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ABSTRACT

This report describes the results of an investigation of
the effect of pressure and temperature on the energy gap and elec-
tron effective mass of GaAs. For this material, the applicability
of the zero temperature Kane k:p theory at finite temperature was
quantitatively tested by measuring the Faraday rotation as a function
of pressure and temperature,.

The quantitative comparison of experimentally determined
masses with theory required three subsidiary measurements: (1) the
pressure change of energy gap of GaAs was found to be dEg/dP =
(1.17 £ ,03) . 10-S eV/bar; (2) the long wavelength pressure change
of refractive index of GaAs was found to be (1/n)(dn/dP) =
- (7.0 £ 0.5)- 10-7(1/bar); and (3) the long wavelength temperature
change of refractive index of GaAs was confirmed to be (1/n){(dn/dT)
= (4.5 * 0.5) - 107°(1/°K) .

In the process of determining effective masa, a number cf
possible experimental errors in measuring Faraday rotation were de-

lineated. Careful consideration of these errors led to an effective

il

mass at the bottom of the GaAs I', conduction band of mz==(.0642t.002)m

i

1c

for room temperature and atmospheric pressure.

it

The results of measuremerts on three n-type sample

n

of =
GaAs as a function of temperature and pressure show that the data

were fitted best L, using the Kane k-p theory at finite temperature




T

with an energy gap corrected from 0°K by accounting only for lattice
expansion, rather than the experimentally determined optical energy
gap which may be considered to have an implicit tempcrature depend-
ence due to lattice expansion and an explicit temperature dependence.
If a suggestion by .Tames is correct, the optical energy gap
should be considered a free energy gap composed of the forbidden
energy gap and an explicitly temperature dependent electron-phonon
interaction. In *.is context, this investigacion demonstrated that
the most appropriate GaAs energy gap for the Kane k:p theory is the
forbidden energy gap corrected for lattice expansion, and that ef-
fective mass in GaAs is very little affected, if at all, by electron-

phonon interactioen.
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CHAPTER 1
THEORY

A. INTRODUCTION

The purpose of this investigation is to compare the experi-
mentally determined temperature and pressure dependences of carrier
effective mass in semiconductors with the predictions of ser.icon-
ductor band theory. In particular, this work investigates (1)
wnether the relation between masses and energv gaps, given by the
k'p method for zero temperature, is strictly applicable at finite
temperatures, (2) the relation between effective mass, forbidden
energy gap, and optical energy gap, and (3) the effect of electron-
phonon interactions or effective mass.

The method chosen for this determination wae the measurement
of iree carrier raraday rotation, which is inversely proportional
to the square of effective mass, independent of scat.ering tine for
light of high enough frequenc,, and capable of being measuref at
magnetic fields low enough to aveid magnetic quantization effects.

The material chosen was n-Type GaAis, which is known to have

a T, conduction band minimum, a dirzct energy gap large enough to

1
permit the observation of free carrier effects in isolation at
relatively short wavelengths, and yet an cffective masg small

enough to be rzadily observed by Faraday rotation.

EllTEls gt

iR e

L 113




Chapter 1 contains the relevant band theory and the theory of
Faraday rotation. The expevimentsl equipment is discussed in Chap-
ter 2. Chapter 3 includes the detailed method of measuring Faraday
rotation and the raw experimenfal results. Finally, the implica-

tions of the results and conclusions are presented in Chapter 4.

B. BAND THEORY

a. Zero Temperature

The assumptions of semiconductor band theory at absolute zero
can be summarized [1-1] as:

(1) theproperties of a crystal are derivable by separaiing it
into a rfgid perfect lattice of ion cores (nuclei plus
closed electron shells) and the valence electrons;

(2) the wave function of the valence electrons is separable into
a product of single electron wave functions (1 electron ap-
proximation);

(3) the lattice of ion cores is periodic, implying Bloch's theo-
rem that the 1 electron wave function may be separated into
a plane wave and a lattice periodic function; and

(4) the coulomb interaction between electrons can be accounted
for by assuming each electron moves in a self-consistent
Hartree-Fock fie!. produced by all the other electrons.

With tnese assumptions, thevalence electrons can be shkown to

have the dynamical properties of free electrons with an effective
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mass different from the free electron mass. In particular, Kane

[1-2] has used a semi-empirical k:'p perturbation approach to cal-

culate band parameters for InSb by negle.ting electron interaction.

He begins by assuming the sclution of the Schrodinger equation

2

2m
where Ui are the l-electrou basis wave functions with energy Ei’
V is the effective potential for the electrons, and p .4 the
crystal momentum of a valence electron at a symmet: r peint in
k-space. At a small distance k away from the symmetry point,

(p) in Eq. (1-1) becomes (p +1 k) and Eq. (1-1) becomes (neglect-

ing terms of order 52)

: 2
P o]

= +V+ ~kpil, =E,U,_ .
2m m = ‘ i ii

The third term in the left-hand side bracket is the simple k-p

interaction. Kane [1-3] uses a more complete formulatior includ-

ing spin-orbit interaction and treats exactly the interaction of

-F— + v]u. =EU, , (1-1)
1 1 1

a-»

valence bands and conduction band by diagonalizing an 8 X 8 matris.

The results of Kane mav be applied to GaAs, and the energy
E(E) versus reciprocal lattice vector k for the Fl conauction

band minimum [1-57 can be shown to be (to order 5?)
E(k) = — 4 =Pl 1 # ~—— L -1
=7 2m 2 3E E E+A ’
B g 3

(1-3)

e

i
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where m is the free electron mass, Eg the energy separation and
P [1-2] the momentum matrix element between Flc and P15 states
¥

[1-3], and A is the k-independent spin-orbit splitting of the

PlSv band.
An electron effective mass m* can then be defined by equating
ﬁ21-(2
E(k) = 5% » (1-4)
and obtaining
. 2 2 .
E mj. 4k °PT 3 1
1 1 i - 2 1 ‘
o=z 14+-B-l11+ [£ 4+ ilo-1 (1-5)
* i : .
m m h2k2 | 3E8 E8 E8+A l‘

- - i

The effective mass at the bottom of the Plc bend is then m: given

by
L 1l et 2. 1
L.l £ =4 (1-6)
J 2 E E
tr"O mz_ 3h 1 B 8+A,'_
Equation (1-6) can be simplified by defining an energy equi-
valent the square of momentum matrix element as
2
2m P
_Ep Sz (1-7)
so that Eq. (1-6) becomes
E B
1 1" 2 1 ?
t-ﬂ;a;_ut—f- =4 g ). (1-8)
o ! 24 g i

P

b. Finite Temperature

At finite temperature T the lattice of ion cores is no longer
perfect and the electron and latrice systems can no longer be con-

sidered uncoupled. In short, assumption (1) of the preceding

i

o
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section no longer holds rigorously. However, the adiabatic ap-

proximation still allows the properties of a crystal to be derived

i

by separating it into a system of valence electrons whose motion
closely follows a distinct system of slightly displ=~ced lattice ion
cores. The interaction between the systems, termed the electron-
phonon interaction, is then treated as a perturbation.

This situation has been examined from the viewpoint of statis-
tical mechanics by James [1-47 and Brooks [1-5]. The discuasion
which follows is taken from James [1-4]. and assumes constant
volume.

For a crystal in which the adiabatic approximation holds (i.e.,
weak electron-phonon interaction) the energy of the coupled crystal
Eij is defined as

E,,=E.+U.+I..§ (1'9)
1] i ] 13 ~

where Ei is the energy of the uncoupled valence electrons in the

ith state, Uj ie the energy of the uncoupled lattice in the jen

state, and Iia is the change in energy of the i,j quantum state
4

due to electron-phonon interaction.

The partition functien Z(T) for the coupled crystal is
2(7) = I, zj exp{-E:j/kT} = exp[~-F(T)/KT] , (1-10)
i

where F{T) is the free encrgy of the crystal. The partition

furction Z}(T) and free energy FL(T) of the decoupled lattice

i

are

|l

il it

i sl
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zL(r) =3 exp[-Uj/kT] - exp[-FL(T)/kT] . (1-11)

3
Then the partizion functlon Zi(T) and free energy Fi(T) for the

crystal in a particular electrounic state i are
Zi(T) - Zj exp[-Eij/ET] = exp[-Fi(r)/k T] . (1-12)
Using Eqs. (1-9), (1-11), and (1-12), it can be shown that

Fi(T) = E. + FL(T) + A Fi(T) (1-13)

i
where A Fi(T) is the change in the free energy of the ith elec-

trenic state due to the electron-phonon coupling. James {1-4]

shows that
Z, I,, exp[-U /kT]
pF () & L2 1 =1 - (1-14)
Zj exp[-Uj/kT] N

That is, A Fi(T) is the electron-phonon interaction averaged over
the lattice states.
The internal energy, Ej(T), of the crystal in the ith elec-

tronic state is found by averaging Ei over all j states weighted

3

with the appropriate Boltzmann factor:

E,, exp[-E, /kT]
= = 1] i3 -
Ei(T) Ei(j)(T) Zj Zi(T) (1-15)
E,(T) can be written as
E(T) = E, + E (D) +4 E (D, (1-16)

1-6

18




e

where EL(T) is the internal energy of the lattice alo e and
A Ei(T) is the change in the average internal energy of the

crystal due to electron-phonon interaction when the electronic

I

system is in its ith state. James [1-4] shows that A Ei(T) con-

sists of 2 parts: the average value of the 2lectron-phonon coup-
ling energy and the change in the average vibrational energy of
the lattice due to the fect that electron-phonon coupling changes

the relative weighs of the states.

For a pure semiconductor in the l-electron approximation,

n
- 1o (1), (1)
By = niBg * 2%=1<€T )

; , (1-17)

g
where Eg is the forbidden energy gap at 0°K, n, is the number of

electrons in the conduction band and of holes in the valence band

. . . i) .
in the ith electronic state, e( ) is the energy of the tth ex-
= T
. i X
cited electron and ni.) the energy of the t1th hole, each measured

from the appropriate edge of the gap. Clearly Ei is zero at 0°K

L R T R R R A T e

when the valence band is completely filled and the conduction band
entirely empty, and this may be considered the zero of energy.

By substituting Eq. (1-17) into Eq. (1-16) and if it can be
assumed that A Ei(T) is proportional to n., the number of excited
particles, and independent of any particular set of occupied states,

then

E,(T) = n, E (1) + Z-rfe(.’,i) + D7y E (D) (1-18)

it

il

i

Ml
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where
EZ(T) = Eg+ A ES(T) P (1-19)
ani

AE 8(r) = AEi(l‘)/ni . (1-20)

In this context A ES(T) represents the minimum additional energy
(otber than the forbidden energy gap Eg) needed to create an
electron-hole pair while the lattice is in thermal equilibrium.
That is, Eg(T) is the thermal forbidden energy gap since it is
the minimum energy needed to excite an electron-hole pair (Eg),
supply the average electron-phonon coupling energy, and supply
the change in the average lattice vibrational energy.

From Gibbs-Helmholtz relations, James [1-4] shows that AFi(T)

implies a minimum change AFg(T) in a free energy gap Fg(T) as

AFg(T) = AFi(T)/ni (1-21)

and

Fg(T) = Eg + AFg(T) . (1-22)

Thus ég(t) is the energy needed to excite an electron-hole pair
\ng) and supply the minimum change in the free energy of the
crystal ith electronic state due to the electron-phonon coupling.
Equation (1-13) becomes

= (1) (1)
Fi(T) = niFg(T) + ZT[ET + ]+ FL(T) (1-23)
SO Fg(T) is the minimum free energy change on creation of an

electron-hole pair.




(it e

izl

LI

i

umIlulu.umumin.nliiuuuiun..uummmlu.muu

James has speculatsd that the change in the optical energy
gap with temperature should be interpreted as a change in the

free energy gap of Eq. (1-22). To dntermine if this is plausible,

it is useful to point out the phvsical meaning of the thermal and

free energy gaps.Eg(T) may be written as

where Ji(j) represents the change in the average vibrational

energy of the lattice due to state weight change by electron-
phonon coupling. Similarly the free energy gap of Eq. (1-22) may

Ye written

Fg(T) = Eg + AFi(T)/ni = Eg + 11(j>/r11 . (1-25)

It can be seen that the d/fference between the free energy gap and

the thermal energy gap is just Ji(jyﬁzf_Thul it is physically plausi-
ble to assign Fg(T) to the optical energy gap since optical excita-

tion of an eiectron-hole pair does not change the average lattice

vibrational energy (Ji(j) = 0) but does include the change in the

electronic state energy due to electron-phonon coupling. That is,

in an optical excitation, the excitation energy includes the energy
to cross the forbidden energy gap plus the energy of the electron-
phonon coupling appropriate to the excited electronic distribution.

The lattice ion cores remain fixed and do not adjust to the new

electronic state. . .sever, the thermal excitation energy includes

the enerzies mentioned in the optical excitation together with the
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change in average vibrational energy as the ion cores adjust to
thermal equilibrium with the new electronic stafre produced by
the excitation.

Tue primary purpose of this investigation is to determius
if the k-p theory of Eqs. (1-3) through (1-8) is adequate to de-
scribe the temper..ure and pressure dependences of effective mass
at fin‘te temperature. However, the experimental results must be
fitted to the theory by choice of parameters m: and some Eg' The
above discussion defines 3 different Eg's at constant volume:

(1) the forbidden energy gap at zero temperature, Eg’

(2) the thermal energy gap, Eg(T) Eg + AEg(T),

(3) the optical energy gap, Fg(T) Eg + AFg(T).

These gaps will be considered in Chapter 4 in fitting the
theory vo results which were not obtained at constant volume. In
particular, as the temperature increases from 0°K, there will be
lattice expansion which implicitl, fects the energy gaps. This
has been accounted for in Chapter 4 by using known values of
lattice thermel expansion, lattice compressibility, and energy gap
pressure coefficient to calculate a forbidden energy gap EgT’ with
explicit temperature dependence, which replaces the constant Eg.

Any implicit effect of the lattice expansion on the electron-phonon

interaction is then concealed in the increase in free energy with
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temperature, AFg(T). Within this context, then, the applicability
of the various energy gaps &and the possibilities of electron-phonon

effects on effective masc are considered.

C. THEORY OF FARADAY ROTATION

a. Semi-Classical Theory

Since classical theory does not include interband transitions
and other quantum mechanical effects of semiconductor theory, the
following conditions must be specified in order for a semi-classical

approach to quasi-free carrier Faraday rotation to be valid:

(1) o< wy = Eg/ﬁ ;

(2) w>> 1'1; w>> o, = eH/m*c; and w >>t»§ = 47 N ez/em*

where w is the frequency of light of velocity c, Eg is the band gap
of the material, H is the magnetic field, m* the carrier effective
mass, N the carrier concentration, and € the dielectric constant of
the material.

These assumptions insure that interband effects are negligi-
ble and that a semi-classical wave packet approach is valid. That
is, the quasi-free electrons obey classical equations of motion
with some effective mass and their interaction with light may be
adequately described by Maxwell's equations.

Faraday rotation consists of the rotation of the plane of
linearly polarized electro-magnetic radiation propagating in a

macerial parallel to a static magnetic field. Plane polarized

|
l

|
fsl?
il

sl 1t
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light may be resclved into two oppositely rotating circularly
polarized components and the rotation results from a differential

dispersion of one component with respect to the other. This dis-

persion arises only from woving electrons or currents. Thus there

can be no contributions to Faraday rotation from electrons in a

filled band of a semiconductor. Only the quasi-free electrons

produce Faraday rotaticn.

Thus the propagation of radiation in the material will be

governed by a semi-classical wave equation for quasi-free elec-

‘ trons. The two circularly polarized components cf linear polar-

ization are governed by separate propagation constants whose dif-

ferent refractive indices imply the differential dispersion which

causes Faraday rotation.

It can easily be shown that, if n, and n_ are respectively

the refractive indices of the right and left-hand circularly polar-

ized components, the angle of Faraday rotation GF is given bv
ad
gt - -2
GF 2e (n+ n), (1-26)
where «w is the frequency of the polarized light and d is the ma-

terial thickness in the direction of propagation.

Stephen and Lidiard [1-6] have shown that

n_-n_, in terms

of the low magnetic field conductivity tensor components of Abeles

and Meiboom [1-7], can be written as

o
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(1-27)

- o ot H
R w€172 cxyz z '’

where ¢ yz is a conductivity tensor comporent and Hz is the static
x

magnetic field along the direction of light propagation.

The general expression for nyz for a single energy surface

£(k) having cubic symmetry can be shown to be [1-9]

3 df o T 2,°
c /P : < - dk , (1-28)
Xyz W3ﬁa 2] 4€ 3k ,Laky akxdky ok ak}’{ |

where £ is the Fermi distribution function. Combining Eqs. (1-26},
(1-27), and (1-28), the semi-classical Faraday rotation is
e dH rd e

8. = =
F o7 ﬁé 2 2 a2 akx

r 2 1
roeg o oe  9o‘e
- dk ,  (1-29)
Ok Ok Ok ak?—_,

whereas the classical Faraday rotation is

g = 2T e dHN - e dnN A2 (1-30)
F~_2 2 2 4 2 ¢ |
ac” W m 2T nc m

Fjuations (1-29) and (1-30) may be equated if GF is considered to

be determined by an optical effective mass, m:p, given by

Q/
N

Q]
v

df £ 2 '
TR 1 [ ZZo 08 032 3% o2
3T 3k Sk ok o " 5k (ko (1-31)
X\ y X Yy

|

N
1%

-
Q-
\f

2 J
(m* )* 47r pe N
op
in place of the free electron mass m.
Thus by using Eq. (1-30), slopes of GF versus M are obtained
which ace inversely proportional to the square of the optical effec-

tive mass defined in Eq. (1-31).

R

i
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Finally by using k-.p theory as applicable to Gais in Egs.
(1-3) through (1-8), Eq. (1-31) may be evaluated i: terms of the

band parameters m:, Eg, and A. It can be shown that

N = -—1-3 J £ dk
4 °
3/2, %\3/2n. r *, 2 1
S’J-Z(RT) (mO) -\3/2) ii’g . M(l ; m_0= ‘_‘1*- 1 ‘.P(3/2) o« |
‘n‘2 ﬁ3 L 1/2 6 m) Eg E8+A)T(3/2) J/ZJ ?
(1-32)
and
£ x 2 B
: " \ m 3
] t ’ i
Fow -y -2 #2 =2
op o, vg 8 e V43

[, -

where k is Boltzmann's constant and 83/2, §L/2 are Fermi integrals

defined by Blakemore[1-8].

b. Quantum Mechanical Theory

Roch [1-9] has derived a quantum mechanical theor; of Faraday
rotation which gives the form of 6 predicted by the semi-classical
theory of Eqs. (1-26) and (1-27) in che high frequency limit of
ag >> u >> el/m*c. This provides assurance that the semi-classical
theory is adequate to describe the free carrier measurements at
long wavelengths.

A quantum mechanica! theory of interbend Faraday rotation BIB

whicn is slightly easier ia apply tec the present investigation has

been developed by Boswarva, Howard, and Lidiard [1-10]. They find
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that, in the one electron approximation in spectral regions where

absorption is small, 813 is given by

i 2 0 2
- <) ‘
.. . o v, B VLY 2 130
IR nchh "a “n 2 2 2 2 *
W, - W w_,
n'n n'n

where the sum over n is over all occupied electron states, the sum
over n' is over all unoccupied states, and ﬁwn,n is the energy of
the n- n' transition. The velocity operator matr-ix e.ements are
lvn'nCi)‘ for right (+) and left (-) circular polarized components
of lieht.

This investigation is concerned with interband effects only
to th= extent that they affect measurement of free carrier Faraday
rotation QF in GaAs. It will be seen in Chapter 3 that in the
wavelength range 3 to 5 it is necessary to correct for interband
rotation arising from the transitions across the energy gap to ob-

tain accurate & This has been done by measuring GIB in an n-type

fr-
low carrier density sample and subtracting the result from the
measured GF for higher carrier density samples. This is not stricrly
correct, since the carriers in the more highly doped samples ex-
clude some of the possible transitions in Egq. (1-34) by occupying
conduction band states. However, it is expected that the effect

will be small since the energies involved in the measurements

(fiu ~ .4 eV) are considerably smaller than the transition energies

(ﬁmn,n = 1.5 eV). Thus the effect on eIB (near ) of excluding a

-1




few transitions, from a set which all have high and nearly equal
energies compared to Tw, should be small. 1ndeed Roth [1-11] has

calculated the effect of free carriers on interband rotatior and

found that, for N = 8. 1018 cr"3, 613 in GaAs at 3y is changed by

at most '0%. For lower carrier concentrations the effect is even

smaller. Fcr a sample with N = 3.4 1018, V = 6/d4 at 3y for quasi-

free carriers was found to be 4 10-A radians/(cm. gauss). Vig * BIB/dH

at 3y was found to t: 1 10-5 radiai s/(cm. gauss)e Thus 10% of VIB

at 31 is 1 '10-6 radians/(cm. gauss) which is negligibl. compared
to 4 - 10-4 radians/(cm. gauss).

A second possible effect of interband rotation may arise from
the additional absorption from 3 to 5u in GaAs first reported by
Spitzer and Whelan [1-12]. However, it is pussibie .0 make an order

of magnitude estimate of any 6 arising from the transitions respon-

I8

sible for the additional absorption. Boswarva, Howard, and Lidiard
[1-10] have shown that direct allowed transitions give the largest

QIB gffect. The form of GIB for direct allowed transitions can be

written as

)

61 J(Bege)P 1 ) 1
. l§1/§
B T

1,1/2

T,

dH nzh

: 1 1
{ ~) (; P ‘
Hwt T)(:_'n' (w+ T)(wn' 4+ @+

Yt
o~

bt
[}
(PR

3/2

w
n'n

where 7 is a damping time, P is a Bohr magneton, g,¢c is an ef-

fective g factor for the transition, and X may be written

N
N’

X = @n g . (1-36)

4lm + % o Lonyn)l/z
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In Eq. (1-36), a is the absorption coefficient. The maximum X

may be estimated from @ measured by Spitzer and Whelan [1-12] on

a sample with N = 5,4 1018 cm.°3. This carrier concentration is

larger than any used in this investigation. X can be found . as

%{u 3.0- 108 . (1-37)
1 , 14 -1
Estimating T to be about 10" gec » it can be shown that
913 5 2. 10-7 radians (1-38)
H ™ cm. gauss ’ )

which is about 50 times smaller than GIB arising from the forbidden

energy gap, and hence is completely negligible.
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CHAPTER 2
EQUIPMENT
A. INTRODUCTION

Ail measurements were conducted in a constant temperature,
controlled 40% humidity room. A scaled plan of the experimental
system is shown in Figure 2-1. Light frrm a source was mechenical-
ly chopped at 13 cps and made monochromatic by a Perkin-Elmer! model
12C single-beam spectrometer modified to allow the beam from the
exit slit to emerge from the case. The divergeat b_am was turned
90° and made convergent by thz mirror system M, ~M, -M,. For the
Faraday rotation measurements the light then passed through a polar-
izer held in the 2 inch axial hole of the magnet. After being
focused at the center of the magnet gap (sample area), the bean.
passed through an analyzer held in the opposite axial magnet hole
by a rotatable mount. The light was then focused by the mirror M4
on the detector. The resultant AC signal then passed through a
Perkin-Elmert preamplifier and model 107 amplifier in which the
signal was phase detected and rectified. The DC signal was then
recorded by a Leeds and Northrup* type G recorder.

For the measurements of the pressure shift of the GaAs ab-
sorption edge, the polarizer, analyzer, rotatable mount, detector
and mirror M4 were removed and a photomultiplier housing and tube
described by Zallen [2-1] were placed to intercept the beam as it

emerged from the axial magnet hole.

TPerkin-Elmer Corporation, Norwalk, Connecticut.

*Leeds and Northi.up Company, Philadelphia, Pennsylvania.
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The measurements of pressure and temperature shifits of the
refractive index were done using the same spectrometer but with

an optical peth and pressure system deacribed by Prakash [2-2].

B. OPTICAL EQU.PMENT
a. Scurces

Since the pressure and temperature experiments of this inves-
ti1gation lasted on the order of 10 hours, it was desirable that the
radiation source be as stable as possible. The scurce supply was
8 .5 kva ballasted regulating 120 volt transformer which was in
turn supplied by a 1.5 kva regulating trans.ormer. A Nernst glower
tested in the infra-red had a 15 minute stability of .8% and a 2
hour stability of 1-2%. A 200 watt globar under the same conditions
cave only 1/2 to 2/3 of the light intensity of the Nernst glower.
However, the globar had a 15 minute s:ability of .4% and a 10 hour
stability of < 17 and was the source used in the infra-red for wave-
lengths > 2.5 H.

For wavelengths between .7 and 2.5 4 a GET 18A-T10 SRS tungsten
lamp connected to a 6.3 volt scepdown transformer was powered by the
above supply and gave more light than the globar with t'ie same stabil-
ity.

1

L. Spectrometer and Mirrors

The model 12C spectrometer was used with the following prisms

for the best combination of transmission and resolving power in the

TGeneral Eiectric Co., Lamp Department, Cleveland, Ohio.
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given wavelength A regions: KBr, 184 < A < 8u; NaCl, 13u < A < 5u;
CaTp, 8u << N < 2.5u; DF glass, 2.5u < A < 0.74.

The KBr, NaCl, and CaF_ prisms were calibrated using absorp-
tion bands of COz, Hz0, NHs, and HBr vapors [2-3]. TIhe DF glass
prism was calibrated using Argon and Mercury spectrim tubes [2-4].
The errors of all calibrations are estimated as < 1%.

All mirrors throughout the system were uncoated front-surface
aluminized pyrex. The effect of differing mirror reflectivities on
polarized light modes is discussed in section 3.D.
¢. Polarizers

The polarizers used were ccastructed of rolled AgCl* in a
"zero-displacement" design due to Makas and Shurcliff [2-5]. 1Trans-
mission was constant from 2 to 18u and the degree of polarization
f2-6] obtained in the light beam was 94%. The six AgCl plates each
of the polarizer and analyzer were placed at an angle to the light
beam of 64° in non-magnetic collimating tutes that fitted snugly in-
side the 2-inch axial magnet holes. The analyzer was attached to a
large non-magnetic rotatable drum mount geared tec an electric motor.
A rypical trace recordea while the aralyzer was slowly rotated is
shown in Figure 2-2. It can re seen that the transmitted intensit:-
obevs the relation:

T

where IT is the transmitted intensity, Tm is the intensity at a

2.
I = Im + IM cos (uhs) (2-1)

1’Harshaw Chemical Co., Cleveland, Onhio.
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minimum, 1M + 1m is the intensity at a maximum, uk is the angular
frequency of rotation of the analyzer, and s is the time.
d. Detectors

Tt will be shovn in section 3.D that Faraday rotation .easurc-
ments using wavelength dependent sources demand a certain minimum
resolution. The best detectors in the 1 to Su regicn are cocled
PbS photoconductive cells and covled InSb photovoltaic dicdes.
Lnfortunately in the experimental system shown in Figure 2-1 a stray
magnetic field of the order of 20 gauss existed in the detector area
and altered the response of these detectors when the magnet was turned
on. Magnetic shielding of u meta. partially enclosing the area was
unable to eliminate this effect and the detector for the Faraday ro-
tation experiments was limited to a Reedert RP-5W thermocouple with
KBr window which was unaffected by magnetic field. To our knowledge,
this is the best available commercial thermocouple compatible with a
Perkin-Elmer spectrometer. Determinations in section 3.D demonstrate
that the experimental system using this detector attains the critical
minimum resclution for accurate Faraday rotation measurements.

For the absorption edge pressure shifts and the refractive index
experiments, an RCA* 7102 photomultiplier tube in a housing powered

by a Beva® model 302B-5 .1% regulated supply. The tute was cooled

by dry ice and used in the wavelength region .7 to 1.3u. For refractive

t . . o
Charies M. Reeder and Co., Inc., Detroit, Michigan

¥ . q q g
R-1ic Corporation of America, Electron Tube Divisicn, Harrison, New
Jersay,

Beva Electronics Inc., Trenton, New Jersey.
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inder measurements from 1.0 to 2.54, an ECA’ PbS photoconductive
cell cnoled by dry ice was used as a detec:or. Yor wavelengths
from 2.5 to 4.2u in the refractive index det:rminations, a TI*

model M-2000 1nSb photovoltaic diode cooled by liquid N; was used.

C. OTHER EQUIPMENT

z. Magnet and Power Supply

Tne magnet shown in scale in Figure 2-1 was a Magnion* model
UF-. electromagnet with a 2 ohm impedance. The 5 inch pole pieces
and the supporting X-frame were pierced by Z inch axial holes. The
gap could be varied by using spacers and was fixed at a separation
of 4 inches to admit the optical bomb,

The .01% regulated DC power supply fer the magnet was a Harvey
Weils (division of Magnion®) modei HS 1050 with an output impedance
of 2 ohme and a modification to produce 7: kilowatts at 115 volts
for the peak current of 65 amperes. This supply was further modificd

by McElroy [2-7] tc include devices to warn cf magnet cooling water

toppage and excess magnet temperature and a field reversal switch.

w

The magnet's field was probed 'sing a Rawson® T type 722 rota:-

ing coil ganssmeter, and was found to be linear with power supply

current and homogeneous to 1% over the central cubic inch. The field
t . : . .
Electronics Corporation of America, Cambridge, Massachusctte
¥ ]
Texas Instruments Inc., Materials and Sensors Department, Dellas,
Texas.

%
Magnion Inc., Burlington, Massachusetts.

TRawson Electric Instrument Co., Cambridge, Massachusetts.
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showed no nysterezie on reversal. At peak current, the magnetic

field stability was > 1% while the field at the center of the gap
was 5.35 kilogauss with an error of 1¥. This field was used for

all Faraday rotation measurements except tests of magnetic field

dependence.

b. Pressure Equipment

The pressure system was a conventional gas apparatus such as
the one described by Hulland [2-8]. A schematic diagram is shown
in Figure 2-3. The pressure fiuid chosen was He gas for reasors
Jetailed below. The system is operated by letting gas at 2000 psi
into the Haiwood! doubie-acting intensifier whose operation has
been described by Feinleib [2-9]. The intensifier compresses the
gas throupgh the bypass intc the pressire cylinder and optical bomb
to 2 kilobars. The hand o0il nump is then used to pressurize the
oil press which drives a piston into the nressure generating cvlinder.
A piston head seal [2-10] a* the end of this piston moves past thu
bypass isclating the optical bomb and pressure cylinder and compressing
the He zas to 10 kilobars.

The preisure generating cylinder is shown in scale in Figure
2-4. Yt has been tested to a nominal (counting friction) 12.5
kilobars. The gauge plug haa one standard coned electrical ter-
minal shown in Figure 4-5 of reference [2-8] and mounted z Manganin

gauge coil.

fHarwood Engineering Co., Inc., Walpole, Massachuse’ :s.
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The pressure was determined by measuring the change of resis -
ance of the gauge coil by means of a bridge circuit [2-11]. The
coil was calibrated by observing the pressure (7566.2 bars) [2-12]
at 0°C when the resistance changed in a freezing Hg capillary on a
terminal plug mounted in the optical bomb. The calibration was as-
sumed linear [2-13]. The determination was made twice during the
period of the investigation znd the calibration repeated to 1% which
is about the experimental error in the determination. A sudden
change of 2% in the 1 bar resistance of the coil which occurre.i
between the two determinations thus had nc observable effect on
the calibration.Similavly, an explosive decompression which left
the 1 bar resistance cf the cril unchanged was assumed to have not
changed the calibration. This assuimption is supported by the fact
that nominal pressures, after subtracting a constant frictional ef-
fect, agreed to 3% with the coil both before and after the explosicn,
and indeed throughout the entire investigation. Consequently the
error in measuring pressure is estimated to be the erro.- of the
calibration or *1%.

The non-magnetic optical bomb was made from a design by Langer
and Warschauer [2-14] using Westinghousef W545 stainless steel hav-
ing a magnetic permeability at 26°C of 1.0039. The beab was hardened
to the maximum for the material, Rockwell (R} C 3%. 1t was tested

to a no.ainal 12 kilobars and showed signs of stretching. The maximum

t . . : o -
Westinghouse Electric Corporation, Materials Manufacturing Division,

Blairsville, Pennsylvania.

2-11

G

i ]!

[iffi




2-12

pressure since applied has been 10.3 kilobars. The optical plugs,

cones, push pieces, t-pieces, and spacers were made of uon-magnetic

3eCu hardened to RC 38 which is about that material's maximum hard-
ness. Unsupported portions of the push pieces have a tendency to
stretch non-elastically under a pressure to a limit of about .00l
inches for 10 pressure cycles aiter wiich they :ust be remachined.

The coptical windows [2-15] were C-axis sapphires for reasons explained

in section 3.D.

The liquids pentane, CSz, and Freon 11 and 12 were considered
for use as pressure fluids, but rejected because of their many ab-

gorption bands in the range 1 to 5u. Nitrogen gas was rejected for

the same reason when experiment showed the formation of an absorption

band near 4y as pressure was applizd. While N; is a symmetric mole-

cule and hence has no infra-red absorption, an impurity molecule
under high pressure couples with the N molecule to produce a change
in dipole moment and consequent absorption bands.

A similar experiment on Helium gas showed tha no such bands

appearved up to 10 kilobars. The total transmission through two

sapphire windows and He gas changed by only 2% in 10 kilobars indi-

cating that He was the most suitable fluid for absolute transmission

13

measurements.
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c. Cryostat, Sample Holders, and Positioning Mechanism

The cryostat used for temperature measurements has been de-
scribed by Cardona [2-16]. A modification was made in the cold
finger to allow the coolant to circulate around the sample hold-
ing block.

For Faraday rotation measurements, the sample holders were 5/8
inch diameter brass disks 1/16 inch thick which had central apertures
slightly smaller thar the sample dimensions. When the holders were
placed in optical bomb, cryostat, or room-condition mount, radiation
could pass only through sample and aperture. The camples were of
the order of .1 cm. thick. They were attached to the holders by
an upright edge using a tiny drop of GE 7301 adhesive cement which
was sufficient to hold them firmly against the sample holders while
prohibiting strain as temperature and pressure were changed. Tem-
perature measurements with a thermocouple soldered to a sample and
another attached to its sample holder while in the cryostat showed
that the sample assumed the same temperature as the holder. There-
after, all temperature r=asurements were made with a calibrated
copper -constantin thermocouple attachad to the sample holder.

For the absorntion edge and refractive index measurements a
sample holder described by Zallen [2-17] was used without the

sapphire plates.

HIHL
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The positioning mechanisgm consisted of a Palmgren* No. 82
rotary table mounted vertically below the magnet. A heavy 2 inch
Al column attached to the table extended up into the sample area
to support optical bomb, cryostat, and room-condition mount. These
instrument= could then be positioned to .00l inches perpendicularly
to the light beam by vertical and horizontal adjustment micrometers
which were a great aid in optical alignment. The mechanism is mas-

sive enough to be quite stable and was unaffected by magnetic field.

TChicago Tool and Engineering Co., Chicago, Illinois.
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CHAPTER 3
RESULTS
A. SAMPLES AND LIST OF EXPERIMENTS

The single crystal GaAs optical samples and the experiments in which
they were used in this investipation are characterizec in Table 3-1,

The carrier concentrations N result from doping with Smn end Te
impurity atoms. At the present time there exist no simple relations for
the effect of impurities on the conduction band energy levels predicted
using the k'p theory of Chapter 1. The point of view of this inveatigation
has been to assume that each sample contains N quasi-free elzctrons
distributed according to Eq. (1-32) over a conduction band unaffected by
impurities. This is tantamount to assuming that, in replacing a host
atom, each impurity atom contributes a quasi-free electron and an electron
energy level identical to the state which would ar:se from the replaced
host atom. Under this assumption, no deionization can take place and N
remains constant as a function of temperature and pressure.

The available experimental evidence indicates that the assumption
of constant N is not unreascnable for samples 18aw, 19aw, and 12cw.
Several investigators (3-23) have shown there is no defonization in GaAs
down to 70 K. for similer samples. 1In general, for these values of N,
donor impurity states in GaAs are considered to have merped into the

conduction band. Finally, the consistency of the final results with the

i
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assumptior of constent N for several different N indicate the assumption
is {ikely to be valid,

The carrier concentrations were determined at 295 K. by measuring
the Hall constant R of parallelepiped samples whose dimensions were
approximately .13 x .13 x 1,3 cm? and which were adjacent in the
inpot to the optical samples. Hall voltages were measured at a magnetic
field of 5.85 kilogauss where K is independent of field (3-2&).

A five probe technique was used which. with reversal of field and
current., allows substraction of magneio-resistive and voltage drop
effects, Voltages were measured on a Leeds and Northrup4'type K-3
potentiometer. The voltage probes were > .27 cm distant from the
current leads so that thorting effects reduced the Hall voltage by
< 1% [3-1]. All contacts were tested to be ohmic and the current was
chosen so that power dissipation in the sample was <1 microwatt. The
estimated error in measuring the Hall constant R was + 5%.

R wes taken as determined by

R® —— (3-1)

+'Leeds and Northrup Company., Philadelphis, Pennsylvania,
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TABLE 3-1 SAMPLBS AND EXPERIMENTS
Sample nt ¥
(em -3) (cm.)
11 <1.5-10° 1.53-1073
1la < 1.5+ 10" 2.54 107
1wt < 1.5-10° 361 107"
26aut 3.2 108  2.55. 107
18av* 1.3- 1087 3.81- 107
19wt 7.3-10"7 4,29 107
12cwt¥ 3.4 108 1.01 - 1072
Experiment Samples
Transmission vs. Pressure ii, lla
Refractive Index vs. Pressure 11

Refractive Index vs.

Faraday Rotation vs. Wavelength 11bw, 24aw, 18aw

19aw, 12cw
Faraday Rotation vs. Pressure 11bw, 28aw, 19aw, l2cw
Faraday Rotation vs. Temperature llbw, 18aw, 19aw, 12cw

Temperature 11

Tt

[

> 6000

> 6000

> 6000

6150

(cmz/bolt.sec)

t

1‘

Loet d

*4 . thickness

{1 : Hall mobilircy

#tw 1° wedged sample

{ : n-type carr.er concentration

i
i

I‘
L

|
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where e is the electron charge in <3u. Ehrenreich [3-Z] has shown
the most likely scattering in GaAs is a mixture of polar and ion-
ized impurity scattering. He uses a Hall coefficient scattering
factor of 1. It cannot be less but might be greater. To account
for this possibility, the error in N was estimated to be +157, -5%,
The Hall mobility L was determined using the reasured resistiv-

ity ¢ in *"e relation

1
.ot ¢ 3 +5¢ - 15%4 . (3-2)
n Ne 310

. -2

Optical sample thicknesses d > 10 © cm. were measured to
. -4 oy s
22 +10  cm. by using a micrometer comparator and precision gage

. . -2 ,

blocks. Samples with thicknesses < 10 ~ ¢m. were measured using a
fringe technique described in section 3.C. Those samples with a
suifix w in Table 3-1 were wedged 1° (see 3:D) and their thicknesses
were aver<.ed. The samples w re polished on both sides using a

method described by Zallen {[3-3].

3. PRESSURE DEFENDENCE OF ThE ABSORPTION EDGE IN GaAs
The ratio of light intensity I transmitted through a medium
to the incident light intensity Io is defined as the optical trans-
mission t. For a dielectric mewuium of index ~f refractién

%= (n + ik), under the conditien that n >> k, t is given by |3-~4]

e —————————— e —_——
3-3
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2
(1 - R)
t = ~7 (3"3)
(ead/z - Re-ad/z)2 + 4R sinz@
(n_- 1)2 4k 2Tnd
ko= " "= =3 v =5 (3-4)
(n+ 1)

where A is the wavelength of normally ‘ncident monochromatic light.

For ad large enough, Eq. (3-3), averaged over the band width 47,
becomes [3-5]

2
t = (1 - R)" e.ad .

av

(3-5)

In this investigation, urder conditions such that Eq. (3-3) is

. . o -3 .
valid, optical transmission to I,/IO = 10 *~ as a function of pressure

P to 10 kilobars has been measured for two samples of 3aAs near the

fundamantal absorption edge at 295°K.

Figure 3-1 shows the effect of pressure on the trensmission of

GaAs 11. The experiment was performed with the system used for re-

fractive index measurements [2-2;. Spectral slit width was .004 eV.

Figure 3-2 is taken from Fig. 3-1 and displays the effect of pressure

on the energy of constant transmission e for various values of

e < 1072,

-

For Fig. 3-3, equivalent to Fig. 3-1 for GaAs 1la, the experi-
mental cystem of Fig. 2-1 was used as decscribed in Chapter 2 for

transimission mezsurements. Sgoctral slit width was .002 eV. Figure

3-4 js taken from Fig. 3-3 exactly as Fig. 3-2 is taken from Fig. 3-1.
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Within experimental error, there are no trends in the pressure
shift of energy of constant transmission presented in Figs. 3-2 and

3-4. An average gives

d () )

= =(1.17 £ .03)- 10 > eV/bar (3-6)
d(1n fiw ) .
- =(8.27 £ .21) 10 6 1/bar . (3-7)

The connection between this pressure coefficient of isotrans-
mission near the optical energy gap and the pressure dependence of
various energy gaps will be discussed in Chapter 4. However, it can
be noted that Fq. 3-6) agrees moderately well with a pressure coef-
ficient of isotransmission, measured at censtant ¢ > .1, of 1.22 -10-5
eV/bar reported by Warschauer and Paul [3-5]. Eguation {3-6) is also
in agreement with the proposal of Paul [3-7], based on iscotransmission
measurements, that the pressure dependence of the energy of the
;FISV"Flcx or ‘FZS’V- F?'C; transition in group III-V or IV semicon-
ductors is about 1.3 10"5 eV/bar independent of material.

| A more precise measurement near the optical energy gap is that
of Feinleib et al.[3-8] which reported (1.07 ¥ .03) -10-5 eV/bar for
the pressure shift of spontaneous emission in GaAs diodes at 300°K,
in fair agreement with Eq. (3-6). A spneculation concerning the re-

lation between this result and Ey. (3-6) will be made in Chapter 4.

3-9
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C. REFRACTIVE INDEX OF GaAs

For sufficient resolution, a measurement of transmission under

the conditions given by Eqs. (3-3) and (3-4) will display oscilla-
tions or fringes as a function of wavelengths with maximum and mini-
mum transmissions at wavelength given by

maxima: 2 nd = £A £ =1,2,3,... (3-8)

minima: 2 nd = (Z + $)A £ =0,1,2,... . (3-9)
Determinations of these maximum and minimum positions were used in
this investigation to measure (1) n as a function of fiw from .3 to
1.2 eV at 2 temperatures T, 298°K and 96°K, and (2) n as a function
of ¥w from .3 to 1.4 eV and as a function of pressure to 8 kilobars
at 298°K.

The experimental system has been described by Prakash [2-2].
Detectory and prisms for various wavelength ranges were specified
in Chapter 2. All measurements were performed on sample GaAs 11.
A variation in sample thickness of about lu prevented fringes being
observed until the sample was masked to present an area of 10-2 cmz.
For suitable resolution, the transmission then displayed fringes
whose amplitude was about 10 to 30% of the total transmissjon.
Maximun and minimum positions were estimated visually and differed
by < .1% from positions determined by normalizing transmission and

plotting half-width points. The order £ was determined unambiguously

by assuming n does not change significantly at long wavelengths
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between succesgive extrema of the same kind at wzvelengths %1 and

kz. This assumption holds to .1% for GaAs at 4. for d about 15u

[3-9], and using Eq. (3-8)

A

PRrp— (3-10)
)? - %1 '

which for GaAs 11 ranged from £ = 25 near .3 eV to £ = 120 at 1.4 eV.

Equation (3-10) also defines the mir imum resolution needed to resolve
two successive extrema for given £.
Equations (3-8) and ( 3-9) define uniquely only the quantity nd.

For both samples GaAs 11 and GaAs lla, values of n near .3 eV were
taken from the literature {3-9] and used with Eqs. (3-8), (3-9),
and (3-10, to determine d. This value of d was then used to deter-
mine values of n at other energies. The experimental error in de-
riving d was * .5% and this is also taken as the experimental error
in n. However, it can be noted that the functional dependence of n
on A is more accurate than the absolute value since the normalization
was done at only 1 point.

| Figure 3-5 displays n determined in the above way as a function
of light energy at 298°K, and, for comparison, values of n determined
uniquely by the prism method by Hambleton et al. {3-9] and Marple [3-10].%
There is excellent agreement with Hambleton et al. between .3 eV and

.7 eV, and with Marple between 1.2 and 1.4 eV. The agreement with

1"l'he author is grateful to Dr. D. T. F. Marple for supplying a graph
of unpublished measurements of n versus Y for several temperctures.

iy
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Marple between .7 and 1.2 eV is slightly poorer but still nearly
within experimental error. This slight deviation could possibly

be explained by strains and defects built into the sample by mechan-
icai polishing damage. An alternative explanation could be that in
Marple‘'s less pure sample transitions from impurity levels slightly
increased the refractive index in the energy region 0.7 to 1.3 eV.

From plots similar to Fig. 3-5 at various temperatures and
pressures (after correcting d for thermal expansion [3-11] and for
compression [3-12]) it is possible to obtain the change in n at
constani energy versus temperature or pressure. A representative
graph of n versus T 2t constant energy is shown in Fig. 3-6a and
compared with Marple's results [3-10]. The estimated error in
measuring dn/dT in GaAs 11 is #20%. It can be seen that the two
determinations agree within experimental error but that the more
complete and more accurate data of Marple [3-10] must be regarded
as the best measure of dn/dT.

A representative graph of n versus P at coustant energy is
shown in Fig. 3-6b. The experimental error in dn/dP is estimated
as 15%.

Figure 3-7a shows the variation of d ln n/dT at constant
energy versus light energy for results reported by Marple [3-10],
Cardona [3-13}, and this investigation. The agreement is good with-

in' experimental error.
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The variation of d in n/dP at constant energy versus light

energy is shown in Fig. 3-7b. It can be noted that results of Fig.
3-7b, agsumed constant as a function of tempurature and exfrapolated
to appropriate energies, were used by Feinleib et al,[3-8] and Stern
[3-14]to explain the pressure coefficient of stimulated emission of

GaAs diodes at 77°K.

D. FARADAY ROTATION MFASUREMENTS IN GaAs

a. Experimental Method

The experimental system has been described in Chapter 2 and is
illustrated in Fig. 2-1. The method used in this investigation to
measure Faraday rotation was a null-balance technique based on a
system first developed by Pidgeon [3-15]. In both the original
method and the modification used here, the measurement of angle of
rotation at a fixed wavelength was converted into an intensity measure-
ment by assuming the Law of Malus [3-16] which asserts that the in-
tensity transmitted through two polarizers varies as the square of
the cosine of the angle between their principal axes of polarization.
More simply, the intensity is governed by an equation similar to
Eq. 2-1 and looks like Fig. 2-2 v<hen one polarizer is rotated. If
the polarizers are fixed at some angle w8 = constant relacive to
each other and the Faraday rotation induced in a sample between
them is considored only to add to or subtract from this constant

angle, it is clear that measurements of intensity yield directly

the angle of Faraday rotation.
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In particular, the arrangament adopted in this investigation

is shown schematically in Fig. 3-8. The situation for zero mag-

netic field is displayed in Fig. 3-8&. Light of intensity Io was

incident on the polarizer which divided it into a completely linearly

polarized portion I{ with a vertical polarization mode, and a com-

pletely unpolarized mode Ig.

sample becoming in the polarized mode Iz and in the unpolarized

This 1ight then passed through the

part Iu The analyzer, set with its principal polarization axis

2.
at an angle 6 relative to the polarizaticn direction of Ig, passed

intensity Ig cosz(e) + Ig to the detector where Ig and Ig + Ig were

the minimum and maximum transmitted intensities of the system.

In Fig. 3-8b when the magnetic fieldwas non-zero, the light
U
2H
changed from its former direction by the angle ieF of Faraday ro-~

incident on the analyzer Igﬂ +1,., had had its polarization mode

tation.t After passing through the analyzer the intensity detected

U
3’

The above description may be considered perfectly general ex-

P2, .
was I3H cos (B % GF) + 1

zept for two assumptions: (1) that, for H # 0, the linear polariz-
ation direction was changed in the sample only by Faraday rotation
of transmitted light: that is, the reflectivities are the same for
the oppositely circularly polarized components of the linearly po-
larized light: and (2) the mirror (not shown in Fig. 3-8) focusing
radiation on the detector has the same reflectance for all light

polarizations.

*6 is positive when clockwise for radiation propagating along the

magnetic field toward the observer.
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The feilure of either assumption implies that the magnitude of

one ccmponent of pelarization is enhanced with respect to the other.
This in turn implies & change in elliptinity and a conaequent change
in degree of polarizstion. Az seen below, no such change was observed
and hence the assumptions hold. The validicy of scsumption (1) confirms
s theorecical conclusion of Donovan and Medcalf (3-17) for infra-red
light,

To make use of the final experimentally detected intensities in

Figs. 3-Ba and 3-8b, the further assumption wae made that

II’ P F U
3

w7 I3l iy -*

=x‘3’ z 1Y (3-11)

which to be true in general required, for magnetic field on and off:

(1) the incident light intensity to be constant, I =1 . , which

oH
was found true to .4% for the period of a Faraday rotation
measurement (about 15 minutes)

(2) the degree of polarization of the system Lo be unchanged.
which was found to hold < .3% ;

(3) the total transmission to be constant, except for the vari-
ation due to the Law of Malus, which was found true to < .3%;

(4) and the detecter sensitivity to be constant. which was found
to hold to < .1%.

Using Ea. (3-11), the system of Fig. 3-8 yielded three exveri-

mentally measurable intensities




H =vu I = IP cosz(G) + IU

HY 4 0 1" = 1° cos?(s- 6p) + 1’

H A0 i cosz(G- GF) + 1Y
Define

AL = I+ -1 = IP[cosz(G- GF) - cosz(6+-6F)]

I¥ sin(26,) sin(26)

For maximum sensitivity, 6 = 45° + & where 8 was a small error
in setting the analyzer relative to the linear polarization di-
rection. Equations (3-12) and (3-15) became respectively

P

I = 1F cos?(45® +8) + 1U = 4 15[1 - sin(28)] + 1V

AL = 1F #in(20.) sin[2(45° +8) = 'l s1n(20.) cos(28)
Dividing Eq. (3-17) by Eq. (3-16)

21% sin(26.) cos(25)

AT

I

1711 - sin(28)] + 217

and assuming terms of order 82 may be neglected compared to 1

P. U
. _AL I (- 28) + 21
sxn(ZBF) =37 IP

If & < .005 radians = ,29 degrees, 25 may be neglected compared
to 1 with an error < 1%.

Finally, the depolarization fa ..v was defined as

_1f 42’

IP

D

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

(3-18)

(3-19)

(3-20)
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Thus the angle of Faraday rotaticn was determined by measur-

ing three experimental qusntities, D, I, and AI:

_D-AI .
sin(ZGF) 77 . (3-21)

b. Experimental Procedure

The method of section 3.D.a. tacitly assumed axial symmetry
ané perfect alignment of axes ~f polarizers with the light axis.
Deviations produced irregviarities in transmisgion as the analyzer
rotated which invalidated Eqs. (3-12), (3-13), and (3-14). ‘hug
the first step in rcor-dure was tc ~lign t*- system of Fig. . -..
The f uwumber of the light beam varied from 6 to 10. When the
polarizers were properly aligned, there were no transmission ir-
regularities dve to non-normal incidence of son: ligi. rays.

Tae second step involved making the tests described in the
discussion on page 3-19 of the assumption of Eq. (3-11).

Third, Eq. (3-12) was ascertained to hold and D determined
to be consgtant as a function of wavelength and hence constant
throughout the experiment. The analyzer naxt was set, using Eq.
(3-12), to an accuracy of < .2% which implied 3 < .2 degrees and
satisfied the assumption foilowing Eq. (3-19).

Lastly, the actual experimental measurement of AI and I was

performed. A cypical recorder trace at congtani wavelength is

shown in Fig. 3-9. &t a certain gain setting A, a deflection D,
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T

proportional to 1 was measured. A scale expansion ¢f a factor of

5 to 10 was then made by increasing the gain and subtracting 90% s

of I with an electroni~ signal at the detector. The field was

turned on for ftwo directions and the quantity AL proportional to

the deflection D;- D; at gai. seiting B was measured by averaging
over the noise visually. The ratic AT/I was then given by
+ -
a0 22
I zD

1
where z was the gain ratio between gains B and A. Fquation (3-21)

AU

then gives

+ -
p(p, + D,)

ZzD1

sin(26F) = o (3-23)

As D, z, ard D, could be measured to < 1% the principal error in

1
GF arises from error in (D; + D;) which was typically about 2% as
shown in Fig. 3-9. The main source of this error was the .4% in-
stability in Io over the measurement period. The original method
[3-13] avoided this difficuity by using two spectrometers and sub-
fracting from I for scale expansion by source light of opposite
phase, thus avoiding stability problems and giving an error in GF
of only 14%.

A typical test demonstrating direct proportionality between

magnetic field and GF is shown in Fig. 3-10.
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¢. Experimental Difficultics

The thecretical expressions for eF given in Chapter 1 as-
sume monochromatic incident iigat. The experiment demands a cer-
tair. spectral slit width in the monochromator to insure sufficient
light cnergy for detectier. The first difficulty to arise, then,

was slit width dependence of QF. In Eq. (2-22) AL was the essential
variable of GF and was propoertional to Rz. Howsver, the magnitude

of 1 was also wavelength dependent. For illustration let AA = Akz,

I = B/A, then

o, =L - B (3-24)
Integrating near % for spectral slit width AA gives

o.(\) =28 3!1 1 o 1 (3-25)

T oL N

where %Gﬁh/%o)“ is the error in GF due to finite slit width. In
general, the A depuadence of I was not as simple as 1/X and the
situation mvs b. regarde’ as a possible source of error. For all
'Faraday rotatisn measurements reported in this investigation checks
were made on possible slit width dependence of QF and spectral slits
reduced until the dependence disappeared.

Scattered light of different A than }Q will also contribute to
error in QF(%O). In the Perkin-Elmer 12¢ monochromater, scatterced

light, mainly of low wavelength, can be as much as 15% of th> rstal



e A

l1ight beam at 15u. In this report, all measurements were made

with long wavelength band pess filters which, by blocking short
wavelength light, reduced the scattered light in the beam to < 1%,
Aside from the general "black body" wavelength dependence of
I due to the source, atmospheric abscrption bands presented drasti-
cally varying 1 at certain wavelengths in the infra-red. Figure
3-11 shows measurements of SF in a GaAs sample near the 4.25u COo
absorpticn band. The straight line gives 7? dependence of GF ex-
pected both from theory and from extrapolation of other measured
points. However, the experimental points indicate an anomaly in
GF which, since it is resolution dependent,. is due to the rapidly
changing 1 near .ne absorption band. 1In general, to avoid mislead-
ing res+lts, it is well not to take measurements in absorption band
regions and this policy war adopted in this investigation.
With the above sources of error in mind, Faraday rotation
measur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>