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ABSTRACT
An experimental investigation of magneto-optical effects 

including free-carrier Faraday rotation, ellipticity and 
cyclotron resonance in n-type indium antimonide samples with 

different electron densities has been undertaken in order to 
measure electron-impurity scattering times in the presence of 
magnetic fields at cryogenic temperatures.

The-experimental apparatus used consisted of a 4 tesla 

(40 kilogauss) transverse-access optical cryostat in which 
the temperature of the sample could be held near either 
liquid nitrogen or liquid helium temperatures. Plane-polarized 

radiation from a pulsed far-infrared laser which produced a 

wavelength of 0.337 mm was passed through the sample and 
detected by means of a Golay cell whose output was gated, 

integrated, and displayed on a pen recorder.
The results have been analysed with the aid of the class­

ical theory based on the Drude free-electron model and Maxwell’s 

equations for conducting media, taking into account multiple 
internal reflections in the specimens. The results of calcu­

lations for other materials (mercury telluride and gallium 
arsenide) are also presented. Comparison of the experimental 
results for n-type indium antimonide with the curves computed

from the theoretical expressions yielded scattering times of
—IPthe order of lO” sec at liquid helium temperatures for several 

different samples. These scattering times are in good agreement 

with eatlier measurements of scattering times at these tempe­

ratures obtained by other workers from measurements of cyciotron



resonance linewidths and Faraday rotation. There is, however, 
a considerable discrepancy between electron impurity scattering 

times obtained by magneto-optical methods and field-dependent 

d.c, scattering times calculated from d.c. mobility measure­

ments. Discrepancies also exist between the measured and com­
puted values of the ellipticity near cyclotron resonance. Some 

explanations of the differences between theory and experiment 

are considered, and further possible lines of investigation 
are discussed.
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c H A R T E R 1

MAGNETOOPTICAL EFFECTS IN SEMICONDUCTORS

1.1. INTRODUCTION

The investigation of magneto-optical phenomena in semiconduc­
tors has proved to be a powerful method of studying the band struc­

ture of these materials. These phenomena divide into three principal 
categories as intraband, interband, and Zeeman effects. The intra­
band effect will, for our purposes, be discussed in details.

The intraband effect involve only the energy band that contains 
the carriers, and will be simply referred to as free-carrier effects, 
These effects are associated with the dispersive phenomena of free 

carriers, usually in extrinsic material. However the particular 

phenomena that will be of concern to us at present are the disper­
sive magneto-optical effects. These will include the magneto-plas- 
ma effects, depending on the dispersive properties of free carriers 
in semiconductors which have been observed in reflection; the Fara­
day rotation which depends on the differential dispersion of two 
circularly polarized electromagnetic waves rotating in opposite 

èenses, and which has been observed in transmission and also in the 
reflection at the plasma frequency ( in which case it is known as 
the Kerr-Magnetooptic effect). Finally the Voigt effect, which in­
volves birefringence in the presence of a magnetic field, has been 

observed in transmission and also in reflection.
Cyclotron resonance is the simplest basic magneto-optical phe­

nomenon, and it will be discussed first since it can serve as a 

matural .intrQduct±om to. thB) Faraday rotation-..
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1.2. CYCLOTRON RESONANCE

The basic concept involved here is the interaction of elect­
romagnetic radiation with 'electrons in a magnetic field. The effect 

was first considered for free electrons in the ionosphere (Appleton, 

1925), was theoretically predicted for solids by Dingle (Dingle,952) 
and subsequently observed in semiconductors by Dresselhaus et al, 

(Dresselhaus, 1953) and Lax et al. ( Lax, 1954a,b). General reviews 
of the subject have been given by Lax et al ( Lax, I96O), Smith 
( Smith, 1963) and by Palik ( Palik, 1970).

More recently a number of experiments on cyclotron resonance 
using far-infrared laser have been carried out by Apel and Apel et 

al ( Apel,1969; 1970a,b and 1971), Chamberlain and Chamberlain et al 
( Chamberlain, 1969 and 1970), Poehler ( Poehler, 1972), Tuchendler 

et al ( Tuchendler, 1973) and Palmetshofer et al ( Palmetshofer,974)•

1.3. THEORETICAL ACCOUÎTT

(i) Classical treatment
In the presence of an external magnetic field B, free carriers 

such as electrons in the conduction band or holes in the valence 
band execute cyclotron orbits. Thus a constant magnetic field B^ 
whose direction is along the z-axis affects motion in the xy plane 
without affecting motion in the z-direction. Therefore, the equati­
ons of motion of an electrons are

m dv^/dt = -eB vz y
*m dv ydt = eB VT z X

m dv /dt = 0 z

The solution of these equations is well known. If v = 0 initially.
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•Xa quasi-free electron of scalar mass m describes a circular orbit, 

of radius r and angular frequency in the xy plane. These quanti­
ties are related by requirement that the centrifugal force must 

balance the Lorentz force

* 2m w r = ew rB /c c c z
*so that = eB'̂ '/m c (1.1)

This angular frequency is knov/n as the cyclotron frequency.
Equation 1.1 defines the cyclotron mass which is a property 

of an orbit and not of a particular electron state. For a non­
isotropic band, the cyclotron mass will vary with the direction 
of the applied magnetic field B. The motion of the electron is 

interrupted from time to time by incoherent scattering from lattice 
defects, phonons, impurity centres and other electrons. It is,how­
ever, natural to try and detect this motion by resonance with an 
applied r.f. field. The condition for the observation of the cyc­
lotron resonance effect is that the electron should_complete a siz­
able fraction of its orbit before it is scattered; we must therefore 

have w^<0 >> 1, where <x> is an averaged time between collitions 
and is the orbital frequency defined in eq.1,1.

If a circularly polarized electric field in the plane of the 
orbits is applied, the force produced from this field, being per­
pendicular to the direction of the carriers, will accelerate them 
and enlarge the orbits; the only requirement is that the frequency
of the impressed electric field must match the frequency of the

*carriers; that is, w = w = eB /m c . If these conditions are met,c z )
the carriers will- absorb energy from the elec.tri.e fields., classically 
this absorption represents the acceleration of the carriers which 

results in them acquiring a higher kinetic energy.
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(ii) Quantum theory of cyclotron resonance

A quantum-mechanical description of cyclotron resonance 
follows from a solution of the Schrodinger wave equation for 

electrons in a magnetic field.

H y =  E y

where H = ^ + f A )^ + s Mg S.B (1.2)

here, 2 Is the momentum operator, A is the vector potential, a
is the Bohr magneton, g is the effective g-factor of the conduc­
tion band and m* is the effective mass of the free-electrons; the 
last term represents spin interaction with the applied magnetic 
field B, which is applied along the z-direction. By taking the 

unsymmetric Landau gauge ( 0,Bx,0), the solutions are given in the 
bulk of the material as;

Y  = 0j^^exp(ik^z)
2 2

E = fiw (n+i) + ^ ^2 , n = 0,1,2,... etc. (1.3)
2m*

where are the harmonic oscillator wavefunctions and k is thenL z
electron mcmentu..: in the direction of the applied field. Spin effects 
are neglected in eq,(l,3).

The electron motion is thus seen to be quantised in the xy 
plane into ’orbits’ or permissible energy states. Also the density 
of state functions in the simplest possible non-degenerate and 
parabolic conduction band can be represented by the following for­

mula ( Blakemore,1962).

G(E) = (2"n^9"^(2m*/h^)^'/^ E-(n+i)hw^ +iMggB)"^. (1.3a)
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where the symbols have their usual meanings. When a large magnetic 
field is applied the electron energy (in units of hw^) as a func­

tion of k^, and the density of states as the function of the elect­
ron energy are represented in fig. 1.1 a and fig. 1.1 b resulting 
from eqs. (1.3) and (1,3a) respectively (without allowance for spin) 
by the continuous curve. The dashed curves represent the energy 
level and density of states G(E) at B=0, The energies corresponding 
to the infinitely high density of states ( Landau levels) are sepa­
rated by intervals Üw^ proportional to the magnetic induction and 
inversely proportional to the effective mass. The band edge shifts 
by an amount -J- which corresponds to an increase in the width
of the forbidden band in a magnetic field by an amount %h(w2^+w^^) 
where and are the cyclotron frequencies for the conduction
and valence bands, respectively.

From the point of view of quantum theory, a finite lifetime 
implies an uncertainty AE in the energy of each orbital level, 

where AE = h/<T>. The energy levels will then overlap significantly 
if A E >  hw^, and the condition A E  < again leads to the require­

ment w^<T> > 1.
In other words, to observe cyclotron resonance effects, we need 

high frequencies and long relaxation times. High frequencies imply 
high fields, and long relaxation times require the use of low tempe­
ratures and samples with few imperfections. Consequently cyclotron 
resonance experiments are nearly always done with high frequency 
waves, at liquid helium temperature, and with single crystal samples 
of extreme purity.
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1.4. FARADAY ROTATION

Faraday rotation is the earliest observed magneto-optical 

phenomenon, having been fist seen in 1845* It was discovered by 
Faraday (I846) who observed a rotation of the plane of polarization 
of plane-polarized radiation passing through glass in the direction 

of an applied magnetic field. Physically, this effect, first ex­
plained by Lorentz (I906), arises from the differential dispersion 
of the two circularly polarized components of the plane-polarized 
wave, in that the left-and right-hand circularly polarized waves 
interact differently with electrons and holes in the presence of a 
magnetic field and hence travel with different velocities. Faraday 
rotation v/as observed in germanium first at microwave frequencies 
by Rau and Caspari (Rau,1955),and then at higher frequencies in the 

near infrared by Mitchell (1955). Some experiments at infrared fre­
quencies were also performed by Von Kimmel (1957) who made measure­
ments in silicon, gallium arsenide, indium phosphide and gallium 
phosphide in the region from 0.5 to  ̂microns. However, no quan­
titative correlation between the experimental results and the elect­
ronic band structure of the semiconductors was made until the measu­
rements in n-type InSb by Brown (1958), Brown and Lax (Brov/n ,1959), 
Moss et al. (Moss,1959) and Smith et al (Smith, I960).

Further measurements on InSb include work by Smith et al (1959), 
Pidgeon and Smith (Pidgeon,1964), and Pidgeon et al (1966) on the 
non-parabolicity on the conduction band as predicted by Kane (1957). 
The theory of the phenomenon has been considered by Stephen and 
Lidiard (Stephen,1959) and the temperature dependence of effective 
mass was studied by Ukhanov and Mal'tsev (Ukhanov,I963)i Koteles 

and Datars (1974)*
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The theory of the free-carrier effect v/as given by Donovan and 

Webster (Donovan,1961,1962,1963), Furdyna and Erodv/in (Furdyna, 1961 ), 
and also the experimental work on n-type InSb was given at microwave 

frequencies by Mansfield and Mansfield et al (Mansfield,1963,1967). 
More recently, some experiments on Faraday rotation using far-infra- 

red lasers have been carried out Shimura et al (1970), and Poehler 
and Wang (Poehler,1972)•

The free-carrier Faraday effect provides an excellent method 
for measuring electron-impurity scattering time at low temperature 

in a wide range of magnetic fields. Also this effect has been widely 
used to measure the effective mass of free carriers in many compound 

semiconductors (Palik,1967).

1.5. THEORETICAL BACKGROUND

(i) Classical case
Consider the propagation, parallel to an applied magnetic in­

duction B, in the direction oz, of circularly polarized electro-mag­

netic radiation, given by

E(z,t) = E^expCi(wt-p^z)) (1.4)

where the plus sign denotes that the electric vector is rotating

counter-clock wise looking against the direction of propagation
(left-handed polarization).

The equation of motion of the carriers may be written as (y,E
and B are vectors, and the international system (SI) of units is

used in this analysis)

m*( dy/dt + y/r) = e(E+yxB) (1.5)

where the carriers have a positive sign, E = E^exp(.iwt),, y^y_exp(iwt; 
and T is the relaxation time. Putting B = and w^= eB^/m* which is 
called cyclotron frequency, the components of this equation are
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(iw + l A ) v ^  = + VyWg

(iw + l/r)Vy = — : -

Solving for V and vX y
2eExCiwT+l) +ew'i: E

V = —  --------------- ---- ^
^ m*((w^c)^ + (l+iw-r).)

2-eE v/T +eT(iwr+l)E
\  = — ------- — — '— ^ ̂ + (1+iw-r) )

and the current density J = Ney has components

Ne^T (l+iwT)E +w t  E
= " ' x  = —   ̂  ̂ 5 A

Ne^t -w/cE_ + (l+iwT)E

. (i.'i . P  -

Now Maxwell's wave equation for a conducting medium with unit per­
meability is

using equation (1.4) and J = & E  then the components are

- A x  = ^ xyBy)- ĉ
2

- A y  (^yx^x yySy)- ^
0

Since equation (1.6) shows é =3 and ^ = -S' then equationXX jj xy y X
(1.7) gives E = - iE , and multiplying the second eq. (1.7) by +i X y “

gt ves
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-p2(Ex i lEy) = i i g P  ±"Sy))

-  6 "  “ > ! « , '

u s ing  Cxx = ^ y y ,  and ^xy  = - V

-p|(Ex iiEy) = ;iëxy)(Ex ±iEy) - ^  (E^ ^iEy)
^0

putting = Ex +iEy, and ë̂  = ë

2
-P+E = E + — E (1.8)

- - c - S C0

or p 2 = w l ( e ^ . ^ )  (1.9)

2 iw *7"q_ ^ ^ ^ _ Ne r / i+iwn:_________ +____c____________ <
± -  X X -  xy - m* ‘ (l*iwT)^+(w^T)2

=     (1.10)
(1+iwi) -iw^T

Ne^where <3= —  is the dc conductivity. Combining equations (1.10),

2 1(1.9) and using the plasma frequency w is given by w =(Ne /gpEoin*)P P
gives

. ! .  4  (1- i i W ! 4 _  , „ . n ,
“ c w(l+(v;+w ) 'C ) w(r+(w+v/ ) X )— c — c

Also the propagation constant is given by

p+ = n*\v /c
where n* = n^-ik+is the complex refractive incex.

so, n*^ = (nf -iî ) -2in k ± ± - ± ±



20
where is the real refractive index of the material and is 
the extinction coefficient for left- and right-hand circularly po­

larized radiation respectively. Using eq. (1.11), the complex re­

fractive index squared is
2 2 2 w_T (w+w_) T2   _ -i— En; =E^(1- ~ i

w(l+(w+w )^T^) w(i+(w+w )^x^)

l.t X. . X (1-
^ ^ w( 1+ ( w+w^ ) )

2

“ ^ w(l+(w+w )\^)

2 2 hence,X^= n^ - k^

(1.12)
solving n_̂  , k^ from equations (1.12)

°+= ((X+ +(X+ +Y^)^)/2)^

k+= ((-X+ +(X+ +Y^)P/2)^ (1.13)

The rotation of the plane of polarization of a plane-polarized 

beam arises from the different phase velocities of the tv/o circular 

components as they propagate through the«medium. Over a path length 
d through the medium, the plane of polarization has undergone a ro­

tation 0 given by (see Clarke (1971))

e = (n_ - n^) (1.14)

where w is the angular frequency of the radiation. In addition to 

this effect, there is a Corresponding differential absorption effect 
depending on k^. One of the circular modes can be attenuated more
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than the other causing the transmitted beam to be elliptically 
polarized. The ellipticity, which is defined as the ratio of minor 
to major axis of the ellipse of polarization, is given by ( see 

Donovan (1962))

A  = tanh(-~ (k_ -k+) (1.15)

Substitution of equation (1.13) into equations (1.14) and (1,15)
enables 9 and A t o  be written explicitly as

e = — i((x +(x“ +ï^)'4‘ - (x^ +(X7 + ï D 4 ' b  (1.16)2C2? - - - + + +

and A =  tanh( ((-X +(X^ +Y^)^)^ -(-X^ +(xf +Ŷ )̂ )h (1.17)2c2? - - - + + +

In above calculation it is assumed that there is a single 
relaxation time t  for all the carriers. This is equivalent to as­
suming that the relaxation time is independent of the energy of 
the carriers. The derivation of these equations is given in various 

texts (Lax,1962), (Moss,1973), but is reproduced here as the clas­
sical review of the Faraday effect.

When the conditions and Tiw-wj 1 are satisfied eq.

(1.16) simplifies to

0 = ^  for w « W  (low field case) (l,l6a)
2 £ j c e . m * Vr u

Q  _  _  eNd__________  for w ^ »  w (high field case) (l.l6b)

The electron density N can be calculated by eq, (l,l6b) if the 

Faraday rotation angle 0 is measured for high magnetic fields. In 

this case, the rotation angle is independent of the momentum re­
laxation time of electrons T, therefore, the experimental values
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of this angle can be used directly to find the density of free- 

electrons in the sample at liquia helium temperature. Then, an 
electron effective mass m* can be determined with this calculated 

value of N from eq, (l,l6b) if the Faraday rotation angle is measu­

red for low magnetic fields. In both cases, the rotation may be 

small for samples which have a low electron density. Under these 
circumtances, the calculated values of m* and N from eqs, (l,l6a) 

and (L,l6b) would depend on the accuracy of the experimental measu­
rements which in turn are limited by the stability of the far-infra- 
red laser output and by the experimental technique used. However, 

if the Faraday rotation angle 0 which is sensitive to impurity scat­
tering t i m e n e a r  w^ is measured through cyclotron resonance where 
absorption occurs, then the impurity scattering time t and the effec­

tive mass of electrons m* can be determined by least squares fit of 

the exact theoretical function (eq. (1.16)) using the carrier con­
centration of the sample which can be measured at liquid nitrogen 

temperature by Hall effect experiments to the experimental data, 

taking these quantities ,T, m * , as variable parameter, (or even 
three variable parameters — -X , m* and N).

The computer curve-fit program developed by Dr. Tom Lake, com­

puting service unit at Bedford College, is a similar sum of squ­
ares minimizer to make a least squares fit of a function (non­
linear) in certain parameters to data. This program requires a 

set of data 0̂  ̂ (rotation angle) which are predicted by certain 

formula 0 (eq, (1.16)) as a function of B (magnetic field) and 
different parameters (m*,X  , N). Then the computer calculates the 
values of the parameters which are best fit to ths theoretical 
expression making the iterative minimization of the sura of squ-
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ares of differences between 0 (calculated) and ^^(measured)

C c I x * * V G  w L c i o c i

values for each given value of magnetic fields. After successful 
convergence iterations are completed, and then the values of the 

parameters and the standart deviations for each these parameters 

are given independantly at the minimum.

(il) Quantum mechanical case

A quantum-mechanical understanding of Faraday rotation fol­
lows from the plasma dielectric tensor and the conduction band 
energy levels of a semiconductor in a magnetic field. The quantum 

formulation of these quantities developed earlier for interpreting 
far-infrared cyclotron resonance measurements can be used to des­

cribe this case (Apel et al, 1971)
The dielectric tensor elements are given by

-OO

where n is the initial Landau quantum number, s is the spin index, 
is the lattice dielectric constant, Xis the electron-ion colli­

sion time, Wp is the plasma frequency and N is the carrier concent­
ration, The cyclotron frequency = eB/m*, where B is magnetic 
field, m* is the effective electron mass and e is the electronic 

charge. The resonant denominator of the integral in eq.(l,l8) con­
tains the resonant frequency w^^^ ^ which can be expressed in terms 
of the conduction-band energy levels as

"n+l,n = ¥ "  (E(n+l,k^,s) - E(n,k^,s)) (1.19)

The conduction-band energy levels of n-type InBb which is 

described by E(n,k^,s) are given by (Apel et al, 1971)
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1

E(n,k^,s) = i E (-1 +(1+ +%Wc(n+i+iV );)?) (1.20)
g

in terms of the energy gap E^ and the electron wa^e-vector compo­
nent along the magnetic field direction k^ and the electron spin 

s. where the parameter V = gm*/2m^ relates to the g factor. The 
electron distribution is considered to be described by the Fermi
function f (n.k ,s) with Af defined as 0 ' z' o

^^0 ” fo(n+l,kz+9g,s) - fo(n,k^,s) (1.21)

where f^(n,k^,s) = 1/(1+ exp(E(n,k^,s) -(^)/kgT) is the Fermi func­

tion, is the chemical potential and = 1/À is a wave number.
In terms of the complex index of refraction, n* = n -ik, the 

dispersion relations for the Faraday geometry (£//B) are

= n|^ = (n^-iip^ (1.22)

Explicitly separating real and imaginary components, one ob­

tains the refractive index squared

n^ = %(Re g^+( (Re g^)^+(Im&^)'")^) (1.23)

the extinction coefficient

- = - (Imtp/21,^ (1.24)

the absorption constant

= 2wk^/c (1.25)

the reflection coefficient

R+ = ((n^-l)W)/((n^+l)^+k^) (1.26)
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and the transmission coefficient for a sample with rough surfa­

ces and the thickness d in the Faraday geometry (^//B)

= (l-Hp^exp(-k^d)(l+k^/n^)/(l-E^exp(-2k^d)) (1.2?)

From the dielectric tensor one can calculate the reflection, 
absorption and transmission coefficients, R,ocand T using eqs, 

(1.26), (1.25) and (1.2?) respectively. To compute Faraday rota­
tion and ellipticity we have to calculate the refractive and ab­

sorption indices from equations (1,23) and (1.24) using either 
equation (1.13) (for the classical case) or (I.l8) (for the qu­
antum mechanical case).

1.6. INTERNAL MULTIPLE REFLECTION EFFECTS

The theory of the isotropic free-carrier Faraday effect in 

semiconductors may be reformulated, taking into account multiple 
reflections in the specimen. In the usual treatment of these ef­

fects, the rotation of the plane of polarization and the ellip­
ticity of the transmitted radiation are derived without taking 

account of the waves reflected from the surfaces of the sample. 

But, as in all- transmission and reflection experiments, the ef­
fect of multiple internal reflections should be taken into ac­
count for samples with plane-parallel faces.

So far as the Faraday effect is concerned, the significant 
of multiple reflections v/as briefly mentioned by Champlin( 1962) , 
with particular reference to guided wave experiments, but quan- 

titutive investigation was not made, Furdyna and Brodwin (1963) 
made a passing reference to an approximation to take account of 
reflections, valid in restricted circumtances. Walton and Moss
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(1963); and Moss and Ellis (1964) have reported that such reflec­
tions can make a substantial contribution to the observed Faraday 
rotation (in Ge and GaP), and have used a specimen which is slight­

ly wedged to reduce this complication. Only recent papers discuss 

measurements in the infrared frequency region, (Filler, 1966; Gab­
riel, 1967 and Palik, 1966). Exact expressions for Faraday rotati­
on and the ellipticity which take multiple reflection into account 

have been derived by Donovan and Medcalf (Donovan, I964)*
The Faraday rotation 0 and ellipticityA may be derived from 

the form of the resultant elliptically polarized wave. These expres­

sions are given by Donovan and Medcalf (1964)»

e = (n_ - n ^ ) -  e y 2 (1. 28)

|K| exp(-2wk^d/c) -|K[exp(-2wk_d/c)
^ |k 1|_ exp(-2wk^d/c) + |K|_exp(-2v/k_d/c) (1.29)

0^ and are given by

K! K” - Kl K"
tan0 = ---- =----    (1.30)

K| Kd -K’’ K”

K± = Kj +iK” = Xl-R+)/(l-R+exp(-2ip+d)) (1.31)

where d is the thickness of the sample and p^ is the complex pro­

pagation constant, given by

P+ = f  '’+ = (1.32)

with n_̂  and k^ the real and imaginary part of the complex refrac­
tive index, and is the reflection coefficient at normal inci­

dence, ci.cn by

R+ = ((n^ -l)^+k+)/((n^ +l)^+k+)
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The first terra in eq. (1.28) is the normal Faraday rotation, and 
the second term represents the contribution due to multiple inter­

nal reflections in terras of the propagation constants for left- 
and right-hand circularly polarized waves.

Donovan and Medcalf (1964) have reported that the multiple 
internal reflection is important particularly at low frequencies* 

Over a wide frequency range (roughly above the microwave region) 
Faraday rotation and ellipticity are rapidly varying functions 
of frequency; and exhibit oscillatory behaviour; at sufficiently 

high frequencies these oscillations are damped out as K^- K — > 0 
and the effect of the reflections will be negligible. The corres­

ponding effect at far-infrared frequencies will be compared the 
calculated results for the Faraday rotation and ellipticity from 

eq. (1.13) and eqs. (1,28), (1.29).
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FIG. 2. Power supplies for the 0.337 mm pulsed HON laser
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C H A P T E R  2

PULSED 0.357 M}: HYDROGEN CYANIDE (HCN) LASER

2.1. INTRODUCTION

Far-infrared-stimulated emission at 0.337 mm involving hyd­
rogen cyanide (HCN) was first reported by Gebbie et al. (1964) 

with using various organic compounds such as GH^CN and C^H^CN.
CW laser action in similar materials was also reported by Muller

et al. (1967).
Chantry et al. (1963) and Steffen et al. (1966) reported 

that the output radiation was associated with transitions between 

various rotational levels of the v=2 vibrational level of the

electronic ground state of the cyanide radical. Eroida et al.

(1963) commented upon this identification of the transitions and 
presented a number of arguments to show that this assignment'was 
not correct. Hocker and Javan (Hocker, 1967), and Lida and Maki 

(Lida, 1967) investigated the possible vibrational-rotational 

transitions between the (11*0) and (04^0) vibrational states of 
HCN in its ground electronic state,

Mathias et al. (1963) and Stafsudd et al. (1967) reported 
laser action in several organic materials and concluded that the 

active species must be of the form H^CN radical; where x is grea­

ter than one.
Operational characteristics of a pulsed HCN laser were des­

cribed and the variations of output power with gas mixture, pres­
sure, flowrate, discharge voltage and pulse repetition frequency 
were investigated by Koneet al. (1967), and Robinson and Whitbourn 
(Robinson, 1971). More recently high power output from HCN laser

was reported by Kotthaus (1968), Sharp and Wetherel (Sharp, I972),
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and Jassby et al» (1973).

The present state of understanding of the HCN laser is dis­
persed in a literature of about one hundred papers. It is desir­

able, therefore, as a background to our experimental investiga­

tion, to summarize some of the most significant features of this 
knowledge.

2.2. BACKGROUND FEATURES OF CYANIDE LASER
When an electric current is passed through a vapour at low 

pressure containing hydrogen, carbon and nitrogen, HCN is formed 

at a low concentration in vaiious excited vibrational levels. Di- 

methylamine ((CH?)^##), methyl cyanide (CH^CN), ethyl cyanide 

(C^H^CN), ethylenediamine (C2H2(NH2)2) > n-propylamine (C^HyNH^,)* 
and mixtures of methane and ammonia, nitrogen and acetone, nit-- 

rogen and methane as well as pure HCN gas have been used to pro­

duce 0.337 Dim laser radiation.
Lida and Maki (Lida,196?) showed that the line originated 

from transitions between (11'C) and (04^0) vibrational states 

of the linear molecule HCN. The transitions are shown schema­

tically in Fig. 2.1a. The levels of (ll'O) are shown as doub­

lets in this figure because of the splitting into levels of 

even and odd parity by the 1-type doubling (Wilson,1955; Herz- 

berg,1945; Sugden and Kenney). The rotational levels of (04°0) 
have even parity for even J and odd parity for odd J, Intense 

lines must satisfy the selection rules AJ =+l and +<->-, and 

-*4— ► + . The two strong laser emissions at 0,311 and 0.337 mm 
are intersystem transitions made allowed by taking on the cha­

racter of the pure rotational transitions J(11)->J(10) and 

J(10)— &J(9) within (ll’O). Hocker and Javan (Hocker,1967) 
made very accurate frequency measurements not only of the
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(ll'O)

J(12)

J ( l l )

J(10)
+ 0.337 mm

(04°0)
+ J(10)

0.333 mm
-----------j(9)
0.373 mm 

 J ( 8 )

Fig* 2.1a. Rotation-vibration energy levels of HCb near 2900 cm 

and the origin of laser action in HCN vapour. Splitting of 

the ll’O lines are due to 1-type doubling.

  pump transitions
  lines previously seen pulsed
.... nev; submillimeter transitions; (Hocker, 1967).

-1
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0*337 mm radiation but also of several other emissions wnich could 
be obtained from the system.

The processes of the electrical discharge dissociate the 

molecules, partially ionize and provide conditions for the forma­

tion of HCN with an excess population of. (11*0) vibrons relative 
to (04^0) vibrons. Laser action results because there is an un­
usually large transition moment between certain rotational levels 

of those vibrational states. That transition moment arises from 
a mixing of the two vibrational states which results from a) the 
near coincidence of the energy levels at a particular value of J 
and b) a weak coriolis interaction between the states. The neces­

sary conditions for laser action to take place are a) the level 

must be very close so that the interaction and resultant mixing 

is large and b) there must be a nonequilibrium population dis­
tribution between the two states. The first condition can be 
tested by calculating the various energy levels.

The origin of the nonequilibrium population distribution 
among the various energy levels in this laser is not known for 
certain. Possible mechanisms involve preferred excitation of 

stretching vibrations or rapid relaxation of bending vibrations 

or some combination of both (Maki, 1970),
That the function of the applied electric field is to cause 

breakdown of the gas molecules and, rather than directly excite 
HCN molecules to the necessary state of inverted population, to 

create conditions which influence the later formation of excited 

vibrons is suggested by the observations of time delays between 

the onset of the current pulse and the beginning of stimulated 
emission, leads to the suspicion that the ON radical is involved 

in the mechanism even if it is not the emitter itself. It is pos-
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sible that some selective chemical reaction of the type

R - H + C N — + H C N (2.1)
tends to favour cascade routes to the ground state via (ll’O).
If this is so then a large fraction of the molecules formed in 

discharge will pass through the emitting states. Sanders (Sanders 

) 1959)> reported that the population inversion of the energy le­
vels of HCN molecules is achieved by the inelastic impact of elec­
trons accelerated in the applied electric field.

Very shortly after the discovery of stimulated emission at 

0,337 mm, it was shown in many laboratories that the system would 
in fact oscillate at a large number of wavelengths. Some of these 

are indicated as the primary and cascade processes in Fig.2,ia, 

2,3. EXPERIMENTAL ARRANGEMENT
(i) A pulsed 0,337 mm HCN laser

A schematic arrangement of the laser system was shown in Fig. 
2,lb,The discharge tube was constructed from Q.V.F glass tube with 

an internal bore of 10 cm (4 inches) and total length of the sys­

tem of 313 cm. The Fabry-Perot resonator was formed from two cir­
cular aluminized concave glass mirrors of 10 cm (4 inches) dia­
meter and mounted approximately 290 cm apart from each others.
One mirror with 1.27 cm (% inch) thick and radius of curvature 
278 cm was mounted on flexible bellow, which allows independent 
axial and tilt adjustment; the other with 0,633 cm (i inch) thick 

and the radius of curvature 287 cm was mounted on the spindle of 
a micrometer, which has a tripod screw adjustments, in order that 
the cavity length may be adjusted so that the optical axes of 

these mirrors can be made parallel to one another along- the axio 
of the laser tube, but such a concave geometry was not oversensi­
tive to mirror alignment.
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N~propylamine which has 400 ram of Hg vapour pressure at 31*5^ 

centigrade was stored in the small flask and admitted through a 
needle valve to the high-voltage end of the laser, and continu­
ously pumped at the opposite end with a rotary vacuum pump. A 

pressure gauge was connected at the low-voltage end of the laser 
to estimate the operating pressure. The exhausted gas was piped 

outdoors for safety reasons, since HCN is the active emitter of 

the 0.337 mnr radiation. Also a liquid nitrogen trap was used in 
between the laser tube and the pump in order to avoid transfer­

ring of the active HCN from the laser tube to atmosphere via the 
rotary vacuum pump.

Breakdown was produced between the brass electrodes with 

175 cm apart when a 0.25 microfarad capacitor charged to 8 kV 

was discharged through a spark gap triggered by a thyratron 
triggering unit which has a variable frequency control. The volt­

age pulse applied to the electrodes of the system was chosen on 
the basis of smoothness of running and power output, but usual 

operation required 6-10 kV, repeated at about 10 pulses per sec. 

and operating pressures varied between 0.5-1*0 torr for HCN laser. 

The flowing of n-propylamine vapour into the laser system were 

adjusted using both the needle valve at the high-voltage end and 
the valve at the low-voltage end of the laser till the output 

power was optimized.
Far-infrared radiation (0.537 mm) was coupled out of the 

cavity with reflection from a 100 gauge (about 0.025 mm) melinex 

beam divider which has a low absorption at 0.337 mm, so losses in 

the beam divider were smallv Nevertheless, it was interesting, to 
observe that the radiation coupled out of the cavity was polari­

zed in the plane of Fig. 2.1L The power outputs from both sides
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of the beam■divider passed through separate and identical light 
pipes consisting of 7»5 cm diameter copper cones tapering down 

■ to 1 cm diameter brass tube polished internally: one to the 
cryostat and sample and other to a monitoring detector (Golay 
cell).

In order to avoid picking up electrical interference from 
the laser system, the laser and its associated power supplies 
were enclosed in a screened room, the main input to which was 

fitted with a filter to reduce mains-borne interference. All the 
measuring equipments were left outside the screened room.

Both laser outputs were depolarized owing to reflections 
from the inside walls of the light pipes. Therefore, it v/as neces­

sary to place a polarizer just before the sample and an analyzer 
- immediatly after the sample for the Faraday rotation and ellipti­
city experiments.

The laser parameters of most interest to the experimenter 

are the frequencies and intensities of the radiation which emer­
ges as the cavity is tuned by turning the micrometer knob. It is 

also important to know the long term stability and short term 

noise of the system. It is found that the long term stability 
was not more than ten percent over ten minutes; also it is possi­
ble to retune again with turning of the micrometer knob till the 

optimum output power is obtained.
A rough estimate of the output power of the laser can be ob­

tained by calibrated the Golay cell using a light bulb whose radi­
ation is chopped at 10 Hz. A ordinary tungsten-filament lamp emits 

a continuous spectrum with- a peak- at- about IxIO' ^mm since the 

quartz window of the Golay cell begins to absorb at about 4xlO"^mm 
, most of the energy of the lamp reaches the detecting element of



37
the Golay cell.

On the assumption that all'the energy supplied to the tungs­

ten-filament lamp is radiated isotropically and its total irra­

diance of about 90% is transmitted by quartz, which was reported 

by Stair et al. (Stair, 1967), therefore, it is possible to calib­
rate the Golay cell roughly: such a calibration gives an estimated 
mean power of ImW for the pulsed HCN laser.

Our calibration was tested after the Golay cell was calibra­
ted by Cathodeon Ltd. Comparisons showed that it was factor of tv/o 
between these calibrations.

(ii) The Cryostat

Schematic diagrams of the vertical and top views of the opti­
cal cryostat used, and the arrangement of the polarizer, sample 
holder with an experimental sample, and the analyzer into the 

transverse aperture of the cryostat are shown in Figs. 2.2b,2.5, 
and 2.3 respectively.

Several factors influenced the final design of the optical 
cryostat. These included the limited amount of space available 

in the 3.0 cm diameter of transverse bore of the 4 tesla (40kG) 
magnet with superconducting solenoid fitted with superconducting 

switch and the necessity of keeping the brass light pipe run as 

short as possible to reduce attenuation of the laser power. The 
rotating part of the light pipe to which rotates an analyzer was 
made of a stainless steel tube in order to avoid heat transfer from 
the outside shielding of the cryostat to near the specimen. The 

samples were mounted on the pure copper cylindrical holder being 

inserted into the transverse aperture wi-th th-C a%ro-p-riat-e- shield 
removed where necessary. The sample holder is greased lightly with 

n-type vacuum grease to make a good thermal contact between the
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OPTICAL
CRYOSTAT

GOLAY CELL

ELECTRIC
MOTOR

FIG. 2.2a Tranverse access optical cryostat, driving motor 
for polarizer and Golay cell detector
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Numbers in the upen circles in Fig. 2.2b represent foil oiling 

meanings:

1- The stainless steel outer shield

2- Nitrogen fill and vent tube

3- Syphon entry

4- Helium recovery tube
3- Terminals ( magnet and magnet common)

6- Helium recovery tube

7- Superconducting switch
8- Screws
9- Needle valve

10- Liquid nitrogen pre-cooling outlet

11- Liquid nitrogen pre-cooling and vent tube

12- Liquid helium level indicator entry

13- Helium, recovery tube

14- Liquid helium level indicator tube

13- Syphon entry tube

16- Valve

17- Thermocouple wire
18- Glass-r.etal laed-thrcugh for thermocouples

19“ 0.23 inch wide slot in pure copper radiation shield
20- Pure copper radiation shield

21- Outer flanges
22- Window and window holder

23- Helium can tube
24- Superconducting magnet

23- Pure copper sample holder and sample

26- Screws for the outer flanges

27- Sc2"cur for the v/lnrous

28- Needle ; 29- '0-ring*

30- Tubular radiation shield
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Numbers in the open circles in Fig. 2.3 represent following 

meanings:

1- Light cone
2- Outer flange of the cryostat

3- The stainless steel shield of the cryostat

4- The pure copper liquid nitrogen radiation shield
5- Liquid helium dewar

6- Screws for.the TPX window

7- TPX window

8- Brass light pipe

9- Screws for the tubular radiation shield

10- The tubular radiation shield
11- Support for the light pipe

12- POLARIZER (fixed)

13- Liquid helium
14- The pure copper sample holder

13- Superconducting magnet

16- Pure copper ’O-ring’ support for sample

17- Screws for the pure copper ‘O-ring* support

18- ANALYZER (rotating)

19- SAMPLE
20- Rotating stainless steel tube
21- Thermocouple wire

22- Pressure lO”^ torr
23- Screws for outer flange

24- Screws
23- *0-ring‘ seal

26- Fixed base

27- Rotating base

28- Screws ; 29- TPX window 

30- 'O-ring' seal
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specimen and the helium bath.

It was, of cause, important to transfer the laser beam to 
the sample with the minimum loss of power. The laser system and 
the cryostat were therefore supported on tables whose heights could 
be adjusted so that the beam from the laser passed sti'aight through 
the bore of the cryostat.

A far-infrared polarizer of evaporated, gold grating with 

lines spaced approximately 0.050mm apart was used to polarize the 
incident radiation, and was cemented with a bostik 7 (two- compo­
nents quick setting epoxy resin) to the end of the light pipe just 
before the sample. The same kind of polarizer was used to measure 
the Faraday rotation as an analyzer, and was rotated by a motor- 

driven gear. The degree of polarization after transmitting through 

the polarizer and the analyzer was obtained to be 90 % at 0.337 mm, 
because the polarized beam was slightly depolarized by reflection 
between the polarizer and the analyzer. If there was no space bet­

ween them the degree of polarization v/as approximately 96 % at 
wavelenth of interest and for these polarizers.

The transmitted light was received by a Golay cell which is 
still the most widely used detector for far-infrared studies.

The detected signal was amplified and analyzed by two linear 
gates which were used in single-point mode and then recorded on 
a X-Y recorder as a function of the rotating angle of the analy­
zer. This signal processing and recording technique will be dis­

cussed in detail later in next section.

The temperature of the sample was monitored by a gold-iron 
vs chromel thermocouple v/ith its reference on the liquid helium 
dewar (4.2K) and temperature junction on the sample holder as 
near as the sample.
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R.L. Rosenbaum’s data ( Rosenbaum, 1908) on the gold-iron 

vs chromel thermocouple were used for the calibration. It was 

found that the thermocouple reading was not satisfactory due to 
bad thermal contact to the helium and nitrogen dewars for the 

thermocouple junction. Nevertheless, it gave an indication of the 
sample temperature.

In designing the optical components of the cryostat it had 
to be borne in mind that the laser output was at best no more than 

1 mW for 0,337 mm radiation. Thus it might be seen that efficient 
guiding of the radiation onto the sample was required. In actual 

tests of the transmission of the external copper condensing cone 

and the brass light pipe it was found that use of the light cone 
increased the signal by a factor of three and that the light pipe 

v/ith 23 cm total length transmitted about 65 % of the radiation 
entering it. Transmission of a brass straight light pipe with 1.1 

cm diameter as a function of its length was investigated by Ohlmann 

et al. (Ohlmann, 1958) at 0.070 and O.I4O mm for radiation of f/1.5. 
They reported that such pipes was quite efficient for infrared ra­

diation; but comparison between their calculation and our experi­

mental values couldn’t be done due to different wavelength and geo­
metry used. Approximately 60 % of the beam was lost at each of the 
far-infrared polarizers and 10 % was lost at each of the TPX win- 
dov/s, some was lost by absorption at the sample itself, and some 

was diffracted out of the light path at each of the discontinuities 

in the sysuem.

Chantry ( Chantry, 1969) has examined the transmission pro­
perties of TPX window and found 2 ram thick window to be have 60 % 
transmission for incident radiation of 0.337 mm wavelength. Losses
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in stainless steel and brass light pipes have also been investi­

gated by Harris et al. ( Harris, 1966} for trasmitting radiation 

of wavelength 0.337 mm. They reported that the losses in such pipes 

were very high, amounting to 83 % approximately. Experimentally, 
the net loss of signal v/hen only the polarizers were present ( no

sample in the cryostat; was about 30 7o - 60 %. .

It was clearly an undesirable feature of the design that the 
cryostat light-pipe should so strongly attenuate the radiation pas­
sing through it, Becter transmission would, cl course, be obtained 
in a larger diameter tube. Such a tube couldn't oe used since the 
bore of the cryostat was too small.

(iii) Description of the experimental technique

The main difficulty in making measurements of Faraday rotation
and cyclotron resonance in semiconductors was the fact that the 
laser beam was strongly attenuated by the sample when the magnetic 

field was close to that required to give cyclotron resonance and 
the signal from the far-infrared detector which was a Golay cell 

in our experiments was seen of the same size as the random noise 
in the system. Another difficulty in measuring Faraday rotation 
and ellipticity was that the plane polarized radiation became el­
liptical as a resuld of absorption and scattering by the sample 

when the magnetic field was increased. As shown in figs. 2.8 and 
2.9 the eccentricity of the ellipse decreased (i.e. the radiation 

became more nearly circularly polarized). At the cyclotron reso­
nance field the maxima and minima became nearly equal and it was 
hard to differentiate between them on the screen of the oscillos­
cope. This made measurement of the Faraday rotation difficuld.

In order to extract this signal from the noise and to deter­

mine its amplitude more accurately, as shown in fig. 2.7b, the
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n- InSb 
N=1.2xlO Vcc
thickness = 0.
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Orientation :
A *"357
at LHe temp. (4.2K)

M B=0 kG

C 45 90 135 130 270 :)60 450 630 A:,-QL2 (degree)
FIG,2.-8 Infrared trensnisnion of .InSb opecir-.en as function of angle
between polarizer and analyzer for several values of magnetic field. 
The progressive rotation and increase in elliptlcity is clearly 
illustrated. (N.B after each; onalof. theirun:in sage magnetic field 
the pen of the XtY recorder v;as shifted downwards by hand to make 
Illustration clear.)
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n-InSb ^

N=5.67xlU 4/cc
thickness = 
Orientation : (111) 
at LHe temp. (4.2K) 
A "33 \A‘-n

B=l/ 32kC

M

340 ANGLE(degree)1800 90 270
FIG.2.9 Infrared transmission of InSb specimen as function of 
angle between polarizer and analyzer for several values of mag^ 
notic field. The progressive rotation and increase in ellipticiV 
is clearly illustrated. (iT,3 after each one of the run in same 
magnetic field the pen of the X-Y recorder was shifted dovmwards 
by‘hand, to sake illustration clear.)
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output from trie aerector was I'ea into two xxnear ^ates ’.vnicn were 
triggered by a coherent reference trigger input with the signal 
of interest via a light activated switch, a monostable, a tran- 

sister amplifier and a double pulse generator which has delay fa­

cilities. These linear gates were used in 'single-point’ mode: 
one to look at the position of the peak of the signal and the 

other to look at the base-line of the signal. The linear gates 
averaged-out the noise and gave d.c. levels at their outputs which 
were proportional to the height of the input signal from the detec­
tor. One of these linear gates recorded the average d.c. level, 
and other recorded the average height of the detector signal^d.c. 

level. The signals from these linear gates were then subtracted 
using a differential amplifier which was part of the pen recorder, 
and the resultant signal, which was proportional to the detector 

signal alone, was displaced on a pen recorder. It v/as impossible 
to obtain meaningful results by using only one gate, owing to the 

fluctuations in the d.c. level of the detector output. Hence the 
need for a differential amplifier which would eliminate these fluc­
tuations.

In Faraday rotation experiments, the magnetic field applied 
to the experimental sample was changed step by step. At each fixed 

magnetic field applied to the sample, the motor-driven gear which 
rotated the analyzer and the time base of the pen recorder were 
started at the same time, then the transmitted radiation through 

the polarizer, sample and analyzer were recorded automatically as 

a function of the rotating angle of the analyzer. As shown in figs. 

2.8. and 2.9. the tuaces of the pen recorder were sinusoidal. With 
an applied magnetic field the sample also rotated the plane of po­

larization of the beam producing a phase shift with respect to zero
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magnetic field. The shift in the minima or in the maxima was pro­

portional to the Faraday rotation angle. After each run in fixed 

magnetic field the transmitted beam from the sample was cut off 
simply by putting an iron plate in front of the detector and then 

the zero d.c. level was recorded by the pen recorder. Thus the re­

lative pulse heights I^, at the minima and the maxima points
were obtained and these were used to calculate the ellipticity

2 2 2which was given by ^  = a“/b‘“ = I^/I^ , where a and b were the

semi-minor and the semi-major axes of the ellipse respectively.
A more complex case occurred when the two identical polarizers
were not perfect and the minima were not negligible in zero field
(Palik, 1963). In this case the ellipticity was given by the ex- 

2pression = (M-X)/(MX-1), where M is the intensity ratio of mi­
nimum to maximum in zero field and X is the same ratio in a mag­
netic field B.

(Iv) Measurement of the wavelength of the pulsed HCN laser
The block diagram of experimental set-up for measuring the 

laser wavelength was shown in fig. 2.10, Radiation from the laser 
system was collected by a light pipe ( such light pipes were wide­
ly used for condensing and transmitting far-infrared radiation ' 

and were discussed in detail elsewhere, ( Poehler, 1970; Ohlmann, 

1938; Williamson, 1932; Harris, I966, and Loewenstein, 1969)). The 
beam was then divided by a 'melinex* beam splitter with 0.025 mm 
thickness and was subsequently recombined after reflection from 
the two plane Michelson mirrors. One of these mirrors was driven 

by an electric motor with a speed of 0.0133 mm per second and the 
signal at the detector varied between a maximum and zero values as 
the mirror was moved along.

The detected signal was amplified and processed by tv/o linear
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gates in the manner discussed in detail in the previous section, 

and recorded by a pen recorder with a paper speed of 600 mm per 
hour or 10 mm per minute.

When the mirror was driven by the motor, the pen recorder was 
drawing a sinusoidal curve. The mirror displacement was measured 
by a micrometer with +1 micron accuracy. It was seen that the re­
lative amplitude of the interfering wave which was recorded by the 
pen. recorder v/as modulated about 10 due to 0 . 3 H  mm and other 
wavelength emission. However, accurate frequency measurements have 

been made elsewhere (Hocker, 1967; Lide, 1967) not only for the 
0.337 mm radiation but also for the other wavelengths which can 
be obtained from cw HCN laser. It was found that the 0.337 mm emis­

sion was much more stronger than the 0 . 3 H  mm and the other emissi­
ons. The reason for checking the wavelength emitted by the HCN la­
ser was to make sure which wavelength is being emitted here and 
to obtain meaningful results from the other experimental investi­

gations. The experimental measurements of the wavelength emitted 
by the laser in the experiments described in this thesis were gi­
ven in the following table.

TABLE 2.1

mirror
start
(cm)

positins
stop
(cm)

d number of wavelength 
displacement maxima measured(^m) 

(^m) (m) A=2d/m

observed
values
(^m)

18.0000 14.3200 36800+1 218+0.1 337.615+0.309 336.6+0.3
13.3000 10.2000 31000+1 . I84+O.I 336.956+0.366 (Stef fen.,966 )
9.0000 14.1900 51900+ 308.23+0.1 336.740+0.218 336.5578

(Hocker,967b)
mean value: 337.1+0.3 336.564

weighted mean value: 337.06+0.30 (Hocker,967a)
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C H A P T E R  3

SAMPLES

3.1. INTRODUCTION
Undoped n-type indium antimonide specimens with different car­

rier concentrations were used for the Faraday rotation and ellipti­
city experiments at 0.337 mm wavelength, since at this wavelength, 
InSb has a low absorption coefficient and this makes easy to obser­
ve transmission experim^n+s in a r^asr+a+]e degree of accuracy. 
But, if other semiconductors are used for measurement of the Fara­
day rotation at this wavelength it will be needed very thin samples 
owing to their large absorption coefficients even at low tempera­

tures. If the thickness of these semiconductors is reduced in or­
der to increase 'the transmission of the radiation, then the Faraday 
rotation which is proportional to this thickness will.be small (as 
an amount of the experimental error) and difficult to measure with 
any degree of accuracy. Also the small effective mass of the elec­

trons in InSb, magnetic fields produce large effects. For example, 
the Landau splitting (Beïi/m*) is almost seventy times larger than 
for an electron mass.

This small effective mass is mainly responsible for the high 
mobility of electrons in indium antimonide - 7x10^ cm^/V-sec at 
room temperature - which is some 20 times higher than in germanium. 

Indium antimonide crystallizes in the zinc-blende structure, 
with the interatomic spacing as 0.648 nm. The coefficient of lin­

ear expansion was studied by Gibbons (1958) in the temperature 
range from 300K to lOK and it was given as 5.0fxlO~^ ^er degree 
kelvin at room temperature. An interesting feature of the thermal



58
expansion coefficient is that it drops to zero at %K and becomes 
negative for temperatures below this.

3.2. PROPERTIES OF INDIUM ANTIMONIDE
Many of the interesting properties of InSb can be explained 

from the energy band structure which has been calculated in detail 
by Kane (1957) using the Kronig-Penney perturbation approach.

There have also been several publications dealing with the band 

structure of InSb in a magnetic field, '(Luttinger,1955; Bovers, 
1959; Lax, 1961 and Apel, 1970). Usually the results are given 
in the form of numerical solutions to high-order matrix equations 
and yield energies E^(k) for the conduction band and the three 
valence bands under specific numerical assumptions. The relevant 

energy bands in InSb at zero magnetic field are shown in fig.3.1.

There have been several papers in the literature on the elec­
tric and galvanomagnetic properties of InSb at low temperatures 

(Sladek, 1958 and 1959).
Probably the most important galvanomagnetic effect arising 

out of the interaction of electric and magnetic field is the Hall 

effect which is a particularly fruitful mean of investigating 
semiconductor properties. In all Hall effect investigations, care 
must be taken to avoid spurious voltages arising from bad contacts 

and from the mixing of magnetoresistance components due to contact 
misalignment and sample inhomegeneity.

Hall data taken at high and low magnetic fields may lead to 
different values for the carrier concentration through a dependence 
of the Hall coefficient factor *r' on the magnetic field via the 
scattering time x , as will now be explained.
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The transport theory on n-type semiconductor in a magnetic 

field yields the following expression for the Hall constant (Beer,

1963).
2 2

R = )/(Ne(<--- Z _ _  I +,,,2<— T- _->^)) (3.1)
1+w -tT

where is the Hall constant; N and e are, respectively, the elec­
tron density and the electron charge; 'z is the scattering time;

= eB/m* is the cyclotron frequency; B is the magnetic induc­
tion and m* is the effective mass of an electron.

The angular brackets <•..> represents a suitable average over 
Boltzmann statistics, of the type usually applied transport theory.

When the conditions w t̂  «  1 and »  1, for weak and strong
magnetic fields respectively, are satisfied eq. (3*1) simplifies 
to

R (0) = lim R = - ^  (W 1: <<i) (3.2)

and Rp-(oo) = lim R„  -- -—  (w %  » 1 )  (3.2)
B - ^  Ne

. 2
The quantity r = ------  from eq. (3.2) is called the Hall

<T>-
coefficient factor and depends on the magnetic field and the 
various types of scattering mechanism.

The product Rjj(O) x^(0) is defined as the Hall mobility

rjj(O) = Rjj(0)x^(0) = (3.3)

where ^(O) is the conductivity in zero magnetic field. It is to 
be distinguished from the drift mobility which is given by

Cd (°) = - (3.4)
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so ma'

r = rH(0)/(^(0) = (5.5)

therefore

t^(0) = Rp(eo)x^(0) (3.6)

If it is possible to satisfy the condition »  1 experiment- 

ly by using strong magnetic fields, then eq. (3*2) is an extremely 

useful relation which can be used to find the number of electrons
in the conduction band (at liquid nitrogen temperature) without
being specially concerned about the scattering mechanism,

3.3. IMPURITY LEVELS

Impurity states in semiconductors have been studied in detail 
by many workers as using a hydrogen-like model approximation. In 
this hydrogenic model the ground and excited impurity states n = 

1,2,3,... etc. are directly associated with the hydrogenic wave- 
functions Is, 2p, 2s, ...etc. The discrete energy levels and the 
effective Bohr radii of the system are thus given as;

Ej = Ejjj f* -|-2 , n = 1, 2, 3, ... etc. (3.7)
o

m
 ̂^  (3-8)

where and â . are the hydrogenic donor ionization energy (13.6
n l  • XI

eV) and Bohr radius (0.053 nm) respectively, and^is the static 

dielectric constant.. For n-type InSb, m*/#^ = 0.014, and(^= 17.9, 
so that Ej = 0.6 meV below the conduction band edge and a = 67.8 
nm for the ground state (n=l) at zero magnetic field. Therefore, 
in even the purest n-type InSb available, donor energy levels 
are merged with the conduction band and the electron orbit extends
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over the order of a hundred lattice cells under ordinary circum- 
tances. In momentum space, the impurity levels are localised in 
the region k̂ ~ 0.

The hydrogenic model is, of cause, an approximation. The 
Coulomb potential used in the evaluation of the energy states 
will be incorrect because the ionized donor is not simply a pro­
ton, but it is a heavy nucleus surrounded by valence electrons.
In addition, the impurity atom will distort its surroundinds 
leading to a local warping of the bands. As a result of these 
effects ("central cell corrects") the ionization energy will 
differ from the simple hydrogenic value by an amount dependent 
on the particular element constituting the impurity. A recent cal­

culation (Larsen, 1968) for donor impurities in InSb included 
conduction-band non-parabo.licity and showed that this should 

lead to observable discrepancies between the earlier theories 
and experiments.

The donor ionization energy in a magnetic field is defined 
as the energy difference between the donor ground state and the 
n = 0 Landau level at k^~ 0. This ionization energy in a magnetic 
field are discussed in terms of the parameter ?hw^/E^(0) by 

Yafet et al(1956) and Wallis et al (1958). Where 2^(0) is the 
ionization energy of the ground state at zero magnetic field. 
Recently these donor energy levels in InSb have been studied by 
Kaplan (1969) at higher magnetic fields ('Y» 1) and reported that 
the most important impurity transition for left-hand circularly 
polarized radiation is between the ground state (000) and one of 
higher orbital angular momentum state (010) lying below the n =1_̂

continuum.
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The approximate impurity energy leveis, , are iden­

tified by the quantum number set (nMk) respectively. Where n is 
the Landau number, M is the value of orbital angular momentum, 

and % is a variable parameter which goes over into for elec­
trons in the Landau continuum.

The ionization energy increases when the magnetic field is 
increased. Therefore, at temperatures below about lOK, some of 

the conduction electrons drop into the impurity band (freeze- 
out effect). This has been studied by Sladek (1958 and 1959) 
for n-type InSb samples which have different carrier concent­
ration (N^-N^) by measuring the Kail constant at low tempera­

tures (from 77K to 1.5K), using magnetic field strength up to 

2.8 T (28 kG).
The important thing is that in an experiment, both the free- 

electron and the impurity transitions are observed, their ampli­
tudes depending on the proportion of free to frozen carriers.

Thus the importance of the impurity line depends on the tempera­
ture and magnetic field strength.

Approximate conduction electron energy levels E(n,k ,s) 
which are calculated from eq.(1.20) and discrete impurity levels 

Ej^(n,M,1\) which are estimated from Kaplan’s experimental results 
(Kaplan, 1969) are shown in fig. 3.2. as curved and straight lines 
respectively for a particular value of the magnetic field (10 kG). 

The nearly vertical transitions AE and AE^ represent free-electron 
transitions between the lowest'Landau levels with spin parallel to 
the magnetic field ( n = 0^(t) u = l^(t)) and a predominant impu­
rity transitions between the impurity ground states below these 

Landau levels (Ek^OOO) — »E^(010)) respectively. The energy diffe­

rence AEj^ = E^(OIO) - E^(OOO) is somewhat larger than the free-elec-
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tron cyclotron resonance transition energy a E and much larger 
than the ionization potential. At liquid helium temperature the 
iower-energy spin up (t) states are much more populated than the 

spin down (1) states and,therefore, all of these transitions are 
between these spin up states according to the spin conservation.

3.4. SAMPLE PREPARATION FOR D.C, AND A.C. MEASUREMENTS

The sample used have been prepared from single crystal n- 
type indium antimonide made by Malvern Electronic Material Unit 
(MEM) and MOP Electronics Limited (MOP). Tv/o different shapes of 
samples were used for the Faraday rotation and ellipticity measu­
rements, The samples supplied by MEM were cut as circular discs 

14 mm in diameter and with various thickness ; the other samples 
supplied by MOP were cut as square plates with 13 mm sides (again 
with various thickness). Also, bars, approximately 1x1x10 rarn̂  in 
size, were cut as near to the corresponding circular disc or squ­
are plate as possible to avoid any error arising inhomegeneity of 
the samples. These were used for Hall constant and conductivity 
measurements in order to find the carrier concentration and d.c, 
scattering time at liquid nitrogen temperatures.

The Hall bars were fixed on an electrically insulated PTFE 
sample holder with two current and four potential leads of thin 
platinum wire. The current leads were soldered to the sample with 
indium, and the potential leads were attached to the sample by 
spot welding. After the Hall bar had been replaced on the sample 
holder, it was immersed in a liquid nitrogen aewar-which was in 
a magnetic field. The field was measured with a gauss-meter which 
was calibrated with a known magnetic field. Specimen current and
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potentials were measured by means of Keithley digital multi-meters 
(types' 168 and 160B).

The measured electrical properties of the specimens at liquid 

nitrogen temperature (7?K) are given in table
The schematic diagram of the experimental set-up for the 

measurement of the far-infrared Faraday effect was shov/n and dis­
cussed in detail in chapter 2, It should be noted that the Faraday 

rotation and ellipticity measurements are a transmission type of 
experiment which has the advantage of using a sample which is 
free of pertubations caused by soldered leads. Hov/ever, it suffers 
from the disadvantage that the signal decreases at resonance, and 
if linear rather than circular polarization is used, the maximum 
absorption never exceeds 50 %.

The circular or square samples were mounted in an aperture 
in a cylindrical pure copper sample holder shown in detail in 

fig. 3*3. After the specimens had replaced and fixed into this 
sample holder with apiezon 'N ' type high vacuum grease then it 
was gently inserted into the transverse aperture of the optical 
cryostat until it reached to the optimum magnetic field position, 

(see fig 2.3 and fig 2.6 in chapter 2). The plane of the sample 
was arranged normal to the direction of propagation, so that the 
polarized radiation propagated ,in the Faraday configuration, 
parallel to the magnetic field direction v/hich was along the axis 
of the transverse bore of the optical cryostat.
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■ t a b l e 3.1

Sample properties at 77K

N-InSb thickness Hall d.c. N -N. d.c

at zero field ^unm.cm;ac zero iield

xlO^ xio:^^
MCP-1 2.00 2.8+0.5 0.087+0.009 0.36+0.04 1.2 +0.2

MEM-1 0.50 5.5+1.0 4.1 +0.3 4.6 +0.3 4.4 +0.5
MEM-2 0.50 7.4+0.8 5.7 +0.5 5.6 +0.4 5.1 +0.6

MEM-3 0.53 6.911.7 11.3 +0.9 12.1 +0.9 4.7 +0.5

MEM-4 2.00 4.8+0.9 10.8 +0.9 14.0 +0.9 5.8 +0.4
MCP-2 0.63 5.9+1.3 27.6 +3.2 36.7 +3.1 3.8 +0.5

Note that the sample letters given in this table or other 
tables stand for the source of the materials as follov/s:

MEM: Malvern Electronic Material Unit 

KCP: MCP Electronics Limited.
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C H A P T E R  4

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 INTRODUCTION
The theory and the experimental method for measuring the 

Faraday rotation and ellipticity, and the properties and prepa­

ration of the samples used v;ere given and explained in the pre­
vious three chapters. The experimental techniques required for 

studying the Faraday effect in semiconductors at far-infrared 
frequencies are in many ways similar to those for magneto-ab- 

sorptlon. The principal difference is that one measures the 
intensity of plane polarized radiation transmitted by the sample, 
not to determine absorption, but to determine the angle through 

which the plane of polarization has been rotated by the sample 
in the magnetic field. In addition, the direction of propagation 

of the radiation must be parallel to the magnetic field (Faraday 
configuration) so that the differential dispersion of the right- 
and left-hand circularly polarized components will produce a 
rotation of the incident plane polarized wave.

The free-carrier Faraday effect provides an opportunity to 
obtain information concerning t»he detailed nature of the low- 
temperature scattering mechanism. Measurements of low-temperature 

electron-impurity scattering times in n-type InSb using infrared 
cyclotron linewidths have yielded scattering times greatly in 
excess of those determined by d.c. mobility measurements (Apel, 
1970b; Apel and Poehler 1970a)
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More recently, Kaplan et al.,(Kaplan, 1973) have obtained

low-energy scattering times in thin samples of higher quality
n-InSb using far infrared cyclotron resonance linewidths in

magnetic fields in the range 8-23 kG. They reported that the

experimental data gave maximum scattering time near r/a = 0.3;
where r is the magnetic length ( r=(hc/eB)"^~) , a is the screening
length (a = (h/4m*w )^), m* is the carrier effective mass andP p 4.Wp is the plasma frequency (w^=(4^Ne Vm^g^) ̂ ) , and the other 
symbols have their usual meanings. Their experimental results 
showed that the magnetic fields below this maximum (r/a = 0.3), 
the linewidth decreased with increasing field, while at fields 

above this maximum the width increased with increasing field. 

However, the experiments of Apel (1970b) and Apel et al. (1971) 
gave linewidths that narrowed as the magnetic field v;as increased 

from 4 to 20 kG. Therefore, there is a discrepancy between these 

two experimental results. Also the lowest frequency data of Apel's 

experiment (Apel, 1970b) using radiation of 0.337 mm wavelength 
were complicated by an impurity absorption line that overlapped 
the free carrier cyclotron resonance. So it thus appeared that 
some further experimental work on the low-frequency region of the 
far infrared (corresponding the magnetic fields less than the 
8 kG. used by Kaplan) was required to determine scattering times 
which were not obtain in Kaplan et al's experiments (Kaplan, 1973) 
and to overcome the difficulties which arose in the cyclotron 
resonance linewidth measurements of Apel (1970b) due to over­

lapping of the impurity line and the free-carrier absorption 
line in InSb at this wavelength. Therefore, Faraday rotation 

experiments at liquid helium temperatures to determine the low- 
frequency scattering times in n-type InSb using an HCN laser of
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wavelength 0,337 mm and are described in the rest of this chapter,

4.2 EXPEPIMENTAL RES ULTS

(1) Faraday rotation and ellipticity
The experimental technique used was explained and discussed 

in detail in chapter 2. The far-infrared pulsed HCIT laser beam 

transmitted through the polarizer, experimental sample and ana­
lyzer varies periodically as a function of the rotation of the 
analyzer (as illustrated in Figs. 2.8 and 2.9 for different 

values of magnetic field strength). The shift of the maximum or 
the minimum of the signal due to the magnetic field gives the 
Faraday rotation angle, and the intensity ratio between the min­
imum and maximum gives the square of the ellipticity ^ . When the 

plane-polarized -radiation becomes elliptical as a result of scat­
tering, this ratio between maxima and minima becomes smaller. The 
ellipticity A is then given by the expression (Palik, 1963)

è = (M-X)/(MX-1) (4.1)
where M is the intensity ratio of minimum to maximum in zero field 
and X is the same ratio in the magnetic field.

Analysis of data for the indium antimonide samples with dif­

ferent electron densities lead to the measurements of the Faraday 
rotation angle and ellipticity at 0.337 mm wavelength as a function 

of magnetic field shown in Figs. 4.1 to 4.22. The observed Faraday 
rotation angle increases with magnetic field up to the resonant 
field strength where there is a sign reversal, followed by a de­

crease in rotation angle. Near the cyclotron resonance field, 
both rotation and ellipticity exhibit drastic changes, but the 
experimentally observed ellipticity is much lower than the values 
predicted by computation.
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n-InSb 
sample (MCP-1; 
Orientation: (211) 
thickness = 2.0 mm.

% < ’.r-l 12 :m-3
at LHe temp. (4.2K)

'-k
1%

H i

Fig. 4.1. Measured Faraday rotation angle shown as triangles 
versus magnetic field with 0.337 mm incident pulsed HCN 
laser radiation. Solid line is computed from eq. (1.16) 
with dielectric constant = 17.9, and the parameters cal­
culated by least squares fit of the Faraday rotation 
function to experimental data, m /m^=0.0139 and scatte­
ring time = 6.06xl0~^^ seconds.
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n-InSb 
sample (MCP-1) 
orientation; (211)
N = 3*6x10^^ cm'*^ 
thickness = 2.0 mm 
at LHe temp. (4.2K) 
after multiple reflection 
correction

Fig. 4.2. Measured Faraday rotation angle shown as triangles 
versus magnetic field with 0.337 mm incident pulsed, HCN 
laser radiation. Solid line is computed from eq. (1.28) 
with dielectric constant = 17.9, and the parameters cal­
culated by least squares fit of the Faraday rotation 
function to experimental data, m =0.0138m^ and scattering 
time = 6.84-10"^'^ seconds.
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n-InSb 
sample (MCP-1) 
orientation: (211)
N = 3*6x10*'^ cm"'̂  
thickness = 2.0 mm 
at LKe temp. (4.2K) 
after multiple reflection 
correction

‘T3.00 C 72 C.ii O.tSIN T&SLA
Fig. 4*3« The observed ellipticity (squared) shown as triang­

les versus magnetic field with 0.337 mm incident pulsed 
HCN laser radiation. Solid line is computed from eq.
(1.29) with dielectric constant = 17.9, and the parame­
ters calculated by least squares fit of the function of
ellipticity to experimental data, m*=o.0140m and scatte-

12ring time = 6.8x10" seconds.
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n-InSb (MCP-1) 
N=3.6xlO^^/cc
T h i c k r . c G C = 2 . 0  r.m, 

at LHe Temp. (. ,2°K) 
Orientation: (211)

8x10-12
-  6x10-12
  4x10-12

2x10-12
0.50 0.7e c.fl4 olsâMAGr I:, ^ESLA •

Fig. 4.4 . Measured Faraday rotation angle shown as triangles
versus magnetic field with 0.337 mm pulsed incident acN
laser radiation. Solid lines are computed from eqs,(1.13)
and (1.14) with parameters dielectric const. =17.9, and
ra =0.014m for different values of scattering tirae(in 
seconds).
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<-------

4x10“ '̂- s

f------- 6x10 -12

,L----- 8 x 1 0 " ^ ^  S

n-InSb (MCP-1)
N=3.6x 10^^/cc 
thickness=2.0 mm. 
at LHe terap(4,2°K)

V v -
0.49 0.63 C.72 in te3l - I.Cf :.23 I.32 I 56 I.59 1.90

Fig. 4.5. Measured ellipticity (square^).versus magnetic field 
with 0.337 mm. pulsed HCN laser radiation. Solid lines 
are computed from eq. (1.17) for different values of 
scattering time. Experimental data shown as open triangles
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n-InSb 
sample (MEM-1)
N = 4.6x10 
thickness = 0.5 mm 
at LHe temp, (4.2K)

cm

I

Fig, 4,6.The observed Faraday rotation angle shown as triang­
les versus magnetic field with 0,337 mm incident pulsed 
HCN laser radiation. Solid line is computed from eq, 
(1»I6) with dielectric constant = 17.9» and the parame­
ters calculated by least squares fit of the Faraday ro-

*tat ion function to experimental data, m =0.0139m and
—12scattering time = 3*46x10 seconds.



78

Fig. 4.7 The observed Faraday rotation angle shown as triang­
les versus magnetic field with 0.337 mm incident pulsed 
HCN laser radiation. Solid line is computed from eq.
(1,28) with dielectric constant = 17.9, and the parame­
ters calculated by least squares fit of the Faraday ro-

*tation function to experimental data, m =0 .0139%^ and
—12scattering time = 3-46x10 seconds.
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n
n-InSb 

sample (MEM-1)
N = 4.6x10^^ cm"^ 
thickness = 0.5 mm 
at LHe temp. (4.2K) 
after multiple reflection 
correction

2.2* C . ’ S MSGF IN TESLfi ! sf :.e» : .50

Fig. 4.8. The observed ellipticity (squared) shown as triang­
les versus magnetic field with 0.357 mm incident pulsed 
HCN laser radiation. Solid line is computed from eq.
(1.29) with dielectric constant = 17.9, and the parame­
ters calculated by least squares fit of the function of•Xellipticity to experimental data, .m =0,0139m and scat-

—12tering time - 3*46x10 seconds.



80

I \

n-InSb 
sample (MEM-3)
N = 1.2x10^^ cm”^ 
thickness = 0.33 mm 
dielectric const.=17,9 
at LHe temp. (4.2K)

V -

Fig. 4.9. Measured Faraday rotation angle shown as open tri­
angles versus magnetic field with 0.337mm incident pul­
sed HCN laser radiation. Solid line is computed from eq.
(1.16) with the parameters calculated by least squares fit
of the Faraday rotation function to experimental data,
* -12 m =0 .0139#^ and scattering time = 4*13x10 seconds.
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L

I \

_-

\

n-InSb 
sample (MEM-3)
N = 1.2x10^4^ 
thickness = 0.33 mm 
dielectric const,=17.9 
at LHe temp. (4.2K) 
after multiple reflection* 
correction

Fig. 4.10. Measured Faraday rotation angle shown as open tri­
angles versus magnetic field with 0.337 mm incident pul­
sed HCN laser radiation. Solid line is computed from eq.
(1.28) with the parameters calculated by least squares
fit of the Faraday rotation function to experimental data
* -12 m = 0.0139m^ and scattering time =4.15x10 seconds.
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n-InSb
sample (MEM-3)
N. = 1.2x10^'+ cm~^ 
thickness = 0.53 mm 
dielectric const, =17.9 
at LHe temp. (4.2K) 
after multiple reflection 
correction

3 3  o 3 i  3 3 3  o..y d .b d C.?z ' ' I -S6  l.tl 1 . (3

Fig. 4.11. Measured ellipticity (squared) shown as open tri­
angles versus magnetic field with 0.337 mm incident pul­
sed HCN laser radiation. Solid line is computed from eq.
(1.29) with the parameters calculated by least squares fit★of the function of ellipticity to experimental data, m =
0.0137m^ and scattering time = 4.0x10 -12 seconds.
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n-InSb 
sample (KEM-3)
N = 1.2x10^4 cm"3
thickness = 0.33 mm 
dielectric const. = 1?.9 
at LHe temp. (4.2K)

Fig. 4.12, The observed Faraday rotation angle shown as open 
triangles versus magnetic field with 0.337 mm incident
pulsed HCN laser radiation. Solid lines are computed from

—  12eq. (1.16) with scattering time = 4.13x10" seconds for
*different values of effective mass ratio: m 0.0137,

0.0138, 0.0139, 0.0140.
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n-InSb 
sample (TIEM-3)
N = 1.2x10^^ cm"^ 
thickness = 0.33 mm 
dielectric const, = 17,9 
at LHe temp. (4*2K) 
after multiple reflection 
correction

t.co c.72 0.84 C.9SMfiGF IN TESLA

Fig. 4.13. The observed ellipticity (squared) shown as open 
triangles versus magnetic field with 0.337 mm incident
pulsed HCN laser radiation. Solid lines are computed

—  12from eq. (1.29) with scattering time = 4.13x10" seconds 
for different values of effective mass ratio: ra /m^ =
0.0137, 0.0138, 0.0139, 0.0140.
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n-InSb 
sample (MEM-4;
N = 1,4x10^^ cm”^ 
thickness = 2.0 mm 
dielectric const. =17.9 
at LHe temp, (4.2K) 
orientation: (211)

i? c.?4 , C-4t C.£C

Fig. 4.14. The observed Faraday rotation shown as open tri­
angles versus magnetic field with 0.357 mm incident pul­
sed HCN .laser radiation. Solid line is computed from eq.
(1.16) with the parameters calculated by least squares
fit of the Faraday rotation function to experimental da­
ta, m =0,0140m^ and scattering time =3.26x10" seconds.
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n-InSb 
sample (MEM-4)
N = 1,4x10^^ cm"^ 
thickness = 2.0 mm 
dielectric const. =17.9 
at LHe temp, (4.2K) 
after multiple reflection

I 'y. ' correction
I " X

l.'.t 1.6f 1

Fig. 4*15* The'observed Faraday rotation shown as open tri­
angles versus magnetic field with 0.337 mm incident pul­
sed HCN laser radiation. Solid line is computed from eq,
(1,28) with the parameters calculated by least squares 
fit of the Faraday rotation function to experimental data 
, m =0,0140m^ and scattering time = 3,26xl0~ seconds.



87

n—InS b 
sample (MCP-1)
N = 3.67x10^4 cm-3 
thickness = 0*63 mm 
dielectric const. = 17.9 
at LHe temp. (4.2K) 
orientation: (111)

Fig. 4.16. Measured Faraday rotation angle shown as open tri­
angles versus magnetic field with 0.337 mm incident pul- - 
sed HCN laser radiation. Solid line is computed from eq.
(1.16) with the parameters calculated by least squares fit 
of the Faraday rotation function to experimental data, 
m* = 0.0139m and scattering time = 4.23xl0'^^seconds.
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n-InSb 
sample (MCP-2;
N  = 3 .67x10^4  cm "^ 
thickness = O .63 mm 
dielectric const, = 17,9 
at LHe temp. (4.2K) 
orientation: (111) 
after multiple reflection 

correction

Fig. 4,17. Measured Faraday rotation angle shown as open triy 
angles versus magnetic field with 0.337 mm incident pul­
sed HCN laser radiation. Solid line is computed from eq,
(1.16)’ with the parameters calculated by least squares 
fit of the Faraday rotation function to experimental data, 
m*= 0.0139m and scattering time = t.25xl0’”̂ ^seconds.



89

n-InSb (MCP-2) 
N=3.67x 1 0 ^ V cc

at LHe temp (4.2°K) 
Orientation: (111)

1 .55rRGF IN TESLA

Fig.4.18. Measured Faraday rotation angle shown as open tri­
angles versus magnetic field with 0,337mm HCN laser 
radiation. Solid lines are computed from eq.(l.l6) with 
dielectric const.=17.9 and effective mass ratio =0.014 
for different values of scattering time-(in seconds).
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n—InSb
sample (]

thickness = 2.0 mm 
dielectric const. =,17.9 
at LKe temp. (4.2K) 
orientation: (211)

Fig. 4.19. The observed Faraday rotation angle shown as open 
triangles versus magnetic field at 0.337 mm. Solid line 
is computed from eq. (I.l6) with the parameters calcula­
ted by least squares fit of the Faraday rotation function 
to experimental data, m = 0.0139#^ and scattering time 
= 3*88x10'’̂ ^ seconds.
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n-lnS b 
sample IMEM-4)
N = 1.4x10^^ cm"^ 
thickness = 2*0 mm 
dielectric const. =17.9 
at LHe temp. (4,2K> 
orientation: (211) ■ 
after multiple reflection 
correction

'̂.00

Fig. 4.20. The Observed ellipticity (squared) shown as open 
triangles versus magnetic field at 0.337 mm. Solid line 
is computed from eq. (1.29) with the parameters calcula­
ted by least squares fit of the function of ellipticity 
to experimental data, m = 0.0141m and scattering time

-.1  P= 3.0x10"* seconds.
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n-InSb 
sample (MEM-4)
K = l*4xl0^^cra~^ 
thickness = 2.0 mm 
dielectric const. = 17.9 
at temp. (77K) 
orientation: (211) 
after multiple reflection 

correction
L.6C r.i:

Fig. 4.21. Measured Faraday rotation angle shown as open tri­
angles versus magnetic field at 0-337 mm. Solid line is 
computed from eq. (1.28) with parameters calculated by
least squares fit of the Faraday rotation function to*experimental data, m = 0.0141m^ and scattering time .= 
4.5x10’*^^ seconds.
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n-InSb 
sample (MEM-4)
N = 1.4xlU^4 cm"5 
thickness = 2.0 mm 
dielectric const. = 1?.9 
at LN^ temp, (77K) 
orientation: (211) 
after multiple reflection 
correction

*13.00 0 .12

Fig. 4.22. Measured ellipticity (squared) shown as open tri­
angles versus magnetic field at 0.337 mm. Solid line is 
computed from eq. (1.29) with the parameters calculated 
by least squares fit of the function of ellipticity to 
experimental data, m*= 0.0163^0 and scattering time = 
3,0x10“^^ seconds.
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The effective raass ratio (m*/m^) and the impurity scattering 

time of electrons were determined by a least squares fit of the 

theoretical function including a correction for internal multiple 
reflection, eqs, (1,16) and (1,28) for Faraday rotation; and

(1.17) and (1,29) for ellipticity to experimental data talcing 
these quantities as variable parameters. All the calculated quan­

tities are tabulated in table 4*1 and 4*2 for n-InSb samples 
with different electron densities. The theoretical curves com- 

puted from eqs. (1.16), (1.17), (1.28) and (1.29) using the 
appropriate values of effective mass ratio and scattering time 
are shown in Figs. 4.1 to 4.22 as solid lines.

The effect of using different values for the scattering 
time X on the theoretical curves for Faraday rotation and ellip­

ticity is shown on a few of the graphs (see Figs. 4.4, 4.3, and 
4.18): Figs. 4.12 and 4.13 shown the effect of slight changes in 
the effective mass ratio on the theoretical values for Faraday 
rotation and ellipticity (the scattering time X being kept con­

stant) .
The electron density of the samples were also calculated by 

a least squares fit of the same’theoretical function using three 
variable parameters (carrier density, effective mass ratio and 

impurity scattering time) to the experimental data. All these 

calculated quantities and the carrier density measured by the 

Hall effect measurement at 77% are given in table 4.3. These . 
calculated electron densities are in good agreement (within 
experimental error) with the electron densities measured by the 
Hall effect method except for the higher compensated sample 

(MCP-1).



TABLE 4.1
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n-InSb
sample

scattering 
time(second)

scattering 
time(second) 
after iuC.

temn.
(K)

experiment
performed

xlO"^^ xlO-lZ
MCP-1 6*06+0*36 6.84+0.03 4.2 FR
MCP-1 5.95;0.03 6.80+0.03 4.2 EL
MEM-1 3.50+0.13 3.16+0,15 4.2 FR
MEM-1 3.40+0.40 3.16+0.40 4.2 EL

MEM-3 4.15+0.10 4.13+0.10 4.2 FR

MEM-3 2.28+0.34 3.99+0.18 4.2 EL

MEM-4 3.26+0.08 3.26+0.08 4.2 FR

MEM-4 4.18+0.30 3.00+0.28 4.2 EL

MCP-2 4.25^0.12 4.25+0.12 4.2 FR

MEM-2 5 4.2 CR

MEM-2 6.86+1.53 6.9 +1.2 4.2 FR

MEM-2 3.98+0.47 7.0 +0.9 4.2 EL

MEM-4 3.88+0.08 3.87+0.09 4.2 FR

MEM-4 4.18+0.30 ' 3.00+0.83 4.2 EL

MEM-4 4.50+0.08 4.50+0.08 77 FR

MEM-4 3.09+0.17 3.00+0.83 77 EL

MPC = MULTIPLE REFLECTION CORRECTION 

FR = FARADAY ROTATION 

EL = ELLIPTICITY 
CR = CYCLOTRON RESONANCE

Note: see explanation given in footnote on the table L-2.
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TABLE 4.2

n-InSb
sample

effective mass *ratio (m /m̂ )
effective mass
ratio (m*/m )0

after MRC.

temp.
CIO

experiment
performed

MCP-1 0.01387+0.00003 0.01384+0.00004 4.2 FR
MCP-1 0.01408+0.00004 0.01400+0.00003 4.2 EL
MEM-1 0.01395+0.00002 0.01395+0.00003 4.2 FR-
MEM-1 0.01405+0.00012 0.01390+0.00013 4.2 EL
MEM-3 0.01392+0.00001 0.01391+0.00001 4.2 FR

MEM-3 0.01364+0.00013 0.0137410.00013 4.2 EL

MEM-4 0.01402+u.00002 0.0140210.00002 4.2 FR

MEM-4 0.01408+L.00085 0.0140910.00037 4.2 EL
MCP-2 0.01389+0.00002 0.0138910.00002 4.2 FR

MEM-2 0.0143910.00004 0.0143910.00003 4.2 FR

MEM-2 0.01331+0.0005 0 .0138410.00021 4.2 EL

MEM-4 0.01386+0.00001 0.0138610.00001 4.2 FR

MEM-4 0.01408+0.00085 0.0140910.00037 4.2 EL

MEM-4 0.01414+0.00001 0.0141410.00001 77 FR

MEM-4 U.OI7IO+U.OOO4 0.0163 10.0005 77 EL

MRC = MULTIPLE REFLECTION CORRECTION 

FR = FARADAY ROTATION 
EL = ELLIPTICITY 

Note that the calculated quantities given below the broken lines 
in tables 4-1 and 4-2 are not accurate because the experimental 
data from which the values of effective mass' ratio and scattering 
time were calculated were obtained by a simple technique using 
only an oscilloscope.
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TABLE 4.3

The data in this table are determined by least squares fitting 
of the curve computed from the theoretical expressions in three 
parameters,carrier density, effective mass ratio, and impurity 
scattering time to experimental data at liquid helium temperature,

FARADAY ROTATION

n-InSb
sample (cm" ) (cm-5)

effective mass
ratio (ra /m ) 
after'MRC.

Impurity 
scattering 
time(second) 
after MRC.

xlO^^ xl0^3 xio-12
MCP-1 0.36+0.04 0.31+0.02 0.01386+0.00003 5.04+0,04
MEM-1 4.6 +0.3 4.8 +0.3 0.01393+0.00003 3.28+0.25
MEM-3 12.1 +0.9 13.0 +0.4 O.OI3931O.OOOO2 3.83+0.13
MEM-4 14.0 +0.9 12.6 +0.3 0.01399+0.00002 3.62+0.12
MCP-2 36.7 :3.l 33.8 +0.9 0.01388+0.00002 4.3510.16

ELLIPTICITY
MCP-1 0.36+0.04 0.43+0.09 0.01412+0.00002 6.42+0.02
MEM-1 4.6+0.3 4.6 +0.5 0.01417+0.00011 3.38+0.32
MEM-3 12.1+0.9 14.0 +0.3 0.01380+0.00012 4.00+0.92

MEM-4 14.0+1.0 10.2 +3.0 0.01373+0.00126 3.21+0.28

MRC = MULTIPLE REFLECTION CORRECTION
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It should be noted that the observed Faraday rotation and 

ellipticity shown in Figs. 4.19, 4.20, 4.21 and 4.22 were not 

accurately measured because the expérimenta], data were obtained 
by a simple technique in which the pulse height of the signal 

from the laser was measured directly from the screen of an oscil­

loscope, the data for the other figures (Figs. 4.1 to 4.l8) was 
obtained using a box-car detector.

(ii) Cyclotron resonance

The shapes of the cyclotron resonance absorption lines at 
4.2K of the sample MEM-2 having carrier concentration N=3.6xlO^^ 
cm'"^ are presented in Figs. 4.23 and 4.24 as a function of mag­
netic field using polarized and unpolarized 0.337 mm HCN laser 

radiation. Solid lines in each figure were computed from eq.(1.2?) 

using the following values: dielectric c o n s t a n t , 17.9, effective 
mass, m*= 0,014m^ and scattering time,T = 3x10”^^ second. The 
power transmission coefficient (transmission ratio) was normalized 
to low values of magnetic field. Both the observed and calculated 

transmission ratios became larger than unity at B> B^, which may 
arise from the Fabry-Perot resonance effects. Because the sample 

thickness used (O’.30 mm) was greater than the critical thickness 
above which these effects are seen (given by d =;^/2n(B) ) where 

is the free-space wavelength and n(B) is the sample refractive 

index at a magnetic field. For n-InSb sample with 0.337 mm,d^0.04 
mm. The other effect which may give rise to spurious resonance 

spectra in thick sample arises from the interference of right 
and left circularly polarized components of the radiation passing

through the specimen.
It should be noticed that the observed transmission ratio 

with plane-polarized radiation is in better agreement with the
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n-InSb (MEM-2)
N = 5 . 6 x IO / c c  
thickness=0,5 mm. 
at LHe temp (4.2°K) 
v.'iti: larized 0.337mm 
HCN laser radiation

0-5C0.36

Fig.Zf.23* Measured transmission ratio shown as open triangles 
versus magnetic field. Solid line is computed from eq. 
(1.27) with dielectric const.=17,9 and effective mass ratio 
=0.014 for scattering time =3%10" ^secs.
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n-InSb (MEM-2)
N = 5.6x 1 0 ^ V cc 
thickness = 0.5mm 
at LHe temp (Zf.2K; 
with polarized 0.337mm 
HON laser radiation

•̂cc

Fig. 4.24. The observed transmission lines of same sample 
shown as open triangles and crosses for two experi­
mental runs versus magnetic field. Solid line is com­
puted from eq.(1.27) with dielectric const. =17.9. and

*  • -12 m =0.014m for scattering time = 3x10 seconds.
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theoretical expression, which was obtained from two circular 

counter-rotating components of the plane-polarized radiation, 
than the transmission ratio which was observed by an unpolarized 
radiation.

The linewidth is usually used to characterize the cyclotron 
resonance absorption line. Since the linewidth depends sensitively 
on the scattering mechanisms. For a spherical parabolic energy 

band the low energy impurity scattering time is given byt=l/Aw^, 
where is the equivalent angular frequency half-width at half­
maximum absorption (Apel, 19?0b; Kaplan et al,, 1973),

The magnitude of the linewidth is influenced by several fac­
tors, Due to conduction band non-parabolicity, cyclotron transitions 
from different low-lying electron levels do not have the same 

resonant fields at fixed wavelength, thus asymmetrically 'broad­
ening* the line. The fact that the sample is several absorption 

lengths thick makes it difficult to measure the linewidth precisely 
owing to the exponential nature of the absorption and to spurious 

interferences of geometrical origin.
All of these spurious effects can be removed by using thinner 

specimens, and the resultant spectrum displays only the simple 
cyclotron resonance absorption. However, another difficulty in 

precise linewidth measurements at low temperatures is that the 
free-carrier cyclotron resonance is accompanied by impurity tran­

sitions at lower field. At 0,337 mm the impurity line overlaps the 
free-carrier cyclotron resonance and accurate linewidth measurement 

becomes impractical. These doubled lines are seen in Figs. 2,23 

and 2.24; the low field minimum is due to the impurity transitions 
AE^, and high field minimum is the cyclotron resonance line.
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Such a doubled line in n-type InSb sample with 0,080 mm 

thickness was observed by Apel (1970b) at 0.337 mm, and its 

doubled components were analyzed in order to determine the free- 
carrier electron cyclotron resonance linewidth.

For more precise cyclotron resonance linewidth measurements, 
the doubled components must be sufficiently well resolved to 

allow reliable determination of the impurity scattering time at
4.2 K. Therefore, for this reason, no attempts were made the 

perform cyclotron resonance experiments for thinner n-InSb samples 
with different electron density at 4.2K using the 0.337 mm wave­
length HCN laser radiation,

4.3 DISCUSSION

(i) Effective masses

In order to predict or interpret of the electronic properties
of semiconductors, it is necessary to have a detailed picture of
the energy band structure. An important parameter in the energy

band structure is the effective mass m* which is different from
the free-electron mass m due to interaction between the electrono
and the crystal lattice. Faraday rotation in the free-carrier 

region is one method of obtaining the value of effective mass m* 
for semiconductors, because it is approximately proportional to 
l/(m*)^. Analysis of the experimental data obtained from Faraday 
rotation enables the concentration and distribution of the carriers 
and the energy band parameters of a semiconductor to be determined. 

Magneto-optical dispresive effects thus complement cyclotron reso­
nance measurements, especially at high temperatures and high car­
rier concentrations. These magneto-optical effects can be measured
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under less stringent conditions than cyclotron resonance and 

magneto-absorption. The free-carrier Faraday rotation gives 
accurate values for the electron effective mass. The interpre­
tation of experimental intraband rotation is somewhat restricted 

at short wavelengths by the fact that transitions between energy 
bands contribute to the rotation.

The Faraday effect is of particular interest in study of the 
conduction band of n-type InSb whose energy surfaces are spherical. 
Non-degenerate InSb crystals are also convenient because the rota- 
tion depends on l/(m*) and can be quite large due to the very 

small effective mass of free-electrons in indium antimonide. In 
this case, small magnetic fields are required when far-infrared 

radiation is used, e.g., B = w^m*/e, in order to measure Faraday 
rotation through the region of cyclotron resonance.

The experimental measurements and theoretical calculations 
for Faraday rotation and ellipticity through the cyclotron reso­

nance region were done for n-type InSb samples at lov/ temperatures 
as using a 0.337 mm pulsed HCN laser and a superconducting selenoid 
which could produced a magnetic field of up to 4 tesla (40 kG).
As shown on the graphes which were drawn of the Faraday rotation 

versus magnetic field, at low magnetic fields (where w^< w) the 

Faraday rotation increased with the magnetic field, but in the 
region where cyclotron resonance occurred, the rotation changed 
sign, and at high magnetic fields (where w^>w) 'the rotation became 

inversely proportional to the magnetic field.
The conduction band edge effective mass ratio of free-elec­

trons was determined by a least squares fit of the classical theo­

retical function (including an internal reflection correction) to
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ohe data* It was assumed, that the effective mass was independent
of the magnetic field. Because the magnetic field dependence of
the effective mass was calculated from the eqs, (1,19) and (1,20)

using the values m*=0.Q14m^, k^=0, E =0.233 eV.and g=-30.3. The
results indicated that the effective mass is increased with the

applied magnetic field about Z% up to B^=0,45 tesla, which was
within experimental error. Also all the sample used at liquid

helium temperatures were non-degenerate in applied magnetic field.

The average energy for free-electrons in these samples at 4.2K
is -^kgT = 0.34 meV, therefore, all the free electrons are near
the bottom of the conduction band which is parabolic as k —» 0.z
The quantum condition E(k) is also satisfied (since
3.69 meV and E(k) = 0.34 meV). In this case, non-parabolicity 
corrections for the energetic electrons which have higher effec­
tive mass was also negligible. All the band edge effective masses 
obtained from least squares fit to experimental data on the Faraday 
rotation and ellipticity for n-type InSb samples at low temperatures 

are tabulated in table 4*2,
These calculated band edge effective mass ratios are in good 

agreement with recent effective mass measurements. In order to 

compare these calculations with others and also to show the depen­
dence of effective mass on the magnetic field, temperature and 
carrier concentration, the effective mass data obtained from 

various types of magneto-optical experiments by other workers for 
n-type InSu are collected in table 4.4 and displayed as a function 

of temperature and carrier concentration.
It should be noted that most of the effective mass measure- 

ncs listed in table 4.4 were obtained with degenerate samples
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TABLE 4.4
Effective masses of n-type InSb determined by magneto-optical

experiments

m*/m̂
(cmT^)

T
(K)

Experimental
method

Wavelength Reference 
used

0.015
+0.0005 4.0x10^3 105 FR FIR (Shimura, et al., 1970)

0:0139
+0.0001 1.0x10^^ 4 CR FIR (Johnson & Dickey,1970)

0:0139
+0.0002 1,0x10^4 4.,2 CR FIR (Apel, et al,, 1971)

0:0155
+0.0005 2,0x10^4 4 CR FIR (Boyle, et al., 1957)

0.0134 0,.2-3x10^5 4 CR MV (Benski, I960)
0.013 3x10^4 77 FR IR (Smith, et al,, 1959)
0.0148 3.8x10^4 77 FR IR (Pidgeon, 1962)
0.0131 2.6x10^5 77 FR IR (Smith, et al., 1959)
0.0145 , xl0^5 77 CR FIR (Palik, et al., I96I)
0.0165 l.lxlO^G 77 FR IR (Smith, et al,, 1959)
0.0178 2.9x10^^ 77 FR IR (Smith, et al., 1959)
0.019 4x10^^ 77 FR,VE IR(Pidgeon,1962;Teitler,196l)
0,0185 4.3x10^^ 77 FR IR (Pidgeon, 1962)
0.022 2.0x10^7 77 FR IR (Smith, et al,, 1959)
0.023 2.0x10^7 77 FR,VE IR(Palik,1961a,Teitler,1961)
0.023 2.1x10^7 77 FR IR (Pidgeon, 1962)
0.029 6,4x10^*^' 77 FR IR (Smith, et al., 1959)
0,021 2,0x10^^ 300 FR IR (Pidgeon, et al., 1964)
0.0225 4.5x10^^ 300 FR IR (Pidgeon, 1962)
0.023 5.9x10^^ 300 FR IR (Pidgeon, 1962)
0.035 7.8x10^^ 300 FR IR (Pidgeon, 1962) .
0,035 l.OxlO^G 300 MPR IR (Pidgeon, 1962)
0.041 1.8x10^^ 300 MPR IR (Wright & Lax, 1961)
0.038 2.4x10^5 300 MPR IR (Sniadower, et al., I964)

FR = Faraday rotation; CR -- Cyclotron resonance; VE = Voight 
effect; MPR = Magnetoplasma reflection or rotation;
FIR = Far-infrared; IR = Infrared; M’/ = microwave.
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at higher temperatures in which case more electrons are found at
higher energy and momentum so that the effective mass of the

electrons was increased. The dependence of the effective mass on
the carrier density in n-InSb was studied by Smith et al. (1959)

at liquid nitrogen temperatures using infrared radiation. At this

temperature, all the samples investigated were degenerate and the
corresponding average effective mass mi,, which is given by 1/m* =

^  Fermi level was calculated from the data,
h kp
taking into account the Fermi distribution of carriers in the non­

parabolic band. By this technique the average effective mass value 

at k = 0 m* = (0.0143 + 0.0005) was obtained from the k.p 
pertubation calculation for non-parabolic band by Kane (1957).

The effective masses obtained in the experiments described in this 
thesis are in good agreement with this average effective mass within 

experimental error.
Most of the Faraday rotation measurements in table 4.4 have 

been observed in the near infrared region wiiich means that the 
rotations were well away from cyclotron resonance and correspond 
to condition In this case, the Faraday rotation data were

obtained from the rising part of the graph of rotation against 
magnetic field, A possible discrepancy between effective masses 

determined'fromcFaraday rotation and cyclotron resonance arises 
from the non-parabolicity of the band. This condition was discussed 

in detail by Palik et al. (1961). .
In earlier measurements of effective mass, an approximate 

theoretical expression eq. (I.l6a) was used to calculate the effec­
tive mass of the free-electrons from the observed Faraday rotation 

when the conditions w3>w and Iw-wJt»1 were satisfied. One may



107
expect errors to arise from this approximation if the condition 
w ^ «  w is not satisfied. In order to overcome this difficulty in 
the present work, the effective mass ratios tabulated in table 

4*2 for non-degenerate n-InSb samples with different electron 

densities at low temperatures were calculated from the exact theo­

retical expression (including internal multiple reflection correc­
tion) through the cyclotron resonance region for both Faraday 
rotation and ellipticity by a least squares fit method using a 
computer program.

(il) Scattering times

At low-temperatures, the conductivity and mobility of semi­

conductors, such as InSb, are governed by phonon scattering down 
to about 60K, while below this temperature ionized impurity scat­

tering dominates. Hence the d.c. mobility, exhibits a maximum

near 60-70K. One normally expects these mechanisms to continue to 
function down to liquid helium temperatures at infrared and micro­
wave frequencies, since previous Faraday rotation and ellipticity 

experiments in n-type InSb at 105K (Shimura et al., 1970) and 
cyclotron resonance experiments in n-type Ge at low temperatures 
(Bagguley et al., 1961 and 1963) have yielded approximately the 
same scattering times at far-infrared and microwave frequencies 

as those deduced from d.c. measurements.
More recently, however, cyclotron resonance linewidth data 

(which can be converted to scattering times by the equation 

X= (Aw^)~^, where Aw^ is the equivalent angular frequency half­
width at half-maximum absorption) and Faraday rotation measurements 
mad* through the cyclotron resonance region (which are sensitive 

to scattering times) have shown that there is an anomalous increase
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of scattering times in the far-infrared with respect to the field- 

dependent d.c, scattering tines at liquid helium temperatures 

(Apel, 1970b; Apel et al., 1970a and 1971; Poehler, 1972; Poehler 

and Wang, 1972; Chamberlain, 1972 and Kaplan et al., 1973). Also, 

Potapov et al. (1973) have made measurements on the Faraday rotation 
in strongly compensated n-type InSb using microwave radiation 

(at 4 nun and 8 mra wavelengths) and also d.c. conductivity and 

mobility measurements at various temperatures from 4.5K to 3OK.
These Faraday rotation data were converted to the Kail mobility 

in order to compare with d.c. measurements. This comparison showed 

that the d.c, mobility did not agree with the Hall mobility deduced 

from the Faraday effect at liquid helium temperatures.

So far, however, very little experimental data have been 

obtained in the far-infrared at 4»2K in order to determine ionized 

impurity scattering times. In addition there are some theoretical 

calculations (Kawamura et al., 1964; Miyake, 1963 and 1973;

Kawabata, 1967; Shin et al., 1972 and 1973; Lodder and Fujita,

1974 and Lodder, 1975) that have been considered scattering by 
ionized impurities in pure semiconductors under the experimental 

conditions appropriate to far-infrared experiments.. Recent theo­

retical calculations and experimental works have shown that the 

scattering times X determined from measurements of the cyclotron 
resonance width, may differ markedly from the zero-frequency 

values particularly for ionized impurity scattering in the

quantum limit where k^T and v;^T>2 1, (k^ is Boltzmann’s
constant and is the angular cyclotron resonance frequency). 

However, for this case there is disagreement among the theoretical 

predictions, and comparison with experiments are uncertain (Shin 

et al., 1972 and 1973).



109

A recent calculation by Shin et al. (1972, 1973) bas shown 

that the important parameter for the Coulomb field of the ionized 

impurities was the ratio of the magnetic length (radius of cyclot­

ron orbit), r = ( ^ ) ^ ,  to the screening length, a = ( )^,

where m* is the carrier effective mass, and the plasma frequency
2 ^Wp is given by w^= (4nHe For a screened Coulomb scattering

potential these authors find that when the magnetic length, r, is 

somewhat less than the screening length, a, of the impurities, 

the cyclotron resonance width in the quantum limit (all electrons 

in the lowest Landau level) should increase with increasing mag­

netic field or decreasing r/a. This is disagreement with the 

earlier results of Kawabata(1967) obtained for an unscreened 

Coulomb potential.

More recently, Kaplan et al.,(1973) have obtained cyclotron 

resonance data for various magnetic fields using thin samples of 

higher quality n-type InSb. These data were converted to scattering 

times and compared with the calculations of Shin et al. and Kawa­

bata discussed above. The experimental data show a peak in scat­

tering time near r/a = 0.5. For-fields below this maximum, the 
scattering time increases with increasing field, in agreement with 

the theory of Kawabata for ’non-adiabatic’ (inter-Landau level) 

scattering, but for fields above it, the scattering time decreases 

with increasing field, in agreement with the theory of Shin et al., 

for 'adiabatic* (intra-Landau level) scattering.

So it thus appears that some independent experimental measure­

ments other than these of cyclotron linewidth are required to 

determine impurity scattering times for comparison with these 

experimental results. For this reason the free-carrier Faraday
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effect in n-type InSb samples with different electron densities 

(and hence different screening lengths) was used in order to 

determine low-temperature scattering times; since only one wave­

length (0.337 mm) was used in the experiments, so the magnetic 

length, r, was essentially constant in these experiments.

The electron-ion impurity scattering times were calculated 
from far-infrared Faraday rotation and ellipticity data and tabu­

lated in table h.l. These experimentally determined times which 

are in the range of 3 to 7x10” seconds are in sharp contrast 

to the d.c, scattering times measured at 4.2K and zero magnetic 

field (table 4.3).(The results of Apel et al. (1971) show that 

these d.c. scattering times are inversely proportional to the 

applied magnetic field). There is good agreement between the scat­

tering times obtained from the Faraday rotation and ellipticity 

measurements and those derived from Faraday effect and cyclotron 

resonance linewidths using the same radiation frequencies (Poehler 

and Wang, 1972; Apel, 1970b and Apel et al., 1970a and 1971),

All the impurity scattering times measured recently in the 

far-infrared for n-type InSb (including those obtained by the . 

others) are plotted as a function of the parameter r/a in Fig. 

4.23. The comparison indicates that good agreement (within expe­

rimental error) exists between the experimental results obtained 

from the Faraday effect and the other results.

According to Shin et al's theory for r/a <1, the dominant 

process is ’adiabatic* scattering. Their results for the half- 

iinewidth at half-maximum, Aw_i , may be written in the form (Shin 

et al., 1972 and 1973)



TABLE 4,3
Sample properties at 4.2K
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n-InSb

sample -3cm

at 77K

N,=N^+N^
-3cm 

at 4.2K

d . c
conductivity 
measured at 
4.2K and B=0
(n-cm) ^

d.c.
Hall mobility 
determined at 
4.2K and B=0p(cm /V-sec)

d.c
scattering 
time deter 
mined at 
4.2K and 
B=0. (sec)

xlO^^ xl0^5 xlO^ xlO“^^

MCP-1 0.36 2.0 0.003 0.44 0.4
MEM-1 4.6 1.7 0.2 2.7 2.1

MEM-3 12.0 0.83 1.7 10.6 7.2

I4.O 0 .G4 1.7 7.7 6.2

MCP-2 36.7 1.4 7.6 16.3 10.4
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Fig,

Q
A
A

4.25 Variation of the impurity scattering time observed 

by different methods as a function of the parameter r/a 

defined in the main text for n-InSb, plotted to compare 

the experimental results obtained in this investigation 

with earlier measurements at■liquid helium temperature. 

Estimated total experimental error for our measurements 

is indicated by the bars on the- data points. The symbols 

used in this figure represent following experimental works, 

The present work - Faraday effect 

Kaplan et al. (1973) - Cyclotron linewidth 

Poehler and Wang (1972; - Faraday effect 

Apel et al. (1971; - Cyclotron linewidth
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(Kïïa)^Ze^
Awi = ~ -----  (1-0.86% % ) (4.2)

? %

where N. is the concentration of ionized irsDurixies of effective 
charge Ze, and is the lattice dielectric constant.

More recently, Lodder (1975) has combined the important 

features of the expressions given by Kawabata (1967) and Shin et 

al. (1972, 1973) for cyclotron resonance linewidth, taking into 

account 'gain and loss' factors which were neglected by Shin et 

al. and screening length a, which was not included in the Kawa- 

. bata's expression, Lodder’e result (1975) for the half-linewidth, 

AW^, for the screened Coulomb potential, which is valid for the 

experimental conditions Aw^ may be written in the form

c4/3./v3 2
AW, = i ----- T7? (F( (4.3)

4  P 2 2 *where C^ = (Ih'n')'̂ (Ze /h Ê ) and the function F(r /2a ) = F(p)

^ ^2 -t g

F(p) = Jdt  g = p+l“(p +2p) exp(p) E, (p),
0 (t+p)Z 1
• -t

while E^(p) = J is an exponential integral, and the other

symbols have their usual meanings.

Under the present experimental conditions, the magnetic
JLlength, r = (hc/eB )^, where B is the field required for cyclot-

2 2 "iron resonance and the screening length, a = (fi“ Sv./(64^m-^e N))'*", 

which is a function of the carrier concentration, N, of the sample 

used. The earlier theoretical work of Kawamura et al. (I964) and 
Kawabata (1967) for the adiabatic and non-adiabatic collision 

times arising from Coulomb interactios in the quantum limit 

are independent of the screening length a. For an unscreened 

Coulomb potential due to ionized impurities their results are
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(4.4)
2^e\.

2 ^
„ i  ^ '̂c_------ ---  (11.41- T) (non-aliabatic scattering term)

2Ue^Nj_ ^

T^(B) = ^  (adiabatic scattering term)
® (4.5)

The final expression for the overall scattering in this approch 

is then given by Apel and Poehler (1970)

^ ^ (4.6)T(B) “ 't(B) T  ^(B)ct lid.

Apel et al, (1971) added the zero-field dc scattering time ,

to this expression and obtained the equation below
— 1 —1 — 1

'C(B) +(\(B) +ia(B)) (4.6a)

In order to calculate the impurity scattering times from 

these theoretical predictions by use of the equations (4.2),

(4.3), (4.4), (4.5) and (4.6) the total impurity concentrations 
of the sample used, R^, were estimated from the mobility which is 

product of the conductivity measured at 4.2K in zero magnetic field 

and the Hall coefficient determined at 77K by using the Brook- 

Herring equation (1951, 1955) which is given by (in Gaussian 

e.g.8. units)

■ ---------------------------

(m*)^e^I!, ln(l+b)-b/(l+b)]_
2

where b = -=----- ------- , and the symbols have their usual meanings.

All these measured and calculated quantities- are listed in table 

4.5 and 4.6.
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TABLE 4.6

Impurity scattering time at 4.2K

n-InSb parameter IMPURITY SCATTERING TIME AT 4.2K
observed calculaceu from the theoretical expr

sample r/a Kawabata
(1967)

Shin et al
(1972,1975)

Lodder (1975)

( I N' S E C O N D )

xlO'^^ xlO xlO-lZ '
MCP-1 0.59 6.8420.05 2.6 0.9 1.9
MEM-1 0.74 5.46+0.15' 5.0 2.4 2.8

MEM-5 0.94 4.1520.10 5.4 7.4 5.2

MEM-4 0.98 5.2620.08 5.4 9.1 5.5
MCP-2 1.24 4.25+0.12 5.5 18.5 4.7
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Comparison of the theoretical calculations and the experimen­

tal observatins listed in table 4.6 for the impurity scattering 

time in n-type InSb at 4.2K shcwo^' that the impurity scattering 

time depends effectively on the parameter r/a. Lodder's theore­

tical expression (i.e. eq. (4*3)) yields better agreement to the 

present experimental data except for the strongly compensated 

sample (MCP-1) which violates the condition Therefore,

this violation may be the reason for the scattering time calcu­

lated from the Lodder's expression (eq. (4*3)) being lower than 

the experimental values. The agreement between the experimental 

and calculated values for the impurity scattering times in the 

other samples used is reasonably good.

(iii) Rot electron effects

The non-linear behaviour of the resistivity of n-type InSb 

observed at liquid helium temperature in the presence of a mag­

netic field has been treated in many ways both theoretically 

(Kazarinov and Skobov, 1962) and experimentally (Sladek, 1958, 

1959; Kobayashi and Otsulca, 1972, 1974; Kobayashi ot al. , 1973; 
and Murotani and Risida, 1972)..Some authors belive that impact 

ionization of frozen-out carriers cause the non-linear effect, 

while others assert that 'heating-up' of carriers within the 

conduction band can explain the main features of the phenomena.

It is true that both processes may actually be taking place. 

According to Kobayashi and Otsuka's experimental results, in 

which they used n-type InSb with an electron density of 1.6X10^^ 

cm~^ at 7?K, a linear resistivity behaviour and a constant 'elect­

ron temperature* (4.2K) was observed up to an applied electron 

field of IV/cm. Then, a drop in resistivity and an increasing
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‘electron temperature', T^, up to 30K, was reported with applied 

electron fields between 1 and 2V/cm. After all the frozen-out 

carriers had been exhausted at about E = 27/cm a further increase 

of the 'electron temperature' was explained by 'heating-up' of 

carriers within the conduction band. Still higher electric fields 

(up to 64V/cm) applied to the sample distributed the carrier over 

more than one Landau level transitions (0__—>1_, 1 t̂->2^, l_p— >2^) 

were also observed experimentally. Similar experimental results 

in n-type InSb with an electron density of 2.5X10“‘̂ cm ^ were 

reported at liquid helium temperatures by Murotani and Kisida

(1972) using a 07/ 0.337 mm wavelength HCN laser.

The Faraday rotation due to hot electrons in strongly compen­

sated n-InSb samples with different electron densities (from 1.4X10^^ 

to 9,8X10^^cm"^) was investigated in the millimetre v/avelength
ESrange at liquid/temperatures by Potapov et al. (1973). According

to their experimental results if the incident laser power on the
-5 2sample was less than 10 watts/cm , the relative value of the

correction to the Faraday rotation angle due to .'electron heating'

will be negligible.

The maximum pov/er incident on the samples used in the present
— 5 2investigation was estimated to be about 10 ^ watts/cm * In the case

P 1
of electron 'heating' by the e.m. wave field, we have E =2p( £^)^

1 2= 2p/(g^c^) using Eq C =1, where p is the power of the incident 

wave in watts/m and are the permittivities of n-type InSb

and vacuum. If these values are substituted in the above equation, 

the maximum value of tho electric field produced by the pulsed 

HCN laser will be E = 0.05 V/cm. D.c, electric fields were applied
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to the Hall bars at 4*2K, which were cut as near to the corres­

ponding samples used as possible, up to this calculated a.c, 

electric field, during d.c, conductivity measurements of these 

samples in zero magnetic field. Current and potential measurements 

shov/ed that the Ohm's law held for fields up to this a.c. value 

(= 0.05 V/cm) for the samples used. So,a.c. electric field produced 

by incident laser power on the samples v/as so small and ' hot elec­

tron' effects were also negligible under the experimental conditions 

used in the experiments described in rhis thesis.

(iv) Faraday effect for other semiconductors

Values of Faraday rotation for n-type InAs and n-type GaAs 

with electron densities of 1.7X10^° and 1.45X10^° cm”^ at 77 K 

respectively were calculated from eqs.(1.16) and (1.17) as a 

function of magnetic field for the 0.557 mm pulsed HCN laser 

radiation;(lower carrier concentrations of these samples than we 

have got were not commercially available). The calculated results
showed that the absorption coefficient for these materials was

2 4very high and the 'plasma frequency' w^= (Ne /(m*g^£^))^ calculated 

was larger than the laser frequency w. These properties of these 

materials indicated that the plasDia would be opaque for some 

values of the magnetic field, (see Fig. 4.25A, (after Wright, 1964)).

The theoretical calculation of the Faraday rotation was con­

tinued for the high purity epitaxial films of n-type GaAs as used 

by Chamberlain (1972) and n-type HgTe as used by Tuchendler et al. 

(1975). The calculated Faraday rotation for these materials and 

one of the n-type InSb samples used.is shown in Fig. 4.26, (the 

properties of the materials used in the calculations are given on 

this figure). It can be seen that the calculated Faraday rotation
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n-InAs n-GaAs n-HgTe

r ̂ • <o CYCLOTRON
r e s o n a n c e
b r a n c h

REDUCED FREQUENCY t« /w p )

m a g n e t o p l a s m a
b r a n c h

- 4

Fig, Poles and zeros of the index of refraction for a lossles

plasma (k=0) in a longitudinal- (^//B) magnetic field,
2 2Wp= Ne /(m» . The plasma is opaque in the cross-hatched

2region, in which n <0: and hence the radiation does not pro­

pagate through the sample (reflectivity P is 1). Under the 

present experimental conditions, the reduced frequency (w/w^)

is kept fixed and the reduced cyclotron frequency (w /w ) isc p
proportional .to the .applied magnetic field. Transparent and 

opaque regions of the samples whose properties are given below 

can be seen in this figure, (After G.B. Wright, 1964).

n-InAs
N=1.7X10^^cm“^ 
d= 0.5 mm. 
m*=0 ,023m^
6^=14-55

n-GaAs

d= 0.3 mm. 
0.068m

b^=ll.l

't=4,OxlO"^^S0C. t =208X10“^^sec
w/Wp= 0,44 w/Wg= C .72

n-HgTe
N  = 2X10^^ cm"^ 

d = 0.010 mm. 
m* = 0.026m0

= 20,0 
T  = 8.87X10”‘̂ ^sec.
w/Wp= 1.6

(Tuchendler et al's data (1973))
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n-InSb n-HgTe

I \

n-InSb (211)
IT = 3*6x10^^ cm*"^ 
d = 2,0 mm 
m*= 0,014m

'Z = 6,0xl0"'^'~sec 
n-GaAs w. /w = 0,038P

C.75 1.03 1.25 MRGF IN TESl.; 2.25 2.5:

n-HgTe (111)
N = 2x10^^ cra’^ 
d = 0,010 mm 
m*= 0.026mo
V  20.0
fC= 8,87xl0“*^^sec

Wp/w= 0.63

n-GaAs
N = 1,3x10^^ cm“^ 
d = 0.150 mm 
m*= 0 .068mo
V  11,1
z=  7 .73x lO ~^^sec

Wp/w = 0.04
Tuchendler et al's data( 1973) Chamberlain »s data(1972)

Fig, 4*26 Calculated Faraday rotation curves through cyclotron 
resonance for n-type InSb, HgTe and GaAs versus magnetic 
field with 0.337 mm incident pulsed HCN laser radiation. 
These curves are computed from eq.(1,16) with indicated 
parameters.
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through cyclotron resonance for n-type GaAs would he too small to 

measure with any degree of accuracy using the techniques described 

in this thesis and for n-type HgTe was affected by magneto-plasma 

reflection phenomena, just before the cyclotron resonance field 

was reached.

In order to demostrate the magneto-plasma effect of these 

materials the reflectivity R given by eq, (1.26) was calculated 

and is shovm in Fig, 4*2? as a function of the magnetic field 

applied (for left-hand circularly polarized radiation only) using 

the parameters given in Fig, 4.26. Similar theoretical calculations 

of the reflectivity R for different values of (w^/v;)^ as a function 

of (w^/w) (which varies with the applied magnetic field) have also 

been published by Zeiger and Hilsentrath (1957).

Note that the calculated reflectivity R for n-type GaAs and 

n-type InSb shown in Fig. 4.27 is nearly constant: slight changes 

of the reflectivity occur at cyclotron resonance, Hov/ever, the 

reflectivity R for n-type HgTe exhibits a drastic change just be­

fore the cyclotron resonance field, the refractive index of n-type 

HgTe, which is function of the applied magnetic field, tends towards 

unity at about 0.5 tesla and the reflectivity R, becomes nearly 

equal to zero, which makes the material more transparent. The re­

fractive index of this material at higher magnetic fields, increases 

and at about 0,75 tesla, the reflectivity R, reaches a maximum 

nearly equal to unity and the material becomes almost opaque.

This phenomenon is usually called the magneto-plasma effect. At 

still higher magnetic fields, the reflectivity R falls again.

The reflectivity minimum is shifted by amount + w^/2 by the 

application of the magnetic field as the frequency of incident
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n-HgTe
n-InSb

n-GaAs

MAGF IN TESLA

Fig. if.27 Theoretical curves of the reflectivity R for the mag­
netoplasma effects of the same semiconductors v/ith proper­
ties given in fig. i+.26 versus magnetic field with indica­
ted parameters in fig. if.26 for 0.337 mm left hand circular­
ly polarized radiation only.
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radiation is varied. This has been observed experimentally in 

many semiconductors (Spitzer and Fan, 1957; Lioson et al,, 1953; 

Palik et al,, 1962). The measurement of magneto-plasma shifts 

allows an another independent determination of cyclotron frequency 

, and thereby effective mass m * , of thé charge carriers in the 
semiconductors,.
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C H A P T E R  5

5.1 SUkllARY Ala) CCllCLUSICH
A satisfactory experimental system, signal processing and 

recording technique for an experimental investigation of magneto­

optical effects including free-carrier Faraday rotation, ellip­

ticity and cyclotron resonance in n-type InSb samples with dif­

ferent electron densities has been developed and applied to the 

study of electron-ionized-impurity scatterings in the presence 

of magnetic fields at cryogenic temperatures, A pulsed far-infra- 

red (HCN) laser has been made to operate as a source of a stable 

monochromatic signal having a wavelength of 0.337 mm with an 

average power of 1 mW, It should be noted that this laser can 

be made to produce radiation at other discrete wavelengths 

(0,028 mm, 0,119 mm, etc.) in the far-infrared by simply changing 

the gas in the tube, if required.

The theoretical formulation chosen was a classical theory 

based on the Drude free-electron model and Maxwell’s equations 

for a conducting medium, taking into account multiple internal 

reflections in the specimens. A quantum mechanical calculation 

for Faraday effect has been used by Poehler and Wang (1972). 

Comparison indicated that the present classical calculation with 

the same parameters used in Poehler and Wang's data for the 

Faraday rotation v/as higher than the quantum mechanical calcula­

tion by about 5-6 % in the range 0-0.4 tesla and 35-40 in the 

range 0.4-1.2 tesla magnetic field range; (see appendix D).

The experimental results on n-type InSb with different 

electron densities were in good agreement with the classical
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theory in most respects. With the measurements over a Tide range 

of magnetic field through the cyclotron resonance, it was possible 

to determine the effective mass, impurity scattering time and 

density of conduction-band electrons for the sample used from 

both the Faraday rotation and ellipticity by using a cur-fitting 

method. Near the cyclotron resonance field, however, the measured 

ellipticity was found to be much lower than the calculated one.

A similar discrepancy has been observed by other experiments in 

measurements at 77 K with classical calculation (Shimura et al., 

1970) and in measurements at /+.2 K with quantum mechanical calcu­

lation (Poehler and Wang, 1972).

Analyses of the experimental data obtained from both the 
Faraday rotation and ellipticity measurements through cyclotron 

resonance by using a least squares method gave a mean value of

0.0139 + 0.0001 for the fundamental effective mass ratio of the 
conduction-band electrons in n-type InSb specimens at 4.2K. This 

effective mass ratio was in good agreement with earlier measure­

ments at low temperatures obtained by several other different 

experimental methods.

The electron-ion impurity scattering times measured by the 

present experiments yielded values of the order of 10"^^ seconds 

at liquid helium temperatures for several different samples.

These measurements were in sharp contrast to the field dependent 

d.c, scattering times (of the order of 10"*^^ seconds) measured 

at 4.2K in zero magnetic field, however, there was good agreement 

between these impurity scattering times observed from the present 

Faraday effect measurements and those derived from the cyclotron 

resonance linewidth measurements using the same radiation frequ- 

r'ncies and temperatures (Apel et al., 1970c and 1971),
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Comparison of the data with theories of linev/idth, recently 

given by Shin et al. (1972, 1973) and Lodder (1975), in the quan­
tum limit (where w^'f»l and Ep«k^T«'hw^, --- is the Fermi

energy, kg is Boltzmann's constant and is the angular cyclotron 
frequency) showed that the impurity scattering times depend effec­

tively on the size of the parameter r/a, where r is the magnetic 

length and a is the screening length. Values of the impurity 

scattering times obtained by different methods were plotted as 

a function of the parameter r/a and compared with the present 

experimental results (Fig. 4.23).
The comparison of the impurity scattering tines observed 

with the values calculated from the theories of linewidth given 

by Kav/anura et al. (1964), Kawabata (1967), Shin et al. (1972 and 

1973) and Lodder (1973) indicates that a disagreement exists 

between these theoretical values. Better agreement with experimen­

tal results was obtained from Ladder's linewidth expression
(1973), which was derived using an approximation to a screened 

Coulomb potential.

From the present experimental work on n-type InSb samples 

with different electron densities, one can conclude that there 

are still considerable discrepancies between the experimental 

data and the values calculated from theretical expressions even 

the effect of internal multiple reflections in the specimens is 

taken into account.

Several investigations of the free-carrier Faraday effects 

in n-type InSb at 4#2K at 0.337 mm wavelength have been made, 

but less work has been done on these effects at other far-infra- 

red wavelengths (0.028 mm, 0.119 mm, etc.). Therefore, there is
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a need for more experimental data on the Faraday effect in n-type 
InSb at those far-infrared frequencies for comparison with the 
results of cyclotron linev/idth measurements.

Also additional work, both on cyclotron resonance linewidth 
measurements and Faraday effects in other semiconductors at far- 
infrared frequencies, is required to make clear the results 
obtained from both the experimental investigations and the theo­
retical predictions and also to support the Ladder's linewidth 
expressions (1973).
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A P P E N D 1 X A

A typical computer program output for one of the n-InSb samples
used in the present investigations was shown on the next page. The
symbols used in this program output have, following meanings:

N-MIIs’US and N^PLUS are refractive indices; K-MINUS and K-PLUS
are extinction coefficients; IMP-MINUS and IMP-PLUS are imaginary
part, REP-MINUS and REP-PLUS are real part of the propagation

w
constant ( in per meter), which defines as p^= —  (n^-ik^), for 
left- and right-hand circularly polarized raüiation respectively; 
THETA is the Faraday rotation angle ( in degree) and T is the 
relaxation time (in second).
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A P P E N D I X  B

_The list of.experimental apparatus_used_in_this_investigation.

a) Pov/er supplies for the 0,337 mm pulsed HCN laser

1. EHT unit (Bedford College, 1967)

2. Control unit (variac), (Bedford College, 1968)

3. Thyratron triggering unit with variable frequency (Bedford, 

College, 1968)
if. Triggered spark gap (Bedford College, 1968)

3. Power supplies for the thyratron unit (A.P.T. Electronic 

Indistries Ltd, model 312)

b) The cryomagnetic system (as supplied by the Oxford Instriment 

Company Ltd.)

1. Transverse-access optical cryostat (model, G if 32)

2. 0-60 amp, stabilised air cooled single phase magnet power 

supply (type, 60A, 0, serial number 6/3131)
3. Vacuum insulated helium transfer tube

if. Vibrating diaphragia helium level indicator

c) Pjimping system

1. Pumping unit for the optical cryostat (Genevac, PL66)

2. Pirani (M7B) and Penning (M6) gauge heads with control unit

Pirani 10 and Penning 8 (Edwards)

3. 1-stage rotary vacuum pump for the laser system (Metrovac, 

type, DRIH)

d) Signal processing and recording system

1, Golay cell detector (Unicam Instr, Ltd, type, SP 30)

2, Electric motor (Erwin Halstrup/Raylelgh Instr., type, RSM 30)
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3. Double pulse generator with variable delay (Farnell, model,
PG 3222)

4. Two-linear gates (Brookdeal model, 9413)

5. Double pen XY/Yt recorder with chart drive unit (Yokogawa, 

type, 3078)
6. Dual-beam oscilloscope (Tektronix, type, 331 + type H and L 

plug-in unit with maximum sensitivity 5 mV/cm", 12 MHz)

7. Stabilised power supply for the Golay cell (Farnell, type, SSA)

8. Electronic circuits produced pulses for triggering the pulse 

generator and oscilloscope:

Light activated sv/itch, which produces pulses from flashing 

light during discharging laser tube, (Radio-spares, 3V, Las)

+ Monostable multivibrator (TTL, SN 74121) + Transistor amp­

lifier and Emitter follower (Bedford College, 1974)
e) General purpose
1. Keithley digital-multimeter v/ith i voltage sensitivity 

(type, 1603)
2. Keithley autoranging DMMI-l (type, I68)
3. Avometer (Avo. Ltd, model 8)
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A P P E N D I X  C

LIST OF SYMBOLS

Only those symbols that are used throughout this thesis are 

included in this list. Other, less frequently used symbols are 

defined as they appear.

A vector potential
a screening length

a Bohr radiusn
absorption coefficient 

B magnetic induction

Bç cyclotron resonance field

c speed of light

d sample thickness

A  ellipticity or spin-orbit splitting of valence band

E(z,t) electric field

E(n,k,s) conduction band, Landau energy levels 

Ej^(n,M,7i) impurity energy levels 

E lower edge of the conduction band

Ep Fermi energy

E width of the forbidden energy gapg
E^ upper edge of the valence band
e electronic charge (absolute value)

dielectric constant 

Zq permittivity of free space
f^(n,k,s) Fermi distribution function 

G(E) density of state functions

g effective g-factor
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H Hamiltonian operator 

h Planck's constant 

J current density

k extinction coefficient or wave number (1/X)

kg Boltzmann's constant

> wavelength

Mg Bohr magneton

Hall mobility

drift mobility

d.c. mobility

a.c. mobility

m electron rest mass o
m* effective mass of electrons 

m* effective mass at Fermi energy 

N electron concentration

total ionized impurity concentration 
Ng donor concentration

acceptor concentration 

n refractive index or Landau quantum number (0,1,2,...) 

n* complex refractive index 

jp momentum operator 

■p propagation constant (wn*/c)

V  wave fune tion

harmonic oscillator wavefunction 

£ propagation wave.vector (n/A), n is the unit vector in 
direction of propagation.

E reflectivity 

By Hall's constant
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r magnetic length

s spin quantum number (-J)

 ̂ conductivity

T transmission coefficient or temperature

T  impurity scattering time

To d.c. scattering time at zero field

d.c. scattering time 

0 Faraday rotation angle

0^ correction term due to internal multiple reflection
V velocity of charged particles

w angular frequency

cyclotron resonance frequency 

w plasma frequency
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I
g

H

OHEH<
EHOPh

180
160
140
120
100

n-type InSb 
F = 1.
X = 0,337 mm
d = 1,0 Lin 
m*= 0,014m 
T =  8X10~1Ï sec. 

16.3.

QUANT Al 

CLASSICAL

Fig. 1 Comparison of classsical and quantum mechanical calcu­

lation of Faraday rotation angle using indicated parameters 

Solid line is computed from eqs. (I.l8), (1.19), (1.20), 

(1.23) and (1.14) (quantum mechanical case) by Poehler and 
Wang (1972); dashed line is calculated from eq. (1.16) 

(classical case) using the same parameters.
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