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ABSTRACT 

This work describes the development and application of an optical 

pumping and photoluminescence experiment for electron spin polarization 

measurements on semiconductor photocathode materials. We discuss the 

spin polarization increase that is produced by applying a uniaxial 

compression to a gallium arsenide crystal and selectively optically 

pumping the transition between the upper strain-split valence band and 

the conduction band. 

The electron spin polarization is measured by analysing the circular 

polarization of the photoluminescence. The relation between luminescence 

and spin polarizations is given by 

T 
P S 

u = 'h's rS + rr 

where P o is the luminescence circular polarization+ Ps is the spin 

polarization, and Ph is the hole coupling factor. For band edge 

excitation Ph is identical to Ps. In this expression, rs and rr are 

the spin relaxation and luminescence recombination times, respectively. 

From our data we infer an increase in Ps from 50% at zero stress to 70% 

for an applied COO11 stress of 4.0 x 10' -2 dyn cm in a 1 x 10 18 
p-type 

GaAs crystal at T = lOOoK. For comparison, the maximum theoretical 

polarization at infinite stress is 80%. 

ii 



Our results show that the observed increase in polarization can be 

fit to a model function of the ratio 6s/Ek where Ss is the strain 

splitting energy and Ek is the energy of the initial valence state 

measured from the band edge. For band edge excitation the best-fit 

value for E k of 0.017 eV agrees reasonably well with the calculated value 

of v rms' the rms potential energy fluctuation of the band edge due to the 

ionized impurity potentials. From the known dependence of Vnns on doping 

and temperature, device operating curves are proposed which predict the 

relation between spin polarization and applied stress for various values 

of impurity concentration p and temperature T. 

The tunable infrared dye laser that was built to optically pump the 

gallium arsenide samples is compatible with the pulsed operation of the 

gallium arsenide spin-polarized electron source at SLAC. We give tuning 

curves and discuss the operating characteristics of this laser. 
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Chapter I 

INTRODUCTION 

Spin-polarized conduction electrons produced by optical pumping of 

direct band gap III-V semiconductors of the zinc blende structure can be 

detected by measuring the degree of circular polarization of recombina- 

tion luminescence.1*58s73 The electron spin polarization Ps is defined 

as 

(1.1) 

where n+(n+) is the number of electrons with spin parallel (antiparallel) 

to the direction of the incident beam of circularly polarized light. 

Spin-polarized electrons are generated by the transfer of angular momentum 

from the absorbed photons to the electrons. The degree of spin polari- 

zation is governed by dipole selection rules which depend on the crystal 

symmetry and the point in z-space at which the electrons are excited. 

Although nonzero values of Ps are possible at several symmetry points in 

c-space, its value at the I' point, where k=O, was the first observed 

and has been intensely studied in experiments on spin relaxation dynamics. 

The value of Ps(k.=O) is 0.5 or 50% in zinc blende crystals at the 

instant of excitation. Measurement of luminescence circular polarization 

Po gives the ratio of rs, the spin relaxation time, to 'cr, the recom- 

bination time. Application of a transverse magnetic field (Hanle effect) 

allows the independent determination of rs and TV. 
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A new technical importance has been given to optically pumped semi- 

conductors by the fact that a high quantum yield for photoemission is 

exhibited by crystals which have been activated to negative electron 

affinity (NEA) by a monolayer coating of Cs and 0 in an ultrahigh vacuum 

environment on an atomically clean surface. The combination of a large 

spin polarization and efficient photoemission at r led to the proposal 

that an optically pumped NEA GaAs cathode could be used as an intense 

source of spin-polarized electrons.' Photoemission of spin-polarized 

electrons from GaAs was subsequently observed.3 Laboratory sources of 

spin-polarized electrons using GaAs cathodes have been constructed and 

used to obtain significant results from studies of parity violation in 

the deep inelastic scattering of polarized electrons from hydrogen and 

deuterium targets,35 polarized low energy electron diffraction (PLEED) 

on ferromagnetic surfaces, and of spin-orbit and spin-exchange effects 

in atomic physics.4 After the initial development of the GaAs polarized 

source, photoemission of spin polarized electrons from ZnSiAs2 and 

ZnGeAs2, crystals with the chalcopyrite structure, was observed although 

spin polarization had not previously been optically detected.5 GaAs 

photoemission sources are capable of producing an-electron beam polari- 

zation of -40%. Sources operating with even higher spin polarizations, 

ideally lOO%, are clearly very desirable, especially in experiments in 

tihich the spin-dependence of the observed quantities is very weak. 

The requirements for developing new spin-polarized photocathode 

materials can be understood within the framework of the three-step model 

for photoemission introduced by Spicer.6 The three steps consist of 

optical excitation in the bulk, transport to the surface, and finally 



-3- 

escape across the surface into the vacuum. In the excitation step, the 

initial spin polarization Ps(k) is determined by the photon energy hv 

which in turn selects d according to the relation 

hv = EC(c) + Eg - Ev(k, (1.2) 

where Ev and EC are the initial and final state energies measured from 

their respective band edges. Vertical transitions in c-space are assumed. 

During transport, spin relaxation can occur. Finally, during escape 

across the surface, spin flip via spin exchange with atoms in the acti- 

vation layer is possible. Thus, the photoemission process may be viewed 

as two successive bulk processes followed by a surface process, any of 

which can affect the final spin polarization. 

To evaluate other semiconductors for use as spin-polarized cathodes, 

one can use band structure models to select a potential semiconductor 

crystal and an appropriate excitation energy hv, cool the crystal to 

increase the spin relaxation time, and develop a suitable NEA surface 

activation process to allow spin-polarized electrons to escape from the 

surface. It should be noted that spin-polarized cathodes generally 

require large p-type doping densities, typically 2-x 10 
18 

cm 
-3 to 

4 x 101' cmm3, to achieve band bending which assists the lowering of 

the vacuum level and to minimize the bending width in which hot electron 

scattering into adjacent X and L minima can occur. 

We have pursued photoluminescence detection of conduction electron 

spin polarization as a means to evaluate photocathode materials prior to 

NEA photoemission experiments. Since photoluminescence can usually be 

treated as a purely bulk phenomenon, it allows the study of the optical 
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pumping and spin relaxation processes without regard to surface acti- 

vation or spin-flip. The purely optical technique also offers con- 

siderable experimental simplicity over a photoemission experiment. The 

spin polarization measured by photoluminescence is in general lower than 

the photoemitted spin polarization, if surface depolarization is not 

significant. This is simply because photoemitted electrons spend less 

time inside the crystal than do electrons which finally recombine. Thus, 

a crystal that shows a high spin polarization by photoluminescence should 

be a promising candidate for polarized source development. The question 

of surface spin depolarization has not been completely resolved, and 

differing accounts of its severity have appeared.7*8 The more complete 

study,8 in which the spin polarization was measured before and after 

photoemission using the same crystal, reports no observable surface spin 

depolarization. For gallium arsenide, the two types of measurements 

agree within a few percent at lOOoK. 

In this work, we describe the band edge optical pumping and photo- 

luminescence detection of spin-polarized electrons in crystals of gallium 

arsenide subjected to large uniaxial deformations. As we will describe, 

the changes in the band structure which result from the strain can lead 

to a significant increase in the spin polarization when the sign and 

orientation of the stress and the photon energy hv of the pump light are 

suitably chosen.q'10 The stressed gallium arsenide experiment we per- 

formed makes use of commercially available single crystal material and 

is compatible with existing GaAs polarized electron source technology. 

Furthermore its band structure serves as a model for chalcopyrite semi- 

conductors and, more directly, for epitaxially grown films which are 
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strained due to lattice mismatch with their substrates. The experiment 

we used gave control over the amount of stress, which was valuable in 

correlating data and model calculations. Thus the technique allowed 

flexibility to obtain information that should be useful in future 

polarized source development work. 

In Chapter II we discuss the band structure of gallium arsenide and 

the effects of strain within the Kane" band model. A model wave func- 

tion is proposed to characterize the angular momentum properties of 

valence electrons in states affected by both strain and k*p terms in the 

Hamiltonian. In Chapter III the spin density matrix formalism is pre- 

sented and applied to the model wave function to compute the strain and 

kinetic energy dependence of the optically pumped spin polarization. 

Chapter IV gives a description of the experimental equipment, and 

Chapter V discusses the experimental data. In Chapter VI a comparison 

between the data and the model is presented. 

-. 
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Chapter II 

BAND STRUCTURE OF GALLIUM ARSENIDE 

2.1. Overview 

In this chapter we discuss the band structure of gallium arsenide 

near T within the framework of the k*p representation of the one- 

electron eigenvalue equation. This method has been described by several 

authors. 'l-l3 Anticipating the solutions we shall outline in this 

chapter, the band structures of gallium arsenide with and without an 

external strain are shown schematically in Fig. 2.1. The doubly 

degenerate valence bands are labeled in the notation Vl, V2, V3 which 

corresponds, at zero strain, to the commonly used labels of heavy-hole, 

light-hole, and spin orbit-split bands, respectively. The distinction 

with respect to effective mass disappears under large deformations. In 

this connection, Fig. 2.1 also shows the shapes of the surfaces of 

constant energy, which determine the density of states effective masses. 

Explicit eigenfunctions for the conduction and valence bands are 
-. 

necessary to calculate the spin polarization produced by optical pumping. 

The conduction band wave functions have the symmetry of s-orbitals and 

are assumed to be unaffected by strain. The valence band wave functions 

are derived from p-orbitals with an admixture of s-character. We shall 

show that the nature of the linear combination of atomic-like orbitals 

which describe the cell-periodic portion of the valence band Bloch 

functions changes markedly with strain. It is this stress-related 
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E(k) 

t 

I I 8, (a) (b) 

-. 
Fig. 2.1. Band structure and constant energy surfaces for GaAs without 

strain (a), and with uniaxial strain.(b). 
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property that allows the spin polarization to be altered from its zero 

strain value depending on the relative orientation of the optical and 

strain fields and the sign of the strain. 

The standard treatment of direct bandgap III-V semiconductor band 

structure is the model introduced by Kane to describe InSb.12 Within 

this model, exact solutions exist for the valence band eigenfunctions in 

the limits of zero and "infinite" strain. The intermediate case is, 

however, analytically intractable. We have found no published calcula- 

tions which are useful in considering eigenstates for which the strain 

and kinetic energy contributions to the Hamiltonian are comparable. 

Although a numerical solution is in principle possible, it requires 

diagonalization of an 8~ 8 matrix with no simplication possible for 

arbitrary $-direction, and the symmetry properties would be unidentifiable 

from such a calculation. We therefore present a model form for the wave 

functions of the Vl and V2 bands which is a linear combination of the 

limiting case eigenfunctions of known transformational properties. 

We also give a discussion of the effect of strain on the Vl and V2 

constant energy surfaces near k=O. This material is introduced because 

it affects the application of existing band-tail models to stressed 

gallium arsenide crystals. These models and their relation to the 

problem of spin polarization by optical pumping will be discussed in 

Chapter VI. 
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2.2. The k-p Method 

In the single electron approximation, the eigenvalue equation for 

an electron moving in a periodic potential V(T) is given by 

2 
HlJ n = { 5 + v(G)} Ic?, = En+n . 

Introducing the Bloch wave function 

*, = eii: .f un&) 

(2.1) 

(2.2) 

where unk(<) h as the periodicity of the crystal lattice, Eq. (2.1) 

becomes 

t 
P2 +i + -+ %2k2 
2m+ ;;; k.p +x+ V } unk = Enunk . (2.3) 

It is well known that the functions unk form a complete set for any 

fixed 2. Since the eigenvalues and eigenstates near k=O are of interest, 

the chosen basis is taken to be the set of functions which are the 

solutions to the equation -. 

P2 
HoUno = { z + ’ 1 uno = Eno”no ’ (2.4) 

The solutions to Eq. (2.3) are expanded in the basis formed by the 

solutions to Eq. (2.4) 

U nk = c  Cnn’ (k) Unto l 

n' 
(2.5) 
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Substituting Eq. (2.5) in Eq. (2.3), multiplying both sides of the 

result by u no, and integrating over the unit cell, the resulting matrix 

eigenvalue equation is 

c 
n' 

+ $ k*Pnn,]cnn, = EnkCnn 

where 

(2.6a) 

(2.6b) 

unit 
cell 

The general method used to solve Eq. (2.6) is known as Li;wdin 

perturbation theory.14 The basis states are separated into two classes, 

A and B, in which states in A interact strongly with each other, but 

only weakly with states in B. 'Ihe solution proceeds in two steps. 

First, the interaction between A and B is removed by normal perturbation 

theory. Second, the remaining interaction matrix within the A manifold 

is diagonalized exactly. 

The transformation properties of the solutions of Eq. (2.4) are 

determined by the symmetry of the crystal lattice.-- For states adjacent 

to the band gap in diamond or zinc-blende lattices, the basis of 

strongly interacting states are the functions S, X, Y, and Z, which have 

the symmetry properties of s- and p-orbitals. In the following sections 

we review the application of this procedure to the band structure of 

gallium arsenide and its extension to include spin-orbit and strain 

terms. 
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2.3. Interaction Matrices for k-p, Spin-Orbit and Strain 

In the absence of spin-orbit or strain terms, the interaction matrix 

within the s-p manifold is given by 

IEk*p = 

S 

Ak2 + EC 

+h2k2 
2m 

Bk k 
Y z 

- iPk 
X 

Bk k 
XY 

- iPk 
Y 

Bk k 
XY 

-iPk 
Z 

J 

X 

Bk k 
YZ 

+ iPkx 

L2k; + M(k+;) 

+Ev+$ 

*xky 

mxkz 

Y 

Bkxkz 
+ iPk 

Y 

Nkk 
XY 

Z 

Bk k 
XY 

+ iPks 

Bk k 
XY 

+ iPks 

mxkz mxkz 

&ykz &ykz 

L2k; + M(k;+k; L2k; + M(k;+k;) 

+EV+'$$ +EV+'$$ 

-. 

(2.7) 

-The definitions of the constants A, B, L, M, and N, representing the 

first step of the Lijwdin procedure, are given by Kane.12 In a semi- 

empirical approach, they are related to mass constants which can be 

determined from cyclotron resonance measurements. The constant P is 

given by the matrix element of the momentum operator 
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(2.8) 

The definition is chosen so that P is real and positive. 

The spin-orbit interaction plays an important role in the band 

structure of diamond and zincblende crystals; it provides the essential 

coupling between the spin and orbital parts of the wave function that 

makes possible the orientation of conduction electron spins by optical 

absorption of circularly polarized light. When spin is considered, the 

fourfold s-p basis becomes the 8-dimensional set 

In the diamond lattice, inversion symmetry guarantees double degeneracy 

of ?Mj (Kramers' degeneracy). In zincblende the Kramers' doublets are 

split, but only by small amounts, and Kramers' degeneracy shall be 

assumed in GaAs as well. The spin-orbit Hamiltonian is given by 

H = so vv x $1 l ;: (2.9a) 

-. 

which generates two terms when added to the k-p Hamiltonian of Eq. (2.1) 

Hl so = vv x $1.;: 

H2 = --& [vv x $1.;: . so 

(2.9a) 

(2.9b) 

H2 
so 

shall be neglected because it is small compared to H1 since hk is so 
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small compared to p in the interior of the atom where most of the spin- 

orbit interaction occurs. In direct band gap compounds, an accurate 

treatment of the valence band wave functions requires the simultaneous 

diagonalization of the k=p and spin-orbit interactions within the full 

8-dimensional manifold. Kane obtained this solution by transforming 

to the basis 

[is+>’ , I (x-iY)4 >’ , IZS>’ , 1 (x+iy)+ >’ 
47 c! 

I I& , I- 
(x+iY)+ >' , IZf>' , 1 (x-iy)+ >' 

47 yri- 

in which the first four functions are degenerate with the last four. 

The primes indicate that the coordinate system is not defined by the 

crystal lattice but by a set of orthogonal axes with the z' axis along 

L The transformations between the primed and unprimed functions are 

given by 

4’ 

4’ 

X’ 

Y’ 

Z’ 

S’ 

1 
I 

! 
e-~0/2cos 2 

2 

[ 

case COST 

-sin+ 

sin0 cos$ 

cosf3 sin4 -sine 

co+ 0 

sin-3 sin+ case 

(2.10) 



-14- 

where 0 and I$ are the polar angles of z' with respect to a z-axis which 

is fixed in the crystal. We will take z to be defined by the optical 

pumping beam. With respect to this basis, the interaction matrix for 

the k-p and spin-orbit terms becomes 

Hk.p + Hso = [ ; ;,] 

where 

H’ = 

E 
g 

0 

kP 

0 

2 -- 
3A 

Jz 
3* 

kP 

n 
3* 

1 -- 
3* 

1 0 0 0 0 

and 

A 3tii =- 
4m2c2 

<Xlav, -%PxlY> 
ax Y 

(2.11a) 

(2.11b) 

(2.11c) 

-. 

A = 0.34 eV in GaAs.15 The matrix element P is nearly constant for III-V - 

semiconductors and has the value P = (h2/2m> x20 eV.16 The matrix H' is 

-diagonal in the I'JMJ> representation. The spin-orbit interaction is 

completely isotropic; in the absence of strain, the P term effectively 

orients the axis of angular momentum quantization along the linear 

momentum vector even for small k values. The eigenfunctions and their 

eigenvalues at k=O are displayed in Table 2.1. 
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TABLE 2.1 

Multiplet iJEIJ’ 
E(k=O) 

sl/2 )1/2, l/2> 

, l/2,-1/2> 

‘3/2 

p1/2 

13/2, 312) 

S4 

SC 

.s ( x'+iy')+' 

13/2, l/2> -(2/3)1’2 Z'+' + X'+iY')+' 

13/2,-l/2> -(2/3)1’2 Z’+’ - 1 (X1-iY')+' 
6 

]3/2,-3/2> 

, l/2, l/2> 

I l/2,-1/2> 

E 
g 

E 
g 

-A 
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These eigenfunctions can be written in the following notation:8 

(2.12) 

where u 
!J 

is a Bloch wave function corresponding to M = n (p = t1/2 or 
j 

+3/2), DJ is the finite rotation matrix for angular momentum J, and 8 

and 4 are the polar angles of the angular momentum quantization axis z' 

(in this case c) with respect to a fixed z axis in the crystal. 

Mechanical deformation can introduce important changes into the 

energy bands and symmetries of the wave functions near k=O. The 

Hamiltonian for the deformed crystal must be expressed in terms of the 

undeformed coordinates so that perturbation theory can be applied using 

the basis functions of the undeformed lattice. This procedure intro- 

duces terms into the Hamiltonian of the form:17318 

D = 1 D 
ij ij sij 

Dij = tiL a‘ 
;;i ax.ax + 'ij 

+I --Pk 
1 j 

m ij 

Vij(r) = + V((l+;).r) -. 

f j ^E+O 

(2.13a) 

(2.13b) 

(2.13~) 

where the E 
ij 

's are the components of the strain tensor g. I9 The form 

-of the interaction matrix can be written down by symmetry considera- 

tions. For an uniaxial strain, it shall be assumed that only the 

interactions between the X, Y and Z basis functions need be considered 

because the anisotropy in the strain tensor g will be sufficient to 

orient the valence band wave functions. Within this basis, the strain 
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interaction matrix D takes the form 

D = 

-as + b(3sXx-E) ds ds XY xz 

dc -as + b(3& ds 
w YY 

-E) 
YZ 

(2.14) 

de ds xz YZ 
-as + b(3sZz-s) 

A 
where s = Tr s, and a, b, and d are deformation potentials which 

determine the shift and splitting of the valence bands at k=O. These 

effects have been extensively studied by the technique of electro- 

reflectance spectroscopy.20'21 Specializing to uniaxial strain along 

the [OOl] axis, the components of the strain tensor are given by 

E zz = SllX 

E = 
xx cYY 

= S12X 

E. = & = 0 
XY xz &yz = 

(2.15) 

-. 

where S 

stress. 

- 1 and S 
12 are elastic compliance constants and X is the uniaxial 

Calculated values for GaAs are Sll = 1.173 and S12 = -0.366 

? units of 10 -12 -1 
dyn cm2).22 

The basis functions for the valence band states are taken as the 

set of IJM~> functions which diagonalize the spin orbit interaction. 

Using wave functions referred to the [OOl] direction, the Hamiltonian 

matrix for the valence bands at T becomes 
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v1 v2 v3 

fA-6H-+6S 0 0 

- 
- 6H++6$ L + Bs 

2 -- 
3*- 'H 

(2.16) 

where 6 H = a(Sll -I- 2S12)X is the shift of the band gap due to the hydro- 

static component of the strain, and rSs = 2b(Sll - S12)X is the linear 

splitting of the V1 and V2 bands at P due to the shear strain. 

For 6s << A the mixing of the V2 and V3 bands can be neglected. 

The resulting interaction matrix for spin-orbit and strain at k=O is 

diagonalized by IJMJ> states quantized along the strain axis. The 

"center of gravity" of the P 3,2 multiplet shifts by 6H and the fourfold 

degeneracy at I' splits by 6s into two doubly degenerate bands. The 

valence wave functions are again given by Eq. (2.12), but in this case 

8 and Cp are the polar angles of the strain axis. 

Pollak and Cardona20 report the values 6H = 3.8 t 0.2 meV/kbar and 

6s = 6.2 t 0.3 meV/kbar. For compressive strain,-the V2 band moves up, 

and the VI band moves down in energy with respect to their average energy. 

2.4. Band Structure Near r 

Under the restrictions that ?i2k2/2mA << 1 and 6,/A << 1, approxi- 

mate energy eigenvalues for the upper valence bands are obtained by 

diagonalizing the k-p, spin-orbit, and strain interactions within the 

four-fold P 
312 

multiplet. Pikus and Birl* give the following 
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eigenvalues: 

El 2(k) = Ak2 + as f [Ed + ssk + ss] 
l/2 

, 

where E k, sS, and ssk are given by 

sk = B2k4 + C2(k;k; + k;kz + k$c22] (2.17b) 

E = 
S < Ek,, - Eyy12 + kXX - Ezz12 + kYY - Ezz121 

+ d2(ciy + cf, + c2 ) 
YZ 

(2.17a) 

(2.17~) 

Esk = + k2s 
Y YY + k;czz) - kz,] 

+ 2Dd(k k E +kks 
XYXY x z xz +kks 

Y z YZ > (2.17d) 

where the relations between the coefficients C and D in Eq. (2.17) and 

the components of the k-p interaction matrix in EC1 (2.7) are defined by 

C2 = 4 [N2 - (L-M)2] (2.17e) 

D2 = C2+3B2. (2.17f) 

For zero strain, the eigenvalues defined by Eqs. (2.17a) and 

(2.17b) reduce to the well known "warped" or "fluted" energy surfaces 
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El 2(k) = Ak2 f [B2k4 + C2(kGk; + k;k; + k3;)] 
l/2 

(2.18) 
, 

where (1) and (-) refer to the heavy hole band and (2) and (+) refer to 

the light hole band. Cyclotron resonance measurements give mass 

parameter values of A = -6.98 5 0.02, B = 4.4 1: 0.2, C = 6.2 f 1.0 

(units of ti2/2m).23 

Expressions for the effective masses averaged over Ttk directions are 

* * 
ml 1 m2 1 
iii- = A-B' and ii- = A+B' (2.19) 

where B' = [B 2 - C2/6] 1’2. The resulting values of ,I;/, = 0.52 and 

mt/m = 0.08 agree within 20% with a calculation of the density of states 

effective masses by Lawaetz.24 

Under large [OOl] strain the tops of the valence bands decouple and 

the energy surfaces are given by 

6 
El(k) = (A ++ B)k; + (A-B)k; +$- (2.20a) 

E2(k) = (A - + B)k; + (A+B)kf - z- (2.20b) 

where k 2 2 2 2 = k2 
1 =kx+kyandk,, z. 

These surfaces are ellipsoids of revolution, one oblate and the 

other prolate,25 with their symmetry axes along [OOl]. The density of 

states effective masses in this case have the values 
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and 

* 
ml = 1 

3 

l/3 
ii- = 0.17 

( A + + B)2(A-B) 

* 
m2 

I 

l/3 
-= = 0.16 m (A - $ i)2(A+~) 

(2.21a) 

(2.21b) 

showing that under large deformation the maxima of the bands can not be 

distinguished as "heavy" and "light" but rather have nearly identical 

effective masses. The band structure and constant energy surfaces for 

GaAs in the presence and absence of strain are sketched in Fig. 2.1. 

2.5. Model Wave Function for the Complete Hamiltonian 

The valence band wave functions must in general be obtained by 

diagonalizing an 8x8 interaction matrix for the complete Hamiltonian 

H = Hk.p +D+H so l 

(2.22) 

No known author has displayed a general solution for arbitrary values of 

strain and linear momentum. It shall be assumed that near the band edge 

the wave functions have the form 

(2.23) 

where the u are restricted to Bloch wave functions of J = 3/2 with 
P 

MJ = 1-1 (FI = ?1/2, +3/2). The Kane model solutions discussed in Sec. 2.3 

for the limiting cases of bs >> Ek and Ek >> bs (Ek = %2k2/2m*) 
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correspond to Cum(d) = Dim(9s,$s) and Dim(Ok,$k), respectively, where 

(es,@,) are the polar angles of the strain axis and (ek,$k) are the 

polar angles of z with respect to the z-axis defined by the optical 

pumping beam. When the strain and k-p interactions are comparable, i.e., 

where Ek '~1 cSs , it shall be assumed that the approximate wave functions 

are of the form: 

= a(Z) 1 u 
I-r 

1-I D:M(es'+s) + b(d) 

E a(%> JI,, + b(z) JI,, - 

(2.24a) 

(2.24b) 

This trial solution is a linear combination of the two wave functions 

which comprise the two limiting cases, which have known angular momentum 

properties. For a particular direction and magnitude of strain, the 

coefficients a(%) and b(d) are expected to depend on both the direction 

and magnitude of k. However, by analogy with perturbation theory, the 

admixture of $sm and $,, is expected to be of the order S/S,. There- 

fore, as an educated guess, the approximately normalized amplitudes ($,, 

'and $, as defined are not orthogonal), averaged over % directions, are -. 

taken to be 

6 = (Ep,) [l + (q/6,)2]-1'2 . 

(2.25a) 

(2.2513) 
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Equations (2.24) and (2.25) represent an approximation to the 

valence band wave functions in uniaxially stressed GaAs. It is assumed 

that the conduction band wave functions are not significantly affected 

by stress and remain the spherically symmetric functions S+ and S+. In 

Chapter III these wave functions are applied to a calculation of the 

conduction electron spin polarization produced by band edge optical 

pumping. In Chapter V the results of the calculation are compared with 

the data to determine the quality of the theoretical estimate. 
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Chapter III 

OPTICAL PUMPING AND POLARIZED PHOTOLUMINESCENCE 

3.1. Density Matrix Description of Electron Spin Polarization 

3.1.1. General formalism 

A system of electrons which populate a set of spin states $ can be n 

characterized by a spin density operator f which is defined by26 

f 5: c Nn ly Qq 
n 

(3.1) 

where Nn is the number of electrons in state I/J . n 

Once a basis of spin states /m> (m = f1/2) is chosen with respect 

to a particular spin quantization axis z, the representation of f in this 

basis forms the spin density matrix f whose matrix elements are 

f mm' = 1 Nn <m/q,> Qnlm'> . (3.2) 
n 

-. 

The average spin polarization of an electron in the system 

described by f is a vector ss given by 

(3.3) 

where z = ky, + io 
Y 

+ Lsz and u , a x Y 
and o z are the Pauli spin matrices. 

The density matrix can conveniently be written as 
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(3.4) 

where N = 1 Nn is the total electron population. The matrix elements 

can also be written 

f mm' = $ @,,I + GmmAs) ' (3.5) 

3.1.2. Density matrix for interband optical absorption 

The density matrix describing the spins of conduction electrons 

which are photoexcited from a state of momentum k in valence band V is 
n 

given by 

,(n> 
mm' = C 1 <mIdqIkMn> <kMnldq/m'> 

Mn 
(3.6) 

where C is a proportionality constant related to the intensity of the 

pump beam and dq is the dipole moment operator for light of polarization 

q* The conventions for designating the optical polarization are 

described in Fig 3.1. The summation in Eq (3.6) is over the magnetic 

sublevels of the valence band V 
n' 

These levels are assumed to be 

degenerate for the purposes of this discussion. The heavy-hole valence 

band is conventionally designated as Vl (Ml = +3/2) and the light-hole 

band as V2 (M2 = +1/2). 

In Chapter II it was shown that the wave functions representing the 

band edge valence state IkM> are given by Eq. (2.8) in which (e,$) are 



-26- 

mJ: 

(a) Left 

-- 
+3/2 

(b) Right 
Circular 

(qo 1) - c- =- 

(cl Linear 

8-81 -- 3885A26 

Fig, 3.1. Conventions for designating optical polarization. 



the polar angles of the momentum vector g (zero stress case) or the 

strain axis (infinite stress case). Substitution of Eq. (2.12) in 

Eq. (3.6) gives an expression for the density matrix in terms of the 

rotation matrix D3'2 and the Wigner 35 symbols: 

-27- 

,(n) = c D3/2 
mm' m-q J 

D3/2 (-1)l-m-m' 
M m'-q,M "1) 

(3.7) 

where q = +l for u + and o- polarized incident light. Choosing q = +l 

for definiteness, the spin density matrix for conduction electrons 

excited from the heavy-hole valence band is given by 

( 
2 sin2f3 - jj 3 sin2ee 10 

f(l) 1 = 

12 . 
3 
-g sin2ee iQ ;+: 

2 
cos e i 

For light-hole band excitation the density matrix becomes 

f(2) -1 
=12 

1 3 2 
--q sin 8 3 

iy sin2ee iQ 

3 9 2 
z sin2ee i+ x sin 8 1’ . 

(3.8a) 

(3.8b) 

The component of the electron spin polarizaiton vector that is 

parallel to the optical pumping beam is given by 
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p(n) - p 
Tr (f(")o 'I Z' 

sz sn = Tr (f(")) 
. 

Substitution of Eqs (3.8a) and (3.8b) in Eq (3.9) gives 

P 2c0s2e = - 
sl 1 + c0s2e 

and 

P 2- 6sin2e 
s2 = 2 + 3sin2e 

. 

(3.9) 

(3.1Oa) 

(3.10b) 

The angle e is the polar angle between the quantization axis of the 

valence band state and the propagation direction of the absorbed optical 

beam. The expressions in Eq. (3.10) are graphically presented in 

Fig. 3.2. 

In the optical pumping process, electrons with a variety of 

k-vectors contribute to the conduction electron spin polarization. 

Assuming conservation of momentum, the k-vector of an electron 

immediately after excitation is the same as that of-its initial state 

since the momentum of the absorbed near infrared photon is negligible 

compared to the minimum thermal electron momentum. The total density 

matrix is the integral over all values of f(k) consistent with the 

absorbed photon energy: 

F m' = b----- d3k 1 6[Ec(k) + EV 
(~IT)~ n n 

(k) + Eg - hv] f&+k) . (3.11) 
n 
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Fig. 3.2. Dependence of spin polarization on angle between the spin 
quantization axis of the initial state wave functions and 
the pump beam direction. 
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Let K = Tr(F) = 1 Kn and R = Tr(Fo) = 1 R where n 

K = n &[Ec(k) + EVn(k) + Eg - hv] Tr(f 
(n)) (3.12a) 

n 

and 

d3k R,=+--- 
(271)3 

b[Ec(k) + KV (k) -I- Eg - hv] Tr(f(")o,) (3.12b) 
n n 

where E,(k) and EV (k) are kinetic energies measured from the band edges 
n 

labeled by their subscripts. The spin polarization per electron excited 

from Vn therefore is 

P Rn 
sn = 7' 

The average spin polarization of the total system of conduction 

electrons Ps is given by 

lRn NP +NP 
ps=n r 1 sl 2 s2 

1 Kn 
Nl+N -- 

2 
n 

(3.13) 

(3.14) 

Ghere NT1 is the number of electrons excited from V The values of N n n 

are proportional to the absorption coefficients e,(hv) for each valence 

band. The spin polarization values Psn have a dependence on hv because 

of the energy variation of the valence band wave functions which are 

given by Eqs. (2.24) and (2.25). 
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3.2. Spin Polarization for Optical Pumping Near the Band Gap 

In the limiting cases of zero or infinite stress, the quantities 

Tr(fu) and Tr(f) are given by the numerator and denominator of Eq. 

(3.10a) for Vl excitation and Eq. (3.10b) for V2 excitation. At zero 

stress, e is the polar angle of k. If the warping of the constant 

energy surfaces away from spherical shapes is neglected, the integrals 

in Eq. (3.12) are separable into radial and angular parts. The spin 

polarization functions Psn defined by Eq. (3.13) are 

P 
J dnk (-2c0s2ek) 

sl = 
= 

/ dnk (1 + cos2ek) 
-0.5 

and 

P 
J dQk (2 - 6Sin28k) 

s2 = 
= 

1 dnk (2 + 3sin2ek) 
-0.5 . 

(3.15a) 

(3.15b) 

The significance of the minus sign is that the spins are oriented 

opposite to the angular momentum of the photons in the incident beam 

(the remaining angular momentum is delivered to the holes). 

Equation (3.15) combined with Eq. (3.14) show that lpsnl = 0.5 or 

50% in an unstressed crystal independent of the exact proportion of 

electrons excited from each valence band. 

In the limit of infinite stress, the angle e in Eq. (3.10) is fixed 

by the geometry of the stress axis and the optical pumping beam and thus 
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the averaging over k-vector directions in Eq. (3.12) does not affect the 

polarization for either band. The experimental situation which 

approximates this case is one in which a uniaixial stress lifts one band 

above the other in energy and excitation occurs from the edge of the 

higher band so that Nl >> N2 or vice versa. Under a compressive stress, 

a theoretical maximum spin polarization of -0.8 occurs for N2 >> Nl with 

e = 9o". In principle, uniaxial tension and band edge excitation 

causing Nl >> N2 will result in a theoretical maximum of 1.0 for 

0 = o". As a practical matter, the choice of compressive stress and 

the 90' geometry is dictated by the much higher strength of brittle 

gallium arsenide under compression compared to tension and the 

adaptability of the geometry to a photoemission electron source in which 

the surface must be exposed to ultrahigh vacuum. 

To approximate the regime between the two limiting cases discussed 

above, the approximate wave function defined by Eq. (2.24) is 

substituted in the spin density matrix of Eq. (3.6), which becomes 

+ 1 [ab* <m(dl$sM> <$kM]d]m'> + Cc.]} . (3.16) 
M 

The total density matrix is obained by insertion of Eq (3.16) in 

Eq. (3.11). In Eq. (3.16), the first and second terms have density 

matrix elements previously calculated for the zero and infinite stress 

limits. The third and fourth terms contain factors which might be 

expected to exhibit large phase and amplitude changes as the direction 

of k is varied in the integrals of Eq. (3.12) since the linear 
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combination of IJMJ> states which makes up the exact solution will vary 

with the direction of k. The assumption will be made that the the third 

and fourth terms of Eq. (3.16) can be dropped without serious error. It 

is noted that this assumption is suggested here for the first time to 

obtain an approximate expression for the stress dependence of the optical 

pumping spin polarization and has not been proposed or tested in any 

previous work. 

Substituting the first terms of Eq. (3.16) in Eq. (3.11), using the 

values of the a and b factors given by Eq. (2.25), and making the simpli- 

fying assumption of spherical energy surfaces, the conduction electron 

spin polarization as a function of the ratio of energy eigenvalues for 

V2 optical pumping becomes 

2- 6sin2t3 
P S - 2(Ek/6s)2 

= 
s2 2 + 3sin20s + 4(Ek/6s)2 

and for VI optical pumping is given by 

P = 
(-2COS28s) - 2(Ek/6s)2 

Sl (1 + cos2es) + 4(3k/6s)2 l 

(3.17a) 

(3.17b) 

These functions are plotted in Fig 3.3 for the case of 0 = 90' and in 

Fig. 3.4 for 8 = 0'. 

3.03. Luminescence Polarization 

According to the correspondence princple, recombination lumines- 

cence can be regarded as the radiation of a dipole moment equal to the 

matrix element of the corresponding interband transition. The compon- 

ents of the E-field of the recombination radiation can therefore be 
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Eig. 3.3. Dependence of spin polarization on the parameter ratio 6/E 
for optical pumping of light-hole (V2) and heavy-hole (Vl) 
valence bands at 90' to the stress axis. 
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Fig. 3.4. Dependence of spin polarization on 6/E for optical pumping 
parallel to the stress axis. 



calculated from the density matrix for the combined system of electrons 

and holes. For the case of weak excitation of a p-type crystal, the 

holes are assumed to be completely unoriented and the electron-hole 

density matrix reduces to that of the electron system alone.7 Thus 

(3.18) 

where F mm, is given by Eq. (3.11) in which hv now refers to the 

luminescence photons. m(m') labels the state of the electrons and p(u'> 

the state of the holes which recombine to emit the luminescence. In 

terms of the luminescence polarization components (d+1)2 and (d-1)2 the 

luminescence circular polarization P is given by 
u 

P =I 
d+12- d-12 

u (d+1)2 + (d-1)2 ' 
(3.19) 

An exact relation between Po and Ps can be given without explicit 

calculation of the components of F, since Ps and F obey the general 

relation defined by Eq. (3.5). The partially relaxed spin polarization 

PA at the average time of recombination is related to the polarization 
-. 

at the instant of excitation by 

P; = Ps 
=S 

T 
S + 'r 

(3.20) 

where T 
S 

and T r are the spin relaxation and radiative lifetimes, respec- 

tively. Substituting Eqs. (3.5) and (3.18) in Eq. (3.19), and making 

the correction indicated by Eq. (3.20), the relation between lumines- 

cence circular polarization and spin polarization is given by 
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P Ts = 
'h's ?s + or case . 

0 
(3.21) 

Ph is the hole coupling factor, which is identical to the spin polari- 

zation at a value of hviaser = hulum. 8 is the angle between the opti- 

cal pumping beam and the direction of observation of the luminescence. 

-. 
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Chapter IV 

EXPERIMENTAL EQUIPMENT 

4.1. System Overview 

The experimental apparatus was built for the study of polarized 

photoluminescence in an optically pumped GaAs sample cooled with liquid 

nitrogen and subjected to a large uniaxial strain. The excitation light 

can be provided either by a pulsed, tunable infrared dye laser or by a 

cw helium-neon laser. The polarization of the laser light can be either 

linear or circular; the luminescence light can be resolved into linear 

or circular polarization components and recorded as a function of wave- 

length. Polarized photoluminescence spectra recorded under various 

conditions of excitation light and sample strain provides information 

on the shape, shift, and splitting of the absorption edge, as well as 

on the conduction electron spin polarization. 

The components of the experimental setup are grouped into three 

subsystems: the GaAs sample and low temperature stress apparatus, the 

tunable dye laser and optical system, and the signal processing 

electronics. The design and performance of each subsystem will be 

discussed in turn. 

4.2. GaAs Sample Preparation 

Wafers of GaAs 2.0 mm thick and cut perpendicular to the COO11 

crystal axis were used.27 p-doping with a quoted Zn impurity concen- 
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t-ration of N, = 1 X 10 
18 -3 

cm was used in these experiments. This value 

of the doping density is roughly the minimum amount required for 

degenerate doping with shallow acceptors and is a compromise between 

requirements for actual NEA cathode operation and band-tailing effects. 

Heavy doping is required to give a low resistivity in a cathode to 

support high currents and provide a narrow band-bending region near the 

surface.4 On the other hand, the width of the band-tail on the density 

of states increases a N 112 
a (see Sec. 5.5) and is expected to limit the 

stress-induced increase in the optically pumped electron spin polari- 

zation. 

To detect photoluminescence in the presence of scattered laser 

light that is tuned close to the band gap, it was necessary to use 

samples with highly polished, specular faces in order to reduce the 

scattered intensity. A chemical polishing-etch was used to prepare the 

surface of the entire wafer prior to dicing. The wafer was held by 

Nalgene tweezers, dipped in a 4:l:l solution of H2S04:H20:H202 at 50°C, 

agitated for three minutes, then thoroughly rinsed in distilled water.28 

This method produced highly specular surfaces. Some "orange peel" 

ripple and etch pits were usually found because of--the difficulty in 

getting sufficiently turbulent flow over the surface of the wafer while 

etching. However, the peroxide-acid etch described above produced a 

polish superior to that obtained either by mechanical polishing with 

diamond paste or by chemical-mechanical polishing with a weak solution 

of bromine in methanol. The etching process reduced the wafer thickness 

to approximately 1.65 mm. 
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The wafers were then sawed into rectangular chips approximately 

3.5 mm by 6.5 mm with sides parallel to (001) planes. Since the (011) 

planes are the dominant cleavage planes in GaAs, azimuthal orientation 

was performed by making a test cleave in one comer of the wafer. The 

<OOl> directions were taken to be at 245' to the cleaved edge. 

The corners of the rectangular sample chips were required to be 

accurate 90° angles to prevent crushing the sample by unbalanced shear 

forces when stress is applied. These were produced by the motion of two 

transversely mounted, coupled translation stages on the table of a 

diamond wire saw.2q Figure 4.la shows the setup for sawing the wafers. 

The wafer was advanced against the 0.2 mm wire by the pull of a 

weight hung over the side of the table. After each cut, the wafer was 

pushed back of the wire and stepped transverse to the cut by a lead 

screw. After one set of parallel cuts was made, the wafer was rotated 

by 90' for a transverse set of cuts. 

The faces and corners ofthe samples were protected from scratching 

and chipping during the sawing operation by sandwiching the wafer 

between two 3.5 mm thick graphite slabs with a jeweler's wax. The 

sandwich was then bonded to a supporting slab of a.aphite with tooling 

wax, and this slab was clamped to the top translation stage. The saw 

was set up to cut completely across the wafer, but not through the wider 

supporting layers of graphite; the severed GaAs chips were thus held in 

place during the entire sawing operation. The melting temperatures were 

60°C for the tooling wax and 90°C for the jeweler's wax, so that after 

one set of parallel cuts had been made, the sandwich could be warmed to 

60°C, removed intact from the supporting slab, rotated by 90°, and 
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Fig. 4.1. Photographs of the diamond wire saw and translation stage 
(a) and the polishing disc (b) used for preparation of 
GaAs samples. 
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rebonded. Accurate 90' rotation was achieved simply by using the edges 

of the graphite squares for alignment. 

Inducing a large uniaxial strain without shattering the sample 

required that the opposing compressive forces be applied evenly on 

smooth, flat, parallel edges. After dicing, the rough-edged chips were 

stacked face-to-face in a circular polishing disc with three radial 

slots and waxed in place. The edges against which the stress would be 

applied were exposed above each side of the disc. Figure 4.lb shows the 

loaded polishing disc. The edges were ground flush to the disc surface 

using a water suspension of platelet alumina30 on a glass plate with a 

particle size sequence of 30, 12, and 3 microns. Finer grinding or 

polishing was found to be unnecessary. 

The dimensions of a completely prepared sample chip was typically 

5.7 x 3.5 x 1.65 mm. Pressure was applied to the smallest opposing 

edges. The dimensions of each sample were recorded prior to use to 

obtain an accurate stress calibration. 

4.3. Uniaxial Stress Apparatus 

The stress apparatus was designed to meet the_-following require 

ments: 1) accurately monitored and controlled uniaxial pressure up to 

at least 3 ~10' dyn -2 cm (3 kbar); 2) sample cooling with liquid 

nitrogen or liquid helium; 3) optical access for the laser and lumines- 

cence beams; and 4) an easily detachable sample and anvil structure 

that could be bench-assembled prior to installation in the system. 
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A pneumatic stress device was machined as a cold finger attachment 

to a Hoffman cryostat that can use liquid nitrogen or liquid helium as 

a coolant. 

Figure 4.2 shows a drawing of the apparatus and Fig. 4.3 is a photo 

of the assembly. The apparatus consists of three sections which are 

mated by 1.27 mm pitch machine threads. A cold plate was permanently 

attached to the base of the cryostat's inner chamber. The assembly 

containing the anvil, sample, and piston was threaded into the cold 

plate and secured with a lock nut. The bellows assembly was fitted 

directly below. The central section contained a small bellows which 

was used as a spring to seat the sample, anvils, and piston together. 

The parts were machined from OFHC copper and were silver plated to 

reduce radiation heating and improve thermal contact. The anvils were 

made from 1.59 mm tool stock, precision ground to parallelism and 90' 

angles. Strips of annealed gold foil were placed between the anvils and 

the sample to smoothly distribute the force over surface irregularities 

to achieve uniform pressure. Anvil squirm transverse to the direction 

of force was controlled by ball plungers.31 These were tightened 

against the front of the anvils without twisting them out of alignment. -. 

The sample was held against the cold finger with beryllium copper tabs. 

The stainless steel bellows32 was sealed by TIG-welded stainless 

end plates. The bellows was purged of air and pressurized with helium 

gas by two 1.65 mm o.d. stainless capillaries welded into the bottom 

end plate. These were passed through the vacuum wall beneath the cold. 

finger via bulkhead fittings. The tubes were coiled to reduce thermal 

conductance and to prevent strain on the welds. The bellows had an 
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Fig. 4.2. Drawing of the low temperature stress apparatus. 
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Fig. 4.3. Photograph of stress apparatus. 
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effective area of 15.0 cm2 and a rated maximum working pressure of 

21.5 bar. The relation between the sample stress x inside the evacuated 

system and the bellows gauge pressure P 

line was given by 

b measured on the external fill 

x = $ (l + pb> (4.1) 

where A/a is the ratio of the bellows effective area to the sample edge 

area. For a typical sample edge area of 6.4 mm2, the system gave a 

pressure amplification factor of 233x. With careful assembly, sample 

pressures in excess of 4 kbar (4x10' dyn cmB2) were reached. The 

' typical sample breaking pressure in this system corresponded to about 

l/3% strain. The intrinsic breaking strain of GaAs is about 1.2%.33 

The breakage mechanism of samples in the system was probably due to 

anvil squirm under high load. 

The temperature of the cold finger was measured using either a 

forward biased diode or a carbon resistor as a thermometer. The tempera- 

ture of the gallium arsenide sample was estimated within tlO°C from the 

peak position of the luminescence band using the Varshni equation.57 

Presumably because of the limitations of the thermal contacts within 
-. 

the system, liquid nitrogen cooled the cold finger to =90°C and the 

sample to =lOO°C. Liquid helium brought the cold finger to 20°C but 

the sample temperature only dropped to 80°C. Adequate measurements 

were possible with liquid nitrogen and all data reported pertain to 

a sample temperature of *lOO°C. 
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4.4. Tunable Infrared Dye Laser 

A light source tunable from 80008 to 85008 was required for band 

edge optical pumping of GaAs p-doped in 10 18 -3 cm range at lOOoK. A 

design goal of a bandwidth at least ten times narrower than the maximum 

valence band splitting was set. Tests showed that uniaxial stress of 

3 to 4 kbar would be feasible, resulting in a splitting of 15 to 20 meV. 

By the criterion stated above, this required a bandwidth of 101s or less 

at a wavelength of 80008. An additional requirement was established from 

early helium-neon laser excited photoluminescence measurements. Using a 

slit resolution of 208, the scattered intensity at 63288 was *lo3 brighter 

than the peak of the luminescence band. The background intensity of the 

light source was therefore required to be =10m5 below the peak intensity 

to allow a luminescence polarization measurement accuracy of 1%. 

These requirements could most easily be satisfied by a tunable dye 

laser. Since the ultimate goal of the experiment is the development of 

a pulsed photocathode compatible with SLAC operating requirements,34'35 

a pulsed dye laser was constructed. A flashlamp dye laser36 was 

available from the SLAC PEGGY II polarized electron source. However, 

since flashlamp excitation of dyes which lase at wavelengths longer -- 

than 75008 leads to rapid photodecomposition, a secondary laser was 

constructed to be optically pumped by the flashlamp laser output by 

focusing its beam'at the edge of the cuvette with a cylindrical lens. 

Figure 4.4 shows the ir laser resonator. It is a simplified ver- 

sion of-the well-known "Hansch-type" dye laser.38 Because the pump 

laser had a relatively low peak power (~10 kW), a long pulse length 

( > 1 w=) , and the bandwidth requirement was modest, a single 30 cm 
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focal length lens was used to expand and collimate the internal beam. 

The system is similar to one described by Passner and Venkatesan3g with 

the addition of a 50% reflecting output mirror and a dye flow loop. 

Tuning was accomplished by dispersive feedback from a 1200 groove/mm 

gold coated diffraction grating, the center wavelength being given by 

the autocollimation relation h = 2dsin8, where d is the groove spacing 

and 0 is the autocollimation angle. 

The dye cell was a quartz spectrophotometer cuvette40 with the 

bottom ground off. All infrared dyes are soluble in dimethyl sulfoxide 

(DMSO); therefore the components of the flow system were DMSO compatible 

materials such as teflon, silicone rubber, polyethelyne, and 304 or 316 

stainless steel with passivated welds. A gear pump41 and a 1 micron 

filter42 were in the flow loop. 

The ir dye was either DOTC or HITC, both at 2x 10 -4 M concentrations 

in DMSO. Tuning curves are shown in Fig. 4.5. The flashlamp laser was 

operated most often with a 7 x 10 -5 M solution of oxazine 720 in methanol 

(710 nm, untuned). Sulfarhodamine in a 1:l solvent mixture of methanol 

and water (664 nm) produced similar pumping performance.43 

For a 9 mJ, 1.5 usec pump pulse, the peak output was 12 uJ for DOTC -. 

and 7 LIJ for HITC in a 250-500 nsec pulse. Figure 4.6a gives an oscillo- 

scope trace of the pulse shapes. The ir pulse was significantly shorter 

than the pumping pulse. Self termination of the ir pulse was probably 

due to perturbations of the optical path through the dye caused by shock 

and thermal gradients.3g 

Spatial and spectral properties of the output beam were character- 

ized by a divergence of 20 mrad and a bandwidth of 78 fwhm. A 0.5 mm 
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Fig. 4.6. Oscilloscope traces of flashlamp and i.r. dye laser 
pulses at 0.5 psec/div (a), and gated integrator input 
and output signals at 2.0 psec/div. 
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aperture was used next to the dye cell on the interior side of the cavity 

to suppress a long wavelength tail on the output spectrum. To reduce the 

background superfluorescence in the output beam and eliminate parasitic 

lasing between the cell walls, the dye cell was tilted at an angle of 5' 

with respect to the pumping stripe. Alignment was performed by tight 

focusing into DOTC, which emitted visible superfluorescence. The pro- 

cedure was greatly aided by the use of a hand-held infrared viewer. 

After careful alignment and with fresh dye solutions in both lasers, 

the stability of the ir pulse was better than 20%. This figure was 

strongly dependent on the triggering rate of the system because of the 

slow flow rate at the interior wall of the ir laser cuvette. At 3 liter/ 

min flow, the repition rate was kept below 20 pps to obtain the quoted 

stability. 

4.5. Optical System 

A schematic of the optical setup is shown in Fig. 4.4. The tunable 

dye laser was used for optical pumping of the gallium arsenide sample 

near the band gap. The helium-neon laser was used when accurate spectral 

lineshapes were required. The incidence angle of the dye laser beam on 

the sample was 20° from the surface normal; the luminescence light was 

collected in an f/8.5 cone centered on the surface normal. A ray tracing 

of the luminescence beam through the imaging optics is shown in Fig. 4.7. 

The telescope had a magnification of'z1.3~ and provided f-number matching 

to the f/10 spectrometer. The illuminated spot on the sample was approx- 

imately 0.25 mm fwhm. An entrance slit width of 0.5 mm was possible 

without occulting the image of the laser spot on the sample face. The 
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spectrometer was a one meter McPherson with a 300 groove/mm grating 

blazed at 70008. The dispersion at the exit slit was 33A/mm. 

Production and analysis of circularly polarized light was performed 

with standard combinations of retardation plates and linear polarizers 

in the laser and luminescence arms. The normal procedure for measuring 

luminescence polarization was to fix the position of the laser quarter 

wave plate and alternately position the waveplate in the luminescence 

arm to transmit either CI + and u- circular polarization, or vertical and 

horizontal linear polarization. To avoid steering the entrance slit 

image, the luminescence waveplate was placed at the intermediate image 

of the telescope. Since the cone angle was 3' centered on the optic 

axis of the telescope, the effect of angular spread on the polarization 

measurement was negligible. 

Ideally one would expect the luminescence circular polarization to 

change sign but not magnitude when the sense of laser polarization is 

reversed. There were several possible systematic error sources which 

could affect the polarization measurement: non-normal incidence of the 

optical pumping beam, non-ideal phase or angle between the fast and slow 

axes of the retardation plates, birefringence in the Pyrex pipe vacuum 

jacket, and piezobirefringence in the strained gallium arsenide sample. 

The contribution of each of these potential effects is estimated below. 

To analyse the polarization effects of an optical device, use is 

made of the Jones Calculus.44 The E-vector for polarized light propa- 

gating in the z direction is represented by the Jones vector 
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E = 

i 

ic 
a e X 

X 

. 

a elEY 
Y 

(4.2) 

where a and a 
X Y 

are the real values of the x and y time-averaged 

electric field and &X and E 
Y 

are the relative phases of each component. 

The matrix for a non-retarding plate with principle axes in the x and y 

directions is 

Mp = 

[ 

t2 
X 

0 

0 

t2 
Y 

(4.3) 

where t and t 
X Y 

are the amplitude transmission coefficients for x and y 

polarization components. 

The matrix for a linear retarder with a fast x axis and retardation 

6 is given by 

M, = 

.i6/2 0 

I I- 

. 

0 e -1612 

(4.4) 

The effect of a device on the polarization of the light is found by 

multiplying the light vector on the left by the device matrix. For a 

normalized Jones vector, the degree of circular polarization is given by 

pu = 2ax aY sind 
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where 6 = E - E The transmitted E-vector is related to the incident 
X Y' 

E-vector by 

Et = Mn . . . Ml Ei . 

With these equations the analysis of systematic effects can proceed. 

1. Non-normal'incidence of the laser beam on the sample 

The absorbed beam is transmitted into the sample at an angle et 

given by Snell's law 

sin8 = t L sin0 
ITi i (4.7) 

where G is the complex index of refraction 6 = n(l+iK). The imaginary 

part of I? is related to the absorption coefficient e. at wavelength 

a = 4lTnK 
0 

xo l 

(4.8) 

The change in polarization of the optical pumping beam after penetrating 

the crystal can be calculated using the Fresnel formulae for trans- 

mission. The real part of the refractive index in gallium arsenide is 

n = 3.5. Assuming a value for the absorption of CC= lo4 -l at cm 

X = 0.8 x 1O-4 cm, one obtains K = 0.02. Substitution into the Fresnel 

formulae with ei, = 20' gives the ratio of the transverse to parallel 

transmission amplitudes:45 

t 
I 

= 0.97 e -(O.OOOS>i 
t . (4.9) 

II 

If the Stokes vector for the incident light represents perfect 

circular polarization 
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(4.10) 

then the Stokes vector for the light transmitted through the sample 

surface is 

Et = 

I 

0.696 e 
i[(1r/2)-0.0008)] 

0.718 L 

. (4.11) 

Substitution in Eq. (4.5) gives the value Pot = 0.9995 ; therefore 

the amplitude and phase changes resulting from transmission through the 

surface produce a negligible change in the degree of circular polari- 

zation of the laser light. To a high degree of accuracy the crystal 

acts simply as a high index refractor, and the transmission angle is 

obtained from Eq. (4.6) by neglecting the complex part of G; for 

Bi = 200, one computes 9 = 5.6’. 
t 

The polarizaton vector for the electron spins is aligned along the 

axis defined by 13 . The photoluminescence is detected along the crystal 
t 

surface normal. From Eq. (3.21) the detected luminescence polarization 
-. 

is related to the spin polarization by 

pu = Ph Ps coset = 0.995 Ph Ps . (4.12) 

The effect of non-collinear luminescence and spin polarization axes is 

thus well within the experimental accuracy; furthermore it cannot cause 

a systematic asymmetry in the measured value, only a slight uniform 

reduction. 
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2. Nonideal waveplate retardation 

From Eq. (4.5) it is seen that neither a difference in transmission 

for polarization components along the fast and slow axes, a deviation of 

6 from the ideal value of n/2, nor nonideal alignment with respect to 

the linear polarizer can produce a polarization asymmetry so long as 

the two azimuthal positions of the waveplate are exactly 90' apart. 

With the optical rotation stages used, angular accuracy was better than 

-+0.5O. Therefore only a uniform reduction in the degree of o' and Q- 

polarizations could occur due to these effects. Since the degree of 

circular polarization of the reflected laser light was greater than 95%, 

the combined effect of both waveplates was less than a 5% reduction in 

polarization. 

3. Birefringence of the vacuum window 

The Pyrex pipe used as a transparent vacuum wall around the gallium 

arsenide sample and stress apparatus was annealed to relieve strain 

birefringence. After several furnace cycles, examination of the pipe 

between crossed polarizers showed that some strain remained. Given its 

fixed position in the optical system, the pipe couid have produced a 

polarization asymmetry. This effect is represented by Fig. 4.8. 

However, when the system was set up to take the data reported herein, 

the magnitude of luminescence polarization from unstrained gallium 

arsenide was reproduced to within +l% when the laser and luminescence 

waveplates were both flipped by 90'. 
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Fig.- 4.8. Schematic of circular polarization asymmetry caused by a 
fixed retardation plate when the input beam polarization 
is reversed. 
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4. Piezobirefringence of the stressed GaAs sample 

At a stress of 3.5 to 4 kbar the luminescence circular polarization 

showed a 4-5% asymmetry when the pump beam circular polarization was 

reversed. The luminescence was also slightly circularly polarized when 

the pump beam was linearly polarized, These effects were not observed 

at zero stress. We believed that they are due to stress-birefringence 

in the GaAs sample. Yu and coworkers46 have measured the piezo- 

birefringence in p-type GaAs below the band gap at 300°K. They report 

-1 a phase shift of 91301~ rad cm for hv = 1.377 eV at 3 kbar stress. The 

effect of this phase shift on luminescence polarization can be estimated 

-1 by considering the sample to be a retarder of thickness c1 . Taking 

-1 o=104cm , the resulting retardation is -0.04 rad which gives a 

polarization asymmetry of sin(.04) = 4%. This qualitative estimate 

agrees quite well with the observed asymmetry in the stressed sample. 

4.6. Detection Electronics 

A block diagram of the detection electronics is presented in 

Fig. 4.9. Photoluminescence signal pulses were detected with an Sl 

response photomultiplier (PMT), which was either an RCA 7102 or an -. 

Amperex 150 CVP, cooled to -2O'C. Laser pulses were monitored with 

a PIN photodiode. PPIT pulses were amplified by a preamp circuit and 

integrated by an Evans Associates 4130 gated integrator module.47 

Signal pulses were integrated by an identical circuit. The signal 

intensity was normalized on each pulse to the laser intensity by an 

Evan 4122 ratiometer whose output was passively filtered with a variable 

time constant RC low-pass filter and recorded on a chart recorder or X-Y 
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plotter. Figure 4.6b shows typical oscilloscope traces for the PMT 

signal and gated integrator output. The precursor pulse on the PMT 

cable was due to distributed pickup of rfi produced by the switching 

of the thyratrons in the flashlamp circuitry. This was electronically 

suppressed by proper adjustment of the integrator gate width and delay 

controls. 

Low laser power at the wavelengths of interest and an erratic beam 

spot were the primary difficulties in the measurement. With the lumines- 

cence band peak at ==83008, band edge optical pumping required the use of 

HITC dye on the shoulder of its tuning curve. The range of HITC excita- 

tion wavelengths available was limited to -80508 on the short-A side by 

power drop-off and to -82758 on the long-X side by washout of the signal 

by scattered laser light. At the peak of the luminescence band, using 

a slit width of 0.5 mm and maximum PKC gain, the signal pulse typically 

2 contained -10 photoelectrons. Pulse to pulse fluctuations were much 

larger than could be attributed to photoelectron statistics and were 

possibly due spatial noise in the laser output beam. 

At 10 pps, it was empirically found that a filter time constant of 

at least 12 set was required to obtain a sufficiently steady signal for -_ 

the desired polarization resolution. Such a time constant required an 

exceedingly long scan time (> 1 hr) to record complete spectra that were 

free of filter distortion. When such spectra were recorded under these 

conditions, drifts in PMT temperature (and gain), laser power, and 

integrator offset commonly caused errors exceeding the desired resolution. 

For this reason all polarization data on dye laser excited luminescence 

was recorded at discrete wavelengths. The waveplate was alternately set 
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at each of the 2 orthogonal polarizations and the filtered output was 

recorded for a period of several minutes. Later, the recorder trace 

was sampled by hand at intervals of one filter time constant. The 

resulting sampling was treated as a set of independent observations 

of intensity of one polarization point was computed from a pair of such 

average intensities., 

When accurate spectra were required without regard to spin orienta- 

tion, as with the measurement of strain splittings, a helium-neon laser 

was used to excite cw luminescence. The signal was modulated with a 

chopper wheel and detected with a lock-in amplifier. 
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Chapter V 

DATA AND DISCUSSION 

5.1. Photoluminescence Lineshape 

5.1.1. Recorded spectra 

The photoluminescence spectrum for unstrained p-type GaAs at lOOoK 

with a quoted Zn impurity density of 1 x 10 18 -3 cm is shown in Fig. 5.1 

for excitation by a cw helium-neon laser at 63288 and for pulsed dye 

laser excitation at 8220A. The cw signal was chopped at 43 cps and 

synchronously detected using a PAR HR-8 lock-in amplifier. Typical 

conditions were a slit resolution of 108, a 3 set filter time constant, 

and a 108/min scan rate. The pulsed signal occured at a 10 pps rate and 

was detected by 2 gated integrators and a ratiometer which produced a 

luminescence signal nominally normalized to the laser pulse energy. 

The slit resolution and scan speeds were identical to the cw conditions, 

but pulse-to-pulse jitter required a 2-stage low-pass filter with a time 

constant of about 17 sec. The luminescence was collected in a direction -. 

perpendicular to the sample surface, with pulsed and cw laser beams 

incident at 20' and 10' to the surface normal, respectively. The 

specularly reflected laser beam in each case passed outside the acceptance 

cone of the luminescence telescope objective. In the case of the dye 

laser excited spectrum, the intensity of the laser relative to the 

luminescence was greatly attenuated by setting the polarization analyser 

to block the major polarization component of the scattered laser light. 
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Fig. 5.1. Photoluminescence spectra for laser excitation at 
63288 (a), and 82008 (b). 
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5.1.2. Relation between luminescence and absorption spectra 

In a semiconductor crystal at thermal equilibrium the relation 

between the absorption coefficient and emission intensity is expressed 

by the van Roosbroeck-Shockley relation48 

I'(hv) = 8m-1~ Owl2 a(b) 

h3c2[exp(g) - l] 
(5.1) 

where I'(hv) is the emission rate in photons set -1 eV-l , n is the index 

of refraction, and a(hv) is the absorption coefficient. Since near 

infrared photon energies are of interest, Eq. (5.1) can be rewritten 

I'(hv) = .&d (hv)2 
h3c2 

a(b) exp (- (5.2) 

It has been pointed out4g that for weak excitation of a crystal, 

the spectral shape of the emission is still given by Eq. (5.2) while the 

intensity increases uniformly. The scale factor can be written50,51 

I(hv) = 5 I'(hv) 
0 0 

(5.3) 

where n(p) is the electron (hole) density under excitation, and no(po) 

is the equilibrium density. 

The requirements for this expression to be valid are that: 

1) Quasi-equilibrium must be established for the carriers in each band. 

2) The nonequilibrium majority carrier density must be close to its 

equilibrium value (Ap << p, in a p-type crystal). 

The first condition will be satisfied since the thermalization 

time (-10 -13 set) is much shorter than the recombination lifetime 
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(N 10-l' set) .4g Condition (2) must be verified by estimating the den- 

sity of photo excited carriers. Let P be the power in the cw excitation 

beam and X be its wavelength. The photon flux is computed to be 

F = 
P 2 xplt+- 

(5.4) 

with Fp in photons set -1 , P in watts, and A in nm. The photocarrier 

density for steady excitation~is52 

Ap = 
(I-R)arrF 

A (5.5) 

where A is the illuminated area on the sample surface, R is the surface 

refelctivity, cc the absorption coefficient, and T r the recombination 

lifetime. For GaAs rr = 3 x 10 -10 set and R 2 0.3.53y54 

Using a 1 mW helium-neon laser for illumination, c1 * 5 x lo4 -1. cm , 

with a .25 mm diameter illuminated spot, we obtain Ap = 5 x 10 13 -3 cm . 

The excess hole density is therefore much smaller than the equilibrium 

value even allowing for wide variations in the assumed parameter values. 

For pulsed excitation, assuming a pulse width much longer than rr, the 

excitation is quasi-continuous and Eq. (5.4) can be used with P equal -. 

to the power averaged over the pulse duration. Typical dye laser pulse 

parameters were an energy of 1 J and a width of 500 nsec, so P = 2W. 

-1 For a wavelength of 820 nm, a N lo4 cm , giving Ap = 2.5 x 10 15 cm-3 . 

Again, the density of photo-holes is much lower than the equilibrium 

density; Therefore the observed spectral shape should be given by 

Eq. (5.2). 
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In agreement with the conclusions regarding the independence of the 

luminescence lineshape on the excitation source, Fig. 5.1 demonstrates 

that part of the band edge excited luminescence spectrum is emitted at 

a higher photon energy than the laser light, indicating that recombina- 

tion occurred under quasi-equilibrium conditions. The recorded spectral 

shapes for cw and pulsed laser excitation are quite close; minor differ- 

ences may well be attributed to the increased noise associated with 

pulsed as opposed to cw excitation. 

5.1.3. Determination of absorption edge from luminescence spectrum 

Equation (5.2) was used to calculate the absorption near the band 

gap from the measured photoluminescence spectrum. Since the absolute 

magnitude of the recorded intensity was unknown, the calculation gives 

cr(hv) within an overall multiplicative constant. The latter was adjusted 

to give c1 = 5x103 cm -1 at the peak of the luminescence band in agreement 

with a model calculation of room temperature absorption and emission by 

Casey and Stem.55 The result is presented in Fig. 5.2 together with 

the luminescence spectrum corrected for PMT sensitivity and converted 

to an energy scale. It is seen from the calculated curve that the 

absorption has a low energy exponential edge that-merges with a high 

energy parabolic portion. In the model of Casey and Stem, this junction 

roughly coincides with the nominal (parabolic band) energy gap. Since 

the present calculation shows this point occuring roughly at the same 

energy as the luminescence peak, the peak position was used to monitor 

the strain-induced shift and splitting of E 
g' 

as described in the next 

section. The calculated slope of the exponential absorption edge is in 

good agreement with the value of d!Lncc/dhv = 0.08 meV 
-1 obtained from 
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Fig. 5.2. Absorption edge calculated from measured luminescence 
spectrum by the van Roosbroeck-Shockley relation. 
Luminescence spectrum corrected for PMT sensitivity. 
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the data of Redfield and Afromowitz56 for uncompensated GaAs with 

p = 1.6 x 10 18 -3 cm at lOOoK. 

The temperature dependence of the band gap energy is described by 

the Varshni equation57 

2 
Eg (T) = Eg(0) - (bat T) . (5.6) 

The parameter values for GaAs are a = 5.405 X 10 -4 eV K -1 and 

b = 204°K.55 The dependence of the energy gap on the impurity concen- 

tration can be empirically included in the Varshni equation by the 

relation55 

Eg(0) = 1.519 - 1.6 x 10 -8 p1/3 eV . (5.7) 

Equations (5.6) and (5.7) were used to determine the sample tempera- 

ture independently of the diode thermometer attached to the cold finger. 

By this method the sample temperature was measured to be ~lOO°K with 

liquid nitrogen cooling of the dewar vessel. On a few assemblies of 

the stress apparatus the sample was found to be at a higher temperature, 

which is believed to be due to a loose lock ring between the cold finger 

and the base of the dewar. 
-. 

5.2. Strain Splitting of Linearly Polarized Photoluminescence 

5.2.1. Recorded spectra 

Under the conditions of zero applied stress and linearly polarized 

excitation light, the photoluminescence is unpolarized. Figures 5.3, 

5.4, and 5.5 show the change in the luminescence spectra polarized in 

the vertical plane (parallel to the strain axis) and in the horizontal 
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Fig. 5.4. Linearly polarized luminescence components at intermediate 
stress. 
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plane (transverse to the strain axis). The luminescence was collected 

at a right angle to strain axis. Detection was as described in Sec. 5.1 

for cw excitation. 

The vertically polarized (II) component preserves its lineshape while 

shifting toward shorter-h. The shape and intensity of the horizontally 

polarized (I) component changes significantly under applied stress; at 

a high stress two peaks are resolved, one aligned with the II peak and 

one at a shorter wavelength. The separation between the II and short 

wavelength I peaks are plotted against applied stress in Fig. 5.6. In 

the next section, we describe the method of calculating the band gap 

splitting as a function of applied stress from the data of Figs. 5.3-5.5. 

5.2.2. Valence band strain splitting 

The luminescence polarization is governed, via the correspondence 

principle, by the dipole matrix elements between the conduction band 

and the appropriate valence band as given in Eq. (3.18). Absorption of 

linearly polarized light creates no spin polarization and the normalized 

electron spin density matrix is obtained by setting Ps = 0 in Eq. (3.5), 

leaving 
-. 

F = 
%lm' (5.8) 

substitution.of Eq. (5.8) in Eq. (3.18) gives the relative intensities 

of each polarization component: 

&2 i = 1 <mlxil$ <I-llxilm> . (5.9) 
m 

For heavy-hole recombination, 1-1 = +3/2; for light-holes, u = *l/2. 

Substituting the appropriate wave functions from Table 2.1 it is found 
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that &i is the same for both signs of u in each valence band and that 

and 

(4V2) )2-: (@) )2 : (q2')2 = 4 : ; : $ 

(5.10a) 

(5.10b) 

where the relative scale is the same in both ratios. 

At zero strain the direction of the z-axis must be averaged over, 

resulting in zero net linear polarization for recombination with either 

band. Under a large strain the z axis is fixed, resulting in 60% 

vertical polarization for light-hole recombination and 100% horizontal 

polarization for heavy-hole recombination. 

The splitting between the heavy-and light-hole valence band edges 

was determined from the linearly polarized luminescence spectra under 

the assumption of complete orientation of the z axis along the direction 

of strain for all non-zero values of applied stress. It is assumed that 

the peak of the total emitted luminescence intensity for each band 

corresponds to its respective band gap energy. The following derivation 

relates the total intensity to the linearly polarized components 

detected in the particular direction of observation. 

Let z be the strain axis and y be the direction of luminescence 

detection. The relations between the polarized luminescence intensities 

detected from each band and the total emitted intensities are, using 

Eq. (5.10), for V2 recombination, 
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(V,) 07,) 

Ill (A) = 5 Itot (A) 

and 

*y2) (A) = i I 
07,) 

(A> 

and for Vl recombination -- 

(Vl) 
III (A) = 0 

oJ,> (Vl) 
=1 (A) = + I 0) - 

(5.11a) 

(5.11b) 

(5.12a) 

(5.12b) 

The total linear polarization intensities are found by adding Eqs. (5.11) 

and (5.12): 

(v,) 
1,p = 11, 

(v2) 
(A) + $1 0) 

(Vl) 
IlO) = I1 

(v2) 
0) + I1 0) * 

(5.13a) 

(5.13b) 

Finally, substituting Eqs. (5.11) and (5.12) in (5.13), 

ICV2) (A) = 5 II,(h) (5.14a) 

I(V1) 
(A) = q(h) - + Ill(X) . (5.14b) 

The V2 luminescence lineshape is therefore given by the recorded II 

component. The Vl luminescence spectrum was computed by subtracting 

l/4 of the II component intensity from that of the I component. The 

calculated energy gaps are plotted in Fig. 5.7 against the applied stress. 
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An approximately linear shift of each valence band with respect to the 

conduction band is observed as well as a linear valence band splitting. 

Values for the uniaxial deformation potential were taken as the ratio of 

energy splitting to applied stress for each pair of data points. Using 

experimental uncertainties of +1.8 meV and 50.16 kbar the weighted mean 

and mean standard deviation give the experimental value of 

.- 

= 4.98 rt S 0.45 x 10 -12 eV bar -1 . (5.15) 

This value is in reasonably good agreement with the value of 6.2kO.3 meV 
. 

kbar-' obtained by workers using electroreflectance spectroscopy on 

stressed GaAs crystals.20 

5.3. Stress and Spectral Dependence of Polarized Luminescence 

5.3.1. Complete spectra 

The components of circularly polarized luminescence for band edge 

optical pumping are shown in Fig. 5.8 for a high applied stress of 

3.9 ~10' dyn cm . -2 The lowest stress used corresponds to the minimum 

value obtainable in the completely assembled stress apparatus. When the 

bellows was at 0 PSIG referred to the room, evacuation of the dewar 

-2 caused a sample stress of =0.2x10' dyn cm . For all observable features 

reported in this section, this low stress was equivalent to zero. The 

high stress value of -4.0~10' dyn cm -2 was a somewhat arbitrarily chosen 

upper limit to a working range above which sample breakage was highly 

probable. 

The luminescence peak shifted from X = 83128 to 82908 as the pres- 

sure was varied from the low to high stress limits. This shift roughly 
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corresponded to the shift of the V2 band gap. This is consistent with 

the observation (cf. Fig. 5.5b) that the hole population is predominantly 

in the upper valence band at high stress. Figure 5.8 shows that, for the 

spectrometer slit resolution used, luminescence polarization measurements 

were uninfluenced by the-laser line outside a -75A window centered at the 

latter. The spectrum in Fig. 5.8 is presented to show qualitative 

features only; all quantitative polarization measurements discussed in 

the remainder of this chapter were recorded pointwise at static settings 

of stress and wavelength by the methods described in Sec. 4.6. 

5.3.2. Circular polarization at low stress 

The "unstressed" polarization at the peak of the luminescence band 

is shown in Fig. 5.9 plotted against the photon energy of the laser. 

The magnitude of Po was preserved (within the experimental error) when 

the laser polarization was switched from o' to cl-. The polarization was 

also found to be uniform across the luminescence band. The gradual 

falloff in polarization we observed with increasing hvlaser has also been 

reported by other workers using both luminescence74 and photoemission 58 

detection, and is due to the increasing admixture of the V2 band wave 
-. 

function with that of the V3 band. 

5.3.3. Circular polarization at high stress 

The polarization measured near the high stress luminescence peak 

for both a+ and o- laser polarization is plotted against laser energy 

hv in Fig. 5.10. Several prominent features of this polarization-tuning 

curve are evident: 
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(a) A difference in PO with respect to the rotation sense of the 

laser circular polarization is observed. The asymmetry has a value of 

35% which is approximately uniform over most of the laser tuning shown, 

with a slight increase at the lowest photon energies. This asymmetry, 

which is not observed at zero stress, is attributed to stress birefringence 

in the GaAs sample. Both the laser and luminescence beams pass through a 

layer of the birefringent sample; however, only the effect of birefringence 

on the emerging luminescence beam contributes to the asymmetry, Two beams 

of 100% circular polarization rotating oppositely are depolarized by equal 

amounts by the birefringence. On the other hand, for two counterrotating 

beams of equal polarization magnitude less than lOO%, the phase change 

caused by the birefringence will increase the polarization of one beam 

and reduce that of its counterpart, Figure 4.8 represents these situations 

schematically. In the discussion in Sec. 4.5 on systematic error sources, 

the stress birefringence and its effect on the pump light polarization 

was modeled by a retardation plate of thickness c1 -1 and analysed with the 

Jones polarization matrix formalism to demonstrate agreement with direct 

measurements of the piezobirefringence coefficient. Strictly speaking, 

the luminescence is only partially polarized (the length of its Stokes -- 

polarization vector is less than unity) and should therefore be treated 

by the Mueller matrix formalism.5g However the value of the circular 

p.olarization change is the same in either calculation. The corrected 

v&e of P u can with little error be taken as the average of the values 

for left- and right-circular laser polarization. 
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(b) The luminescence polarization measured at the band peak shows 

three distinct regions in its dependence on laser tuning. Moving from 

high to low laser photon energy these are: a region of gradual increase, 

a steeply rising portion between a local minimum at 1.532 eV and a maximum 

at 1.512 eV, and a region of significant rolloff. The points delimiting 

the steep portion are separated by just the measured valence band 

splitting. 

cc> Pa is uniform with respect to luminescence wavelength for the 

laser tuning regime of hvlaser < 1.508 eV (corresponding to Alaser < 

82258). For hvlaser < 1.503 eV (corresponding to X > 82508) a distinct 

falloff in PO. towards the long wavelength side of the luminescence band 

was observed. This falloff became increasingly pronounced as the laser 

was tuned to longer wavelengths. The value of Pu averaged over the two 

laser waveplate settings is plotted against luminescence wavelength for 

several laser tuning settings in Fig. 5.11. 

5.3.4. Stress dependence of maximum luminescence polarization 

With the laser tuned to the position of the polarization maximum of 

Fig. 5.10 and the luminescence wavelength fixed at 1.492 eV (831OA), the 

polarization and asymmetry were recorded as a fun&ion of applied stress. _ 

These data are shown in Fig. 5.12. The position of the polarization 

maximum is believed to shift with stress because this point is associated 

with the position of the upper valence band edge. The very slow data 

acquisition rate precluded production of curves similar to Fig. 5.9 and 

Fig. 5.10 for intermediate stress values in order to resolve a possible 

shift in the maximum position. 
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5.4. Spin Polarization Analysis of Polarized Luminescence 

5.4.1. Approach 

The recorded luminescence polarization data P is, from Eq. (3.21), 
U 

determined by the hole coupling constant Ph, the electron spin polari- 

zation P 
S’ 

and the spin relaxation factor rs/(rS + r,.). From the 

dependence of P 
U 

on stress and laser and luminescence wavelengths the 

maximum value of P, can, with certain assumptions and approximations, be 

extracted. In the following sections these conditions are discussed 

with the supporting data. 

5.4.2. Spin relaxation 

Given the omission of Hanle magnetic depolarization measure- 

ments60,61 from what has been an exploratory study, the spin relaxation 

factor must be assumed to be independent of applied stress. The validity 

of this assumption may depend on which spin relaxation mechanisms are 

important for the doping and temperature regime of interest in this 

experiment. The two most important mechanisms for the parameter values 

of p = 1 x 1018 cmW3 and T = lOOoK are: 

(a) the exchange interaction between electrons and holes, i.e. the 

Bir-Aronov-Pikus (BAP) mechanism,G2 and -- 

(b) relaxation due to the k3-spin splitting of the conduction band in 

III-V compounds, the D'yakonov-Perel' (DP) process.7 

In the BAP mechanism the spin relaxation rate r-l = 
S 

poov , in which 
av 

PO 
is the hole density, u is an exchange cross section, and vav is the 

average electron velocity, is expected to depend to first order on p, 

which is unaltered by the application of stress in a degenerately doped 

sample. However, the spin exchange cross section may have a large 
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dependence on the wave function of the states occupied by the holes, 

which are significantly changed by a large stress. The DP process should 

be relatively insensitive to stress since the structure of the conduction 

band is only slightly affected.17 With this caveat, the spin relaxation 

factor obtained from the value of Po for hvlaser < 1.510 eV at zero 

stress is 

T 
S pcr 

+ rr =-in?= 0.80 + 0.04 . T 
S 

The error in this value is determined by the error in measuring Po. 

5.4.3, Hole coupling factor 

From the luminescence lineshapes of both stressed and unstressed 

samples the thermal hole distribution was observed to be unchanged by 

the photon energy of the laser light. Therefore, for the experimental 

(5.16) 

conditions of Fig. 5.10, the hole energy distribution was completely 

characterized by the temperature, doping density, and the density of 

states. Furthermore, the spectrum of linearly polarized luminescence 

at high stress (Fig. 5.5b) demonstrates that the majority of holes occupy 

the edge of the light-hole band. The function Ph(Ek) is therefore taken 

to be given Eq. (3.17a), where Ek is the hole kinetic energy. Finally 

it is noted that Po is uniform over the luminescence band in both un- 

stressed and stressed samples (aside from secondary effects due to 

luminescence self absorption which are discussed in the following section). 

This leads to the assumption that the holes can be characterized by a 

single kinetic energy value Ek. Such an assumption would clearly be 

unreasonable for recombination between parabolic bands in which, for 

a given luminescence photon energy hv, the hole kinetic energy would 
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have the value 

m* 
Ek = C 

m* + m* 
C V 

(hv-Eg) . (5.17) 

However, the exponential absorption edge indicates the presence of band 

tails which have the effect of smearing the energy of states in the edge 

of the bands. Several'models63-65 attribute band tailing in semiconduc- 

tors with impurity concentrations --lx 10 18 -3 cm to a spatial fluctuation 

of the band edges. The valence band edge is considered to be a function 

of position Ev(r). Figure 5.13 illustrates a model of spatially varying 

band edges and the band tails produced on the densities of states. 

Averaging over a macroscopic volume results in a bandtail density of 

states which is the sum of parabolic density of states functions starting 

at different energies within a range Vrms which characterizes the rms 

amplitude of the fluctuations in Ev(r), In this case the hole kinetic 

energy can be written 

2 l/2 
Ek = 

li 

"", 
m* + m* (hv 

C V 
-Eg) +Vi, . 1 t (5.18) 

Since for luminescence photons hv = E 
g' 

and rn: << m$, Ek can be approxi- 

mately set equal to Vnns to obtain the hole couplfiig factor 

'h = ps2 6s’vrms) 
( l 

(5.19) 

5.4.4. Electron spin polarization 

The electron spin polarization produced by the laser photon of 

energy hv is given by 
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Ps(hv) = 
Nl (hv) Psi (hv) + N2 (hv) Ps20d 

Nl(hv) + N2(hv) (5.20) 

where superscripts (1) and (2) refer to electrons excited from states in 

the lower Vl valence band and upper V2 valence band, respectively. The 

dependence of the individual spin polarization functions on hv is given 

by Eqs. (3.17a) and (3.17b) in which the expression for Ek is the same 

as Eq. (5.18) but hv now refers to the laser light. 

It can easily be shown that the relative values of the electron 

populations are given by 

Nl (hv) al (hv) 

N2 (hv > = a2(hv) ' (5.21) 

The absorption coefficient an between valence band Vn and the conduction 

band can be written 

arn(hv> = Im q2 ldl2 

2som2Cv -Q) 
p,(E') pv(E") [f(E")-f(E')] G(E'-E"-hv) dE' 

(5.22) 

where d is the interband dipole matrix element, PC-and p are the 
V 

density of states functions for the conduction and valence bands, and f 

is the Fermi-Dirac function given by 

-1 
f(E) = (exp [(E-F)/kT] + 1) . (5.23) 

For a parabolic band (i.e. one with ellipsoidal energy surfaces) the 

density of states function is66 
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* 3/2 
ppb( E) = (2n2)-l 2 (Ev- E]1'2 . ( 1 (5.24) 

In the Kane bandtail model the density of states is represented by55 

* 3/2 
pbt(E) = (&p “v 0 ?T+13 mv- w-d 

where 

J-l = Jz vms 

and 

y(x) = -J- r r (x-z)~'~ exp (-z2) dz . 
Tr -00 

(5.25a) 

(5.25b) 

(5.25~) 

The form of pbt approximates ppb at high energies and has the Gaussian 

form exp [(E - 
V E)2/nz1 at low energies. 

The ability to make use of Eqs. (5.20)-(5.25) for a numerical 

calculation of Nl(hv) and N2(hv) is severely limited in the present 

problem by the presence of strain. The bandtail model requires knowledge 

of the effective mass, but in the present situation the valence band 

effective masses are not constant with respect to energy. At the band 

edge we have shown in Eq. (2.21) that mvl = mv2 = 0.16 m. In the high - 

energy regime, m" v2 = 0.087 m and rnGl = 0.42 m. The energy dependence of 

rnc for the parabolic case can in principle be numerically calculated 

from the constant energy surfaces defined by Eq. (2.17). Letting V(E) 

.be the volume in z-space enclosed within a constant energy surface 

E (k) = E, the density of states and the effective mass are given by 
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p(E) = -i- g 
41T3 dE 

and 

. 

(5.26a) 

(5.26b) _ 

Similar calculations have been performed for strained crystals of lightly 

doped Ge and Si, in which bandtailing is not significant, in connection 

with electron-hole droplet formation.67 However, for heavy doping the 

choice of the appropriate value of rnc for linking pbt to p 
pb 

in a stressed 

crystal has not been addressed in the literature, and we did not attempt 

to apply the bandtail model quantitatively. 

Although a detailed calculation of Ps(hv) has not been done, 

Eqs. (5.20) and (5.21) can be used in combination with the absorption 

coefficient calculated from the luminescence lineshape to estimate the 

behavior of Ps(hv). The absorption in Fig. 5.2 is the sum of avl(hv) 

and av2(hv) at zero stress. The two components of absorption contribute 

in the proportion a vlZ"v2 = (m~l)3'2:(m~2)3'2. The values of the zero 

stress effective masses give the well known result that the light hole 

band contributes roughly l/3 of the total absorption. 

Under stress, the band edges and their corresponding absorption 

edges split by 6s. The avl and av2 components are modeled in Fig. 5.14 

by drawing the calculated absorption edge from Fig. 5.2 and replicating 

it with an energy shift of 6s. The av2 edge is the curve at lower 

energy. A qualitative correspondence can be made between the features 

of Fig. 5.10 and the labeled regions of Fig. 5.14. Segment (a) corres- 

ponds to the high energy portion of Fig. 5.10 where av2 3 avl and Ps2 
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and P sl are near the zero stress limit gs/E k << 1. Point El corresponds 

to the minimum in Fig. 5.10 near 1.532 eV, where Psi approaches the value 

psl(bs'vrms)' Below point El, a1 falls exponentially and Ps2 approaches 

the value Ps2(6s/Vrms). At the point E2, N2 >> N1. This point corres- 

ponds to the maximum of-Fig. 5.10. Using Eq. (5.21), the value of Ps is 

taken to be given by Ps2(&s/Vrms) at this point. The deep bandtail 

region (c) corresponds to the rolloff in Fig. 5.10 and is attributed to 

secondary effects associated with detecting spin polarization by 

luminescence which are discussed in Sec. 5.6. 

We therefore argue that the observed polarization data and the 

above physical interpretation are consistent with the following assumed 

relation between P 0 and Ps for band edge optical pumping: 

Per (hv) = 0.80 Ps2(hvmax)]2 [ (5.27) 

where the numerical coefficient 0.80 is the value of the spin relaxation 

factor. The "band edge" condition applies when hvlaser is tuned to 

within =V 
IXlS 

of E 
g' We note that Eq. (5.27) is analogous to the well- 

known relation between Pa and Ps for the unstressed case in which 

'h = Ps = 0.5. The Po data points for each stress value were taken from -_ 

Fig. 5.12 and averaged with respect to laser polarization; values for 

P s2 were then calculated from Eq. (5.27). The results are plotted in 

Fig. 5.15 along with theoretical curves for Ps2 from Eq. (3.17a). In 

that equation we used 13 = 90' for the angle between the pump beam and 

the stress axis. Curves for several values of the parameter Ek are 

shown. 
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5.5. Calculation of Vrms 

The physical mechanism for the creation of bandtails may be due to 

one of several causes:68 (a) formation of impurity bands, (b) local 

strains due to the accomodation of impurities which locally increase the 

energy gap (compressions) or decrease it (dilations), and (c) fluctua- 

tions in the Coulomb,potentials of ionized impurities which are randomly 

distributed on lattice sites. 

Casy and Sterns5 have obtained good agreement between calculated 

and measured room temperature absorption spectra of 1x10 18 p-type GaAs 

by using the Kane bandtail model which assumes Vrms is due to mechanism 

(c) above. Mechanisms (a) and (b) are apparently not significant for Zn 

impurities at this concentration. 

When the potential fluctuations arise from ionized impurities, the 

rms potential energy fluctuation is given by64 

V 
rms = -& [(N- + N+) a d 2 L ]1'2 

=S 
(5.28) 

where N' and N+ are the ionized acceptor and donor concentrations and 
a d 

Ls is the screening length. The expression for the-classical Debye 

screening length is6g 

"' . (5.29) 

The ionization energy for Zn acceptor impurities in GaAs has been 

shown to go to zero for N = 1 x 1018 cm -3. In this case the hole 
a 

population is degenerate and independent of the temperatue. Accordingly, 
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we take p = N = 1 x 1018. Taking E / ~~ = 13.1 for GaAs,70 the 
a 

calculated values for Eqs (5.28) and (5.29) for T = lOOoK are 

L = 25 x 10-8 cm and V = 0.014 eV. 
S 

This result is clearly very 
rms 

consistent with the value of the kinetic energy parameter obtained by 

fitting the slope of the experimental P vs stress data to the model 
S 

function Ps2 (6s/Ek). A least squares fit of the data gave a parameter 

value of Ek = 0.017 eV. 

5.6. Effect of Self Absorption on the Polarization of Photoluminescence 

The van Koosbroeck-Shockley relation Eq. (5.1) neglects the 

importance of self absorption on the spectrum of photoluminescence 

emitted from the sample surface, The generalization of Eq. (5.1) that 

takes self absorption into account is given by71 

I(hu) = Ka, exp (- -&) a(b) 

[i+ L--l + a0 + a(hv) ] 

x [+ + ~-'][a,+ a(hu)][a(hv) + L-l] 
(5.30) 

where K is a proportionality constant, S/D is the ratio of the surface 
-_ 

recombination velocity to the diffusion constant, and L is the diffusion 

length (not to be confused with the screening length Ls). a is the 
0 

absorption coefficient for the excitation light, and a(hv) is the 

absorption coefficient of the re-emitted light of frequency v. In the 

-1 present-case S/D > lo5 cm and L = 10 -4 cm. 

Several remarks about Eq. (5.30) are in order. The photoexcited 

minority carriers (electrons in this case) will diffuse from the point 

of creation before recombination with majority carriers (holes) which 
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are assumed to have a uniform depth distribution in the sample. If 
. 

-1 
a 

0 
>>L , the mean recombination depth is =L, and the self absorption 

will be independent of uo. On the other hand if u. << L -1 , the recom- 

bination depth will be =o -1 
0 

and the amount of self absorption will be u. 

dependent. Another related feature is that photons in the emission 

spectrum at a frequency corresponding to large u(hv) come only from close 

to the surface. Photons corresponding to small a(hv) come from deeper 

in the sample as well. It is proposed that these features can have a 

significant effect on the circular polarization of photoluminescence in 

stressed GaAs when the laser and luminescence are such that the lumines- 

cence lies in a portion of the spectrum where self absorption occurs. 

The splitting of the valence bands means that the absorption from the 

V2 band will be greater than that of the Vl band for any given laser 

wavelength near the band gap, i.e., ors(hv) >> al(hv). When hvlaser is 

sufficiently close to E 
g 

that a(hv) << L -1 then at the time of recom- 

bination the electrons produced from the Vl band will still have a deeper 

profile into the crystal than those from the V2 band. In the luminescence 

spectrum more photons with low hv will come from recombination of Nl 

electrons which have lower spin polarization than Be2 electrons. The 

hole distribution will be nearly uniform with respect to depth into the 

crystal since it is assumed that Ap << p,. Thus, the luminescence 

polarization can be expected to fall in the long wavelength tail when 

the pump laser is tuned to values of absorption that are much less than 

L'? Furthermore the size of the effect should increase as uvl and uv2 

are reduced and the moments of the distributions Nl(z) and N2(z) become 

more unequal due to the diminished effect of diffusion. 
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This mechanism is in qualitative agreement with the data of 

Fig. 5.11 which shows a progressively steeper falloff in the long 

wavelength luminescence polarization as the laser is tuned toward 

lower absorption. The luminescence wavelength at which the data 

in this plot was recorded was set at approximately the peak of the 

luminescence band in ,the stressed crystal. 

-_ 



-102- 

Chapter VI 

CONCLUSIONS 

6.1. Polarization vs Stress Operating Curves 

It has been shown that the proposed model for the stress dependence 

of the electron spin polarization for band edge optical pumping fits the 

observed data when the kinetic energy parameter is taken as the rms 

potential energy fluctuation of the spatially dependent band edges due 

to ionized impurities, The expression for Vnns given in Eq. (5.28) in 

terms of only the doping, temperature, and dielectric constant can be 

substituted for Ek in Eq. (3.17) to calculated polarization vs stress 

operating curves. The results are presented in Fig. 6.1 for the con- 

figuration of compressive stress at 90' the pumping beam axis [using 

Eq. (3.17a)l and in Fig. 6.2 for tensile stress parallel to the pump 

axis [using Eq. (3.17b)l. The impurity concentrations given include 

the value used in the data given in this work and three other values 

representative of high doping requirements for spin polarized photo- 
-_ 

cathodes. To calculate these curves it was assumed that Na = p = Na 

independent of temperature and that Ls is given by the Debye length 

Eq. (5.29) throughout the temperature range shown. It is also emphasized 

that the calculated spin polarization values do not include a spin 

relaxation factor. 

We point out that a tensile stress parallel to the pump beam leads 

to a higher spin polarization for a given stress, then does compressive 

stress at 90' to the pump beam, with an infinite stress polarization 
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pumping parallel to the stress axis. 
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limit of 100%. This condition could be achieved in a geometry suitable 

for photoemission with the use of certain epitaxial films of III-V 

ternary or quartenary compounds on GaAs substrates. In these hetero- 

structures a uniform two-dimensional stress in the film plane results 

from the thermal lattice mismatch between the film and the substrate as 

they are cooled from the growth temperature. This planar stress is 

equivalent to a uniaxial stress normal to the film surface. The stress 

can be either compressive or tensile depending on the film composition.75 

Optical pumping and photoluminescence measurements have recently been 

reported for GaInP and GaInAsP epitaxial films.76 However, no determina- 

tion of spin polarization stress dependence was given. 

With regard to the range of validity for the assumptions underlying 

the calculation of Vms, difficulties would be most likely to arise at 

low temperature. The high temperature classical expression for Ls which 

decreases with T eventually gives way to a low temperature limit. An 

expression for the low temperature screening length is given by50 

Ls = (sJ2 ($ l (6.1) 

The delimiting point between the two screening length regimes is the 

degeneracy temperature Tdeg which is given by72 

(6.2) 

to compare this limit with the conditions of the present experiment, 

taking m* =0.5 m, values of 84' for Tdeg and 188 for the low temperature 

screening length are obtained, For comparison at lOOoK, the Debye 
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length is 25A. The sample was near the low temperature screening range 

by this criterion. It is also noted that at Na = lx 10 l8 cm-3 the 

samples are mildly degenerate in the sense that the ionization energy 

is very small but not precisely known. A reduction in p below Na may 

therefore occur at sufficiently low temperature, These two complications 

to the assumptions of constant p and classical screening will tend to 

offset each other, however , possibly permitting extension of the model 

for 'rms to lower temperature than would be valid for each assumption 

separately. Experimental support for this argument exists in the 

following sense. Since Vnns is a measure of the width of the bandtails 

it also determines the slope of the exponential absorption edge. It was 

pointed out in Sec. 5.1.2 that the absorption edge calculated from 

photoluminescence agreed with direct absorption measurements by Redfield 

and Afromowitz.56 Those measurements, which covered the temperature 

range of 300'K to 5'K, show a steadily steepening edge with decreasing 

T. Although it would be impractical to extract the temperature depend- 

ence of V rmS from their published absorption curves, it encourages the 

use of the simple Vlms expression in the spin polarization model below 

Tdeg' Note that the possible necessity of modifying the expression for 

V rms does not of itself invalidate the use of the correct value of Vrms 

for the kinetic energy parameter in the expression for the spin 

polarization. 

It is likely that the greatest interest in the operating curves 

will be to estimate the performance of a cathode material that is more 

18 -3 heavily doped than 1x10 cm . For this application there is also a 

word of caution. Not only will T 
de 

rise with impurity concentration, 
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cutting off the drop in Ls with lower T, but the Fermi level will move 

deeper into the valence band as N a increases in order to maintain charge 

neutrality between holes and ionized acceptors. A condition may occur 

in which the upper stress-split valence band edge, which under optical 

pumping would produce an enhanced spin polarization, is significantly 

depleted of electrons that were contributed to the impurities. Calcu- 

lation of the Fermi level is complicated by the condition of degeneracy 

caused by heavy doping, by the stress-induced energy dependence of the 

effective mass, and by the presence of bandtails which alter the para- 

bolic density of states in the vicinity of substantial hole population. 

It is not obvious which of the last two effects is more significant or 

whether both should be included in the next round of analysis. The 

position of the Fermi level, the shape of the bandtails, and the 

screening length are all connected through Vms. It is clear that a 

comprehensive calculation of the hole distribution in the presence of 

a uniaxial,stress in a heavily doped semiconductor must be a self- 

consistent, iterative approach. 

-_ 
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