were chosen to

be near the optimum angles (Section 3*7 )« We note a peak in

curve for 64.6^ at a photon energy in the range 2.0 to 2.2 ev.

A similar peak was reported by Krinchik and Artemev (1$6 8)

at about 2.0 ev in their ^ curve for angle of incidence.
/ /

The quantities and (magneto-optical parameters)

were calculated from measured ^ 's at two angles of incidence

using equation (2 .63) and are shown in Figure 71* The values of

optical constants n and k for the film necessary to calculate the

above quantities were taken from Section 7*5 * We note that 6^ is 

positive for all the photon energies under investigation whereas 

is positive for some photon energies and negative for others.

No structure is evident from these curves.

The magneto-optical conductivity (= ) was also

calculated and i's shown in Figure 72. proportional to

the joint density of states, if the optical matrix elements between 

all filled states and all empty states are constant (Chapter l).

On this assumption, the approximate values of joint density of states 

were calculated from the total density of states histogram (Figure 75)
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of Buff and Bas, at different energies, for comparison with cood’’" 

curve, by the following method:

The total density of states histogram was divided into 

strips of equal width of energy 0.02 rydberg. The approximate 

density of states (number of electrons/atom rydberg) for each 

energy associated with a strip were found, and the quantity 
directly proportional to the joint density of states were calculated 

using the summation

where iT (E^) is the density of states in the valence band at

f - . o  \  ( 2 l ) '  + E)

energy

E (S ) is the density of states in the conduction band c fi

at energy E^. 

and

6 (E^ - + e) = 0 for E^ - E^ f

= 1 for - E^ = E

Figure 74 shows the quantity proportional to the joint

density of states calculated for some energies. We note the

increase in the joint density of states with the increasing energy.
iThis is what our experimental curve for OJCT ̂ indicates.

7,6. Further Results on Iron

Figure 75 shows the optical conductivity curves for three 

more films. We note that all these curves show a peak at 2.5 ev
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as observed before. I7e also note that the optical conductivity 

is different for each film, perhaps not surprisingly, since the 

films were necessarily exposed to air.

The magneto-optical conductivity ( ô J curves are3cy
shown in Figure 76, Unlike the magneto-optical conductivity 

curve for the previous film, these two curves show distinguishable 
structure. One shows a peak at 2,4 ev, the other at about

2,5 ev.
Since the joint density of states curve does not predict 

any peak, these structures suggest that conservation of v/ave vector 

ic is an important selection rule (i.e. all the matrix elements 

are not constant). The structure in the experimental curves 

could then be due to the direct transitions (in direct transitions 

k is conserved) observed in the optical conductivity curves,

Wang and Callaway (1974) have also indicated in their 

results for nickel that the approximation, in which matrix elements 

are treated constants, is a bad one.
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CHAPTER VIII

CONCLUS 101^ AND SOIT SUGGESTED FURTHER WORK

Hew methods for the determination of optical constants 

from reflectance measurements at two angles of incidence have been 

described. The existence of optimium angles of incidence for 

the determination of optical constants has been confirmed and 

their values estimated for 1 4 n 4 4  and 1 4 k 4 4 *  It has also 

been shown that large errors in optical constants can arise from 

the errors in the measured quantities if these are measured at 

angles well removed from optimum.

A new method for determining optical constants has been 

described, which does not require any incident intensity measure

ments, Measurements of the ratio of reflected intensities ^ )
lu

at three angles of incidence are required to calculate optical 

constants n and k. Optimum angles of incidence have been obtained 

using a technique which can also yield an accurate value of the 

incident intensities ratio ( ), The method could be useful1 ûj.
for measurements on samples maintained in high vacuum, where it 

is often difficult to move the sample in order to get the incident 

beam on to the detector for incident intensity measurements, 

which are required for calculating reflectances or reflectance 

ratios,
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The sensitivity of n and k to errors in (a) the measured 

values of change in phase A  ? (b) the arctangent of the factor 

by which the amplitude ratio changes ijJ , and (c.) the angle of 

incidence Q , has been investigated and optimum angles of 

incidence have been found for 1 ̂  n^4 and 1^k<4*

A technique for obtaining optical constants n and k for 

thin absorbing films from reflectance ratios has been described, 

which can yield n and k in less time than the method of Miller and 

Taylor,

The sensitivity of the magneto-optical parameters and 

to errors in the measured values of complex refractive index, 

change in reflected light intensity, and angle of incidence has 

been investigated. The optimum angles of incidence have been 

determined for the range of magneto-optical parameter/ values 

typical of ferromagnetic materials in the visible and ultra

violet region of spectrum. It has been shown that measurements, 

if made at other angles, may produce large inherent errors in the 

determined values of magneto-optical parameters.

In order to investigate the optical and magneto-optical 

properties of opaque films, a simple, efficient and accurate 

reflectometer was constructed to allow the reflectance ratio 

( — :—  ) method to be used to determineoptical constants. This 

reflectometer, with a slight modification could be used to yield 

data analysable by various non-polarimetric methods.
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The preparation of films by thermal evaporation in different 

vacuum systems has been described.

The optical constants of heavy rare earth metals Gd, Tb,

Dy and Ho, in the visible part of the spectrum, have been measured 

in air and compared with results obtained by other workers, for 

Gd and Tb, The values of optical constants found by other workers 

are not generally in good agreement with each other. In the present 

work, structure in the optical conductivity curves has been found 

to be in good agreement with that observed by Miller, Julien and 

Taylor. Hew structure in the optical conductivity of Dy has been 

observed. The structures in the optical conductivity curves of 

Gd, Tb and Dy have been accounted for fairly well using theoretical 

electronic band structure calculations for these metals on the 

basis of the simple model of Miller, Julien and Taylor. The good 

agreement of simple theory and experimental results lends 

credibility to the energy band structure calculations used in the 

model. Observations were carried out on Ho films and these 

measurements represent the first published data on Ho. .Since 

no detailed band structure calculations on Ho were available at 

the time of writing this thesis, a comparison of the optical 

conductivity curve has been made with the optical conductivity 

curve of Dy. The results show similar structure.

The effect of ageing on some of the rare earth metal films 

has been studied. It was found that optical conductivity decreases 

with increasing exposure time in air. It was also found that 

peaks became less pronounced and some of these disappeared if 

the film was left for a long time iri air before measurement.
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These results have been explained on the basis of a theoretical 

model, which assumes the formation of a dielectric layer, the 

thickness of which was found to increase non-linearly with 

increasing exposure time. This work on the ageing of rare 

earth films suggests further work to be done, which is mentioned 

below

i) Confirmation of the formation of layer

This could be done by growing a thick film in U.H.Y, on 

a prism and measuring reflectances in air from the glass and 

air side at one angle of incidence at different time intervals,

A comparison of optical conductivities from the two sides should 

confirm the formation of a layer^ though this technique might not 

provide all the peaks in optical conductivity curve, obtained in 

the present work. This is because a one-angle method is not as 

sensitive as the reflectance ratio method, which requires 

measurements at two angles of incidence, and hence growth of 

films under identical conditions on two prisms with different 

base angles,

ii) Variation of thickness of dielectric layer with increasing
exposure time

As mentioned above, the thickness of the dielectric surface 

layer increases non-linearly with increasing exposure time. A 

graph of log thickness against exposure time indicated a non

exponential behaviour. The growth mechanisms involved in surface 

layers could be investigated by examining the time dependence of 

dielectric film thickness.
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iii) Constituents in the dielectric layer

Chemical analysis of the surface layers is desirable. 

Information about likely constituents could be obtained by 

optical measurements before and after exposure to various 

atmospheric gases (e.g. , 0^ etc.) on different samples

maintained in high vacuum.

Additional work on the optical and magneto-optical 

properties of iron was carried out. The results experimentally 

observed in air have been described. A peak in the optical 

conductivity curve has been observed, which has not been reported 

before. The existence of this peak has been explained in terms 

of electronic band structure. Some magneto-optical results 

confirmed this peak.

Further extensions of this work are desirable. Optical 

measurements on Ho and Fe in U.H.Y. are required to confirm 

the optical structures in the pure form of these metals.

Further work in the infra-red region should lead to new information 

about intraband transitions. In view of the observed structure, 

studies with higher energy resolution should prove profitable.

Low temperature measurements may be useful' for information on 

the magnetic properties of rare earth metals. Magneto-optical 

measurements on rare earth metals may be useful to confirm 

some of the structures obtained in optical conductivity curves.

An important future step to be taken is to perform experiments 

with high energy resolutions on single crystals of the rare-earth
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metals which should provide a better experimental check on the 

band structure calculations, and should permit one to assign 

individual transitions to structure in the optical conductivity 

curve. Throughout this work there has been a deficiency of

information on the structure of the films. The problems related

to electron-optical surface studies are formidable. For oxamplo, 

the studies must usually be carried out in reflection and resulting 

diffraction patterns are of poor visibility. In recent years 

several new techniques of surface study have been developed: 

e.g. low energy electron diffraction (L.E.Z.D.), which allows 

the first few layers of a surface to be studied. Using the 

diffraction pattern obtained from appropriately scattered electrons 

incident normally on the surface, one should obtain detailed 

information on the metal or dielectric surfaces. Almost all

the other work on optical constants of rare-earth metals also

suffers from this dearth of information on the surface structure.
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Abstract. A general computational technique is described for deriving optical constants 
from observable functions of reflectances measured at two angles of incidence. The 
method is applied to the cases where reflectance is measured for light linearly polarized 
at azimuthal angles 0=7t/4 (equivalent here to unpolarized light), <f>=0 and ^ = irl2. 
Optimization procedures are used to show that the last case is relatively insensitive and 
optimum conditions are derived for the two other cases, for the range l-0=^n<4*0, 
1-0:^ A: <4-0. A  "table is presented which allows the accuracies of several optimized 
methods to be compared directly, over the range 1 0=^/2<4 0, l-0<A:<4-0.

1. Introduction

The refractive index n and the extinction coefficient & o fa  bulk material can be conveni
ently obtained from measurements o f reflectance at two angles o f incidence 6 i and 6 2 . 
Existing methods o f analysis (Avery 1952, Miller et al  1970) normally require a deter
mination o f two reflectances, Rj  ̂ and at each angle o f incidence, for light polarized 
respectively perpendicular and parallel to the plane o f incidence. By generalizing the 
computational procedure developed for deriving n and k  from reflectance ratio measure
ments (Miller et al  1972) we now examine the derivation o f the optical constants from  
only one reflectance measurement at each o f &i and 6 2 . The sensitivities, analytical 
procedures, and optimum angles o f incidence for several experimental configurations 
have been investigated for useful ranges o f  n and k.

2. General procedure for calculating n and k  from reflectances at two angles

Let us suppose for a given angle o f incidence that R„) is an observable function of
R^  and such that in the linear relationship

i?ĵ = aR„+^ (1)
the constants a and /S are derivable from F(Rj^, i?„). If F{R^^ R„)i and F{R^, 7̂ ,1)2 are
measured at 6 1  and 6 2 , then n and k  may be obtained by the following procedure.

At angle 6 i  :

Rĵ  = ai7?n+̂ i. (2)
815



816 R F  Miller, W  Hasan and L  S  Julien

Sets o f {n, k) pairs are calculated, using the analytical solutions to the Fresnel equations 
(Querry 1969), such that equation (2) is satisfied, and these values are used to calculate 
F(R_l, i ?„)'2 at (92. Here, and subsequently, the calculated values are indicated by a prime.

d= F {R ^ , R j 2 -F { R ^ ,  R , ) 2  (3)

is then made arbitrarily small with respect to the (n, k) values generated by equation (2). 
In practice d  will be slightly less than the precision to which'F(Rjl, R^) can be measured.

The case where F(Rj^, R^^)^RJR^,iQ ol= R J R ^  and j3=0, has already been discussed 
in detail (Miller et al 1972). Here we examine the more general case, where the reflec
tance R^ for plane polarized light is measured for any fixed incident polarization azimuth 
ÿ with respect to the plane o f incidence :

R^=R^  cos2 (j>+Rj_ sin2 <j>. (4)

This gives a =  — cot^ ÿ  and cosec^ (j>. The procedure used to obtain n and k  from
F{Rj^, R^) =  R JR ^  can be applied, with minor modifications, to the general situation 
described by equation (4). Although, in principle, measurements o f R^ at 6 i and O2 , 
for any ÿ, can be used to obtain n and k, some experimental arrangements are more 
convenient than others, and it is desirable to establish under what conditions such arrange
ments are likely to be most sensitive, ie what are the optimum values o f 6 i and 6 2 . 
The above computational procedure permits this to be done, and the results are described 
in the following sections.

If we define the actual values o f the optical constants as «o and ko, and the experi
mentally observed values as n and k, we may calculate a, the percentage error in noko 
produced by an error hR in reflectance measurement, for various combinations o f d\ 
and 6 2 , (f> and no and ko :

cr="“* 0 -« ^ x lQ O ^  (5)
noko

{R ^ i  and {R ^ 2 , at 6 i  and 6 2 , are computed for the given no and ko, using the Fresnel 
equations. Then it is assumed that Si?=0-001 R^, and the quantities {R ^ \  +  hR and 
{R ^ 2  — ̂ R are used to compute n and k.

3. Variation of a with cp

Figure 1 shows the variation o f a with ^ for several values o f no, ko, 6 1  and 6 2 . In general 
the curves indicate an initial gradual increase in a with <f>, rising steeply near ^ = 9 0 °. 
The curve for wo= 2 , A:o =  3 (typical o f metals) and 0i =  85°, 02=20° (values typically 
used in the reflectance measurements, and the optimum angles for method {a) below) 
is o f particular interest in relation to the following experimental situations :

(a) ÿ  =  77-/4, when, as for unpolarized incident light, the reflectance is

. (6)
and

a =  — 1, j8=2i?.

{b) ^ = 0 ,when — ̂ joL=R^.

(c) ^ =  77-/2, when P=Rj_, and a = 0 .
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cr

Figure 1. The variation of a with 0.

Figure 1 indicates that method (c) (when only is being measured) is evidently 
liable to large errors, and is therefore not generally recommended.

M ethod (6), the measurement o f 7?,,, is generally the most accurate, and method (o), 
measurement o f the total reflectance R  o f unpolarized incident light, is almost as good  
as ib) at the optimum angles. The latter method might be advantageous in spectral 
regions where polarization is not easily achieved, and also eliminates errors arising from  
inaccurate setting o f the plane o f polarization o f the incident light.

The optimum reflection angles for the methods {d) and {b) will be considered in the 
following sections.

4. Measurement of total reflectance R  at two angles of incidence: method (a)

If R i  is the value o f R  for 6 = 6 i, equation (6) becomes 

R± = — R\\ + 2Ri (7)

ie a straight line in (i?^, i?,,) space, with gradient — 1 and intercept 2Ri  on the R_̂  axis. 
Possible values o f n and k  are calculated at equispaced points on this line, using the 
analytical solutions to the Fresnel reflectance equations. These values o f  n and A: are 
then used to generate the line

R\ = — R\\ +27^2 (8)
for 2̂, and the calculation proceeds until d = R ' 2 ~ R 2  is made arbitrarily small.

The results o f a computation o f cr for many combinations o f ^i, 6 2 , no and ko may 
be summarized as follows.
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(i) a is found to be minimized by taking one angle below 45° and the other above 45°.
(ii) a is practically independent o f  the lower angle, 6 ,̂ for 2 ° <  2̂ < 2 2 °; ie, it is deter

mined by di for a given «o and ko. Figure 2 shows how cr depends on 6 i ,  for ^ 2= 20° and 
various no and ho, for Si?= 0-002 R. It is evident that the optim um  value o f  di is generally 
about 85°. Specific optim um  angles 6 i  are given in table 1, for different com binations 
o f  no and ho, at ^2 = 2 0 °.

(iii) <T generally increases as the no and ka values diverge from  each other; figure 3 
shows the variation o f  o with no and k^, at the optim um  angles, again for Si?= 0-002  i?.

or

-10

-20

-30

Figure 2. The variation o f a with B\ for ^=7t/4, at 02=20'

(iv) The errors in (noko) produced by an error o f  ± 0 -1 °  in and 6 2  were found to be 
<  3 %, except for no =  3, ko =  1 and no= 4 ,  ko =  1, where the error was between 3 % and 5 %.

The sensitivity o f  the m ethod to changes in optical constants is indicated by figure 
4, in which i?i is plotted against i?2, with no and ko as parameters. A  similar diagram  
was produced by Humphreys-Owen (1961) for angles o f  20° and 70°. A s figure 2  indicates, 
^1 =  70° is the optim um  angle only for values o f  no and ko close to 1-0, and figure 4 is 
therefore constructed for the m ore generally optim ized angles 85° and 20°. A  typical 
calculation time for the m ethod is 0-18 seconds on a C D C  6600 com puter (Fo r t r a n  iv ), 
in the case where d  is made less than 0-0001, and n and k are com puted to better than 
0-1 %, for no= 2 , ko =  3.

I f  the incident fight is not com pletely depolarized, then equation (6) does not hold, 
and the parallel com ponent o f  incident intensity m ay be written

(9)
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Table 1
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«0

1-000

2-000

3-000

4-000

Optimum Maximum a ( %)

Maximum % error 
in (noko) due to 
angular errors of

ko e r for Si?=0-002 i? ±

1-000 70-77 1 2
2-000 75-80 2 2
3-000 78-84 3 3
4-000 80-85 4 4

1-000 46-88 1 1
2-000 • 69-83 2 2
3-000 77-82 2 2
4-000 78-83 3 2
1-000 72-78 2 3
2-000 74-84 1 1
3-000 76-84 2 2
4-000 81-84 2 2
1-000 77-78 5 5
2-000 56-85 1 1
3-000 82-83 1 1
4-000 80-85 2 2

02= 20°.

a

Figure 3. The variation of a with m  and ho at the optimum angles, for Si?=0-002 R.
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{

\  \ .—

'7<
T lXr<,=2 /to=3 Ab=4

=02

(/?Jz-'zo*
Figure 4. The sensitivity of total reflectance to m  and k o at 85® and 20'

1 4-y (10)
y  may be determined in a preliminary calibration experiment. Alternatively, light linearly 
polarized with ^ =  7t/4 may be used, and equation (6) then holds independently o f the 
initial state o f polarization of the light.

5. Measurement o i  at two angles of incidence: method {b)

For a given angle ^i, the equation 

(^n)i= -ft/ai (11)
represents a straight line in {R^, R^) space, parallel to the R^  axis. Possible values of  
n and k  are calculated at equispaced points on this line as in §4 above. In this case, in 
order to reduce the computation time, the starting value o f to be used in obtaining 
these points was chosen to lie at the point of intersection o f equation (11) with the bound
ary in {R_ ,̂ R^) space which encloses all possible solutions to the Fresnel reflectance 
equations (Miller et al 1970). The equation to this boundary is

where
aF^FbF^+ cF̂  -{• dFF e=Q

a=cos2  6 sin^ B 

b =  —G
C = (?2̂ _sin4 0 + COŜ 0 + COt2 20

d = - G ( l + 2 c o t ^ 2 B )  

e  =  G  ̂cot2 20+cos^ 6 sin^ B 

7̂11 + 1

(12)

G =
Rn -- 1

F =
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A computer subroutine is used to solve (12) and thus obtain the smallest real value of 
which is then used as the starting value for a series o f steps in o f 0-001, for which 

n and k  are found. These values o f n and k  are then used to generate lines

(Rn)2 = - p 2 /oi2  (13)

in (R_^,R^) space, for the angle 6 2 , until ^/=(i?|,)'2 - ( ^ n )2 becomes <0-001, the experi
mental error in i? „.

Computation of a for various values of 6 i, 6 2 , no and ko in the range 1 < «o< 4-0 , 
1 ^ /:o^ 4-0, 6 1  and ^2 from 1° to 88° shows that:

(i) the optimum values o f di and 6 2  are both greater than 45°;
(ii) a is almost independent o f the lower angle 6 2 .

Table 2

no

1-000

2-000

3-000

4-000

Optimum Maximum a
ko 01° for 87?=0-002

1-000 60-67 1
2-000 72-76 1
3-000 73-79 2
4-000 81 2
1-000 58-86 1
2:000 66-80 1
3-000 74-81 1
4-000 81-82 1
1-000 69-74 1
2-000 69-85 1
3-000 74-83 1
4-000 79-83 1
1-000 75-76 1
2-000 66-86 1
3-000 76-85 1
4-000 78-84 1

46“ <02 <52°.
Error in noko due to angular errors of 0-1° is < 1 %.

Figure 5. The variation of a with 61 for 0 = 0 , at 02=46''
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Table 2 shows a for the various optimum at ^2=46°-52°. In general, the minima in 
the curves relating or to Qi are shallow, as indicated by figure 5.

Computing time is 0 02 s for ^2=46°, «o=2, /:o =  3, and for 56°<^i<85°.

6. Comparison of method sensitivities

A  general comparison is not possible, since the sensitivity varies from method to method 
with the particular values o f  no and ko. It may however be useful to present the results 
o f a calculation on the effects o f 0 2% changes in intensity ratios measured at optimum  
angles, for the following methods :

(i) and i?,, measured at one angle i?„, method)
(ii) R JR ^  measured at two angles {RJR^^, 6 i, 0 2  method)
(iii) R  measured at two angles (R, 0i, h  method)
(iv) jR„ measured at two angles (i^„, 0 i, 6 2  method)

These results are shown in table 3.

7. Conclusions

A  computational procedure o f general applicability has been described for deriving 
optical constants from observable functions o f  reffectance measured at two angles o f  
incidence. The technique has been apphed to the particular cases o f and R  measured 
at two angles, and optimum angles derived for l<«o=^4-0 and l=^/:o<4-0. A  table 
has been produced, for this range o f optical constants, from which the accuracies o f  
four different reffectance methods for n and k  may be compared.
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' ^  / .  v ;. ...In figure 3, the two boxes containing'”STEP = ,*01” , ' . S
should be removed and a box containing "STEP = *'01 " : 
should be included just after the box containing ‘
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