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Measurements of the reflection co efficients at the air-
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ABSTRACT 

· A detailed theoretical analysis of the propagation constant 

and the field components in rectangular waveguide completely filled 

with a semiconduGtor subjected to an external transverse applied 

magne~ic field, has be~n carried out~~ A·numeric~l solution of the 

transcendental equation for the propagation ~onstant has been obtained 

for the n-type germanium samples with different conductivities and 

magnetic fields. 

An experimental verification of this theoretical analysis has 

been made with a 22.2 ohm-em, n-type germanium sample at 9.46 GHz. 

The applied transverse magnetic field was varied from 0 to 10 Kilogauss. 

Measurements of the reflection co efficients at the air-semiconductor 

interface for different values of the applied magnetic field have been 

made with a high precision microwave reflection bridge. The 

experimental results agree well with the theoretical results. 
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CHAPTER 1 

1.1 INTRODUCTION 

In recent years, in the microwave field, considerable attention 

is be·ing paid to the problem of propagation of electromagnetic waves 

throug~ ~emi-cond~ctor subjected to a~ external s!eady magnetic field. 
-.._ .. 

In the presence of an external magnetic field, the semi-conductor, 

when propagating an electromagnetic wave show~ such interesting phenomena 

as Jjall effect, Faraday rotat_Jon and magneto-resistance v1hich have 

drawn the attention of many investigators. 

Ev~r since C. L~ Hogan(l) and D. Polder( 2) indicated that certain 

media with a complex tensor permeability have important applications at 

microwave frequencies, extensive investigations into the propagation 

of electromagnetic waves in anisotropic materials, particularly 

ferrite~, have been carried out. As a result of ·these investigations, 

a large number of_practical devices·employing ferrites have been 

invented. Electromagnetic wave propagation in rectangular Have guides 

completely filled with magnetized ferrites, have been extensively 

studied and a thorough analysis is found in the literature. Ferrites 

become anisotropic when placed in a magnetostatic field and have a 

permeability which is a tensor quantity. The modes of propagation i,n 

these magnetized ferrites are found to have features which are quite 

distinct from those found in the case of isotropic media. In addition 

to the normal TE modes, anomalous gyromagnetic modes are known to exist 

l 



2 

in these cases. 

In much the same \~lay, the behaviour of semi-conductors, \"then 

subjected to an externally applied magnetic field, may be described in 

terms of a complex tensor permittivity. Thus, a semi-conductor placed 

in a magnetostatic field becomes anisotropic and is known as a gyroelectric 

medium, whereas it is essentially ari isotropic medium in the abs~nce of 

~n external applied magnetic field. 

When a steady magnetic field i~ applied to a semi-conductor filled 

\•/ave guide, the propagating electric fields perpendicular to the applied 

magnetic field become coupled. Hence the characteristics of the wave 

guide modes are changed, as in the analogous case of magnetized ferrites 

where the micro\•/aVe magnetic_ fields perpendicular to the steady magneti

zation are coupled. However, since the electric and magnetic fields are 

required to satisfy different conditions at the boundaries of the wave 

guide, the exact characteristics of thG modes are likely to be different 

in the two cases. 

A considerable number of papers dealing with the case when applied 
. . 

ste~9y-magnetic field is in the direction of the propagation of the 

electromagnetic wave, are_available. However, relatively few papers 

concerning the electromagnetic Nave propagation through a semi-conductor 

filled rectangular wave guide, in the presence 

external magnetic field, have been published. 

M. Toda,(S, 6) Nag and Engineer,(l) Gabriel and 

of a steady transverse 
.. - (3 4) 
In recent years, Hirota) ' 

Brodwin(S) have dealt 

\'li.th the effect of the transverse externa 1 magnetic field on the· wave 

propagation through seMi-conductor in rectangular wave guides. 

Nag and Enqineer(g) in one of their published papers have formulated 

a special form of Hall field expression \•thich leads to ·a complex permittivity 



tensor for a semi-conductor in a transverse magnetic fieldo They have 

also analyzed theoretically the characteristics of electromagnetit 

waves propagating in a semi-conductor filled rectangular wave guide in 
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the presence of a transv~rse magnetic fieldo An analysis of the same 

problem is presented in this thesis~ together with experimental results 

and a-modification of Nag's theoretical analysis has been made. 

Followinq Nag and Engineer's ~Suggestion of the special form of 

the ·Hall field~ an expression for the complex._._permittivity tensor has 

been derived which agrees with their expression. Using Maxwell's 
"' •. 

equations and the appropriate boundary conditions, a rigorous and 

ex~ct solution of the field components has been made in a different 

way, using a different procedure. In the analysis, it is sho\\fn that i.n 

the present case~· no Tt1 modes or TE modes other than those of the type 

TE
0
n may be excited. In addition, anomalous mode waves having all six 

E and H field components are shown to existo Also it has been found 

that TE
0
n modes do not depend on t~e magnetostatic field. Hence in 

gyroelectric wave guide~ T~on modes hold no interest. 

In practice~ the wave within the filled·wave guide is launched 

from an empty section supporting the dominant T£10 mode and the problem 

consists of determining the behaviour of this mode as it passes through 

the rnediao In gyroelectric media in the wave guide,if the wave is to 

depend on the magnetostatic field, all six components ~f the field are 

necessary and these must depend on both transverse co-ordinateso Since 

the TE10 mode is not admissible in the magneti~ed medium, it excites a 

mode \'I hi ch depends on both co-ordinates. . Thus in a gyroe 1 ectri c wave 
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guide, there exists the TE10 mode in the absence of an external magnetic 

fiel~ B and ari anomalous mode in the presence of ~- In the analysis 

it has been found that the propagation characteristic is in general 

reciprocal. 

In their theoretical analysis, Nag and Engineer assumed a 

sinusoidal field intensity variation in the direction of the magnetic 

field and then solved for the specific field components. However, in 

the present work, no such assumption has been made and the sinusoidal 

field intensit.Y v.ariation in the direction of the magnetic field has 

beeh proved mathematically by employing a specialrriethod of the separation 

of variable£'.0}Proceeding in this completely different way, a resultant 

transcendental equation for the propagation constant has been obtained 

which agrees with the transcendental equation of the propagation constant, 

as obtained by Nag and Engineer. 

This transcendental equation has been solved numerically by 

employing the Newton-Raphson method, and the variation of the attenuation 

constant arid the phase constant with the applied magnetic field B, has 

been obtained: 

An experimental verification of the theoretical analysis-_ was 

performed- on a 222 ohm-em, n-type germanium sample at 9.46 GHz using a 

reflection type microwave bridge. A theoretical expression for the 

reflection coefficient at the semiconductor-air interface in the wave-guide 

was obtained -an_d numerical values cf the reflection co ~fficient as a 



5 

function of the external magnetic field were calculated and plotted. The 

reflection bridge measurement employed the new technique for precisio.n 

reflection bridge measurements.suggested by Champlin, Holm and Armstrong(lO). 

The theoreti ca 1 and experimenta 1 va 1 ues of the reflection co .effi ci ents 

were in excellent agreement for lower values of the magnetic field. 

However,. for higher values slight discrepancies exist and possible 

reasons for these discre·pancies are dtsc~ssed ~ 



1.2 LITERATURE SURVEY 

The propagation characteristics of electromagnetic waves in 

rectangular wave-guides loaded with magnetized ferrites have been 

extensively studied and are well discussed in the book written by Lax. 

and Button(ll)_ Also a general modal solution for electromagnetic 
.. 

wave propagation through. a rectangula~ guide completely filled with 
.. , ... 

transversely magnetized ferrite has been carried out by Mikaelian(l 2), 

·seidel(l 3) and Barzilai and Gerosa(14J. 

A considerable numb-er·-of papers dealing with the guided wave 

propagation through semiconductor when the applied magnetic field is 
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along the direction of the propagation of the electromagnetic wave are 

available. However, the following papers deal with guided wave propagation 

through semiconductor material subjected to a transverse magnetic field 

·which is the subject of this thesis. 

The Hall effect in semiconductors at microwave frequencies has 

been extensively studied by Prof. H: E. M. Barlow(lS,l 6) and several 

other workers. In 1963, an experimental investigation into microwave 

propagation at 10 GHz through a rectangular waveguide partially 

filled by a thin semiconducting plate under a steady transverse magnetic 

field, was- performed by Prof. Barlow and Koike(l 7}. The applied 

transverse steady magnetic field was found to produce a change in the 

conductivity of the plate and a corresponding effect on the microwave 

propagation along the guide. Non-reciprocal transmission arising from 

asymmetry of the semiconductor over the cross section of the guide was 

also observed. 
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Microwave propagation at 24 GHz has been observed by M. Toda (S) 

in a wave-guide filled by InSb at 77°K, in a transverse magnetic field. 

A transverse magnetic field in excess of 5 KOe \"'as us-ed and the 

transm-itted power increased exponentially with increasing ma-gnetic field 

intensity. The transmission showed a strong non-reciprocal character. 

Measurements of the phase shift in the InSb showed that the wave is 

transmitted onl~ along one side of the wave-guide determined by the 

directions of magnetic field and of the·power flow. 

A theoretical analysis of the electromagnetic wave propagation 

through an n or p type semi-conductor with metal plated surfaces in a 

transverse magnetic field has been performed by Ryogo Hirota(3). This 

theoretical analysis was in good agreement with the experimental results 

of M. Toda(5). 

The high frequency transport properties of semi-conductors under 

a transverse magnetic field have been analyzed theoretically by several 

workers such as Y. Itikawa(lB), H. -Fujisada(lg). 

Propagation of waves in bounded solid state plasma in transverse 

ma~rJ,etic fields have also been analyzed by Ryogo Hirota and K. Suzuki(4). 
' . 

In thei·r paper it has been reported that a new type of solid state plasma 

wav~-guide has been constructed using n-type InSb and an insulator of 

similar dielectric constant, CuO. Its properties were measured in a 

transverse magnetic field. When all except the input and output surfaces 

of the plasma wave-guide were metal plated, for one direction of magnetic 

field, the microwave power was transmitted through the InSb with a 

transmission loss of about 20'db. For the reversed directed of the 

m_agnetic field, the microwave power _was· transmitted through the CuO with 



a transmission loss of about 5 db. When one surface of the plasma 

wave-guide was not metal plated, a strong magneto-plasma resonance 
2 

at the frequency w
0 

= wp lwc was observed for one direction of the 

external magnetic field, the transmission loss being about 38 db at 

the maximum. For the reversed direction of the magnetic field no 

resonance was observed. 

Microwave field distributions~were measu;ed by M. Toda( 6), when 

a thin plate of n-type InSb was placed vertically at the centre of a K

band wave-guide and also when the wave-guide was -filled with n-type 
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InSb. The field distributions were asymmetrically deformed in the 

applied magnetic fi~lds and the propagation properties were demonstrated 

to be non-reciprocal. 

The characteristics of electromagnetic waves propagating in a 

semi-conductor filled rectangular wave-guide in the presence of a 

transverse magnetic field have been theoretically analyzed by Nag & 

Engineer (7). It has been shown that only TE mode waves having y

independent field components (y-being the direction of the steady magnetic 

field) and anomalous modes having all six field components can propagate. 
#/ 

- A perturbation analysis of rectangular waveguide containing 

transversely magnetized semiconductor has been made by G. Gabriel and 

M. Brodwin(S). The solution by first order theory is compared to the 

results of an experiment in which surface currents in th~ guide wall 

due to perturbed and un~erturbed T£10 wave in n-type silicon are sampled 

and segregated. Theoretical and ·experimental results were found to be 

in reasonable agreeme~t. Distinctions between the gyroelectric and 

gyromagnetic media in rectangular waveguide have been clearly analyzed 



by Gabriel and Brodwin( 20). 

The solution of guided waves in Inhomogenous anistropic 

media by perturbation and variational methods have also been performed 

by Gabriel and Brodwin( 2l). 

Electromagnetic wave propagation in a plasma with non-linear 

electrical conductivity has been studied by Melvin Epstein< 22 ). An 

analysis of reflection_and transmissjon of electromagnetic waves 

from a non-linear anistropic slab ha; been made by P. K. Kaw< 23 ). 

9 

Starting from the general wave equation, Kaw has written 

appropriate non-linear equations describing the growth of the two 

modes of propagation of an electromagnetic wave in a non-linear medium. 

The applied magnetic field is taken in the direction of the propagation 

of the wave. The equations have been solved by a pertur9ation 

technique and the solutions have been used to obtain expressions for 

·.the linear and non-linear components of the reflected and transmitted 

parts of the electromagnetic wave. The pape~ was not directly 

applicable to the problem discussed h~re but the paper appears to be 

the only one available which deals with reflections from a non-linear 

an-i·so~tropic media. 
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lo3 MATERIALS EXHIBITING MAGNETO-RESISTANCE EFFECTS 

When a magnetic field is applied transversely to an electric 

current in a semiconductor, containing both holes and electrons, a change 

in the conductivity of the semiconductor is observed. This fractional 

change in conductivity will be different for different types of the 

semicondUctors, as it depends upon t~~ ~lectrical properties of the semi

conductors. The choice of materials in which the change in conductivity 

will be most pronounced is discussed in this section. Attention is 

given mainly to the semiconductors at room temperature. 

A semiconductor with spherical constant-energy surfaces should 

show no transverse mag~eto-resi~tance when relaxation time constant 

is constant and only one type of carrier is present. This is no 

longer true when a semiconductor has more than one type of carrier" 

For electrons, we·have the following relations when an electric field 

is applied in x-y plane and magnetic field in z-direction< 24 )~l9) 

• -J = A Ex - 8 Ey 
ex e e 

J = 8 Ex +A Ey· 
~/ ey e . e 

A = ne2 Te 
----.;; e 
me 1+ 2 wee Te 

2 2 
Be = ~ wee Te 

* 2 2 
me l+w T ec e 

= 2 

= 

croe 
1+ 282 

~e 

0 oe11e8 
l+ ·282 

~e . 

(1.1) 

( 1 0 2 ). 

(1.3) 

(1.4) 

Where J~x and Jey are x and y components of current density due to · 

e 1 ectrons respectively !l Ex and Ey a·re x and y components of e 1 ectri c 

fie.ld respectively, n- is the electron density, e is the electronic 
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charge, m: is the effective mass of electrons, wee is the cyclotron 

angular frequency of electron~, _a
0
e is the conductivity du~ to electrons 

only for B=O, lle is the mobility of electrons, Te is the relaxation time 
. . 

of ele"ctrons and 8 is the magnetic flux density. 

For holes, similarly, replacing the subscript e by h we have, 

·Jhx =.Ah ~x- 8h Ey ( 1 0 5) 

Jhy = 8h Ex + Ah Ey ( 1. 6) 

pe2 Th 0 oh A~-- ::: ( 1 . 7) 
h * 2 2 l+ph282 m· l+whcTh h 

8 = -~ ~cTh2 crohllh8 
( 1 .8) . 2 2 = -

l+llh282 h * mh l+WhC Th.· 

where p is the hole density~ When both electrons and holes are present, 

we must add their contributions to the total current 

{1.10) 

when. 

4/ Jy = 0, we have 

(1 . 11} 

From equations (1.9) and (1.11) we have 

J . · (B + 8 }2 
a = L = (A + A } + . e h 

E e h A + A 
x e h 

{1.12) 

Using.equations (lo3}, (1.4}, (1.7}, (1.8} and (1.12) we have, 



where, 

X = c(l+b)
2 

. . 2 
· b(l+bc) 

. 2 
y = (1-c)· 

(l+bc )2 ..... 

a - o + o . b - lle; o - oe oh ' - llh 

Putting p
0 

= 1!a
0 

X 2 82 
we get , ~· = l1 e = -.l:----=---=-----

Po l+Y 2 82 

. . . 

lle 

c(l+ )2 2 82 
~ = ___ b_. -ll-=-e ____ _ 

Po b{(l+bc)2 + (l-c)2~e2~2} 

= I (l+b/ ~/B2 

~l~bc) 2 
+ (l-c) 2~/s2] 

12 

(1.13) 

(1.14) 

{1.15) 

A similar expression has been used by 8~rlow and Koike( 2S) as follows: 

(n; ) (llh) (l+lle)2 l1 2 82 
o B -a o = __ P __ ll.I:;..e --.--l-1-'-'h--e ---

(l + lle ~)2 + (l-n/p)2 lle282 
llh p 



:. X = 

/1p 
Let x = -

Po 

_!! (l+b')2 2 82 Pb - lle 
np (l+b) 2

-ll 
2 B2 

= ----------~e--------~--
b ~p+nb)2 + (p-rf Jle 2 B2 J 

For a n-type material, n >> p and approximating the above 

equation under thJs condition 

- np (l+b)2 ;Ue2 82 

X - b ~2b2 + n2Jle 2 B] ~ 

= £. . D 
n 

13 

2 2 For different values of B, ranging from .2 Wb/m to 1.00 Wb/m , 

calculations of the values of D for different n-type materials can· now 

be made using the values of the mobilities as shown in Table 1. 

Calculated values of D are tabulated in Table 2. 

Since X= (.E.).o, the ratio :(p/n) must be large in order to make - n- . 
X large. However, it must.be noted that we can not change n arbitrarily, 

as ~he mobility varies with the resistivity. For resistivities above .. ~ . 

ln-cm (Ge) and lOn-cm(Si), mobility is practically independent of 

resistivity. Below 1 ohm-em forGe, 10 ohm-em for Si, the impurities 

begin to interfere with the carrier motion and the mobility drops with 

decreasing resistivity. This shows 'that higher ~esistivity material 

should be selected but at ·the same time it must remain n-type and not 

become intrinsic as the expression _is only valid for n-type material. 



Germanium 

n1 (300°K) = 2.~ x lo13/cm3 

let us suppose n = 10 14Jcm3 .• ·• resistivity ~ 20n-cm 

Silicon 

- 2 
p = n~ = 5.76 x 1o12;cm3 

....... 

n· (300°K) = l.S x lo1°/cm3 
1 

Let us suppose n = 1.5 x 1~ 1 J1cm3 resistivity~ 2.98 x io~ 4 n-cm 

-:. P = 1.5 x 109 and (*) = 10-
2 

lnSb 

Let us consider n = 1.35 x lo17 

• •• p = .1 • 3 5 x 1 0 15; em 3 

resistivity ~ 7. 7 x 1 o-4 n -c m 

, .P.. = 1 o-~ •• n 

InAs 

n. (300°~) ~ 1.97 x 10~5/cm3 
1 

Let n = 1o161cm3 resistivity ~ .02ln-cm 

:. Pfn = 3.86 x lo-2 

14 

-For a particular Pfn ratio in n-type material it can be seen 

frci~ table 2 that the effect is most pronounced in lnSb. The next 

preferable material is Ge. The order of these materials in terms of their 

magneto-resistance effe~t is as follows:-

( 1} InSb 

(5) GaAs 

(2) Ge 

(6) . Si 

(3} InAs 

(7} InP 

(4} GaSb 

(8) . A.tSb 
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An n-type Ge sample with a resistivity of 22.2 ohm-em has been chosen for 

the experimental purpose in this thesiso 

The Hall 'co-efficient -is inversely proportional to the carrier 

concentration and the relative chang~ in resistivity Ap/p
0 

is found 

from the expression to contain terms in ~2H2.· Therefore~ in order to 

have .a pro~ounced __ effect of transverse magnetic field on the resistivity 

or the conductivity of a· semiconductor~..carrier mobility must be high and 

the ·carrier concentration 1 ow. The geometric.~ 1 magneto~ resistance 

effects are large when the deviation of the carriers in the magnetic 
.;. 

field is large and for this too a high mobility is needed. The mobil.ity 

of a semiconductor is highest when all impurities have been removed~ 

but unfortuantely, in this pure condition the carrier concentration 

is strongly temperature dependento Doping, the intentional addition 

of impurities, will reduce the mobility but it also stabilizes the 

carrier concentration. 

The element semiconductors ~o not generally have as high an 

electron mobility as the co.mpounds. studied., Also the hole mobility for 

the cqmpounds is quite low, so that if the materials have to be doped 

to give temperature stability, they are normally made n-type and the 

magneto .r~sistance effect is then determined by the electron mobility., 



TABLE I 

t1ATERIAL lJe . 
llh (290°K) 

b = JJe 

(290°K) lJJl (290°K} 

- cm2/V-sec cm2/V-sec 

Ge 3.8xlo3 1.8xlo3 2 .. 11 

Si 1.45x103 ~~5~1.03 .. 2.9 

InSb 70 X 103' 1 .,Ox.l o3 '70 
.... 

InAs 30 X 103 .. 25x1o3 120 

InP 3.4xl03 .05xlo3 68 

GaSb 5 X 103 · 1 X 103 5 

GaAs 7 X 103 .4xlo3 17.5 

AbSb .2x1o3 .2x1o3 1 

ELECTRON AND HOLE MOBILITIES AND THEIR RATIO FOR DIFFERENT 

TYPES OF MATERIALS 

16 



-J (l+b)2JJ 2s2 NET VARIATION 
<J:: IN THE 6P AS ..,_, D = e 
0.:: 

b3+ll 2s2b THE MAG.Po It:: ~ r· I 

<J:: . e \ FIELD VARIES ;:E: 
B=O.~ 8=0.3 B=0.4 B=O. 5 · B=O.~ B=0.7 8=0.8 B=0.9 B=l.OO FROM 0.2 TO. 

I Wb/m Hb/m2 vJb/m2 Wb/m2 Wb/m Wb/m2 Wb/m2 Wb/m2 Wb/m2 1.00 Wb/m2 .. 

Ge .60xlo-2 1.33xlo-2 .2.37x1o-2 3.69xlo-2 5.29x1o-2 7.17xlo-2 9.32xlo-2 11.7xlo-2 14.4~10-2 *(13.8x10-2) 

Si. 516x1o-3 1.16xlo-3 2.06xlo-3 3.23x1o-3 4.64xlo-3 6.32xlo-3 8.25xlo-3 10.4xlo-3 12.9x1o-3 ~(1.24xlo-2 ) 'i 

I 

InSb 2.88xlo-2 6.48xlo- 2 ll.Sxlo-2 · 1s x lo-2 25.8xlo~ 2 35.1 xl o-:.2 45.8xlo-2 57.9x1o-2 71.3xlo-2 ~(68 .. 42xlo-2) 
I 

InAs . -2 .305Xl0 .686x1o-2 1.22xlo-2 · 1.9lxlo-2 2.74xlo-2 3.74xlo-2 4.88xlo-2 6.17xlo-2 7 .62xlo-2 !:(7.315xlo-2) 
n 

InP .7xlo-4 1.58xlo-4 2.8xlo-4 4.38xlo-4 6.3xlo-4 8.58x1o-4 11.2x1o-4. 14.2xlo-4 17.5x1o-4 ~(.168x1o-2 ) 

GaSb • 28Bx1cr2 .647xlo-2 1.15xlo-2 l.Sxlo-2 2.58xlo-2 3.5lxlo-2 4.5Bx1o-3 5.79xlo-2 7.13xlo-2 £.(6.84xlo-2) n . 

GaAs 1. 25xl o- 3 2.82x1o-3 s.olxlo-3 7.82xlo-3 11.3xlo-3 15.3x1o-3 20xlo-3 25.3xlo-3 31.2xlo-3 !:(2.995xlo-2) 
l n 

1.44x1o-4 2.56xlo-4 4x1 o-4 5.76xlo-4 7.84xlo-4 
I 

.!:(.l536xlo-2) Aesb .64xlo-4 10.2xlo-4 13xlo-4 16xlo-4 
I n 

-- - - - -- - - . - - - --- - ------ --- ---- ---- ---------

TABLE 2 

VARIATION OF ~P WITH MAGNETIC FIELD FOR DIFFERENT SEMICONDUCTOR MATERIALS. 
Po __, 

"""-J 



CHAPTER II 

THE COMPLEX TENSOR PERMITTIVITY OF A SEMICONDUCTOR 

IN A MAGNETIC FIELD 

2. 1 ROLE OF HALL FIELD IN MAXt·JELL 1 S EQUATIONS 
.. 

18 

The propa~ation characteristics of the electromagnetic waves in 

semiconductors, when an external steady magnetic field is applied in the 

direction of the propagation of the 'IJave,have been analyzed by Rau 

and Caspari(26), and H. E~M~ Barlow<1 6). Maxwell's equations as 

written by these authors are given below-

AUTHOR 

RAU & CASPAR! 

H. E. M. BARLOW 

where, 

MAXWELL'S EQUATIONS 

vxH = J ;VX(E+EH) = -~0 (~~) 

J = Jc+ e:(a1at> (E+EH) 

Jc = oE ; EH = Rc B X J~ 

.. ·vxH ·= J · vxE = _,. (~) 
' t"o at 

J = Jc + Jd 

Je = o(E+EH) ; Jd = e:(~t} (E+EH) 
e:- e:o 

EH = Rc B x Jc + (~) Rc B x Jd 

EH is the Hall field v~ctor 

Rc = H_a 11 coefficient for conduction current 

Rd =Hall coefficient for dielectric current 

The other symbols have their usual meanings. 

18 
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As a·result of the differences in the role given to Hall field in 

Maxwell's equations, the expressions derived by the above authors for 

the propagation constants of circularly polarized waves were very 

different. Rau and Caspari's analysis predicts a Faraday rotation 

which does not agree with· Barlow's analysis even when the dielectric 

current-Hall coefficient Rd is assumed to be zero. Nag and Engineer<9) 

in their analysis of Faraday rotation~;n·art)ficial dielectric have 

suggested a new role of the Hall field, ·EH' in ~1axwe11 1 s equations by 

considering the motion of free carriers in the presence of a magnetic 

field. The following derivation is based on the Nag and Engineer's 

suggestion for the proper form of the Hall field in Maxwell's equations. 

Consider a semiconductor sample to which an electric field is 

-~pplied in the x andy-direction and a magnetic field is applied in the 

z-direction. Assuming that the effect of the momentum relaxation time 

is negligible, the average velocities of the carriers vx and Vy in the 

x and y directions respectively are given by 

llH 
Vx = 11 (Ex + (~) Vy B] 

Vy = 11[Ey - (~) VX B) 

(2. 1) 

(2.2) 

where ll. is the conductivity mobi 1 i ty and 11H is the Ha 11 mobi 1 i ty. The 

above assumption is· substantially correct even at microwave frequencies 

for conductors. If however, the effect of relaxatinn time is considerable 

in a· particular sample one has only to substitute for 11 and llH the complex 

values appropriate for the signa1 frequency( 9). 

Now the expression for the current ·components \.lex and Jey are 

given by 



Jex = o[Ex + Rc Jcy B] 

Jey = o[Ey -· Rc Jcx B] 

20 

(2.3} 

(2.4) 

When the electric field is applied in one direction only,one evaluates 

the Hall field from the above two equations by equating the current in 

the other direction to zeroe But when electric fields are applied in 

two directions, one can not dissociate the Hall field by equating the 

transverse current to zero. -.... · -

It therefore, appears that the curreDt equations in Maxwe11•s 

equation should be \'Jritten directly from (2.3) and "(2 .. 4). But from 

analogy with the expression for the Hall field when the applied 

electric field is in one directioni one may call EH the equivalent Hall 

field as written below. 
-+ -+ -+ 

. EH = Rc B X Jc (2.5) 

Using equations (2.3), {2.4), (2.5), one may thus write 

(2.6) 



21 

2. 2 PERMITTIVITY OF ANISOTROPIC r·1ATERIAL 
~ . 

The electric flux density D is generally broken into bto parts, 

the first related to the electric field intensity E by the free space 
-+-

permittivity, Eo and the second called the polarization vector P. 

That is, 

(2.7) 
. -+- ·• -

The polarization vector P aris-es ·from a distribution of electric 
-+ 

dipoles in the material. For linear material$, Pis related to the 
-+ 

electric field intensity E by 
...... -+-
p = £ox e E ( 2 • 8) 

where, Xe is the electric susceptibility and Xe = (£R-l). 

In semiconductors £R, the.relative permittivity or dielectric constant 
I I I 

is in general complex £R = ER - jER in order to account for loss and 

phase shift in the.material • 

. For isotropic materials, the polarization is parallel with the 

applied fields and is independent of the direction of the fields. For 

anisotropic materials, thi~ is not the case. A helpful analogy is afforded 

by the strain in a solid body resulting from applied forces. Consider 
_...,. .... ,. 

a rectangular solid having unequal edge lengths with a co-ordinate system 

oriented at an arbitrary angle as shown in Figure (2.1}. If a force is 

applied along any one co-ordinate, strains result in all three directions 

with different magnitudes in each direction. 

In the same way, an electric field applied to an anisotropic 

material along an axis of an arbitrarily oriented co-ordinate system 

leads to polarization which has components along each of the co-ordinate 

directions. 



SEMICONDUCTING 
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FIGURE 2.2 

Semiconductor in a Magnetic Field 
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-+ -+- . 4 -+ 

P = c
0

(axxell Ex + ay xe12 ~x + a2 xe13Ex) {2.9) 

where Xe is the electric susceptibility and the.added subscripts refer 
-+- -+ -+ 

to x, y and z components of P and E respectively. Then if E has all 

three -components Ex, EY, E2 then 

Px = c0 {xell Ex + xe12 Ey + XelJ Ez) 

(2.10) 

P z = Eo (xe31 Ex + Xe32 Ey :.,.. Xe33 Ez) 

Using the relation (2.7) we may obtain from (2.10) 

(2.11) 

,02 = EJl Ex + £32 Ey + c33 Ez 

where t11 = c0 (l+xell), c12 = c0xel2'. etc. 

It is convenient to write the equations (2.11) as an array in matrix form 

as follows 

Dx 

Dy = ( 2. 12) 

Dz EJl EJ2 EJ 
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2.3 DERIVATION OF THE COMPLEX TENSOR PERt4ITTIVITY 

A rectangular waveguide is assumed to be completely filled with 

a semiconductor. In the presence of an electromagnetic wave in the guide~ 

a dielectric and also a conduction current flows in the semiconductor. 

The dielectric current Jd is given by 
-+ 

jd = £ ~ : at. (2.13) 

\'/here E is the permittivity of the semiconductor ~and E is the electric 

field vector. 

Professor H. E. M. Barlow in a paper<~s) suggested that the 

dielectric current may be changed when a magnetic field is appliede 

However, this effect has not been experimentally observed and even if 

it exists, it would be small. Therefore, it is assumed that the dielectric 

current is unaffected by the magnetic field. 

2.3.1 MODIFICATION OF THE CONDUCTION CURRENT BY EXTERNAL MAGNETIC FIELD 

The cond~ction current in· t~e absence of a magnetic field is oE, 

and if the signal frequency is assumed.to be much less than the scattering 

. frequ~ncy, a is equal to the d. c. ·conductivity of the semiconductor • 

. When a magnetic field is applied, the conduction current is 

modified by the Hall effect. In the case of a semiconductor with 
-+ 

spherical energy surfaces, the Hall field EH is given by (2.5) 
+ -+· + 

EH = Rc Bo X JcH (2.14) 

where Rc is the Ha.ll coefficient and 8
0 

is the steady magnetic field. 

The. steady magnetic field is applied in the x direction as shown in 

Figure (2.2). The modified conduction current is thus, 

(2.15) 
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Assuming the time dependence of the electromagnetic fields to be 

ejwt, an expression for the total current J in terms of a complex 

permittivity tensor can be written in the following way. 

Total current 

-+- ·.-+- + 
= j\'Je:E + o-\E;.;.E"H) (2.16) 

But from equation (2.14) the three components of the Ha 11 field, ie 
/ 

EH~' EHy' EHz in x, y, z direction are given by 

EHx = 0 

EHy = - Rc 8o JcHz 

EHz = Rc 8o JcHY 

where x, y, z components of JcH are denoted by JcHx' JcHY' JcHz 

respectively. 

Now, from equation (2.15) 

(2.17) 

-+ ' -+ -+- ;-+- . -+ -+ -+ 
JcH = a[axEx + ayEy ~·azEz- axEHx- ayEHy- azEH] (2.18) 

Th~~efore, from (2.17)aand (2.18) 

JcHx = a[Ex - EHx] = aEx 

JcHy = cr[fy - EHy] = a[Ey + Rc Bo JcHz] 

JcHz = a[Ez EHz] = a[Ez - Rc Bq JcHyJ 

From equation (2 .. 201 

a Rc Bo JcHy = a2 Rc Bo Ey + o2Rc2 so2 JcHz 

From equation (2.21) 

0 Rc 8o JcHy = a.Ez - J H . c z 

( 2. 19) 

. (2.20) 

(2.21) 

. (2.22) 

(2" 2 3) 



· ' Subtracting (2.23) and (2.22) 

0 . " 

2 . 2.· 2 2 . 
0 =a Rc 8

0 
Ey ~ aEz +(a Rc 80 + 1) JcHz 

J : __ a __ _ 

cHz (l+ 2R 28 2) 
a c o 

2.3o2 THE NATRIX ELEMENTS OF THE COMPLEX PER~HTTIVITY TENSOR 

From equation (2.16) 

:o Jx = jw~Ex + JcHx = jwEEx + aEx {from (2.19)) 

= £ 1 j_wEx 
'I 

Using equation (2.25) and (2.16) 

' = j\'1£ [1 

25 

(2.24) 

(2.25) 

(2.26) 
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jo J 
We: (l+Rc2Bo 2o2) 

(2.27) 

jwEy 

= e: 2 jwEz + e: 3 jwEy (2.28) 

Let, J = [e:] ~ at 

ThEJr.efore 

Jx Ell £12 £13 jwEx 

Jy = £21 £22 £23 jwEy 

Jz £31 £32 £33 j\'IEz 
\ 

Comparing with equations (2.26), (2.27) and (2.28) it is seen that 

( 
jo 

£ 11 = e:---1 = £ 1 - -) 
We: 

£12 = 0 

£13 = 0 



£21 = 0 

£23 = - £3 

£31 = 0 

£32 ~. £3 = 
\'1( l+R 2B 2 2) 

c o 0 . 
- ..... -

Therefore, when a magnetic field is applied i~.the x-direction, the· 

total current density in a~semiconductor can be written as 

27 

(2.29) 

and. thus the elements of the complex permittivity tensor can be 

written as 

£1 0 0 

[e:] = 0 £2 -E3 

0 ~3 £2 

where £1 = e:(l - ja} 
WE 

= 



·cHAPTER. III 

THEORETICAL ANALYSIS OP THE ELECTROMAGNETIC FIELD COMPONENTS 

3.1 GENERAL CONSIDERATION 

A rectangu-lar w~veguide as sh_own in Figu~e (3..1) is completely 
. ..__ .. 

filled with a semiconductor~ ·The coordinate system to be used in this 

. analysis is shown in this figure, A steady tfansverse magnetic field 

B
0

_"'is applied in the x-dir .. ection. 

28 

From equation (2.!?)in section 2.3.2, the total current density 

in the semiconductor having a complex permittivity tensor can be \'lritten 

as 

~here, 

and··· 

aE 
J = [e:] at 

[e:] = fl 0 0 J- . 
1 ~ e:2 ~e:3 
1° e:3 8 2 

e: 1 = e: ~ - ~~ J 
&2 = e: ~ - we:{l+~:cBo0'}2}] 

j RcBoa2 

W{l+(RCB
0

cr·} 2} 

28 

(3. 1) 

(3 •. 2) 



RECTANGULAR 
-WAVEGUIDE 

SEMICONDUCTING 
MATERIAL 

FIGURE 3.1 

y 

t 

RECTANGULAR WAVEGUIDE COMPLETELYFILLED 

WITH SEMICONDUCTOR 

28A 

EXTERNAL 
STEADY 
MAGNETIC Bo 

FIELD 



Maxwell•s curl equati,ons in the case of the media having a 

complex pennittivity tensor are 
3H VXE=-p-. at 

v X "H.= ~£] ~ 

(3.3) 

(-3.4) 

29 

The time dependence of the electromagnetic fields is considered 

to be ejwt and the z-dependence of the fields is assumed to be e--rz 

where r = propagation con$tant 

=a+ jB 

~ = attenuation constant (nepers/meter) 

B = phase constant (radians/meter} 

Equations (3.3) and (3.4) are written in the following form to show 

the tensor permittivity. 

0 r a 
Ex Hx ay 

-r 0 -~ E = - jwJJ Hy (3.5) 
ax y 

a a 0 Ez Hz .. _ 
ay ax 

0 r a 
Hx 0 0 Ex - &1 ay 

a 
-r 0 Hy = jw 0 £2 -£ Ey (3.6) ax 3 

--..a. _! 0 
ay ax Hz 0 £3 . Ez 



From (3.5) an~ (3.6) the following six equations can be written as 
aH · • 

rHY + ~ = JW e1 Ex 
ay 

-rHx - ~ Hz = jw £2 Ey - jw e3 Ez 
ax 

a aH . 
- - Hx + ~ = JW £3 

ay ax 
ClEZ -. 

rEy + ay ·= - j~lJ Hx 
-.._ . 

ClE 
- rEx - _z = - jwlJ H 

ax Y 

- L E + _1.. E = - jwll H ay x ax Y ' · z 

(3.8} 

(3.9) 

(3.10} 

(3.11) 

.. 
(3.12}. 

From equations (3.7); (3.11) Ex can be expressed in terms of Ez 

and Hz, as 

Ex = _2_2_1 __ [ -r _aE_z - jwlJ _aH_z] 
(r +w pe:1) ax ay 

(3.13) 

Using equations (3.8), (3.10), EY can be expressed in terms of Ez 

and Hz as 
·' 

E = 1 [cw2
\lEJ - r ...1.) E2 + jWJJ a~xz] (3.14) 

~/ y (r2+w2lJ£2) ay a 

From equations (3.10) and (3. 14) H can be written as 
X 

30 

H = 
1 

[ jw (re:3 + e: 2 i-J.> Ez.- r :x H) (3. 15) 
x ( r2+w2pe:2) ~ 

From equations (3.11), (3.13) Hy can be \~ritten in terms of Ez and Hz as 

H = - J\tle: _z + _z 1 [. aE aH J 
Y {r2+w2JJe:l ). 1 ax ay 

(3.16) 
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. Putting the values of Ex. EY, Hx, Hy in equations (3.9) and (3.12), the 

following partial differential equations in Ez and Hz are obtained, 
2 2 { 2 .. 2• . 2 . 2 ). 

[ 

. . e 1 _a_ + e: 2 _a _ + r e:2 +w ~ (e: 2 + e: 3 } ] E 

(r2+w2~e: 1 ) ax2 (r4w2cie: 2) ri/. Cr2+w2cie:2I . :1! 

(3.17) 

(3 .18) 

· 3.1.1 ANALYSIS OF TE MODE PROPAGATION 

If TE modes are _considered, then by putting E
2 

= 0, equations 

(3.17) and (3.18) reduce to 

(3 .19} 

. The above two equations can not be simultaneously satisfied by the same 

a 
value of runless ax =·0 or Hz·= Q, even if e:1 = e: 2 •. 

When 2. = 0 ax , 
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tne equa.ttons (3 ~ 191- reduce to 

[
a2 

2 2·. ~ · 
. -

2 
+ (r +w l.lEl. J.. Hz ~ 0 

. ay . 

The solution of this equatton is 

where s c' and c • •· are arbitrary· c·onstants" 
· aHz .aH2 Boundary condi.tions are at y = 0, -. - 0 :o y = b, - = 0 

ay ay 

Hence, 

ay 

2 2· k 2 2 k 
(r +w 1..1E1} 2 ct sin Cr +w l..IE 1)2y 

+ C I I (r2+W2,;E
1 
}~· ( ·2 2 . )~ ~ cos r +w llEl y 

.·. c'' = 0 

aH 
At y ~ b

9 
_z = 0 

ay 

t ( 2 2" }~ . o = - c r +w llEl s1n 

or 
2 2• k 

si~(r +w l..IE1) 2o = 0 
2 2. 1 

Therefore, (r +w l..IE 1 J~ =·nw 
b 

where n is an integer, Hz = c' cos 0
(; y 

• 2 2 · · n2n2 
r +w l.lEl = - 2-

b 
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Since the above. expresston for El does not contain any term B 

(the applied m.agnettc fi'eldl tfle wave numBers and the associated f"telds 

do not depend on tfie magnetostattc fteld.. Therefore, it is seen that 

only those TE modes which nave x-tndependent field components can 

propagate in the semiconductor filled guide in the presence of an external 

magnetic field. :· 
...... 

From equations (3.13}, (3.,14) it can be found that the TE
0
n 

modes which can propagate thro.ugh the waveguide are characterized by 
.. 

ha~ing only the component Ef~the electric field along the x direction, Ex. 

Since the external magnetic field is applied in the same direction, there 

will riot be a Hall field prod~ced and the characteristics of these modes 

should evidently remain unaltered by the application of the external 

magnetic field. Hence tt can be concluded that TE
0
n modes hold no 

interest in this analysis. 

3.1.2 ANALYSIS OF TM MODE PROPAGATION 

TM modes can be investigat.ed by putting Hz == 0 in equations 

(3.17) and (3.18), which then reduce to.the following two equatinns. 

[

?- El L+ E2 . _l+ {r2E2+w2p(E/+E32~] E == 0 
2 2· 2 2 2· 2 2 2' z 

{r +w PEl) ax (r +w PE 2l ay (r +w P£2) 
(3.20). 

- +e: _z = 0 a J aE 
ay 3 ax 

The above two equations can not be simultaneously satisfied for the same 

value of r, even if El == £2 unle_ss ~x == 0 or Ez == 0. However, if ~x- 0, 

.Ez must vanish everywhere since it must vanish at the boundaries. 



Therefore, it is·seen tha.t in a rect~ngular wav.eguide filled 

, with semicondu~tor, in the presence of an external steady transverse 

·magnetic field, TM modes can not propagate. 

3.1c3 ANALYSIS OF ANOMALOUS MODE PROPAGATION 

The equations (3 .17) and (3. 18} however can be so 1 ved by the 

34 

same value of r if Ez f·O_and Hz r 0.~-.... ~~nee, in·addition to x

independent TE
0
n modes, the so called a~om~lous modes having all the 

six field components are possible. Therefore! _if the wave is to depend 

on'"the external applfed ma-gnetic ffeld, all six components of the 

field are necessary, and these must depend on both transverse coordinates. 



35 

3. 2 RIGOROUS GENERAL. SOLUTiON. USUiG SEPARATION OF. VARIABLES. METHOD 
... . .. . .. ,. . .. ~ .. .. .. .. ~ . ' .. ~ . 

A rigorous_ genera 1 so 1 uti on of the. fi:e 1 d components hi:ls been 

made ~Y employing a speci'al form of the separation of the vari'ables method. 

To separate the variaoles, let 

Ez =_ . u (x J e (y J 

H
2 

= v (x J h (y} - ..... 

Substituting these in equations (3.l'i)a~d (3.18) the following two 

equations are obtained, 

;.. [ 2 e:~- u .. e + .. 2 e:~ -
(r +w 1.1 e: 1 ) _ Cr +w 11 e:~ } 

ue 11 ue 

jWve:3 
:: 0 (3.21) 

. jwe:3 
U1 e 

+ 1 1 . J v 1 'h + --=o----=--- vh • • + vh 2 2 
(r +w 11e: 1) 

:: 0 (3.22) 

where primes denote the differentiation. 

After dividing equation (3.21} by V1e and the equation (3.22) 

by U
1 h the following two equations are obtained. 

F (x,y) = 
U e , , { r2 + 2 ( 2+ 2)} £1 U ~ I ... · .· £2 £2 W 11 £2 £3 U 

2 2·. - + 2 2 . -. + ---.-. .....,2,....._..,2.,..------
(r +w 11e:1} v' (r +w 11 e: 2l v' e Cr +w 11 e: 2 ) v • 
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+ :J = 0 

e' - ... 
h 

The key to the se~aration of the variables is that the variations 

of F and G with respect to x and y must vanish. This follows from the 

fact that F and G are themselves zero for all values of x and y. 

2 L 
I I 

Hence, .L!-=O= £2 u e 
{ 2 2 ) 

. 
axay r +w l.l£ 2 axay v' e 

2 
e'' or _a_ { lL. -) = 0 axay v' e 

.- - -0 .- · •••. a ~u J _ 
,ax v' . 

~. = constant v . 

:. v'{x) = ~ c'u{x) 



Similarly~ 

" ... 

or 

~=0=-a- -.J.. 2 . 2 [ 
axay axay u • 

0 

a [ J a [h' 1

]· ax ~· ay -h- = 0 

a! <uY) = 0 

.. 

ij; = c~nstant 

orSl u• (x) = cv(x) 

Jf] 

..... 

Therefore9 the vanishing variations constrain ·U and v to the relations 

v• (x) = -c'u(x) 

u • (x) = cv(x) 

where c and c' are separation constants. 

Again 

The appropriate boundary cond1tions are 

.. . " 

ax 

E = 0 at x = 0 x = a z :11 

u = 0 at X = Os X = a 

0 at x = 0, x = a 

= 0 at x = OSia 

From equations (3.23) and (3.24) 

orSI 

2 
d u +-cc'u = o 
dx2 

u = A cosa x + B sina x m m 
where am= (cc')~ 

u = Os at x = 0 makes A = 0 

(3.2 3) 

(3. 24) 

37 
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Again u = 0, x = a 

• - 01T •. am--. a 

Similarly putting the boundary conditions on the solutions of v•• = -c'cv 
nn· gives v = cos -- x. 

. a -
Therefore~ th~ solutions of (3.23) and (3.24) give solutions u and v 

.. ..... . . . 

of the following form 

u = sinamx and v = cosamx 

where ~ = c· = c' = ~n 
(3 .. 2 5) 

With the help of equations((3.23) and (3.24) and (3.25) u, and 

v can be eliminated from equations (3.21) and (3.22) to obtain the 

following two equations fore and h. 

(3.26) 

• ( ) nrr 
JW}lr e: 1-£2 -:a-
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.. 

Equations (3.26) are two secQQ_d_ order l_inear differential 

equations in·e and hoThe determinantal ~quation for these two equations 
...: 

is 

= 0 

where B = a1b2 + a2h1 + c1c2 
a1a2 

2 n2 2 
2f E2 + w2~<E 22+E3 2+E1E 2 ) - -aZ- (E,+£2) 

€2 

... l 

a,a2 
. ? 2 

.. (·' 2 2 · ) 2 2 ( 2 2 ) ( 2. 2 ) n -n . = r +w llE 1 { r E2+w 1..1 e: 2 +£3 } - r 1-\-J ~e:2 --az- El 

€2 

(3.27) 

Multiplying both sides by e: 2 the equation (3 .. 27) can also be written 

in the following form 



Q = 2r2etl-w2u (e i+e}+qc2) - n21T~ (el +e2) 
a 

R " r4e2 .j. r2 {w2ll (cl+el+el72) - n2;2 (_el+£2) l 
-.... . . a 

4 2 2 2 2 · n2~ 2 n4rr 4 
+ { w ll e: 1 ( e: 2 +e: 3 ) 2\'1 l.1 e: 1 e:.2 a . .. + 7 e: 1 } 

~ d4 d2 ] •. P~+Q-+R e=O 
dy dy2 . 

Now~ the auxiliary equati'on of the above differential equation is 

Pm4 + Qm
2 + R = 0 

The _four roots of this equation are 

40 
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~1ikaelian< 12 ) and He Seide1{l 3
) have shown that the boundar·y conditions 

at y = 0 and y = b can not be satisfied by either of the two independent 

birefringent modes corresponding to the fqur roots± m
1

,2 but that a 

linear combination of these must be usede 
m -m2y Thus, e(y) = A em,y + Be~m1y + Ce 2Y + De 

Therefore 51 

where A5) B, c~ D are four arbitrary constants 
... •. 

The co-efficients of equation {3 .. 28) do not contain any term 

containing odd powers of.r, so that propagation in general will be of a 

reciprocal nature., Also from equation (3.2) the diagonal elements of 

the complex permittivity tensor are found to be equal if the value of 80 . 

is such that (R B0a) 2<<1 .. In the,present analysis, the maximum value - c 
of (RcB

0
cr) 2 is approximately 0.15 and therefore, the assumption {RcB0a)2<<1 

is quite reasonable. This makes e: 1 = e: 2 and this assumption will be 

used to obtain the expressions for the field components~ This simplifies 

the/expressirins of the field components and with this assumption~ the 

expressions for m1 a.nd m2 from equations (3 .. 29) reduce to the following 

forms .. 

2 n2 2 2 2 w2pe3 2 1 { w21JE32 2 ? e:32 n2n2} ~ m1 = _n_ ... w pe:2 = r - + 2 ( ) = 4\'l"lJ- --z-
a2 · 2e:2 e: 2 £2 a 

(3 .. 32) 

... 2 n2 2 2 2 w2 2 - 1 { 2 2 2 2 2 n2 2} k: 
m n r - pe3 - - {w.P£3 ) - 4 £3 n 2 2 = -2-- w ll£2 = - w p-·--r 

a . 2e2 2 £2 e:2 a 
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Let 

. 
0 • 

·~ 

... .._ .. 

Now, substituting the expression of e(y) from {3.30} in equations 

(3.26) and solving for the expression of h(y) the following expression 
. I . 

for h(y) is obtained 

Theref~re; the expression for Hz is given by 

€.2 
H =-z . 

JWll£3 

Now substituting the expressions for E
2 

and Hz in equations (3.13)~ 
. r 

(3~14), (3.15) and {3.16) the expressions for Ex, EY, Hx~ HY can be 

obtained·. The expressions for all the six field components are ·written 

belowo 



E = (_El_ ) 
X 

·[ = 
y 

nn 
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(3 .. 34} 

(3.35) 

(3.36) 
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2 
-m1y {w IJEJ 2 2 . 

+ Be {~) + ml(a3+b3)} {3.37) 
r a 

2 2 2 m2r { W )JEJ ("a~ ) - 1!1~2(a3-b3) } . + Ce · · . 
r 

2 {jwt-rz) -m2y{ w IJEJ n2 2 · ··~ Cos OlfX e + De { a2 ) + m2{aJ=b3) 
r a 

;. 
~ . 

Hz 
i:2 (~) 

[ mly -mly 
::::: A{a3+b3)e + B(a3+b3)e 

jwlle:J nn 

m2y -mzYJ nrrx {jwt-rz) 
+ C(a3-b3)e + D(a

3
-b3)e Cos- e (3.38) 

a 



.CHAPTER IV 

THEORETICAL AND NUMERICAL SOLUTION FOR THE PROPAGATION CONSTANT 

4.1 THEORETICAL SOLUTION 

Since the:expressions for all the six electric and magnetic field 

components have been derived in the prev·i ous chapter, a transcendenta 1 

equation for the propagation constant cah be obtained by implementing the 

four boundary conditions on these field components. The four boundary 
- - ~ 

conditions in a rectangular waveguide completely filled with a semi

senductor for the electric field are given below. 

Ez = 0 at y = 0, and also at y = b 

Ex = 0 at y ; 0, and also at y = b 

Introducing the above four boundary conditions in equations(3.35) 

and (3.33) the follo\'.Jing four linear homogeneous equations in A, B, 

C, and D are obtained. 

[A + B + C + D] = 0 
... / - m1 b -m b m b -m b -

.[Ae + Be 1 + Ce 2 + De 2 ] = 0 

45 
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{ 4.1) 

For the non-trivial case, the determinant of the co-efficients 

of the above set of equations must vanish~ 

Thus, 

~1here, 

1 1 1 

m
1
b -m b 

e 1. •. 
m2b 

e e 

w, w2 w3 

m1b -m1b m b 
W e w2e w3e 2 
1 

E3 2 2 = -m {a +b ~+ r_ ~ 
1 3 31 E2 a2 

1 

-m h 
e 2 

= 0 

w4 

-m b 
~~ e 2 
4 

The above determinantal equation {4.2) can also be written in the 

following form .. 

{4.2) 

{4.2a) -
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-m1b m1b m2b m1b -m2b m
1

b 
e - e e - e e - e 

w2 - wl ~13 - wl w4 -- wl = 0 

· -m1b m1b 
w3e 

m2b 
- W e 

m1b -m2b· m1b 
(4.3). w2e - w

1 
e 1 ~J4e - ~~1 e 

Expansion of the above determinantal equation .leads to the following 
. ·.. ,.. 

......... 

= 0 (4.4) 

which on simplifying after elaborate algebraic manipulations, reduces 

to the following form 

4(W1w2 + ~J3w4 ) Sinh m1b Sin~ m2b +.· 2(H1 t~3 + W4\~2 ) Cosh{m1b-m2b) 

~- 2(W1H4 + t~2w3 } Cosh(m1b + m2b) - 2(~11 \43 - H1 ~J4+t42W4 - W2W3) = 0 
./ ' ' 

or, 

2(W1W2 + w3w4) Sinh m1b Sinh m2b + (W1W3 + w2w4) Cosh (m1b - m2b) 

- (w1 w4 + ~J2w3 } Cosh (m1 b + m2b) + (w1 ~14 + w2~13 ) - (~11 w3 +. w2w4) = o 

or, 

[2(~11 w2+w3w4) Sinh rn1 b Sinhm2b + (~J 1 H3+t~2\~4 ) {Cosh m1 b Cosh m2b 

· -Sinh m1b Sinh m2b} 
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- (W1w4 + W2W3} {Cosh m1b Cosh m2b + S1nh m1b Sinh m2b } 

+ (W1W4 + W2W3 ) - (W1W3 +, W2W4) J " 0 (4.5) 

or, 

. [(Sinh m1 b Sinh m2b) { 2(W1 w2 + w31v4) - (w1 w3 + w2w4 ) - (w1 w4 + w2w3 ) } 

:· + (Co_sh m1 b Cosh m2b) { (w1 w3 +_ w2w4) - Ov1w4 + w2w3)J 
.. ..._ .. 

+ { (~11 W4 + W2W3) - (\~~ W3 HI2W4)8 " 0 (4.6) 
.. 

However, from equatiQn (4.2a}, 

{ ) 2r2 e:32 n4if 4 - m 2(·a3+b )2 - m 2(a -b3)2 wl w2 + w3 \44 = - - 1 3 2 3 
£22 a4 

2 2 2 e:32 4 4 
.<~s 1 w3 + w

2
w
4

) = 2m1m2(a3 - b3 ) + 2r -
2 

!!._{-- (4.7} 
e:2 a 

2 2 2 EJ2 n4n4 
(Wl \~4 + ~J2W3) = -2mlm2(a3 -b3 ) + 2r 2 -4-

e:2 a 

Substitution of these expressions i~to the determinantal equation (4.5) 

gives th~ following equation, ~ 

r: . 2 2 2 2l 
.. <;i!'h m

1b Sinh m
2

b) L2{m1 (a3+b3 ) +_m2 (a3-b3 ) ~ 

+ {Cosh m1b Cosh m
2
b) {4m1m2(a3

2-b3
2)} 

+ {-4m1m
2

(a
3

2-b
3

2)l = 0 (4.8) 

or, 

- {m
1
2(a3+b3)2 + m2

2(a3-b3)2} (Sinh m1b Sinh .m
2

b) 

+ 2m1m2(a3
2-b32){ Cosh ~1 b Cosh m2b - 1} = 0 

or, 
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(4.9} 

4.2 NUMERICAL SOLUTION 
,. 

The solution of the transcendental equati .. on (4.9) gives the 

r~qui~ed value of the propagation constant. The c~-efficients B, C, 

and 0 can be evaluated in terms of A using equation (4.1) as follov1s, 

;. 2m
1 

eml b ( ~ m b ( ) m b m1+m2,e·2 + ~2-m1 e- 2 
B = A. -

----------~-=~~------------

(m2-m1)emlb + (m2+m1)e-mlb ... 2m2e-m2b 
C =A--------------

ll 

0 =A -(ml+m2)emlb- (m2-ml)e-mlb + 2m2em2b 

A 
-m1b m2b -m2b where, A=- 2m1e + (m1-m2)e + (m2+m1)e. 

(4.10) 

Equation {4.9) is a. transcendental equation in r and its 

solution gives the possible values of r. Kno~ling the value of r, the 
6~ 

roots m~ and rn2 can be evaluated from equation {3.3~. As the 

coefficients B, C, and 0 have been obtained in terms of A, all the 

field components can be_ expressed in terms of the excitation represented 

by Ae Since these expressions are very complicated· and since solutions · 

of equation (4.9} may be obtained only numerically, it is.difficult to 

examine the characteristics of the field distribution in the general 

case. 
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4.2.1 THE PRACTICAL HAVEGUIDE SYSTEN 

A numerical solution of the transcendental equation (4.9} has been 

obtained for a practical system as shown in fig. (4.a). A re~tangular 

waveguide of internal dimensions a = .0228 meter and b = .01015 meter is 

completely filled with an n~type germanium sample with thickness d = 

.00188 meter. Th~ calculations were made at a frequency of 9.46 GHz, the 
·.,.. , 

experimental frequency. The conducttvity of the sample was varied 

from 4 mho/meter to 4 .. 65 mho/meter and the magnetic field was varied 

from 0 to 10 K gauss$ in steps of 1 K gauss. ·The other values of the 

parameters 
~- •. 

used in the calculations are 
-12 

c
0 

= 8.854 x 10 Farad/meter, 

Rco~H = .426 m2/volt-sec[29] 

£ = 16. 
r 

The solution of the transcendental equation gives the value of 

the propagation constant, the real and imaginary parts of which give 

the attenuation and phase constant respectively. The variation of the 

attenuation constant and. the phase ·constant with the applied external 

magnetic field is given in ·Figure' 4.b and 4.c. 

4. 2. 2 NUNERICAL f~ETHOO OF SOLUTION 

The numerical solution of equation (4.9) was obtained with the 

Newton-Raphson iteration technique.· To apply this technique the equation 

( 4. 9) may be put in the fo 11 O\'li ng form, 

F(r) = 2m1m
2

(a
3
2-b3

2) (1-Cosh m1b Cosh m
2
b) + {m1

2(a3+b3)2 

(4.11) 
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where m1 and m2 are functions of r and their expressions are given in 

equation (3 .3 2) 

\there 

F(r} Vlhen expressed in terms of r becomes, 

c :: 
1 

- c2 = 

a3+b3 

2(a3-b3) 

a3-b3 

2(a3+b3) 

... .._ ... 

= 0 (4.12} 

(4.13} 

If r; is an approximation to a root of a function F(r) = 0, 

a better approximation is given by 

(4. 14} 

where the. prime denotes the derivative. The· expression for F'(r) is 

·as follows. 



+ Sinh(-r +G} 2 b Cosh(-r +H) 2 b 
{ 

(-r
2
+H) (1-c2 )~( -r2+.G)c1 } rb 2 k 2 k 

( -r 2+H)~ 

where the expressions for c1 , c2, G, H ar~ gi~en in equation (4.13). 

Using the relation {4;14), the,nu~erical solution for the 

propagation constant has been made with an IBM 7040 computer and the 

computer programme for the solution of (4.9) is given at the end of 

the thesis. 

4.2.3 NUMERICAL RESULTS. 
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The variations of the attenuation constant and the phase 

constant with the variations of the external applied transverse magnetic 

field obtained from the calculations are shown in figure {4.b) and 

figure (4.c). The magnetic f~eld was varied from n to 10 Kilogauss in 

steps of 1 Kgauss~ 

It was found that the phase constant decreases with increasing 

applied magnetic field. The attenuation constant also decreases with 
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increasing magnetic fieldQ The effect of the conductivity of the 

sample on the propagation constant was also calculated. The attenuation 

constant and the phase constant for different values of conductivity are 

also plotted in figure (4.d) and (4.e), as a function of the applied 

magnetic field. 
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CHAPTER V 

THEORY OF MEASUREMENT 

5.1 THEORY OF THE REFLECTION BRIDGE 

The schematic diagram of a high precision reflection bridge 

for directly meas~ring ~he magnitude .~nd phase o~ reflection co efficient 

(r} and ·e respectively is shown in figure SA~ Th~ sample is coupled to 

· one side arm and the precision short and atte.nuator in the other are 

adjusted unti 1 the output j s ._minimized o 

The hybrid 11 tee" is converted into a magic 11 tee" by introducing 

slide screw tuners in the E and Harms and also in the side arms to 

compensate for asymmetry.. The magic tee has the property that \'Jhen the 

reflection coefficients at reference planes in the side arms are equal~ 

the power fed to the detector in the E arm is ·zero., 

In a practical system it is required to find the reflection 

CO·,efficient rx, at a particular measuring plane of the colinear arm of 
.·· 

the hybrid tee \'Jhich contains the semiconductor sampleG This reflection 

....$f~. • t 2Y s 1 s 
co~· 1c1en rx = r2 e 

where r2 = reflection co efficient at port 2 

y
5 

= propagation constant in the· sample arm 

15 = distance between port 2 and the measuring plane 
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5.1.1 DERIVATION OF BALANCE EQUATION 11 

. ·. 
In general the input and output ·relations of any passive four 

port (the hybrid tee) can be described by the equation 

b = s a {5.2) 

where ~ and ~ are column matrices representing incident and scattered 

~1ave.s respectivel¥ and ~ is the scattering matrix given by 
~ 

- ..... 

s,, 512 5 13 514 

s = 
5 12 522 523 524 

.;. 513 52'3 ·· 533 534 

5 14 524 534 544 

Because of reciprocity, s is symmetrical. 
al 

The reflection co efficients r1 = bl 

and r 2 = a2 
b2 

The null condition is a4 = :b4 = 0 

{5.3) 

Using equations (5.2) and {5.3) the· following sets of equations 

are obtained. 
,-? 

{5.4) 
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The above four equations can be written in the unknowns b
1

, b2, b3, a3 

as 

(sll r1 - 1) b1 + 5 12 r2 b2 + 5 13 a3 = 0 

512 rl bl + (5 22 r2- l) b2 + 5 23 a3 = 0 

513 r1 bl + 523 r2 b2 + 533 a3 - b3 = 0 

514 rl bJ + 524 r2 bz + 534 a3 = 0 

- ..... -
The first, second and the fourth equation form the_homogeneous set 

(s11 r1 - 1} b1 + s12 r 2 b2 + s13 a ~ 0 
.. 

;.. 5 12 rl bl + (522 r2 .. - ·1) b2 + 523 a3= 0 

514 r1 bl + 5 24 r2 b2 + 534 a3 = 0 

which has a unique solution if the determinant of the CO'··efficient5 

is zero. Equating the determinant to zero gives 

(sll rl - l) 512 r2 513 

5 12 rl {s22 r2 - l) 523 · = 0 (5.5) 

and after some algebraic manipulation of this determinantal equation, 

the relationships between r1 and r2 can be obtained and is given below 

~:: ::: ~ ::: ::: J rl - [ 522 ::: - 5 23 52J 
r2 =--------------~--------------------------------~--c511 522 - 512

2
)5 34+{ 512513 - 511523) 524 + {5 lz5 23 - 513522) 51~ q _ 

1 

522534 - 523524 
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2¥ 1 But r = r e · s s 
X 2 

~ b a r1 Therefore~ r = (5o6) X . 
= 1 c r 1 

wherre j 

a = [ 
5

11 
5 

34 -
51 3 

5
14 J 2Y5 ls 

e 
522534 .... 523524 

b' = 
[s 22~3:3~ 523524 j 

2'r5 l.s 
e -... ( 5. 6a )' 

c = [ <511 522 - 512
2l 534 + (s12513- .511 523ls2.4 + <512523- 513522) 514~ 

-.. ~. 522534 ~ 5235 24 

The reflection co efficient r1 of the reference arm has been 

shown by Champl in,Kc S. and et. al ~ ( 10 ) to be equal to 

whereS~ 

r1 = K e -2(Ar + j Br lr) (5 .. 7) 

' . 2 
· K = KA Ks , 

KA = complex constant containing the residual attenuation and 

(fixed) phase shift of the attenuator 

4>'"' ~ K5 = complex constant containing the zero setting and (fixed) 

loss of the short circuit. 

Ar ~ reading of the precision attenuator in nepers 

erlr = reading of the precision short in radians (measured from 

some arbitrary reference) 

Substituting th.e above equation (5.7) in the expression for rx in 

equation (5e6) gives the following equation 
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-2[Ar+Jsr 1 r] 
A e - B 

r = 
X C e-2[Ar+Jsrlr] - 1 

(5.8) 

where A = aK~ B = b, C = cKo 

ThusSI under very general conditions the bridge is completely described 

by the three co-efficients A, B» C. Determination of these co efficients 
.. 

by means of pr-eliminary .measurements constitutes .. calibration of the 
- ._ . . 

bridge., 

5al.,2 BRIDGE CALIBRATION 
... •. 

(i) The Matched and Symmetric Brid~: {2.V) 

When the bridge is matched and compensated for asymmetry, the 

following symmetry conditions are satisfied, 

5 11 = 522 

513 = 523 

5 14 = ""' 5 24 

From these conditions and from the fact that the scattering matrix of 

the hybrid tee is unitary, one can' shO\\f that the shunt~series arms are 

completely isolated~ ____ .. 

i.e., 5 34 = s43 = 0 

Substituting these conditions in the expressions for b and c in equation 

(5.6a)s it is found that 

B = 0 

C e 0 

Therefore, equation (5o8) reduces to 
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(5.9) 

The reflection co efficient Yx at the air-semiconductor interface is 

shown in figc 5Ao 

The coefficient A can be determined experimentally by balancing 

the bridge with a_fixed short circuit terminating the sample armo 

When a precision short cirucit is plaeed at d1 ~ .. 

'fsl = "fx e 
2ysdl 

or - 1 = yo x e 2Y s ~ 1 .. 
'. 

or -r. = = e-2rsd1 
X 

From equation (5.9) 

-e-2Ysdl =-A e-2[Ar(sl)+Jsr1r<s1)] 

where Ar(~1 ) = attenuator reading with a fixed ·short 

)r(s1) = precision ·short reading with a fixed short 

Therefore~ 

A = 

Hence from equation (5.9) 

T = _ e-2[{Ar-Ar(s1)} + ~Br{lr-1r(s 1 )+d 1 }] 
X 

.,.(A+J0) 
- - e (5.10) 
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where A= 2{Ar- Ar{s1)} nepers 
{ 5.1 Oa) 

0 = 2Br {1~- lr{sl) + d1} radians 

Equation (5.10)has been used for the practical measurement of the 

magnitude and phase of reflection co_ efficient at the air-semiconductor 

interface. 

- .... -

(ii) The Matched and Unsymmetric Bridge: 

When the input ports of hybrid t"ee are matched and the bridge is 

not. compensated for a·symme_!:r.y, then 

511 = 522 = 0 

5l2 = s21 = 0 at a single frequency 

and from equation(5.6a), c = 0. 

Therefore , .. 

rx = - A e-2(Ar+Jsrlr) + B (5.11} 

With a preci.sion short circuit termination· at the sample arm, 

-2y5d1 -2[Ar(s1 )+Jerlr(s1 )] -e = - A. e .· + B (5.12) 

With~ matched termination Z
0 

at the sample arm 
.-/ 

-2[Ar(Z0 }+jerlr(ZJ] 
0 = - A e + B (5.13) 

Solving equations (5.12) and (5.13) for A and B, and substituting in 

equation {5.11), the expression for 1'x becomes 

e -2y sdl -2[Ar-:Ar(sl)] 

"fx =- [1 -"l(Zo.)J [ e ] 

-rl(sl) 
+ Jer[lr-lr(sl}] -



where 

The right hand side of the above equation contains known quantiti~s 

and thus ~x can be evaluated& 

(iii) The General Bridge: 
-.._ .. 

. For a general bridge~ equation (5~8) ·gives the expression for 
I 
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the reflection co efficient which is completely described by the three 
4 :'II.. •. 

co· effici€nts A, 89 and C. These co·efficients A, B~ and C can be 

determined by calibrating the ·bridge with t\'IO shorts at t\'IO different 

distances d
1

, d2 from measuring plane and with one matched termination 

Z
0 

at the sample anm • 

. . 

5 .. 2 ·THEORETICAL CALCULATION OF THE REFLECTION CO EFFICIENT 

5o2.1 GENERAL SOLUTION. 

An expression is derived for the reflection co·~fficient at 
~ 

the/air-semiconductor interface of the rectangular wave guide system 

shown in figure 5o2Ao 

The transverse field components EY and Hx in air (medium 1) 

at a distance Z from the air-semiconductor inter·face is given by 
-r

1
z r 1z 

Ey
1 

= A; 1 e + Ar
1 

e 

. ·[ ... rlz Arl rlj 
= A1 1 e + e . 

A· 1] 

(5.2a) 
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FIGURE 5.2A 
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Where r1 is the propagation constant in the air filled section of the 

_waveguide i.e. in -medium (1) •. A;
1 

and Ar
1 

are the amplitudes of the 

incident and reflected waves at the air-semiconductor interface i.es 

at the plane Z = 0. 

The reflection coefficient is given by the ratio 

A :- -20 rl --= Y= e -~ 

- ._ . .. (5.2b) 
A;l J9 

= 11'1 e 

where ~ = u + j v '-

~ ~ ~ 
which characterizes the terminating waveguide section containing the 

semiconducting medium 2. 

Therefore, the equation (5.2a) can be written as 

where 

-r1z r1z 
Ey

1 
= A; 1 [ e + ~ e ] 

-r1z r1z 
H~ 1 = H11 e + Hr1 e 

A; 1 _r z Ar r1z 
=-e 1 _-2e 

z1 z1 

(5.2c) 

(5.2d) 

(5.2e) 

The wave impedance Z(o) given by the ratio of the transverse 

electric and magnetic field intensities at the air-semiconductor interface 

in medium 1, i.e. 

Z(o) ~ Eyl(o) = zl (1+~) = 
Hxl (o) 1-ya 

(5.2f) 
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(5.2g) 

·~ 

...... 

... ~. 

(5.2h) 

A 
z2- ·= _!£ = characteristic impedance· for the -vely travelling wave 

Hr2 

r2 =propagation constant in medium (2). 

At Z=d the waveguide is terminated by a metal plate." Introducing 

thi~-'boundary condition equation (5.2g) becomes 

-r2d Ar2 r 2d 
0 = A· [e + ---A· e ] 

12 12 

Ar2 ~2r2d 
-= .,e 
A;2 . 

or, 

Therefore, the wave impedance at the air-semiconductor interface is 

given by 
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A 
{1 + ~: 2z } 

EY2(o) A· 
Z(o) = - z~ 12· . 

Hx2(o) 
- 2 

+ Ar2 Z2-t ) (1 
A; z -

2 2 

- z+ - 2 

-2r2d 
(1 - e ) 

(5.2i} 
-2r d 

(1 - e 
2 ~2: .) 

2 -~ .. 

5.2.2 F-IRST ORDER APPROXIHATE SOLUTION OF THE REFLECTION CO EFFICIENT. 

~ With the application.pf the external magnetic field, the medium 

(2) -sho\'ln in figure 5.2A has a complex tensor permittivity and in the 

a~alysis of the field components in Chapter 3 it has been shown that 

the medium (2) has all the six field components. However, to simplify 

the analysis only the Ey and Hx components of the electromagnetic 

wave will be considered here and a firs~ order expansion of z2+, the 

characteristic impedance for the wave travelling in the +ve direction 
~ will be taken into consideration. tt is seen that z2+ ~ r 2 , but 

-jwv 2 E:J 2 + 
Z2+ = r2 [1 - e:2 (r2 +w ve:2).F ] (5.2j) 

where, 
m1y -m1y m2y -m y 

+ {m Ae - m1Be + m Ce - m2De 2 } 
F = 1 . 2 

r 2 mly 2 -m,y 
~r2Ca3-b3 )i\~ 11 e3m1} Ae +rr2{a3-b3)-w 11 e3m1}Be 

2 m2y 2 -m2Yl 
+£r2(a3+b3)+w 11e3m2}Ce + {r2 (a3+b3 )-1~ 11e3m2}De J 

where, the co,efficients A, B, C and Dare expressed in terms of A in · 

equation (4.10) 



Expanding F+·into th~ Maclaurin~ Series and taking only the 

first term 

ThenSl F+ ~ F+(o) 

, + m1{A-B) + m2(C-D) 
\':here F ( 0) = ~ · · 

· r 2(m1
2-m22-) (C+D) + w2ll£·9on1{A-B)+m2(C-D)} 

SimilarlySl for the wave travelling in the =ve z~direction 

Z2""' :: Ey2 "' ·-
Hx2 
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d Z j\'Ju 1 £3 ( 2 · 2 ) F"" 
an 2 =- r 2 { "" £2 r 2 + w ll£2 } (5.2k) 

Considering the first tenm of the series expansion ofF- 9 .it is 

found that 

m1(A-B) + m2{C-D) 
F- ~ r- { o) = ------;:;:----=----~-----------

-r2{m12-m22)(c+o) + w2
llc3{m1(A-B)+m2(c-D)} 

where the co efficients A$ 8, C and D are expressed in terms of A in. 

equations (4.10) 
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Equating equations (5o2i) and (5o2f) for Z(O) in the two regions, 

gives 

But from equations (5.2j) and (5.2k) · 

where ·!) "' [1 - :~ (r /+w2
pe: 2). F+(O)] 

K = .[1 - e:J (r 2+w2pe: ) F-(o)] 
2 E2 2 2 

From equation (5.21) 
-jwu K (l-e -2r2d) Coth ~ = r2 1 

---=j=--WU_(_l -+~Kn-1-e --=2-r
2
_d_) 

rl K2 : 

(5.2m) 
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This approximate equation is - / plotted in figure· (7.2A~~as a function 

of applied magnetic field. 

5.2.3 SIMPLE TE-MODE SOLUTION. 

For the TE mode z~2 = - z2 = jwlland equation 
-2r d r2 - z; (1-e 2 ) + 

Z(O) = _2r
2
d = z2 tanh r2d 

( 1 + e ... -~ ..... · 

Equating equations (5.2n) and (5.2f) gives 
+ z1 Coth 0 = z2 ta~h~r2d 

z + 
or Coth 0 ~ _2_ tanh r

2
d 

zl 

-jwlJ fl . 
= -- x -- tanh r d r 2· 2 -j\1/lJ . 

rl = - tanh r d 
r 2- 2 

I 

(5 .. 21) becomes 

·(5.2n) 

Normally, the attenuation iri the air filled part of the guide 

can be neglected and the propag~ti~n constant reduces to r 1 = ja
1 

wh~reJa 1 is the phase constantc 

Therefore, the equation (5.2o) can be ·written as ' 

1~ _ ja1 tanh r2d 
l--r- rz 

or I I 
j9 _ ja1 tanh r2d ~ r2 ya = Y e - ------~ 

jal tanh f2d + r2 
{5.2p) 
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· S i nee the propagation constant in m~d i um ( 2) ,. r 2, corresponding 

to the different values of the. applied magnetic field is known {figure 

4(d), 4(el) and also since s1 and dare known quantities, the right hand 

side of the equation (5.21) is a known quantity. Calculated values of 

~ = 1Yiej9 for the system of figure (5e2a) for different values of the 

applied magnetic field are given in figure 7.2(~), 7.2(8) . 

. :,. 
... *. 



CHAPTER VI 

EXPERINENTAL PROCEDURES 

6.1 PREPARATION OF THE SAf'·1PLES 

The samples of germanium \':ere cut from a large block of 22.2 · 

ohm-em n-.type Ge crystal <111> axial :o.rientation .. of trapezoidal shape9 

by means of a diamond wheel cutter Oo02Q inches th1cke The samples were 

cut slightly l~rger than the waveguide cross section and reduced to the 
. .. 

desired size by la~ping on ... si.licon carbide paper by hand .• Great care 

was taken to insure that the X·s y and z edges were perpendicular to.each 
. . 

other and that the faces at z = 0 and z =tare .parallel. 

The sample length t was chosen to be approximately one quarter 

wavelength calculated from 
. A 2 

t=~=~=--..!. 
4 46 26 

The phase constant (s) was obtained.from the expression for the 

propagation constant r = a+js= [ (
8
1T) 

2 ~ w2p e:
0 

(e: -j_Q'_)]~ for the case o r we:0 . 

of a-~waveguide completely filled with semiconductor, with no magnetic 

field applied. The calculated value of twas o07675" inch for a 22.2 

ohm-em germanium sample at a frequency of 9.46 GHz. ·selection of .t to be 

equal to one quarter wavelength or in general an odd number of quarter 

wavelengths in the material gives maximum experimental accuracy{2B)e 

Prior to measurement the faces of the sample at planes z =·o 
and z ~ t \"lere ground on emery paper and washed with tap water. The 

dimensions of the sample used for the measurement \'Jere .893u x .397 11 x 
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.07411 and gave an excellent fit to the waveguide section 0.900 11 x 

0.400 11
• 

6o2 CALIBRATION OF THE ELECTROMAGNET. 

70 

The electromagnet used for the exper·iments \'laS a 11 Spectromagnetic. 

Industries" model 10]9 which has 411 diameter adjustable poles. This 
.. 

magnet is designed to be used with its associated 1 Kilowatt power 
- ...... 

supply {model 602l)e 

-The electromagn~t was calibrated with a precision Gauss meter 

for a pole gap distance of .. J-cm ... The calibration curve relating magnet 

currentto magnetic field produced is shown in Figure· 6.1. 

6o2o 1 -RESULTS OF CALIBRATION OF ~1AGNET. 

The experimental readings for the mag·netization curve of a 411 

adj~stable gap electromagnet with cylindrical pole geometry for a gap 

distance of 3 cmo is given in Table 6.1 below and the curve is plotted 

in Figure 6 .. lo 
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TABLE 6.1 

EXPERH1ENTAL VALUES OF THE ~lAGNETIZIATION CURVE 

NO. OF MAGNETIZING MAGNETIC FIELD 
READINGS CURRENT IN THE GAP 

-. Amps Kilogauss 
- .. 

1 
- ..... 

.37 1 

2 3 1.14 

3 6 2.35 
.... . 

4 9 .3. 5 

5 10 3.9 

6 12 4.65 

7 14 5.45 

8 15 5.75 

9 17 6.5 

10 18 6.9 

11 20 ·' 7.5 

. 12 21 7.8 / 

13 24 8.6 

14 25 8.9 
~ 

15 27 ·9.36 
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MAGNETIZATION CURVE 

GAP DISTANCE = 3 CENTIMETERS 

4" Diameter Cylindrical Pole 

Geometry Adjustable Gap Electromagnet 

6 . 8 10 12 14 16 18 20 22 24 26 28 

-----~ ENERGIZING CURRENT 

(IN Afv1PERES) 

FIGURE 6.1 EXPERIMENTAL HAGNETIZATION CURVE OF THE 

ELECTR0~1AGNET 
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6o3 DESCRIPTION OF APPARATUS .. 

A schematic diagrnm of a reflection bridge for the precision 

measurement of the ntagnitude and the phase of the reflection co-efficient 

at the air-semiconductor interface is shown in Figure 6~2. The equipm~nt 

used is as follows: 
.. 

(i) Klystron .. 
. .... 

The Klystron used as a high frequency signal source is a reflex. 

type, X-13 of varian Associates of Canada Ltd .. Its frequency is 

mechanically tunable ove~~he range 8~2 to 12.4 GHz with its maximum 

power output for optimum load of 350 m watts. A fr~quency of 9.46 GHz 

was used for the experimentso 

(i i) Klystron Pm·1er Supply. 

The po\'Jer to the Klystron was supplied from the P.R .. D. PO\'Jer 

supply!j; type 890A. The reflector voltage can be modulated either from 

an external source or an internally produced square and sawtooth 

waves ... 

Ferrite Isolator. 

This is an unidirectional element used to isolate the Klystron 

from the rest of the circuit as far as the reflected waves are concerned .. 

\4aves pass practically unattenuated in the direction of transmission 

of the isolator but in the opposite direction it has approximately 30db 

attenuation. Thus any change in the load will not affect the Klystron 

·output power and frequency. Isolators manufactured by P.R.,D. were 

used in the· reflection bridge asse~blyo 



SHORT CIRCUITED· 
PLATE .. ,,,,,,, 

1 

~1AGNET 
__._-w (SPECTRO-MAGNETIC MODEL 1019) 

18 

•. 
~ -.... 

2 3 4·. 5 6 7 8 10 11 

8 
. 1 . Klystron Power Supply 

2. ·Klystron 

·3. 11. Isolators 13. ~ D.C. Micro Volt-ammeter 

4. Attenuator ·14. rrecision Short 

5. t~ave m~ter 15. Precision Rotary Attenuator· 

6. Directional Coupler 17. Sample Holder 

7. SW Indicator 18. Crystal Detector 

8, 10, 16. Stub Tuners 19. Indicator 

9. Hybrid Tee 
....... 
~ 

.12. Crystal Detector FIGURE 6.2 AN EXPERIMENTAL SET UP OF A REFLECTION BRIDGE 
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{iv) Wave Meter. 

The wave meter used was a Micro-line, Model 138A. This meter 

will read the frequency of the waves in the guide and its range is from 

8430 to 9660 MC/5. 

(v) , Variable Attenuator • 

. This is u'~d to adjust the power input to the circuit to a 

suitable value and the· unit manufactUred- by P.R.-D. \'las used in the bridge. 

(vi) Directional Co~pler. 

This is a device consisting of two transmission lines coupled 

together in.such a way that a wave travelling in one line in one 

direction excites a wave in the other guide ideally in one direction 

only •. The normal attenuation in this process is 10-20 db. 

(vii) Standing Wave Indicator. 

The standing wave indicator is a model 8433 (1637) of Elliott 

Brothers (London) Ltd. and is a high precision instrument. This has 

been used for the measurement of V!S.W.R. during the matching of the 

hybrid tee ports by means ~f the tuners. 

(viiiJ Precision Attenuator, Precision Short and Hybrid Tee .. 

High quality equipments are needed for these componentso Elliott 

instruments are.used for the rotary vane attenuator type Al617/44 and 

the precision short. The hybrid tee \'Jas manufactured by Demornay 

Borandi. 

(ix) Electromagneto 

The Spectromagnetic Industries• Model 1019 is a 4" diameter 

pole adjustable gap laboratory electromagneto It may be operated 
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continuously with c~rrents up to 20 amperes to give 9.5 K gauss with pole 

gap of 3 cmo The poles~ which are adjustable and reversible, are 

precision gt"ound to enhance field homogeneity., The poles are chrome 

plated_ to resist wear and corrosion= Each pole has 4" diam~ter cylindrical 

pole geometry on one end and 1-1/2 11 diameter tapered pole geometry on 

the other. In a~_diti-on, 6" variable flux rings may be attached to the 

411 diameter cylindrical ends to incr~ase field uniformity. 

(x)" Regulated Power Supply for the Electro~agnet .. 

The model 6021 Spectromagnetic Industr.ies• precision magnet 

power supply provides an extremely stable9 accurate current regulated 

current. The output current is continuously adjustable over the 

entir~ range Ool to 30 Amps with a lO.turn potentiometer.' 

6.4 MEASURING PROCEDURE. 

. -
6~4.1 TUNING OF A HYBRID TEE. 

The ports (1), (2) ·and (4) of the ·hybrid tee shm\fn in Figure ( 5A) 
·' 

were terminated in matched loads and s33 was made zero by using the 

turrer in the arm {3). In practice a VSHR of about 1.02 was obtained. 

Similarly, s44 was made zero by ~he tuner in anm 4, with other ports 
I 

terminate_d in matched loads.. Then s34 was checked by measuring the 

output in the E-arm while feeding -the H~arm with terminations placed 

on arms (1) and (2). If s34 is not zero, it can be reduced to a 

minimum by adjusting the tuner in arm (1). This adjustment slightly 

disturbs the tuning of E and H arms so these were again tuned and 

the process repeated till the effect of the side arm tuner on s33 and 
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s44 is negl igiblee Since the hybrid tee used ~Jas a high quality magic 

tee~ only slight adjustments were needed for tuning the hybrid tee. 

6.4.2 Measurement of Reflection Coefficient. 

The sample ann was first shorted by a short circuit metal 

plate and the precision attenuator and the precision short in the 

reference arm \'Jere then adju.sted for .. minimum outputm Their readings 
......... 

Ar(sl) and lr(sl} were recorded. The ger·manium Sqmple was then 

placed in the waveguide in front of the short" circuit plate. Again!~ 

the precision attenuator and. the precision short were adjusted for 

minimum output and their readings Ar and lr were noted. Care was 

taken to position the sample faces no-rmal to the axis of the guide 

and the back face was -completely in contact with the metal plate. 

The external magnetic field B was then applied in a direction 

transverse to the direction of the wave propagation in the 

waveguidec The external magnetic field was varied by varying the 

magnetizing current from 0 to 27 amp in steps of 3 amps and the 

readings of the precision ~ttenuator and the precision short Ar and 

1 r ... ·res·pecti ve ly for minimum output \tere recorded for each step. The 

direction of the magnetic field was then r·eversed and the entire 

procedure \'Jas repeated. Care was a 1 so taken to note that the temperature 

of the sample \tas not affected by the temperature rise of the electro

magnet during the measurement. 



76 

6.4 .. 3 t1EASUREt~ENT OF THE D.C .. RESISTIVITY OF THE SEMICONDUCTOR. 

The conductivity of the semiconductor \'Jas measured by the 

four point P.robe method \"Jhi ch has the advantage that it does not require 

any specific shape of the sample~ 

In this method, four probes are placed on the flat surfa:e 

of the sample an~ the current I is passed through the outer probes and 
. . .. 

the vo 1 tage V is measured bet\~Jeen the- i n·ner pr·obes. If s 1 , s2, 

53 are the probe spacings then the conduct..ivity a is given by(
29

) 

-. I II· . 1 · 1 .l J 
0 

- 2TfV ~-l + s
3 

- (sr'"s2) - (s1+s3) 
( 6.1) 

When the probe spacings are equal, the resistivity p of the sample is 

given .by 

- 1 - 2 sl.v) p--- 1T-
a I 

(6.2) 

The equation 6 .. 2 was used in calculating· the d.c. resistivity 

of the sample and the resistivity of the sample t1as fou·nd to be 

22.2 ohm-em.. l..Jhen the d.imensions of the sa~ple are small compared to 
·' 

probe spacing, the corrections shown in figure (6.3) must be applied. 

T~e~edge of the sample must be at least a distance 3s away from the 

probe •. 
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CHAPTER VII 

RESULTS 

7.1 THEORETICAL RESULTS 

7.1 o 1 VARIATIONS IN PROPAGATION CONSTANT AND THE t{lATRIX ELENENTS OF 
4 

THE C0f11PLEX TENSOR PERt·1ITTIV ITY "WITH 11 R11
• 

The calcuJated variations in the values of the attenuation 

constant and the pha~e constant of the electromagnetic wave with the 

variation of the applied magnetic field as calculated from numerical 

solution of equation (4.9) are shown in tables 7.1(A), 7.1(8), 7~1(C}, 

7.1(0) and 7.1(E) for different values of the conductivity of the 

material. These tables are given in graphical form in figures 4.d 
.. 

and 4.e. 

·The calculated variations in the values of the matrix elements 

of the complex permittivity tensor using equatiort (3.2) with the 

~ariations of the applied magnetic field are also given in tables 7.1(A) 

to 7.1(.E) and these variations have been plotted in the graph shown in 
.. _..# 

figure 7.1 and 7.2. 
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TABLE 7 .1A 

THEORETICAL.VARIATIONS IN PROPAGATION CONSTANT e:l~ AND £ 3 
' \ WITH ~1AGNETIC FIELD 

Frequency 9.46 GHz 
Conductivity = 4.0mho/meter 
· n-type Ge sample 

f~AGNETIC PROPAGATION CONSTANT 11 r"=(l+j 8 
FIELD Attenuation Phase Constant 

B Constant 11 (l 11 us·" 
Wb/m2 neper/meter radian/meter 

0.0 l86G 01 803.·8 

0. 1 185.68 803.75 

0.2 184.69 803 .• 59 
.. 

0.3 183.06 803.31 

0.4 180.84 802.94 

0 .. 5 178.06 802.48 

0.6 174.78 801.93 

~ 0. 7 171.07 801 .. 31 

0.8 166.99 800.64 

0.9 162.59 799.92 

1.00 166.76 782 .. 34 

£1 

farad/meter 

(1.417-j.672)xl0 

31 

II 

·u 

II 

tt 

II 

II 

II 

II 

II 

I· 

.. 
£2 

farad/meter 

-10 , . -10 
~(1.417-j.672)xl0. 

(1.417-j.670)x10 -10 

(1.417-j.697)x10 -10 
f • 

(1.417-j.6~1)xlo- 10 

-10 (1.417-j.653)x10 · 

ci.417-j.64~)xl0-10 

(1.417~j.63l)x1o-10 

(1.417-j.617)x1o-10 

(1.417-j.602)x1o-10 

(1.417-j.586)xlo-10 

(1.417-j.569)x1o-10 

e: 
3 . 

farad/meter 

0 

j 2.86xlo-12 

- j 5.69x1o-12 

j 8.45xlo-12 

j l.llxlo-11 

j 1.37xlo-11 

j 1.6lxlo-11 

j 1 .. 84xl o-11 

j 2.05xlo-11 

j 2. 25xl o-11 

j 2 .. 43x 10 -ll 



TABLE 7.18 

VARI~TIONS IN r, e: 1~2 AND EJ WITH MAGNETIC FIELD 

Frequency 9.46 GHz 
n-type Ge sample 
Conductivity ~ 4.3 mho/meter 

f~ilAGNETIC PROPAGATION CONSTANT 11r" =a.+je 
FIELD Attenuation Phase Constant 

B Constant "a" lie" 

Wb/m2 neper/meter radian/meter 

0.0 199.19 806.96 

0.1 198.83 806.89 
•., 

0.2 197.77 806.70 

0.3 196.03 806.39 

0.4 193.65 805~96 

·o.s 190.69 805.4~ 

0.6 187.19 804.80 

0.7 183.23 804.10 

0.8 178.87 803.32 

0.9 174.19 802.5 

1.00 169.24 801.64 

.. 
£1 £2 

farad/meter farad/meter 

(1.417-j.722)xlo-10 ~(1.417-j.722)x10 
-10 

II (1.417-j.72l)x10-10 

. II (1.417-j.717)x1o-10 
,. . 

II . (1.417-j.71l)x1o-10 

II (1.417-j.702)x10-10 
. . 

II (1.417-j.69J}x1o-10 

II (1.417-j.678)~1o-10 

II (1.417-j.664)xlo-10 

II (1.417-j.647)xlo-10 

II (1.417-j.630)xl0 -10 
-

II (1.417-j.612)x1o-10 

£3 

farad/meter 

0 

j 3.07xlo-12 

I j 6.llx1o-12 

j 9.09xlo-12 

j 1.20xlo-11 

j 1.47xlo-11 

.j 1.73xlo-11 

j 1.98x1o-11 

j 2.21x1o-11 

j 2.4lxlo-11 

j 2.61xlo-11 



TABLE 7 .lC 

VARIATIONS IN r, e:1·, e: 2 AND e: 3 WITH MAGNETIC FIELD 
\ 

Frequency 9.46 GHz 
tonductivity = 4.4 mho/meter 

. n-type Ge sample 

MAGNETIC PROPAGATION CONSTANT 11 r" ==a+j A 
FIELD Attenuation Phase Constant 

B Constant 11 n 11 "au 

Wb/m2 neper/meter radian/meter 

o.o· 203.54 808.04 

o. 1 203.18 807.98 

0.2 202.10 807.78 

0.3 200.32 807.45 

0.4 197.89 807. 

: 0.5 194.87 806.45 

0.6 191.3 '805.8 

0.7 187.25 805.06 

.. 
e:l E:2 

farad/meter farad/meter 

( .417-j.739)xlo-10 ·' ( 1 • 417- j . 7 3 9 ) X 1 0-1 0 

II (1.417-j.737)x1o-10 

II (1.417-j.7,33)x16-10 

II (1.41t-j.ie7)xlo-10 

II (1.417-j.718)xlo-10 

II (1.417-j.707)xlo- 10 

II (1.417-j.694)x1o-10 

II 
-10 

(1.417-j.679)xl0 · 

, 
~ -

.-. 

E:J 

farad/meter 

0 

j 3.14xlo-12 

J 6.25xlo-12 

j 9.30x1o-12 

j 1.22xlo-11 

j 1. Sxl a-ll 

j 1.77xlo-11 

j 2. 02 X 1 0-ll 

,.. 'I 

' 
•. ~-->-" 

co 
0 



TABLE 7.10 

VARIATIONS IN r, e: 1, e: 2 AND e:3 WITH MAGNETIC FIELD 

Frequency 9.46.GHz 
Conductivity = 4.5 mho/meter 
n-type GE sample 

\ 

MAGNETIC PROPAGATION CONSTANT "ru = a+js 
FIELD fH:tenuatlon Pnase ~onstant 

B Constant. 11 a 11 11811. 

Wb/m2 neper/meter radian/meter 

0.0 207.89 809.15 

0.1 207.51 809.08.., 
.. 

0.2 2Q6.41 808.87 

0.3 204.60 808.53 

0.4 202.12 808.06 

0.5 199.03 807.48 

0.6 195.39 806.8 

0.7 191.27 806.03 

0.8 186.73 805.19 

0.9 181 • 85 804.29 

e:l £2 
.. 

farad/meter farad/meter 

(1.417-j.756)x10 -10 ~ (1.417-j.756)xlo-10 

II (1.417-j.754)x1o-10 

II (1o4i7-j.~'5)x1o-10 

II (1.417-j.l43)x1o-10 

II (1.417-j.735)x1o-10 

II {1.417-j.723)x1o-10 

II (1.417-j.709)x10 
-10 

II (1~417-j.694)xlo- 10 

II (1.417-j.6775)xlo~10 

II (1.417-j.659)xlo-10 

£3 

farad/meter 

0 

· j 3.21x1o-12 

j 6.40x1o-12 
I 

j 9.~1x1o-12 

j 1.3xlo=11 

j 1.54x1o-11 

j l.Blxlo-11 

j 2.07xlo=ll 

j 2.3lx1o-11 

j 2.53xlo-11 



TABLE 7.1 E . 

VARIATIONS IN r, e1, e2 AND c3 WITH MAGNETIC FIELD 

Frequency. 9.46 GHz 
Conductivity = 4.65 mho/meter 
n-type Ge Sample 

fvlAGNETIC PROPAGATION CONSTANT 11 r"=m+ja 
FIELD Attenuati orr Phase Constant 

B Constant 11 a 11 11811 

Wbtm2 neper/meter radian/meter 

0.0 214.37 810.84 

0.1 213.98 810 .. 76 
.. 

0.2· 212.85 810.54 

0.3 210.98 81 o. 18 

0.4 208.43 809.68 

0.5 205.25 809.07 

0.6 201.50 808.34 

0.7 197 .. 26 807.53 

0.8 

0.9 
~ ' I 

£1 €2 .. 

farad/meter farad/meter 

(1.417-j.781)x1o-10 ~(1.417-j.781)xlo-10 

II (1.41~-j.780)x~o~ 10 
II ( 1 • 4l7- j .· 716 )x 1 0-1 0 

.. 
Gl (la417-j.i69)x10-10 

Ul (l.417-j.759)xlo-10 

II 
. . . -10 

(1.417-j.74V)xl0 
II (1.417-j.733}x1o-10 

. . 
II (1G417-j.718}xlo-10 

n 

II (1.417-j.681)x1o-10 

e: 
3 

farad/meter 

0 

j 3.32x1o"'"12 

j 6.61x1o-12 

j 9.82xlq-12 

j 1.29xlo-11 

j 1.59xlo-11 

j 1.88xlo-11 

j 2 e 14x 1 0-11 

j 2.61xlo- 11 

00 
N 



7.,1.2 .CALCULATED. VALUES OF THE REFLECTION CO EFFICIENT$ 

The calculated theoret~~al values of the magnitude and phase. 

of the reflection co; efficients are shwon in Tables 7.1(F) and 7.l(G) 

83 

The frequency used in the calculation is 9.,46 GHz. and the conductivity of 

the germanium sample is 4$5 mho/met~r., 

Th·e theore~ical ·values of the magnitude and phase of reflection 
. ·., . 

CO~"·efficient have been plotted in Figurl:! 7:2A' and Figure 7.2£ 
. . 

a 1 so a 1 ong with the me~sured va 1 ues ... 



TABLE 7o l(F) 

REFLECTION CO' EFFICIENT OBTAINED FROf·1 

SIMPLE TE MODE CONSIDERATION 

Frequency ~ 9.46 GHz 
Conductivity = 4.50 mho/meter 
n-type GE sample 
Dimensio·n = .893-~' x .397 11 x .074 11 

APPLIED MAGNITUDE OF THE 

·~ 

........... 

MAGNETIC REFLECTION COr EFFICIENT 
FIELD Jrl 
8 . 

L~b/m2 

0.0 0 .. 416 

0.1 0.415 

0.2 .,. 0 .. 413 

0.,3 0.410 

0.4 ·0.406 

0.5 0.400 
·' 

0.6 0.394 
~ , o.r 0.386 

0.8 0.378 

0.9 0.370 

0.95 0.366 

PHASE ANGLE OF THE 
REFLECTION CO EFFICIENT 

8 

(IN DEGREES) 

157 .. 58° 

157.51° 

157.33° 
-

157.03° 

156.59° 

156.02° 

155.30° 

154.43° 

153.40° 

152.19° 

151·. 52° . 
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TABLE 7.l(G) 

REFLECTION CO--EFFICIENT OBTAINED FROM FIRST ORDER 

APPROX. SOLUTIO-N OF THE CHARACTERISTIC I~lPEDANCE 

Frequency = 9.46 GHz 
Conductivity = 4..50 mho/meter 
n-type Ge sample 
Dimension= .893 11 _x .397 11 x .074 11 

APPLIED MAGNITUDE OF THE 

~ . ._ . .. 

PHASE ANGLE OF THE 
MAGNETIC' REFLECTION CO"EFFICIENT REFLECTION CQ:EFFICIENT 

FIELD 1r1 8 
i3 ... . 

~~b/m 2 {IN DEGREES) 
~ 

0.0 0.4l6 157.58° 

0.1 0.416 157.87° 

0.2 0.414 158.03° 

0.3 0.412 158.05°-

0.4 0.408 157.94° 

0.5 0.403 157.70° 

0.6 0.397 157.35° 
-0.--7' 0.390 156.86° 

0.8 0.383 156.25° 

0.9 0.374 155.50° 

0.95 0.369 155.07° 
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7.2 EXPERIMENTAL RESULTS OF THE MAGNITUDE AND PHASE OF THE 

REFLECTION CO EFFICIENT. 

7. 2.1 EXPERH1ENTAL VALUES OF THE REFLECTION CO ·EFFICIENT. 

· The experimental readings for the magnetizing current, the 

precision attenuator (Ar) and the pr~cision short (lr) have b~en 

tabulated in Tabl~s 7.2"A & B.· The .corresponding calculations of the 
·~ .. 

86 

magnitude and phase of the reflectiori~o~~fficient from these experimental 

readings have also been shown-in the above tables. T~t1o sets of 

readings have been obtained by changing the di'rection of the applied 
;,. ... •. 

magnetic field. 

The variations of the magnitude and phase of the reflection 

co efficient with the applied magnetic field B have been shown in 

Figures 7.2(A) and 7.2(8). 

. ' 



TABLE 7 .2A 
~ 

EXPERIMENTAL VALUES OF THE REFLECTION CQ.EFFICIENT 

Frequency = 9.46 GHz 

No sample and waveguide terminated by a conducting plate 
1r{s1) = 5440 x lo-6meter 
Ar(sl) = 8.8° ~ 0.21 dB= .02418 nepers 

NO. OF MAG. CURRENT B Ar 
READINGS IN AMPS. Wb/meter2 Degree Decibels Nepers 

1 0 0 37.2° 3.95 .455 

2 . 1 .037 37.3° 3.97 .4575 

3 3 • 114 37.4° 4.00 .460 

4 6 .235 37.5° 4.02 .4625 

5 9 .35 37.7° 4.07 .4675 

6 12 .465 38. 0 4.14 .477 

7 15 .575 38.3° 4.21 .484 

8 .18 .69 38.5° 4.26 .490 

9 21 .78 38.8° 4.33 .498 

lO 24 .86 39. 0 4.38 .504 

11 27 .935 39.2° 4.43 .51 

Ar-Ar(sl) , 
. 

• 43082 

.43332 

.43582 

.43832 

:44332 

.45282 

.45982 

.46582 

.47382 

.47982 

.48582 

MAGNETIC FIELD~ (+B) 

A=2[Ar-Ar(s1)] e-A= lr I 

.86164 .423 . 

.86664 .421 

' 
. 

.87164 .419 

.87664 .417 

• 88664 .413 . 
. 

.90564 .405 

.91964 .399 

.93164 .394 

• 94764. .388 

.95964 .3835 . 

.97164 .379 



TABLE 7.28 · 
~ r· 

EXPERIMENTAL VALUES OF THE REFLECTION CO EFFICIENT 
Frequency = 9.46 GHz · 

With no sample and waveguide terminated by a conducting plate 
lr(sl) = 5440 x lo-6 meter 
Ar(~l) = 8.8° + 0.2ldB = .. 02418 nepers 

NO. OF MAG. CURRENT B Ar 
READINGS IN AMPS .. Wb/meter2 Degree 1Jec1bels Nepers 

1 0 0 37.2° 3.95 .454 

2 . 1 .037 37.2° 3.95 .454 

3 3 .114 37.25° 3.96 .. 455 

4 6 .235 37.35° 3.99 o458 

5 9 .35 37.55° 4.03 .463 

6 12 .. 465 37.75° 4.08 .469 . 

7 . 15 .575 37.9° 4.12 .473 

8 18 .69 38;.2° 4.19 .4825 

9 21 .78 38.5° 4.26 .490 

10 24 "86 38 .. 65° 4.29 .494 

11 27 o935 38.85° 4.34 .499 

Ar-Ar(sl) , 
. 

.42982 

.42982 

.. 43082 

.43382 

;4.3882 

.44482 

.. 4·4882 

.. 45832 

.46582 

"46982 

o47482 

MAGNETIC FIELD + (-B) · 

A=2[Ar-Ar(s1)] lrj=e-A 

.85964 .424 

.85964 .424 

.86164 .. 423 

.86764 ~420 

.87764 o416 
. 

.88964 .411 

.89764 .408 

.91664 .40 

o93164 .3.945 

.93964 .. 391 

o94964 .3875 co 
co 



TABLE 7.2C 
\ • I'· 

EXPE.'RIMENTAL VALUES OF THE REFLECTION CO EFFICIENT 

r = e-A.(-e-j9}) = frl @_ 

~ = 2er{lr-1r(s1}+d]l in radian 
Br = 143 radian/meter 

1r(s1) = 5440 x 10-6 meter 

· d1 = 1879.6 x lo-6 meter MAGNETIC FIELD ~ {+B) 

NO. OF MAG. CURRENT B in lr {1r-1r(s1}+d1} VJ = 2Sr·{1r·-1r(s1 )+d1l {lJ in !@_ 
READINGS IN AMPS · Wb/meter2 (meter) 

(meter) 
Degrees , in radian 

1 0 0 soosxlo-6 1444o6X10-6 .413 23.7° 156 .. 3° 

2 1 .037 ·so1ox1 o-6 1449 .·6xl o-6 c4145 23.75° 156.25° 

5015xlo-6 1454.6x1o-6 
,.· .. 

3 3 .114 .4165 23 .. 9° 156.1° 

'4 6 .235 5040x1o-6 1479.6x1o-6 .423 24.3° 155.7° 

5 9 c35 5075xlo-6 1514.6x1o-6 .433 24.8° 155 .. 2° 
' 

6 12 .465 5125xlo-6 1564.6x1o-6 .4475 25.65° 154:45° 

7 15 .575 5180x1o-6 1619.6x1o-6 .4625 26 .. 5° 153.5° 

8 18 .69 5130x1o~6 1569.6xlo-6 .448 25.7° 154.3° 

9 21 .78 5190x1o-6 1629.6xlo-6 .. 466 26.7° 153.3° 

10 24 .86 5265x1o-6 1704.6xlo-6 .4875 27.9° 152.01° 

11 27 .935 5325x1o-6 1764.6xlo-6 .565 28.9° 151.1° 

.. 



TABLE 7 .20' 

EXPERIMENTAL VALUES OF THE REFLECTION CO EFFICIENT . 
\ 

r = e-A(~e-j~) = lrl ~ \ 

0 = 2Br{lr-lr(s1)+dl} in radian 

NO. OF t·1AG. CURRENT B in 
READINGS IN M~PS Wb/meter2 

1 0 0 

2 1 .037 

3 3 • 114 

4 6 .235 

5 9 .35 

6 12 .465 
.. 

7 15 .575 

8 18 .69 

9 21 .78 

10 24 .86 

11 27 .935 

lJ'=', 
(meter) 

4900xlo-6 

4900xlo-6 

··"491.0x1 o-6 

4925xlo-6 

4960x1o-6 

5000x1o-6 

5050xlo-6 

5105xlo-6 

5165xlo-6 

5220xlo-6 

526.5xlo-6 

Sr = 143 radian/meter 

lr(sl) = 5440 x lo-6 meter· 

d1 = 1879.6 x 10-6 meter 

~lr-1 r(Sl )+d1} 
(meter) 

0=2Br{lr-lr(sl)+d1} 
(radian) 

1339.6xlo-6 , .383 

1339.6x1o-6 . 
.383 

1349.6xlo-6 .386 

1364 .• 6xl o-6 .• 39 ,: .. 

l399.6xlo-6 .40 
I 

1439.6xlo-6 .412: 

1489.6xlo-6 ' .426 

1544.6xlo-6 .442 

1604.6x10 -6 .458 

1659.6xlo-6 .474 

1704.6xlo-6 .4875 

MAGNETIC FIELD-. (-B) 

0 
in degrees ~ 

21.9° 158.1° 

21.9° 158.1° 

22.1° 157.9° 

22.35° 157.65° 

22.9° 157.1° 

23.6° 156.4° 

24.4° 155.6° 

25.3° 154.7° 

26.3° 153 .. 7° 

27.15° 152.85° 

27.9° 152.1° 

\0 
0 



7. 3 COt~PARISON BETI~IEEN THEORETICAL AND EXPERif~ENTAL VALUES OF THE 

REFLECTION CO EFFICIENT 

The experimental and the theoretical values of the magnitude 

of the reflection co efficient have been plotted in Figure 7.2(A). · 

It is found that the experimental results are in exc~llent agreement 
.. 

with .the theoretical results. - ....... 

91 

The experimental and the theoretical values of the phase of 

the reflection co efficient have been plotted in Fi"gure 7.2(B). It is 

found that the theoretical values of the phase of the reflection 

co-efficient obtained by simple TE mode consideration are in excellent 

agreement with the experimental values., The theoretical values of 

the phase of the reflection co efficient obtained by first order approx. 

solution are in close agreement with the experimental values for 

lower values of th~ magnetic field but at higher values of the 

magnetic field it differs slig~tly from the experimental curve. 
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CHAPTER VIII 

CONCLUSIONS 

8.1 THEORETICAL WORK 

-In one of:their published papers, Nag and Engineer(g) have 
. ·.... '* 

fonnulated a special form of the Hall"fie.ld ~xpression~_ EH" When a 

magnetic field is applied, the conduction cur.rent is modified due to 

. the Hall effect. The Hall effect produces a field, EH which in the case 
... •. 

of· a semiconductor with spherical energy surfaces is given by the 

following relations 

EH = ReBa X JcH 

JcH = o (E-EH} 

where» Rc is the Hall co~efficient, B0 is the steady applied magnetic 

field, ·o is the conductivity of the material and JcH is the modified 

conduction current.· 

Following their suggestions of the Hall·field expressions, a 

complex permittivity tensor characterizing the semiconductor in a 
"' ... ~ 

transverse magnetic field has been derived. With this complex permittivity 

tensor, a detailed theoretical analysis of the electromagnetic wave 

propagation through a rectangulaf waveguide completely filled witb a 

semiconductor subject_to a transverse applied magnetic field has been 
c 

carried oute In the analysis it has been clearly shown that no TM 

modes or TE modes other than those of the type TE
00 

can be excited in a 

rectangular waveguide completely filled with a semiconductor subjected 

92 
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to a transverse steady applied magnetic fieldo In the analysis 11 it has 

also been shown that TE0n mode~ do not depend on the magnetostatic 

field~ Therefore~ in this present analysis these modes were not 

considered in any detailo In addition to these TE0 n modess anomalous 

modes having all six E and H field components have been shown to exist. 

An investigation ~f these modes has been made. 
. ·... ~ 

Using t.iax\-Jell's equations and""-the· appropriate boundary conditionsSl 

a rigorous and exact solution of all these si.x field components of the 

anomalous modes has been made by employing a different procedure from 

Nag and Engineer. In their theoretical analysis, a sinusoidal field 

intensity variation in the direction of the applied magnetic -~ield was 

assumedo However, in the present work, no such assumption has been 

made and the sinusoidal field intensity variation in the direction of the 

magnetic field has been proved mathematically by employing a special 

method -of separation of variables. Proceeding in this completely 

different way'[; a resultant transcendental equation for the propagation 

constant has been obtained ~hich agrees with the transcendental equation 

of the propagation constant, as obtained by Nag and Engineer. It has 
~;-~ 

been shown that the propagation characteristic is in general reciprocalo 

A numerical solution of this transcendental equation has been 

made by employing the Newton~Raphson method. To the knm'llledge of the 

author, the numerical solution of this complicated transcendental 

equation has never been carried out before. The attenuation constant 

and the phase constant of the electromagnetic wave as a function of 

the applied magnetic field B which varies from 0 to 10 Kilogauss: 



have been obtained numerically for n-type germanium with conductivity 

varying from 4 mho/meter to 4.65 mho/meterG 
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In this rang·e of the magnetic field~ both the attenuation 

constant and the phase constant are found to decrease with the increase 

of the applied.transverse steady magnetic field .. As the conductivity 

of the ~ample is increased the values of the attenu~tion constant and the 
.. 

phase constant are increased for a particular value of the magnetic field. 

Refe~ring to figure (4.d) it is seen th~t as the magnetic field is 

i n~reased from 0 to o. 9 ~lb/m2' the a ttenua ti on constant a decreases from - •. 

186.01 neper/meter to 162 .. 5 neper/meter for the material having 

conductivity 4 mho/meter. For materials having conductivity 4.3 

mho/meter the attenuation constant a decreases from 199.19 neper/meter 

to 174.19 neper/meter, in the same range of the magnetic fieldG The 

attenuation constant for materials of conductivity 4.5 mho/meter 

decreases from 207.89 neper/meter to 181.85 neper/meter as the magnetic 

field is increased from 0 to 0.9 Wb/m2. ~his shows that wit~ the 

increase of the conductivity of the sample the net change in the attenuation 

co~~tant increaseso 

As the magnetic field is increased from 0 to Oe9 Weber/m2 

the phase constant a decreases from 803.8 rad/m to 799.9 rad/m for 

. materials having conductivity 4 mho/m; from 806.96 rad/m to 802.5 rad/m 

for mate·rial s having conductivity 4.3 mho/meter and from 809.15 rad/m 

·to 804.29 rad/m for m~terials having conductivity 4.5 mho/meter. 

Similarly, the net change in the.phase constant is found to increase 

with the· increase of the conductivity of the sample. 
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8. 2 EXPERINENTAL vJORK 

The experimental verification of the theoretical analysis was 

made on a 22.2 ohm-em n-type germanium sample at 9.46 GHz using a . 

reflection type ~icrm1ave bridge( The d.c. resistivity of ~he sample 

~as measured with a fOtir point probe.).To the kno~ledge of the author, 

no experJmental work employing this technique at this frequency range 

has been -reported previously. The r~rlecti en bridge measurement 

technique followed that suggested by Champlin, Holm and Armstr"ong{lO). 

Th..i s gave the magnitude and phase, of the refTecti on co .,.efficient for 
... •. 

different values of the applied magnetic field which are plotted as a 

function of the magnetic field in figures 7.2(A) and 7.2(8). 

B. 3 COt~PARISON OF THEORETICAL AND EXPERH·1ENTAL HORK 

The measured values of the teflection co efficient at the air 

semiconductor interface were compared with the theoretical values of the 

reflection co· efficient. As shown in figures 7 .2(A) and 7 .2(8) the 

agreement of the theoretical and ·'the practical values ·of the reflection 

co·efficient was excellent in both magnitude and phase. 

Two expressions for the theoretical reflection co efficient 

have been derived.- One expression is bas~d on the simple TE mode 

analysis. The_ other expression is based· on the considerations of Ey 

and Hx components of the electromagnetic field in the anisotropic material 

and on the first o~der approximation of the characteristic impedance 

in this material. The magnitudes of the reflection co efficient 

obtained theoretically by the above two expressions agree well with the 



measured magnitudes of the reflection co ~fficient. However, it is 

found that at higher magnetic fields the theoretical reflection 

co-efficient magnitude~ based on the first order approximation, is 

closet to the experimental curve than those based on the simple TE 

mode analysis. 

·for the P.hase of the reflection co ~fficient the simple TE 
"' 
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mode analysis gives theoretical values which almost coincide with the 

experimental values. However, the theoreti~al values of the phase of 

th~ reflection co-efficient based on_ the first order approxi~ation, 
--.... •. 

depart from the experimental values for higher magnetic field. 

The calculation of reflection and transmission co efficients 

of an electromagnetic wave from an anisotropic medium such as in this 

case with all the six anomalous field components, is quite complicated. 

To the knowledge of the author an explicit expression for the reflection 

co efficient from such a· surface has not yet been published. The 

·analysis for the reflection corefficient which has been presented does 

not in general compl~tely describe the behaviour of the practical 

system. 
#~ • 

The analysis presented in .this thesis for a completely filled 

guide can in principle be extended to the case of a waveguide partially 

fi·ll ed with semi conductor subjected to a steady transverse magnetic 

field. A theoretical analysis would be very complicated but the a.nalysis 

would be worthwhile, because of the practical importance of the partially 

·filled structure. 
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APPENDIX 

. . (COMPUTER PROGRA~1~1ES) 
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S=0•5*CEM28-D2l 
V=CA4*Cl.O-Cll-B4*C2JIROOT1 
W=CB4*<1.0-C2l-A4*Cl~/ROOT2 
T~GAMMA*CA4+R4l/CROOT1*ROOT2) 
D 3 =GAMfviA-:r-o • 0 1015 

F~M:::C CROOTJ*ROOT2*(1.0-P*Rl l+CCA4*C1 l+(n4*C?ll*~*Sl 
DFG~((D~*P*S*Vl+CD3*0*R*Wl+CT*P*Rl-C2.0*GA~Mt*C~*O*Sl-TJ 
GAMNEW=GAMMA-CFGM/DFG) 
Xl=A8SCREALCGAMMA-GAMNEW) l 
X2=ABSCAIMAGCGAMMA-GA~NEWJ) 
IFCXl.LT.IE-l.AND.X2.LT.lE-1J GO TO 10 
G A f\~ ;\1 A = G ft. f\1 N E 'ft./ 
GO TO 9 

]0 WRITEC6,lll R,GA~NEW 
11 FORMATC1F5.?t?E1A.7l 

P=E+O.os 

'IlENTRy 
$I8SYS 

1Fce.L~.}.OJ GO TO 8 
STOP 
END 
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\·! 1\ T F nr~ n;~ -~ '") 1 t·) Clf! 

nnDFCK 

Cf,_J(iP. ,, 

'f:IF1JOn 
1-IHFTC 
c 
c 

Rf.Flf~CTJON CDFFFirJ[NT (Or·~f~F.SP()Nf)J;\!(J To TifF CH;\r.Jr:r- ·Jr.: 
PROPAGATION CONSTANT) 

c 
c 
c 

16 
17 

R E F L E ~ T I 0 N C 0- C F 1- I C I E i'.!T A T T H C S E ivi I - C 0 N n U C T 0 f-~ - r., I ,-;· I : -~ T [ !~· F r.c: =: 

.IN A REcr;~,\IGUL.Ar< \•IAVI:. cjurur: UNDfr~ A 1RAt,JSVEr~sE :·.1/\r·,r:t:rrc Fir=t 
F f~ F 0 U F I'! C Y 0 • t-4 6 G C I;-__. ' N-T Y P F 
C 0 iVI P L E X G A ,'\';t .. ; A , 1\ , n , V , P , Q ., f~ 

REAL A9SVAL ,pHASE, D 
READ { 5, 17) (i;\~·Hvlr\ 
FOr~MAT(2[16.7) 

A = C ,_,1 P L X ( 0 • 0 ' 1 4 3 • 
D= 1· 8.796E-3 

GE S/\MPLE,· RF5ISTIVITY 

8 == 2. 0 {,t.G,td·M··1/\ *D 
V:::CCEXP{AJ-I.OJ/CCEXPCR)+l.O) 
P= C .A*V:GA~t..r,.f\) 

· Q = ( 1\. * V + G 1\. ~~1 ~·1 A ) 
R=P/Q 
AASVAL=CABSCR) 

... ._ .. . 

P HAS E = 5 7 • 2 9 5 7 8 ~~-A T AN 2 ( A I f.f: .A G < f~ ) , R E A L C R ) ) 
WRITE(6,22) ABSVAL,PHASE,GAMMA 

22 FORMATC4E16.7) 
-~ 25 GO TO 16 , ~ 

27 STOP 
END 

$ENTRY 
o.z078B52E+03 
0.2075.141E+03 
0.206l~098E+03 
0.2045983E+03 
0.2021207E+03 
Oel.9<70~0SE+03 
0.1CJ53898F::+03 
0 •. 191 2663E+O~ 
O.l867307E+03 
0.1818537E+03 
0.1793089E+03 

$lBSYS 

0 • R 091Lft13 E +0 3 
O.l1090784E+03 
0 • 8 0 8 8 7 0 t~ E + 0 3 
0 • 8 0 B 5 2 9'+ E + 0 3 
O.F3080f>36E+03 
O.R07483nE+0'3 
O.AOnR020E+03 
o.n06032RF.+03 
O.BO':ll912E+03 
o • n o 4 2 9 2:9 E + o 3 
0 • 8 0 3 R 2 7 t+ E ~ 0 3 
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'f. I n J ·':"PI NoD r~ c r~ 

100 

S I ~-3r-Tc 

C r~rFLFCTJON (OCFFICJr,'!f /'.1 :,r:-.qcor,!D-/'d!~ I~!Trr,;Ft·r:_f r·~; F(T r,·:r 
C UNDER T R.AJ.J S V F R ~ E F >: T E f:' f\! A L f-.·i 1\ G ~! [ T I C F I F L D 
c ·Tf'KING Jf\;To cn~!SJC!r:y·~d-In'\l or.- Til[ ·rrRST TFP~··~ nr-=- THr:- T/•.ILC".·r~ r --. 
C .S F r~ I r S E X P l\ N S I 0 t·J 0 F T H [ C 0 I~ R E C T I 0 1\~ T F r~ M T • 

( 0 ~. i P L F. X G 1\ ~"1 ~~ !, ' E P .) ? , r r S 1 , 1·11 , ~ ·? ~ 1\ 1 , .. A ?. , /\ J , f1 l , G ;.?, , H 3 , C ~~ , r1 ., r: r; ? , P. ·.! J , 
1 q f·'i 2 ' X 1 ' X ~ ' Y 1 ' Y 2 ' N 1 ' N 2 ' N 3 ' N t~ ' F 0 ' P ' B E l.l\ ' R , F 0 D ' I( 2 , D I~~ I i l , \J 1 , V 2 ' '< 3 ' 
?Kt.~, K5, S 'NU~.:l' DEN 

REAL A [3 .S V .1\ L , PIll\ S E , D 1 , f1 , p, S , S I Gt-:J A 
16 READC5tl7)8,GAMMA 
17 FORMATC]F5.2,2El6o7} 

BS==R-*~·2 

S I GJ\.il\=4. 5 
E P S 2 = C 0·1 P LX C l • 4 1. fd1 t.r. E- l 0 ' f -0 • l A 8 E- 1 0 > ~- S I G i"~ A I C 1 o 0 + 0 o J p, 1 ·~:- n S ) ) 

. EPS3=CMPLXCQ,0,(7elAE-12)*8*SIGMAICleO+Ool8l*ASJ) 
A3=2o225El5*CEPS3**2J/EPS2 
f13=CSQRT C C A3-:f-~-z)- C A3*3. 7FfE4)) 
C3=le89E4-C4o45El5*EP52)~CGAMMA**2>-A3 
M 1 =CSQRT C (3+~33) 
M2=CSORTCC3-B3) 
B fv11 = fv11 -::- 1 e 0 1 5 E- 2 
B f'" 2 = M ?. ~:f 1 • 0 1 5 E- 2 .. 
A 1 = C E X P C 8 rv11 ) 
81==1.01(/\1) 
A 2 = C E X P ( A ,'vi 2 ) 
R2=l.OI(A2) 
Xl=Oo5*CAl+Rl> 
X2=0e5*(J.\2+82) 
y 1 = 0 G 5 * ( j.\ 1-B] ) 
Y 2 = 0 ·• 5 * C A l-t3 2 ) 
Nl=CX2-Xl) 
N2=GAMMA*(M2*Y2-Ml*Yl) 

·N3=4.45fil5*EPS3*Nl 
FO=Nli(N2+N3J 

'·. 

· F OD = N 1 I C N 3 - N 2 ) 
N'=<CGAMMA**2)+4.45El5*FP52)*CEPS3/EPS?> 
P= C 1 .O-< Nl,*FO> l . 
8ETA=CMPLXCO.O,l43o 

, Dl=lf)8796E-3 
G D 2 = 2 • 0 * G A !'vi rv1 A ~f D 1 
D=CEXP{GD2) 
DMIN==l.OID 
K2=Cl.O-CN4*FODJJ 
V 1 = C 1., 0-D~-~ IN) 
V2=BETA*P{~Vl 
K3=PIK2 
K4=K3-:~Dr··1 IN 
K5=(le0+!(4) 

S = G l\ ,~1: ~1 A* ~~ 5 
I\!UM=V2-S 

DE."l=V2+S 
R = NUt-·~ I DE N 
ABSVAL==CABSCHJ 
PHASE=57.29~7A*ATAN2CAI~AGCR),REALCRl) 
WRITEC6,22l A~SVAL,PHASE,GA~MA 

2 ?. F 0 f~ r -~ A T ( l~ E 1 6 • 7 l 
25 GO TO 16 MillS MEMORIAl: liSRAAY 
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?_7 STOP 

SF~ NT f·~ Y 
0. J J 
o.~o 
0 .,· -~ 0 

0 .II J 
('.c;O 

O.,AO 
0.70 
o.ao 
o:9o 
0.95 
o.oo 

$IPSYS 

END 

0 • 2 0 7 5 1 (f 1 f. + 0 ::; 
0 e 2 ,) 6 {, <1 ') 8 E + 0 3 
0 • 2 0 ~~ 5 q R 3 E + D ~ 
O.?.C?l7D7E+01 
0 • 1 ·~HI n ~ 0 S F + 0 ?, 

O.l953~tJRr-+O?> 

0.1912661[+0~ 

O.lR67307F+03 
l) e 1 8 1 R 5 "3 -!f. + 0 3 
O.l793089E+03 
0.,2078852E+03 

0 • B 0 9 0 7 P ~~ E + 0 1 
o • P ~_., r~ q 7 • >+ E + o ~ 
() o' P. 0 f3 ~? (Jf-t C +0 3 
O.RCB06-.::AE+03 
c. P,()7t~p:-',(;f+(}'l, 
O.A()6R020f+03 
0. P, 0 (-,{1 ~? R F. +0 3 
0. R 0 ~) 1 9 12 E +0 J 
0 • B 0 I+ ;:: 0 2 ? ': + 0 i 
o •. ~C3R274E+03 
Oo80qJ483E+03 
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PHOTOGRAPH 1: The Experimental set up of the Microwave Reflection Bridge 
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PHOTOGRAPH 2: Rear View of the Mi crowave Reflection Bridge Showing the Electro Magnet 

and the Current Regulated Power Supply 
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