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Abstract

RESONANT—BRILLOUIN~-SCATTERING STUDIES
OF THE A=EXCITON IN CADMIUM SULPHIDE
by
Xing—Ze Lu

Adviser: Professor Herman Z. Cummins

High-resolution resonant-Brillouin-scattering experiments in
the spectral region of the A=exciton in cadmium sulphide were per-
formed at liquid-helium and superfluid—helium temperatures with a
single-mode tunable dye laser and a Fabry-Perot interferometer
followed by a double-grating spectrometer. A frequency—dependent
polariton damping model was proposed to quantitatively explain the
observed RBS linewidth behavior near the exciton rescnance. We
have given the first evidence for the k~linear interaction in the
A=exciton in CdS by performing RBS experiments in a weak magnetic
field. We also observed three-branch polariton behavior and meas=
ured the k-;inear coefficient of the A-exciton in CdS for the first
time by performing RBS experiments at superfluid-helium=tempera-
tures., We have shown that frequency-dependent polariton damping is
crucial for solving the additional boundary condition (ABC) problem
from RBS intensity measurement. None of the three commonly -used
ABCs agree with the RBS experiments. A fit of the theoretical in-

tensity curve calculated from a generalized ABC and the frequency-
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dependent damping model to the observed intensity data indicates
that the dead layer effect is negligible in the A-exciton in CdS
and the correct choice of ABC falls between ABC 1 and ABC 2 but

close to ABC 2.
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Chapter 1 . Introduction

Since the pioneering paper by Brenig, Zeyher, and Birman (BZB)J
many resonant Brillouin scattering (RBS) experiments have been per-
formed on nonmetallic crystals such as GaAs, Cu,0, CdS, and CdSe. It
was shown that the kinematics of RBS (i.e. the dependence of the
Brillouin shift on the incident laser frequency) was very well fitted
by BZB's theory. However, other interesting and important dynamical
aspects including the Brillouin linewidth and integrated scattered
intensity have not yet been clarified. The research discussed in this
thesis was designed to explore these dynamical aspects of the theory
in the wurtzite-=structure semiconductor CdS.

Before presenting our theoretical and experimental iﬁvestiga-
tions on RBS, we present in this chapter some elementary concepts
and preliminary background information. Throughout the thesis, we
will use @ = w/(27c) to represent frequency expressed in units of
em™, with a similar definition for the damping constant ?, and k =

k/(2m) to represent wave number expressed in units of cm™,
1.1. Exciton
An exciton is an elementary electronic excitation in nonmetallic

solids exhibiting hydrogenslike energy levels of the Coulomb~bound

electronshole bair.
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1. Electronic Excitation

In atomic physics one usually neglects the interaction between
atoms. Using the central field approximation, each electron is consis
dered ;o be moving independently in a self-consistent Coulomb poten—
tial due to a single isolated nucleus (or ion) and the other elecw
trons in the same atom. The electronic excitations can be described
by a series of atomic orbits.

In solid state physics, one considers the periodie structure of
crystals and the interaction between this structure and the elec=
trons. Using the energy band approximation, each electron is consi-
dered to be moving independently in an averaged self=consistent peri=
odic potential due to all the nuclei (or ions) and the other elecns
trons in the crystal. The electronic excitations can be described by
a series of energy bands.

When an electron is excited from a full valence band to an
empty conduction band, an additional interaction between the excited
electron and the hole it leaves behind appears as a part of the
energy gain due to the transition. This interaction, which is neg-
lected in the band scheme, causes the formation of hydrogen~like
bound states of an electron and a hole. The compound particle formed
by an electron in a conduction band and a hole in a valence band is
referred to as an exciton. Therefore the exciton scheme is a more

complete description of electronic excitations in solids than the

band scheme.
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In metals the exciton lifetime is extremely short ( ~ 107! sec.)
due to the screening effect of the electron=hole interaction by con=-
duction electrons. Electrons and holes essentially move independently
of each other and the band scheme is a good approximation for the
description of electronic excitations. However, in semiconductors and
insulators, the population of conduction electrons as well as screens
ing effects are negligibly small under normal conditions because of
the large energy gap between the highest valence band and the lowest
conduction band; thus excitons can live long enough ( ~ 10™* sec.) so
that the exciton scheme is necessary to describe the electronic exci~

tations in these crystals.
2. Frenkel and Wannier Execitons

Excitons whose radii are comparable to the lattice constant and
which are localized are referred to as Frankel excitons. Mobile exci-
tons with a radius much larger than the lattice constant are called
Wannier excitons. The excitons in the semiconductor CdS are Wannier

excitons. In the following we only discuss Wannier excitons.
3. Exciton Wave Functions and Degrees of Freedom2
Using the two-particle model and effective mass approximation,

the equation of motion for an exciton in an isotropic medium is given

by



. e2
- - ™ +Eg l‘):Ew. (1'1)

Making a transformation

Mele + myr

R ———— , P=rer

TRENTN (1.2)

where R is the center of mass coordinate of the exciton and r is the

relative (electron~hole) coordinate, we obtain

™ 2 2 &
- B*Vp* aﬁ 'R -, E v =E ¢ (1.3)
2u 2M Er g _ :
where
M ey M T me My (1.4)

U is the reduced mass and M is the total mass. The exciton wave

functions and energy levels are obtained by SOIVing Eq. (1.3):

w(re,rh) = exp(ik*R) ¢;f3(r) ucére) uvgrh) (1.5)

ue* + fi*k?
2R%*e*n® 2M

En(k) = Eg ~ (1.6)

(e)

where ¢nlér) are the hydrogenic envelope functions in a medium of
dielectric constant e, while uco (uVo) are the periodic parts of the
Bloch functions in the conduction (valence) band at k = 0.

Since the excitons formed from two given bands may have both
translational motion and internal motion of the electron relative to

the hole, the following information is needed to specify an exciton

state:
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{(a) from which conduction and valence band an exciton is formed,
(b) quantum numbers of the internal motion,

(c) wave vector k of the translational motion,

(d) spins of the electron and the hole.

4, Symmetry Properties of Excitons

At k = 0, the symmetry of an exciton state is determined by the
point symmetries of the conduction band, valence band, and the envel-
ope function (wave function of the internal motion), and the spin
wave function. Thus we may charadacterize the exciton states by their
point symmetries at k = 0, e.g. the ground state (1s) of the A~excis
ton in CdS at k = 0 consists of four substates of point symmetries
P5 , P5 ’ F6 , and r6, respectively. The first two are spin singlet
states in which the electron spin is anti=parallel to the hole spin,
and the other two are spin triplet states in which the electron spin

is parallel to the hole spin.
5. L~T Splitting and Exciton Dispersion
Using the classical harmonic oscillator model we easily obtain

the dielectric function near an exciton resonance in an isotropic

medium:



- f =~

Yoo w?
00
€= g, * " . (1.7)

w? + (_WE) k2 = w® = iwY .

The transverse exciton modes occur at the poles of e. Thus their
dispersion relation is

fik?

(1.8)

where w = Wre The longitudinal exciton mode occurs at the zero of e.

Thus its dispersion relation is

_ hk?
w =W + T (1.9)
where
1
Uma w, 1G '
W= w, 1 + _5-1;_ . (1.10)

6. Observation of Execitons

The structure of excitons depends critically upon the tempera*
ture., When the temperature increases, the band gap and the energy
separations between exciton levels decrease. On the other hand, the
exciton lifetime decreases due to the increase in the number of free
electrons and holes (which screen the Coulomb interaction between
the electron and ﬁole in an exciton) and phonons (which scatter exci=
tons or cause phonon-related broadband background emissions). In
order to observe excitons clearly one must keep the samples at very

low temperatures, e.g. liquid nitrogen or liquid helium temperatuﬁes.
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The first indication of a possible hydrogenic exciton series in
CdS was observed in absorption measurement by Gross et al in 1957,
and in reflectivity measurements by Dutton in 1958 and Thomas and

Hopfield in 1959.

1.2. Polariton

1. Polariton, Phonon~Polariton and Exciton~Polariton

The mechanical modes (phonon, exciton, plasmon etc.) in a die-
lectric medium produce polarizations which couple to the electromag=
netic waves in the medium. Polaritons are the composite particles
formed by the coupled polarizations and photons.

The polaritons are referred to as phononspolaritons if the pol=
arization is produced by polar optical phonons, or exciton-~polaritons
if the polarization is produced by excitons. In the following we dis=

cuss only exciton-polaritons.

2. Polariton Dispersion Relation

Since the electromagnetic waves in an isotropic medium are
transverse waves, they will only couple to the transverse dipole=
allowed exciton modes propagating in the same direction. The disper=

sion relation of the transverse polariton modes is given by



kz
7 = e(w,k) (1.11)
where e is the dielectric function of the medium. -

In the vicinity of the Brillouin zone center the polar optic
phonon energy and its contribution to the dielectric function are in-=
dependent of k; thus media with only phonon~mpolaritons will display
classical dispersion. However, media with exciton~polaritons will
display spatial dispersion (i.e. dependence of e on k) due to the
k~dependence of the free exciton energy. In the presence of s non=in*

teracting exciton states, the exciton-polariton dispersion is given by

o2 = Yra,w.? ’
A e v D "% (1.12)
J=1 2 3 2 . 2 o
W + ( Mj ) k% =y leJ.

Wwhere wy is the j'th exciton (internal motion) frequency, Mnaj is the
oscillator strength, YJ. is the polariton damping essentially due to
exciton scattering by phonons, impurities etc., and Mj is the effec~

tive translational mass. Since we will consider processes stationary

in time, w in Eq. (1.12) is real but k can be complex.

3. Significance of the Polariton Picture

Since excitons excited by light are always coupled to photons,
in principle all phenomena related to optically generated éxcitons
should be described in terms of the polariton picture. However, if
the coupling between excitons and photons is relatively weak cbm—

pabed to other interactions involved in the pr‘dcess, as in resonant
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Raman scattering (RRS)3 and optical absorption,u one may use the bare
exciton picture. In RBS, as it will be shown later, the polariton pic-

ture is absolutely necessary to explain all the relevent phenomena.

1.3. Spatial Dispersion
1. Definition

The variation with wave vector of the susceptibility (or dielec~—
tric function) tensor of a medium is referred to as spatial disper-
sion, or equivalently, the nonlocal response of the medium to the
external electric field is called spatial dispefsion. In a spatially
dispersive medium, energy is transported not only via the electromag-

netic waves, but also via the coupled polarization waves.

2. Anomalous Waves ‘and Necessity of the Additional Boundary

Condition (ABC)

Consider light normally incident on the boundary of a medium
which has only one optically active exciton state in the vicinity of
the 1light frequency. In the normal incidence case, oﬁly the
transverse polariton modes are excited in the medium whose disper-

sion relation is then given by
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bwa w?
=gyt " e (1.13)

2 O L2 2
w°+(M)k = w? = iwY

Fig. 1.1 is the schematic representation of Re k(w) vs. w in the A=
exciton region in CdS at T = 4.2 K according to Eq. (1.13). For each w
> W there exist two polarization modes (anomalous waves , or
Pekar waves) with the same propagation direction and the same polar-
ization direction but different wave vectors in the spatially disper-
sive medium. The amplitudes of the two transmitted polariton modes
and the reflected wave cannot be ascertained solely by the Maxwell
boundary qonditions. An additional boundary condition (ABC) is needed
to determine the relative amplitude of the two polariton modes. Note
that in the oblique=incidence case, there will be also a longitudinal
exciton wave in the medium. Thus two ABCs are required to determine
the amplitudes of the three transmitted waves.5

In Fig. 1.1, w, is the onset frequency of the upper transverse
polariton branch. We can obtain this frequency by setting k = 0 in
Eq. (1.13), but this turns out to be exactly the same condition as
the one for the longitudinal exciton frequency at k = 0. Thus the
onset frequency of the upper transverse polariton mode is the same

as the frequency of the bare longitudinal exciton mode at k = 0.

1.4. Additional Boundary Conditions
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ABC is concerned with the surface behavior of the exciton-polar-

itons in a spatially dispersive medium.
1. Three Representative ABCs

(1) ABC 1 (Pekar)®
The sum of the exciton polarizations must vanish at the crystal

boundary:

2 P =0 at x=0 (1.14)

=
el

where the x=axis is perpendicular to the crystal surface ; and Pei
denotes the exciton polarization associated with the i'th polariton
mode. Note that the total polarization associated with the i'th pol=
ariton mode is

eb--1

Pl = Pel + Pbl = Pei + XbEl = Pei + (T) El »

where Pbi is the "background" polarization due to other degrees of
freedom and Xp is the associated "background" permittivity. Since

2
n, =1

Pi=(—l-n—1r—') Ej ,

we can relate Pg; to Ef by

n, © e
1 b

Pei = (—__E?——-) By (1.15)

where E1 is the electric field associated with the i'th polariton

mode, and



n, = —- . (1.16)

is the complex refractive index of the i'th polariton mode. Thus we

can rewrite Eq. (1.14) in terms of Ej:

2 ‘
> (ni2 ~ ) E =0, (1.17)
i=1 '

(2) ABC 2 (Ting et al)6

We may write ABC 2 as follows:

2

2 nPe =0 at x =0 (1.18)
i=1

or in terms of Ei:

2

> n, (ni2 - g) E =0, (1.19)
i=1

(3) ABC 3 (Dielectrie Approximation)7’8’9

We may write ABC 3 as follows:

2 P

N ey .

2 - =0 at x=0, (1.20)

51 (0 7 ndng" = e)

or in termes of Ei:

2 E,
)L_ e 0 (1.21)
i=1 1 e

where n, is the refractive index of bare transverse excitons:



n = —= . (1.22)

and ke is the wave vector of bare excitons determined by the poles

of the dielectric function:

M
Aw

]

ke = (

Y (w? = w,? + lwY) . (1.23)

2. A Simple Generalized ABC'°

The three representative ABCs were shown to be special cases of

a simple (excluding surface effect of excitons) generalized ABC:

2 . -

— ’ 1 . S E

> - E, =0, (1.24)
[ki : ke K, + keJ i

i
where S is the exciton reflection coefficient introduced thrdugh the
exciton wavefunction near the surface

wk(x) = [exp(rikexx) + S exp(ikexx)] a(x) .

Rewriting the polariton dispersion relation as

2
Nﬂaomo i
n, =—- g = 2 . 2

1 b I’lwo n. = n
—_— 1 e
M

we can easily reduce this simple generalized ABC to ABC 1, 2, and 3

by setting S = =1, 1, and 0, respectively.
1.5. Resonant Brillouin Scattering

1. Definition
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Brillouin scattering is the scattering of light by acoustic pho=
nons. The quantum theory of 1light scattering, developed by Loudon,
considered free electrons and holes as the intermediate states. Sub~
sequently, BZB? showed that RBS is light scattering by acoustic pho=
nons via exciton-polaritons as intermediate states in the vieinity of
an exciton resonance in a spatially dispersive medium where the pol=
aritons are strongly exciton=mlike. A backward RBS process is shown
schematically in Fig. 1.2. |

RBS is a powerful technique for studying exciton-polaritons and
spatial dispersion. Using this technique, accurate measurements of
the Brillouin shift can be obtained, yielding accurate deferminations
of the exciton parameters such as the effective mass, transverse
exciton frequency, L-T splitting etc. In addition, linewidth measure-
ments provide information on polariton 1lifetimes while intensity

measurements can be used to determine the ABC.
2. Predictions of BZB's Theory

According to BZB's theory, as the incident laser freqguency
scans upward through the exciton resonance, there should be:

(1) A rapid increase in Brillouin shift due to the curvature of
the lower polariton branch (branch 2) near w,. The Brillouin shift is
very sensitive to the exciton parameters, especially the exciton
effective mass.

(2) A Brillouin octet resulting from the two-branch polariton

model instead of the usual Brillouin doublet which is observed when
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the incident laser frequency W is well below W,e

(3) An increase in the Brillouin linewidth due to the onset of
the upper polariton branch (branch 1) when W > wp - The Brillouin
linewidth is sensitive to the polariton damping constant, which is
closely related to the exciton—polariton lifetime,

(4) The scattering cross section (integrated intensity) for dif=
ferent Brillouin components should be strongly frequency-dependent
and very sensitive to the choice of ABC.

Based on BZB's theory, Matsushita et al have recently developed
a factorization procedure to calculate RBS cross sections numeri-

11

cally. The differential cross section for backward Stokes=RBS from

the i'th to the j'th polariton branch is given by

2 2
d2o A [1 * nphonon(uﬁi”u¥ﬁ)] Wgj | AiJ(in’ij)l

= Ti(w,.) Tilwa.)
dan d 3 z AR S RN AR
w (2m)" (fc) cg 1 J VEi“%i)IVQf“@Jw

1

' +k' - wIi-wS.j )2
Ii 7sj Cs

(1.25)

2
X =Ke.~Ke. X
r 0( q Il SJ ) " " 2
(k + (in+ij)
where T(w) is the ABC~dependent transmissivity of photons at the cry=

stal boundary, V., and V, are the energy and group velocities of pol-

E G

aritons, Aij is the exciton strength function which measures the pro-
portion of exciton~like behavior in the polariton under considération,

1 ' ”n
kp = kg s = Kg * IKg

incident and scattered polaritons, A is the illuminated area on the

+ ik} and k are the complex wave vectors of the
I )

crystal surface and cg is the sound velocity.

The exciton-phonon interaction kernal T (q) is given by
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_ (B vz 7
Tolq) = (chLA) q* (D, + D) (1.26)
for LA phonons, and
Zwea2 e m_ =~ m
15 R o= 2 e h
To(q) = ( 12 9% (————) (1.27)
eb 2chA me + mh
for TA phonons. The parameters CLA’ OTA' Py De’ Dh’ e ete. for CdS

are given in Table 1.4,
Since the 1last factor in Eq. (1.25) is the only one which
strongly depends on frequency, the scattered spectrum is expected to

have a Lorentzian line shape. Thus the Stokes Brillouin shift will be

A f
A= ugs = oay =7 Cs ! kpg * kg l (1.28)

and the Brillonin linewidth

" 1

it ij . (1.29)

§ =2 cg [ k

As originally pointed out by Sandercock, this linewidth is determined

| BN
1 r.ep,.;

resents the effective scattering length in which RBS takes place.12

by the uncertainty of the phonon wave vector q, and (kg + ké

Damping of the acoustic phonons, which would also contribute to the

RBS linewidth, can be neglected at liquid helium temperatures,

The integrated intensity is given by

[1 + nphonon(wli_'ij)J e - ) ij lAij(inyksj)‘
itery? 13tug
' 37 Vg ap) |Vos¢usy)|

em’ (fie)

2
1
X T (kp* k)| X =& - (1.30)
J
Krp * Kg;

For details see Eqs. (7.26) to (7.35%) in this thesis.



3. Previous RBS Experiments
(1) Zincblende Structure

In 1977, Ulbrich and Weisbuch!3 employed a tunable near=infrared
dye laser as an exciting source to study RBS at the 1s exciton
formed by the T, conduction band and Ig valence band in the III-V
compound GaAs (zincblende cubic structure). Utilizing a [100] back=
scattering configuration and analyzing the scattered light with a
'gr'ating spectrometer, they were able to observe the enhancement of
the Brillouin intensity near resonance, the Brillouin shift disper=
sion, and the multiple Brillouin components resulting from the inter=
branch and intrabranch longitudinal acoustic (LA) phonon scattering
between two excitonmpolariton branches. A two-branch model was also
used to explain the RBS experiments performed in the [110] direction
where both transverse and longitudinal phonon scattering between
polariton branches were observed, although the former (TA) is nor-
mally "forbidden" by deformation potential selection rules. Similar
results, by the same group, were obtained from the RBS experiments
performed on the II-VI compound CdTe.M

A three polariton branch model, however, was needed to explain
the RBS data obtained from the semiconductor ZnSe. Sermage and Fish-
man,T5 also utilizing a tunable dye laser and a grating spectrometer,
performed RBS experiments in both [100] and [110] backscattering
configurations, the latter direction once again showing both TA and

LA phonon coniponents. For crystals of zincblende structure, the deg-
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enerate F8 valence band results in two distinect exciton bands, each
of which can couple with an incoming photon yielding overall a three
exciton-polariton branch system. These two excitons are distinguish-
able via their effective translational masses, one exciton having a
larger mass than the other. Both of these "light" and "heavy" exci-
tons have been observed to participate in RBS in ZnSe. However, only
the heavy exciton contributes to RBS in Gals.

It should also be noted that only one-phonon scattering
processes were observed in all the RBS data on cubic zincblende cry-=

stals.
(2) Wurtzite Structure

The crystal which has had its Raman and Brillouin components
most extensively studied in the region of an exciton resonance is the
II~VI semiconductor CdS. Even prior to the RBS prediction by BZIB,

Pine?6

had investigated the Brillouin spectrum of CdS by temperature-
tuning its 1s A-exciton towards a fixed frequency (6328 K) laser. He
observed a strong resonance enhancement in the LA Brillouin cross
section as the frequency of this exciton was lowered (via increasing
crystal temperature) towards the laser frequency. This temperature-

tuning technique was also wutilized by Bruce and Cummins17

who
observed both resonant dispersion and enhancement of the LA Brilouin

) o
component as the A-exciton frequency was lowered towards the 4830 A

line of an argon laser. However, the two-branch features predicted

by BZB coulq.not be observed due to the severe broadening effects at
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the temperatures required to achieve resonance. Both of these studies
used the Fabry=Perot interferometer to analyze the scattered light.

In 1977, Winterling and Kotelesl8 utilized ag experimental setup
similar to the one used in the GaAs studies (dye laser and grating
spectrometer) to perform RBS experiments from both 1s A~ and B-exci=
ton resonances in CdS. For the A-exciton, both.LA and TA phonons were
observed in the backscattering geometry with the incident laser wave
vector kI perpendicular to the hexagonal c~axls. Only intrabranch
scattering involving the lower exciton-polariton branch (2-2') could
be observed in these one-phonon scattering processes. Upper branch
participation (1-1', 1-2', 2~1'), however, was witnessed in two-phonon
scattering processes?9 which occured when the incident 1laser fre-
quency was above the longitudinal exciton frequency. These two=
phonon effects are possible due to the anisotropic and piezoelectric
properties of CdS, the latter effect also being responsible for the
observation of the "forbidden" TA phonon which was first observed in

20 The Bmexciton was also investigated by this same group.21

Cds.
These RBS experiments proved to be extremely interesting since this
exciton resonance was shown to exhibit either a two or threesbranch
behavior for the incident laser light polarized either parallel or
perpendicular to the cmaxis. The three-branch behavior results from
terms in the Brmexciton energy linear in wave vector which produce
mixing among its ground states. As in the A=exciton case, Both LA and

TA one-phonon scattering were observed, although no two-phonon

scattering processes were seen.
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22 have also carried out an investigation of

Yu and Evangelisti
RBS in CdS. They considered the rcle of the ABCs in determining the
cross section, as proposed by BZB, and have suégested a new model
for the CdS surface. Following Hopfield and Thomas, they introduced a
surface "dead layer" with a large damping constant with which they
were able to fit their cross section data reasonably well.

Broser and Rosenzweig23 have performed RBS experiments in CdS
with a high magnetic field perpendicular to the crystal ceaxis. Due
to the fieldwinduced mixing and splitting of the allowed PST and for-
bidden P6 states of the 1s A~exciton, a three-polariton-branch model
was used to fit the Brillouin shift data. The Stokes LA 2-2' line at
H = 0 was seen to split into three sub~lines with increasing magnetic
field. For a fixed field, the Brillouin shifts of these three lines
were theoretically fitted by considering interbranch and intrabranch
LA phonon scattering between the two lower polariton branches only.
These fits resulted in a determination of the singlet(FST)=triplet(r6)
energy splitting. Corresponding splitting of the TA Stokes line could
not be resolved in these experiments.

Recently, J. Wicksted et al2)'l performed RBS experiments in the
1s A=exciton in CdS wusing a tunable dye laser and a triple-pass
Fabry-Perot interferometer in series with a tandam doublergrating
spectrometer. With this high resolution setup, they have cobserved all
the Brilouwin components (1-17, 1=2', 2-1', 2-=2', for bothALA and TA
phonon scattering) in onerphonon RBS processes for the first time.
Their RBS intensity data favored ABC 2 formulated by Ting et él. But

it was found that the intensity ratio between the Stokes LA 1=1' and
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2~-2' components was ~ 100 times smaller than BZB's prediction.
CdSe is another II=VI wurtzite semiconductor in which RBS has

been investigated by Hermann and Yu.25

In addition to observing LA
and TA scattering as in the case of CdS, non-wavemvector~—conserving
scattering processes involving defects were also observed near the

sexciton in CdSe. No twomphonon scattering processes were observed,
however. A two-branch model was used to fit the measured Brillouin

shifts which resulted solely from the lower polariton branch

scattering.

(3) Other Crystal Structures

RBS in the layered semiconductor Hgl, near its A~exciton was in-
vestigated by Goto and Nishina.26 This semiconductor, 1like CdS, is
highly anisotropic with single LA phonon scattering being observed in
the [001] direction while both LA and TA scattering processes were
detected in the [201] direction. All Brillouin shift data were fitted
using a tworbranch model.

The 2p yellow exciton state in the cubic crystal Cu,0 has recs

ently been investigated by 8027

using the RBS technique. This exciton
state, however, is only weakly dipolerallowed and does not couple
strongly to photons. Only the photonwlike upper polariton branch was

observed throughout the resonance region of this exciton state.

1.6. Propertiés of CdS
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1. Primitive Unit Cell,28 Group Symmetry and the Character

Table29

As shown in Fig. 1.3, CdS has a hexagonal Bravais lattice. The
basis (primitive unit cell) contains two cadmium ions located at (O,
0, 0) and (a/3, 2a/3, ¢/2) and two sulphur ions at (0, 0, u) and (a’/3,
2a/3, ¢/2 + u), respectively.

The point group of CdS is C6V ; all ions in the unit cell have
C3v site symmetry. The space group of the CdS crystal is C6J which
belongs to the wurtzite structure.

Each ion has four ions of the other kind as its nearest neigh-
bours positioned at the corners of a tetrahedron. The conventional
hexagonal axes (a,, a,, a, have been used with the lattice parame-
ters a = 4,16 X , ¢ = 6,75 E , and u = 2,53 X.

The symmetries of normal modes in the long wavelength limit, as
well as the symmetries of electronic bands at the zone center, can

be determined by neglecting translations and considering only the

symmetry operations of the macroscopic point group C6v

The effects of electronic spin are described by the crystal

double group, the character table of which is given in Table 1.1.

2. Normal Vibrational Modes and RBS Selection Rules30

Since a primitive unit cell contains four ions, there should be

twelve normal vibrational modes in CdS. A group=theoretical analysis
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using Table 1.1 shows that those twelve modes at the Brillouin zone
center have the symmetries 2T

*2ry + 2r; + 2F6 » One pair (I'1 +

1 5

r5) acounts for the three acoustic modes. The other I‘1 is an infrafed
and Raman active optic mode, and the other F5 is also an infrared and
Raman active mode. The two doubly degenerate modes 2F6 are also
Raman active and the 21‘u modes are both infrared and Raman inactive.

Using the macroscopic elasticity theory of Brillouin scattering,
we may show that in the scattering geometry x(y y)X only the LA
phonon (wave vector q // x, ionic displacement vector u // x) will
participate in Brillouin scattering events. However, in the case of
hBS in CdS, one of the TA phonon modes (q // x, u // z) can produce
a longitudinal electric field due to the piezoelectric effect. Since
the incident polaritons are strongly excitonmlike near an exciton
resonance, they can couple to this piezoelectrically induced iongitu-
dinal field via the Frohlich interaction. Thus one of the TA phonon

modes (q // x, u // z) will also contribute to RBS in the x(y y)X

geometry in CdS.
3. Energy Bands

The band structure at k = 0 in CdS31 is given in Fig. 1.4 showr
ing the symmetries of the s-=like lowest conduction band (F1) and the
p»like highest valence bands (I‘1 and F5 ’ r5 being higher in energy
than F1 due to the existence of crystal fields). In the presence of

the spin-orbit coupling, the doubly degenerate FS valence band splits

into F9 and r7 éubrbands with F9 lying higher in energy than r7 while
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the conduction and lower valence bands, both having r1 symmetry,
become .
c r7 The P7
spin degenerate and have extrema at the center of the Brillouin zone.

conduction band and r9 valence band are two-fold

The two P7 valence bands and the lowest F7 conduction band have a k=

linear term associated with their structure for k l_c.

4, Exciton Series

An electron in the r7 conduction band can combine with a hole
from either the T9 , Jpper F7 , Or lower F7 valence bands forming
the A, B, or Csexciton series respectively.

The 1s state of the A-exciton series has overall symmetries

F1 X Fg X F7 = F5 + F6
where both the FS and F6 excitons are two-=fold degenerate at k = O.
The FS level, which transforms like Py and Py (i.e. like x and y), is
accessible by a dipole allowed transition32 and has been observed as
33 34

a strong absorption line and a sharp reflectivity peak when the

incident light is polarized perpendicular to the c—axis (E‘L ¢). The
r6 level is a pure triplet state (electron and hole spins are paral-=

lel) which has been observed in absorption experiments as a weak

33

"forbidden" transition when E //c.

The splitting of the T. and P6 levels of the 1s A=exciton is

35,36

5
primarily due to the electron-=hole exchange Coulomb interaction.

The short-range (analytic) part of the exchange effect leads to the
splitting of the dipole allowed FS state from the spin triplet P6

state. There is also a longmrange (non-analytic) exchange contribu~
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tion which results in the longitudinal=transverse splitting of the F5

state. The latter effect is dependent on the direction of the exciton

wave vector k. For k // ¢, T. consists of two degenerate transverse

5

modes; but for k.L c, F5 has both longitudinal and transverse modes,
as shown in Fig. 1.5.
The 1s states of the B= (and also C=) exciton series have sym=
metries
F1 X F7 X F7 5

where I‘1 (transforming like z) and r2 (pure spin triplet) are nondes

generate at k = 0. The 1s B=exciton state has been observed in ref=

=T, + T, +T

1 2

lectivity and absorption experiments as a dipole allowed transition

for both E //c¢ (due to the I, state) and E l_c (due to the T. state)

1 5

polarizations.
The parameters of the 1s A~ and Brexcitons in CdS are given in

Table 1.2 and Table 1.3 respectively.
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Table 1.1. The Character Table and Basis Functions for the Group C6v

A,
B,
B,
E,

E,

r E E C, 2Cs 2C, 2Cs 2C.  3a 4 30y Basis Functions
C, 30d 3oy

T, 1 1 1 1 1 1 1 1 1 x2+y?, z? z

T, 1 1 1 1 1 1 1 -1 -1 R,

T, 1 1 -1 1 1 -1 -1 1 -1 x3-3xy?

T 1 1 -1 1 1 -1 -1 -1 1 yi-3yx?

Ts 2 2 -2 -1 =1 1 1 0 0 (xz,yz) (x,y)

(Ry,Ry)

Te 2 2 2 -1 ~1 =1 ~1 0 x2-y2, xy

r, 2 -2 1 -1 V3 -/3 0 {4(2/,,=/2),
o2/, )}

Te 2 -2 1 -1 =3 V3 0 0 T, X Ty

T 2 -2 2 2 0 0 0 0 {9(3/,,-3%/,),
$(3/3,%/2)}

Remark: Basis function ¢(j,m) means a function which transforms like an

eigenstate of the angular momentum operators J? and Jdy

...92_'
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Parameters

for the 1s A-Exciton in CdS at T = 4.2 K

Transverse Frequency?*
Oscillator Strength®*
Background Dielectric Constant®®
Damping Constant

Exciton Effective Mass?®

Exciton Effective Mass?®®
Electron Effective Mass3®*
Electron Effective Mass?®®

Hole Effective Mass®

L-T Splitting®’

Singlet-Triplet Splitting®?
k=Linear Coefficient of Electron?®®
k~Linear Coefficient of Hole*®
k~Linear Coefficient of Exciton?®®
Binding Energy?®?

Bohr Radius??

Electron Effective g-value?
Electron Effective g-value*®
Hole Effective g~value*®

Hole Effective g~value"®
Diamagnetic Shift“°

Diamagnetic Shift"°

€/

hl

gh//

//

20588.8 em™?
0.0142

9.38

0.625 em™*

0.83 m,

2.7 mo

0.2 me

0.198 m,

0.7 m,

15.4 em™!

1.6 cm™!
1.6x107!° eV cm
0

1.9x107! eV cm
0.0298 eV

28 A

1.9x107 eV/Gauss?

2.2x107* eV/Gauss?



Table 1.3. Parameters

it
N
@
i

for the 1s B-Exciton in CdS at T = 4.2 K

Transverse Frequency*!
Oscillator Strength®®
Background Dielectric Constant™
Damping Constant"?

Effective Mass“!

L-T Splitting"?

K-Linear Coeffilient of Electron?®?
K-Linear Coefficient of Hole?*
K~Linear Coefficient of Exciton*
Binding Energy®*

Bohr Radius®"

20711.3 em™!?

0.01

8.9

0.605 em™!

1.2 my (if E | ¢)
1.5 me (if E // ¢)
7.7 em™!
1.6x1071° eV-cm
~6.7x107%° eV-cm
5.6x1071° eVecm
0.028 ev

o
28 A



Table 1.4.
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Parameters Used in the Expressions

for Polariton-Phonon Interaction Kernels

Sound Velocity*?

Sound Velocity"?

Crystal Density*?
Piezoelectric Constant™*
Deformation Potential*®

Deformation Potential®®

4,25x10° em/sec
1.76x10° em/sec
4.84 gm/cm?
-0.21 Coulomb/m?
4.5 ev

-2.9eV
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Chapter 2. Multicomponent

<

Exciton=Polariton Dispersion

In this chapter, we will give a general method for calculating
exciton states and multicomponent exciton-polariton dispersion in the

presence of any type of perturbation.

2.1. Effective Hamiltonian Theory

Effective Hamiltonian Theor'y1’2

is a general group—theoretical
method used to calculate exciton levels in the presence of any type
of perturbation. From group=theoretical analysis one can find out the
most general form of Hamiltonian allowed by the symmetry of a cry-=
stal in terms of representative variables for all the possible pertur=
bations on a set of unperturbed exciton states. For any particular
perturbations, one may simply ascribe them to their corresponding rep~
resentative variables and write out the effective Hamiltoniaﬁ matrix
directly, and then obtain the perturbed exciton states by diagonalizing
that matrix.

In the following, we will consider only the ground state_(]s)
excitons formed from an s=like conduction band and a p-=like valence

band at the I'~point (k = 0) in a wurtzite crystal.
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1. Exciton Basis Functions

(1) Conduction Electron Eigenstates

Since the conduction bénd is s=like, the orbital wavefunction of
the conduction electron is totally symmetric and transforms like F1,
the conduction electron eigenstates are characterized by their spin
states only. We denote them as o and Be for spin-up and spin-down
states, respectively.

(2) Valence Electron Eigenstates

The p=-like valence electron spin states are denoted by a and B

for spinmup and spin-down stateé, respectively. The orbital states are

[1> = - 272 (x + iy)

o> =z (2.1)
|-1> = 2=1/z (x = iy) .
Thus the valence electron states may take the following 6 combina=
tions: |1>a, [1>8; |0>a, |0>B; |-1>a, |[~1>B. The valence electron eig=
enstates may be obtained by diagonalizing the spin—orbit interaction
and anisotropic crystal field:
I.(B): o1 = §[0>a = Y[1>8

¢ = Y|=1>a - 5|0>8

r7(c): $s = AY|0>a = §[|1>8
$u = 8|=1>a + Y|O>8 3 (2.2) -
To(A): $s = =|1Da
e = |-1>B ’
where

Yy = [2/(2 + B))]Y?
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§ = B2 + B /7 | (2.3)
By = =2 + 3A,/850 »
and A; is the energy difference between I‘9(A) and I‘7(B) valence bands,
while Agqy is the spin-orbit splitting of the valence band in the vir=-
tual cubic limit. The band structure at k = 0 and the relevant param~
eters in CdS are shown in Fig., 1.4,
(3) Electron~Hole Pair States
Electron-hole pair states could be obtained by combining conduc=
tion electron and valence hole states and antisymmetrizing them:
o = o (0], @ = |a ()], & = [Be(¢a)]s @ = |Belde)]
¥y = Ja 0]y ¥a = Ja (0], ¥s = [Be(d2)|, Yo =|Be(2)] (2.4)
Yo = fa (92 ]s ¥ = |a (0], ¥7 = [Be(da)], ¥o = |Beldu)],
where lae(q>5)| represents the normalized Slater determinant for the
multielectron state in which the valence state ¢ is missing and the
conduction state o is occupied.
(4) Exciton Eigenstates
For ground state (1s) excitons with k = 0, we may approximately
take the electron=hole pair wavefunctions as the exciton wavefunes
tions. However, in order to characterize the polarization behavior of

excitons, we choose the following combinations as our exciton basis

functions:
Tg(h): [)y = 272 (8 + o) (3/2)
[¥), = 1272 (0 = &) (342
Tg(A): [t = 272 (& = 4y) (0)

lt)A = '«‘:12-‘1/2 (q’a + ‘I’z) (0)
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Ig(B): [x)g = 277 (¥s + ) (3%/2y)
)5 = 1272 (¥5 = ¥,) -(3¥/2y)
r,(B): |2)g = 272 (¥; = ¥o) (61/26) (2.5)
I,(B): [t)g = —i27¥2 (¥, + ¥) (0)
I5(C): [¥)g = 272 (4, + w) (3%/26)
[9)g = 1272 (¥, = ¥) (3%/25)
r,(C): [2)g = 272 (¥ = ¥3) (61/2Y)
T, (C): [t)g = 1272 (¥ + ¥5) (0)

where |x), |y), and [z) represent the states polarized along X, y, and
z directions, respectively, i.e. the states optically active for light
polarized in those directions. [t) represents the pure spin triplet
state which is optically inactive. The numbers in parentheses reprew
sent the relative magnitudes of the transition dipole moments of the

exciton states, and Y and S are defined in Eq. (2.3).
2. Effective Hamiltonian on the Exciton Basis

The total effective Hamiltonian in the presence of perturbations
can be separated into three parts, i.e. conduction band contribution,
valence band contribution and electron—hole exchange interaction:

H(T,3,1,5) = H(C)(B’e.s) 13,9 + Hex(T, ) | (2.6)
where 3e (3) is the conduction electron (valence hole) spin -operator,
1l is the orbital angular momentum operator of the valence hole, T are
the representative variables of the perturbation. Since we neglected
the electron-hole exchange interaction in deriving the hydrogen-like

exciton states,” the electron—-hole exchange interaction will appear as
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'a perturbation to the unperturbed exciton basis. For convenience we
ignore 1 and Z~dependences of the exchange interactions and separate
H(C) and H(V) into timerreversalr-symmetric and antisymmetric parts.

We define the components of = according to their symmetry pro-

perties:
Iy S [z]
ré; T 1]
ry: v [(3y*-x*)x]
Ty U [(3x%sy?)y]
Ig: (X,Y) [x,y]
Tg: (W,2) [x®=y®, 2xy]l ,

where the third column gives transformation properties of each type
of Z. Some simple perturbation examples for those components are
given in Table 2.1 in which E represents electric field, B is magnetic
field, K is exciton wave vector, and e is strain tensor. Product per-
turbations of = = (§, T, Vv, U, X, Y, W, Z) and =' =
(s',T',V',U',X",¥",W',Z") are given in Table 2.2. Based on the above exci=m
ton basis functions and the definitions of representative variables, we
obtain the matrix representations of effective Hamiltonians in the
presence of perturbations as follows (We restrict ourselves to the A,
and Bmexcitons in CdS):

(1) Exchange Interaction Matrix Representation

The exchange interaction only exists in the dipole allowed exci=
ton states whose matrix representation is given in Table 2.3 where.

JOW = Jo + §1(3u2 = 1) (2.7)

and J, is the'Shortﬁrange exchange interaction parameter, j, is the
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long~range exchange interaction parameter, (&,n,r) are the direction
cosines of the exciton wave vector k with respect to x, y, zmaxes, and
Y, & are defined in Eq. (2.3). ‘
(2) Matrix Representation for the Bloch Band Contributions to the
Effective Hamiltonian
These matrix representations are given in Tables 2.4 and 2.5. In

Table 2.5, the complete matrix should be obtained by adding complex

conjugate of all the elements to their opposite corners.

3. Recipe: How to Find the Matrix Representation of the

Effective Hamiltonian of the 1s Excitons in the Presence of Per=

turbation in Cgq,, Structure.

(1) Unperturbed Hamiltonian H{C):
The matrix representation of the unperturbed effective Hamilto=
nian can be obtained by setting S =1, T=V =U=X=Y=W-=2Z =20
in H(Sc) + Hgv) (Table 2.U4):
( a; 0 0 0 0 0 0 © A

0 o, 0 0 0 O 0 O




= U0 =

We define A, = o; ~ a,, then

(0 0 0 0 0 0 0 0 Y |x),

0O 0 0 0 0 0 O O [¥),

0o 0 0 0 0 0 O O [t

alO. © 0 0 0 0 0 0 0 £,
0 0 0 0 A 0 0 O |x)g

0 0 0 0 0 4 0 0O |5

0 0 0 0 0 0 4 O ]z)B

\ 0 O 0 0 0 0 0 A |t)B

(2) Exchange Hamiltonian Hey:
Suppose we consider excitons with k = (k,0,0), thus
£ =1, Jj(g) = jo + 24
n=15=20, jn =3ic) =jo=r i

and we obtain from Table 2.3:

¢ JL JLY o 0 0 ) {x)p
JLY JLy? 0 0 0 [x)g

Hoy = 0 0 J JY 0 1),
0 0 Jy Jy? 0 I¥)g

. 0 0 0 0 J&* |2)5

where J;, = 3(Jo + 2j1)y J = 3(Jo — ju).

(3) Other Perturbation Hamiltonian

(2.8)

(2.9)

We consider the k-=linear term in finite k effects for k = (k,0,0).

From Table 2.1 we find the representative varjiable for kyx is X and is

antisymmetric, so we pick up only the terms containing X in Haéc) +
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HaéV) (Table 2.5) and write out:

0 0 i 0 0 0 iek o Y ¥y
00 =ik O 0 0 ~iEK [V,
0 0 iggk 0 0 0 [ty
Hgr,= 0 0 =ielK O 0 [t)y (2.10)
0 0 =i(egtp)K 0 [x)g
H.C. 0 0 ~i(e=)K |¥)g
0 0 |z)g

(4) The total Effective Hamiltonian H,
If we restrict ourselves to the A and B-exciton subspace, we obtain

the matrix repreéentation of the total effective Hamiltonian

Ho = HSY) + Hoy + Hyp (2.11)

(J, 0 iK © YL, 0 ik 0 Y 10y
J o =K O YJ 0 “1E.K [¥),

0 o0 igK 0 0 0 [t'),

= 0 0 =i K 0 0 [ £y
Y2IL+ Ay 0 ~i(estWK 0 |x)g

Y3J+A, 0 ~i(EWK | |y)g

H.C. 2620+ 4, 0 | |2)g

\ | by ) 1t

Exciton state mixing and level splitting in the presence of. perturbar

tion (symmetry breaking effect) can be obtained by diagonalizing H,.
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2.2. Eigenvalue Method3

Suppose there is a set of unperturbed exciton-states of energies
w; + ﬁkz/(ZMj) and oscillator strengths unaj (j = 1,2,°**,8) in a narrow
energy region. They interact with each other via some perturbations
and also couple to the photon fields. As a result, there will be 2s+2
polariton components. In principle one can calculate the ﬁolariton
dispersion k(w) by diagonalizing the exciton Hamiltonian to obtain the
perturbed exciton states of energies uﬁ + ﬁkz/(EMj) and oscillator

strengths Uﬂaj and solving the polariton dispersion equation

czkz —S— L"ﬂ'a'.m'.z
< 1 .
w b = Aw}
=1 a1z - 42 + J k2 - iy,

However, due to the mathematical difficulties in solving the above
complex polynomial equation, we need to find some more practical
method. The eigenvalue method reduces the problem from solutions of a
high order polynomial to eigenvalues of a matrix which can be easily

solved by computer programs.
1. Derivation

Assume that there are s unperturbed exciton states of energies “ﬁ

+ ﬁk’/(ZMj) and oscillator strengths Mnuj ; the interactions between
them are specified by a matrix ht“k) which could be found by using

the effective Hamiltonian method as described above. We define
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\"j = <0| e(ry, =~ ry) [j>-e, (2.12)

where e is the polarization unit vector of a photon. One can relate "j

tO Q. y:
J b
V = (‘1‘1“”' 2) / . (2.' ;

The exciton Hamiltonian in the second quantized form is

Ho =
i

1.
1 h; (k)b Py (2.114)

e

where b].T (bj) is the creation (annhilation) operator of an exciton in

j'th unperturbed exciton state at k = 0., We treat photons classically,

thus the electric field is written:

E = e E, (71wt + oluty | (2.15)

The exciton=photon interaction Hamiltonian is

S
-3 » : .
H' = - E, zﬁ (vjbje lwt 4 \)jb}el“’t) . (2.16)
j=

The total Hamiltonian of the exciton-photon system will be
H=Ho + H, (2.17)

Using the Heisenberg equation of motion for b; and bj one obtains

2 (- Re )y o] = v, (2.18)
i=1
i (hT + Ry 1)ji bi = \);E. ' : (2.19)

[
]
—_

where h? is the transposed h, and 1 is the unit matrix. On the other

hand, Pey = xoE , thus
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_}S: (v,b +v$bT)=:fp—E (2.20)
1 J-J J7J L ° " '
where
n= K,
w
Combining Egs. (2.18), (2.19) and (2.20) one obtains
( 0y =hwehyg v ) ( bT \
Ngyee+hgg=Tiw Vg vd
hy,+Rae**hgy vi b, [=0.
hyg* - hggthw V; bs
\vf'--vg Viteee Vg (c2k?/ w?mep)/(Um) \ - E, /
(2.21)
If we approximate
hT + hw 1 = 2RW 1 ,
and define
< [
e =g, * 21;; el (2.22)
j=1
Eq. (2.21) is simplified as
’ v, 3 4 b-}- N
hjj(k)-Fws; j : : _ .
vy ba =0 .(2.23)
[ VF e R (c*k?/ wPep")/(4m) ) [ =B,

Letting
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= 2
hij(k) Hij + Lijk + Jijk (2.24)
one obtains

(S + Tk + Uk¥)X =0,

where
/ V1 -
Hij'“ﬁwﬁij :
S = Vg (2.25)
VX ey ¥ =e!/(Um)
\ 1 . S b /
\
. 0
L, .
1]
T = 0 (2.26)
\o vesecrssoves ) 0 )
0 )
J,.
iJ
U = 0 (2.27)
D eeessesneses Q e2/ (4 7e?)
; bI N
X = b; (2.28)
. e )
Defining

kX = Y, " (2.29)
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We obtain

SX + TY + UkY =0

U=isX + U™!TY + kY = 0 .

Combining Egs. (2.29) and (2.30) we obtain

U=IT+k u=ls Y
=0 ’
-1 K X
namely
’
([ kol
U‘_IT n k U:‘-“S
kbl
=kE,
-1 K bf
%o . b;
L =1 K ) \ ~Eo

(2.30)

The polariton dispersion relation could be obtained by‘setting the deter=n

minant in Eq. (2.31) equal to zero, i.e., k(w) is the negative of the eig-

envalue of the matrix



f UIT uTis

(2.32)

| -1 0).
Obviously, the dimension of matrix A is (2s+2)x(2s+2) which gives 2s+2 k's

for each w.

2. Recipe: How to Find the Polariton Dispersion k(w) for Each

Real w in the Presence of Several Interacting Exciton States.

(1) Write out the effective Hamiltonian matrix of excitons.
Suppose we consider the k=-linear interaction in the A-exciton of CdS

with k = (k,0,0). According to Eq. (2.11), the effective Hamiltonian of

excitons is

[%)y [¥)a [t [t)a
( Jp 0 ifik 0 )
Ho = 0 J 0 —ifik +C.
~ifk 0 0 0
L 0 ink 0 o

Defining
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we obtain H, = [Yﬁj(k)] as follows

[%), [t"), |¥) 4
2
/m°+ALT+Wﬁk ?:-]'Z-Y— iek Y
2

Ho = B miek  woAgpt et 0
Ak*_1iY
0 0 Wo+ =g~ =~

L 0 0 iek

-iek

Ak*_iY
WomBstr oy T

(2.33)

Since ‘Y)A is the only optically active exciton state and ‘t)A is the

only state which mixes with |y)A under the considered perturbation, we

can restrict ourselves to the subspace |y)A and |t)A.

(2) Construct matrices S, T, and U according to Egs.
(2.27):
( Blwo-1Y/2~w) 0 (aohiwe/2)/?
S = 0 ﬁ(wy-AstniY/2‘w) 0
L (Cofiwo/2)1/2 0 =el/ ()
: J
( 0 ~iefik 0 3
T = iehk 0 0
§ 0 0 o
-
2 0 o
2
o % :
02
~ 0 0 ™z

and

(2.24) to

(2.34)

(2.35)

(2.36)
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U=t = 0 %”;. - 0 (2.37)
2
0 0 H_chzw_J :

(3) Construct matrix A according to Eq. (2.32), and calculate the
eigenvalues for k(w) of the matrix A for each given w. The negatives of
the eigenvalues are what we need.

In this example we treat both the kmlinear interaction between
states |y)A, ]t)A and the electric dipole interaction between |y)A and
the photon mode simultanecusly (in one step). Alternatively we may also
obtain polariton dispersion in two steps: First we could diageonalize the
k-linear interaction and obtain the energy levels and oscillator
strengths of two new exciton states |Y),, |T),s then carry out the eig-
envalue method for |Y)A, |T)A to obtain the polariton dispersionf As long
as both interactions are small perturbations, those two methods should

give the same result. Computer calculation showed this to be true.
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Table 2.1.

Time-Reversal

Antisymmetric
Kz
Hz
Ky Hy
Ky A -Hx

Simple Examples of Perturbation E

in C6v Symmetry

Time-Reversal

Symmetric
Kx2+Ky2 Hx2+Hy2 Ex2+Ey2
H,? E,
KyKz HyHz ExsExEz
Ksz . Hsz Ey,EyEZ
sz_Kyz sz_Hyz Exz_Eyz

ExxtEyy

€zz

Exz
Eyz
Exx~ Eyy

2€xy

- 0G -
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s

ry

s

Table 2.2.

Multiplication Table

of Product Perturbation ZZ*' in the C6v Symmetry

ss!
ST!
sv!
su!
sx
sY!
SW!

szZ!

TT!

TU!

TV!

TY!

_Txl

TZ!

_.Twl

uy!

uv?'

vz'

UW!

_UXI

uy'

vy

.-Vw'

vz!

_Vxl

vyY!

XX'+YY'

XY'-YX'

YZ'-XW'

XZ'+YW!

XZ'-YW'

YZ'+XW'

XX'-yy'

Xyr+yx'

WW'+ZZ'

WZ'-ZW'

ZZ"=WW'

WZ'+ZW!'

LG =~



Table 2.3. Matrix Representation

for the Exchange Interaction in CGv Symmetry

[%)n |¥)a [t")a [t)a |x)B [¥)B |2)B
[%)a 3j(8)  95,&n O 0 3Yi(E)  9Yj.En  9V28§,E%
[¥)a 33(n) 0 0 9Yj:16n  3Yj(n) 9v263,nt
ltWA 0 0 0] 0 0
lt)A 0 0 0 0
|x)8 3Y25(E)  9Y%j,En  9V28Y),EC
|¥)B 3Y2j(n)  9v26Yj,nc
|2)B H.C. 6623(z)
[t)B
Note

J(u) = Jo ¥ 31(3U2 - 1.

- 26 ~ -
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Table 2.4.

(e)
for Hg
|x)a [¥)a [t)a
a,S 0] 0
a,S 0
axS

H.C.

«+ 18" inc

|t)a
0
0
0

0,8

6v

Matrix Representation

Symmetry
[%)B [v)B
-n,;W ~-n,Z
-, 2 n W
-€,X €,Y
€Y ;X
a,S 0
oS

|2)B
-, X
-€,Y
mW

-mZ

aIS

[t)p
-, Y
€ X

-mZ

~mW

a;S

- €6 =



Table 2.5. Matrix Representation

for Haéc)+ Haév) in

[x)a [¥)a [t)a [t)a
|x)a 0 -i8,T -id,V ic,U
[¥)a ~iAT 0 ic,U ~id,V
[t")a -ipX ipY 0 ig,T
[t)a iny inX ~1XT 0
[x)B
[v)B
|z)B
|t)s

Note: the complete matrix should be obtained by adding complex

elements to their opposite corners.

[x)B
imW
inm,2
ie, X
-ig,Y
0

iXT
ipX

ipY

c6v Symmetry

|¥)s
imZ
=in,W
-ig,Y
-ig,X
-iB,T
0

inY

~ipX

|2)B
ie,X
ie,Y
-inW
imZ
~igX
~ig,Y
0

iaT

|t)s
ie,Y
-ig,X
in,Z
imW
ieaY
~ig,X
iB,T

o

conjugate of all the

_hga.-
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Chapter 3. Experiment

In this chapter we describe the arrangement, apparatus and pro-=
cedure used in the experiments described in Chapters 4, 5, 6, and 7.

Specialized techniques will be presented in the individual chapters.
3.1. The experimental arrangement

The experimental arrangement used for RBS studies is shown in
block form in Fig. 3.1. A Krypton ion laser was used to pump a cw
dye laser in order to obtain tunable single mode output radiation.
The dye laser output was monitored via a pair of beam-spl;tters in
order to (1) maintain a constant dye output power through the use of
a dye laser light stabilizer, and (2) monitor the mode spectrum of
the output radiation using an optical spectrum analyzer and an oscil-
loscope, and focused onto the sample via lens L,.

The samples used were vapor-grown single crystal CdS platelets
generously provided by Dr. D. M. Roessler of the General Motors
Research Laboratory. The crystal, with the crystallographic c4axis in
the plane of the sample, had typical surface area dimensions of 3mm
X Smm with thickness ~ 107* em. The sample was attached té a cold-
finger in a LT=3-110 HelisTran Liquid Helium Transfer Refrigerator
(Cryo=tip), as in the most of our RBS experiments, or a copper mbunt

in a SUPER VARITEMP liquid helium dewar, as in our RBS experiments at
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superfluid helium temperatures via a mixture of Cryo-con grease and
N=grease (1:1).

Backward light scattering was used with bothAthe incident wave-
vactor and the polarization of the dye laser light perpendicular to
the crystal c=axis which is parallel to the crystal surface. The use
of a backscattering geometry is necessary because of strong absorp=
tion of both incident and scattered light in a medium near an exciton
resonance region. A Light scattered by the sample was collected and
focused onto a pinhole P, by a lens L,. A Nikon lens Ls; then colli-
mated the light passing through the pinhole P, which acted as a point
source. The parallel light so obtained was reflected from a system
of two mirrors which served the purpose, along with the Nikon colli=
mating lens L,, of aligning the collected light with the optical axis
of the triple=pass Fabry-Perot interferometer. The light emerging
from the ramped Fabry-Perot was then focused onto the vertical specs
trometer slit which, along with a brass horizontal slit, formed a
second pinhole P,, The f=numbers of the lenses used were chosen to
match that of the spectrometer., Light leaving the spectrometer was
focused onto the cathode of a photomultiplier tube whose output was
processed with photon counting electronics and recorded on a strip
chart recorder, or occasionally multiscaled into a PDP~8E minicom-
puter.

The focal lengths of the sample focusing lens L), pinhoie focuss
ing lens L,, Fabry-Perot colimating lens L,, and spectrometer focus-
ing lens L, (immediately followed by a polarization scrambler).are

16, 10, 5.5, and 18.7 cm, respectively. The diameters of the pinholes
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P, and P, are 200 and 150 microns, respectively.

3.2. Apparatus

A summary of the apparatus used in the RBS experiments is given
in Table 3.1. Brief descriptions of the main components are given

below.
1. Krypton Laser

A SPECTRA PHYSICS model 171 Kkrypton ion laser with deep=~blue
mirrors was used as the pump laser. The output was between 1.3 and
1.8 Watts for all lines in the deep blue region ( 4067 ~ 4226 E ). The
output was TEM,, Mode and vertically polarized. This laser was éper-
ated in the light~control mode whereby its powe} supply current con=
stantly adjusted by an external dye laser light stabilizer (see

below).

1.

2. Dye Laser

The output of the krypton laser was used to pump a'COHERENT
RADIATION model 590 dye laser to provide a source of quasi-continu=
ously tunable coherent single mode light. The dye medium was a meth-

anol-ethylene glycol solution of the dye coumarin 102 (made by EXCI=
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TON CHEMICAL CO. INC.) which absorbs in the band 4000 to 4200 K.and
emits at longer wavelengths 4700 to 5150 Kthrough fluorescence. The
dye solution was made by uniformely mixing 0.667 gr-'ams of the couma=
rin 102 powder with 200 ml of high quality methanol and 800 ml of
ethylene glycol. Selection of nearly monochromatic radiation from
the broad dye fluorescence bandwidth was achieved through the use of
a quartz birefringent filter consisting of three quartz plates of
different thicknesses placed in the cavity at Brewster's angle. A
double etalon system consisting of a thick (10 mm) coated etalon and
a thin (0.5 mm) coated etalon was used to obtain single mode mono=
chromatic cutput with a frequency width of less than 100 MHz (0.003
em™h),

Tuning of the output frequency was accomplished as follows:
frequency changes on the order of a thin etalon mode hop (6 ~ T
em™!) were obtained by rotating the birefringent filter about its
surface normal. Small frequency changes were made by tilting the
thin etalon with respect to the cavity beam enabling the laser fren
quency to hop between thick etalon modes (0.3 cm¥! separations). The
thick etalon could be adjusted slightly in order to compromise
between high power (or low current in case of light mode) and mode
stability whenever necessary.

Certain instabilities in the output frequency spectrum of the
dye laser complicated the RBS experiments, the mbst important of
which was fluctuation of the output power which introduced thin
etalon mode hopping. This problem was partially alleviated by incor-

porating a light stabilizer into the experimental setup. However,
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mode hops still occurred on the average of every five minutes. Thus,
the output mode spectrum of the dye laser had to be continuously
monitored by a spectrum analyzer (see below) so that wundesirable

modes could be eliminated through the tilting of the thin etalon.
3. Dye Laser Stabilizer

The dye laser output power was maintained at 8 mW by the dye
laser light stabilizer (SPECTRA PHYSICS, model 373). This consisted of
a detector head and a control unit. The detector head contains a
beamsplitter which reflects 3.5 % of the laser light onto a photo—
cell detector. The signal created by the photocell (0.75 pA/mW) is
amplified and compared with a DC reference signal specified by the
level control {located on the front of the control unit) which sets
the desired operating power level of the light stabilizer. The ampli-
fied difference of the two signals produces a current that is ret=
urned to the krypton ion laser control circuitry which then compen-
sates for the dye laser power variations by changing the pump laser
output power. The output power of the dye laser could be stabilized
to within = 0.5 % per hour for a fixed wavelength. In addition, the
light stabilizer also acted as a power meter with its meter accurate

to within + 10 %.

4, Spectrum Analyzer
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The spectrum of the dye laser light was observed with an opti-
cal spectrum analyzer (COHERENT OPTICS, model 760) in conjunction
Wwith a dual-beam oscilloscope (TEKTRONIX, model 556) and an amplifier
(KEITHLEY INSTRUMENTS, model 102C). The oscilloscope was used to both
ramp the spectrum analyzer and display its amplified output. The
free spectral range {(FSR) of the spectrum analyzer was 8 GHz (= 0.27

em™t),

5. Cryogenic Systems

The samples were vertically attached to a cold=finger copper
sample holder in the Cryostip via a conductive vacuum grease mix
consisting of Cryo=mcon and N-grease (1:1). Optical access to the
sample was provided by fused quartz windows on the Cryo=tip. Cooling
of the sample was achieved by continuous flow of liquid helium
through the tip flow capilary and the sample holder. Temperature was
measured using a gold-chromel thermocouple which was in thermal
contact with the sample holder. Most of the experiments were per=
formed at 4.2 K nominal temperature, although sample temperatures
were usually somewhat higher due to absorption heating. The sche-
matic representation of the Cryo-tip system is given in Fig. 3.2.

When performing RBS experiments at superfluid~heliumsztempera-
tures with samples immersed in liquid helium (T < 2.17 X), we used a
liquidrhelium dewar (JANIS SUPER VARITEMP, model DT) equipped with a
carbon-glass temperature sensor (LAKE SHORE, model CGR=1~1000, work=

ing current 10 pA, calibration temperature range 1.4 = 20 K). In order
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to obtain superfluid-heliumrtemperatures, a mechanical pump (WELCH,
model 1397, pumping speed 425 liters/min.) was used to evacuate the
sample tube of the dewar with the needle valve of the dewar slightly
opened to let liquid helium continuously flow into the sample tube

from the helium reservoir.
6. Electromagnet

The cold finger of the Cryo=tip system was placed in the center
of an electromagnet (MAGNION, model L=128A=12 inch) of pole face

diameter 8 %—inches and gap width 3 f%—inohes. The magnet required

a power of 130 VDC and 65 Amperes maximum, and cooling water 2 gpm
minimum.

The magnet power supply (MAGNION, model HS-1365B/FFC=4) was a
field regulated one which required a 3mphase AC power of 208 V, 35
Amperes.

7. Fabry=Perot Interferometer?

A triple—pass Fabry=Perot interferometer (BURLEIGH INSTRUMENTS,
model HC-110) was used for high=resolution spactral analysis of the
scattered light. This Fabry=Perot used two A/200 plane mirrors which
were coated for 93 % reflectivity in the spectral region 4500 =% 5500
[

A, Piezoelectric ceramic transducers (PZT) were used to scan and

align one of the plane mirrors with respect to the other mirror
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which remained fixed. The ramp voltage (0 to 1000 volts, sawtooth in
time) applied in the scanning mode to each of the PZT elements was
supplied by a ramp generator (BURLEIGH, model RC-UY). Two corner—cube
retrorreflectors were utilized to obtain triple-pass operation. Sev=
eral free spectral ranges (FSR) ranging from 1 to 14 cm™! were used.
The finesse of the interferometer varied between 50 and 70 with a

working contrast of ~ 1 x 106,
8. DoublenGrating Spectrometer

After passing the interferometer the scattered light also tra=
versed a 3/4 ﬁeter (focal length of the first mirror) SPEX model
1401 Czerny-=Turner double grating spectrometer whose fznumber was -~
6.3. The spectrometer served two purposes: (1) it determined the in=
cident dye laser frequency by scanning the scattered Rayleigh light,
and (2) it acted as a tunable laser filter allowing only Rayleigh and

desired Brillouin components to pass during the Fabry-Perot scan.

9. Photomultiplier Tube

The light leaving the spectrometer was focused onto the cathode
of an ITT FW130 photomultiplier tube. The tube was maintained at - 20
C by a model TE-104 thermoelectric refrigeration unit manufactured
by PRODUCTS FOR RESEARCH., The dark count of the cooled tube was
about 3 counts/second. A POWER DISIGNS, INC. model 2K-=20 power supply

provided 1750 volts to the photomultiplier tube. Two screws near the
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output slit of the SPEX 1401 adjust the final lens position to focus

on the photomultiplier tube.
10. Photonrcounting 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 880) and recorded on a strip chart rec=

order (HONEYWELL, model 194).

3.3. The Experimental Procedure

Our RBS experiments utilized a backscattering geometry (xly yl®R)
with both the wavevector and polarization of the incident light pers
pendicular to the c-axis of the crystal (k | e, E | e). The incident
power was maintained at 8 mW by the dye laser light étabilizer dis=
cussed earlier.

The experimental procedure will be described. The dye laser was
first tuned to some frequency in the viginity of the A-exciton in CdS
(~ 20588.8 em™!). During this time, the output of the 8 GHz spectrum
analizer was carefully viewed on the oscilloscope in order to verify
that the dye laser output consisted of a single frequency.

The laser frequency was determined by allowing the Fabry=Perot

interferometer to quickly ramp through its FSR with a ramp duration
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of 20 ms. Since the elastic Rayleigh component is dominent in the
output of the Fabry-Perot, the laser frequency can be obtained by
slowly scanning the grating spectrometer with narrow slit width
(100=50=50 microns) over this elastic component. The slow scan (37.5
em™!/min) allowed the experimenter to mark the strip chart record in
1 cm™! intervals by visual comparison with the spectrometer waven=
umber indicator. Subsequent interpolation between the 1 em™! marks
allowed the laser frequency to be determined to the nearest 0.1
em®!, Measurements made in this way were reproducible to about 0.2
cm¥?,

After the laser frequency was determined, we positioned the
central frequency of the grating spectrometer and opened its slits
(100-500-500 microns) to select the desired Stokes (or anti-Stokes)
components as well as the Rayleigh line. Then we adjusted the scan
range of the Fabry=Perot to contain two adjacent orders of the Ray-=
leigh component by viewing the photomultiplier output and Fabry=
Perot ramp voltage on the oscilloscope.

We then stopped the Fabry=Perot scan at the middle point of its
FSR, and optimized the signal intensity by adjusting the spectrometer
focusing lens and the three ramp bias voltages of the Fabry=Perot
interferometer and viewing the photomultiplier output on the rateme=~
ter.

Then the FabrywPerot was scanned through its FSR in ~ 100 sec~
onds and the output of the combined Fabry=Perot=grating spectrometer
system was recorded on a strip chart recorder. The fregquency of the

dye laser was then changed by tilting the thin etalon as previously
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described. The above procedure was then repeated. The end results
were then a series of Stokes (Anti-=Stokes) Brillouin spectra for a
range of dye laser frequencies spanning the A-exciton resonance
region. The effective resolution of this combined system was about
0.1 cm™! for a FSR of 6.5 em™}, or 0.015 cm™ for a FSR of 1.0 cm™'.

Since the finesse f of the Fabry=Perot was approximately a cons
stant for different FSR, the resolution R is proportional to the FSR
(R = FSR/f), i.e. the smaller the FSR, the higher the resolution one
could obtain. Hdwever, too small a FSR makes the spectra of differr
ent Fabry=Perot orders overlap and identification of Brillouin compo=
nents difficult. We should choose the best FSR by considering both
effects,

The FSR of the Fabry=Perot was usually measured by deliberately
allowing two thin etalon modes to be present in the dye 1laser
output. This light was then scattered off a piece of teflon located
within the helium dewar. The separation between these two modes was
obtained by scanning the grating spectrometer over the scattered
light. This turned out to be approximately 6.7 cm™!. The spectrometer
was then positioned midway between the two modes while its slits
were opened to pass both of them. The Fabry-=Perot then scan_ned the
modes, the spectrum of which was recorded on the strip chart rece-
order. Since the separation between the modes was known, the FSR
could be calculated from the strip chart record. A second method was
to use a standard mercury or sodium doublet (e.g. for Hg: 5789.66
and 5790.66 2 whose separation is 2.98 cm=}; for Na: 5889.95 and

0 .
5895.92 A whose separation is 17.20 cm™!) instead of two adjacent



thin etalon modes from the dye laser.



Table 3.1.

Apparatus
Krypton laser
Krypton laser power supply
Dye laser
Dye laser stabilizer
Spectrum analyzer
Amplifier
Dual beam oscilloscope
Helium dewar

Heli=tran liquid helium
tfansfer refrigerator

Electromagnet
Magnet power supply

Fabry~Perot interferometer
Ramp generator
Double#grating spectrometer
Photomultiplier tube

PM Refrigeration unit
Photomultiplier power supply

Portanim
(Nim bin module)
Preamplifier, amplifier,
discriminator

Ratemeter

Strip chart recorder
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List of Apparatus

Manufacturer
Spectra-Physics
Spectra~Physics
Coherent Radiation
Spectra Physics
Coherent Optics
Keithley Instruments
Tektronics
Janis

Air Products and
Chemicals, Inc.

Magnion

Magnion

Burleigh Instruments
Burleigh Instruments
Spex

ITT

Products for Research

Power Designs, Inc

Berkeley Nucleonics,

Corp.

Canberra

Ortec

Honeywell

Model
171
270
590
373
760
102C
556

DT

LT=3-110
L-1284-12

inch
HS-1365B/

FFC-4
RC+110
RC-44

1401

FW130
TE=104

2K=20

AP=1

813"
880

194
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Chapter 4 . Frequency=Dependent

Polariton Damping and RBS Linewidth in cds

In Chapﬁers 4 to 7 we present the experimental investigations of
RBS in CdS which form the core of this thesis. In Chapter 4 we inves-
tigate the dependence of RBS linewidths on laser frequency and pro-
pose a frequency—dependent polariton damping model. In Chapter 5 we
discuss our experiments in a weak magnetic field which gave the first
evidence for a k-linear interaction through the dependence of
linewidths on magnetic field. In Chapter 6 we present our most
recent studies of RBS at superfluid helium temperatures in which
splitting of RBS components due to three-branch polariton~behavior
was observed directly for the first time. In Chapter 7 we explore
the effect of the ABC on RBS intensity and attempt to establish the

correct ABC by comparison with our experimental data.

RBS 1linewidth measurements were reported by Weisbuch and

Ulbr‘ich1 for GaAs, by Hermann and Yu2

for CdSe and by Wicksted et al
for CdS.3’l4 In these experiments significant disagreement with the
predictions of the BZB theory with a frequency-independent damping
term were noted. On the other hand, the pottleneck? effectAof exci~
ton-polaritons observed in luminescence spectra indicates that the

lifetime of polaritons changes considerably in the region of' the

resonance frequency.6.7 Also, it was proposed by Yu that the damping
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constant should be proportional to k?® where k is the polariton wave-
Vector.8 Before the present work, however, no systematic investiga=
tions of RBS linewidths had been reported, primarily because of the
difficulty of the experiments.

The intensity of RBS has been studied fairly extensively because
it is sensitive to the ABC problem. The intensity, however, depends
not only on the ABC, but also on other factors such as the dead
layer thickness.9 Recent numerical calculations by Matsushita et al
have shown that even in the absence of a dead layer, the RBS inten-
sity depends strongly on the damping constant Y.1O Therefore, it is
crucial to know the frequency-dependence of Y before one attempts to
use RBS intensity data to resolve the ABC problem.

In this chapter, We report the measurements and analysis of the
linewidth of RBS components from the lower branch (branch 2) A-exci-
ton polaritons in CdS. We discuss different forms for Y(w) and pro-
pose a new line-broadening mechanism =~ the decay of F5T polaritons

into dipole-forbidden F6 excitons via the k-linear interaction.11

4.1. Experiment

The general features of the experiment was already given in
chapter 3. The sample used in this experiment was numbered CdS 21E-
2. The solid angle of the collected scattered light outside the cry-
stal was about 1072y Str, and the refractive index in the resonance

region n = 7.5, so the range of internal scattering angles was about
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179.2° + 0.8°. Therefore, line broadening effect due to finite collecr
tion angle was less than 5 x 10%°% of the Brillouin shift and can be
ignored.

Above the resonance frequency a slight local heating effect was
observed as an increase of Brillouin shift with increasing laser
power. We chose 8 mW laser power as a compromise between reduction
of local heating and maintaining suitable signal intensity.

The diameter of the first pinhole was ~ 200 pym which defined
the scattering volume. We kept the laser power constant and reduced
the pinhole diameter from 200 um to 10 um; no change in linewidth
was observed. Thus we confirmed that the local heating effect did
not cause significant inhomogeneous line broadening for 8 mW laser
power and 200 pym pinhole diameter.

However, the local heating effect could still raise the sample
temperature and lower the exciton resonance frequency w. (i.e. mTL
Thus the laser frequency should be rescaled before one obtains
experimental 1linewidths (or any other quantities) vs. incident laser
frequency curves. The laser frequency correction due to the 1local
heating effect could be obtained by comparison of the experimental
Brillouin shift data to the theoretical one at liquid helium tempera-
ture. We noticéd that this correction, ranging from 0 to 5 cm™! (cor-
responding to temerature correction 0 to 5 K), would vary from time
to time depending on the thermal conduction betweeﬁ the crystal and
the sample holder and the tip flow strength in the Cryo-tip system

during the experiment.
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The FSR used in most of the present work was from 8 to 14 cm™!
giVing an instrumental linewidths of about 0.2 cm”}. Below the reso~
nance region where the linewidth were very narrow, a smaller FSR (?
~ 4 em™!) was used to measure linewidths.

We have concentrated on LA 2-2' scattering rather than TA 2-2!
scattering studied in Ref. 3 because the LA 2-2' component has the
largest Brillowin shift and can be studied over the largest range of
laser frequencies., Moreover, the LA linewidth is approximately twice
as large as the TA linewidth and therefore allows more accurate
linewidth determination.

The full width at half maximum of each Brillouin component was
obtained by subtracting the average Rayleigh 1linewidth from the
observed Brillouin linewidth, assuming that both lines are Lorentzian
which is approximately true for w < w . Deconvolution of the linesh~
ape was not performed.

Fig. 4.1 shows the raw spectra of the Stokes LA 2-2' Brillouin
component as the incident‘laser frequency was varied from below w

T

to above w ., The observed Brillouin shifts agreed well with our pre-
vious data,3 and in the following analysis we used the parameters
given in Table 1.2.

The experimentally observed linewidths (after subtraction of the
instrumental linewidth) are shown by the solid dots in Fig. 4.2 (a) -
(c), while the solid lines are calculated linewidths based on three

different models for Y(w), to be discussed below. For laser frequen-

cies well below w;, the linewidth is small and close to the limit of

resolution when the FSR of the Fabry-Perot is large (8 to 14 cm=?).
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However, these linewidths were alsc measured with high resolution
(FSR = 1.2 to 4 cm™!) and found to be independent of the FSR used in
the measurement, in contrast to the results of Flynn and Ges-
chwind.'?

The observed linewidth increases from 0.03 c¢m™ to about 0.3
cm™! within a narrow range of laser frequencies between 20,585 and
20,595 cm™~! and remains approximately constant for higher frequen-
cies. Although the data at high laser frequencies exhibit consider=
able fluctuation, a slight decrease in linewidth around 20,598 cm™!
was observed repeatedly in several series of experiments and is
believed to be a real effect. For higher frequencies, a rapid decre-
ase in the RBS'intensity as well as increasingly serious local heat-
ing (even with 8 mW of laser power) made accurate measurement of the
linewidth very difficult.

The 1linewidths of the antir~Stokes LA 2-2' Brillouin component
were also measured and are shown by the solid dots in Fig. U4.L4. The
sharp increase and the slight decrease in linewidth occured approxi-
mately 5 cm®! lower in frequency than for the Stokes LA 2-2' compo-
nent since for anti-Stokes scattering the scattered polaritons have

higher frequency than the Stokes scattering.

4.2. Theory

1. Physical Origin of the k=Linear Interaction'3
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The k-linear term in the exciton energy originates from the k-
linear terms in the conduction electron and valence hole energies.

Group theory shows that energy bands of [, symmetry should be of

7
the form1u

E = Alkg® *+ ky®) + Bkz? 2 Clky? + ky?)V/2, (4.1)
The third term, linear in k, represents the splitting of the two spin
states by an amount 2C(ky* + kyﬁl/z for wavevectors perpendicﬁlar to
the c-axis (k i_c). It can be derived from the spin-orbit interaction
as follows.

Effective mass theory gives the Bloch band electron energy in a

uniaxial crystal as:

_n2 2 2, . K,
Hg = -Z—ﬂl(kx + ky ) + Ea”kz

= Alky® + ky®) + B2

In uniaxial crystals, a crystal field E; may exist along the 2-direc~
tion (z || e, where ¢ is the crystal axis) which is seen by an elec-
tron moving in the x-y plane (k | ¢) as an effective magnetic field.
Using the Lorentz transformation, the fields (E', B') seen by the
electron moving with a velocity v in the absence of external mag-

netic fields will be:

E' '/ W=E =0
T
E'J--'-' YV(E_L + Vv X B) = Ysz (‘4.2)
B, =B, =0
1l
Yy

B2L= Yo(B, - % xE) =~ — vxE,,
Ll e
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where the subscript || represents the field components along thne
direction of electronic motion,_L represents that a}ong the direction
perpendicular to the electronic motion, and
Yy = (1-v2/e2)71/2,
The coupling between electron spin'? and BZL produces a perturbation
to Hp:

H' ~ .C’I'B'.LOE B"Ez XV

H' = C(kx()y - kyOx) .\
Using Pauli matrices for oy and oy, the total Hamiltonian H = Hp + H'

will be
Alky? + ky’-) + Bkg? ~iC(kx = iky)

iClky + iky) Alkyg? + kyz) + Bkz?| . (4.3)
The electronic energy is obtained by solving
HY = e¥,
thus
2 2)‘/2.

2 2 2
e, = Alkx™ *+ ky") + Bky"™ = Clkx™ + ky

The last term in this equation is called the k=linear or finite slope
band crossing.term which comes from the spin=orbit interaction of
Bloch states. The k=linear term for excitons comes from the combined
k=linear terms of the conduction electron and the valence hole, The
k-linear coefficient ¢ of excitons is related to those of conduction

and valence bands by15

¢ = (Chmhl hr ] Cemel-)/(m m ) . (N.LI)

hp * Mep
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The existence of the k-linear term in the second valence band
I'7 has been used to explain the anomalous structure (shoulder)} near

Wr of the 1s DBmexciton in the reflectivity spectra in CdS.16 It is

also responsible for the three=branch polariton behavior in RBS near
the Bmexciton resonance with E J_ e, k J_ e due to the mixing of the
dipole allowed Iy state and forbidden Ty state.!? However, no evi-
dence for the k-linear effect in the 1s A-exciton has been reported

before the present work.
2. Theoretical Models for the Polariton Damping Y(w)

We have considered three contributions to Y corresponding to
different decay mechanisms of polaritons in attempting to determine
Y(w) from the measured linewidths. These are (i) a frequency-indepenr
dent damping constant Y, (ii) a decay via elastic scattering, and
(iii) damping due to the decay of the I‘ST(A) polaritons to r6(A) exci=
tons via a linear wavevector-induced mixing of states which 1s signi-
ficant only in the resonance region.

After making a theoretical model for Y(w), the complex wavevec-—
tor of polaritons k = k' + ik" can be calculated from the polariton
dispersion relation Eq. (1.13) while the RBS linewidth can bé calcus
lated from Eq. (1.29) and compared with our experimental data.

Model I, consisting of the frequency-independent Y, alone, is
the simplest approximation. Y, can represent both radiative recombi~
nation and nonradiative decay (impurity trapping etec.) because such

interactions oan scatter a polariton regardless of its wavevector or
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energy. The solid curve in Fig., 4.2(a) is the calculated best fit to
model I, with
Yo = (0.63 + 0.05) cm™™. (4.5)
Obviously, the steep increase of the linewidth just above W cannot
be explained by Y, alone.

Decay of polaritons via intrabranch elastic scattering by impur-—
ities and scattering by acoustic phonons can be taken into account by
including term (ii)} since the transition probability for such scatter=
ing is roughly proportional to the density of states at energy w if
the detailed w and/or q (q = kI - kS) dependence of the interaction

is neglected. Assuming that the energy difference between the initial

and final states in a scattering event is small enough (i.e., elastic

scattering or scattering by acoustic phonons is dominant ), and also
neglecting the anisotropy of the CdS wurtzite structure, the density
of states is proportional to k'h@z/[VG(w”. In model II we have in-

cluded both terms (i) and (ii) with a total Y(w) given by

' 2Py
- K'(w) GO
YW = Yo+ ¥, [ e ] e (4.6)

where k, = (wTEbl/z/c ) and V., = Vg(wp) have been introduced for
normalization purposes. Since the density of states for the lower
polariton branch is a monotonically inereasing function of- w, the
damping constant Y(w) and the Brillouin linewidth will thgrefore in-
crease with increasing frequency. Fig. 4.2(b) shows the best fit to

model II with the constants
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Yo = (0.12 % 0.01) em™
Y1 = (0.35 + 0.03) ca™" - . (4.7)
The Y(w) of Eg. (4.6) fits the observed linewidth better than Y,
alone, but is still not satisfactory.
It should be noted that if the intrabranch decay of polaritons

came primarily from acoustic phonon scattering which conserves

energy and momentum, the second term of Eq. (4.6) would be'l

Yi(w « S |To()|* &(fw-Aug-iela]) dg  « k'(w)? (4.8)

instead of k"(w)*/|Vg(w)|. However, since k'(w)? increases more slowly

than k'(w?/|VG(w)|, the linewidth calculated using Eq. (4.8) was
found to give a worse fit to the data than that shown in Fig. 4.2(b).

Next, we consider the third term (iii) in Y(w). From symmetry
considerations, the kwlinear interaction can exist in the 1s A-exciton
states due to the 1"7 conduction band which will mix 1‘6(A) spin tri=
plet and I‘ST(A) spin singlet exciton states.{ In the presence of this
interaction, three modes must be included in the calculation: 1"5T(A)
and I‘6(A) excitons, and photons. Instead of the two-branch dispersion
curves given by Eq. (1.13), one then has three-branch dispersion
curves. From Egs. (2.23) and (2.33) the polariton dispersion is given

by
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| T5p(a)> | Tg(a)> | photon>

uxT+85k2r.iY/2ﬁw niek (Zﬂ(lowr)1/2

iek w6+B6k2.-siY6/2-—-w 0] =0 . (4.9)
(21ra0mT)1 /2 0 —eb+kzcz/u.)2

where Bg = n/2M, Bg = R/2Mg, wg = wp—lst, wg, Mg and Yy are the
resonance frequency, effective mass and damping constant of the 1‘6(A)
state, and we assume M6 =M, Yg =Y, e'p = ep, Ast is the frequency
difference between the singlet FST(A) and triplet 1‘6(A) exciton
states at k = 0, and e = ¢,/K, ¢, is the coefficient of the k-linear
interaction. In the following calculation the values of f,he relavent
parameters are taken from Table 1.2. Eg. (4.9) can be solved as a
function of real frequency w by reducing it to an eigenvalue problem
with respect to the complex wavevector k as we described in Chapter
2. Fig. 4.3 shows the dispersion curves for the three branches T FB
and FY' the last of which is almost the same as the usual upper pol-
ariton branch 1 in the two—branch model of Eq. (1.13). These curves
for k'(w) are insensitive to the damping constants Y, which has been
taken as 0.5 cm™! in the calculation leading to Fig. 4.3.

Since the T¢(A) frequency g at k = 0 is 1.6 em™! _b__e_agv_ the

I'gt(A) exciton, the lower two branches would cross at »,, = 20594.0

cr
cm™!, but the k—linear interaction converts this to an anticrossing.
Most polaritons are created on the I‘B branch for w > wer and on the

Iy branch for w < wep because F6 excitons do not couple to photons.

To first approximation, we neglect the upper polariton branch [‘Y and
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consider the mixing of r6 excitons with lower-branch PST polaritons

(

r52). Since the exciton strength function A,, = 17in the resonance
region,10 the k-linear interaction between these two branches is
still iek. Thus in terms of the unperturbed wave functions IFSQ(A)>
and |r6(A)>, the Schroedinger equation can be written
g o~ -iek Cs
= 0. (4.10)

iek UJ6-Q) C5

which gives eigenvalues

| EAU |
N'n—

%f%-r%f%y

T + (ek)?

-

(w- ~w.)?
0y = =5 +[ Sp"u 6 +(ek)2] (4.11)

and eigenstates
IFQ(A» = Cys lFSR(A» + Cqe |r6(A)>
[Tg(R)> = Cgs [T, (A)> + Cge |T((A)> (4.12)

with

AL e?k?
I °"s| T (g —wg)® + e%k?

Cael? = ek (4.13)
l BGI (wB - w6)2 + e?k? T

giving the fraction of F6 in the mixed Ty or rg states. This'r6 part
of the polariton can decay to other states on the r6 exciton branch
via successive interactions with acoustic phonons or defects. Thus,
the wavevector-induced interaction can open an extra decay chaﬂnel

for the PS& polaritons with o = Wop ¢ In the present chapter, we



= 82 =
consider the result of the mixing of F5T polaritons and Ty excitons
to be an additional broadening of the Brillouin components. In
Chapter 6 we will report on high resolution experiments at super-
fluid helium temperatures where the linewidths are considerably
reduced. We will then show that the effect of the mixing is to split
the components into two resolvable sub—components. In view of the
simplified model adopted here, for w < wep we approximate the energy

difference [w6 ~wy] by OE = - wy calculated at k'(w) of the unp-

“8
erturbed lower-branch polariton FBZ (see Fig. 4.3 ) and take Y «

ICaslz. For w > wer, We approximate the energy difference le - ‘*’6'

by 6E and take Y « |Cge|% We then use the following form for the

total damping constant Y(w) {(model III )

ol 'Y k(w)|?
Y = Yo sy, [KIG]] TGO | e NN
’ ' [ 0 Ve (w) T2 S T |ek(w > -
The three terms on the right hand side in Eq. (4.14) correspond to
the three decay mechanisms (i), (ii) and (iii) discussed earlier in

this section. The solid line in Fig. U4.2(c) is the best fit to Eq.

(4.14) with

-2
<
]

(0.24 + 0.02) cm™!

=2
)

= (0.09 + 0.01) em™! (4.15)
Y, = (2.7 + 0.3) em™ |
e = (2.9 + 0.3) x 10" cm/sec .
It is seen that the frequency-dependence of the Brillouin
linewidth including the rapid increase near wgp is fitted well by the

model III Y(w) of Eq. (4.14). The two peaks which appear in both theo-
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retical and experimental linewidths represeht the increased damping
when either the incident or scattered polariton frequency coincides
with the frequency of the strongest mixing, wgp,

Using the parameters determined from the Stokes spectra [given
in Egs. (4.5), (4.7) and (4.15)], the anti-Stokes linewidth was calcu-
lated for‘ﬁhe tﬁree models for Y(w) discussed above. The calculated
linewidths are shown by the solid curves in Figs. 4.4(a), (b) and (c).
Again, the frequency independent damping constant Y, of model I
[Eq.(4.5)] or the Y(w) of model II [Egs. (4.6) and (4.7)] give poor
fits to the data while model III [Eqgs. (4.14) and (H.15)] agrees rea-

sonably well with the measured linewidth.

§,3. Discussion and Conclusions
1. Lifetime of Polaritons

The damping constants Y(w) found from fitting the RBS linewidth
data to models I, II and III are plotted in Fig. 4.5. Let us compare
these results to polariton lifetimes obtained from luminescence
experiments. in their luminescence experiment, Wiesner and Heim
excited polaritons with a picosecond laser pulse at 457.9 nm (21,839
em™! ) which was well above wr , and measured the exponential decay
of the luminescence at various energies.7 Their result, reproduced in

Fig. U4.6(b), shows that in the viecinity of Wp, Ty, lhcreases with

decreasing frequency from almost zero ( less than the experimental
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resolution of 0.3 ns ) up to about 3 ns for observation frequencies
below wp . This increase of Tyum Nas been attributgd to the onset of
the bottleneck effect in polariton decay.

Sumi made a numerical evaluation of the polariton lifetime to
explain the intensity ratio of zero~phonon and onesLO=phonon lumines=
cence.!” His result implies that T = 10~° to 107'° seconds with a
maximum of about 1 ns at frequencies several cm™! below mT .

In contrast to the long lifetimes measured by luminescence, t(w)
= 2/Y(w) determined from the present RBS experiments, as shown in
Fig. 4.6(a), is about two orders of magnitude shorter.18 The experi-=
mental linewidth of RBS in GaAs has been r'eported1 to increase from

about 0.02 cm™! to 0.3 em™! which is similar to our results for CdS.

The difference between t1; = and tggg could be attributed in
part to the fact that 7t... is the lifetime of a polariton created

directly at a specific w and k, while - is a net lifetime deters=

lum
mined by the balance between polaritons entering and leaving a par-

ticular energy range. Thus, =t includes the sum of the contribu-~

Jum

tions of all decay paths which produce polaritons in states with a
given w. Another important difference between RBS and luminescence
lifetimes is that a polariton that undergoes elastic scattering which
changes the difection of k without changing w can still contribute to
luminescence, but not to RBS. In RBS, the initial and final states are
specified and any polariton scattering processes, including elastic
scattering from defects, internal stress etc., reduce the RBS life-

time.
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Recently, Askary and Yu measured CdS luminescence by a method
similar to that of Wiesner and Heim and found that there are two
lifetimes, Teast and TSlOWf?g However, their Teast 18 still several
tenths of a nanosecond and is much longer than Tagg - When the elasn
tic scattering rate [the second term in Eq. (4.14)] is dominant, i.e.
when relaxation between states of the same energy occurs much
faster than other relaxation processes, TRBS can be much shorter
than Ty g However, our result [Eq. (4.15)] for Y(w) indicates that
processes other than elastic scattering also contribute significantly

to TRBS. Therefore, the origin of the large difference between TRBS

and T is not yet clear.

lum

In spite of the difference in magnitude between the two lifen
times, TRBS also shows an increase of lifetime with decreasing w near
Wy corresponding to the onset of the bottleneck effect for lower
branch polaritons due to the rapid change in the density of states.
It should be noted that in luminescence experiments the lifetime is
too short to be measured for frequencies w > wp , while RBS 1line
broadening is measurable in the region between W and wp, , which is

important for the ABC problem.
2. Linewidth Expression in RBS

So far we have assumed that the RBS linewidth is given by Egq.
(1.29) with k determined by Eq. (1.13). Dervisch and Loudon have shown
that if phonon reflection at the crystal surface is taken into

account, the lineshape of RBS cannot be a simple Lorentzian and
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should be a skewed Lorentzian instead.?0 According to their result
and its extension by Tilley to the case of RBS via exciton polaris
'cons,21 the linewidth is still given by Eg. (1.29) if the interference
between scattering involving different polariton branches can be
ignored. Since the LA 2-2' peak is well isolated from other compo-
nents and no lineshape distortion was observed, we believe that the
linewidth formula Eq. (1.29) can still be used for this case.

In Eq. (1.25), we have also neglected the frequency dependence
of the transmissivity T(w) when we calculate the linewidth. Actually,
T(w) changes considerably between wr and wy, depending on the ABC.
However, numerical evaluation10 for different ABCs shows that a
change of 50% in T(w) occurs over a frequency range of at least 5
cem™! which is much larger than the typical Brillouin linewidth (less
than 0.5 cm~! ). Therefore the frequency-dependence of the transmis-
sivity and the ABC which determines it have little effect on the RBS

linewidth.
3. Wavevector=Induced Mixing of Exciton States

For k = { k, 0, 0 ), wavevector=induced mixing involving A and
B-excitons in CdS can occur in the following cases:22 (i) between A
and B-excitons, g (R) énd I1(B) (where L means longitudinal) as sug-
gested by Hopfield and Thomés,23 or P6(A) and FS(B” (ii) among dif-
ferent B-exciton states, T5r(B) and T(B), or IsL(B) and Ty(B) which

was treated by Mahan and Hopfield;16 (iii) among the Asexciton

states, FST(A) and Tg(A), or F5L(A) and Tg(A). The effect we have con-
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sidered in section 4.2 corresponds to case (iii). Although this case
was suggested as a possible explanation for magneto~luminescence
observations in the configuration E | ¢ and H Ir e,24 no explicit
evidence for k=linear interaction among the A—exciton states has been
reported before the present work.

Our result for the krlinear coefficient of the A-exciton in CdS
agrees reasonably well with the value determined from the litera=
ture. Recent spin=flip Raman scattering experiments by Romestain et

al?> gave the k=linear coefficient of the P7 conduction band as Cg =

=10 :
1.6 x 1071 oy cm, while the F9 symmetry of the valence band requires
that its k=linear coefficient vanishes, i.e. Chp = 0. Thus the k=

linear coefficient of the A-exciton is given by [see Eq. (4.4)]

by = (ChAmhj\: = Cemg )/(myt + mg ) (4.16)

oLl e

Using m_ = = 0,21 m,,

L

mhA = 0.70 m,, we obtain
L

|¢A| = 3.6 x 107" eV cm. h.17)

which agrees within a factor of two with our experimental result
|¢A| = Re = (1.9 = 0.2) x 107! eV cm. (4.18)
It should be noted that the kxlinear effect for the A~exciton is

about 30 times weaker than that for the Bﬁexciton15

and corresponds
to an effective magnetic field of only 3.6 kG, This is too small to

cause any observable splitting of exciton levels or reflectivity ano-
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malies under our present experimental conditions. However, it is big
enough to cause significant line broadening of the Brillouin compo=

nents in the vicinity of wgp.

In conclusion, we have shown that the RBS linewidth measurement
implies that the phenomenological damping constant Y(w) depends on
frequency in a rather complicated way, as given in Eqgs. (4.14) and
(4.15). In order to explain the sharp increase of the linewidth above
the exciton resonance frequency wp , the decay of r5T(A) polaritons
to F6(A) exciton states via the wavevector~induced interaction has

been proposed.
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Chapter 5. BRBS Linewidth
in a Weak Magnetic Field:
Direct Evidence for the k=Linear Effect

in the A=Exciton of CdS

The purpose of the experiment presented in this chapter was to
further test our model for the frequency-dependent exciton=polariton
damping given in Chapter 4 and to give direct evidence for the k-

linear effect of the A-exciton in CdS.

5.1. Theory

1. Equivalence of Ky and By:

From Table 2.1, we see that the k=linear term for an electron

(or exciton) moving along the x=direction is equivalent to a magnetic

field along the y-~direction. A simple perturbation derivation can

reach the same conclusion. Consider an electron with k = (k,O;O), for

example, We obtain its wavefunction by solving the Schréedinger Equa=
tion HY = E¥ with H given by Eq. (4.3):

Y = 272 [|a> & (ik/[k]) |82, (5.1)

where |a>, |B> represent the spin-up and spin-down states, respec-

tively. Suppose one applies an external magnetic field B = (O,By.O)
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the energy shifts will be
Ae, = <y,| 2up(S « B)/R |Wi>
= l:lOBy <Yyl oy |¥p

=+ NoByk/[kl , (5.2)
1f we choose By to meet the condition

Ae, : ,C|k| =0

pOBy = =~ Ck , (5.3)
then the additional energy terms due to the k-linear interaction and
the external magnetic field will cancel each other. Note that the
former is the interaction between the electron spin and an effective
magnetic field due to the crystal field seen by the moving electron,
and the latter is the interaction between the electron spin and the

external magnetic field.
2. RBS linewidth in a weak magnetic field

Suppose the wavevector of the incident polaritons is along the
x—~direction and that of scattered polaritons along the =-x-direction,
and an external magnetic field By is applied in the y=direction, as
shown in Fig. 5.1(a). Based upon the equivalence between By 'and kKx»
we may derive the polariton dispersion equation from Eq. (5.9) with

(ek) replaced by (ek + uBy), i.e.



| r5TCA)> | re(a)> | photon>

wT+]35k2-i Y/2=w wi(ek+uBy) (2 naOmT)1 /2

i(ek+uBy) wg+Bgk ~1Ys/2=u 0 =0. (5.4
(21ra0 “’I‘)1 /2 0 =eb+kzcz/w2

It is clear that a positive By Wwill enhance the k-=linear mixing of
incident polaritons (k > 0) and cancel that of scattered polaritons
(k < 0), thus the polariton dispersion curve becomes asymmetric, as
illustrated in Fig. 5.1(a) for By = + 4.8 kG. The calculated polariton
dispersion curve for By = = 4,8 kG will be the mirror image of the
curve in Fig. 5.1(a), as shown in Fig. 5.1(b). Following the same pro-
cedure as in Chapter 4, we obtain the exciton—-polariton damping in

the presence of a magnetic field:

2
z 2 ' ek(w) + uB
Y=Y, + Y, k'k(w) VVGO + Y, I yl . (5.5)
o | ¢t E(w? + [ektu) + 3y [°

Fig., 5.2(a), (b), and (c) show the calculated damping constants for
incident polaritons (solid lines) and scattered polaritons (broken
lines) vs. incident laser frequency for By = *+ 4.8 kG, = 4.8 kG and 0,
respectively. Using Egs. (5.5), (1.13), and (1.29) we can calculate the
RBS linewidth in the presence of a magnetic field By. Fig. 5.3 shows
the calculated Stokes LA 2-2' linewidths vs. incident laser frequency
for By = + 4.8 kG (solid line), By = = U4.8 kG (broken line), and By =

0 (dotted 1line). The main new feature of Fig. 5.3 is the cut-off of
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the maximum of the linewidth at @gp (20594.0 em™) for By = = 4.8 kG
and at 20601 cm™' for By = + U4.8 KG.

In the region of w; the third term in Eq. (5.5) dominates

= Weps
and the damping constant depends critically on how far the frequency
is from wpp, Since the scattered frequency &g is about 5 cm™! below
mcr in the Stokes LA 2-2' scattering events, the main contribution to
the RBS 1linewidth will come from the incident polariton damping YI
which is greatly reduced in the case of By = = 4.8 kG. We should be

able to observe line narrowing for By = = 4,8 KG (compared to the

case of By = 0) at Wp = Wope

5.2. Experiment

The experimental configuration was the same as that shown in
Fig. 3.1 except for the additional use of a magnet. The Kr-laser-
pumped single-mode cw dye laser (Coumarin 102 dye) provided the inci=
dent light of 8mW power with both E and k perpendicular to the cry=
stal c-axis. Backscattered light was collected and analyzed by the
triplewpass Fabry=Perot interferometer followed by the double grat-
ing spectrometer. The free spectral ranges (FSR) used were 6.5 cm=!
and 4.0 em®! which gave resolutions of about 0.1 em™! and 0.06 em™t,
respectively.

The sample used in this experiment was numbered CdS 21Jf We
found that sample quality was quite different for samples even from

the same source. The crystals which gave weaker and broader RBS sig=
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nals and/or stronger luminescence were considered of poorer quality.
Good quality samples also deteriorate after long=term laser illumi-=
nation and/or many temperature cycles. Contamination of the sample
surface also affects RBS linewidth and intensity. Thus selection of a
good quality sample and thorough cleaning of the sample surface were
critical for our experiment. Our crystals were immersed in Toluene
and placed in an wultrasonic c¢leaner which gave reproducible RBS
linewidth data. In the absence of magnetic fields, our crystal CdS
21J showed RBS linewidth behavior similar to the crystal CdS 21E-2 in
Chapter 4 for both geometries shown in Fig. 5.4(a) and (c).

The sample was attached to the cold finger of the Cryotip
liquid~helium cryostat (AIR PRODUCT AND CHEMICALS, model LT=#3=110)
which gives T ~ 12 K. The Cryotip was mounted in the center of a 13
KG electromagnet (MAGNION, model L~128A, 12 inch). To avoid mechani-
cal drift due to the magnetic field, it was crucial to eliminate mag-
netic materials inside the cryostat system. To obtain the scattering
geometry with By < 0, we turned the crystal upside down as shown in
Fig. 5.4, instead of reversing the direction of the magnetic"field
which is technically difficult,

We have measured Stokes LA 2-2' linewidths for By =0, = 4.8 kG,

and + 9.6 kG. The observed Brillouin shifts were independent of the

1

applied magnetic fields and agreed well with our previous data, no
Zeeman shifts being observed due to the relative weakness of the
magnetic field. However, Brillowin linewidths for different magnetic

fields showed very different behaviors in the region around Weps
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Fig. 5.5(a), (b) show zero-field Stokes LA 2~2' linewidths vs.
incident laser frequency for two different geometries as shown in
Fig. 5.4(a) and (c), respectively. Due to the symmetric structure of
the polariton dispersion curves for k > 0 and k < 0, both geometries
showed the same linewidth behavior, as expected.

Fig. 5.6(a), (b) show the observed Stokes LA 2-2' linewidths vs.
incident laser frequency for By = & 4.8 kG, respectively. Significant
differences in the region around uwgp were observed clearly and repe-
atedly which agreed with cur theoretical prediction. Both line nar-=
rowing for By = = U.8 kG and broadening for By = + 4.8 kG were
observed due to the cancellation or enhancement of the k=linear
mixing by external magnetic fields as shown in Fig. 5.7 for Z’I =
20592.0 cm‘-‘.' At the higher frequencies %y > 20598 em™', the repeata-
bility became poor and the data were severely scattered. Similar
features were observed for Stokes TA 2-2' linewidths, as shown in
Fig. 5.8(a) and (b), although not as clearly as with the LA~component.

Figs. 5.9(a) and (b) show the observed Stokes LA 2-2' linewidths

for By = + 9.6 kG, respectively. When wr = w,, and By > 0, the lower

r
and middle branches of the incident polariton have comparable oscils
lator strengths. However, since the frequency of the scattered pol-
aritons is abo.ut 5 cm™!' below K’cr‘ in the Stokes LA 2-2' scattering
events, only the lower branch of the scattered polaritons has signi=
ficant oscillator strength. Thus when By is sufficiently large to
cause the separation between the lower and the middle branches of

the incident polaritons to be resolvable, a double peak should be

observed, one due to Stokes LA scattering from the incident middle
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branch to the scattered lower branch and the second from the inci-
dent lower to the scattered lower branch. We did‘obser've this line
splitting around Wop for By = + 9.6 kG, as shown in Fig. 5.10. As wy

is increased through w the relative oscillator strength of the

cr?
lower branch to the middle branch of the incident polaritons will
decrease, and correspondingly the intensity ratio of the peak at the
lower frequency side to that at the higher frequency side should
also decrease. Again this is what wWe observe, as shown in Fig. 5.10.

When By = - 9,6 kG, once again, line narrowing was observed around

w,, as seen by comparing Fig. 5.5(b) and Fig. 5.9(b).

5.3. Discussion and Conclusions

According to Eg. (5.5), it is the combined effect of the k-linear
interaction and the external magnetic field which dominates the RBS
linewidth in the region around w,, via the third term in Eq.' (5..5).‘ If
the krlinear effect were absent, the RBS linewidth would show the
same behavior for magnetic fields of the same magnitude and opposite
directions; thé existence of the k-linear interaction (as well as the
crystal field in CdS) makes the + ¢ directions of the crystal inequi=
valent. The large differences between Fig. 5.6(a) and (b) clearly
demonstrate the existence of the k~linear interaction in the A-exci-

ton states in CdS.
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To estimate the k=linear coefficient of the A-exciton in CdS

from our present experiment, we notice that Fig. 5.6(b) (By = F ut8

kG) and Fig. 5.9(b) (B, - - 9.6 kG) show the same narrowed linewidths

around w,. j.e. the net mixing effect due to the cancellation of the
k=linear interaction by the external magnetic fields have the same
magnitude in both cases which suggests that a reasonable value for
the effective magnetic field of the k-=linear effect in the A-exciton
of CdS is about 7.2 kG, from which we find
|¢A| = (3.8 £+ 0.4) x 10 " eV cm. (5.6)
which is twice as large as the value we deduced frqm our analysis of
the zero-field RBS linewidth [Eq. (4.18)1.2 A more accurate determi-
nation of ) will be presented in the next chapter.
The splitting of the Stokes LA 2=2' component around Wop in a
magnetic field of By = + 9,6 kG further verified the kzlinear effect
of the A-execiton in CdS. This splitting ranges from 0.1 to 0.3 cm™!

when By = + 9,6 kG, which could be used to determine some important

parameters of the Ar~exciton in CdS quantitatively.

In conclusion, we have shown that our model for the excitonm
polariton damping constant in the A=-exciton region of CdS, as given
by Egs. (4.14).and (4.15), can explain RBS linewidths .for different
magnetic fields quantitatively. In particular, we have given the first
direct evidence for the existence of the k-linear interaction of the

=exciton in CdS. Our model is valid only for weak coupling cases as

seen from the perturbation calculations we performed.
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Chapter 6. RBS Experiment
at SuperfluidsHelium=Temperature:
Direct Observation of ThreewBranch Polariton

Dispersion in the AsExciton of CdS

All the RBS experiments in the 1s A-exciton of CdS reported so
far were well interpreted using a two-branch exciton-polariton
model. In Chapter 5, however, we gave direct evidence for the exis=
tence Of the k-linear interaction among the 1s A-exciton states and
showed that RBS line=splitting could be observed if this interaction
was properly enhanced by an external magnetic field comparable to it
in magnitude. This fact reveals the possibility of directly observing
three-branch polariton behavior in the A-exciton of CdS by further

improving the instrumental resolution in our RBS experiment.

On the other hand, the exciton-polariton lifetime deduced from
our RBS linewidth measurement at liquidshelium~temperature in CdS
was about two orders of magnitude shorter than that obtained from
luminescence ekperiment at T = 1.6 K.1 Moreover, in a preliminary RBS
experiment in CdS, Flynn and Geschwind2 reported that Brillouin
linewidths were much narrower if the samples were immersed in a
helium bath at T = 1.4 K. The discrepency between owur result and
Refs. 1 and 2 strongly suggested, besides the other possible reasons,

significant temperature-dependence of exciton~polariton lifetime at
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low-temperatures. Performing RBS at superfluidshelium—temperatures
may help to reduce RBS 1linewidth and resolve thg expected three-
branch polariton behavior in the Arexciton of CdS. The main motiva-
tion of the present research was to verify the temperature-depen=
dence of polariton lifetime and directly observe three-branch polari-

ton dispersion in the A=exciton of CdS.

6.1. Theory

Wannier excitons in semiconductors = mobile excitations formed
from a conduction electron and a valence hole » are represented ide=
ally by simple parabolic dispersion curves. In practice, however,
their dispersion curves are much more complex due to interactions
between excitons as well as between excitons and other excitations
such as photons. In Fig. 6.1 these interactions are illustrated schen
matically for the A-exciton in CdS. In Fig. 6.1(a), the coupling of
the dipole-allowed I'yp exciton and the photon produces a two-branch
exciton=polariton. In Fig., 6.1(b), the kmlinear interaction between
the F5T exciton and the dipole-=forbidden r6 spinmtriplet exciton pro-=
duces mixing and level shift. In Fig. 6.1{(c), both interactions'are inw

cluded simultaneously, leading to a three-branch dispersion curve.

The A~exciton series in CdS is formed by the Coulomb~coupling
of an electron in the lowest conduction band r7 for which symmetry

allows a krlinear term in the energy of the form Cequ. and a hole
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in the top valence band Ty for which a k-linear term is symmetry=
forbidden. For k _L ¢ and in the limit k = 0, the four 1s A=exciton
states are characterized by the symmetries r5T- sy Tg, and Tg in
which only T.. is dipole-active for E | c. The k-linear term Ceke_l_ in
the conduction band electron energy leads to the k-linear term ¢Ak.l_
in the A-exciton energy via Eg. (4.16) with ChA = 0 due to the Ig

symmetry of the top valence band in CdS.

From symmetry considerations3 the k=linear interaction may mix
FST and I’6 states at finite k. The oscillator strength will be transn
ferred from the dipole~allowed state I‘5T to the dipole-forbidden

state Ty, The polariton dispersion resulting from the two hybrid

dipole-~active exciton states will be gilven by

| T5T(A)> | Te(A)> | photon>

wT+BSk2-—iY/2=m =iek (2"0‘0“’1‘)1 /2

iek w6+B6k2’iY6/2’—“’ 0 =0, (6.1)
(Zﬂaou,r)1 /2 0 :eb+k202/w2

where e = ¢p/H, By = R/(2M), Bg = ﬁ/(2M6), wg = wp = Asts M6. and Yg
are the exciton effective mass and damping constant of the .116 state,
Asy is the frequency difference between 1‘5 and Tg states at k = 0.
Fig. 6.1(c) shows the calculated three-branch polariton dispersion
curves of the A-exciton in CdS at T = 1.9 k due to the Kk=linear

mixing between lzp and Ty exciton states using Gp = 20591.0 em™!, Pa
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= 2,7 x 1071 eV cm, determined from the present experiment as
described below. The remaining parameters were directly taken from
our previous experiments, as given in Table 1.2. The resulting three-
branch behavior, shown in Fig. 6.1(c¢), implies that an incident photon
at a frequency above w can create three propagating modes in the
crystal with the same frequency but different wavevectors. Thus in
place of a single Brillouin component (which becomes four components
in the two=branch polariton picture of Fig. 6.1(a)), a maximum of nine
Brillouin components can arise from all inter~ and intra-branch
scattering processes. In particular, a 2%2' Brillouin component in the
two~branch picture of Fig. 6.1(a) can split into 4 components in the

three=branch picture of Fig. 6.1(c).

Since the k-linear interaction in the A-exciton 1is relatively
weak, wWe could approximate the content of Eg. (6.1) as coupling
between the Tgr exciton and the photon producing the two-branch pol-=
ariton shown in Fig, 6.1(a), followed by coupling between the Te
exciton state (which is BAg¢ = 1.6 cm™ below Iyp state) and the lower
branch PSR of the P5T polaritons producing the three~branch peclari-=
ton of Fig. 6.1(c). The k-linear mixing, as well as the oscillator
strength transfer, will only be significant in the vicinity'of the
crossing point (mcr = 20596.2 em™! for T = 1.9 K) where ;hese two
excitations would be degenerate in the absence of the k=linear term.
Most polaritons are created on the middle branch for w > Wop and.on

the lower branch for w < w Around w

ore both branches have compar-

cr?

able oscillator strengths. Thus, three~branch behavior will be most
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likely observed in RBS when w; and/or wg fall in the vicinity of wgp.

6.2. Experiment

The experimental configuration was the same as that shown in
Fig. 3.1. A Kr-laser-pumped single~mode cw dye laser (coumarin 102
dye) provided the incident light of 8 mW power with both E and k
perpendicular to the crystal c-axis. Backscattered light was col=
lected and analyzed by a triple-pass Fabry-Perot interferometer fol=
lowed by a doublesgrating spectrometer. The free spectral range
(FSR) of the.interferometer employed was only 1.0 cm™! which gave a

very high resolution of about 0.015 cm=l,

The sample used in this experiment was a vaporsgrown singles
crystal platelet (numbered 21N) obtained from the same source {(Gen-
eral Motors) and giving the similar RBS spectra at liquidr-helium=tem=

perature as those used in Chapters 4 and 5.

The sample was mounted in a liquidwhelium dewar (JANIS, model
DT) equipped with a carbon-glass temperature sensor (LAKE SHCRE,
model CGR~1-1000, working current 10 upA, temperature calibration
range 1.4 = 20 K). In order to obtain superfluid=heliumntemperatures
(below T}‘ = 2.17 K), we used a mechanical pump (WELCH, model 1397,
pumping speed 425 1liters/min.) to continuously evacuate the sample

space of the.dewar. We first opened the needle valve fully to let
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liquid helium flow into the sample space from the helium reservoir,
then shut the needle valve partially to obtain the lowest superfluld
temperature in our experiment (~ 1,75 K)., The temperature in the
sample space was then controlled by gradually opening up the needle
valve., We chose our working temperature T = 1.9 K as a compromise
between continuous operation without refilling the sample space and
maintaining a stable swuperfluid state. The helium consumption was
about 2 liters per hour, doubles that required for maintaining normal
liquidjheliumntemperature (4.2 K). When the superfluid-helium=temper=-
atures were reached, the bubbles in the liquid would suddenly disapw
peared and the liquid-helium became completely transparent (refrac-—
tive index n = 1) which allowed performance.of light scattering with
samples immersed in the helium bath. To reduce vibrations caused by
the big pump, it was crucial to mechanically fix the entire dewar and
pump system rigidly. An exhaust filter was needed to eliminate oil

vapor produced by the pump operating continuously at high throughput.

The measured Brillouin shift of the Stokes LA and TA 2-2' com~
ponents in the two;branch polariton model is shown by the solid dots
in Fig. 6.2. The solid lines were calculated using the values given
above. The excellent agreement between them shows that the.exciton

parameters €hs Yqa, and M are insensitive to temperature while ET is

about 2.2 em™! higher than that at T = 4.2 K.

When wr was increased from below wp, both Stokes LA 2-2' and TA

2=2' components underwent resonant enhancement and linerbroadening,
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as was previously observed at liquid-=helium~temperature. However, as

w; approached w,,. , each Stokes 2-2' components split into two peaks

c
(LA » Ly + LB' TA + Tq + TB)’ where Lg (or Tg) is due to Stokes
scattering from lower branch to lower branch (3=3'), and LB (or Tp)
from middle branch to lower branch (2-3'). The spectra are shown in
Fig. 6.3 while the splitting is shown schematically in the inset of
Fig. 6.2. Note that the kr-linear mixing occurs only near W, and the
Brillouin shift in this region is relatively large ( greater than 2
cm=! for Stokes LA and TA 2-2' components). Therefore wr and wg
cannot fall in the region of significant mixing simultaneously, so we
only observed double peaks rather than the quadruple peaks allowed
by theory. This splitting is only observed in the narrow regiocn of
frequencies near w,. where both branches 2 and 3 have significant

oscillator strength.

As W is increased through w the relative oscillator strength

cr’
of the lower branch to the middle one of the incident polaritons
decreases, and correspondingly the intensity ratio of the peak at the

lower frequency side (L,, T,) to that at the high frequency side (Lg,

TB) should also decrease, as we see from Fig. 6.3.

The spectral splitting of the Brillouin components is very sen-
sitive to the value of ¢,. Fits of the theoretically predicted split-
ting to our data yielded

$p = (2.7 £ 0.3) x 107! eV cm . (6.2)

Fig. 6.4 shows the observed Stokes LA and TA 2-2' spectral splitting
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(solid dots) and the best fit result (solid lines).

Fig. 6.5(a) shows the measured Stokes LA 2s2' linewidth vs. inci-
dent laser frequency at T = 1.9 K. The general features of the
linewidth curve, including the line=broadening in the resonance
region, are similar to those at liquid~helium=temperature reported in
Chapter 4, However, the magnitude of the line-broadening is about 10
times smaller than the latter. We have previously proposed that the
polariton damping constant Y(w) should include three contributions:
(1) a frequency-independent term Y, (2) a frequency-dependent term
representing polariton decay via intrabranch elastic scattering, and
(3) a term describing the apparent line broadening (unresolved three
branch behavior) due to the k=linear interaction. Since we have now
resolved the individual Brillouin components in three—branch picture,
the third term is no longer necessary. We therefore fit the data in

Fig. 5(a) to:

2 :
] K] [ 6o
T [ o ] [VG(“”J ' o

The best fit, indicated by the solid line, corresponds to:

(0.029 + 0.003) em™!

?
[

<
I

(0.012 £ 0.001) em™* . (6.4)

+

1

The frequency-dependent polariton damping constant Y(w) of Egs. (6.3)

and (6.4) is plotted in Fig. 6.5(b).
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6.3. Discussion and Conclusions

The k-=linear coefficient 95, as given in Eq. (6.2), is the first
accurately measured value and agrees with our previous results [Egs.
(4.18) and (5.6)] within a factor of 2. Using mel = 0.2 m, and mhlj_=
0.7 m, (see Table 1.2), with Cpy = 0 in Eq. (4.16), we find Ce = 4.25
¢y = (1.2 £0.1) x 107*° eV cm, in good agreement with the value 1.6 x

10 ='° eV em found for the conduction band by Romestain et al.u

Since the kwlinear coefficient of the Asexciton is about 20
times smaller than that of the B-exciton in CdS,S the three-branch
behavior of the Asexcitonmpolaritons has the following features: (a)
The spectral splitting in the 2-2' RBS events is relatively small (~
0.1 em™ for Stokes LA and ~ 0.05 cm™ ! for Stokes TA component).
Three—-branch behavior was never observed before due to the limited
instrumental resolution available and/or line-broadening due to
higher temperatures. (b) ksLinear mixing is significant only in the
vicinity of W,p; double peaks rather than quarduple ones should
result for 2-2' Brillouin components when W Or wg but never both,
falls in the region of significant mixing. The Agexcitonmpolaritons

can essentially be described within the framework of a two—branch

model except for a small region of ~ 2 em™! spectral range around

a’cr where both branches 2 and 3 have significant oscillator strength.

The excitonrmpolariton lifetime and the RBS linewidth are sensi=

tive to temperature for T < 20 K. Difficulties in the RBS linewidth
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measurement at "liquid-shelium-temperature" mainly arise from diffi=
culties in determining the actual temperature of phe sample, which
may be considerably higher than 4.2 X due to the poor thermal con=
ductivity between sample 1illuminated area and the temperature
sensor, and/or spatial inhomogeneity due to local heating effects by
the laser beams (the crystal is highly absorbing in the exciton reso-=
nance region!). The measured sample temperature, for instance, ranged
from 6 ~ 12 X in our JANIS dewar used in Ref. 5, or from 10 ~ 18 K in
our Cryotip used in Chapters 4 and 5. A reasonable estimate of the
average temperature corresponding to our previous RBS linewidth data
and polariton lifetime results would be ~ 12 K. In our superfluid=
helium=temperature experiment with the samble immersed directly in
the pumped liquid helium bath, the actual sample temperature was
known as T = 1.9 K. Therefore we conclude that exciton-polariton
lifetime in CdS increases by about a factor of 10 when the tempera=
ture is lowered from 12 K to 1.9 K. This partially explains the dis-
crepency between the polariton lifetimes obtained in our RBS experi-
ments and in Refs. 1 and 2. Other possible reasons may be sample-=
dependence of the polariton lifetime and inhomogeneous broadening due

to laser heating etc. which need to be further clarified.

In conclusion, we have given the first direct evidence for
threesbranch polariton behavior originating from the kmlinear inter-—
action in the A-exciton of CdS, and deduced a value for the coeffi=

cient ¢, in good agreement with the results of Romestain et al for

the coefficient Cg of the conduction band. We have also measured the
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frequency~dependent polariton damping at 1.9 K and shown that it

depends strongly on temperature below 20 K.
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Chapter 7. Generalized ABC

and RBS Intensity in CdS

T.1. Generalized ABC

Following the idea of Nakayama et al1, we present a generalized
version of the ABC including the surface potential (or dead layer)
effect. The dead layer was defined as an exciton—free layer at the

erystal surface by Hopfield and Thomas in 1963.2

1. ABC Imposed on the Asymptotic Excitonic Polarizations and

the Scattering length a.

Let P = Z P, represent the sum of the bulk (asymptotic)

excitonic polarizations of the internal motion of excitons. The ABC
imposed on P_ can be obtained from the scattering behavior of excis
tons at the crystal surface and written:

dP

e .
Pe+a—a-}—(—=0 at x=0, (701)

where the parameter a is the scattering length of the asymptotic
excitonic polarization at the surface and x is the coordinate whose

axis is perpendicular to the surface,
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Alternatively, we can rewrite Eq. (7.1) in terms of a complex

scattering (or reflection) amplitude S. To do s0 we assume
P, o [exp(=ikgyx) + S explikg,x)] 6(x) , (7.2)

where kex is the x-component of the bare exciton wavevector. From

-
- 2
Kex = [ ke 7 kell ]

1
4

Eq. (1.23) we have

2

~ k .
H (7.3)

it

where kll represents the components of the wavevectors of bare exci-

tons, photons, or polaritons parallel to the surface at x = 0. They
are all equivalent due to the phase matching requirement.
Substitution of Eq. (7.2) into Eq. (7.1) yields

1 +8 =1k, a+ iSk,a =0,

thus
ik _.a =
_ ex
S - "'R'————-—l exa - ] (7~L‘)
or
i S 1
a = — S—-t . (7.5)
kex S 1 ) . .

Note that generally both a and S are functions of w .

2. Evanescent Excitonic Polarization Wave and the Decay Length

b.
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Due to the surface repulsive potential (intrinsic dead layer
effect), exciton wavefunctions must be deformed near the surface.
This influence can be approximated as an additional exponentially
decaying evanescent polarization wave. Thus the total polarization

will be

- _z
P = Pe + A exp(r EJ .

Since the total polarization P should vanish at x = 0 which implies
A=~ P0),

thus

P = Pe - Pe(O) exp(= %J ’ (7.6)
where the parameter b is the decay length of the evanescent exci=
tonic polarization. It can be considered as an effective déad layer
thickness. Therefore the ABC imposed on the total polarization will

be obtained from Egs. (7.1) and (7.6):

P+ a %g; = Pe(o) (%-— j) at x= 0. (777)

3. Generalized ABC

In order to use ABCs directly in calculations, one should find
the corresponding conditions imposed on the electric fields associ=

ated with exciton polarizations. The Maxwell equations

- -1 3B
VxE S
aD

_ 1
VxH T 3t

together with



B=H
give
€ °E : yg °P
— 9= 4 ¥x (VxE)+ 9 -0, (7.8)
e® at? e at? -

If we neglect the common factor exp(:ik“-‘r'II = iwt) for all the field

quantities and show explicitly only the x=mdependence, the constituent

equation can be written:

P(x) = [ dx' xg(x,x") E(x") , (7.9)

where x.(x,x') is the excitonic susceptibility which can be derived
from the surface behavior of excitonic polarization given by Egs.
(7.1), (7.5), and (7.6). Therefore Egs. (7.8) and (7.9) can be solved

for self=consistent solutions of E and P after some algebra:

E(x) = Z E; exp(ikj,x) + Eg, exp(r-}é) (7.10)
i=t,2,L
P(x) = }_: Xy Ej exp(ikixx) + Pev exp(ﬂ%). (7.11)
i=1,2,L

and the relation among Ei and Eev are

‘ z f‘(kix) E; + £(ip™") Eev =0 . (7.12)
i=1,2,L

2
eb(ﬂ y 2
T Eoy * KeyX (Kgyk Egy) m i 1 TZz k) By = 0 (7.13)
=l

c
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Egs. (7.12) and (7.13) serve as a generalized ABC, where i = 1, 2, and
L for upper branch polariton, lower branch polariton, and longitudi-
nal exciton modes respectively, ki is the wavevector of the 1i'th
mode, but for the evanescent wave

s
kev = (kll, ib )s (7-1“)

and

2
- i:iz - ;_:_ . (7.15)
but for the longitudinal mode
€p
X(w,kL) == 77 (7.16)
and
£(Q) = oy’ ﬁ%; [ = ! o + ?2k+exs (5 jkéx "2 +7ib__1 )].(7.17)

4, Generalized ABC in Normal Incidence Case

In the normal incidence case, all E's are parallel and assumed
to be along tﬁe y~direction, all k's are parallel and along the x=
direction, and E; = 0, Thus Egs. (7.12) and (7.13) are reduced to

f(k1)Ex + f£(k2)B2 + £(ib™DE,, = 0 (7.18)

u 2 u 2 2 .
m wky) By = = X(wka) Ep + (g, or * DTIE = 0 . (7.19)

Eliminating E., from Egqs. (7.18) and (7.19), and using Eqs. (7.15) and
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(7.17), we obtain

aE;, + azE; = 0 at x =0 (7.20)
with
2
AW E
- [t e et
Wo i 7 K e i e Ky +ib”
M = b
Y ? 2
o a,Ww, 1
* z K25 27X
€ %.,.b-_-;z ﬁmo i 1ke
b ¢ M
§ 1 L 15 1 .1y
- 7.21
[(ib*‘)z—kz 2Ky b+ k 2ib=17 | . (7.21)
' _ e e A
When b = O we have
2
a Qoo 1 . g
i Ru, ki = Kg ki + kg
2Ky (=) -

which is equivalent to the simpler generalized ABC proposed by Zeyher

et al.3 When b = 0 and S = =1, 1 or 0, (i.e. a = 0, », or rEi—J. our
) ex

generalized ABC will be reduced to ABC 1, 2, or 3 respectively. This

can be seen easily if we rewrite the polariton dispersion relation as

. ) Mwaowoz 22)
i eb = ﬁ“o . (70
——— 2 . 2
(k,2 = ke?)

M i

7.2. RBS Intensity in CdS

1. Experiment
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The general features of the experimental apparatus, procedures
and conditions were already presented in Chapters 3 and 4, The inten-
sity data presented in this chapter were all taken at liquid-~helium=
temperatures (T ~ 12 K).

First we will show that although deconvolution is necessary for
obtaining real scattering profiles from raw spectra due to finite
resolution of the frequency analyser, the integrated intensity is not
affected by the analyser thus it could be measured directly from raw
spectra.

Suppose the real power spectrum of the scattered signal is f(w)
and the resolution function (trasmission) of the analyser is gl(w,w'),
where w' represents the central frequency of the transmmission of
the analyser which is scanning in time. Since the value of g(uw,w')
depends only on w-w', we rewrite glw,w') as g{wrw'). The transmmitted

intensity when the analyser is centered at w' will be:

({w') = J flw glwsw") do ,

-

and the total integrated intensity

It = I I(w') de' = [ dm'[ dw f(w) glu~w')

=300

=I dw £(w) f dw' glww').

S I

Since



G = J glww') dw' . (7.23)

e

is an wrindependent instrumental constant we obtain

J I{w') dw' = GJ f(w) dw , (7.24)

e o
namely, the total area under the intensity curve in the raw spectrum
is directly proportional to the real integrated intensity,

If a scattering component is well isolated from ‘the others,
(i.e. the frequency separations between it and its neighbours are
bigger than the apparent linewidth which is approximately equal to
the sum of the true linewidth and the width of the resolution funcs
tion) we can derive a relation similar to Eq. (7.24) for this particu-
lar component. In our experiment the separation between LA 2-2' and
TA 2-2' peaks is greater than 2 cm™~! while the apparent linewidths of
Stokes LA and TA 2-=2' are less than 1 cm™!, therefore the area under
each component in the raw spectra is indeed proportional to the real
integrated intensity of the component.

We calculated the RBS intensity by

FSR
It = A -5 R

) . (7.25)
where A is the averaged area (in square inches) of a Brillouin compo=
nent as measured several times with a planimeter, d is the'physical
distance (in inches) between two adjacent Rayleigh lines, R is the

full scale of the ratemeter used during recording with respect to a

standard value 1 x 10" counts/sec, and FSR is the free spectral range
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of the Fabry-Perot interferometer relative to a standard value 13.3
cm™!, .
Although the signal intensity was relatively reproducible during
each continuous performance of a RBS experiment, it changed consider-
ably from time to time due to thermal and/or mechanical instabili=
ties of the apparatus. We matched intensity data obtained on differ-
ent days by multiplying normalizing factors which were necessary for
obtaining a complete set of RBS intensity data.

The integrated intensity vs. incident laser frequency for the
Stokes LA 2=2' component is shown by the dots in Fig. 7.5. An inten-
sity maximum occurs at mls = 2058§ em™ and a shoulder at &, =

S

20596 cm~'. When w; > w,_, the intensity rapidly decreases with incre-

25?
asing laser frequency. The anti-Stokes LA 2=2' intensity data shows a
similar structure with a maximum at ’d)l = 20582 cm™! and a shoulder
as
- _ =1 : :
at W, s = 20592 cm™!, as seen in Fig. 7.8.

2. Theory
(1) Integrated Intensity

The integrated intensity of the Stokes LA 2-2' component is

given by Eq. (1.30) with i = j = 2, namely:
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2 2 1] | 2
w Azz(klz’ksz)l ‘Fo(kl;'ksz)
do TA 2
a—§=—'—"T‘—-’5T(w )T (w_ ) .
(2m)” (Be)” 2?2 1, S, VE (u& ) ,sz(ws )
2 1, 2
1
——— 1 +n : .26
U [ phonon(wI;wSz)] ) (7.20)
I, s,

The anti-Stokes LA 2-2 intensity 1is obtained by replacing

[1 * nphonon(m12 - msz):l by nphonon(m82 - u)Iz) in Eq. (7.26). The
explicit expressions for the relevant quantities in Eq. (7.26) are as
follows:u

The Bose-Einstein distribution of phonons is

1

(w) = (7.27)
phonon exp( Ru ) -1
K, T
B
The transmissivity of the branch-2 polaritons is
2
n;Y 2a1
Ty(w) = 5— — (7.28)
Y - 2Bw n)n? [a (1+ n) - a(l +n)| ,
where
C [o] ] " [¢] "
nz—;kz, n’=;k2, 2_-(;k2’ (7.29)
ﬁwo
B = (7.30)
Mc® -

The exciton strength function is
we(klz)me(k )

2
Wrig

1 1 1
D Ak kg ) = g Ak )E [T x Blkg Y2, (T.31)

where

2ntty_(kz) 20 n"(1 + Bn"™) |

— s _in
Y - 2Buw n;n'z' n, Y = 2Bw n;n'z' ’ (7.32)

Ak, =
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and we(kz) is a root of the equation

) 2 Ruw,

2 . )
W, T ouwg +‘M—k2 .1wey=o,

The exciton-LA phonon interaction kernel is

o
T R T )
Fe(a) = [’ZD‘GL‘A‘] Dy + D) = . (7.33)
The energy velocity of the branch=2 polaritons is
' 5 2Bw n" gl
2 2 -
I R R Lt AR

and the group velocity of the branch-2 polariton is
1
[dk;
Ve, = |qo| - (7.35)

(2) Affect of Y(w) on RBS Intensity

Detailed numerical calculations using Egs. (7.26) ~ (7.35) show
that the exciton strength function Azz, energy velocity VE2 and growup
velocity VGz are insensitive to Y(w), but k"(w) and T(w) depend
strongly on Y(w) in the exciton resonance region. Therefore the in=
tegrated intensity critically depends on not only the ABC, but also
Y(w).

Fig. 7.1 shows the calculated Stokes LA 2-2' intensity vs. inci=
dent laser frequency using the same ABC 1 but different Y(m). The
solid line corresponds to Y(w) given by Egs. (4.14) and (4.15) {(model
II1) while the broken line corresponds to a constant Y = 0.63 em#t

(model I). The two curves are different not only quantitatively, but
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also qualitatively. Therefore, without knowing the correct wndepens
dence of the polariton damping, one could not solve the ABC problem

through the analysis of RBS intensity data.

(3) Necessity of a Generalized ABC

Fig. 7.2 shows the calculated Stokes LA 2=2' integrated inten-
sity vs. incident laser frequency using Y(w) given by Egs. (4.14),
(4.15) (model III) and the three commonly used ABCs discussed in
Chapter 1. None of them agree well with the experimental data (solid
dots) which suggests that a generalized ABC with some adjustable

parameters is necessary to reproduce the observed intensity behavior,
(4) The Fit Result

Using the generalized ABC with adjustable parameters S = |S|
exp(i¢) (restrited to |S| £ 1.0) and b and different models for Y(w),
we fitted theoretical curves to our measured intensity data and
obtained the fit results as shown in Figs. (7.3), (7.4), and (7.5) for
Y(w) of our model I, II and III, respectively. Again Y(w) of model III
gave the best fit. The ABC parameters determined by this best fit
were

S = (1.0 £ 0.1) e 1(1.8 £0.2)m (7.36)
b = (0.23 + 0.02) A. (7.37)

This result indicates that the dead layer effect is negligible in the
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A-exciton in CdS. The phase angle ¢ = = u/6 which shows that the
proper choice of ABC falls between ABC 1 and ABC 2 (both having |[S|
= 1.0), but close to ABC 2.

Using resultant fit parameters for S and b, and Y(w) of model I,
II, ITI, we calculated anti=Stokes LA 2=2' intensity vs. incident laser
frequency, as shown in Figs. 7.6, 7.7, and 7.8 respectively. Once more
Y(w) of model III gave the best agreement with the experimental data

(solid dots).
3. Discussion and Conclusions
(1) Effect of the dead layer thickness b

The effective dead layer thickness critically affects the RBS
intensity in the region w; > wp. This can be seen from Fig. 7.9, in
which the calculated intensity curves come from the same Y(w) given
by Egs. (4.14), (4.15) and the same S given by Eq. (7.36), but with
different dead layer thicknesses b. As b increases the intensity
drops more quickly with increasing laser frequency at wr > wp. When b
> 20 f\ , the intensity curves start to exhibit some peculiar’v struc-
ture which obviously disagrees with experiment. The most probable
value seemed to be b = O, implying that dead layer effects do not

play an important role in RBS experiments in CdS.

(2) Effect of the Scattering Amplitude S
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The effect of |S| on RBS intensity can be seen from Fig. 7.10
which shows the calculated Stokes LA 2-2' intensity vs. incident

laser frequency using same Y(w) given by Egs. (4.14), (4.15) and b =

]

0, ¢ 1.87 but for different |S|. For smaller |S|, a second inten~
sity peak appears at W which was never observed experimentally. The
correct choice shoud be |S| = 1.0.

The effect of the phase angle ¢ of S can be seen from Fig. 7.11
for 0 £ ¢ < m, and Fig. 7.12 for -7 £ ¢ < 0 using |S| = 1.0, b =0
and Y(w) given by Egs. (4.14) and (4.15). The positive ¢'s are clearly
inappropriate since they give very strange intensity behavior over

the entire resonance region. Fig. 7.12 shows that RBS intensity is

very sensitive to ¢ and the most probable value is ¢ = ~ n/b.

In conclusion, RBS intensity measurements could be a good
method to resolve the long controversial ABC problem if the polari=
ton damping Y(w) is well understood. None of the three commonly used
ABCs can explain the observed RBS intensity behavior. A generalized
ABC with 3 parameters |S|, ¢ and b, as given in Egs. (7.36) and (7.37)
can fit our RBS intensity data very well. RBS intensity behavior is
very sensitive to [S|, ¢ and b for w > wp. The dead layer effect is
negligible in the Amexciton in CdS and the proper choice of ABC falls

between ABC 1 and ABC 2, but close to ABC 2,



- 126 -
References

1. Y. Segawa, Y. Aoyagi, S. Komuro, S. Namba, S. Inoue and M. Nakay=
ama, (unpublished); M. Nakayama et al, (unpublished).

2. J. J. Hopfield and D. G. Thomas, Phys. Rev. 132, 563 (1963).

3. R. Zeyher, J. L. Birman, and W. Brenig, Phys. Rev. BS, 4613
(1972).

4, M. Matsushita, J. Wicksted, and H. Z. Cummins, Phys. Rev. B29,

3362 (1984).



= 127 =

Chapter 8. Summary

High resolution RBS experiments were performed in the vicinity
of the Ar~exciton resonance in CdS using a singlesmode tunable dye
laser and a Fabry~Perot interferometer in series with a double=grat-
ing spectrometer. Experiments were performed at liquid-helium and
superfluidshelium~temperatures, and compared with BZB theory. The
kinematic predictions of the theory, i.e. the Brillouin shifts vs. in=»
cident laser frequency, including the Brillouin octet structure in
RBS, agreed with our experimental data very well which demonstrates
the significance of the polariton picture in the analysis of RBS.
However, the simple constant polariton damping model adopted by BZB
failed to explain the sharp increase in the observed Brillouin
linewidth data above Wr. Also, the theoretically predicted RBS inten-=
sity behavior using either of the three commonly used ABCs deviated

considerably from the experiment results.

We were .facing two major problems, i.e. frequency~dependent
polariton damping in the exciton resonance region and the ABC probr
lem. We started our investigation with the RBS linewidth since it was
only related to one of them (the former)., As the first attempt to
deduce exciton=mpolariton damping from RBS linewidth analysis, we con-
sidered all of the possible polariton decay channels other than RBS

itself and found that it was necessary to include a k=linear mixing
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between the ¢ exciton and lower branch of the Tgq polariton state
in order to eiplain the observed RBS linewidth data. A fit of our
thecretical model for polariton damping yielded an estimate of the
value for the k=linear coefficient ¢A in the A-exciton in CdS, as
given in Eq. (4.18) which was about 30 times smaller than that of the

B~exciton in CdS.

To further verify owur frequency-dependent polariton damping
model given by Egs. (4.14) and (4.15), and to give direct evidence for
the existence of the k=linear interaction in the A=exciton in CdS, we
investigated RBS linewidths in a weak magnetic field comparable to
the k=linear interaction in magnitude. From symmetry considerations,
a properly choosed magnetic field can enhance or cancel the assumed
k=linear interaction in the A-exciton states and considerably change
the RBS linewidth behavior, as shown in Eq. (5.5). We did observe this
change around .. by comparison of the measured RBS linewidth curves
for external magnetic fields of same magnitude but opposite direc~
tions, which agreed with theoretical predictions based on our fres
quency~dependent polariton damping model. In addition, RBS 1line=
splitting was 'observed clearly around Wop for By = + 9,6 kG. This
fact suggested the possibility of directly observing three=branch
polariton behavior in the Arexciton in CdS due to the above-mentioned
k=linear mixing by further raising instrumental resolution and/or

reducing RBS linewidth by lowering the temperature.
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We performed RBS experiments at superfluid-~helium temperature T
= 1.9 K using a very small FSR of 1.0 cm=!. We successfully observed
RBS line=splitting (double peaks) around W for both Stokes LA 2-2'
and TA 2=2' components, and obtained a direct and accurate determinar-
tion of the k-linear coefficient ¢A in the A-exciton in CdS for the
first time, as given in Eq. (6.2). We also found that the RBS

linewidth, as well as the polariton damping were greatly reduced at

superfluidzhelium=temperature.

RBS intensity is a more complicated topic since it is related to
not only the long=controversial ABC problem (including the surface
effects of crystals), but also the frequency-dependence of the pol-—
ariton damping. None of the three commonly used ABCs agreed with the
observed RBS intensity data. A fit of the theoretical intensity
curves using a generalized ABC with our frequency-dependent polariton
damping model to the experimental data showed that the dead layer
effect in CdS can be neglected and the right choice of ABC falled

between ABC 1 and ABC 2, but close to ABC 2,
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APPENDIX

Computer Programs

The following programs were used to compute the theoretical
results presented in Chapters 4 to 7 of this thesis. They are all
stored in the Light Scattering Group Library on the Science Division
VAX 780 computer at the City College of the City University of New

York.

1. Polariton dispersion

elkliv.f (3-branch due to ky at T = 4.2 K)

phykx1.f  (3=branch due to kyx and By at T = 4.2 K)

phykx2.€  (3=branch due to ky and By at T = 1.9 K)
2. Brillouin shift

epbs8v.f (2=branch at T = 4.2 K)

shykx1.f  (3=branch due to kx and B, at T = 4,2 K)

shykx2.f  (3~branch due to ky and By at T = 1.9 K)

3. RBS linewidth
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epbs8v.f  (for constant damping at T = 4,2 X)

221wqlv.f (for damping of model III at T = 4,2 K)

whykxlv.f (for damping of model III at T

4,2 K in B )
y

4, RBS intensity

22slilv.f (Stokes LA 2-2' intensity, using generalized ABC
and frequency-dependent polariton damping at T = 4.2 K)
22alitv.f (anti=Stokes LA 2-2' intensity, using generalized ABC

and frequency-dependent polariton damping at T = 4.2 K)

5. Nonlinear least square fit

curft2v.f (main program)

nllsqv.f (subroutine)
6. Eigenvalue and eigenvector

eigeev.f  (subroutine)
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FIGURE CAPTIONS -

Fig. 1.1. Schematic diagram of photon and Asexciton dispersion
curves in CdS at T = 4.2 K. Broken lines represent the uncoupled
exciton and photon propagating in the medium. Solid lines show the
exciton-polariton modes, w,(k) and wxk). The parameter values used

are given in Table 1.2 with Y = 1.0 cm™.

Fig. 1.2. Schematic representation of a backward RBS process
involving a semi-~infinite spatially dispersive medium. Wavy, solid and
broken lines denote photons, polaritons and acoustic phonons, respec-
tively. The rectangle numbered 2 represents the polariton-=phonon in-

teraction.

Fig. 1.3. Primitive unit cell of CdS which consists of 2 cad-=
mium atoms located at (0,0,0) and (a’/3,2a/3,c¢/2), and 2 sulfur atoms
located at (0,0,u) and (a/3,2a/3,c/2+u), respectively. Structure:
Wurtzite. Space group: C6

Site symmetry of 4 atoms: C3 . Convenr

N
v ° \'s
tional hexagonal unit vectors: a, = ax, a, = (-a/2)x + (V/3a/2)y, as =
cz. Lattice parameters: a = 4,16 K , € = 6,75 ﬁ y U = 2,53 K y 6 =

120°,

Fig. 1.4. Energy band structure in CdS at k = 0 and T = 4.2 K.
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Fig. 1.5. 1s A=exciton states in CdS at k = 0 and T = 4.2 K.

Fig. 3.1. RBS experimental arrangement.

Fig. 3.2. Schematic representation of the Cryo=tip system.

Fig. 4.1. Brillouin scattering spectra of CdS showing Stokes LA
2—~2' components for various incident laser frequencies., The free
spectral range is 13.3 cm™!, The elastic scattering peak indicates
the instrumental linewidth. Note that the true intensity for the

lowest four spectra is twice as large as shown in the figure.

Fig. 4.2, Stokes LA 2=2' Brillouin linewidth vs. incident laser
frequency. The solid dots are the corrected experimental data. The
solid line in (a) is the best fit to model (I) with Y, = 0.63 em™!. The
solid line in (b) is the best fit to model (II) using Eqs. (4.6) with
Yo = 0.12 em™ and ¥, = 0.35 cm™!. The solid line in (c) is the best
fit to model (III) using Eq. (4.14) with ¥, = 0.24 cm™ , ?1. = 0.09

em™!, ¥, = 2.7 cm™! and e = 0.06 .

Fig. 4.3. Calculated dispersion curves of I‘ST(A) exciton—polari=
tons and I‘G(A) excitons ineluding the k=linear interaction between

them. Inset: Schematic representation of the dispersion curves near

the crossing frequency Wope The broken lines show the lower branch
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of the PST(A) polariton and P6(A) exciton without the k-linear inter-

action. -

Fig. U4.4. Anti-=-Stokes LA 2-2' Brillouin linewidths vs. incident
laser frequency. The solid dots are the experimental data. The solid
lines are calculated linewidths using the parameters found from the
Stokes LA 2-2' fits based on Y(w) of model I, II, and III respec-

tively.

Fig. 4.5. Frequency dependence of the polariton damping 7Y(w)
found from the Brillouin 1linewidth data with model I [Eq. (4.5)],

model II [Egs. (4.6) and (4.7)] and model III [Eqs. (4.14) and (4.15)1.

Fig. 4.6. (a) Lifetime of polaritons corresponding to the Y(w)
obtained from the best fit of the RBS linewidth data to model III.
(b) Polariton lifetime measured by Wiesner and Heim with times

resolved luminescence spectroscopy.

Fig. 5.1. Calculated dispersion curves of FST(A) excitonﬁpolari:
tons and r6(A) excitons inecluding the k=linear interaction between
them in the presence of a magnetic field (a) By = + 4,8 kG.; (b) By
= = 4.8 kG.

Fig. 5.2. Calculated damping constants of incident (solid lines)

and scattered excitonmpolaritons (broken lines) for (a) By = + 4.8
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kG ; (b) By == 4,8 kG ; and (e) By = 0.

Fig. 5.3. Calculated Stokes LA 2s2' Brillouin linewidths vs in=
cident laser frequency. The solid line is for By = + 4,8 kG, the

broken line for By = = 4.8 kG, and the dotted line for By = 0.

Fig. 5.4. RBS geometries: (a) Backscattered RBS geometry with
By > 0, (b) Backscattered RBS geometry with By < 0 obtained from (a)
by reversing the direction of the magnetic field. (e¢) Backscattered
RBS geometry with By < 0 obtained from (a) by turning the crystal

upside down.

Fig. 5.5. Observed Stokes LA 2-2' linewidths vs incident laser
frequency for By = 0 with (@) the scattering geometry shown in Fig.

5.4(a); (b) the scattering geometry shown in Fig. 5.4(c).

Fig. 5.6. Qbserved Stokes LA 2=2' linewidths vs incident laser
frequency for (a) By = + 4.8 kG; (b) By = = 4,8 kG. Solid dots rep=
resent the experimental data, and solid lines are theoretical predicm

tions.

Fig. 5.7. Observed Stokes LA 2-2' profiles at © = 20592.0 cm&!
for By = w 4.8 kG, 0, and + 4.8 kG. Frequency increases from left to

right in each spectrum.
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Fig. 5.8. Observed Stokes TA 2-2' linewidths vs incident laser
frequency for (a) By = + 4.8 kG; and (b) By = = 4.8 kG.
Fig. 5.9. Observed Stokes LA 2-2' linewidths vs incident laser

frequency for (a) By = + 9.6 kG ; (b) By = - 9.6 kG.

Fig. 5.10. Observed Stokes LA 2-2' profiles for By = + 9.6 kG
at different 1laser frequencies. Frequency increases from left to

right in each spectrum.

Fig. 6.1. Effects of mixing on the A-exciton in CdS. (a) The

optically-active T exciton interacts with the photon producing the

5T
two-branch polariton. The lower polariton branch 2 crosses the opti-
cally-forbidden r6 exciton at Wope (b) The PST and r6 excitons are
mixed by the k-linear interaction producing two hybridized exciton
states. Note that there is no displacement of the energy minima in
this case due to the relative weakness of the coupling in contrast to
Fig. 1(b) in Ref., 5 of Chapter 6 for the B-exciton in CdS. (c) Three-=
branch exciton-polariton dispersion curves resulting from the simul-
taneous interactions in (a) and (b). The curves shown here resulted
from Eq. (6.)) using parameter values discussed in the text. Polari-
ton branches 2 and 3 both have significant oscillator stréngth only '

in the vicinity of W Note that (¢) is drawn to scale, while (a) and

(b) are schematic.
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Fig. 6.2. Stokes LA and TA 2-2' Brillouin shifts (dots) and the-
oretical curves (lines) computed using the parameters given in the
text. The inset shows an enlarged section of the LA curves near Wop

where splitting is observed. The gradation of the dots illustrates

schematically the relative intensity of the L, and L, components.

B8

Fig. 6.3. Brillouin spectra showing Stokes LA and TA 2-2' com-
ponents at three different laser frequencies near Wop * The relative
positions of LA and TA components in (b) and (c) are distorted by the
effect of overlapping orders inherent to the Fabry-Perot output. The

real positions of LA and TA peaks should be read on separate scales.

Fig. 6.4. Measured and calculated spectral splitting of Stokes
LA and TA 2-2' Brillouin components. The solid lines are the best fit

results with ¢, = 2.7 x 1071 eV cm.

Fig. 6.5. (a) Measured (dots) and calculated (lines) Stokes LA
2-2' Brillouin linewidth vs incident laser frequency. The crosses
represent the measured average linewidth of split components L, and
L, near w__ . (b) Resulting polariton damping constant Y(w) at 1.9 K

B cr _
as given in Eq. (6.3) and (6.4).

Fig. 7.1. Calculated Stokes LA 2-2' integral intensities vs in-
cident laser frequency using ABC 1 and two different Y(w). The broken

line corresponds to Y = 0.63 cm™! (model I). The solid line corres=
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ponds to Y(w) given by Eqs. (4.14) and (4.15) (model III).

Fig. 7.2. Calculated Stokes LA 2=2' integral intensities vs in-
cident laser frequency using Y(w) given by Egs. (4.14) and (4.15)
(model III) and ABC 1, 2, and 3 respectively. The solid dots are

experimental data.

Fig. 7.3. The best fit result (solid line) for Stokes LA 2-2'
integrated intensity vs incident laser frequency using a generalized
ABC and a constant ¥ = 0.63 cm™! (model I). The resultant parameters
are S = 1.0 exp(i1.9w), b = 0.0003 K . The solid dots are experimental

data.

Fig. 7.4. The best fit result (solid line) for Stokes LA 2-2'
integrated intensity vs incident laser frequency using a generalized
ABC and Y(w) given by Eqgs. (4.6) and (4.7) (model II). The resultant
parameters are S = 1.0 exp(it.87), b = 0.24 K . The solid dots are

experimental data.

Fig. 7.5. The best fit result (solid line) for Stokes LA 2-2'
integrated intensity vs incident laser frequency using a generalized
ABC and 7Y(w) given by Egs. (4.14) and (4.15) (model III). The resule
tant parameters are S = 1.0 exp(il1.8m), b = 0.23 R . The solid dots

are experimental data.
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Fig. 7.6, Calculated (solid line) antizStokes LA 2-2' integral
intensity vs incident laser frequency using a generalized ABC with S
= 1.0 exp(i1.97w), b = 0.0003 %, and a constant Y = 0.63 cm~! (model

I). The solid dots are experimental data.

Fig. 7.7. Calculated (solid line) anti~Stokes LA 2-2' integral

intensity vs incident laser frequency using a generalized ABC with S
[+

= 1.0 exp(it.8m), b = 0.24 A, and Y(w) given by Egs. (4.6) and (4.7)

(model II). The solid dots are experimental data.

Fig. 7.8. Calculated (solid line) anti=Stokes LA 2-2' integral

intensity vs incident laser frequency using a generalized ABC with S
[+]

= 1,0 exp(i1.8m), b = 0.23 A, and Y{w) given by Egs. (4.14) and (4.15)

(model III). The solid dots are experimental data.

Fig. 7.9. Calculated (solid line) Stokes LA 2+-2' integral inten-
sities vs incident laser frequency using Y(w) given by Egs. (4.14) and
(4.15) (modal III) and a generalized ABC with S = 1.0 exp{(i1.87), but

dif ferent b. The solid dots are experimental data.

Fig. T7.10. Calculated (solid line) Stokes LA 2-2' integral inm
tensities vs incident laser frequency using Y(w) given by Egs. (4.14)
and (4.15) (model III) and a generalized ABC with ¢ = 1.847m , b = O,

but different |S|. The solid dots are experimental data.
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Fig. 7.11. Calculated (solid line) Stokes LA 2-2' integral in-~
tensities vs incident laser frequency using Y(w) given by Egs. (4.14)
and (4.15) (model III) and a generalized ABC with S = 1.0, b = 0, but
different ¢ ranging from 0 to m. The solid dots are experimental

data.

Fig. 7.12. Calculated (solid line) Stokes LA 2-2' integral ina
tensities vs incident laser frequency wusing Y(w) given by Egs. (4.14)
and (4.15) (model III) and a generalized ABC with S = 1.0, b = 0, but
different ¢ ranging from =7 to 0. The solid dots are experimental

data.
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The Band Structure of CdS at k=0
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1S A-Exciton Levels in CdS at k=0
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