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Abstract

EFFECTS OF UNIAXIAL STRESS ON EXCITONS IN CUPROUS OXIDE
by
Robert G. Waters

Adviser: Professor Herman Z. Cummins

The effects of uniaxial stress on several exciton states
in cuprous oxide have been studied. The experiments, which
were performed using oriented single-crystal samples,
utilized the resonant Raman scattering spectroscopic technique.
This method identifies quadrupole-allowed (but dipole-—
forbidden) exciton states by the enhancement in the Raman
cross-section for normally forbidden scattering from odd-
parity phonons which occurs as a cw dye laser is frequency-
tuned through such states.

Three S (I=0) exciton states and one D (L=2) state
were studied using stresses of two different symmetries.

The effect of the stress was to split the S states. While
the D state experienced no splitting, a stress-induced shift
was observed.

The results of the experiments have been analyzed and
compared with theoretical predictions. The theory treats
twelve S exciton states (for each principle quantum number)
built from electrons in the lowest conduction band and holes
in one ov the obher of the two highest, spin-orbit valence

bands. On this theory, the interesting stress behavior for

ii
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exciton states of the yellow series in Cu20 results from the
coupling between the two spin-orbit split valence bands
produced by the stress and by the electron-hole exchange
interaction. The parameters which determine the stress
behavior of exciton states in this treatment are: the
magnitude of the spin-orbit splitting between the two
valence bands already mentioned; the difference between the
exciton Rydbergs for the yellow exciton series and the green
series (deriving from the higher and lower valence bands,
respectively); the electron-hole exchange integral; two or
three deformatior potentials depending on the direction of
the stress. Comparison of the theory with the experimental
data has resulted in several interesting conclusions which
are enumerated below.

The important results of this research are now given.

1. The first piezooptic study of exciton states in
CuZO in the absence of external perturbing fields has been
conducted. The research, made possible through the use of
resonant Raman scattering, has allowed the stress to act as
the only perturbing effect extrinsic to the crystal and has
permitted, through a polarization study, identification of
the symmetries and degeneracies of stress-split exciton
levels.

2. Nonlirearities in the energy shift of exciton
levels as a function of stress have becen observed for the
first time, owing to the application of stress in excess of:

2 Kbvazp.

iii
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3. A detailed analysis of the data has been made on
the basis of an effective Hamiltonian formalism. This
- treatment has led to reasonable agreement between expcriment
and theory for the 1S state of tiﬂe yellow series. The
observed stress behavior of the excited exciton states,

however, could not not be explained.

iv
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CHAPTER I .
INTRODUCTION

The exciton spectrum of cuprous oxide has been studied
extensively since the first observations by Hayashi and
Katsukil. The spectrum is characteristic of direct-
forbidden-bandgap semiconductors in which P states are
electric~dipole allowed and produce well-resolved absorption
lines which can be observed in good crystals.

The S states are strictly dipole-forbidden and although
the 1S state of the yellow series has been observed in weak
electric-quadrupole absorption7, the excited S states are
normally too weak to be observed directly because of phonon-—
assisted transitions to the 1S state of the yellow excitons.
D states are strongly forbidden. These higher, normally
inaccessible states have been studied by means of symmetry-—
breaking perturbations which may render the states weakly
dipole-allowed due to mixing with P states®2?28:30, mne
mixing, however, has made interpretation difficult.

In recent years, it has become possible to investigate
the excited states in the unperturbed Cu20 crystal4l. The
technique, which requires a tunable laser, exploits the
resonant Raman scattering that occurs from normally-forbidden
odd-parity phonons when the laser is tuned to resonance with
electric-dipole forbidden (but electric—quadrupole or
magnetic-dipole allowed) states. It is thus possible to
selectively detect § exciton states (and perhaps D states,

if mixing is significant as will be discussed in Chapter III).

1
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Several exciton level classification schemes have been

proposed23'3o

but none of these are entirely satisfactory.
The energy of the 2S state of the yellow exciton series, for
example, has not been determined.

The assignments have been difficult to make for several
reasons. In the first place effects such as the -central
cell <coFrection and departure of energy bands from
spherical symmetry can result in S-P splitting in the exciton
series which, to a first approximation, is hydrogen-like.
Also, in addition to the fundamental (yellow) exciton series,
a second series (the green series) has been identified. The
two series differ in that they involve hole states in two
different (spin-orbit split) valence bands. The resultant
splitting in the exciton series is roughly equal to the
binding energy of the 1S state of the green exciton series
so that its possible occurence in the same energy region as
the excited yellow states cannot be ignored.

The present research was motivated in part by the
prospect of resolving some of the assignment difficulties
that exist. The resonant Raman scattering associated with
several exciton states has been reexamined for crystals
subjected to uniaxial stress. The magnitude and multiplicity
of the splitting of exciton levels and the symmetry of the
split levels which result from the lowered crystal symmetry
have provided a wealth of experimental information.

The experiments described herein represent the first

comprehensive study of the excited states of the yellow

2
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exciton using uniaxial stress and resonant Raman scattering
simultaneously. In contrast to previous stress work15’4o,
the use of the present technique has allowed symmetry
assignment of the stress-split states. In addition, it has
been possible, for the first time, to apply stress of
sufficient magnitude to produce nonlinear stress dependence

of the energy levels.

ol

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER II
Cu,0: PROPERTIES AND EXPERIMENTAL SURVEY

A, Properties

Cuprous oxide crystallizes in the cuprite structure
which belongs to the Oh4 space grcup63. As shown in Fig.2-1,
the unit cell contains six ions, two of which are oxygen
ions 07~ arranged in a body-centered configuration and four
of which are copper ions cu' at the corners of a regular
tetrahedron centered on the central oxygen ion. The lattice
parameter 13! is 4.27A. The 07~ and Cu’ ions have site
symmetries Td and DBd’ respectively.

The symmetries of normal modes in the long wavelength
limit as well as the symmetries of electronic levels at the
zone-center can be determined by neglecting the translations
and considering only the symmeiry operations of the
macroscopic point group Oh' This group is the direct product
of 0, the group of proper rotations which take a cube into
itself, and I, the inversion group. The effects of spin
are described by the crystal double group which may be
generated from the crystal point group. The vesults of
group theory presented in this chapter will be stated
without proof. Detailed analysis will be reserved for
Chapter IIT.

B. Normal Vibrational Modes

A group-theoretical analysis using the 0h character
table predicts Brillouin zone-center vibrational modes with

the following symmetries: 337+ 37 + N-+r+ rt . One

4
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r}- representation accounts for -all three acoustic modes

and the other two are infrared-active optic modes (since

they transform like a vector). The triply degenerate r}*
mode is the iny mode that transforms like the polarizability
tensor and is thus the only Raman active mode. In
centrosymmetric crystals, such as Cu20, a mode may be either
Raman or infrared-active but not both. The other optic
modes, a triply degenerate I}f mode, a doubly degenerate [}_
mode, and a nondegenerate '1— mode, are all Raman and
infrared-inactive but are of central importance to the theory
of resonant-Raman scattering in Cuzo. The frequencies of

the normal modes have been measured experimentally by

64 9

infrared absorption™", phonon-assisted absorption”,

photoluminescence65, neutron scattering66, and Raman

scattsring21’67.

The results of the Raman scattering
experiments are shown in Table 2-1.
C. Energy Bands

The presently accepted band symmetries at the center of
the Brillouin zone of the two highest valence bands and the
two lowest conduction bands are shown in Fig. 2-2. ‘The
lowest conduction band has symmetry I7+ being formed from
combinations of Cu 48 and/or O 3S orbitals. The highest
valence band derives from Cu 3D wavelunctions and has r';
symmetry. With spin-orbit cqupling the symmetry of the E*
conduction band becomes Tz+and the C;ihighest valence band
is split into /3T and /3" bands with the /3" 1ying higher in

energy. An electron in the /2*conduction band and a hole iu
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the [} valence band combine to form the yellow exciton
series (the hydrogen-like energy levels of the Coulomb-
bound electron-hole system). The S states have overall
symmetry " ® e = 3T + Ty . These states are the triply
degenerate orthoexciton and the singlet paraexciton. Optical
transitions to the singlet are strictly forbidden while
transitions to the triplet are electric quadrupole (but not
dipole) allowed. A hole in the f}‘ valence band and an
electron in the rg* conduction band form the green exciton
series. In this case the S states have symmetry I* @M% =
’,F;" +3r) +3* . Transitions to these states are also
parity (electric-dipole) forbidden; however the 3@* triplet
has magnetic dipole symmetry (and is thus magnetic-dipole
allowed) while the 2’-‘3* and *l"‘;' components are electric-
quadrupole allowed.

The band symmetries shown in Fig. 2-2 are due to Elliott9
who used symmetry arguments based on the anisotropy of
optical absorption near the quadrupole 1S state of the
yellow exciton series7. Analysis of magnetoabsorption d.atal6
and the consistency of experiments with calculated rormal
mode frequencieng based on this model have substantiated
the Elliott proposal.

D. Bxciton Series

The excitons formed in GuZO are probably the best-known
examples of Wannier excitons. Grossmanz, Nikitine12’17, and
Elliottl4 have written excellent review articles on the

subject.

6
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FIG. 2-1. Unit cell of Cu20
Structure: cuprite (cubic)
Space Group: Oh4

Iattice Parameter: &l = 4.27 &

Ions Positions Site Symmetries

2 Oxygen ® (0,0,0) 0 Tq
F(1,1,1)a

4 Copper O + (L,1,)a ch1 .
+(3,3,1)a
+(1,3,3)a

T (3,1,3)a
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TABLE 2-1. Phonon energies (om 1) of Cu,0

Phonon Energy
s 88
5 109
Iy (70) 152
i (Lol 154.5
" 350
5 515
ry (o) 630
ry (Lo 660

9
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FIG. 2-2. The presently accepted symmetry assignments
of the two highest valence bands and the two lowest
conduction bands of Cu20 at the Brillouin zone center.
Symmetry assignments to the right include spin-orbit
coupling (except for the deep [ valence band). In the
first column the atomic orbitals responsible for the bands
are shown. The band energies in wavenumbers are shown on
the right. Interaction between an electron in a conduction
band and a hole in a valence band gives rise to several

exciton series as indicated in the figure.

10
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1-5,7,12

Early absorption experiments revealed fine

structure which could be associated with exciton formations.
The absorption spectrum in the visible region is shown in
Fig. 2-3. Transitions associated with the fundamental gap
are dipole-forbidden since the relevant bands all have even
parity. The related exciton states derived from electrons
in the Ig" conduction band and a hole in the I3* (yellow
series) or M3* (green series) band, have long lifetimes
giving rise to narrow spectral lines.

The intensity of optical absorption to exciton states
also depends upon the angular momentum of relative electron-
hole motion. Elliott6 has shown that P states of the yellow
and green exciton series are weakly dipole-allowed due to
finite wavevector effects. S states, however, are strictly
dipele forbidden. Absorption lines due to the P states of
the yellow and green exciton series are labelled Y and G
in Fig. 2-3, respectively., The spectra are hydrogen-like
and the energies of the P states are described quite well

by the Rydberg formulae2

Ey= 17523 - 73§ Ye LLow
nl.
E; = 18588 - 1242 Green
4 n* (2-1)

where n can take on any integral value greater than one.
The energies are in wavenumbers.

The 1S state of the yellow series is seen as a weak
electric—Auadrupole absorption feature. The quadrupole

nature of the line was established by Gross and Kaplyanskii

an
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in 19607. The 1S line is shown in Fig. 2-3. The absorption
edges near the 18 are due to phonon-assisted absorption
involving the Iy (109 cm—l) phonon. Excited S and D states
are not normally observed as they are masked by phonon-
assisted absorption to the 1S state.

A weak absorption line has been observed about 200 cm'l

to the low energy side of the 2P state of the yellow serieslg.
Diess et.al.19 have attributed it to transitions to the 1S
state of the green exciton series. This assignment, based

on the ( 3"+ I} ) symmetry of the absorption has been
questioned by Denisov and MakarovEl who argue that the 1S
green state also comprises an exchange-split component of

r}! symmetry which should produce a strong absorption line

in view of calculated oscillator strengths.

The excited S and D states of the yellow series have
been studied using the electroabsorption technique wherein
an applied electric field imparts some weak dipole character
to these normally-forbidden states due to mixing with P
exciton states. The experiments have been done by workers
in Leningradjo and in Strasbourg20'22’23’28’29. The
assignments of the excited states are due to the Strasbourg
group and are shown in Fig. 2-4.

The S5 states that have been studied using electro-
absorption are the 3[}’ triplet states. BEach triplet is
accompanied by an exchange-split U;',singlet level,
optical transitions to which are forbidden in both the

electric dipole and electric quadrupole approximations.

13
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FIG. 2-3. Absorption spectrum of Cu20 in the visible

region showing exciton fine structure. (After Ref 2)

14
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Several recent experiments have placed the 1S singlet
approximately 100 cm_l below the 18 triplet38’39’43’70. In
these experiments, transitions to the singlet became less
strongly-forbidden as a result of applied stress or magnetic
field perturbations.

In 1973, Compaan and Cumminsz7

observed intense Raman
scattering from normally Raman~-forbidden odd-parity phonons
when the incident laser frequency was tuned to resonance with
the 18 (triplet) state of the yellow exciton series. This
resonant quadrupole-dipole Raman scattering processzs’32
differs from normal (dipole-dipole) Raman scattering in
several respects. In the first place, it involves a dipole
forbidden transition. Secondly, the odd-parity phonons that
participate are normally Raman-forbidden in centrosymmetric
crystals. Finally, the Raman cross section depends on the
frequency of the incident light, there being an enhancement
in the cross-section as the laser is scanned through
quadrupole (but not dipole) exciton states. The effect has
been exploited as a quadrupole spectrometer in a series of
experiments in which a dye laser was scanned through the
spectral range of the yellow excited states4l’67. Resonant
enhancement in the Raman cross-section (for non polar phonons)
was observed when the incident laser light was resonant with
states of 3[3? symmetry (tr%plet S states and the states
previously labelled D, and thought to be the 31}’ component

of exciton D states). The resonant Raman scattering

spectroscopy allowed the excited exciton states to be studied

16
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for the first time in the unperturbed CuZO crystal.

E. Stress Experiments

Uniaxial stress measurements have played an important
role in the study of excitons in CuZO. In the early 1960's,

Gross and Kaplyanskiis’lo

observed a stress-splitting of the
1S yellow state. The results underlined the influence of the
exchange interaction on the stress-splitting of exciton
states built from simple Kramers doublets (which themselves
cannot be split by a uniform stress). Splittings of
multiplicity 2,3, and 2 were observed for tetragonal,
rhombohedral and trigonal stress, respectively. The applied
stress in these experiments did not exceed 1 Kbar and the
splittings were observed to be linear in the stress.

Several years later, Agekyan, Gross and Kaplyanskiil5
observed a stress-splitting of some weak absorption features.
Although the weakness of the absorption precluded detailed
analysis, one feature was reported to exhibit the same
multiplicities as the 18 state.

In 1974, Agekyan and Stepanov4o

again investigated the
stress—-splitting of excited S states, but with the addition
of a static electric field. The observed dependence of the
stress-splitting on principal quantum number led them to
question the accepted energy level assignments and to
propose a new classification scheme for the yellow exciton
states. However, they were unable to establish the
symmetries of the stress-split excitea states because of

the admixture of P states produced by the electric field.

17
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FIG. 2-4. Energy level diagram of the yellow exciton
series of OuZO. Energies of the 1S and all P exciton states
are from Ref. 67. Other exciton energies are from Refs.

2% and 28. MNumbers in parentheses are estimated widths.

18
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In the chapters that follow, the results of forbidden
resonant Raman scattering spectroscopy of Cu20 subjected to
uniaxial stress will be presented. Splittings of several
exciton states have been measured for stresses of two
different symmetries. It has been possible to apply stress
in excess of 2 Kbar. The resulting nonlinear stress
dependence had not been observed previously. In addition,
the symmetries of the stress-split components has been

established.
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CHAPTER IIE
THEORY
A. Introduction
This chapter contains reviews of Raman scattering and
exciton theory as well as a treatment of the effects of
uniaxial stress on exciton spectra. Sections B and C review
exciton theory and Raman scattering respectively. In Section
D, the results of the previous two sections are applied to
the Cu20 exciton spectrum. A discussion of past optical work
is presented. In Section F the effects of stress on the
one-electron bands and on the exciton spectrum are discussed.
In Section G, calculations specific to the exciton spectrum
of Cu20 are presented.
B. Bxciton Theory

1. Lixciton Wave Functionl4

In the one-electron approximation, each electron is
assumed to move in an average potential V due to the other
electrons and the atomic cores. The electronic wavefunctions

are solutions of

(Pl/zm-#V)V/: EY
(3-1)

and in consequence of the translational symmetry of the

lattice have the Bloch form

Yk (%) < Unk(F)e (3-2)
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where n is the band index, k is the wavevector, N is the
number of cells gnd B is the volume of each cell. The Bloch
functions Ung have the periodicity of the lattice. The ground
state wavefunction with the valence band completely filled

and the conduction band empty can be written as

= L > N
% WP%K,(h)“”'%l{i("f)“U"\K'I\’N(PN) (523 )
where P denotes the antisymmetric combination. An excited
state, one that has one electron taken from a valence band

and placed in a conduction band is given by

g

A =VVLP%E, (ﬁ)""\/ép.,(“")“"f"""(':")
7 (3-4)

or, using the concept of a hole state, by

V= ’Zﬁ; (%) yﬁﬁ]_(Fl )

(3-5)
where Vé;g(ﬁ) represents the electron in the conduction band
and yﬁkh(FA) represents the antisymmetrized product of the
remaining one-electron states in the valence band.

The wavefunctions V&R at a specific value of %k for all
n form a complete set. Substitution of Eq. ( 3-2 ) into

Eq. ( 3-1 ) gives the result that near k=0

WUpp = Wpo + é Ui i’k $n‘lBln>
. n¢n PR
En-En (3-6)

At small finite E, therefore, the wavefunctions may be

written as a linear combination of the wavefunctions from
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all bands at k=0. )
An exciton is a bound electron-hole pair in which the

binding arises from an effective Coulomb interaction

U= _-e
€l F; - Fh'
(3-7)
where € is the dielectric constant. The exciton wavefunction
can be written as a linear combination of the unperturbed

one-electron pair states (%-5) in the presence of the

perturbation Eq. ( 3-7 ):

v =z A(Re,Ri) Yo (R ¥y, (F3)

e Kn
(3-8)
An alternate wavefunction for the exciton may be
obtained through the effective mass approximation. Let
¢(Pe;F;.) represent the motion of the electron and hole on
a large scale compared with atomic dimensions. ¢(Fg, PA)

satisfies the equation of the effective mass approximation

[Ec (‘I‘Ve)' Ev(‘f[ ‘74) "ée?J ¢(h: H F;.) = E¢(,’;’ '—2)
(3-9)
and is related to the coefficients A(EC,E).) of Bq. ( 3-8 ) by

[N . a Krls LKy B
¢(re,"/,)=__I_FZ_A(Ke,kh)E‘ e hti4

8 Kk ( 3-10 )
Near E,_:,’?,,:O we have
yéx = ¢(‘rz:l§/.)uCc(':e)uvo(Fh) ( 3-11 )
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For spherical conduction and valence bands near ‘k:O, Eq.

( 3-9 ) reduces to the hydrogen atom equation and

~ -~ s
B(R,h) s PE-F)e K7
(3-12)
where[/;=f7(l€e'h(:/,) is the total exciton momentum, (F;"FI-)
is the relative coordinate of the electron and hole, ?(IZ-E)
is the exciton envelope function of relative motion, and the

exciton center of mass coordinate is given by

/3 = el + mF,

Mt M ( 313 )

where Me and /My are the effective masses of the electron

and hole, respectively.
2. Ixciton Sgectrum6’l4
In the effective mass approximation, Eq. ( 3-9 ) has

hydrogenlike solutions and a hydrogenlike spectrum of energy

eigenvalues
E=E + A1k - R
2(ine+mpy)  n? ( 3-14 )
where Eg is the band gap energy and
R= w«e?
24%e*?
( 3-15 )

is the exciton Rydberg. The exciton reduced mass is given

by
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(3-16 )
The second term in Eq. ( 3-14 ) is the kinetic energy of the
center-of-mass motion and is responsible for an exciton band
for each type of relative electron-hole motion.

3. Electron-Hole Exchange Interactionl4’60’6l

An important effect heretofore ignored is the so-called
electron-hole exchange interaction. Although the electron
and hole are not identical particles, an exchange interaction
arises from exchange between identical electrons in the
multiparticle problem and may be formally treated as
electron-hole exchange.

Consider two arbitrary exciton states (see Eq. ( 3-8 ))
specified by their total wavevector and their guantum
numbers. For simplicity assume that each state involves
only two bands and that the two states considered share a
common conduction band but derive from different valence
bands with indices n and m. The eigenstates are
‘ X :k'> = q (IW 7 ) Ll \/, 7

o

v, K> = ZA\,.K (nq_)uk_ﬂi n,i

(3-17)
Here the Bloch functions are
R iA(K+3)-F -~
uk 3= ¢ ‘i Ui (r)
V = e—".gh.Fv.;(F)
m>=% "9 (3-18)
25
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and the summations are over electron-hole relative wavevector.

The exchange part of the Coulomb matrix element between the

two exciton states can be written

Jexl\v_ =e? ) AAE(""?VAW? (n,g)

55
X[fd7, ax, _c’e_‘*_‘*__’ Ues (5 Voo (F Vs D ()
[ F? ’
= -l«’
e “/Lfdfd'” Po (k )ﬁnf" )
5 -RI ( 3-19 )

where § is a lattice vector. The quantity

~(F)= e ~ > . ~ # ~
Pri (F)= e %;Avk(haq,’)Zuk+§(")\’m,-}(k)
! (3-20)
is called the spin singlet charge density.
One can often neglect the T{-dependeuce of the Bloch
functions so that
) = - > =%
Puo(F) == €Py(mo) 3 u(F)Vn(F) '
( 3-21)
where
Pus (m,R) = ZA,,Jm«;)e
( 3-22)

i.e. the exciton envelope fuiiction in analogy with Eq.
( 3-10 ). The exchange integral becomes
SRR 5 PR
Jog, =5 Lm0 4., (0 [ s L5 ) (F)005) Vi (B)
cEL (3-23)
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The exchange interaction can be divided into a short-range
(or analytic) part and a long-range (nonanalytic) parteo.
For dipole-inactive excitons such as those relevant to this
research, only the short-range part is important. It is
given by the R = o term in Eq. ( 3-23 ) so that the final

expression becomes

Jex,\v =Tc:j ﬁg:(m)o)¢w,(/’l_.o)/f(lndfili('i)lvm(ﬁ)ufﬁ)v:(ﬁ)
b ( 3-24 )

The ¢Aa (m,0) are nonvanishing only for S states of
electron-hole relative motion.

The discussion of the exchange interaction will be
taken up again in Section G.

4. Optical ‘I‘ransitions6 o 14

The probability for optical transitions between the

ground state and an exciton state is proportional to

JYor | Hen | Y17

(3-25)

where the electron-radiation interaction HER is given by

= A= FKVGE A s L s A s
HER JZA"e,\'Pje 7 §A°(ez\“Pf+Lk'b'e,\'f’j*"")

(3-26 )
The first term in the expansion is the usual electric
dipole term. The second term can be resolved into electric
quadrupole and magnetic dipole terms. Ao is the amplitude

of the external vector potential of the field, ¥ is the
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wavevector for incident or scattered light, and fj and ?’J
are the position and momentum vectors for the J’"' electron.
éA is the unit polarization vector of the electromagnetic
field. The two leading terms in the expansion lead to four
possible matrix elements of Eq. ( 3-25 ).

a. Strongly-Allowed Dipole Transitions

Using the dipole term of HER in Eq. ( 3-25 ) with
exciton representation Eq. ( 3-8 ) leads to
ED > % ™ a~ A -
Yer lHE 11D < T A(Ke, Ry, Ree k18,8 1y-K3 >
Ke Ky,
( 3-27 )
For a strongly-allowed dipole transition, the matrix element
(C)!%-TJIV) exists at the center of the Brillouin zone and

may be taken out of the summation giving

(ol Heg 19 ¢ o1, -Bluge) @(0)
( 3-28 )
where <Ll¢a/e‘xf3/llyo) is the zone center matrix element.
For the case of spherical bands with extrema at k=0 where
@ has the hydrogenic form we have (with f::—ri=o )

glo)=L L __
VNE VIratn® ( 3-29)

for S states of electron-hole relative motion and zero .
otherwise. Thus strongly-allowed dipole transitions from
the ground state will occur only to S exciton states with
a transition probability falling off as n’3, These are.

the direct allowed transitions occurring at direct

llu.uwzd bdndgaP.\',
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b. Weakly-Allowed Dipole Transitions

It may happen that the matrix element in Eq. ( 3-28 )
vanishes at the zone center because the valence and
conduction bands have the same parity or for other symmetry
reasons. This is not sufficient to preclude dipole
transitions. The dipole matrix elements need hot vanish
since the electron and hole states of finite wavevector
included in the overall exciton wavefunction Eg. ( 3-8 )
contains admixtures of other Bloch functions as shown in

( 3-6 ). Using Egs. ( 3-6 ) and ( 3-27 ) we obtain a
matrix element for a weakly-allowed dipole transition:
<yéx’ )"(IZ(C’PMXII é -plw+<cleypliX(cIpIvy|VP(0)

E.-E; Ev-E; (3-30)

For the hydrogenic case,

V& (0)

/2
(77’ af h’

(3-31)
for P states only and zero otherwise. Thus, there will be
weakly-allowed dipole transitions from the ground state to
P exciton states with a probability which falls off. with
increasing n. These are the direct forbidden transitions.

c. Electric Quadrupole and Magnetic Dipole Transitions

The second term in the expansion for HER can be

decomposed into electric quadrupole and magnetic dipole
26,32

- -

k).?—é‘).;,_-_—é. k/\e(l:;’ia#?r‘-)“ \'r—(k xe\) (Fxp)
(3-32)
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These terms lead to electric guadrupole and magnetic dipole

transitions:

Gex K1Y= T 4A(R.,R,) <, Rt By IR, (Epepi)-4, v,

Ke Ky ( 3-33)

g h > > % ~ > >
U M 1) 5 £ A(Ke K <O RaA R IR X&)y (P v, -y
Ke Ky, ( 3-34 )
If these matrix elements are allowed at the zone center, we

obtain

(o lHER 1) < Ueo |Ry - (Fp+pF)-&, 1Uy,) #(0)

(3-35)
CHax HE 19D % ol (Rix€) - (Fxp )]ty o)

( 3-36 )
Just as for strongly-allowed dipole transitions, Egs.
( 3-35 ) and ( 3-36 ) give non-zero values only for S states.

5. Exciton-Lattice Interaction

A non-polar phonon produces a disturbance of the
lattice which perturbs the periodic potential acting on the
electrons and leads to an exciton-lattice interaction
energy which is known as the deformation potential.- For a
phonon of wavevector q on branch j, the deformation
potential interaction is given by

-3 > b > =
ey = D5 () %% + D} (5, )e
: (3-37)
where the electron and hole functions. DJ(Fe) and Dg(fh)

have the symmetry of the phonon.
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The dominant matrix elements of Eq. ( 3-37 ) involve
an interband transition of either the electron or the hole.
Thus, for an electron transition using Eq. ( 3-11 ) we
obtain
< V’ex’lelIVéO=5('5+§—E’{[//uv,,(ii)}z%(r}%)uc;(g)

X Df(E)e T TPy, (aydi dt, d (- )
: (3-38)
Retaining only the leading term in eia'(fe—ﬁ;) and adding

contributions from both electron and hole give

i e Yer) ~ S (R 3-RIE, 5 (RS + 0410 g )
X Jf #UE-5) 9(R-R) d(E-1) (3-39)

which is the product of the zone center interband matrix
= b .

element of Dg(re) or Dj(rh) multiplied by an overlap

46

integral of the exciton envelope functions.

C. Raman Scattering

The Raman effect has been an important source of
information for studies of lattice dynamics since its first

4T 2nd by Landsberg and Mandelshtam*®.

observations by Raman
Light of frequency h& interacts with the crystal to create
or destroy one or more lattice vibrational phonons having
energy fi &5. Energy conservation requires that the
frequencies of the incident and scattered light and the

phonon be related by

= P
Wy = Wt o ( 3-40 )

Before a scattering event, it is assumed that the crystal is
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in the ground electronic state with all valence bands full
and all conduction bands empty, and that it returns to the
ground state after each scattering event. The electron-
radiation and electron-lattice interactions HER and HEI_-
mediate transitions between eigenstates of the crystal. 1In
all electronic virtual intermediate states, there is an
electron in a conduction band and a hole in a valence band.
One possible Raman process involves absorption of a
photon with frequency ﬂi, wavevector Ei’ and unit
polarization vector éi which excites the crystal from the
electronic ground state 1i) to a virtual intermediate state
la) via the electron-radiation interaction. With the
crystal in this state, a phonon of wavevector § and
frequency 8, is either created (Stokes) or destroyed
(anti-Stokes) by the electron-lattice interaction. The
system thereby undergoes a transition to another
intermediate state }b> . The system then returns to the
final state |f) through emission of a photon with frequency
003 x W, wavevector K =K.-§ and polarization vector &,
As will be discussed, of the several Raman processes that
can occur the above one is dominant near resonance.
The scattering probability per unit time for the first-
order Raman (Stokes) process is given in third-order time-—

dependent perturbation theory by49

W=ars Z (-FIH,leb’H,Ia)(aIH,u)/J(w g -k -4} )
F6 3k abl T (uym ) (ur ( 3-41)

Here ]Es is the wavevector of the scattered photon, a:Ei—Es
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is the phonon wavevector and & is the Dirac delta function.

In two of the HI matrix elements, the electron-radiation

interaction contributes while the electron-latiice

interaction contributes to the remaining one. These may

occur in any time order, and by permuting the order in which

they occur, the following expression for the first-order

Raman scattering intensity may be obtained:

T(w,, i) & (271“) : ’fc‘i P(—/n-'¢~,+w_¢,+%)}?(E-IE-})S(@-.@,@)
Tk tae (3-42)

where n is the number of optic phonons,fc§ is the phonon

polarization vector and P (—wi,ms,wo) has the form

Pl si0)= 5, i CF  Hin (Wb ey 03 o Heg ()14

(st w000 ) = )
+CFIHeg ()Y b1 Hey lad<a ) Hee()) )

(Wit +00; ) (W + s )

+CF e )b) < bIHeg (k)]0 (ol Heg (i) 05

(W +tde - ) (- ;)

+ <+"H£I: (@r)"’)a)/"’m (wc')la) e/ Helé)
(W +ed-ic ) ( Wyt G0s) ’

+ S Hedb) (b ) Hiy (0, ))ed Calge (1s)).0)
(W + W=, ) (W + 1)

+ SE Hea(o )< Hyg ()0 (et 2
(Wit + ;) (Lt )

(3-43)
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This is known as the Raman scattering tensor. The sign
convention is such that P (—wi+ws,+w0) represents a Stokes
process while P (+ui,-ws,-w0) represents an anti-Stokes
process.

The intensity of Raman-scattered light generally
depends upon the polarization of the incident and scattered
light. This may be expressed in terms of the Raman
scattering tensor given by Eq. ( 3-43 ). The unit
polarization vector of the incident light is denoted éi’

with Cartesian components e Similarly, the Cartesian

i
components of the scattered iight are denoted e, . In the
usual dipole approximation for HER’ the intensity of first-
order scattered light polarized in the directione! for
incident light polarized in the direction f is given by
I =< , eSo( E?ge,(‘;g’—z
(3-44 )

The Raman tensor elements may be found using group
theoretical arguments and have been tabulated by Loudon.BO

The above discussion applies to normal Raman
scattering in which both electron-radiation interaction
matrix elements in each term of Eq. ( %-43 ) are taken in
the dipole approximation. Among its consequences is the
requirement that the participnting phonons have even parity
(in centrosymmetric crystals). In addition, the scattering
intepsity is independent of the wavevector of the incident
light.

If it happens that one of the dipole matrix elements
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in Eq. ( 3-43 ) vanishes, but the matrix element involving
the quadrupole term,(l[ki-?é&ﬁb]) , fails to vanish, Raman
scattering can proceed via the multipole-dipole mechanism.26’32
Scattering due to this mechanism is usually not observed
since its intensity is reduced from normal Raman scattering
by a factor of~10-3. However, when the energy of the
incident or scattered light equals the energy of an
electronic state of the crystal (e.g. an exciton state), a
resonance enhancement of the intensity may be observed due to
very small energy denominators in Bg. ( 3-43% ). (Damping
terms, representing the finite widths of the states involved,
have not been included in the equation). The first term

in Bq. ( 3-43 ) gives the strongest contribution to
scattering near resonance, and the other terms are nearly
independent of frequency over this range. The process
described above is forbidden resonant Raman scattering.
Symmetry-breaking Raman scattering can occur at resonance
due to finite wavevector effects of the photon or phonon.

In centrosymmetric crystals the operator HEQ(H ) has
even (odd) parity. Therefore, Hyy must have odd parity in
order to participate in the electric quadrupole-electric
dipole (or magnetic dipole-electric dipole)process. This is
complementary to ordinary Raman scattering in which only
even parity phonons are alloyled. Specifically, the
representation to which the phonon belongs must be contained
in the reduction of the representation of the direct product

T (agp) @ Ggd= T+ GG In cug0, this includes
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all of the odd-parity phonons.

Another feature which distinguishes the multipole-
dipole mechanism from ordinary dipole~dipole Raman scattering
is its dependence on the wavevector of the photon that couples
to the multipole state.

The scattering intensity for the multipole-dipole
process may be expressed in terms of the third-rank scattering
tensor &ﬂ,(jf) which has been derived and tabulated by
Birman.26’32 This tensor describes scattering processes
involving a phonon of polarization O belonging to the jth
irreducible representation, The subscripted indices refer
to the unit vectors for the incident polarization (/8) the
scattered polarization (e¢) and the wavevector of the incident
light (& ). In terms of the third-rank scattering tensor,
the scattering intensity becomes

I (JJ =C X ' r Cw Bpa—(j”) ei,a )Q"r,z
o ( 3-45 )

It should be mentioned that there are other mechanisms
that may give rise to forbidden resonant Raman scattering.
These involve the Frohlich electron-lattice interaction
which is specific to LO phonons and is therefore not
relevant to the present research invalving nan-palar f;/:onon.r.

D. Resonant Raman Scattering and Excitons in Cu,0

In this section we discuss the exciton spectrum of
Cu20 and the associated transitions within the framework of
the preceding theoretical introduction.

Fig. 1-3 shows the presently accepted band scheme.
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The yellow and green exciton series are formed by transitions
between bands that have the same parity.9 Dipole

transitions between these bands are, therefore, forbidden at
zone center. However, because the band wavefunctions at
finite wavevector contain admixtures of wavefunctions of
other bands, weakly-allowed dipole transitions are permitted
between the ground state and the P states of the yellow and
green series. At zone center a quadrupole-allowed transition
between bands having symmetry f}’ and rl+ forms the yellow
exciton states with S envelopes. The P-state features and
the 18 feature are shown in the absorption curve of Fig. 1-2.
Higher S states are masked by phonon-assisted transitions to
the 18.

The quadrupole nature of the 1S state was discovered
by Gross and Kaplyanskii8 and provided the basis for
Elliott's band assignments.?

Optical studies of the yellow exciton series performed
during the intervening years were reviewed in Chapter 2.

The more recent resonant Raman scattering studies require
further discussion.

Yu, Shen, Petroff and Falicov have extensively studied
allowed multiphonon Raman scattering in the region of the
yellow exciton scries of Cu20 and have reported the resonant
enhancement of a number of multiphonon Raman features.73—76
The strongest resonant enhancement in this region occurs
for the,lf}‘ process. Resonant enhancement was also

observed for several other two-phonon, three-phonon and
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four-phonon processes all of which involved a 3~ mode.
27,36,41

In a series of experiments Cummins, Compaan and
coworkers used a dye laser to tune through the frequency
range of yellow exciton states. Raman scattering intensity
for all of the odd-parity phonons in Cu20 exhibited a
dramatic resonant enhancement whenever the laser was tuned
to an S or D, yellow exciton state. Scattering with the
laser tuned to these states, which are the subject of the
present study, was shown to be consistent with the
quadrupole-dipole Raman-scattering mechanism described in
section C. Polarization ratios were found to be in
agreement with the third-rank scattering tensors derived by
Birman. A. schematic of this process is shown in Fig. 3-1.

The experiments described above established the
resonant Raman scattering technique as a quadrupole
spectrometer since there is a strong enhancement of the
Raman cross-section as the laser is tuned through
quadrupole (but not dipole) exciton states. In particular,
‘the technique identifies states of I symmetry.

As discussed in Chapter 2 assignments of excited yellow
exciton states are controversial, The electroabsorption
work was inconclusive since the applied perturbation could
mix P states with S and D states. This problem is avoided by
using resonant Raman scattering since experiments are
performed on the unperturbed crystal. Nevertheless,
interpretation has still been difficult. In the first

place mixing may occur between S and D exciton states,
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FIG. 3-1. Schematic representation of the multipole-
dipole Raman-scattering mechanism. Electric guadrupole
absorption is to one of the S states of the yellow exciton
series. There. is-then a transition - to a state of a dipole-
alloved exciton series via the electron-lattice interaction.

The system returns to the ground state through dipole

emission.
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Since D states have some r%f character, this admits the
possibility of resonant enhancement at D states which should
otherwise give no enhancement since the envelope function
at the origin (which determines the transition probability
for quadrupole transitions) vanishes for D states.
Secondly, the n = 1 member of the green exciton series
(derived from a r}+ valence band and a f}* conduction band)
has a n; component and could occur in the region of the
yellow excited states. Incidentally, the 1S state of the
green series also has components of fﬁf symmetry (magnetic
dipole) which can give rise to resonant enhancement as in
the electric quadrupole case. TFinally the 2S5 state of the
yellow series has never been located. The present research
was motivated in part by the desirability of resolving the
controversy over assignments.

E. Iixciton RBasis Functions

In the effective mass approximation, exciton

wavefunctions are given by

V= b (h-i) %G Ye(R)
( 3-46 )

i.e., an envelope function ¢ of the relative electron hole
motion multiplying a pair of zone center Bloch band
Tunctions. B

Since the conduction band is an orbital singlet (/7')
times a spin doublet (/% ), there are two possible conduction
states ¥ = corf , (spin up or down) multiplying a totally

symmetric spatial part which we will not explicitly include.
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The valence band is an orbital triplet r}f transforming like
Xz, yz or xy times a spin doublet (<or# ) giving 6 valence
states and thus, when combined with the 2 conduction states,

12 pair states of the form

) ( 3-47)
The 12 basis functions to be used in the calculation are
linear combinations of the simple product functions of Eq.

( 3-47 ) chosen both to diagonalize the major part of the
perturbation in the unstrained crystal and to exhibit the
appropriate symmetries of the yellow and green excitons.

The transformation is accomplished in two steps.
First, the 6 valence functions w‘/: Xy« ete. aré combined to
form two P: and four’}+ basis functions using the
coefficients (coupling constants) given in Koster et a1.”t,
Since these functions transform as representations of the
appropriate double group, they automatically diagonalize
the spin-orbit interaction. The 6 valence functions are
given in Table 3-1 both in Cartesian coordinates and in
spherical harmonics. Next, the four "yellow" product
functions formed from the two valence states and the
conduction <. or ﬂn are combined into four new product
functions, one transforming as [5 and three as /3 which
are then the appropriate functions for the exchange-split
para and ortho yellow excitons. Similarly, the eight
"green" product functions formed from the four f}*valence

states and the conduction v, or /. are combined into eight
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TABLE 3-1
ZONE CENTER BLOCH FUNCTIONS (VALENCE BAND)
From Koster et al - Table 83

%’1' = _%[xyuc + (yz + ixz)4] =—T1g[Y"a< +2Y;'4)

%

_Z = —?%_[-xyﬁ + (yz - ixz)] = _716_[‘1';9 -2Y,]
5= ilxy8 + (yz - ixz)k] = 1[t"e + 1"
ylsé T%[Xy/e ¥ ixz '7’3'[ "8 + Y, ]

‘f’l/f’ = __v%[(yz - ixz)ﬂJ = —Yz'ﬁ

€
)
il

7= iflyz + ixz)e] = Y3 ¢
/e ] ;

%
(K?/zz 7:&_[2}{5{4 - (yz + ixz),e] = 7%_[’1"& - YJ-/‘J

LA P P
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new functions transforming as a doubleti}*, a triplet Ty’
and a triplet T}* . The appropriate coefficients are again
taken from Koster et al.Sl
These 12 product basis functions are diagonal in the
spin orbit interaction, and the 4 yellow and 8 green
functions are separately diagonal in the exchange interaction
as well although inter-series exchange terms will remain,
The 12 functions including envelope functions ¢ are listed
in Table 3-2.
The ortho and para yellow excitons are not triplet and
singlet spin states, as may be seen from the eigenfunctions
in Table 3-2., The singlet F;'paraexciton is pure spin triplet
while the triplet n;'orthoexciton is mixed spin singlet and
triplet, as noted by Kuwabara et al.43
For a given orbital quantum state n (e.g., n = 18)
there will be two distinct envelope functions ¢ny and ¢ng
for the yellow and green excitions, respectively, as
indicated in the table.
The initial Hemiltonian (to be discussed in Section @)
includes the spin—orbit interaction Hso =(2/j{At:?) which

splits the valence band into I* and " (with 37

lying
below r? by the spin-orbit energy ), and the Coulomb
energy Ecgn and Ecyn for the green and yellow excitons,
respectively. Thus, the energy EC for the 12 basis states
without strain or exchange will be E° = Ecyn for the four

yellow exciton states and Ecgn +A for the eight green

exciton states. These are also listed in Table 3-2.
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Table 3-2. Wavefunctions and energies of the 4 yellow and
8 green exciton states in CuZO. The energies given do not
include the effects of strain or electron-hole exchange.
Functions of cartesian coordinates which transform like the
wavefunctions are shown to the left of the F,, and G

wavefunctions.
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F. Effects of Stress44’52

1. Band Effects

The application of uniaxial stress and the consequent
strain lead to a change in the lattice parameter and the
symmetry of the solid. The resultant changes in the
electronic band structure can be determined by investigating
the stress-dependence of the optical spectra. The application
of anisotropic strain to a crystal is a unique tool because
it has no analog outside of solid state physics. In recent
years it has become a powerful technique for revealing
degeneracies due to spatial symmetry (except inversion) in a
manner similar to the removal of time-invariance symmetry
by magnetic fields. Experiments which have studied the
stress-induced splittings and shifts of energy levels and
oscillator strengths as well as the dependence of the
induced fine structure on polarization direction and strain
configuration have provided information concerning the
intrinsic properties of the undeformed crystal such as
symmetries of interband transitions, deformation potentials
and the exciton spin-exchange interaction. Comparison
between the symmetry assignments so obtained and existing
band calculations may be made while the deformation
potentials are of value for comparison with theories based
on model calculations. .

In the absence of strain or spin-orbit splitting the
valence-band edge at K = o in diamond or zinchlende~-type

materials is a sixfold degenerate p-like mdltiplet with
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orbital symmetry [y (diamond) or T4 (zincblende). The spin-
orbit interaction lifts this degeneracy into a fourfold
multiplet (J = 3/2) and a twofold level (J = 1/2). The
application of a uniaxial stress splits the J = 3/2 multiplet
into a pair of degenerate Kramers doublets. In CuZO, with
point group Oh’ the situation is somewhat analogous. As
shown in ¥ig. 2-2, the highest valence band is a sixzfold
multiplet derived from d orbitals (the remaining d states
having been split off by the cubic crystal field). The
spin-orbit interaction splits this manifold into a quartet
and a doublet with symmetry M3* and *M;" respectively,
using the double-group notation. The lowest conduction
band is s-like, having only the Kramers degeneracy.
Application of uniaxial stress will split the quf band into
a pair of Kramers doublets whereas the degeneracies of the
‘fz‘ band and the conduction band are unaffected. The
situation for Cu,0 is shown in Fig. 3-2 for stresses of two
different symmetries.

The effects of strain on the bands may be determined
by the orbital-strain Hamiltonian which, for cubic crystals,

44,52,53

is written as
- YENE
Hp = alew+ €yy+€.,)-3bH(L7-U/3)e, +ep}
- 213 {(Ly+ Ly L)ey+cp}
( 3-48 )
where L is the angular momentum operafor, the eij are
components of the strain tensor and cp denotes cyclic

permutétion with respecf to x,y,z. The constant a represents

10
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the shift of the orbital bands due to the hydrostatic
component of the stress. It is related to the stress-induced
volume change of the unit cell and affects the magnitude
of the band gap. The quantities b and d are orbital uniaxial
deformation potentials appropriate to strains of tetragonal
and rhombohedral symmetry, respectively. They account for
the anisotropy of the strain and therefore relate to the
change in symmetry of the unit cell. The anisotropic part
of the strain is reflected in general in the lowering of
degeneracies (splitting of bands). The form of Eq. ( 3-48 )
is determined from the theory of invariant553’54 and is
constructed so that the Hamiltonian transforms like a scalar.
It is a straightforward matter to derive the

Hamiltonian for specific stress directions in the cubic
crystal. TFor the case of tetragonal strain (1001) direction)
we have )

exx = é))' = &.QX

€..=5,X

€xy = éxz = €}'z =0

(1 3-49 )

where Sij are elastic compliance constants and X is the
applied stress. Eq. ( 3-48 ) becomes

Ho, = hX + e(Li-L/3)X

20,

(3-50)
where

a (S, +28,) |
-3b(S,-S5,,) ( 3-51)

>~
1)

n
it
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FIG. 3-2. Effects of uniaxial stress on the energy
bands in cuprous oxide. The center column (for the
unstrained crystal) displays the degeneracies and symmetries
of the (*r,") conduction band and the (spin-orbit split
partner) valence bands “fg* and *I3' . The effect of a
tetragonal (rhombohedral) stress is shown on the right (left).
In each column the resultant crystal symmetry is shown on
top and the double-group notation is used to classify the
resultant bands. For either stress a splitting of the f,"
band occurs while the other bands retain a twofold

degeneracy.
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For rhombohedral stress ({110) direction) the elements of the
strain tensor are
Exx = Eyy =5 (S, +$,)X
= ‘slz X
€xy =% Sy X

€., = €y, =0
xe = TyE ( 3-52 )

In this case Eq. ( 3-48 ) reduces to

Mo, = hX = £ (Li- CX+F(L L+ L L)X

3-53 )
where
f=-3d8,
( 3-54 )
Egs. ( 3-50 ) and ( 3-53 ) will be used in seciion G.

2. Kramers’ Theorem’?

The operation of c¢ime reversal requires reversing all
velocities and letting time proceed in the reverse direction
so that a system runs back through its past history. By
considering the time-dependent Schrodinger equation it is
easy to see that if one neglects spin, the time reversal
operator simply transforms a wavefunction into its complex
conjugate. The state ¥* will evolve into +t exactly the
same way as ¥ would have evolved in the -t direction. Since
probability density is proportional to I¥I?, it is unaffected
by the operation. However, the momentum distribution,
being proportional to the imaginary part of \/’*V‘/’ , is

reversed, as it should be. If we consider a stationary
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state, its energy is unchanged since HY = E¥ implies

HY = E¥* . There will or will not be a degeneracy
associated with this symmetry depending on whether the set
of‘fjé is or is not linearly independent of the set of ¥ T
corresponding to a given energy. It must be noted that any
magnetic field present in the Hamiltonian must be reversed
in the time-reversal operation.

When spin is included, the time-reversal operator is
not simply the operation of complex conjugation. Rather it
can be shown to be a product of the complex conjugation
operator with a product of Pauli spin matrices. This has
the immediate consequence that the wavefunction for a system
containing an odd number of electfons must be orthogonal to
the time-reversed wavefunction. Since these wavefunctions
must have the same energy, by time-reversal symmetry, a
double degeneracy must exist. All energy levels of a system
containing an odd number of electrons must be at least doubly
degenerate regardless of how low the symmetry is, provided
there are no magnetic fields present to remove time-
reversal symmetry. This is Kramers' theorem.

A special case of this necessary degeneracy is the
inability of a static stress to remove the Kramers degeneracy.
The effects of stress on the bands of CUZO were illustrated
in Fig. 3-2 for stress along two different directions. It is
now seen that the resultant twofold degeneracies are a
consequence of time-reversal symmetry.

This could have been arrived at more simply as follows.
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The strain tensor can be decomposed into parts which
transform (under Oh) according to 'T}"* , " and®ry . For
example the trace E éii’ is a scalar and transforms like
Wj+. Now according to the Wigner-Eckhart theorem, the matrix
element of an operator {W'/H/¥) may fail to vanish (and a
splitting can occur) only if the representation r¥is
contained in/Y® ', Table 3-3 gives the product
multiplications for the group Oh' It is seen that the

above condition is satisfied (using the strain symmetries
discussed above) for wavefunctions with symmetry r}' but not
for wavefunctions of symmetry I’ or [3'. This corresponds
to the Kramers requirement and to the band scheme of Fig. 3-2.

3. Effects of stress on the Exciton Spectrum

In 1961, Gross and Kaplyanskii8 observed a stress-—
induced splitting of the 1S state of the yellow exciton in
Cu20. This effect cannot be explained within the framework
of one-electron theory since the bands which form the yellow
series are Kramers doublets and therefore cannot split under
stress. The behavior was explained by Elliott9 as an exciton
effect involving the two-particle nature of the exciton. The
splitting (exchange-strain splitting) will be shown to be a
second-order effect in section G. Exciton states deriving
from the (Kramers degenerate) Ar;* and ZFZ* bands, that is
states of the yellow series,. are coupled by the strain and
by the electron-hole exchange interaction to exciton states

associated with the ”F;*

and ’F;* bands (green series states)

which can be stress-split.

g

4
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That the splitting is an exeiton effect can be seen
simply using group theoretical arguments. As previously
discussed, the (S-like) yellow exciton states are formed from
“+

bands of symmetry *[,

and zr;F . It was shown in section
F.2 and Fig. 3-2 that these bands do not split under stress.
The exciton states formed from these bands, however, are of
symmetry jﬁ;' and 'I;" where the 3r2+ (orthoexciton) is
optically "active" in the quadrupole approximation. Fig.
3-3 gives the effect of strains of different symmetry on
states, using group theoretical compatability. We see that
the triple degeneracy may, in principle, be removed by
stress even though the associated bands (Fig. 3-2) are not
split.

It turns out that states of the green series also have
a stress-dependence determined by coupling to the states of
the yellow series. However, unlike the yellow series,
states of the green series are split in first-order due to
the splitting of the qr}4 valence band. The exchange-
strain splitting of exciton levels in Cu20 has recently
been treated in detail by Kiselev and Zhilich.24

The exchange-strain splitting has also been observed

in other crystals. Koda and Langer57

reported a strain-
induced splitting of exciton states in wurtzite crystals.
The occurence of a splitting .in spite of the Kramers
degenerate bands was explained by Akimpto and Hasegawa56 on

the basis of the exchange effect.
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Table 3-4. Character table and basis functions for

the group Oh

b
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Table 3-5. Character table and basis functions for

the group D4h
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4, Group Theoretical Compatibility and Selection Rules

Analysis of the results of experiments in which symmetry-
breaking perturbations are applied to the crystal is greatly
facilitated by the use of group theory. The transformation
properties of energy levels as well as symmetry-related
degeneracies may be determined by calculations of a few steps.
In addition, the results of lengthy calculations may be
checked for consistency with group theoretical predictions.

In the present research, we will be concerned with the
point groups Oh’ D4h and CZV' The point group syﬁmetry of
the unit cell of the unstrained CuZO crystal is Oh‘

Tetragonal and rhombohedral strains lower this symmetry to
D4h and CZV’ respectively. The properties of these point
groups are conveniently summarized in Tables 3-3 through
3—951. Character tables for the three point groups are
shown in Tables 3-4, %-5 and 3-6. Multiplication tables

are shown in Tables 3-3, 3-7 and 3-8. Compatibility
between Oh and the other point groups is given in Table 3-9.

Group theory has already been used in the preceding
sections in connection with the determination of the exciton
basis functions in the unstrained crystal and for the
discussion of stress-induced splittings. In Section E, the
representations according to which the exciton basis functions
transform were found by repeated reference to the Oy
multiplication table, while the functions themselves were
determined from tables of coupling coefficients.sl In

Sections F.1l and F.3 the compatibility table (Table 3.9) was
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FIG. 3-3. BEffect of stress on the?ly orthoexciton
in Cu20. The effects of tetragonal and rhombohedral stress
are shown to the right and left, respectively. The point
group symmetry of the unit cell is shown as the heading of
each column. The symmetry and degeneracy of states is
indicated for the point groups C2v and D4h that result from

deformation.
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used to determine the possible splittings that could result
from the application of stress. This simple analysis will be
used as a check on the quantitative calculations of Section G.
Group theory can also be used for deducing the polarization
selection rules relevant to the quadrupole-dipole resonant
Raman scattering process.

A scattering process (involving the 109 em™t phonon)
corresponding to a given configuration of incident and
scattered polarizations can proceed if the representation
according to which the 109 cm_l phonon transforms is contained
in the reduction of the direct product of the representations
corresponding to the electric quadrupole and electric dipole
operators.

In the unstrained crystal, the ‘I"J orthoexciton
transforms vnder O, like xy, yz and zx (Table 3-4). Thus
for light incident along ﬁ, it can be excited by both y and
z polarizations. The electric dipole operator transforms
like x, y, and z (the *I%" representation) and the 109 om™t
phonon transforms according to lr}' . Table 3-3 shows that
the direct product of I’ with *I%” contains Iy . The
phonon can therefore participate in the scattering process.
Since the light is incident along ﬁ, and since the
experiments all involved the backscattering geometry, only y
and z polarizations are possible. The above argument then
implies that participation of the r;— phonon in quadrupole-

dipole scattering is possible for the incident light polarized

along y and the scattered light polarized along z or vice
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versa. The results are consistent with Birman's scattering

tensor326’32

and are displayed in Table 3-10.

Under a uniaxial stress along 2, the crystal symmetry
is lowered to Dy, and the 31y orthoexciton splits into ’r}+
and ngf which transform as xy and yz, zx respectively. This
splitting is obtained .from the compatibility table (Table 3-9)
and was shown in Fig. 3-3. The transformation properties
are shown in the D4h character table (Table 3-5). Reference
to the same tables shows that the electric dipole operator
splits into 7}’, which transforms like z, and 2f}7 which
transforms like x and y. The phonon representation splits
into 'I7” and lr;". Taking direct products of 'T5” andlf}f
with 'T37 and /75 shows that only'T";’@lr_}- andlm+®')—2“
contain the 109 cm_l representations in their reductions.
This implies that for incident light polarized along y
(corresponding to ‘Fy* and therefore to the exciton state of
this symmetry) scattering from the 109 cm"l phonon can occur
only in processes which result in scattered light polarized
along z. Likewise scattering involving incident light
polarized along z (which can excite the lr}* exciton) will
produce scattered light polarized along y. The results are
shown in Table 3-10. These selection rules, which agree
with results obtained by R. %erensonbs, have been used in
the present experiments to identify the symmetry of stress—
split exciton states.

The case for rhombohedral stress is a bit more

complex. Stress is applied along(110] (or % + ¥ in terms
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TABLE 3-10. Selection rules for quadrupole-dipole resonant
Raman scattering in Gu20. Only scattering from the 109 cm_l
(JF; ) phonon is considered. The columns from left to right
correspond to unstrained, tetragonally strained and
rhombohedrally strained crystals. Square brackets are used

for function transformation properties. Parentheses are

used for polarization of incident and scattered light.
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of the crystallographic axes) and- the crystal symmetry is
lowered to CZV' Let the coordinate axes relevant to the
02v point group be denoted Xy5 X, and x3. These are related
to the crystallographic axes by59
1} -
X, = (x Y )
X, = ~Z
X3 =L (X+
3 97 y)

(3-55)
The compatibility ta}_—'—'_‘,—%—_ (X +y % the electric dipole
operator I, splits into'l} , T, and T}, . However,
arbitrary linear combinations of the 3/} basis functions will
not be eigenfunctions in the (rhombohedrally) strained
crystal. The compatibility between the grz_ basis functions
and the (C, ) functions T , T, ana T, is obtained as

follows. The C, character table shows that TT transforms

v
like % while Bq. ( 3-55 ) shows that xs =(1/%2 )(x+y).
Therefore the electric dipole basis functions appropriate to
the strained crystal can be obtained from those in the
unstrained crystal by taking the linear combinations given
on the right-hand side of Eq. ( 3-55 ). In the same way,
the linear combinations of grkf electric quadrupole basis
functions which are compatible with 02V symmetry are xy,
yz+zx, and yz-zx. The analogous linear combinations are
required for all of the basis functions discussed in
Section E. "

With this in mind the selection -rules for the
rhombohedrally-stressed crystal can be discussed. As for

the tetragonal (D4h) case, the compatibility is determined

7o
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from Table 3-9. The results are gshown in Table 3-10 where
transformation properties are given both in the Xpy Xg, x3
coordinate system and in terms of the crystallographic axes.
Selection rules are again obtained by taking direct products
between electric quadrupole representations (Flﬁﬂs and

r4), and electric dipole representations (ri’sz andrh) to
see which products contain phonon representations. The
results are shown in terms of Xy Xp and x3. Crystals used
in the experiment were cut so that stress was applied along
£3 (= % + § =[110] ) and backscattering experiments were
done with light incident along £2 (= -Z = [001] ). Subject
to these constraints, it is seen from the table that the Ty
exciton may be excited by light polarized along X3 (parallel
to the stress) and that scattering from the 109 emt phonon
results in both X3 and x, polarized scattered light. The 3
exciton is excited by Xy polarization (perpendicular to the
stress) and results in Xy and Xy polarizations for the
scattered light. In such backscattering experiments, then,
resonant Raman scattering involving the 73 exciton or 72
exciton may be distinguished by the polarization of the
incident light.

Coupling to the 'f7 exciton is more difficult. It
transforms like x32 - xlz and therefore requires the
wavevector and polarization rff the incident light both to
have components along & and X;. It is obvious that the
backscattering experiments discussed above do not permit

this. Ideally, the wavevector should be parallel to £l - §3

T3
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while the polarization should be-.-along Ql + %3. However,
this could be achieved only by cutting a "V"-shaped notch
into the (ITO ) face which would weaken the crystal
significantly. In addition, determination of the applied
stress would be quite difficult. A practical solution to the
problem is to cut the crystal with an extra face with normal
parallel to Ql + §2 (the[TV2] @irection). This geometry
allows the wavevector and electric vector to both have
components along X - In addition, the extra cut does not
affect sample strength or stress determination. Using this
geometry Gross8 showed that absorption to the Irj component
of the stress-split 1S state of the yellow series, with the
wavevector confined to the Zy X, plane was maximized for

the wavevector along £l + %,

2

G. Effective Hamiltonian Formalism

1. Tetragonal Stress

The dependence of the energy of exciton levels on
stress may be calculated using the effective Hamiltonian
70

formalism of Pikus The following treatment is based on

similar analyses by Kiselev and Zhilich24, by Langer,

Buwema, Era and Koda7l and by ChoGO.
The starting point for the calculation is the effective

mass approximation in which exciton wavefunctions are given

W= G (R-0) ¥ (5) % ()

by

( 3-56 )
i.e. an envelope function ¢ of the relative electron-hole

motion multiplying a pair of zone-center Bloch band
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functions. The 12 exciton states comprising the yellow and
green series have been given in Table 3-2.
The effective exciton Hamiltonian is H = HO + H'
where HO includes the electron-hole Coulomb interaction H,
and the spin-orbit interaction
PR
Hy, =2 AL
3 (3-57 )
where A is the spin-orbit energy and L ando are orbital and
spin angular momentum operators which act on valence band
wavefunctions. H_  splits the valence band into ' oana gt
and thus separates the yellow and green exciton series. The
perturbation Hamiltonian is taken to be
H' = f40 + liEX
(3-58)
where HD describes the effects of deformation on the valence
and conduction bands, and HEX represents the valence hole-
conduction electron exchange interaction. The deformation
Hamiltonian for tetragonal stress was discussed in Section

F.1l where it was shown

Hy, = hx + e(L;-12/3)X

( 3-59

where X is the applied stress and h and e are deformation

parameters. The first term in Eq. ( 3-59 ) represents the
effect of the hydrostatic cdmponent of the strain on the
band gap while the second term produces the strain splitting

of the ”r}* valence band as well as band mixing effects.
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The exchange part of the Hamiltonian can be written

H

> >
Ex T ‘é‘ FIh g, - %

( 3-60 )
where JA is an atomic exchz{nge constant, & and 771. operate
on conduction electron and valence hole spin functions
respectively, and F is a factor which gives the probability
that the electron and hole are in the same cell.

F=1¢]l*
( 3-61)
The exchange interaction discussed in Section B.3, is
¥ FJA and will depend both on the valence band involved and
on the principle quantum number n of the exciton state
since | (Fe - ?n =0 )|2~ n~?. TFor a given n, the matrix
elements of Hex are

<¢/Hmlofj> = ‘2""’JJ <',&e'52’J>

( 3-62 )
where | and |j> refer to the spin part of the
wavefunctions in Table 3-2 and Jj; is:

Jyg = VIFIP ( @ay (0 Bpg(0)) = J
Jyy = Jy: / ¢ny(0)/j = Jy
\/53 = Jj I¢,,j(o)/ = J3 (565 )

The matrix of the effective llamiltonian in the 12
state basis of Table 3-2 is®given in Table 3-11. 1In
computing the matrix elements of the.deformation potential
HD’ envelope function factors of the form fQ’,*@ d* occur.

For yellow-yellow or green-green matrix elements these are
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equal to unity by definition. For matrix elements between
yellow and green states they turn out to be nearly equal to
unity as well and have thus not been included explicitly in
Table 3-11.

Several aspects of the energy matrix should be noted:
(1) The exchange interaction is very nearly diagonal. The
only non-diagonal terms are between yellow and green F5
excitons of the same symmetry; (Gf’Byz and Yl“sy
s

50 G SXZ and

%z? Gr’BXy and YI"SXy).
(2) The sole effect of the hydrostatic deformation term
hX is to shift all the diagonal energies linearly.

(3) Terms linear in eX occur in the diagonal elements of
the green excitons giving rise to linear splitting due to
splitting of the I'y valence band. However, no such terms
occur in the energies of the yellow excitons (ES’ ES’ ElO'
ElZ) showing that these states are not split by the strain
to first order. Splittings must therefore come about in
second order due to the non-diagonal matrix elements of eX
between yellow and green states.

(4) The matrix only includes yellow and green excitons of
a particular orbital quantum state (e.g., 38). No
interactions between states of different guantum numbers
have been included, nor have possible interactions with
other valence or conduction.bands, such as the blue or
violet exciton series.

The Hamiltonian matrix can be diagonalized

numerically for different values of the parameters and
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compared directly with the experimental data. However, it is
useful first to solve approximately for the energy
eigenvalues using second-order perturbation theory
E, = HS+ Hpy + & 1Hxl?

keh Ey- Ex ( 3-64 )
Since ¢3 and ¢4 are degenerate in H_, the exchange part of
H' has also been included in the energy denominator for this
pair (i.e., E3° - E4O = 4Jg/3) and similarly for ¢6 and ¢7.
Finally, the yellow exciton Coulomb energy EZ was subtracted
from the resulting energy eigenvalues and the combination A+
Ecg - Ecy represented by A’ (vhich now depends on the
particular exciton state). The final energies shown in
Table 3-12 are thus measured from the energy of the specific
yellow exciton without exchange and strain.

Note that the yellow triplet orthoexciton is thus
predicted to split into a doublet and a singlet under
applied uniaxial stress. This was shown schematically in
Fig. 3-3. The linear splitting term comes from the cross term

in the squared off-diagonal matrix element| 4. +'§2L] and is
1 € [?VI‘ Tz

thus seen to arise from the simultaneous effects of exchange
and strain as stated earlier.

2. Rhombohedral Stress

The rhombohedral stress is applied along [110] . It is

o
i

lower symmetry than the tétragonal stress and is capable
of splitting the 3f}4 exciton into three nondegenerate levels

as discussed in Section F.3 and summarized in Fig. 3-3.
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TABLE 3-12
Bigenvalues of the energy matrikx (Table 3-11) from

second-order perturbation theory (tetragonal stress)

Energy ( Op_Symmetry / Dy, Symmetry )
Yellow I; Triplet Orthoexciton

Ey = Eyz = —iJy-8J% + hX - 4eJX - 2&*X* 2
s 2 e 9’ BAT o ([}yz‘:’;';z // C—’)

3a° A
By = —-1Jdy -8J% + hX + 82JX - 203X? [ i
) L =N S8 & I
T 38w ( Sy 7 w)

Yellow I, Singlet Paraexciton

By = 3y + b - 2000
2 A
Green [ Triplet

B, = By = A'-5Jg + 8J% + hX Yi[ - j_)eX +(1_ -9 *x?
T [ Ty &a 2 25 16J

2

(55,1, 137
E¢y=A’—_es_‘Jg+§1‘ + hX - (SJ—- 1)ex+2_e‘xl yz’;"z//[;

9’ 3N
(G, 175")

3N
By =By = A+ £Jg 4 MK+ deX 4 [ 9+ 3 2
(] ¢ T84, 247

g 2
By = A" +3dg + hX +(72‘jz // '/';' ) (r'q“ /;; /21—;_)

Green Iy Doublet

CGreen Q Triplet

E = A+ g + hX - eX

E = A+ $Jg  + hX + eX + 28?77
~
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The effective Hamiltonian for this case differs from
that of the last section only in the deformation part which

now becomes

Ha,, = hx -2 (LI-U/3)X +F(L,L,+\, L)X
2 (3-65 )

as was shown in Section F.1. Eq. ( 3-65 ) involves an

Do

additional deformation parameter (f) that did not occur in
Eq. ( 3-59 ) for the tetragonal case.

Although the only formal difference between the
tetragonal and rhombohedral cases involves the deformation
Hamiltonian, it is desirable to_proceed with the present
calculation using a different linear combination of the
exciton basis functions given in Table 3-2.

For stress parallel to [110] , the crystal is not
uniaxial as it was for tetragonal stress72. The stress
couples the valence bands which leads to a breakdown of mj
as a good quantum number (Table 3-1). The unperturbed
exciton basis functions of Table 3-2 would be mixed by the
stress. This mixing can be seen by comparing the first and
third columns of Table 3-10 which give the representations
appropriate to basis functions in the unstressed and the
rhombohedrally-stressed crystal. It is also seen that the
mixing will not occur if the unperturbed (Oh) basis
functions are chosen so that.functions transforming as x and‘
y are replaced by their symmetric and antisymmetric
combinations and similarly for functions transforming as

yz and zx.
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The linear combinations to be used as basis functions
for the calculation for rhombohedral stress are given in
Table 3-13. The matrix of the effective Hamiltonian in the
12 state basis of Table 3-13 is given in Table 3-14. The
comments of the last section concerning the unperturbed
eigenvalues apply here as well.

Approximate energy eigenvalues can again be determined
using second-order perturbation theory. The results are
shown in Table 3-15. In contrast to the tetragonal case,
the yellow triplet orthoexciton is now predicted to split
into three distinct levels. This result was anticipated by

the group-theoretical arguments of Sections F.3 and F.4.
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TABLE 3-13

Exciton Wavefunctions for Rhombohedral Stress
(in terms of wavefunctions of
vV, = -6 Table 3-2)

Y, =4,

Ys =v(Ps + )
Y, =@, +8;)
Y5 =85 +Pg)
W =vi(Bs - Pg)
Yo =@, -0

Y =@ - dg)

Vo - b,
Y10 = Pro
Viy = 0y,
Vi2 =%,
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TABLE 3-15
Eigenvalues of the energy matri'x

second-order perturbation theory

Yellow Iy Triplet Orthoexciton
[F(c,): By = -1dy - 85%+ hX +(@—
HCU s S 50
E,'(sz)= By = -1Jy - 8J%+ hX -«-(ZeJ +

4 6 9’ N

e,y -1Jy - 8J%+ hX - 4ed X
A 3A7

Yellow G Singlet Paraexciton

By = 3y + bX —(_g"+ @‘)x2
2 7n W
Green r;»'l‘riplet
Ly = A'-5Jg + 85"+ hX +(1_ -
4 6 94 4
+(g‘_ + 9f -
BA'  Bn
By = A'-5Jg + 8J HRX+ (e
4 6 4
+(i + 9f*-
8A' B
By = A -5Jg + 8%+ bX + (4eJ -
7 6 Ery 3N
87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(Table 3-14) from

(rhombohedral stress)

2ta)x - (i + 33t ser)x?
N A 16N A’
2L - (i + 3382~ _3££)X’
iy 2A" 1A g
o[+ E@’)X’

PN g

3f - 2ed + 2£J - Bef)
2 3N AT 4B
9e* - 9f* - Qef )x"
bddg T6dg 16Jg

3F - 2ef - 280 + 3ef)X
2 N 47 4n7
9e* - 9f* + 9ef )X‘I
64dg 16dg 16dg
]_e)X + (9}_ - 4_f‘)x2

2 20 g



TABLE 3-15 Continued

Green 3 Triplet
By =A'+1Jg + hX - 1eX - 3fX
3 2 4 2

(é_e_—ﬂ+15f 9e? - 9ef + 9f* )xl
8n' BN T6A’ ©4Jg 16Jg 16dg

By =A't1Jg + hX - leX + zrx
6 2 4

(3e + 9ef + _5§’+ 9e + 9ef + 9f* )x‘
A BA’ T6AN bhdg 16Jg 1698

By =A+1Jg + hX + leX + V3K +
1 2 2

Green [} Doublet

By =N+1Jg + hX - leX - V3K +_e* X?
4 5 N

N

By =A'+1Jg + hX + eX + 6f"‘(2+ 9£*x?
1A s
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CHAFTER IV.

EXPERIMENT
A Introduction

Laser Raman spectroscopy involves the following

experizental arrangement. A beam of laser light is focussed
into a small volume of the sumple to be studied. Light
scattered from the sample contzins = number of freguency
components. Thisg scattered light ic collected and frequency
anulysed with 2t tandem grating spectremeter. Elastic

scattering produces the mont intense component which is

centered 2t the freguency of the lurer light. Inelastic
components oceur ut frequencies shifted witin respect to the
laser freguency. These result from intersctions with

various excitutions of the

0f interest in Ramen
senttering cxperinents are tie frequency shifts and the
intensities of the shifted compenents.

Be Experizental JSetup

The

ig shown in Flr. d=1. An Argen don lncer wns used to pump a

cu dye lurey in ordcr to cntain Lunnble ontput radintion.

The output of the dye lager, wis ced tihrough & single-

ernting spectrometer to reduce the intensity of the brouzd-
parnd bactoround fluerescence which neesmpusies the main

output freguency of the dye imger. The lipht was tiuen

wauced through 9 polurizution rotutor to oblain the desired
pelurization before being rocussed onto the sample.  The

sample s mounted in o stress apperatus which in turn was
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mounted in a helium dewar. Tne sample was cut, polished and
mounted to permit application of stress along the desired
direction while allowing a light scattering geometry
appropriate to the symmetry of the strained crystal. The
latter involves conditions upon the wavevector and
polarization components of the incident and scattered light
with resyect to the crystaliographic axes. The conditions are
determined from group theoretical considerations. Typical
sample dincnsions were lem x jam x 10mm.  Light scattered by
the sample was collected by 2 collizuting lens. The parallel
light so otteined wns reflected froum u system of two mirrors.
This arrangement served the dual purpose of aligning the
collected light with the spectrometer and rendering the imege
of the scuttering plane parullel to the spectrozeter slits.
The light reflected from the mirrors was then focussed onto
the spectlrometer slits. The speed of the lens used was chosen
to mutch taut of the spectrometer. A polurization analyzer
and 2 polurizntion scrumbler were pluced in rront of the
gpectrometer entrunce slit.  The scranbler wus used to
compensnte Yor the dependence of spectromcter throughput on
the polarization of incldent lignt.

Light lenving the spectremeter ¥as rocussed onto the
cnthvde of 1 photomultiplier tule wioue oulput was processed
with photon counting electrgnics nund recorded on a stripehart
vecorder, The stripehart record provided u curve of the

intenslty of seatiered ligit ws a function of frequency.

o0
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C. Apparstus -

A summary of the apparatus used in these experiments
is given in Table 4-1. Brief descriptions of the main
components follow.

Argon Laser

A Spectra Physics modcl 165 Argon ion laser was used
as pump laser in all experiments. The output was
approximately 3.5 watts in all lines.

Lye Luser

The output of the Argon larer was used to pump a
Coherent Rudiation model 90 dye luser to obtain a source of
continuously tunable coherent light. The dye mediuzm was a
methyl alcohol solution of the dye rhodamine 6G, which
absorbs in the tand 4800 A to 5500 A and emits at longer
wavelengths 400 & to 6300 A throwgsh fluorescence.
Selection of monochromatic rudiation from the broad dye
fluorescence tundwidth is achieved tirough the use of a
quartz birefringent filter consisting of three quart: plates
of different thicunesses ploved in the cavity at Erewster's
angle. The resultant “"monochromatic® output has 2 widih of

-1 . .
about i.% em . Tuning of the output frequency is

accomplished by rotu the bired

ngent filter about the
surfnee norenl.

The filter can be rotuted by using a system in which
the lineur travel of n micrometer taorrel is transferred to
anguiar truvel of the birefringent fiiter mount. An

improved tuning procedure was developed. This involved
€N

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FIG. 4-1. Schematic oi experimental arrangement.
I‘l' L? and L3 are genple focussing, sumple collecting and
spectrometer focussing lenses respectively. Focal lengths

of these lonses were € cm, 8.5 cm und 20.9 cn, respectively.
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mechanical coupling of the micrometer shaft to a synchronous
stepping motor (Superior Blectric, Co. model M062-FDO3).
Through the use of an oscillator and other external
circuitry, it was possible to control the stepping rate as
well as the total number of pulses (steps) delivered to the

motor. This arrang t was ient in that the laser
tuning could be controlled from a panel also containing
other controls. The method was also versatile in that it
permitted choosing between rapid coarse tuning or precision
tuning. These correspond to tuning between spectral ranges
well serarated in frequency (for probing different excitcn
states) and tuning through a small spectral range (for
studying a particular state) respectively. The precision in
the tuning allowed tuning the dye laser in increments of

1 uith a repeatability of 0.1 cu L.

about 1.5 ca™

Honochromator

Reduction of the fluorescence background was
accomplished by passing the dye laser beanm through a small
single-grating spectrometer (Spex "Minimate", model 1670).
A 4 cm  focal length cylindrical lens was used to elongate
the team so that most of the lignt would pass through a
0.5 mm wide entrance slit. Another cylindrical lens was
placed after the 0.5 mm exit slit to obtain collimated
light. The throughput of this spectirometer was about 30%.
This resulted in the about 40 mw of dye laser power at the
sanple. The tuning drive was coupled to 2 stepping motor
which permitted convenient tuning of the spectrometer

94
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TABLE 4-1.

LIST OF APPARATUS

Apparatus Manufacturer Model
Argon laser Spectra Physics 165
Dye Laser Coherent Radiation 590
Single-grating Spex 1670
spectrozeter
Polarization Spectra Physics 310
rotator
Helium Dewar Janis Supervaritemp

Model 8DT
Ge thermometer Scientific Instruments| 2
Stress Apparatus | Homemade by F Pellak
Stepping motors Superior Electric 1062-FDO3
Polarization Spex 1430-2
analyzer
Polarization Spex 1430-1C
scranmbler
Double-grating Spex 1401
spectrozeter
Pnotomultiplier 177 130
tube
Refrigeration Products for Research | TB-104
unit for AN tube
Power supply Power Designs, Inc. AK-20
liim Bin Berkeley lucleonics AP.1
Preamplifier, Canberra 813
Amplifier,
Discriminator
Rateceter Ortec 441
Stripcharl Honeywell 194
recorder
95
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vhenever the lascr was tuned. -

o

Sireas Anvaratus

The stress apparatus, designed by F. il, Pollak“. was
of a typc that has been used in similar experiments for a
nuaber of years. The sumple, of aillimeter dimensions, was

prefared o thnt the losng: <l

aaian {~ 1 en) earccspaulal by
the intended stress direction. The sample ends were ground
flat, parallel 10 cach other and normal to the long dimension.
The ends were epoxied into mounts nude of beryllium copper.
One of the mounts was rigidiy affized to the stress frame

(to Yc deseribed) while tne other wns ceated inside a
exlindrical sleeve which couid move relative to the stress
frume. This slecve was atteciied Lo 3 pullrod. Tension on

tie pullred resulted in compression on tie sazmple by virlue

of the arrnngezent desceribed nbove. The slceve was designed

to slide over guides - both garts teling mnenined to high
tolerance to insure poralleiism tetuecon the applied force

and the sozmple.

upper end of tite pullroe uwag mechanically coupled

to & otifT

ng through o lever arrungement shown in

Fig. 4

The syriug was

3 lcully attached to a threaded

shaft. FPorce unr upplied by munuslly turning the shaft uith

resyeet tu n

1t femule thrend,  As the shaflt was

sercued i tue thrended jpurt, tie spring became clongated

ulti=ntely produe

comprecsion at the sample. Tie applied

forve wns o

ared by detersining tie elongation of the

apring. Thiu wus done by using two linear differential
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voltage transformers (l:DVT). An a.c. voltage applied to the
primary of either of these produces a voltage in the secondary
which depends on the overlap between the coils. One LDVT

was mounted so that the position of the secondary relative to
the primary was determined by the spring elongation. The
other LDYT 2llowed munuul adjnstment of the secondary with
respect to the primury. A cozmon a.c. voltege was applied

to both primuries while the voltages on the secondaries
served ns input to a bridge cireuit. Por 2 given spring
elongation, the secondary on the erxternal LDVT was varied
until its output voltage mntched thut of the secondary on

the LDVT attached to the spring. Tuls condition was indicated
as a2 null reading on 2 voltmeter which measured the output

of the bridre. The smount of overlup between primary and
secondary of the external LDVT (which is equal to the

amount of upring clongution) was then reud directly from a
nicrumeter turrel uttached o tae secondary. The spring
constunt hud teen determined previously. Witk this

inforantion nund the messured crove-seetionul area of the

ie, the applied strecs could be culeuloved,
The rethod outlined niove allexed determination of the

rtion to within G.010". Tiis accuracy in

inution with the 5% uccurney in the determination of
the sumple srea, limited the accurazey of measurement of the
applied stress to 10% at 0.0 Kear wpa 2% at 1.0 Kbar.

The stress apparatus ®xus desipnmed to udupt to the

ay

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PlG. 4=2. lniaxial Jtress Apparatus
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dewar described below. -

Cryogenic System

¥ith the sample in place, the stress rig was placed in
a Janis "lupervaritemp” ligquid helium dewar (model 8 DT).
Optical acccss to the sample was provided by fused quartz

windows or

ilic dewar and by cutouts on the stress rig.
Cooling of the sample was achieved by liquid helium flow over
the coprer sample mounts and ty conduction between the
sample and the mounts. Temperature uns measured using a
gerraninm resistance thermometer (Ueientific Instruments,
model 2) uhich was in thermal contact with the sample mounts.
All experiments were performed at~ 40%,

meter

Doutle Srating Creectr

Light scattercd from the crystzl was analyzed using a

3/4 meter Upex model 1401 Czerny-Turner double grating

spectroneter, which functioned as 2 filter of extremely

nigh contrust, The tandem femturce was reguived to prevent

the Interunily ccatiercd intonse jn

i compunientt.

b

The ligmet leaving the sgectromoter wus focussed onto

17T FEl90 jlhotomultiplicr tube. The tubte

w38 mmintnived at =00 O by

5=-104 thermoelectric

refrigeration unit eanuractuyed by Froductn for Rescarch.

@ dars ccint of the cooled tube wus about 3 counts/second.

A odouer Designs, Ine, redel AE=C0 poucr supply provided

1700 volts to the photomuitiplier tnve,
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Photon-Counting Electronics

The photon-counting electronics comprised a "PAD"
(Canberra, model 813) which combines a preamplifier,
amplifier and discriminator in a single nim bin module. The
output of the discriminator was fed to a ratemeter (Ortec,
model 441)and recorded on a siripchart recorder (Honeywell,
model 194).
D. Bxperimental Procedure

The experiments conducted in this program were of two
kinds. The first involved measurements of first order
Raman intensity as a function of laser frequency in the
region of the yellow exciton series. The other invoived
conparison of scattering intensities for several
polarization configurations with the laser tuned to a
particular frequency.

The Raman measurements were carried out in the
following way. The dye laser was tuned to a frequency near
but below a known exciton state of 0-120. A precise
peasurement of the laser frequency was obtained by scanning
the spectrometer at a slow speed over the elastic component
of the light scattered from the crystal. The slow scan
(15 cm'lmin'l) allowed the experimenter to mark the.
stripchart record in 1 cm'l intervals by visual comparison
with the spectrometer wavenumber indicator. (Although the
spectrozeter had a built-in wavenumber marker, the standard

1

10 en™" intervals that it marks were too coarse for the

precision required). Subsequent interpolation between the
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1 en~l marks (during data analysis) allowed the laser frequency
to be determined to the nearest 0.1 cm’l. lieasurements made
in this way were reproduceable to better than 0.4 cm'l. Due
to the lack of precision temperature control with the
consequent drift in the spectrometer calibration, it was
necessary to follow each scan over the Rayleigh line with a
scan over & lig calitration line. Once the laser frequency

was measured, thwe spectrometer was set at a frequency about
100 czz'l below the laser fraquency. The spectrometer was
then set to scan (towards lower freguency) a range of about
L

- -l - .
20 co™ 7. Thiz range included the 109 cm™~ ( [}7) rhonon.

The dye luser and monochromntor were then tuned 35 c::-l
nigher using the stepping motor arrangement. The laser
frequency was not directly meusured ut this point. The
spectrometer was reset to scan over the F‘,’ Haman feature
again. Thiz process of tuning and scanning uas repeated
until an enbuencement of the I§7 femture vas observed. The

process wes continued with tie increments reduced to

atout 1.5 en_l. At each setting of the incident frequency,

the cpectrometer scen over the J37 funture produced an

intensity ve {regquency curve centercd 109 est below the
lascr frequency. The intensity of the Raman feature grew
and Lhen decrensod ns the fneer wne taned irough the

exciton state, Tuning ended, when tie laser was well away

from resonance. At this poinl, precision scans over the

fayleigh  line and the

line were again carried out as

described above. This served as a check on the mechanical

10
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tuning procedure. The total tuning runge of the laser while
studying each exciton state was about 10 c:n"l.

The results for a particular state, as obtained on the
stripchart recorder, are ghoxn in Fig. 4-3. The Raman
featurec shoun are all centered 109 cm’l below the dye laser
frequency and correspond to tie Farmn scattered light from
the 77 phonon. The Haman featurc to the extreme left is an
intensity vs freguency curve of light scattered from the
cample otiuined Ly scunning lhe syecirometer over a
freguency ronge from 100 to 120 cn'l veiow the laser
frequency with the latter held fixzed. PFollowing this scan,
the dye luzer und monochromator were tuned 1.5 c::'1 higrer,
using stepping =otors, und the scattered light was scanned

i

over aguin with the sean begi ng 1.5 cm-l higher (i.e.

the spectrometer xas made ¢o "follow™ the dye laser
freguency so as to always yield scans centercd 109 et
below the lunuscr as the laser was tuned). This second scan

is shown nu the second feature in the figure. The grouth

ic appurent. The ning five Zamen features

in the figae rezulted from contin

ing thic process of iluning
and seunnings.  The Yeutures Ia Fig. 4-3, therefore, are all

seans over the seattered and ure all centered 109 et

Below the it

r oreguen re, however, involves

-l
ircident Iaser light at a frequency :.% cm -~ higher than for
the previous feauture.
The frequency of he dye laser for the first and last

restures was seusured by seanning over the Reyleigh
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scattered light and the Hg calibration line as described
above., These scans are not shown. The laser frequency for
the other features was obtained from the Rayleigh
measurements and from the assumption of equal tuning
increments. This was verified by using the stepping motor
calibration which had been done prior to the experiment. The
calibration gives the increment in laser frequency that
results from application of a given number of pulses to the
stepping motors.

According to the theory of Chapter III, the most
intense Raman scattering should occur when the laser is
exactly in resonance with an exciton state. Since the
experiments were done with tuning in discrete steps, however,
the following was found to be a convenient way of
establishing the energy of the exciton state associated with
the resonant enhancement. Associated with each Raman feature
in Pig. 4-3 is an intensity (as shown on the vertical scale)
and a dye laser frequency (determined as discussed above).
This information can be used to construct a plot of incident
laser frequency vs Raman intensity wherein the "features"
are represented by points. A smooth curve drawn through the
points may be bisected in order to yield an estimate of the
energy of the exciton state. Five examples of such curves
(for the 1S state) are shown in Pig. 5-1.

After an exciton state had been studied as described
above, the laser and monochromator were coarsely tuned to a

frequency near the next exciton state to be studied and the
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FIG. 4-5. Stripchurt recorder output for resonant
Raman scattering from the 103 cn’l rhonon. The results are
for a Cu,0 erystal with stress (2.0 Xtar) applied purallel to

110 and witn the dye laser tuned through the 4S5 state of
the yellouw exeiton geries. Huch Huran feature (centered
109 P at N P *he lagser frequency) results from Razan

acatlering witn the incident freguency 1.5 oxt higher timm

for il remture to i the text. Tae

incident 1ight was polarized parullel to 110 while the

seattered ligsnt wns werolarized. The laser frequency Ier the
1

first (lest) feature was 1744%.¢ em -~ (1745%4.8 cm-l).
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FIG. 4~4. Polarization study of Raman-scattered light
with the dye laser tuned to the frequency of the high-energy
stress-split component of the 48 state of the yellow exciton
series (the same state responsible for the enhancement in
Fig. 4-3). Backscattering was from [001] (xz) and the stress
was rhombohedral. The polarization of incident and scattered
light is indicated on the figure. Tach feature is a
frequency scan over the 109 cm_l phonon. The ordinate and
abscissa correspond to intensity and frequency respectively,
and the noise level is shown as a dashed line. Comparison

with Table 3-8 shows that the state has ﬂ} symmetry.
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entire procedure of laser frequency measurement followed by
tuning and scanning followed by laser frequency measurement
was repeated.

The above discussion applies to studies of features in
the spectral region of the excited states of the yellow
exciton. The same technique was applied in studying the 18
state of the yellow exciton except that, due to its width,
the tuning increments and tuning widths were halved.

It must also be mentioned that in this part of the
experiment the polarization analyzer and polarization
scrambler were not used and the polarization rotator was
used only when necessary to rotate the polarization vector of
the incident laser light to satisfy the selection rules
derived in the theory section. These elements were used
only when needed to establish polarization selection rules.
The important consideration for the experiments under
discussion was signal optimization which benefitted from the
absence of unnecessary optics.

The experiment as described so far has been for
measurements of enhancements in the Raman intensity with the
laser tuned to exciton states of interest. Conducting
experiments on the strained crystal involved repetition of
the above measurements for the relevant states with stress
applied and measured as prev}ously described. The result of
the induced strain was to produce a splitting of the exciton
states in most cases. That is to say that tuning the laser

produced several enhancements of the r;d feature in place of
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the single feature observed in the unstrained crystal. The
several new features exhibited different polarization
selection rules in terms of the polarization of the incident
and scattered light. One feature (the 3D, state) displayed
no splitting although a stress-dependent frequency shift was
observed.

Due to the intense scattering at the 15 state, this
state was studied first. This proved to be a convenient
choice for another reason. The 1S state, unlike the higher
states, produces a fluorescence feature (due to direct
electron-hole recombination) which is readily observable in
the spectrum when the Cu20 sample is excited at any one of a
number of frequencies lying higher than the 15. The feature
occurs at the frequency corresponding to the 1S state. This
is the same frequency at which a peak in the resonant
enhancement occurs (i.e. with the laser tuned to the exciton
state rather than above it as in the case of fluorescence).
Since the two processes presumably result from interactions
involving the same state the stress dependence of the 18
state should be obtainable from either. The stress splitting
of the enhancements should be the same as the splitting of
the fluorescence feature. Observation of this correspondence
(which has been performed) provided a check on the
consistency of our methods and allowed an estimate of the
extent to which stress inhomogeneities were present in the
crystal.

.Having studied the stress-dependence of the 1S state
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and having established.consistenqy between the resonant Raman
and the fluorescence technigues allowed us to exploit the
occurrence of the 18 fluorescence feature when studying the
excited states in the following way. With the laser tuned in
the region of the excited states and with the crystal in the
strained configuration the 1S fluorescence feature displays

a splitting which is characteristic of the applied stress.
Observation of the fluorescence feature is possible with the
laser tuned anywhere in the region of the excited states.

One simply "looks" at it by scanning the spectrometer through
the 18 region. Since no laser tuning is required and since
only one scan is needed, this provided a fast and convenient
method for checking the magnitude of the applied stress when
studying the higher states.

Two problems associated with the application of stress
require discussion. The first has to do with friction in the
stress apparatus causing the device to. "stick". The problem
manifests itself either as the lack of observed splittings
below some finite "applied" stress or as an apparent crossing
of stress-split components at a finite stress. This
situation was evident during the preliminary experiments when
the apparatus was new but ceased to be a problem thereafter.
The other problem involves stress inhomogeneity. This
results from the unavoidable bonding of the sample ends in
the mounts which constrains éhe expansion of the ends in a
direction perpendicular to the stress. No such constraint

exists for the volume of the crystal not near the ends.
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The force is thus applied over a -smaller area at the crystal
ends than elsewhere in the sample. The problem shows up as a
stress—-splitting which depends upon the portion of the crystal
being optically probed. It existed in all the samples used
to a greater or lesser degree. It was sample-dependent and
was less objectionable for long slender crystals (lmm x lmm x
10mm). The effect was more serious in crystals with dimensions
2mm X 2mm X 8Smm.

The second type of experiment involved the study of
polarization selection rules, as mentioned earlier. Once a
splitting in an enhancement had been observed, the laser was
tuned into resonance with each state in turn. With the laser
tuned to one of these particular frequencies, polarization
studies were carried out as follows. The polarization
scrambler, analyzer and rotator were placed in the optical
path. The latter two were set at angles corresponding to
polarization of light parallel to specific crystallographic
directions. This was done to compare group theoretical
predictions with observed selection rules. The spectrometer
was set to scan over theﬂ(lO9 cm_l) feature. The
experiment was repeated using a variety of incident and
neattered polarization configurations. As discussed in the
theory section, this permitted identification of the stress-
split state responsible for a particular resonance. In some
cases the addition of the optics discgssed reduced the output
signal to the extent that reliable measurements could not

be made by the usual method. This could be overcome by
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increasing the time constant of the ratemeter while reducing
the spectrometer scan rate to 5 cm L min7L,

The data in Fig. 4-3 were taken for the 48 state in a
crystal with stress applied parallel to [110] (rhombohedral
stress). According to the discussion of Chapter III and
Table 3-8, a stress of this symmetry reduces the crystal
symmetry to CZV and can split a triplet exciton state into
three nondegenerate states transforming as Pl’ P3 andfa

under the operations of the C - point group. In order to

2
determine which of I"l, /—'3 or l—'4 were responsible for the
enhancement of Fig. 4-3, the laser frequency was tuned back
into resonance. A polarization rotator was then introduced
to enable variation of the electric vector of the incident
light while a polarization analyzer (and compensating
scrambler) was placed in the path of the scattered light.
Backscattering was from [oo1] (§2 in the notation of Table
3-8) and the stress was parallel to [110] (;23). The
spectrometer was then used to scan over the Raman-scattered
light for four different configurations of incident and
scattered polarizations. These were X, (xlxl) 3_;2, XZ(XlXB )iz,

X, (xjxl)% and x, (x3x3) %,. The reduction in the
intensity of the scattered light received by the spectrometer
due to the additional optics necescitated the use of slower
scans (and longer time constgnts) than were used for the
enhancements.

The results of the polarization study are shown in

Fig. 4-4. It is seen that the intensity is greater for

incident polarization parallel to §3 while it is fairly
113
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independent of the polérization Qf the scattered light.

Table 3-8 shows that the [y exciton state can be excited by
light polarized along §3 but not along ﬁl' The exciton state
is thus identified as having11 symmetry. This same method
was used in all the polarization studies used for state
identification.

Cu20 samples were cut as parallelepipeds (dmm x lmm x
10mm). In one set of experiments (tetragonal strain) the
crystal was cut with [ 100] directions as principle axes.
Backscattering measurements were made from a (106) surface
with stress applied perpendicular to the scattering plane
along {001} . In another set of experiments (rhombohedral
stress) the crystal was cut with principle axes along [001] ,
{120] , and [110) . Stress was applied along [110] and
backscattering measurements were made along {001] . A
(lTTﬁf) surface was also cut for the purpose of conducting
additional backscattering experiments. These measurements
were not made as the crystal fractured before they became
possible.

E. Sample Preparation

Cu20 crystals used in these experiments were obtained

from Brower and Parker45

at the National Bureau of Standards.
One of the crystals was zone-refined at City College; the
rest were zone-refined at NBS. The annealing process was
likewise carried out at NBs: X~-ray analysis and orientation
and all cutting, grinding, polishing and etching operations

were conducted at City College. These processes will now be
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described in detail.
1. Crystal Growth

The first step in the process of obtaining quality
crystals of cuprcus oxide is the oxidation of copper rods
in an oven at 10500 C for 100 hours. The rods, typically
6.3 mm in diameter, were made of oxygen-free high conductivity
copper containing, by weight <0.01% Ag and Mg and < 0.001%
Fe, Mn and Si. Tnis was followed by 2 pre-growth anneal at
900° C ard 0.05 Torr for 16 hours. This brought the
composition close to stoichiometric CuZO. The
polycrystalline rods of Cu20 so obtained were then zone-
refined using the floating-zone technigue. The apparatus
ugsed was the Plasma-jieam Zone Refiner model P5Z-99
manufactured by Materials Hesearch Corp. In this process,
carried out at 1200° € and in an 0, stmosphere at 0.2 Torr
pressure, a rod is held in n verticul position while a szall
element of the volume is hented to tiie melting point through
clectron bombandment. The current source is a hollow
cathode which surrowds the red to be zoned and is coaxial
with it. %ie catiiode is czpable of vertical motion to
enatle scauning of the C1xao rod. The ucan cpeed is
continuously variable, The rolidified portions of the rod
above and below the 'noltc::_s:one" rotate with respect to
cach other to insure temperature und composition uniformity.
Achieving nnd raintuining a stable zone requires constant
attention and u certuin degree of cxperience. The existence

of the zone relies on surface tension. If the temperature
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becomes too high, the holten material will flow and detach
from the solid rod. If the zone cools, solidification will
result in fracture of the rod due to the relative rotation
discussed above. A good working voltage for rods of 6.3 mm
diameter was found to be 1.6 Kvolt, although this did not
guarantee success.

The purpose of zone-refining is to optimize density
and stoichiometry. In addition, the process was found to
result in a small number of columnar grains. The size of
the grains, while an improvement over the small grains
encountered in the unzoned material was marginal at best for
the purpose of the current research. Cooling of the crystals,
following zone-refining, resulted in formation of a thin
film of CuO. This was easily removed by concentrated HCL
followed by concentrated HNO3 to remove the copper formed by
the HCL.

Large single crystals can in principle be obtained by
rezoning the zoned material as described above except that
the rod is initially melted onto a small single crystal. It
turns out that Cu20 has no preferred growth direction and
that, more often than not, the result of this procedure is
another rod with a small number of columnar grains. Such
was the case for all growth runs comnected with this research.

Following the zone-refining stages, the Cu20 crystals
were post-annealed in a cont;olled atmosphere tube furnace.
The crystals were heated to 10000 C in a pressure of the

order 0.01 Torr. Oxygen was then admitted through a
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controlled leak and heating was continued in an oxygen
atmosphere at a pressure of 0.7 Torr for 16 hours. Temperature
and pressure were then simultaneously programmed downward so

as to maintain the crystal within the stability field of Cu,0.

2
A P-T diagram for the system Ou-02 is shown in Fig. 4-5.

2. X-Ray Analysis and Orientation

Since only crystals of near-critical size for our
experiments were available, the process of x-ray analysis to
find a crystal of appriate orientation and dimensions turned
out to be the most time-consuming part of the crystal
preparation operation. A General Blectric X-ray diffraction
unit was used for all x-ray analysis. The Laue back-
reflection method was used.

The first step was to x-ray one of the larger grains
at a number of places to insure that it was in fact a single
crystal. Next, the crystal was rotated about a point a
number of times to determine its orientation through a
succession of Laue photographs. At first, a Molybdenum
X-ray tube was used as it produces Liue patterns of Cu20
which permit ready identification of the important
crystallographic directions. After some experience had been
gained, the patterns could also be recognized using a copper
tube even though the characteristic radiation contributes to
the pattern. This tube had the advantage of allowing useful
Laue pictures to be taken with short exposure times.

Once the orientation had been determined, the

goniometer on which the crystal was mounted was transferred
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FIG. 4-5. ©P-T diagram for the system Cu—02.
(A) initial oxidation of copper in air; (B) pre-growth
anneal; (C) post-growth anneal of crystals where dashed line

indicates pressure-temperature path during cooling.
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to0 a diamond saw. The arrangement allowed. cuts to be made

on the crystal along planes which had been determined from
x-rays. The crystal was further cut and ground with a coarse
grit so that its dimensions were near to those intended for
the experiment, and with mutually perpendicular surfaces
defining the crystallographic axes relevant to the

experiment. Specifically these were the | 100] directions for
crystals stressed tetragonally while the directions were L1107,
{110] and |001] for rhombohedrally-stressed crystals. The
crystal so cut was x-rayed again to study parts of the

crystal which were previously inaccessible (to verify the
single-crystal nature of the sample). X-rays were also taken
to insure that no misalignment occurred during cutting and
grinding. Upon completion of this examination, final grinding
and polishing could begin.

3. Polishing and Etching

Polishing and grinding of the crystal was done with the
use of a hand-held device to which the crystal was cemented
with glycol thallate. The device allowed manual pressure to
be applied during polishing and had a flat base which
preserved the orientation of the crystal with respect to
the polishing surface. The following procedure was used to
produce a good optical polish:

a) The crystal was ground on a glass plate using a
slurry of 104 silicon carbide polishing grit and water.

b) A slurry of 54 silicon carbide grit and water was
used to grind the crystal on a glass plate. .

c) A slurry of 14 silicon carbide grit and water was
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used as above.

d) Polishing began with the use of a slurry of 14
silicon carbide and ethylene glycol on a glass plate covered
with a pellon pad. This was the first stage at which the
crystal surface appeared polished although fine scratches
remained.

e) The residual scratches were removed using a slurry
of 0.3ualuminum oxide (Linde A) and ethylene glycol on a
glass plate covered with a pellon pad.

Different glass plates and pellon pads were used for
each step. Care was taken to remove all polishing grit from
the sample and its holder before proceeding to the next finer
grit. This was necessary to avoid contamination of the glass
plate with consequent scratching of the crystal.

After polishing the crystal was thoroughly cleaned,
etched in concentrated nitric acid for 10 seconds, and rinsed
in distilled water. Etching is required to remove the
damaged surface layer which results from mechanical polishing.
It was found during the experiments that the intensity of the
Raman scattered light depended critically on the etch and
that in several cases repolishing and re-etching were

necessary.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER V ~
RESULTS

A, Introduction

This chapter contains the results of experiments
conducted in the course of the present research. As discussed
in Chapter IV, the experiments were of two types. The first
used resonant Raman scattering as a quadrupole spectrometer
to locate exciton states of electric quadrupole symmetry
(i.e. Raman scattering with the laser tuned to such states
produces an enhancement in Raman scattering from odd-parity
phonons and in particular from the 109 em™t phonon). The
second type of experiment was designed to identify the
symmetry and degeneracy of particular exciton states in the
strained CuZO crystal. This was done by tuning the laser to
a particular state, observing how the Raman intensity depended
upon the polarization of the incident and scattered light,
and comparing with Table 3-8.

Four exciton states were studied. These were the
states assigned as the 18, 33,3Djand 4S states of the
yellow exciton series according to Refs. 23 and 28. The
accepted energies of these states were shown in Fig. 2 - 4
and were reexamined during the present experiments.

Lxperiments were performed using two different stress
configurations: tetragonal (stress parallel to [001] ) and
rhombohedral (stress parallel to {110] ). Features common
to both were discussed in Chapter IV. Specific results for

the tetragonal stress and the rhombohedral stress are
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discussed in Sections B and C reépeotively.

B. Tetragonal Stress

The experiments involved application of stress along
[001] and backscattering ffom [100] . The polarization of
the incident light was either along [001}(2) or (010](¥)
and scattered light was either unanalyzed (for enhancement
experiments) or was along % or § (for polarization studies).
Resonant Raman studies were carried out as describedlin
Chapter IV. Fig. 5 - 1 gives the Raman intensity vs
incident laser frequency with the laser tuned through the 1S
state of the yellow series. It is seen that in the strained
crystal, resonant enhancement occurs at two different
frequencies whereas in the unstrained crystal it occurs

only with the laser frequency tuned to 16399 cm_l.

This
splitting is attributed to the splitting of the exciton
state (3F}*—> zf}*-f'fz+ ) produced by the stress (which
lowers the crystal symmetry from Oh to D4h)' This was shown
schematically in Fig. 3 - 3.

Scattering with the laser tuned to the state which
shifts to lower energy was most intense for the poiarization
configuration x (zy) X. For the higher state it occurred for
x (yz) %. Reference to Table 3-8 shows that these are the
states of symmetry Jf}' and T:f , respectively.

The frequencies at which maxima in the Raman scattering
enhancements occur (presumably the energies of the stress—
split exciton states) have been plotted in Fig. 5 - 2 as

a function of applied stress. The figure gives results for
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all of the exciton states studied. Table 5-1 gives the results
of polarization studies conducted for all of the states.

The stress-dependence of the energies of the exciton
states studied may be described, to terms quadratic in the
stress by,

E=E,+BX +CX?

(5-1)
where Eo is the energy of the state in the unstrained crystal
and X is the magnitude of the applied stress. A least-
squares fit of the curves in Fig. 5 - 2 to Eq. ( 5-1 ) was
carried out by computer. The best-fit coefficients are
shown in Table 5-2. These results will facilitate the
discussions to be taken up in the next chapter.

C. Rhombohedral Stress

This set of experiments was done with stress applied
parallel to [110] and with backscattering from [001] .

These are §3 and §2 in the notation of Table 3-8. The
experiments were otherwise conducted as for the tetragonal
case.

The discussion of Chapter III showed that a stress of
this symmetry reduces the crystal symmetry to C2V and splits
the quadrupole-allowed exciton states according to gl—tf* -7

T+ 7; + T, . This was shown in Fig. 3 - 3.
Table 3-8 shows that b?ckscattering along §2 can excite
only states with 72 or 7: symmetry. As discussed in
Chapter III, the 77 state may be excited by backscattering

from (JTVZ). Although the crystal in these experiments was
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FIG. 5 - 1. Raman intensity for the I3~ (109 cm ™)
phonon vs incident laser frequency for incident frequencies
near the 18 state of the yellow exciton series in Cu20
crystals subject to stress parallel to [001] (tetragonal
stress). Shown are the results for two finite stresses as
well as for the zero-stress case. The occurrence of pairs
of resonant peaks for a given stress is evident. The
polarization configuration which gives the most intense

scattering is denoted by yz (solid line ) or zy (dashed line).
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FIG. 5 - 2. Energy of resonant Raman scattering maxima
vs applied stress in Cu20 for tetragonal stress. The data
points give the energies of quadrupole-allowed exciton states.
Polarization selection rules (Table 5-1) allow identification
of 2/}* levels (circles) and 'Flg* levels (triangles) into
which states split under stress. No splitting was resolved

for the 3D, state.
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prepared with a (ITVZ) polished face, optical access
required rotation of the crystal in its mounts which resulted
in its fracture. Most of the data, therefore, is for the
stress-split levels of ﬂ: and T; symmetry. It was possible,
however, to study the 77 component of the 1S state. This
was due to the very intense scattering generally associated
with the 1S state combined with slight sample misalignment.
The Raman intensity with the laser tuned to resonance with
the 77 state was reduced by a factor~l0™ relative o the
Ramen intensities for the T3 and Ty states.

The stress-induced splittings of the exciton states
were smaller for this case than for the tetragonal case.
It was therefore more illustrative to display the results
for each exciton state in a separate figure. Figs. 5 - 3,
5 — 4, and 5 - 5 show the stress dependence of the 1S, 38
and the two higher states respectively.

The results of polarization studies of the stress-—
split components are given in Table 5-3. The best-fit
coefficients for a computer-aided least-squares fit of the
curves in Figs. 5 - 3, 5 - 4 and 5 - 5 to Eq. ( 5 = 1 ) are

given in Table 5-4.

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 5-1

Symmetry Identification of Stress-Split
Exciton States (Tetragonal Stress)

Exciton State Intensity of polarized Raman scattering
x(2z)% x(zy)x x(yy)x x(yz2)%
18(high energy) 20 <1 10 720
18 (Low energy) 6 170 12 1
38 (high energy) <7 50 <4 <7
3S(low energy) <5 <5 <4 55
3D, <2 28 <2 28
4S(nigh energy) <2 25 <2 11
48 (low energy) <3 <3 <2 60
Theoretical
predictions
(See Table 3-8)
2+ — yes —_ I
s
It —_— —_— —_ yes
75 )
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TABLE 5-2. Stress Dependence of Exciton State Energies

Best-fit values to

E = Ej +BX + (X"

(Tetragonal Stress)

Exciton state B (cm_jkbarq) C (cm"kbar'z) A](cm—w)
15 1yt 31.4 £ 0.1 -6.5 fo.1 618
15 5t ~11.4 T o1 -6.2 ¥ 0.1
35 757 50.5 £ 1.4 6.3 £ 0.8 1015
S A 28.2 1.9 —12.8 1.2
3D, 0.3%1.5 -5.7 £ 0.8 1015
4s )7 1.6 %22 -4.9 1.5 1037

+
4s Ty 7.7 1.2 6.8 % 1.2




FIG. 5 - 3. Energy of resonant Raman scattering maxima
vs applied stress in Cu20 for rhombohedral stress with
incident laser frequencies in the region of the 1S state
of the yellow exciton series. Data points give the
energies of the stress-split levels of symmetry ] , /f-;'i and
’r:, . Symmetry identifications resulted from polarization

studies (see Table 5-3).
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FIG. 5 - 4. Energy of resonant Raman scattering maxima
vs applied stress in CuZO for rhombohedral stress with
incident laser frequencies in the region of the 3S state of
the yellow exciton series. Energies for stress-split levels
of r; and /7} symmetry are shown. Scattering from the /]
state was not observed. See Table 5-3 for symmetry

identifications.
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FIG. 5 - 5. Energy of resonant Raman scattering maxima
vs applied stress in Cu20 for rhombohedral stress with
incident laser frequencies in the region of the 3D, and
43 states of the yellow exciton series. Energies for
stress-split levels of /—; and ry' symmetry are shown.
Scattering from the I} state was not observed. See Table

5-3 for symmetry identifications.
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TABLE 5-3

Symmetry Identification of Stress-Split
Exciton States (Rhombohedral S‘tress%J

Exciton State Intensity of polarized Raman scattering
xz(x3x3)x2 xz(x3x1 )i2 xz(x1xs)32 x2(x1x1 )iz

18(high energy) 32 9 1600 620

1S(intermediate) 620 1320 20 50
15 (Low energy) See text
3S(high energy] 14 15 <6 <2
38 (low energy) <2 <2 1" 4
3D, 27 54 21 23
4S(high energy) 28 30 9 <6
45 (low energy ) <6 11 22 19
Theoretical

redictions

See Table 3-8)

I3 — — yes yes
Iy yes yes — —
I See text
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CHAPTER VI
ANATYSIS AND DISCUSSION

A. Introduction

In this chapter, the results of Chapter V will be
compared with the theory of Chapter III. In Section B is
given a qualitative discussion of the most significant aspects
of the observed stress behavior of all of the exciton states
studied. The results of a detailed numerical analysis of the
1S state of the yellow series is presented in Section C.
Conclusions drawn from the analyses are given in Section D.

B. Qualitative Discussion of Observed Stress Behavior

In Chapter III, a second-order perturbation treatment
applied to the energy matrix of Table 3-11 yielded
approximate eigenvalues for exciton states of a particular
principal quantum number. The eigenvalues were displayed in
Table 3-12. The (orthoexciton) S states of the yellow exciton
series are predicted to split, under tetragonal stress, into
a doublet and a singlet whose energies, relative to their

zero stress values, are

<
1]

gl - (3

il
>
)

hX +(,8eJ X - (Zez))(z
7 =

BN A (o)

where h and e are deformation parameters, J is the exchange

parameter, X is the applied stress and A’ gives the energy

difference between yellow and green exciton states (for a

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



particular principal quantum numper). is determined by the
valence band spin-orbit splitting and by the difference in
the Coulomb energy for yellow and green states (which is a
function of n).

The experimental data shown in Fig. 5 - 2 were least-

squares Tit to the function T = aX + bX2

and the resulting
linear and quadratic coefficients were listed in Table 5-2.
(The doublet and singlet were distinguished experimentally
by polarization selection as indicated in Table 5-1). The
state assignments follow those of the Strasbourg group with
the 3D] assumed to be partially gquadrupole through
hybridization with the nearby 48.28:29

Comparison of the data with Egs. (6~1) is complicated
by the n dependence of A’ which is not directly measurable
since the energies of the green S exciton states are
uncertain. A reasonable approximation to A’(n) is obtained
by taking the difference of the energies given by the

Rydberg equations for the p stateszs’4l

Eg = 18,588 - 1242 cm!

"2

Ey =17,523 - 795 em™’

" ( 6-2)
and assuming that the central cell corrections and/or
quantum defects which shift 8 states relative to these values
will be similar for the yellow and green series. The
resulting A'is 618 cm—l for n = 1 and increases
monotonically with n towards the ionization limit A (e0) =

1065Acm_l which is just the spin-orbit energy A . These

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



values of A’(n) are also listed.in Table 5 — 2.

Since A’ is positive for all n and J = n_3 while the
deformation parameters h and e are assumed to be independent
of n, the sense of the linear splitting is predicted by Egs.

( 6-1 ) to be the same for all yellow exciton states, while

its magnitude should decrease faster than n—3. This

prediction is seen to be in clear disagreement with the data
since the sense of the splitting of the 1S state (singlet moves
up, doublet moves ‘down) is inverted in the higher states.
Furthermore, the magnitude of the splitting is larger for the
33 state than for the 1S as previously noted by Agekyan and
Stepanov.40 Note also that no splitting was resolved for the
3D, state.

Bquations ( 6-1 ) also predict that the quadratic
coefficient b should be negative for all states, with equal
magnitude for the doublet and singlet of a given n, and
should decrease with increasing n as 1/A’ . Although the
1S states exhibit negative and approximately equal values
of b, the 33 state is again seen to behave anomalously.(The
positive curvature of the 38 'f;* is also evident in the
data of Fig. 5 - 2).

It is thus seen that comparison of the theory with the
experimental results leads to gross inconsistencies.

Putting aside the interpretation of the stress behavior of
the excited states for now, it is seen that the behavior
of the 18 state by itself does not contradict the theory.

The multiplicity of the splitting agrees with the theoretical
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prediction, the quadraéic coeffiqients describing the
nonlinear stress behavior of the doublet and the singlet are
negative and roughly equal, and the relative magnitude of
the linear coefficients is not unreasonable.

Although detailed calculations are reserved for the
next section, it is necessary at this point to determine
approximate values fof the linear terms in Egs. ( 6-1 ).
Comparison of Egs. ( 6-1 ) with Table 5 - 2 show that the
observed splitting is characterized by parameters
approximately satisfying

h o= 3 e’ Kbar™’
ded = 14 em' Kbar”
347 (6-3)

It is interesting to study also the behavior of the
1S state under rhombohedral stress. The results for this
case were shown in Fig. 5 - 3 where it was seen that the
multiplicity of the splitting agrees with the results of
group theory (Fig. 3 - 3 ) and with the predictions of the
perturbation treatment namely that the energies of the split

states, relative to their zero stress values, are

E (X, }IX +(2€J +2‘FJ)X e .'.3;; - 36-F)X1
21\’ 76A" LN

E (X) l’)X+(2€J __tJ)X ( +33.f2+i£:_f)xl
3A 248 TeAT 8A
E (X)=hX - (%J)X

+ 6%‘))(Z

2A’ (6-4)
from Table 3 — 15. The consistency of the rhombohedral
splitting with the tetragonal case may now be tested. Ve

first observe from Egs. ( 6-1 ) and ( 6-4 ) that the linear
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coefficient for the rz.stress behavior should be the same
as is obtained for the doublet in the tetragonal case. These
numbers are respectively -7.7 and -11.4 em™L Kvar™ from
Tables 5 — 4 and 5 - 2. Thus the signs are in agreement while
the magnitudes differ by 50%. We observe also that the average
of the slopes for the I} and I; states in the rhombohedral
case is, from Egs. 6 - 4
h + 2ed
34’ (6-5)

The value predicted using the parameters in Egs. ( 6-3 )

(which were derived from the tetragonal results) is 10 cm—l

1 1

Kbar™=. The observed value is % (16.2 + 2.8) = 9.5 em™! KvarTs

’

from Table 5 - 4.

Finally comparing the linear terms in Bq. ( 6-4 ) with
the observed values in Table 5 - 4 it is possible to
approximately determine the ratio f/e which turns out to be
about=6/21. Substituting this and Eqs. ( 6-3 ) into Egs.

( 6-4 ) the quadratic coefficients for the /] , I} and [}
states are predicted to be -3.2, -1.8 and -2.5 cm'l Kbar_2
respectively. These values may be compared with the observed
values of -1.9, -2.5 and -2.8. The agreement is reasonable,
at least for the I3 and I} states.

In the present approximation then, the observed stress
behavior of the 1S for tetragonal stress and for rhombohedral
stress are consistent with the theory of Chapter III and with

each other.
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C. Analysis of The Stress Behavior of the 1S State

In view of the errors inherent in the perturbation
approximation, further analysis was performed by
diagonalization of the energy matrix (Table 3-11) for a
sequence of values of the stress in the range O to 2.75Kbars.
The diagonalization was performed as a subroutine of a non-
linear least squares fitting program which varied the
parameters A’, J, e and h to produce a best fit of the
predicted yellow exciton energies ES,B and ElO to the
experimental values.

The three exchange parameters J, J_ and Jg which

appear in the energy matrix (Table 3—11)yare related by

Egs. ( 3-63 ). The atomic exchange factors JyA and JgA may
be different since the Bloch functions may involve somewhat
different distributions within the unit cell. Neglecting
this effect (which should in any case be small) one has only
the difference in |@ (O)l'2 which is proportional to (R/n)3
where R is the Rydberg constant and n is the principle
quantum number. Since the ratio of green to yellow Rydberg

Y
constants (Eq. 6 — 2 ) is very close to (4)4,

J = o/
u%y = %_\/ = \j$<5,73
J3 = 2J = 2Ja/ns

we then have:

(6-6)
The constant Jo is proportional to the atomic exchange
constant and should, on very general grounds, be negative.

This would cause an exchange splitting between a spin singlet
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and a spin triplet, with the triplet lying below the singlet
(Hund's rule).

The ortho and para yellow excitons are not triplet and
singlet spin states however; as noted in Chapter III.

The singlet G‘ paraexciton is pure spin triplet, while
the triplet f} orthoexciton is mixed spin singlet and triplet.
Consequently, the exchange splitting produced by negative J
puts the singlet below the triplet in the unstressed crystal
by:

rnl/'wr_ g'NCLET = —_LT Jy -

= -2 -8J =-J-8L = NI-8°
3 9
(6-7)
in agreement with recent experimental observations of the
singlet 1S paraexciton approximately 100 cm_l below the 18
triplet.38'39’43

Using Eq. ( 6-6 ) to express Jy and Jg in terms of J,
the non-linear least squares analysis described above was
applied to the .inta for the 1S state as follows. The
parameters A’, J, e and h were initialized and the program
proceeded to compute eigenvalues of the energy matrix (for
a given stress), compare the eigenvalues corresponding to
the 18 yellow state to the data for the same stress and
compute the sum of the squares of the differences. The
procedure was repeated for each stress corresponding to
experimental data and the sum of squares of differences

between the entire set of experimental values and predicted
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eigenvalues was generated. The program then varied the
parameters, repeated the above calculation and computed the
set of parameters (A’, J, e, h) which minimized the above sum.

The analysis was carried out for a variety of initial
parameter sets. In each case it was found that the final
value of A’ differed little from the starting value. The
program was run thereafter with A’ held constant while J, e
and h were varied to produce a best-fit. Successive runs of
the pro.gram were conducted with different values of A’ in
order to determine its effect on the fit.

The results showed that the fit became noticeably
improved for values of A’ greater than 3200 cm_l.

As stated earlier, A’ can reasonably be expected to
assume values near 600 cm * but in any case no greater than
1065 em™. It is not possible to reconcile the value of A’
resulting from the data analysis with the predictions based
on our understanding of the (p states of the) exciton series
in Cuy0. Plots of the theoretical stress behavior of the 18
state for two values of A’ are compared with the experimental

data in Fig. 6 - 1.
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FIG. 6 - 1. Comparison of the experimental data for
the 1S state (tetragonal stress) with theoretical predictions
resulting from diagonalization of the energy matrix (Table

3-11). The dashed line gives the best fit that can be

obtained with A’ = 600 cw™' in which case J = 183 cm™,

e = 47 cn”'kbar™! and h = -4 cm 'kbar™'. The solid curve
shows the best overall fit which obtains for A’ = 3600 cm_1,

1 1

J = -357 cm”! , e =123 cn 'kbar™' and h = -5 cm 'kbar~!.
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The diagonalization procedure was also applied to the
energy matrix for the rhombohedral stress (Table 3-14). To
test consistency with the results for tetragonal stress, the
set of parameters A’, J, e and h used were those corresponding
to a best-fit for the tetragonal case., This set of N
parameters was held constant during each run while the
parameter f was varied to yield the best fit. Results of
this procedure are shown in Fig. 6-2. For positive f the
fit was extremely poor regardless of the value of A’ chosen.
This is consistent with the discussion of the preceding
section wherein a negative f was anticipated. With f taken

1 -
was reasonable

to be negative, the fit for A’ = 600 cm™
while the fit for A’ = 3600 cm™' was quite poor.

The above result seems to contradict the results for
the tetragonal case. It should be noted, though, that the
fit obtained for the tetragonal case with A’= 600 was not
unreasonable and that this value of A’ gives fairly good
fits for both the tetragonal and the rhombohedral splittings.
A discussion of the limitations associated with this
calculation will be taken up in the next section.

D. Discussion and Conclusions

The discussion in Sections B and C led to several
conclusions which may be summarized as follows.

The stress behavior of the 15 state of the yellow
exciton series has been observed to be consistent with group
theoretical predictions concerning the expected

multiplicities of stress-induced splittings and the
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FIG. 6 - 2. Comparison of the experimental data for
the 1S state (rhombohedral stress) with theoretical
predictions resulting from diagonalization of the energy
matrix (Table 3-14). The heavy solid line shows the best

fit possible for A’ = 3600 en™! , d = =357 cm™! ,

e =123 co 'kbar™ and h = -5 cm™ 'kbar

£ = -25 cm 'kbar~.

1

in which case

The best fit for A’ = 600 cu',

1

, e =47 cn™'kbar™! ,and h = -4 cm~ Xbar™!

1

J = =183 cm~

obtains for f = -27 cm”'kbar™| and is shown as the heavy

dashed line.
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expected polarization selection rules of the stress-split
levels. The gross features of the stress behavior were seen
to be in agreement with the results of the effective
Hamiltonian formalism in which the 1S yellow exciton states
and the 1S green exciton states are taken together to form
a 12-state basis and in which the splitting of the 1S yellow
state is seen to arise from the simultaneous effects of
(electron~-hole) exchange and strain. The quantitative
agreement was fair at best. The disparity is most likely
due to the limitations of the effective Hamiltonian formalism.
The observed stress behavior of the excited states of
the yellow exciton series was not consistent with the theory
which predicts that the sense of the linear splitting
should be the same for all yellow exciton states while its
magnitude should decrease faster than n"a. Instead, the
magnitude of the splitting for the 35 state was actually
larger than for the 1S5 state and the sense of the splitting
was inverted. The sense of the splitting for the 4S state
was likewise inverted although the magnitude was smaller
than for either the 3S or 1S states. The 3D, state did not
exhibit a splitting. The SS'f} state displayed a positive
curvature in contrast to all other stress-split exciton
states studied. It is interesting to note that the quadratic
coefficient for the BS'FL is approximately equal and
opposite to the quadratic coéfficient for the 1S state (see
Table 5-2) while one component of the 1S state of the green

exciton series is predicted to exhibit such behavior (see
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TABLE 6-3

Derived Deformation Potentials for Cu20

Deformation Potentials

a b ) a
Cu,0 (4’ = 600 em™) 1.8 eV 0.3 eV 0.5 eV
Cuy0 (A’ = 3600 cn) 2.1 eV 0.8 eV 0.4 eV
Cucl‘ 78 —_— -0.4 eV 0.7 eV
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Table 3-12: green [y triplet). Thus the data suggests that
the state assigned as the 3S yellow may in fact be the 1S
state of the green series. Further indication of this is the
clear difference between the quadratic coefficients of the
two stress-split components of the 3S state (see Table 5-2)
which is also conéistent with the predictions of Table 3-12
for the 18 (T ) state of the green series. It should be
noted, however, that the observed linear splitting for the
"33" state is inconsistent with that predicted for the 18
(I5) sreen state.

It was seen in Table 5-2 that the 38 'r", is the only
state exhibiting a positive quadratic coefficient. In fact,
the 'n, and I} components of the 1§, 3Dy, and 4S states
had quadratic coefficients which were very nearly the same.
The nonlinear stress behavior for exciton states of the
yellow series (which is independent of the exchange constant
as can be seen from Table 3-12) should be about the same for
all states of the yellow series. In this regard then, the
behavior of the 1S, 3D,| , and 4S5 states is consistent with
predictions for yellow exciton states while that for the 3S
state is not.

The inversion in the sense of the splitting for the
higher states is not in agreement with the theory, as has
been stated. Perhaps a complicated dependence of the
exchange interaction on principal quantum number is
responsible.

It should also be pointed out that the 3D1 state
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behaves like an nS state of the yellow series with nz3
since, according to the theory, the magnitude of the
splittings should be proportional to n"3 and could thus be
too small to resolve for such states. Furthermore, the zero
stress energy of the BD‘ state very nearly coincides with
the predicted energy of the 35S state of the yellow series
based on a quantum defect calculation. ! It is difficult,
however, to understand why only one of the excited states
should conform to the theory.

It is useful to examine the deformation potentials
that are derived from the analysis of the preceding
section. The parameters obtained there are related to the
deformation potentials a, b, and d of Egs. 3-51 and 3-54.
The results, obtained from the measured elastic compliance
constants?7 are given in Table 6~1 for two values of A'.
Also shown are the deformation potentials for CuCl?8 CuZO
and CuCl should have comparable deformation potentials
since the crystal structures are similar. It is seen that
the agreement is better for the case A’ = 600 cm_.

The limitations of the effective Hamiltonian -
formalism bear repeating. It was pointed out earlier that
the calculation has involved only two exciton series
(derived from the lowest conduction band and the two
highest valence bands). Interactions with other series have
been ignored. Also, the effective Hamiltonian treats yellow
and6%reen exciton states of a particular quantum state.

Cho  has pointed out that the limit of applicability of
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this formalism may be reached if-other exciton states
happen to couple very strongly to the 12~fold exciton
states treated in this way. Finally, there is a stress-
dependent part of the spin-orbit interaction which has not
been accounted for44 although the effect is expected to be

small.
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