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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 (hut 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 (L=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 or the other 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 Cuo0 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 deformation 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 

Cu^O 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. Nonlinearities in the energy shift of exciton 
levels as a function of stress have been observed for the 
first time, owing to the application of stress in excess of; 
2 Kbay.

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 experiment 
and theory for the IS state- of the 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 
Katsuki"1". 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 IS state of the yellow series has been observed in weak

7electric-quadrupole absorption , the excited S states are
normally too weak to be observed directly because of phonon-
assisted transitions to the IS 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

PR PR SOdipole-allowed due to mixing with P states ^he
mixing, however, has made interpretation difficult.

In recent years, it has become x̂ ossible to investigate 
the excited states in the unperturbed Cu^O crystal^1. 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 S 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 
23 30proposed 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 
c e l l correction 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 IS 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 uork"^ ’̂ , 
the use of the present technique has allcued 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.
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CHAPTER II
Cu20: PROPERTIES AMD EXPERIMENTAL SURVEY

A. Properties
Cuprous oxide crystallizes in the cuprite structure 

which belongs to the 0 ^  space group^. As shown in Pig.2-1, 
the unit cell contains six ions, two of which are oxygen 
ions O' 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 lal is 4-27A. The 0 and Cu ions have site 
symmetries T^ and D.^, 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 symmetry operations of the 
macroscopic point group 0^. 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 results of 
group theory presented in this chapter will be stated 
without proof. Detailed analysis will be reserved for 
Chapter III.
B. Normal Vibrational Modes

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

the following symmetries: 3 "̂-#- Q-" + f] ~ + 1"̂ ” -t- • 0ne

4
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Hy 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 
mode is the only mode that transforms like the polarizability 
tensor and is thus the only Raman active mode. In 
centrosymmetric crystals, such as C^O, a mode may be either 
Raman or infrared-active but not both. The other optic 
modes, a triply degenerate mode, a doubly degenerate 
mode, and a nondegenerate mode, are all Raman and 
infrared-inactive but are of central importance to the theory 
of resonant-Raman scattering in C^O. The frequencies of 
the normal modes have been measured experimentally by 
infrared absorption^, phonon-assisted absorption^, 
photoluminescence^, neutron scattering^, and Raman 
scattering^’̂ . 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 being formed from 
combinations of Cu 4S and/or 0 3S orbitals. The highest 
valence band derives from Cu 3’D wavefunctions and has V £  

symmetry. With spin-orbit coupling the symmetry of the P ,+ 

conduction band becomes and the P /  highest valence band 
is split into P *  and /"]/bands with the Py+ lying higher in 
energy. An electron in the /"^conduction band and a hole in

5
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the r7+ 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 2T7* ®  =• 3Q + -f . 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 valence band and an 
electron in the Q,+ conduction band form the green exciton
series. In this case the S states have symmetry (8) =
ar3+ + Jr; + 3rX . Transitions to these states are also 
parity (electric-dipole) forbidden; however the triplet
has magnetic dipole symmetry (and is thus magnetic-dipole 
allowed) while the and components are electric-
quadrupole allowed.

gThe band symmetries shown in fig. 2-2 are due to Elliott 
who used symmetry arguments based on the anisotropy of 
optical absorption near the quadrupole IS state of the 
yellow exciton series^. Analysis of magnetoabsorption data1  ̂
and the consistency of experiments with calculated normal 
mode frequencies^ based on this model have substantiated 
the Elliott proposal.
D. Exciton Series

The excitons formed in G^O are probably the best-known
2 12 17examples of V/annier excitons. Grossman , Nikitine ’ , and

Elliott^ have written excellent review articles on the
subject.

6
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Structure: cuprite (cubic)
Space Group: 0 ^
Lattice Parameter: la.1 = 4.27 A

Ions Positions Site Symmetries
2 Oxygen ® (o,o,o)a

i  (1 ,1 ,1 )*

4 Copper O t  (1,1,1)a  D3d '
i (3,3,l)a 
i  (1,3,3)a 
i (3,1,3)*

7
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TABLE 2-1. Phonon energies (cm-1) of Cu20

rs
ri
n ,~  ( 7 0)
ry do)

nr
t y  ( t o )  

fy (Lo>

Energy
88
109
152
154.5
350

515
630
660
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PIG. 2-2. The presently accepted symmetry assignments 
of the two highest valence bands and the two lowest 
conduction bands of C^O 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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Early absorption experiment s^’"̂  revealed fine
structure which could he associated with exciton formation^. 
The absorption spectrum in the visible region is shown in 
Eig. 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 conduction band and a hole in the Py* (yellow 
series) or fg+ (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. Elliott^ 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 
dipole 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 

2by the Rydberg formulae

E l = n S 2 3 - Z 2 £  Ye (.Low
nr  / p

£ & = I8S8S  -  /2-V2 G r e e n
“  ( 2-1 )

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

The IS state of the yellow series is seen as a weak 
electric-quadrupole absorption feature. The quadrupole 
nature of the line was established by Gross and Kaplyanskii
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7in I960 . The IS line is shown in Fig. 2-3. The absorption 
edges near the IS are due to phonon-assisted absorption 
involving the f]* (109 cm-1) phonon. Excited S and D states
are not normally observed as they are masked by phonon- 
assisted absorption to the IS state.

A weak absorption line has been observed about 200 cm~^
19to the low energy side of the 2P state of the yellow series . 

Diess et.al. J have attributed it to transitions to the IS 
state of the green exciton series. This assignment, based 
on the ( F3 + +  F f  ) symmetry of the absorption has been 
questioned by Denisov and Makarov'^ who argue that the IS 
green state also comprises an exchange-split component of 
F j 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 Leningrad"’0 and in Strasbourg20 ’22 ’2  ̂’2^ ’2^. The 
assignments of the excited states are due to the Strasbourg 
group and are shown in Fig. 2-4.

The S states that have been studied using electro­
absorption are the triplet states. Each triplet is
accompanied by an exchange-split ' F - f . singlet level, 
optical transitions to which are forbidden in both the 
electric dipole and electric quadrupole approximations.

13
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PIG. 2-3. Absorption spectrum of C ^ O  in the visible 
region showing exciton fine structure. ( A f t e r  Ref. 2)

14
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Several recent experiments have placed the IS singlet 
approximately 100 cm-'*' below the IS triplet-'*®,̂ ,̂ ''*,̂ <“). In 
these experiments, transitions to the singlet became less 
strongljr-f or bidden as a result of applied stress or magnetic 
field perturbations.

27In 1973, Compaan and Cummins observed intense Raman 
scattering from normally Raman-forbidden odd-parity phonons 
when the incident laser frequency was tuned to resonance with 
the IS (triplet) state of the yellow exciton series. This 
resonant quadrupole-dipole Raman scattering process*^'^ 
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 stateŝ "*" ’ ̂ . Resonant 
enhancement in the Raman cross-section (for non polar phonons) 
was observed when the incident laser light was resonant with 
states of 3 Tj" symmetry (triplet S states and the states 
previously labelled D, and thought to be the 3 Hs" 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. CugO crystal.
E. Stress Experiments

Uniaxial stress measurements have played an important 
role in the study of excitons in Ckî O. In the early 1960's, 
Gross and Kaplyanskii8’10 observed a stress-splitting of the 
IS 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 Kaplyanskii^ 
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 IS state.

In 1974-, Agekyan and Stepanov^0 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 excited 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 Cu20. Energies of the IS and all P exciton states 
are from Ref. 67. Other exciton energies are from Refs.
23 and 28. Numbers in parentheses are estimated widths.

18
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In the chapters that follow,' the results of forbidden 
resonant Raman scattering spectroscopy of Chî O 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.

20
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CHAPTER III 

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. Exciton Theory
1. Exciton Wave Function1^

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

(PlAn + v ) f  = e f
( 3-1 )

and in consequence of the translational symmetry of the 
lattice have the Bloch form

( 3-2 )

21
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where n is the band index, k is the wavevector, N is the 
number of cells and B is the volume of each cell. The Bloch 
functions 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

^  =  r / 1"*).... 'fcsjd’s ) ----- ( 3_3 }

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

^  A O ' l -  ( ^  }

or, using the concept of a hole state, by

A  =  )
( 3-5 )

where represents the electron in the conduction band
and represents the antisymmetrized product of the
remaining one-electron states in the valence band. .

The wavefunctions 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

u „ s  = u.no + £  u « ' o #  I n i / F I ^
*• Eh-En, (3_6)

At small finite k, 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  =  - e1

6  * ^  ^  * ( 3 -7  )

where £ is the dielectric constant. The exciton wavefunction 
can be written as a linear combination of the unperturbed 
one-electron pair states (3-5) in the presence of the 
perturbation Eq. ( 3-7 ):

Y ex ~  £  A  (  ICh ) % £  (  )

( 3-8 )
An alternate wavefunction for the exciton may be 

obtained through the effective mass approximation, let
represent the motion of the electron and hole on 

a large scale compared with atomic dimensions, 
satisfies the equation of the effective mass approximation

[Ec (-*%) - Ev(~* <f>(/? ../-*)= E0(fe, t;)
’( 3-9 )

and is related to the coefficients A of Eq. ( 3-8 ) by

NB ( 3_10 )

hear k e j k ^ O  we have

' & (  *e ,  ) U c c  ( * e  ) ^ v o C ^ h  ) ( 3 n  )
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For spherical conduction and valence bands near k=0, Eq.
( 3-9 ) reduces to the hydrogen atom equation and

0(^,h) P(
-VWb •

( 3-12 )
where is the total exciton momentum, ( f e - K )

is the relative coordinate of the electron and hole, r d - K )  

is the exciton envelope function of relative motion, and the 
exciton center of mass coordinate is given by

/ o  = /wc% +  
m e +

( 3-13 )
where />7e and /'fy are the effective masses of the electron 
and hole, respectively.
2. Exciton Spectrum^’1^

.In the effective mass approximation, Eq. ( 3-9 ) has 
hydrogenlike solutions and a hydrogenlike spectrum of energy 
eigenvalues

£ = - JL
<2(fhe+7W/,) h*  ̂ 3-14 )

where E^ is the band gap energy and

R =

( 3-15 )
is the exciton Rydberg. The exciton reduced mass is given 
by
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JL ̂  J- + ±
*

( 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 Interaction1^ ’̂ ^

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 quantum 
numbers. Eor 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
u , f >  -
lv,K> - fn.JI Ufof _|v
Here the Bloch functions are

ft,

v.,-? - (3JS)

2*5
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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

^ e x A v  =  ( m ’$ ) A v *

X f fd t ,

~  ?• f f d t ;  d t i  / > X o ( t f ) / a n r ^  )
R CELL-------------------“ P X --------3:------- S - ; ------------

I ~ ̂ 2 ” R  I ( 3_ig )

where R is a lattice vector. The quantity

^  ( 3 -2 0 )
is called the spin singlet charge density.
One can often neglect the K-dependence of the Bloch 
functions so that

= ~ e 1  u ( t : ) vmf r ) i(A. o'  uv srnts '( 3-21 )

( n ,  n ) - JL Z  A Mi; ( m , \ ) e ^ ' R
V ( 3-22 )

i.e. the exciton envelope function in analogy with Eq.
( 3-10 ). The exchange integral becomes 

L ®  <»,,o)0roAt f4 R CELL  ̂ 2 “ 2O  )

26

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



The exchange interaction can be divided into a short-range 
(or analytic) part and a long-range (nonanalytic) part^.
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

«  1 1  - r; I
( 3-24 )

The 0 m .o (m,o) 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 Transitions^*1^

The probability for optical transitions between the 
ground state and an exciton state is proportional to

( 3-25 )
where the electron-radiation interaction H e r is given by

H e r  = £  A ° K • Pj '5 = f  A. ( e \ ■ P j + H c y % £ x .pJ + — )

( 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. A© is the amplitude 
of the external vector potential of the field, lc is the
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wavevector for incident or scattered light, and and py
are the position and momentum vectors for the j** electron.
A 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 -2 5  ).

a. Strongly-Allowed Dipole Transitions 
Using the dipole term of in Eq. ( 3 -2 5  ) with 

exciton representation Eq. ( 3 -8  ) leads to

(  I Hz#  ̂A  ( l<e , K/, ) <c, kre+ ^  I Zypj IV,-!?/, )
k e k k

( 3 -2 7  )

For a strongly-allowed dipole transition, the matrix element 
<fc|ev ) |v >  exists at the center of the Brillouin zone and 
may be taken out of the summation giving

< % x l C l V ' *  < u cole> . p i u vo) 0 ( o )
( 3 -2 8  )

where 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/ £ - / £ = 0  )

4>(o) >—
i r m  V 7 r a ? n 3 ( 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 o c c u r r i n g  a t  d i r e c t  

O-Uow ed. bandgaps.
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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 Eq. ( 3-8 ) 
contains admixtures of other Bloch functions as shown in 
Eq. ( 3-6 ). Using Eqs. ( 3-6 ) and ( 3-27 ) we obtain a 
matrix element for a weakly-allowed dipole transition:

< %>■* l £ < c l p l i > < i ) e s p l v > + < c le y F U > a i p i v > ) m o )

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 can be 

decomposed into electric quadrupole and magnetic dipole

£ v - £ ;  ( 3-30 )
Eor the hydrogenic case,

V0(o) =(nlzJ— ] 
XTfofn* )

( 3-31 )

( 3-32 )

29

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



These terms lead to electric quad-rupole and magnetic dipole 
transitions:

(%X IHm  / K O A(fce,I )<C,fre+ I k'y(t-p+p’i-)-ix|vr kfr
' ( ?_33 )

< U '0  %>* Z
* e £ h  ( 3-34 )

If these matrix elements are allowed at the zone center, we 
obtain

< • < ■  < U CC l k y ( t p + p p y e x I U V0)  0 ( o )

( 3-35 )

<  Yex I H ^ I Y ) ^ < ^ c o K ^ x e x ) ‘ ( P x p  ) l u vo) 0 ( o )

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

Hel = %(Z)e*'*‘* +
( 3-37 )

where the electron and hole functions- D^(re) and D^(rh) 
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 hple. 
Thus, for an electron transition using Eq. ( 3-11 ) we 
obtain
< K I  1% * > - S (  k ' + ? - k ' ) f f l  u w  f t ; )

X (li dflre-fj,) ( 3_38 J
Retaining only the leading term in eiq-'  ̂and adding
contributions from both electron and hole give

< % *  IH kl I  % , ) ~  ̂

( 3-39 )
which is the product of the zone center interband matrix

an i 
46

element of Dj(?e) or Djlr^) multiplied by an overlap
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 
observations by Raman‘S  and by Landsberg and Mandelshtam^, 
light of frequency interacts with the crystal to create 
or destroy one or more lattice vibrational phonons having 
energy f i  WQ. Energy conservation requires that the 
frequencies of the incident and scattered light and the 
phonon be related by .

=  t o ; ±  l o 0 . ( 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 hands 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 and H-^
mediate transitions between eigenstates of the crystal. In
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 UL, wavevector and unit
polarization vector e^ which excites the crystal from the
electronic ground state Ji> to a virtual intermediate state
l*> via the electron-radiation interaction. With the
crystal in this state, a phonon of wavevector q and
frequency WQ is either created (Stokes) or destroyed
(anti-Stokes) by the electron-lattice interaction. The
system thereby undergoes a transition to another
intermediate state I b> . The system then returns to the
final state 1 f> through emission of a photon with frequency

wavevector l?s=£^-q and polarization vector eg.
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-

4-9dependent perturbation theory by

'V J^g jrT . E I < f l  HrlbXb I Hr laXal Hr -H -* t)
u & ) I ( 3-41 )

Here £g is the wavevector of the scattered photon, 9=^j_-ks 
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is the phonon wavevector and S is the Dirac delta function.
In two of the matrix elements, the electron-radiation 
interaction contributes while the electron-lattice 
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:

polarization vector and P (-Ui,+«s,+M0) has the form

(M h tlA)0 + UJs ) (  k)l t +OL>s )

+  < { l H EJ b ) < b l H r p 0 ^ ) ! a ) < O L } H ER(u j ; ) U y
( ̂  + LOs -LU (-) (L O ^ - LO -)

+ ( I IH & ,(a j) It)(b lH ef(u>/)\cl) ( o. I ! i^>
(M t+ u 'e -u J ^ lu J a + b J c )

+  (  f l H c i l b X i l (01, ))q> < ( L l ( 14) 1/>
( U)^ +  U)s - t O + ) ( u ) CL+  (Os )

+ < f lH CR(u<)lL><biHc*(u .\la > /a lH r, I
( ‘^ i + ^ o  +  ^ s ) ( L O a_ + lO s )

( 3-42 )
where n is the number of optic phonons, $  oy is the phonon

( M k +U>e -U ) i ) ( U ) * -U .U )

( 3-43 )
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This is known as the Raman scattering tensor. The sign 
convention is such that P ( , +Wq) represents a Stokes 
process while P (+4J^,-Ug,-«o) 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 ê , 
with Cartesian components e^ . Similarly, the Cartesian 
components of the scattered light are denoted eg<̂  . In the 
usual dipole approximation for H^, the intensity of first- 
order scattered light polarized in the direction ex' for 
incident light polarized in the direction f i is given by

I
( 3-44 )

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

The above discussion applies to normal Raman 
scattering in which both electron-radiation interaction 
matrix elements in each term of Eq. ( 3-43 ) are taken in 
the dipole approximation. Among its consequences is the 
requirement that the participating phonons have even parity 
(in centrosymmetric crystals). In addition, the scattering 
intensity 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, , fails to vanish, Raman
scattering can proceed via the multipole-dipole mechanism.^^ 
Scattering due to this mechanism is usually not observed 
since its intensity is reduced from normal Raman scattering 
by a factor of-'iO J. 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 Eq. ( 3-43 )• (Damping 
terms, representing the finite widths of the states involved, 
have not been included in the equation). The first term 
in Eq. ( 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 H®^(H^) has 
even (odd) parity. Therefore, 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 allowed. Specifically, the 
representation to which the phonon belongs must be contained 
in the reduction of the representation of the direct product 
r  (her) ®T(H^)= r 2 + Q  In Cu20, 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 he expressed in terms of the third-rank scattering 
tensor which has been derived and tabulated by
Birman.2^>32 Thj_s tensor describes scattering processes 
involving a phonon of polarization Cf belonging to the ĵ *1 

irreducible representation. The subscripted indices refer 
to the unit vectors for the incident polarization ( f t  ) the 
scattered polarization ( )  and the wavevector of the incident 
light ( X  ). In terms of the third-rank scattering tensor, 
the scattering intensity becomes

It should be mentioned that there are other mechanisms 
that may give rise to forbidden resonant Raman scattering. 
These involve the Prohlich electron-lattice interaction 
which is specific to LO phonons and is therefore not 
relevant to the present research invo lv ing  n o n -p o L a r  p h o n o n j.

D. Resonant Raman Scattering and Excitons in Cu^O
In this section we discuss the exciton spectrum of 

CU2O and the associated transitions within the framework of 
the preceding theoretical introduction.

Pig. 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.^ 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 P7+ and forms the yellow 
exciton states with S envelopes. The P-state features and 
the IS feature are shown in the absorption curve of Pig. 1-2. 
Higher S states are masked by phonon-assisted transitions to 
the IS.

The quadrupole nature of the IS state was discovered
by Gross and Kaplyanskii® and provided the basis for

9Elliott'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 oxciton series of Cu^O and have reported the resonant 
enhancement of a number of multiphonon Raman features.^3-7 6 
The strongest resonant enhancement in this region occurs 
for the e2 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.
In a series of experiments27>36,41 Cummins, Compaan and 

co-workers 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 rv+ 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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PIG. 3-1. Schematic representation of the multipole- 
dipole Raman-scattering mechanism. Electric quadrupole 
absorption is to one of the S states of the yellow exciton 
series. Thete". is  th e n  a transition ’to a state of a dipole- 
allowed 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 P& 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 T5+ valence band and a f~6+ conduction band) 
has a rV" component and could occur in the region of the 
yellow excited states. Incidentally, the IS state of the 
green series also has components of r t symmetry (magnetic 
dipole) which can give rise to resonant enhancement as in 
the electric quadrupole case. Finally the 2S 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.
IF Exciton Basis Functions

In the effective mass approximation, exciton 
wavefunctions are given by

■( 3-46 )
i.e., an envelope function 0 of the relative electron hole 
motion multiplying a pair of zone center Bloch band 
functions.

Since the conduction band is an orbital singlet ( P ,* )  

times a spin doublet (f l ), there are two possible conduction 
states ̂  = U c oxf i c , (spin up or down) multiplying a totally 
symmetric spatial part which we will not explicitly include.
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The valence hand is an orbital triplet f~ ^ transforming like 
xz, yz or xy times a spin doublet k < o r f i ) giving 6 valence 
states and thus, when combined with the 2 conduction states,
12 pair states of the form

%  % = I x y M j l f i c ]

( 5-47 )
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 %/  -  xy*: etc. are combined to 
form two r 7+ and four r#* basis functions using the 
coefficients (coupling constants) given in Koster et al.^.
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 c or are combined into four new product 
functions, one transforming as and throe as Q- 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 valence 
states and the conduction or f t c are combined into eight

4?
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TABLE 3 -1

ZONE CENTER BLOCH FUNCTIONS (VALENCE BAND) 
From Koster et al - TaLle 83

II - i {xyei +
75 (yz + ixz )/$] =- 1 [Y'V7£l +2y;>]

II - i 75
■f (yz - ixz }*(J = 1 [TJ* i IV

)

»
n 6

y>p8 =  
%

i [ 2 x j /g  +
7Z (yz - lx z )o c J  = 1 [y^ +  Y, ' - U

yrs -
«4

- i[(yz - 72
ixz )/s]=

ex
ii _i[(yz + : 

Y 2
ixz )c *J =  Y - ' - <

ii

S
Ih

-

X 1 (yz + ixz = 1 f r " * *  

f T L
-  V / r J

Y" = y 2~2 - y 22
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new functions transforming as a doublet r̂ +, a triplet Hy+ 
and a triplet Pj-+ . The appropriate coefficients are again
taken from Foster et al.^

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 0 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 P £  paraexciton is pure spin triplet 
while the triplet l~s orthoexciton is mixed spin singlet and
triplet, as noted by Kuwabara et al.^

For a given orbital quantum state n (e.g., n = IS) 
there will be two distinct envelope functions and 0 ^  
for the yellow and green excitions, respectively, as 
indicated in the table.

The initial Hamiltonian (to be discussed in Section G-) 
includes the spin-orbit interaction Hg0 = (2 / '^ (A L ‘ or) which 
splits the valence band into T7+ and fg+ (with lying 
below r7+ by the spin-orbit energy ), and the Coulomb 
energy Ecgn and E(_jyn for the green and yellow excitons, 
respectively. Thus, the energy E° for the 12 basis states 
without strain or exchange will be E° = E ^ 11 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 Cu^O. 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 and 
wavefunctions.
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F. Effects of Stress'^*'*2
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 zincblende-type 
materials is a sixfold degenerate p-like multiplet with
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orbital symmetry Tj- (diamond) or H* (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 Ch^O, with 
point group 0^, the situation is somewhat analogous. As 
shown in Fig. 2-2, the highest valence band is a sixfold 
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 'llf } + and 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 band into
a pair of Kramers doublets whereas the degeneracies of the
*£ i—r +/ 7 band and the conduction band are unaffected. The 
situation for Cu^O 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, 
is written a s ^ ’̂ 2’;;

H d =  * ( e Kx+  £yy + € Z;)-3bttL*-l?/3)€zz+c.F.]

~~ ^ - 3  cl £  ^  l _ x | _ y  4 -  L * *+* C .  p .  J
( 3-48 )

where L is the angular momentum operator, the are 
components of the strain tensor and cp denotes cyclic 
permutation with respect to x,y,z. The constant a represents
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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 invariants^’̂  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. For the case of tetragonal strain (1001} direction) 
we. have

• ( 3-49 )
where are elastic compliance constants and X is the 
applied stress. Eq. ( 3-48 ) becomes

( 3-50 )
where

h ~ CL (Sn + 2 S,2 )
e 3-51 )
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PIG. 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 ) conduction hand and the (spin-orbit split
partner) valence bands "IV aa<3- 21V  . 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 iT a+ 
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

&zz =

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

H0uo = L?/3)Xi-f,fL/Ly-i'LyLx)X( ̂  ̂
where

-F = - 7 3  J  S v v

( 3-54 )
Eqs. ( 3-50 ) and ( 3-53 ) will he used in section G.

552. Kramers Theorem ^
The operation of cime reversal requires reversing all 

velocities and letting time proceed in the reverse direction 
so that a system runs hack 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 stated* will evolve into +t exactly the 
same way as Y  would have evolved in the -t direction. Since 
prohahility density is proportional to I Y 1 1 , it is unaffected 
hy the operation. However, the momentum distribution, 
heing proportional to the imaginary part of , is
reversed, as it should be. If we consider a stationary
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state, its energy is unchanged since = Eimplies
HV* = Ef* . There will or will not he a degeneracy
associated with this symmetry depending on whether the set 
o f f ?  is or is not linearly independent of the set of f

corresponding to a given energy. It must he noted that any
magnetic field present in the Hamiltonian must he 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 he 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 elections must he 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 Ci^O were illustrated 
in Eig. 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 0^) according to'Fp , Q*" and 3r"j . For

example the trace £ as a sca-lar anci transforms like
T,+ . Now according to the'Wigner-Eckhart theorem, the matrix 
element of an operator ( V l H j f )  may fail to vanish (and a 
splitting can occur) only if the representation T^is 
contained i n T ^  F u . Table 3-3 gives the product 
multiplications for the group 0̂ . It is seen that the 
above condition is satisfied (using the strain symmetries 
discussed above) for wavefunctions with symmetry P/ but not 
for wavefunctions of symmetry IV or f"V • 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 IS state of the yellow exciton in 
Ckî O. 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 Elliott^ 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) XP 7 and Q  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/vPy+ and ' I bands (green series states) 
which.can be stress-split.
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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 1̂ 1+ . It was shown in section
F.2 and Pig. 3-2 that these bands do not split under stress. 
The exciton states formed from these bands, however, are of 
symmetry and 'i~^r where the 3n,~ (orthoexciton) is
optically "active" in the quadrupole approximation. Pig.
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 ̂  valence band. The exchange- 
strain splitting of exciton levels in Cu^O has recently 
been treated in detail by Kiselev and Zhilich.^

The exchange-strain splitting has also been observed 
37in other crystals. Koda and Langer reported a strain- 

induced splitting of exciton states in wurtzite crystals.
The occurence of a splitting .in spite of the Kramers

56degenerate bands was explained by Akimoto and Hasegawa on 
the basis of the exchange effect.
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Table 3-4. Character table and basis functions for
the group 0^
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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 0^, and The point group symmetry of
the unit cell of the unstrained C^O crystal is 0-̂.
Tetragonal and rhombohedral strains lower this symmetry to

■̂ 4h an<̂  ^2v’ respectively. The properties of these point
groups are conveniently summarized in Tables 3-3 through 

513-9 . Character tables for the three point groups are
shown in Tables 3-4, 3-5 and 3-6. Multiplication tables
are shown in Tables 3-3, 3-7 and 3-8. Compatibility
between 0^ 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 0^
multiplication table, while the functions themselves were

51determined from tables of coupling coefficients. In 
Sections E.l and F.3 the compatibility table (Table 3*9) was
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FIG. 3-3. Effect of stress on the3 P5- orthoexciton 
in C^O. 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 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 cm-'*' phonon) 
corresponding to a given configuration of incident and 
scattered polarizations can proceed if the representation 
according to which the 109 cm-1 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 3P/ orthoexciton 
transforms under 0^ like xy, yz and zx (Table 3-4). Thus 
for light incident along x, it can be excited by both y and 
z polarizations. The electric dipole operator transforms 
like x, y, and z (the representation) and the 109 cm-'*'
phonon transforms according to ZH i~ • Table 3-3 shows that 
the direct product of 3 H i* with 3 contains 2F^~ . ' The 
phonon can therefore participate in the scattering process.
Since the light is incident along x, 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 H  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 
tensors2^ ’̂ 2 and are displayed in Table 3-10.

Under a uniaxial stress along z, the crystal symmetry 
is lowered to and the 3 F'J' orthoexciton splits into T  

and 2 P /  which transform as xy and yz, zx respectively. This 
splitting is obtained -from the compatibility table (Table 3-9) 
and was shown in Pig. 3-3* The transformation properties 
are shown in the character table (Table 3-5). Reference 
to the same tables shows that the electric dipole operator 
splits into Pz~ , which transforms like z, and 2f”f which 
transforms like x and y. The phonon representation splits 
into 'r7~ and ' T j" . Taking direct products of ' P y * a n d 2^  

with F^~ and 2 I s shows that only (8> F^ and Flj + <$ Pz

contain the 109 cm-1 representations in their reductions.
This implies that for incident light polarized along y 
(corresponding to ' F^+ and therefore to the exciton state of 
this symmetry) scattering from the 109 cm ^ 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 2F]>- 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. Uerenson^8 , 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 x + y in terms

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



TABLE 3-10. Selection rules for quadrupole-dipole resonant 
Raman scattering in Cu20. Only scattering from the 109 cm-1 

) 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 C2v‘ Let the coordinate axes relevant to the 
C2v point group he denoted x^, x2 and x .̂ These are related 
to the crystallographic axes by59

The compatibility table shows that the electric dipole 
operator 3 F„~ splits into’T, , T x and VH . However, 
arbitrary linear combinations of the 3 T i f basis functions will 
not be eigenfunctions in the (rhombohedrally) strained

and the (C2v) functions 'fj , and T v is obtained as
follows. The C2v character table shows that F, transforms 
like x^ while Eq. ( 3-55 ) shows that x^ = (l/T2 )(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 electric quadrupole basis
functions which are compatible with C2v symmetry are xy, 
yz+zx, and yz-zx. The analogous linear combinations are 
required for all of the basis functions discussed in 
Section E.

V/ith this in mind the selection-rules for the 
rhombohedrally-stressed crystal can be discussed. As for 
the tetragonal (D^) case, the compatibility is determined

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

X, = u = ( x - y )

*3 ( 3-55 )

crystal. The compatibility between the basis functions



from Table 3-9. The results are shown in Table 3-10 where 
transformation properties are given both in the x-̂ , x^ 
coordinate system and in terms of the crystallographic axes. 
Selection rules are again obtained by taking direct products 
between electric quadrupole representations (P-̂  and 
1*4 ), and electric dipole representations (P̂  p 2 and.r̂ ) to 
see which products contain phonon representations. The 
results are shown in terms of x^, x^ and x^. Crystals used 
in the experiment were cut so that stress was applied along 
x^ (= x + y = [110] ) and backscattering experiments were 
done with light incident along x^ (= -z = [001] ). Subject 
to these constraints, it is seen from the table that the P̂  
exciton may be excited by light polarized along x^ (parallel 
to the stress) and that scattering from the 109 cm-^ phonon 
results in both x^ and x-̂  polarized scattered light. The 
exciton is excited by x^ polarization (perpendicular to the 
stress) and results in x^ and x-̂  polarizations for the 
scattered light. In such backscattering experiments, then, 
resonant Raman scattering involving the 7 3 exciton or ^  
exciton may be distinguished by the polarization of .the 
incident light.

Coupling to the P, exciton is more difficult. It 
2 2transforms like x^ - x-j and therefore requires the 

wavevector and polarization of the incident light both to 

have components along x-^and x5. n  is obvious that the 

backscattering experiments discussed above do not permit
A Athis. Ideally, the wavevector should be parallel to x-̂  - x.,
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while the polarization should be-along x-̂  + x^. However,
this could be achieved only by cutting a "V"-shaped notch
into the ( /To ) 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 x^ + x2 (thepTYIJ direction). 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 Gross^ showed that absorption to the P, component
of the stress-split IS state of the yellow series, with the
wavevector confined to the x-̂ x2 plane was maximized for
the wavevector along x^ + x .̂
G. Effective Hamiltonian Formalism
1. Tetragonal Stress

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

70formalism of Pikus . The following treatment is based on 
similar analyses by Kiselev and Zhilich^, by Lange.r,
Euwema, Era and Koda^ and by Cho^.

The starting point for the calculation is the effective 
mass approximation in which exciton wavefunctions are given

by r - t j a - f a r j w f t ) ( 3-56 )
i.e. an envelope function 0 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 = H° + H 7 
where H° includes the electron-hole Coulomb interaction H c 
and the spin-orbit interaction

= i A L ' t f
■3 ( 3 -5 7  )

where A is the spin-orbit energy and L and*?' are orbital and 
spin angular momentum operators which act on valence band 
wavefunctions. H0O splits the valence band into P7 f and 
and thus separates the yellow and green exciton series. The 
perturbation Hamiltonian is taken to be

H ' =  H d +
( 3-58 )

where Hp describes the effects of deformation on the valence 
and conduction bands, and IL^ represents the valence hole- 
conduction electron exchange interaction. The de’formation 
Hamiltonian for tetragonal stress was discussed in Section 
E.l where it was shown

H dĉ  ~ h X  + e ( "  U / s ) 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 component of the strain on the 
band gap while the second term produces the strain splitting 
of the vr y  valence band as well as band mixing effects.
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The exchange part of the Hamiltonian can be written

( 3-60 )
where JA is an atomic exchange constant, O'e and 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  =  10(o) i2
( 3-61 )

The exchange interaction discussed in Section B.3, is 
i  FJA and will depend both on the valence band involved and 
on the principle quantum number n of the exciton state 
since \0 ( r Q  - rn = 0 ) |  ~  n~'J . For a given n, the matrix’ 
elements of Hex are

( 3-62 )
where <Ct| and Ij }  refer to the spin part of the 
wavefiinctions in Table 3-2 and J1 ̂ is:

Jy$ =VJ/rj]' ( 0ty(o) <Pn3(0)) =  J

J y y = J /  I  f a ;  ( 0) 1* 3 J y

J33 = j/ I 0,,j(O)l =  J3 ( 3 - 6 3 )

The matrix of the effective Hamiltonian in the 12 
state basis of Table 3-2 is- given in Table 3-H. In 
computing the matrix elements of the.deformation potential 
H-p, envelope function factors of the form occur.
For yellow-yellow or green-green matrix elements these are
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equal to unity by definition. Far 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 P $ 

excitons of the same symmetry; (G-T̂ ŷ . and Y P ^ yz> and

i r 5 » -  G r 5 x y and Yr V -
(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 P# valence band. Plow ever, no such terms 

occur in the energies of the yellow excitons (E^, E8- E10- 
El2) 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., 3S). No 
interactions between states of different quantum 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

I*

* * n E n  ~  X  ( 3-64 )
Since 0^ and 0^ are degenerate in Hq, the exchange part of 
H' has also been included in the energy denominator for this 
pair (i.e., E^° - E^° = 4J^/3) and similarly for 0g and Qrj. 

Finally, the yellow exciton Coulomb energy E^ was subtracted 
from the resulting energy eigenvalues and the combination A + 
Ec® - Ec^ represented by A '(which 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 e l e m e n t anĉ  aS

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 
of lower symmetry than the tetragonal stress and is capable 
of splitting the 3 exciton into three nondegenerate levels 
as discussed in Section F.3 and summarized in Fig. 3-3.
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TABLE 3-12
Eigenvalues of the energy matrix (Table 3-11) from 
second-order perturbation theory (tetragonal stress)

Energy ( 0^ Symmetry f f D ^  Symmetry )
Yellow r\j Triplet Orthoexciton
E. = E 0 t - -JL-Jy-8J2 + liX - 4eJX - ^  X* / r r  li J2n+\ 
S t  6  9 ^ /  3 ^ /  V Jyz -> 5XZ H  FT J

Erf = -/.Jy - 8 J2 + hX + 8eJX - 2e*X2 ( p  // 'r + \
<** & 5a - 5 T  y  1 ^  11 ^  /

Yellow l j Singlet Paraexciton
Etf =-- -Vjy + hX - 2e*Xl 
^  A7

Green Q. Triplet

E. = E . = A'-i'Jg + 8J-* + hX +/4J - 1 lex +/1 - 9 te2X'
X  9A- C3A' 2 1 ISA' T5J!,

£  IIViE* = A' - M g  + 8J2 + hX - (8J - 11 eX + . 2e*XJ 1 ’ * z S  '
f  « 9A' 13A' 1 A'

( rS»y//'Q+)Green Triplet '

2* - E* = A'+ U g  + hX + |eX + / _9_ + 3
•3 ^ I 1 6tfg 2 A' 1

%  = A' +yJg + hX + eX ( r  r *  / U r  \
( n  h v ) is)Green T3 Doublet z 2  •

E = A' +- yJg + hX - eX
E = A'+ yJg + hX + eX + 2e*X2

A'-
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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

H 0 m  = AX-e.(U-LV 3)X+-T(LxL/+LyLx)X
( 3-65 )

as was shown in Section F.l. Eq. ( 3-65 ) involves an 
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
72uniaxial as it was for tetragonal stress . The stress 

couples the valence bands which leads to a breakdown of nn 
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 (0^) 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 
'//1 = - ^  Table 3-2)

=<*>2 

^3 = +06^

="^(04 +07 )

= v2-(05 + 0 8 )

=v^(03 - 0 6)

= vH 0 4 - 0 ?)

^8 =^^5  " 08)

^ 9 = 0 9 

^10 = 010

^11 = 1

^12 = 2
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TABLE 3-1 5
Eigenvalues of the energy matrix (Table 3-14) from 
second-order perturbation theory (rhombohedral stress)

Yellow r> Triplet Orthoexciton
n / c ): Eg/ = -1 Jy - 8J*+ hX +/2eJ - 2fJ)X - / e2 + 33f* + 3efU*
3 'JVI rS £  9 ^ / \jjx -g-l \  2A' 16A' 8 A ' /

n ( C j : = -1 Jy - 8J2+ hX +/2eJ + 2fJ)X - /ez + 33f2- 3ef\X2
* ' * F 9A' [ W  ~Ert [2A' T55' 8 A '/

P(C,\: Ev = -1 Jy -  8J2 + hX -  4eJ X - /  e* + 6 f V
' Jvl 6 9 A' 3A' 12A' A'/

Yellow Q Singlet Paraexciton

E«, = vJy + ex
r‘i

-( ex + 6f*)x* 
12 A' A'/

Green Q- Triplet
Ev - A /-5Jg + 6

8J2+ hX + / 
9A' I

1 e - 
4

3f -
2 .

2eJ + 2fJ - 3ef\X 
3A' A / 4A /

+/e* + 
I 8A'

9fa-
8A'

9ea
b4Jg

- 9fa - 9ef \X* 
16Jg 16Jg)

Eu/ = A'-5Jg +
t7 6

8J2+ hX + / 
9 A' I

1 e + 
4 3f -

2
2eJ - 2fJ + 3ef)X 
3 A7 A' 4 A''

+/ea + 
\8A'

9f*-
8A'

9e*
64Jg

- 9fz + 9ef \X2 
16Jg 16Jg/

Eu/ = A  -5Jg + 
1 T>

8J* + hX + /
5a' (

f 4eJ ■ 
3 A'

-i.,3i + ( ex -  4f*)x3 
I 2A' Jg/
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TABLE 3-15 Continued

Green Q Triplet
E,,, =A'+1 Jg + hX - 1_eX - 3fX

3 2 4 2
9ef + 15f + 9ea - 9ef + 9f U

\8A' 8 A' Tt£' 64 Jg 16Jg 16Jg/
Eu/ = A + 1 Jg + hX - ieX + 3fX\ 2 4 2

+ /3ea+ 9ef + I5f* + 9e^ + 9ef + 9f* \X3
\8A/ 8A' 16 A' 64Jg 16Jg TEJg/

Eu/ = AtlJg ■+■ hX + j_eX + *V5fX + 6f X
v 2 2 A"

Green F] Doublet
E^ =A'+iJg + hX - 1_eX - V3fX + e* Xa

11 2 2 2 A'
Ev = A' + lJg + hX + 1_eX + 6f2X2+ 9f*X2

\  2 2 A' 4Jg
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CHAPTER IV- 
EXPERIMENT

A. Introduction
Laser Raman spectroscopy involves the fo llo w in g  

experimental arrangement. A beam of laser light is focussed 
into a small volume of the sample to be studied. Light 
scattered from the sample con Us ins a number of frequency 
components. This scattered light 5s collected and frequency 
analysed with a tandem grating spectrometer. Elastic 
scattering produces the most intense component which is 
centered at the frequency of the laser light. Inelastic 
components occur at frequencies shifted with respect to the 
laser frequency. These result from interactions with 
various excitations of the sample. Of interest in. Raman
scattering experiments are the frequency shifts and the
intensities of the shifted components.
£ « ...  2m :. u t n x l e t up

The .: jerircntal arrangement used in the present study 
is -*} v ’! "* % 5-'. An Argon ion laser was used to pump a 
c m  t It n o'Kr to t-Mnin t'.ni'k output radiation.
The j f t\c lye laser, was passed through a single- 
grnU'g * .ctrooetcr to reduce the intensity of the broad­
en r i »ue a i» «ml fluorescent-*.- which accompanies the main 
outjut fi q .trey of the dye. laser. The light was then 
passed Us rough a polarisation rotator to obtain the desired 
polarisation before being focussed onto the sample. The 
sample was mounted in a stress apparatus which in turn was
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mounted in a helium dewar. The 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 wavevcctor and 
polarization components of the incident and scattered light 
with respect to the crystaliographic axes. The conditions are 
determined from group theoretical considerations. Typical 
sample dimensions were lean x 1mm >: SQxaaa. Light scattered by 
the sample was collected by a collimating lens. The parallel 
light so obtained was reflected from a system, of two mirrors. 
This arrangement served Use dual purpose of aligning the 
collected light with the spectrometer and rendering the image 
of the scattering plane parallel to the spectrometer slits.
The light reflected fro© the mirrors was then focussed onto 
the spectrometer slits. The speed of the lens used was chosen 
to match that of the spectrometer. A polarization analyser 
and a polarization scrambler were placed in front of the 
spectrometer entrance slit. The scrambler was used to 
compensate for the dependence tf j* etremoter throughput on 
the polarisation of incident *g<t.

Light leaving the spectrometer was focussed onto the 
cathode of a ph o tomtilt i pi 1 e r tulv w.use output was processed 
with photon counting electronics and recorded on a otripchart 
recorder. The atripchart record provided a curve of the 
intensity of scattered light as a function of frequency.

**0
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C. Apparatus
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 model 165 Argon ion laser was used 

as pump laser in all experiments. The output was 
approximately 3.5 watts in all lines.

live Laser
The output of the Argon laser was used to pump a 

Coherent Radiation model 5V0 dye laser to obtain a source of 
continuously tunable coherent light. The dye medium was a 
methyl alcohol solution of the dye rhodamine 6Gf which 
absorbs in the band 48'G© A to 5500 A and emits at longer 
wavelengths 5400 A to 6300 A through] fluorescence.
Selection of monochromatic radiation from the broad dye 
fluorescence bandwidth is achieved through the use of a 
quarts birefringent filter consisting of three quarts plates 
of different thicknesses placed in the cavity at Brewster's 
angle. The resultant "nonociiromatic" output has a width of

-'5about 1.5 cm ~. Tuning of the output frequency is 
accomplished by rotating the birefringent filter about the 
surface norma!.

The filter can be rotated by using a system in which

the linear travel of a micrometer barrel is transferred to 
angular travel of the birefringent filter mount. An 
improved tuning procedure was developed. This involved
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FIG. 4-1. Scheaatic of experimental arrangeaent.
Ljl* L2 and I... are saaple focussingv saaple collecting and 
spectroseter focussing lenses respectively. Focal lengths 
of these lenses were 6 cr, 8.5 ca and 20.9 cs« respectively.
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mechanical coupling of the micrometer shaft to a synchronous 
stepping motor (Superior Electric, Co. model M062-FD03). 
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 arrangement was convenient 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 separated 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 
about 1.5 cm-1 with a repeatability of 0.1 cm"1.

Monochromator
Reduction of the fluorescence background was 

accomplished by passing the dye laser beam through a small 
single-grating spectrometer (Spex "Minimate", model 1670).
A 4 cm focal length cylindrical lens was used to elongate 
the beam so that most of the light would pass through a 
0.5 so wide entrance slit. Another cylindrical lens was 
placed after the 0.5 b  exit slit to obtain collimated 
light. The throughput of this spectrometer was about 30jC. 
This resulted in the about 40 mw of dye laser power at the 
sample. The tuning drive was coupled to a stepping motor 
which permitted convenient tuning of the spectrometer
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TABLE 4-1. LIST OF APPARATUS

Apparatus Manufacturer Model

Argon Laser Spectra Physics 165
Bye Laser Coherent Radiation 590
Single-grating
spectrometer Spex 1670

Polarization
rotator

Spectra Physics 310

Helium Dewar Janis Supervaritemp 
Model 8DT

Ge thermometer Scientific Instruments 2
Stress Apparatus Homemade by f. Pell ok
Stepping motors Superior Electric M062-FD03
Polarization
analyzer

Spex 1430-2

Polarization
scrambler

Spex 1430-1C
Double-grating
spectrometer

Spex 1401

Photomultiplier
tube

ITT FW130

Refrigeration 
unit for Aft t u b *

Products for Research TE-104
Power supply Power Designs, Inc. AK-20
Him Bin Berkeley Hucleonics AP.1
Preamplifier,
Amplifier,
Discriminator

Canberra 813

Raterneter Ortec 441
StripcKort Honeywell 194recorder
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whenever the Inner was tuned.
stress Annaratuo
The stress apparatus, designed by F. il. Poliak^, was

of a type that has been used in similar experiments for a
number of years. The sample, of millimeter dimensions, was 
prepared so that the I on*; -Hmrusiou 1 cm) corr-,*spondo 5. t'» 
the intended stress direction. The sample ends were ground 
flat, parallel to each, other and normal to the long dimension. 
The ends were epoxied into mounts made of beryllium copper.
One of the mounts was rigidly affixed to the stress frame 
(to be described) while the other was seated inside a 
cylindrical sleeve which could, move relative to the stress 
frame. This sleeve was attached to a pullrod. Tension on 
the pullrod resulted in compression on the sample by virtue 
of the arrangement described above. The sleeve was designed 
to slide over guides - both parts teisjg machined to high 
tolerance to insure parallelism between the applied force 
and the sample.

The upper end of the pullrod was mechanically coupled 
to a stiff spring through a lever arrangement shown, in
Fig. 4-2. T;e urrisig was physically attached to a threaded
shaft. Foret- was applied by manually turning the shaft with 
resj cct to a matching female thread. As the shaft was 
i crtued into t* c threaded p-a.rt, the spring became elongated 
ultimate, ly j re j .cing compression at the sample. The applied 
fv 2 c> was s**as .red by determining the elongation of the 
spr'ng. This was ior.o by using two linear differential
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voltage transformers (LDVT). 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 1DVT 
was mounted so that the position of the secondary relative to
the primary was determined by the spring elongation. The 
other LDVT allowed manual adjustment of the secondary with 
respect to the primary. A common a.c. voltage was applied 
to both primaries while the voltages on the secondaries 
served as input to a bridge circuit. For a given spring 
elongation, the secondary on the external LDVT was varied 
until its output voltage matched that of the secondary on 
the LDVT attached to the spring. This condition was indicated 
as a null reading on a voltmeter which measured the output 
of the bridge. The amount of overlap between primary and 
secondary of the external LDVT (which is equal to the 
amount of spring elongation) was then read directly from a 
micrometer barrel attached to the secondary. The spring 
constant had teen determined previously. ¥Ith this 
information and the metssured cj-'uv-s- e* i a: al area of the 
sans if. the applied stress eovld it* -»uisolated.

The method outlined above allowed determination of the 
airing e4.0r.gttion to within 0.010". This accuracy in 
com* inatio*. with the *?£ accuracy in the determination of 
the sample area, limited the accuracy of measurement of the 
applied stress to !.0jS at 0.1 Kbar anti 2% at 1 .0  Kbar.

The stress apparatus was designed to adapt to the

•vi
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dewar described below.
Cryogenic System
With the sample in place, the stress rig was placed in 

a Janis ":*■:r.orvar i t emp" liquid helium dewar (model 8 DT).
Optical access to the sample was provided by fused quartz 
windows on the dewar and by cutouts on the stress rig.
Cooling of the sample was achieved by liquid helium flow over 
the copper sample mounts and by conduction between the 
sample and the mounts. Temperature was measured using a 
geimanium resistance thermometer (Scientific Instruments, 
model 2) which was in thermal contact with the sample mounts, 
/ill experiments were performed at-^4°K.

Double 6rating Spectrometer
Light scattered from the crystal was analysed using a 

3/4 meter L'pex model 1401 Gzerny-Turner double grating 
spectrometer, which functioned as a filter of extremely 
high contrast. The tandem feature was required to prevent 
the internally scattered intense Rayleigh light from 
masking «5« v-nh human components.

The :i,t.t leaving the spectrometer was focussed onto 
the cathode of an ITT Fa130 photomultiplier tube. The tube 
was mainiaij« d at - u’ C by a r.udel YH-I04 thermoelectric 
refrigeration unit manufactured by Products for Research.
The dark count of the cooled tube was about ;< counts/second. 
k lower Designs, Inc. model AK-/0 power supply provided 
1700 volt;; to the phot oral tij tier tube.
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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. Experimental Procedure

The experiments conducted in this p r o g r a m  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 involved 
comparison 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 CUgO. A precise 
measurement 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 cs”1min”i) allowed the experimenter to mark the, 
stripchart record in 1 cm”*' intervals by visual comparison 
with the spectrometer wavemumber indicator. (Although the 
spectrometer had a built-in wavenumber marker, the standard 
10 cm”1 intervals that it marks were too coarse for the 
precision required). Subsequent interpolation between the
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1 ccf"1 narks (during data analysis) allowed the laser frequency 
to be determined to the nearest 0.1 cm”1. Measurements made 
in this way were reproduceable to bettor than 0.4 cm”A. 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 a Hg calibration line. Once the laser frequency 
was measured, the spectrometer was set at a frequency about 
100 cm”1 below the laser frequency. The spectrometer was 
then set to scan (towards lower frequency) a range of about 
20 cm-i. This range included the 109 cm”“ ( f y ) phonon.
The dye laser and monochromator were then tuned 3 cm“̂  
higher using the stepping motor arrangement. The laser 
frequency was not directly measured at this point. The 
spectrometer was reset to scan over the P R a m a n  feature 
again. This process of tuning and scanning was repeated 
until an enhancement of the feature was observed. The 
process was continued with the tuning increments reduced to 
about i.H cm”’*'. At each setting of the incident frequency, 
the spectrometer scan over the feature produced-an 
intensify vs frequency curve centered 109 cm”* below the 
laser frequency. The intensity of the Raman feature grew 
and then decreased as the Jusi-r war tuned through the 
exciton state. Tuning ended.when the laser was well away 
from resonance. At this point, precision scans over the 
Rayleigh line and the i!g line were again carried out as 
described above. This served as a check on the mechanical
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timing procedure. The total timing range of the laser while 
studying each exciton state was about 10 csT1.

The results for a particular state, as obtained on the 
stripchart recorder, are shown in Fig. 4-3. The Ranan 
features shown are all centered 109 csT1 below the dye laser 
frequency and correspond to the Earam scattered light from 
the r, phonori. The ftaann feature to the cxtreae left is an 
intensity vs frequency curve of light scattered fron the 
saaplc obtained by scanning Use aj-cctroRCter over a 
frequency range fros 100 to 120 below the laser
frequency with the latter held fixed. Following this scan, 
the dye laser and nonochroaator were tuned 1.5 ca”1 higher, 
using stepping motors, and the scattered light was scanned 
over again with the scan beginning 1.5 cn“  ̂higher (i.e. 
the spectrometer was made to "follow" the dye laser 
frequency so as to always yield scans centered 109 ccT1 
below the laser as the laser was tuned). This second scan 
Is shown as the second feature in the figure. The growth, 
in intensity is apparent. The reraising five Baaan features 
in the figure resulted fron continuing this process of tuning 
and scanning. The features in Fig. 4-3, therefore, are all 
scans o\» j t»*e scattered light and arc all centered 109 csf’*' 
helt.u the !• r frequency. Each feature, however, involves 
incident laser light at a frequency 1.5 cn”~ higher than for 
the previous feature.

The frequency of the dye laser for the first and last 
features was measured by scanning over the Rayleigh
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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 Fig. 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 IS state) are shown in Fig. 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. Stripchart recorder output for resonant
Ranan scattering froa the 109 cn““ phonon. The results are
for a C«2° crystal with stress {?.:' Khar) applied parallel to
110 and with the dye laser tuned through the 43 state of
the yeIIok exciton series. ifcich Rusan feature (centered 

— 1109 ca 1- the la s e r  frequency) results fro a  Raaan 
scattering w ith  the in c id e n t frtq •< uey 1.5 ca”* higher 1 5*«n 
fo r  the feature to  i t s  l e f t  as a is c .s 'e d  in the t e x t .  The 

in c id e n t light was polarised p a r a l le l  to 110 w h ile  the 
scattered l ig h t  was u n p o ln ris e d . The la s e r  frequency fo r  the 
first ( la s t )  fe a tu re  was 1744-’.e or."* (17454.8 ca”~).
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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 4S state of the yellow exciton 
series (the same state responsible for the enhancement in 
Fig. 4-3). Backscattering was from 1.001 J (X2) and the stress 
was rhombohedral. The polarization of incident and scattered 
light is indicated on the figure. Each feature is a 
frequency scan over the 109 cm-  ̂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 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 stiidying the IS 
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 previously 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 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 IS state, this 
state was studied first. This proved to be a convenient 
choice for another reason. The IS state, unlike the higher 
states, produces a fluorescence feature (due to direct 
electron-hole recombination) which is readily observable in 
the spectrum when the Cu^O sample is excited at any one of a 
number of frequencies lying higher than the IS. The feature 
occurs at the frequency corresponding to the IS 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 IS 
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 IS state 

110

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



and having established consistency between the resonant Raman 
and the fluorescence techniques allowed us to exploit the 
occurrence of the IS 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 IS 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 IS 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 the expansion of the ends in a 
direction perpendicular to the stress, ho 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 (1mm x 1mm x 
10mm). The effect was more serious in crystals with dimensions 
2mm x 2mm x 8mm.

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 theFJ(l09 cm-1) feature. The 
experiment was repeated using a variety of incident and 
scattered 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 discussed 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 min-1.

The data in Fig. 4-3 were taken for the 4S state in a 
crystal with stress applied- parallel to 1.110J (rhombohedral 
stress). According to the discussion of Chapter III and 
Table 3-8, a stress of this symmetry reduces the crystal 
symmetry to Cpv an<̂  can split a triplet exciton state into 
three nondegenerate states transforming as P^ andf^ 
under the operations of the Cpv point group. In order to 
determine which of P-̂ , P^ or P^ 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 [OOlJ (xp in the notation of Table
3-8) and the stress was parallel to j.llO] (x^). The 
spectrometer was then used to scan over the Raman-scattered 
light for four different configurations of incident and 
scattered polarizations. These were Xp (x̂ x-̂ ) Xp, Xp(x-^x^)X2  ̂

Xp (x^x1)v2 and Xp (x^x^) Xp. The reduction in the 
intensity of the scattered light received by the spectrometer 
due to the additional optics necessitated the use of slower 
scans (and longer time constants) 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 x^ while it is fairly
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independent of the polarization of the scattered light.
Table 3-8 shows that the D/ exciton state can be excited by 
light polarized along x^ but not along x^. The exciton state 
is thus identified as having H/ symmetry. This same method 
was used in all the polarization studies used for state 
identification.

C^O samples were cut as parallelepipeds (~lmm x 1mm x 
10mm). In one set of experiments (tetragonal strain) the 
crystal was cut with [100j directions as principle axes. 
Backscattering measurements were made from a (100) 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] , 
[llOj , and [110] . Stress was applied along [110] and 
backscattering measurements were made along [001] . A 
(| T ) 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

C ^O crystals used in these experiments were obtained
4-8from Brower and Parker 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 MBS. 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 cuprous oxide is the oxidation of copper rods 
in an oven at 1050° C for 100 hours. The rods, typically 
6.3 am in diameter, were made of oxygen-free high conductivity 
copper containing, by weight <0.01$ Ag and Kg and < 0.001$
Fe, Mn arid Si. This was followed by a pre-growth anneal at 
900° C and 0.0$ Torr for 16 hours. This brought the 
composition close to stoichiometric Oi^O. The 
polycrystalline rods of Cu^O so obtained were then zone- 
refined using the floating-sone technique. The apparatus 
used was the Plasraa-Beam Zone Refiner model PBZ-99 
manufactured by Materials Research Corp. In this process, 
carried out at 1200° C and in an atmosphere at 0.2 Torr 
pressure, a rod is held in a vertical position while a small 
element of the volume is heated to the melting point through 
electron r «. it. The current source is a hollow
cathode w >unds the rod to be zoned and is coaxial
with it. The cathode is capable of vertical motion to 
enable scanning of the Cu70 rod. The scan speed is 
continuously variable. The solids fled portions of the rod 
above and below the "molten zone" rotate with respect to 
each other to insure temperature and composition uniformity. 
Achieving and maintaining a stable zone requires constant 
attention and a certain degree of experience. The existence 
of the zone relies on surface tension. If the temperature
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becomes too high, the molten 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 HC1 
followed by concentrated HMO^ 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 Cu^O 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 connected with this research.

Following the zone-refining stages, the Cu20 crystals 
were post-annealed in a controlled atmosphere tube furnace.
The crystals were heated to 1000° 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 C^O.
A P-T diagram for the system CU-O2 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 Electric 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 Laue patterns of Ckî O 
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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PIG. 4-5. P-T diagram for the system Cu-Og.
(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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to 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 L100j directions for 
crystals stressed tetragonally while the directions were [110],
[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.
 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 10Asilicon carbide polishing grit and water.

b) A slurry of 5Jl silicon carbide grit and water was 
used to grind the crystal on a glass plate.

c) A slurry of 1A silicon carbide grit and water was
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used as above.
d) Polishing began with the use of a slurry of l / l  

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 0.3/Waluminum 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.
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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 cm-^ phonon). The 
second type of experiment was designed to identify the 
symmetry and degeneracy of particular exciton states in the 
strained Cu^O crystal. This was done hy 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 IS, 3S.3UL.and 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.

Experiments were performed using two different stress 
configurations: tetragonal (stress parallel to £001] ) and 
rhombohedral (stress parallel to [110J ). 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 respectively.
B. Tetragonal Stress

The experiments involved application of stress along 
[.OOl] and backscattering from [ 100] . The polarization of 
the incident light was either along [001] (z) or [010](y) 
and scattered light was either unanalyzed (for enhancement 
experiments) or was along z or y (for polarization studies). 
Resonant Raman studies were carried out as described in 
Chapter IV. fig* 5 - 1  gives the Raman intensity vs 
incident laser frequency with the laser tuned through the IS 
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- .̂ This 
splitting is attributed to the splitting of the exciton 
state ( 3r s-+-^  ) produced by the stress (which
lowers the crystal symmetry from 0^ to D^). 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 polarization 
configuration x (zy) x. For the higher state it occurred for 
x (yz) x. Reference to Table 3-8 shows that these are the

31— i h—*states of symmetry I s  and I , 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

1
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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,

£ >  E0 + BX + CX*
( 5-1 )

where Bq 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 Big. 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 [110J and with backscattering from [001] .
These are x^ and x2 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 3f~'s -*■

V  + 'g + '0 This was shown in Pig. 3 - 3 .
Table 3-8 shows that backscattering along x2 can excite 

only states with 7”] or symmetry. As discussed in 
Chapter III, the state may be excited by backscattering 
from ( i r V ~ 2 ) .  Although the crystal in these experiments was
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PIG. 5 - 1 *  Raman intensity for the Hj (109 cm 
phonon vs incident laser frequency for incident frequencies 
near the IS 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 Ch^O for tetragonal stress. The data 
points give the energies of quadrupole-allowed exciton states. 
Polarization selection rules (Tahle 5-1) allow identification 
of 2 P.levels (circles) and levels (triangles) into
which states split under stress, ho splitting was resolved 
for the 3D, state.
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prepared with a (I I lOF) 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 and FI/ symmetry. It was possible, 
however, to study the f~J component of the IS state. This 
was due to the very intense scattering generally associated 
with the IS state combined with slight sample misalignment.
The Raman intensity with the laser tuned to resonance with 
the 77 state was reduced by a factor~10-"t relative to the 
Raman intensities for the l~] and fy 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 IS, 3S 
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.

-12 9
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TABLE 5-1
Symmetry Identification of Stress-Split 
Exciton States (Tetragonal Stress)

Exciton State Intensity of polarized Raman scattering 
x(zz)x x(zy)x x(yy)x x(yz)x

1 S (high e n e rg y ) 20 1 10 720
1 S f lo w  energy) 6 170 1 2 1

3S (high energy) <7 50 * 4 <7
3s(low energy) <5 <5 <4 55

3Di <2 28 < 2 28

4S (high, energy) <2 25 <2 11
4S (low energy) <3 < 3 <2 60

Theoretical 
predictions 
(See Table 3-8)

-- yes ---

K
-- --- yes
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TABLE 5-2. Stress Dependence of Exciton State Energies (Tetragonal Stress) 
Best-fit values to E = Eq + 6X + CX*

Exciton state 8 (cm 1kbar”1) C (cm"1kbar"^) A  (cm"1.)

1S T h + 31 .4 - 0.1 -6.5 -  0.1 618

is zr / -11.4 -  0.1 -6.2 ± 0.1

3s ' r / -50.5 ± 1.4 6.3 - 0.8 1015
3 S’ * 28.2 ± 1.9 -12.8 i 1.2

3D, 0.3 ± 1.5 -5.7 - 0.8 101 5

4s 7 V -1.6 i 2.2 -4-9 ± 1.5 1037

4s * r / 7.7 -  1.2 -6.8 ± 1,2



FIG. 5 - 3 .  Energy of resonant Raman scattering maxima 
vs applied stress in Cu^O for rhombohedral stress -with 
incident laser frequencies in the region of the IS state 
of the yellow exciton series. Data points give the 
energies of the stress-split levels of symmetry F~j , and
1 Vy . 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 Ci^O 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 3 and /y symmetry are shown. Scattering from the F, 

state was not observed. See Table 5-3 for symmetry 
identifications.
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PIG. 5 - 5 .  Energy of resonant Raman scattering maxima 
vs applied stress in Cu^O for rhombohedral stress with 
incident laser frequencies in the region of the 3D, and 
4S states of the yellow exciton series. Energies for 
stress-split levels of F^ and /"y symmetry are shown. 
Scattering from the F, 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 Stress)

Exciton State Intensity of polarized Raman scattering
x2 ̂ ) x2 x2(X3X1^x2 x2̂ X1x  ̂)x2 x 2 ( x 1x 1 ) x 2

1S(high energy) 32 9 1600 620
1S(intermediate | 620 1320 20 50
1 S (low energy) See text
3S(high energy) 14 15 ^6 <2
3S(low energy) < 2 < 2 11 4
3D, 27 54 21 23
4S(high energy) 28 30 9 <6
4S (low energy) < 6 11 22 19
Theoretical
predictions
(See Table 3-8)

Q — — yes yes
rv yes yes — —
r, See text
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CHAPTER VI .
ANALYSIS 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 
IS 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-H 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

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

■ nt-cr

SIHCLET

( 6-1 )
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particular principal quantum number). 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-
2squares fit to the function E = aX + bX 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 3Dq assumed to be partially quadrupole through 
hybridization with the nearby 4S.28’2<̂

Comparison of the data with Eqs. (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 states2^

E q = 18,588 - 12VZ Cm"'
3 f iz

E y = 17, 523 - 7 9 5 Cm"'
nX ( 6-2 ) 

and assuming that the central cell corrections and/or 
quantum defects which shift S states relative to these values 
will be similar for the yellow and green series. The 
resulting b,' is 618 cm-1 for n = 1 and increases 
monotonically with n towards the ionization limit A  («*>) = 
1065 cm-1 which is just the spin-orbit energy A  . These
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values of IS ' (n) are also listed-in Table 5 - 2 .
Since A / is positive for all n and J n-  ̂while the 

deformation parameters h and e are assumed to be independent 
of n, the sense of the linear splitting is predicted by Eqs.
( 6-1 ) to be the same for all yellow exciton states, while 
its magnitude should decrease faster than n- .̂ This 
prediction is seen to be in clear disagreement with the data 
since the sense of the splitting of the IS state (singlet moves 
up, doublet moves down) is inverted in the higher states. 
Furthermore, the magnitude of the splitting is larger for the 
3S state than for the IS as previously noted by Agekyan and 
Stepanov.^0 Note also that no splitting was resolved for the 
3D j state.

Equations ( 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 l / A ' . Although the 
IS states exhibit negative and approximately equal values 
of b, the 3S state is again seen to behave anomalously.(The 
positive curvature of the 3S 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 IS state bjr itself does not contradict the theory.
The multiplicity of the splitting agrees with the theoretical
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prediction, the quadratic coefficients 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 u n re a s o n a b le .

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

It is interesting to study also the behavior of the 
IS state under rhombohedral stress. The results for this 
case were shown in Eig. 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

from Table 3 - 15. The consistency of the rhombohedral 
splitting with the tetragonal case may now be tested. We 
first observe from Eqs. ( .6-1 ) and ( 6-4 ) that the linear

)i =  3  £M~/ kbaf-~/

H e J s IH cm' Kbaf* 
3 A' ( 6-3 )

( 6-4 )
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coefficient for the P, stress behavior should he the same 
as is obtained for the doublet in the tetragonal case. These 
numbers are respectively -7.7 and -11.4 cm-1 Khar-1 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 /"T and ly states in the rhombohedral 
case is, from Eqs. 6 - 4

A + 2 e J
3A' ( 6 -5  )

The value predicted using the parameters in Eqs. ( 6-3 )
(which were derived from the tetragonal results) is 10 cm ^

Kbar- .̂ The observed value is \  (16.2 + 2.8) = 9-5 cm ^ Kbar
from Table 5 - 4 *

Finally comparing the linear terms in Eq. ( 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 Eqs.
( 6-4 ) the quadratic coefficients for the Pt , P3 and H,-

-1 -2states are predicted to be -3.2, -1.8 and -2.5 cm Kbar 
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 I ] and /y states.

In the present approximation then, the observed stress 
behavior of the IS 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 IS 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 0 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 E^ g and E-̂ q to the 
experimental values.

The three exchange parameters J, and which 
appear in the energy matrix (Table 3-11) are related by 
Eqs. ( 3-63 ). The atomic exchange factors 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 }<P (0)|2 which is proportional to (R/np 
where R is the Rydberg constant and n is the principle 
quantum number. Since the ratio of green to yellow Rydberg 
constants (Eq. 6 - 2 ) is very close to (4)^, we then have:

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

( 6-6 )
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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 paraexciton is pure spin triplet, while 
the triplet Q- 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:
'v ~  o id—  —  ;9 A' Z y

= — 2 Jy - 8 Jx =  = lJl-SJ
T  '  T Z  3  V A ' T  ?  4 ' ( 6-7 )

in agreement with recent experimental observations of the 
singlet IS paraexciton approximately 100 cm-'1' below the IS 
triplet.38’39’43

Using Eq. ( 6-6 ) to express and in terms of J, 
the non-linear least squares analysis described above was 
applied to the .data for the IS 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 IS 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 program 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- .̂

As stated earlier, i \ '  can reasonably be expected to 
assume values near 600 cm-'1' but in any case no greater than 
1065 cm-1. It is not possible to reconcile the value of £s‘ 

resulting from the data analysis with the predictions based 
on our understanding of the (p states of the) exciton series 
in CU2O. Plots of the theoretical stress behavior of the IS 
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 = 600 cm-1 in which case J = -183 cm-1 ,

- 1 -1 - 1 -1e = 47 cm kbar and h = -4 cm kbar . The solid curve
shows the best overall fit which obtains for A* = 3600 cm-'' ,
J = -357 cm-1 , e = 123 cm-1 kbar-1 and h = -5 cm-1 kbar-1 .
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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 ' 
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 
to be negative, the fit forA' = 600 cm-1 was reasonable 
while the fit for A" = 3600 cm-1 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 7 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 1S 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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PIG. 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 7 = 3600 cm-1 , J = -357 cm-1 , 
e = 1 23 cm-1 kbar-1 and h = -5 cm-1 kbar-1 in which case 
f = -25 cm-1 kbar-1 . The best fit for A* = 600 cm-1 ,
J = -183 cm-1 , e = 47 cm-1 kbar-1 , and h = -4 cm-1 kbar-1 
obtains for f = -27 cm-1 kbar-1 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 1 2-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-^ . Instead, the 
magnitude of the splitting for the 3S state was actually 
larger than for the 1S 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 IS states. The 3D̂  state did not 
exhibit a splitting. The 3S P</ 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 3S Hy is approximately equal and 
opposite to the quadratic coefficient 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 Cu^O

Deformation Potentials
a b d

Cu20 ( A ' = 600 cm 1) -1.8 eV -0.3 eV 0.5 eV

Cu20 ( A J = 3600 cm-1) -2.1 eV -0.8 eV 0.4 eV

* 78CuCl --- i o 4̂ eV 0.7 eV
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Table 3-12: green 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 consistent with the predictions of Table 3-12 
for the 1 S ( T}- ) state of the green series. It should be 
noted, however, that the observed linear splitting for the 
"3S" state is inconsistent with that predicted for the 1S 
( rs  ) green state.

It was seen in Table 5 -2  that the 3S is the only 
state exhibiting a positive quadratic coefficient. In fact, 
the ftf and components of the 1S, 3D-| , 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 -1 2 )  should be about the same for 
all states of the yellow series. In this regard then, the 
behavior of the 1S, 3D^ , and 4S 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 3D̂  state 
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behaves like an nS state of the yellow series with
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 state very nearly coincides with
the predicted energy of the 3S state of the yellow series

41
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 Eqs. 3-51 and 3-54.
The results, obtained from the measured elastic compliance 

77'
constants, are given in Table 6-1 for two values of A .

78
Also shown are the deformation potentials for CuCl. CUgO
and CuCl should have comparable deformation potentials
since the crystal structures are similar. It is seen that

- 1
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
and green exciton states of a particular quantum state.

60
Cho has pointed out that the limit of applicability of 
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this formalism may he reached if -.other exciton states
happen to couple very strongly to the 1 2-fold exciton
states treated in this way. finally, there is a stress-
dependent part of the spin-orbit interaction which has not 

44
been accounted for although the effect is expected to be 
small.

1 5 7
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