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' ... ABSTRACT ~

‘,\. E

The resonant Ramaﬁ’spectrum of GaSe has been investi-
gated using a cw tunable dye laser. In order to fully
comprehend this spectrum it wa; necessary to study the non-
resonant Raman spectrum of GaSe and itsksister compouna Gas.
The frequencies of vibration ofsthe phonon modes at the

zone centre have been measured at room and at liquid nitrogen

temperatures for both compounds. The results from the Raman
experiments have made possible a determination of the poly-
type content of these compourids. In particular it has been

found that GasS crystallizes in the B-polytype (Déh).' GaSe,

»

however, is found to be predominantly of the e-polytype (Déh)
when obtained in platelets or flakes and of the y-polytype

‘(Cgv)'when obtained in needles. All of the modes have been

assigned, on the basis o{vtheir oﬁserved polarization depen-
dence, to the irreducible representations of the appropriate
po¥nt group. Excellent agreement has alsc been obtained
between the 653erved and predicted anisotrop;c behaviour of
thg polér modes in GaSe.

In £he resonant Ram@n experiments, a detailed investiga-
tion of the energy dependence of the séattering efficiency

~

has been carried out in the region just below the energy gap, ’

'which for GaSe falls in the middle of the spectral range of

- the dye laser. The scattering efficiency was observed to

undergo a maximum when the laser enefgy was equal to the

energy of- the free exciton. The general energy dependence

iii
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gggrggpndjgg;be\in good agreement with that brpﬂicted by
Martin fér q-degendent.scattering. The obéerved'angular
independenée of the scattering is, however, in apparent
discord with this theory, and for one mode, Aé‘(LO), crystal
momentum conservation is observed to be broken. The non-
pelar modes have been observed to exhibit a strong anti-

resonant behaviour similar to that observed in Cds; but

the présent results cannot be interpreted in terms of the

previous empirical models.

iv
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-~ CHAPTER 1

. INTRODUCTION - -

S

©-.  Thé study, of the lattice dynamics of crystals by the

use of the vibrational Raman effect has become guite ex-

tensive in recenﬁAyeérs:~ The reader will recall that the

Raman effect is:the inelastic scattering of light with the

or ann¥hilation of a phonon. The technique is most ¥

incident 1ight frequency: and thus  the use  of Raman scattering

has become widespread.in'studying_thé lattice dynamics of
wide band semiconductors and insulators.

In studying the lattice dynamical properties of a

A

crystal, then, one usually chooses an excitation'source whose

frequency lies deep in the energy gap. With the availability

of common gas lasers, such as the Helium-Neon, Argon ion,

~shift in eﬁergy of the final photon being due to the creation

:effective in those érystais‘whicﬁ are*transparentmat*the”**”

Krypton ion and Helium-Cadmium lasers, it is usually quite

eésy to obtain a suitable line to perform Raman measurements.
The theory of the first-order Raman effect in crystals
Qdeveloped by Loudon (1963, 1964), however, revealed another
’}mpdrﬁant consideration concerning the frequency of the

incident lighf. It was predicted that as the incident

frequéﬁcy approaches a real electronic transition of the

crystal, the, cross-section for Raman scattering -should in- .

crease dramatically. This effect became known as the

£

Resonance Raman effect (RRE).

The RRE in crystals was first experimentally observed by

-1 - r
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Leite and Porto (1966) in'CdS. Within a relatively short
time several compounds had-been investigated with the
"available’lines of the existing gas lasers. Sevgral interesﬁ-
ing resu%ts éépeaxed including the;g%séivapion of multiple
LO phonon peaks indicating the c;eation of ﬁore than one
LO phonon and the breakdown of normal selection rules for

Theé explanation of these effects seemed to centre on two
crucial questions. @hét was required was an understanding of
fir;t, the nature of the intermediate electronic state in the
scattering process and second , the behaviour of the Raman

’
cross—-section as resonance is approached (and thus the form

of the interaction). As one can imagine, é?e coincidence of

a real‘electronic transition in a crystal with one of the ex-
isting gas laser lines would be’truly fértuitcus. As a result
much of the early work left the answers to these guestions
either haéy orréompletely unresolved. iAn adequateyexamiﬁatiOn
of these guestions feﬁuired an intense light source with
energy resolutiqn capable of discriminating between the
various alectfoﬁic Etaﬁsitions in a semiconducting crystal.

At the same time the source must be able to cover a large

frequency region about the band gap energy (since this was the

———-regiom where theearlier work had-indicated the RRE was.
largest). “
S With the advent of the tunable dye laser such a study

S~ - y,
— became possiblie. When this work was initiated there had been
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. no guantitative results for the RRE obtained with a tunable
dye lasef. GaSe was an obvious choice forv§uCh a study,
however, since its band gap at 77°K is 2.10 eV (Mercier et
al., 1973) and this lies midway in the tﬁning range of

Rhodamine 6G,tunéble lasers (range 5400A to 6400A or

2.3 gy~thlLS§,eY1lm“GaSe”isﬁQneWofmonlywaﬁféwmcompqundswinw_wA_fﬁmm
which the can be studied with such é laser.

This study followed a chronological course of girst‘
studying the lattice dynamics of GaSe and its sister com-
pound GaSAwhen the light was far from tﬁe intrinsic band edge,
making assignmentagof the one-phonon lines in the Raman

‘spectra, and later with the use of a tunable dye laser ob-
serviné the Raman scattering efficiency as-the band edge is
aéproéchgd from the low energy (longhwavélength) side. Thig
thesi§$}s thus_givided along these lines. ' b

| éﬁaégér ii will begin by presenting a qualitative and
then a quaﬁtitative introduction to the Raman effect. This
will involve the inclusion of the theory 6f Raman scattering
in ionic crYstals aeveloped>by Loudon (1963, 1964), which is
of particular interest for ;;isotropic gallium compounds.

The crystal structure and group theoretical predictions for

the number and symmetry of the phonon modes at the Brillouin

' zone centre in the galligm cgéléogenides will then be pre-
sented. The layered symmetry of these crystals gives rise to
what has been termed "conjugate modes"™ and an estimate of the
frequencies of tHese modes and their probability of occur-

rence will be discussed. Chapt&r III will present the
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eXperiment%ﬁ work on the first-order Raman spectrum of

7

these compounds.

The results obtained for the Resonant Raman Effect

‘ih GaSe will be presented in Chapters Ié and V: Chapter IV
will present the theoretical desé}iption of the RRE as
developed by Martin (1971b, 1973). Included will be applica-
tions of his formalism to éome simple intermedi;£e states.

e S ey [ e
Chapter V contains the result of the Resonant Raman experi-

mental work on GaSe. The results are compared quantifatively
to the theoretical predictibns., Finally Chapter VI =will == _
preé&qt suggestions for future work and the conclusions t¢ be

’ b

drawn from this study.




CHAPTER 1II

THE RAMAN EFFECT IN THE GALLIUM CHALCOGENIDES GaS AND GaSe -

i THEORY -

i -

2.1 Introduction

There are several experimental methods by which the fre-

guencies of the long wavelength vibrational modes in a crystal.

may be obtained. One of the most direct methods is by thermal =
neutron scattering whereby the phonon fregquencies can be

mapped g throughout the Brillouin zone. This technique,

however; has disadvantages in éhat it requires quite large
samples (> 1 cm3) and generally needs guite large neutron
fluxes. 1In ofger to obtain frequencies of phonons near the
zone centre, small angle neutron scattering ds fequired and
thus zone centre: phonon frequencies obtained by this method
lack precision.
Optical methods for obtaining these frequencies include
" far infrared absorption, phonon-assisted a?sorption and
emission, Raman scattering and Brillouin scattering. It is
possible in far infrared absorption to seeAfirst-order~phonqn
peaks if the phonon has the symmetry characteristic of a
translation of the crystal, since the dipole moment transforms
 »#% 2 uniform translation. This is usually a limitation since

not all phonon branches will be infrared active, but it is for

this reason as well that identification of phonon modes can be

made.



the indirect energy gap. Since indirect energy gaps are by

- 6 =

. Absorption of light near the band edge cdan also give
1nformation on the phénon frequencies when éhis absorption
is phonon-assisted. This, however, takes placéﬁbrimarily
in compounds which have an indirect energyﬂgép. The phonons

manifest themselves in absorption steps below the gap and are

indicative only of pﬁonons which conserve both energy and

 momentum in the absorption process. This requires the phonon

involved to be' from the same point in the Brillouin zone as

definition not at the zone centre and tendrto be at or near
the zone boundary, the enérgy of the phonons ihvolved wiil_be
that of zone boundary optical or acouétic phonons. Becéuse of
phonon dispersion within the Brillouin zone, one usually does
not obtain information on the zone centre ,phonon frequenciésf
by this method. |

Brillouin scattériné gives information on acoustic phonon'
frequencies¢%or pﬁ;ngnS”with waveveétok néatiﬁhat of the in-
cident light. Thus, the effect is useful in obtaining the
velocities of sound and the elastic copstants of the crystal.

Raman scattering, on the_other hart®, gives information oh;
the optical phoﬁonS'néar the zone centre/{iﬁ the first-order

effecp)',,Tha,phononé observed toibe‘RamanwéctiYéLwéngill”5§ ,'

_____explained in the following section, are those whose symmetry

of vibration traﬁéforms,asvthe polarizability.tehsor of the
material (Loudecn, 1964). ?his can be a completely>different

set of phononwmodes than thode obtained in far infrared

*
4
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aBsorptlon-and,ln fact for centrosymmetric'crystals, the two
effects are coﬁplementary. In these crystals, all infrared
active modés are odd with respect to inversion and all modes
which are Raman active are even with,reépéét to inversion;
The above techniques are:;Ii'complémentary to a certéin
extent and all should be considered in obtaining the fre-
guencies of the long wavelength phonons in the crystal. To
;Qate'neutron scattering on the Gallium chalcogenides has been
performed on GaSe only in the direction of the c-axis (Brebner
et al., l973$; Far inf;afed ﬁe;suremgnts héve been done by
Leung et al. (19668), Wieting and Verble (1972), Kuroda et al.
(1968, 1970) and Irwiﬁ et al. (1973). Kamimura (1969) ob-
served absorption steps in the edge spectrum. Brillouin
scattering has not been»performed‘bn these compounds to date.
Raman measurements have been extenéivé yet contradictory. ¢’
Wrijht and Mooradian f1966) perforﬁed the first measurements
of the phonon frequencies on uﬁoriehted samples and made no
assignments of the symmetriés #f the phonéns: Wieting and‘f
Verble (1972] made assignments of the phonon frequencies on
the basis that GaSe érystallized in the B-polytype. Van der
Ziel et al. (1973) perforﬁed experiments on GaS and obtained
assignments for the observed spectral features. Irwin et al.

{1373} analyzed the spectrum of both GaS and GéSe angd -madey .

assignments in GaSe with the conclusion that GaSe'crystal-
lized in the e-polytype. Hayek et al. (1973) and Yoshida et

~al. {1973) studieé mixed crystéls of Gas_ and GaSe,_ . (0<x<1)-
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- "and assignments were made which indicated the existence of

"conjugate” modes. - Mercier et al. (1974) also studied mixed
crystals of these types and obtained a somewhat different
ihterpretation than the previous two papers. Finally, the

results of th; present Resonant Raman experiments (Hoff and

Irwin, 1974) confirmed the existence of resonance effects
which~manifestedwthemseives~in~HayekLsﬂworkmand—confirmédAFWf—-@—~

the polar nature of GaSe.




- +

2.2 The Pirst Order Raman Effect in Crystals

Raman scattering of light in crystals involves the in-

elastic scattering of light of frequency Wy (= % ki) to a
(=S ’

freguency w = =
g Y Wy o
a

ks) with the simultaneous creation
(destruction) of a phonon of frequency W, {( = vp q). The

scattering event conserves both momentum and energy:

(2.1)

L e TR ¢ e
k. =%, +3 (2.2)

In a classical sense, the polarizability of the medium is
modulated at the phonon frequency if the lattice is distorted

by some mechanism:

@ =a, -4 =@ + o

cos w_t (2.3)
o m

1

and thus the polarization of the medium will be modulated by:

P = aFE = a E cos w.t + a,BE .
oo i 1Eo cos wmt cos wlt

aoEocos w.t + alEO!}osxwi+wm)t + cos(wi—mm)g] (2.4)

Thus, classically, the polarization field will reradiate

energy at wé =w, +w

i {+=anti-Stokes scattering, -=Stokes

m
scattering). ' - .

It is possible to treat this first order event semi-
classically by response theory technigues. To do this one

would look at the various contributions to the dielectric

susceptibility which give rise to Raman Scattering (Burstein
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and Pinczuk, 1971). It has proved to be more useful and

possibly more transparent, to treat the scattering event ’
gqugntum mechanically. By this approacﬁ each tybe of inter-
action is introauced.by an interaction potential (and thus
through its contribution to the Hamiltonian). The guantum.
mechanical approachlto the Raman efféct in crystals has beén

done by Loudon (1963, 1964), and his notation will be modified

somewhat here. The lowest Eype of interaction which gives

. ! ] N
rise to one phonon scattering reguires use of third order

perturbationgtheoryrw,Thgfaamanfscattering,probabilitywper;ﬂwwlﬁwm

unit time is (Loudon, 1964): s
W= 21 E E <n.-1,.1; n +1, O0|H_ |a><a|H,|b>
o #6 i Tt Yo I I

- q,ks a’b . ' ) .
X<b|HI|ni, 0, n_, 0

X X(wa;wi)-l(wb-wi);l :
x é(mi;- w, - ms) ) - (2.5)
where
ni = the number of photoné in field of-state i .
n, = the number 6f phonons in the initial state

a,b = the possible electronic intermediate states

w sw = the energies of these states

St Hp T the interaction Hamiltonian. =

The interaction Hamiltonian will consist of an electron-

photon term, H and an electron-phonon term, H__:

eR’ eL

3

H_ =H _ +H - , (2.6)
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” g .
___The electron-photon part comes from the A°p interaction and

is:

H —'92:2“‘2 T b eik,T | (2.7)

eR - 5 u pu e My a, + c.c. .
n vw
K [T I
where
s n = index of refraction «Eu = photoﬁ polarization
N -V = volume of the crystal Wfiﬁ'=wphotonfmomentum
* y = photon state
alJ = destruction operator in state ﬁ.
o L - . . ) . b A _ e e e

The electron-phonon part may best be written in a form

where the electron-phonon coupling potential is left un-

specifiéd for the moment:

-> -+
_ 1 v ,+ ig  *r ’
Ho = —% E e (rle v bv + c.cC. (2.8)
Vo Ty
. i 5

where :

evlri = electron-phonon interaction potential

bv = phonon destruction operator in the state v

- v = phonon state index (includes polarization).
The form of egq. 2.8 is taken from Martin (;Qﬁib) and is appli-

" cable to any form of electron-phonon interaction of which two,

f
the deformation potential and the Frohlich interaction, will

be of interest in this work. -

< . 3

Equation 2.5 can be rewritten after inserting HI into .

,,,,,,, __ _pach matrix element. In two of the matrix elements the

electron-photon interaction will be operative and in the

other the electron-phonon interaction will be the operator.
<. . . . X :
/ This glveﬁbrlse to six possible time orderings of the

L4
R
T
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scattering shown schematically by -the Feynman diagrams of

Figure 2.1.- Substituting 2.6, 2.7 and 2.8 into 2.5 one

obtains:

_ 4n e

h m n

- vector

e

Z ni(no+2
w.w
- i's

t

AJ i 2
ﬂ;Rlz (- s,w ) (2.9)

A } ? ' -
£ = the jtR component of the phonon polarization

—

e

(3 = x,y,2)

and the summation of repeated indicdes is assumed. The Raman

j-

. tensor R,, in 2.9 is given by six terms corresponding to the
orderihg of the diagrams of'Figure 2.1 (Loudon, 1964):
2 1. 3 1, 2, ]
R j(-w W o ‘12{ GGGO +POB Ba eao y
! ? —
12 i § ( tw, wl)(wa+wo)(w8+m +ws)(wa+wo)
l - : ‘
2 j T 2
. Pop ®galao Pog®2afao
(wB+wo-wl)(ma—wi) (m8+mo+ms)(wa+msx
. 2. 1 i, 1g 2
onBaPao + ebBPBaPao }
(w8+ws-wl)(wa-wif (wg+ ws~wl)(ma+ws)

%

(2.10)

Here 1,2 indicate the polarizations of the incoming and

scattered light,

respectively, a and B are the intermediate

~electronic states, and the symbol ®u = <vielu>.

The notation RJ (~w, rw ,mo) is read as the Raman tensor

12 178

for the creation of a scattered photon*mé {polarization re-

WEUWWW,presentedfbyrxndex424—and phenenfw— with-the -annihilation

-(mlnus sign). of an initial photon wy (pelarization represented

By the index 1).

This notation is somewhat over-specific



N

(f

T 7vﬁ’gﬁf€”2i'iT’ffTh"E”Si_X_PﬁSS'IITIE’ ﬁWOﬁEIIﬁgS of— -

the first-order Raman scattering event. k repre-
sents the incident and scattered photons and g
is the phonon created in the Stokes process.
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in this ‘form and will be modified in a later section when it

i

is necessary to calculate the selection rules for Raman
scattering in these compounds. in the fofm of 2.9 and 2.10,
however, several thlngs should be noticed. Three of these
terms have energy denominators which can give divergences in -
the optical regime. The third term in2.10 is a second order
singuiaiity and the first and fifth are first order singu-

‘larities in the visible frequency reglon ‘ In the other three
y
terms, the denomlnators do not go to zero in this region and

the terms are non—resonant.! It is prec1sely the third. term, .
(c) which is treated in the Resonant Raman\effect of Chapter

4. It must be noted that when the photon fregquencies lie

within the energy gap (as in the non-resonant spectra), the
Raman scattering efficiency cas only be found by summing ovefr
the complete set of the 5essibie electronic "levels, a and B.

" This is a horrendous problem and hag\yet to be attempted."It
\

is fortunately not necessary to do this sum to determine the

3

#

symmetry properties of the sga%terihg and thus in first order\
Raman scattering absolute efficiencies are rarely determined
from the experiment. Instead it is usually sufficient to
present the fesulté in terms ef the rplative SEattered in-
tensit%es and deduce the symmetry properties from this re-
lative behaviour.

emHhenbtheﬂfreguencympfwtheﬂinci@entelighteismnear_resbnaﬁceeew_
with a real electronic transition, however, the resonant terms

/
in equation 2.10 single éqf the terms irnfthe sum where a

.
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-

o arg & is the . bei xoited his i ’
' much more manageable problem and is treated in the next
-~ chapter. |
The, symmetry propértiéglof the Raman tensor éan be
derived from équation,z.lo and it will suffice here to re- ~

produce them from Loudon's paper (1963):

3o - RpJ — .
Rlz ( wi,ws’wo) R21 (ws' wi'wo)_ (2.11)
'ﬁas = - ﬁBa - (2.12)
3. e ,
eaB GBG (2.13)
"and for Stokg‘s scattering (wi=ws+wo):
'Rj (~w. ,w_,»_) = Rj (W, =~ _,~w_) (2.14)
12 i'"s’"o 12 i'.7s" o’ -
Combiﬁing 2.11 and 2.14, one obtains:
s = R (ow 4+ -
R12 { wi,ws,wo) R21 ( wi+wo,ws+wo, wQ) (2.15) .

Thus in general the Raman tensor is not symmetric. However,

if w <<w -w; o for all a, the dominant terms in the tensor
! -
will be symmetric under exchange of 1 and 2 (the polarization
, ® _ ;
indices). Loudon giveS’———g———~— < 10 2 as-a criterion for
: Pa,8 Vi, s ~
the Raman tensor to be symmetric. For GaS and GaSe the

lowest energy optical phonons have energy of about 2 meV and

_thus if one were within 200 meV of the band edge with the in=-

cident photon energy, one would not expect the scattering to ’

be symmetric. In GaSe all of the data taken was within this
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range. For.the larger energy phonons (225 meV) the above

criterion requires the incident light to-be farther away

L

from the band edge than the widtﬁ of the gap itself

(Eg = 2.1 eV in GaSe, 2.5 eV in Gas). If Loudon's criterion
is used, then, one would not expect the Raman spectrum to be
symmetric with respect to interchange of the polarization

indices. One finds, however, that the Raman spectrum in these

compounds appears to géwpréééginé;£i§s§;;é£ric”and leads one
to guestion the strictness of the above rule. In particular,

it appears to be not necessary to have such,aﬂlérgewdisplaCe:”WW,”",
ment of the light from thé electronic states (wu,B-wi,s) in

order that the Raman tefisor' be nearly constant betweenlthe
frequency Wy and Wy Tw From the Resonant Ramaﬁ work, it is .
possible to conclude that for GaSe the region where the ten-

sor may be asymmetric will be related to the region where

resonance effects are important, that is within 150 meV of thé

exciton energy.




ij_7...

2.3 C .stal Structure

‘ )f%i two gallium chalcogehide semiconductor§ GaS and
GaSe are layered crystals. While there are several polytypes
which'describe the stacking sequences between these layers,
the unit layer is similar in both compounds. In the following-
subsections the unit layer will be describediand the various’

material parameters and stacking sequences for GaS and GaSe

‘_gwill be given.

2.3.1 The Unit Layer N

The unit layer is composed of a hexagonal array of atoms =

four atoms thick. There are two gallium atoms and two chalco-
- genide atoms, X, per layer in the unit cell; The layer’is
shown iﬁ Figure 2.2. These compounds are II1I-VI compounds
and, thus, there is ﬁot,a specific GaX molecule as such. The
compound could more properly be described as a Ga,X., compound

272

since the valence charges of a chalcogenide atom are shared
both with the gallium atom and the other chalcogenide atom
(Sapre and Mande, 1973, Mercier et al., 1973). The unit layer

shown in Figure 2.2 has a ,space group symmetrny3i (P6m2)

-

(Schubert et al., 1955).
2.3.2. Gallium Sulphide
Gallium sulphide has a unit cell spanning two layers

and containing eight atoms. It has been found to crystallize

in only one polytype, %alled B (Basinski et al., 1961). 1In
this polytype, the unit layer is repeated with the layers ad-
joining having both a rotation of 180° about the c-axis drawn

through any two adjacent gallium atoms and a uniform
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translation. The B-stacking sequence is shown in Figure

2.3, This type of stacking of the layers is equivalent
i .

to the introduction of an inversion centre between the layets

and thus the point group of the B-polytype is D 21 =D

3h 6h°
The space group is DS; (P6/mmm) (Schubert et al., i9ss5). The

lattigg parameters of 8-GaS are summarized in Table 2.1.

2.3.3. Gallium Selenide

Gallium sélenide has been repoftea té prystéllize in
three polytypes, two hexagonal and one rhombehedral. The
first two, B and e~contaiﬁMtwomlayers—per~ﬁnit~cellyfand~~~W~Siww~ﬂ
the rhombehedral form, Yy, is three layers tpick.

The actual structure of GaSe has been the subject of some
controversy. Wiéting and Verble (1972) concluded that GaSe
crystallizes in the B-polytype as does Gas.‘ They based this
conclusion on X—ray powder patterns as did Jellinek and Hahn |
(1961) who reached the same conclusion. Other workers;
however, by taking X-ray photographs from singlercryst
platelets determined that the crystal form of theriargeét
plate crystals is of a mixed £-y character (Schubert et al.,

1955; Terhell et al., 1971, 1972; Basipski et al., 1961).
It was an objective of the analysis of the Raman spectrum of
GaSe to determine the exact polytype nature of the compound.

' The e-polytype is shown in Figuré 2.3.  The layers
W*”"*4“W*“””"ﬁWhiiegi&entica%*tcgth94ﬁ-poiytyp64ar6*stacked*soméwhatgdifﬁ““‘*ﬂ*i
ferently. 1In the e-polytype, each adjacent layer differs from

the preceding layer by only a uniform translation with the

180° rotation of the GaS B-polytype lacking. .Thus, the
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. TABLE 2.1 ' :
LATTICE PARAMETERS - OF THE GALLIUM CHALCOGENIDES
g - Gas ) .-
_ e a ) - c-a .
a, = 3.585 A «C o 15.50 A ° -
. ©° a o b -
%f—Ga Bond Length = 2.520A ;. 2.46 A
- Ko
 S-Ga Bond Length = 2.30 & 2; 2,43 3%
S-S Minimum Distance = 3.75 2 b
Layer Separation = 3,09 A b
€ - GaSe S B
— 2 c _ ° ¢
a, = 3.74 A Cy = 15.89 A
°© b v
Ga-Ga Bond Length = 2.39 A
Ga-Se Bond Length = 2.37 A b.'
Y - GaSe
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overall symmetry ©f the crystal is merely that of the layer

TR g AT

giving the space group D;h (P6m2) (Basinski et al., 1961).
" The Y-polytype has a stacking sequence which includes’

three layers in the unit cell. The relative position of

any two adjacent layers is the same as’for the e-polytype

and thus, there are two translations before the initial

f oo " 'layer is repeated (Figure 2.3 ) . The space group for this

polytype is C.. (R3m) (Brebner et al., 1973; Schubert et al., |

1955) . ) e

% v

% -
- . B - N
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" an election Rules . ‘

Knowledge of the point and space group symmetry of the

crystal makes it possible to predict the number and symmetry
) of the modes throughout the Brillouin zone. Since most of
the work in this thesis is concerned with scattering around

the zone centre, it is sufficient to know the phonon sym-

WmetriesFat—this”puintyfff4“Thé*pbiﬁtfqrﬁﬁﬁ*EE”T“i§‘jﬁ§t the

point group of the space group: D, for the e-polytype, D

3h 6h .
for the f~polytype and 3y for the y-polytype. The ?9??9},

| mbéééﬂﬁf vibration can be obtained from the correlation
method of group theory (Fateley et al., 1971). This calcu-
. lation is carried out in Appendix A, and the results will
merely be stated here.

The B-polytype contains 8 atoms per unit cell and thus

[ 4

there are 3n or 24 normal modes of vibration in the crystal.
These modes have symmetry given by the irreducible representa-

tions of the D, point group (eq. A.11)y: ™

”‘\ _ * ’
% I = ZAlg & ZAzu ® ?.Blu @ ZBZg & 2Elg @ 2E1u

# 28

[+ ]
2E 2u | (2.16)

2g

of which one A, mode and one doubly degenerate E

mode are
2u _ R e

lu

R B - g

acoustic.

The e-polytype also has 24 normal modes of, vibration

given by the irreducible représentati&ns of the D3h point

"'group (egq. A.17):



- 24 -

r=4al ©4Ay 6 4E ©4E" . (2.17)

of which one Ag and one E' areacoustic.
The y-polytype has 12 atoms per unit cell and thus
thirty-six normal modes of vibration given by the C3V point

group (eq. A.23):

.

S T=12a, & 12 E (2.18)

‘of which one A, and one E mode areacoustic.

" From the symmetry of the crystal it is also possible to

derive the selection rules forvRaman scattering and infrared
absorption. Many of the techniques used to do this are based‘
on the theory of the polarizability derivative as was sug-
gested by equation 2.3 (Born and Bradburn, 1947). These
results are summarized neatly, however, by Loudon (1964)iwho
presents reﬁresentations for eacﬁfﬁﬁman active vibration ihv
each crysfal class. The crucial aspect of this approach is
that a phonon can participate in a first-order Raman scatter-
ing event if and only if its irreducible representation is
the same as one of the irreducible representations of the
reduétion df the poiarizability tensor. The ;eduction of

the polarizability tensor has been done for each crystal

class and can be found by inspection of the basis functions

for each point group {(Tinkham, 1964). The various bilinear

combinations of coordinates represented by the basis functions

transformas do the irreducible representations of the polari-

~

zability tensor.



- 25 -

Similarly, the selection rules for infrared absorption
can be foﬁnd as the dipole moment transforms as the tfansla-
tional symmetry of the crystal. Thus, phonons with irreducif
ble representations which are rebresented by linear basis
functions of each point group will be infrared active.

These general rules as are found in common-texts

SO R e e S . .

W(Tihkhém,'i964r Wilson, Deéiﬁs éné éf6;§,71955) are valid as

lrlong as the Raman active vibrationé conéerned are not also

infraredﬁactive,,,This”dualWactiyityWCan occur,onlywihw,ww .
piezoelebt;ic crystals, that is crystals that do noé possess
a centre éf inversion.’ Thus} GaS should obey the selectiop
rules as derived by the common ﬁechnique. For those phonons
whiéh aré infrared active in pigzoelectric crystal;, the
macroscopic electric field carried by the long wavelength
optic vibration produces a splitting between the transvérsé
phonon and the longitudinal optical phohon. It will be
necessary to treat these modes in some detail to understand
their behaviour and thus complete the calculation of the
selection rules.

It has been shown (Born and Huang, 1954) that for an

optic vibration of frequency w of polar diatomic cubic

lattice {which werwillrtfeatmﬁirgtrformsimplicity} the -

are related by the macroscopic egquations:

(0, -w?)E =(2%‘)" (€< 3;’ v, E ©(2.19)
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~ - and

B =(3%,-)35 e~ )% uf +(eD) £ (2.20)

where ;‘is the relative displacement of ﬁhe two sublattices,

E the electric field of the vibrétion, w the Qibrational

frequency, Wy the lattice dispersion frequency (which at k-

vectors much greater than wi/c is equal to the TO phonon
"fféQﬁéh6y?;'ﬁwiéwfhé”ﬁéléfiiéfidﬁ*fiéla}ﬁV"fhé*crystaiuvoiume‘**m“*”

and M the reduced mass of the two sublattices.

From Maxwell's equations in a non-conducting medium it is

easy to show that there is the additional constraint:
> _—4N(E(i-§}-w2§/c2)
E = 2 2,2
k“-w"/c

(2.21)

where i is the wavevector of the vibration. From 2.19, 2.20

, and12.21, one gets the transverse solutions (K'ﬁ = 0):
2 2
2c2 Yo Eo wt,

k _ . :
5 = . ) (2.22)

2 2
W w -w
~ ¢!

and for the longitudinal solution (i'ﬁ = kP):

} €\ . S
W= ({O—-) oW : (2.23)
o . -

Equation 2.23 is recognizable as the Lyddane-Sachs-Teller
equation for the splitting between the loﬁgitudinal and trans-.

verse optic phonons. Equation 2.22 also describes the po-

lariton dispersion for the transverse optical phonon in a

cubic piezoelectric material.

This must, however, be extended to uniaxial crystals to

-

R R e
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apply for GaSe, the piezoelectric crystal of interest here.

In a uniaxial crystal atoms displaced along the crystallo-
graphic c-axis during a vibration will have a frequency m"*

in general different from the same vibration in the ab-plane,

‘given by freqguency wL. There are now two high frequency

and two static dielectric constants, parallel to and perbeh-

dicular to the c-axis. Equation 2.21 will continue to be

valid and can be divided into components baféiiéirébréhd
perpendicular to the c-axis. Carrying through a procedure
similar to that used for cubic symmetry one obtains the

frequencies for w/c<<k<<§ of (Loudon, 1964):

w = wL : (ordinary phonon) . (2.24)
and -
2, © 2, o 2.0 2
I | S T R Y
5 5 cos 6 + 5 sin" 8 = 0
w” - W ‘ Wt - ow

- (extraordinary phorons) (2.25)
where 6 is the angle,between'thefphonon k-vector and the

c-axis and where one defines analogous gquantities to

equation 2.23: ¢
, ¢ 0% :
o |
' If y ]
Wt = w— (2.27)
€ .

Several words of explanation are necessary at this point. An

"ordinary" phonon is a phonon whose k-vector and polarization
are both perpendicular to the c-axis. Equation 2.25 thus has
two solutions for each value of 6 correspondin% in general to

a "guasi"~longitudinal optical phonon and to an orthogonal
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"quasi"-transverse optical phonoﬁ. The longitudinal

ﬁ and wi defined by 2.26 and 2.27 are

not necessarily those measured in the crystal, then, since

optical freguencies

the longitudinal phonon freqguency (as does the TO phonon
frequency) near (but not at) the zone centre-varies between

these two frequencies as the angle © varies. This facet

will be probed in detail below.

If W, and‘wé are the two roots of 2.25, one obtains a
modified LST relation:

2 2 0 2, 0.:.2
”'91'“2 =,5H cos8 + €¢; sin ©

(2.28)

szwHZ E”wcoszé + El?sinze

-

For k|c, for example, one has roots of 2.25 of o = wﬁ and

w = w, , thus 2.28 becomes
ng

5= = p which satisfies 2.26.

It is also necessary to point out at ‘this time that
this calculation is based on assumption that only one optical
phonon branch is infrared active. When more thén one branch
is infrared active, one would expect Reststrahlen effects in
each branch and thus the splitting between the optical and
static dielectric constants should be displayed in some ’
combination of the LO-TO phonon frgggegcyﬁ§p}ittipg§ of the

various branches, j. Cochran and Cowley (1562) have general-

ized the LST relation for more than one infrared active

branch in a cubic (or isotropic) crystal to the form

t



/ .
T (ﬂ) _ & (2.29)
j=1 weldl) = . \
For a uniaxial crystal one may expect two product reietions

. A
for the splitting perpendicular and parallel to the c-axis.

Loudon (1964) treats two limits for equation 2.25 which
are instructive. The first case (I) is the electrostatic
limit where the splitting between the TO phonon frequencies

)
caused by the anlsotropy of the crystal is small compared

»

to the LO-TO splittings (i.e.lw”-wl|<<w”2*w”, wi -wlx. For
the other limit (II) called the aniéotropic limit, the
splitting between the TO phonené"is predominant. Cuséé"
for the phonon dispersion as a function of propagation
direction for the two cases are reproduced in Figures 2.4 and
.2.5. 1In these figures L stands for the longitudinal optical
phonons andé T ie for the transverse optical phdﬁ?ns. Note
that the momentum scale .only extends to'approximately twice .

the momentum of,zéé photon (kz%w) at the energy of the LO

prhonons and thus 1s extremely close to izO. The lowest
branches are not to be confused with adbustic phonons. The
lowest branch displays the dispersion ofk%ransverse optical
phonoié\in the "polariton” regime,»that is, where the "phonon"
is more eroperly deseriﬁed as a mixture of electromagnetic

and mechanical vibrations. In.first order Raman scattering

the momentum of the phonons sampled israifz—ﬁgier'bf'ﬁééni~'

. . L
’“Eﬁaé*TﬁﬁvE'(Ei2¥ks‘-2kiks cosf) *, where 6 is the angle between

the incident and scattered light. This gives approximately
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-

W, .
!q}ﬁs Y2 ;%; (l1-cosB). 8Since w,, the frequency of the light,

is much greater than w or the frequencies of the

LO “ro’

phonons, the momentum of the phonon sampled in general will

be much further out in the Brillouin zone than the region
R

drawn. The exception to this would be scattering in the very

forward direction (8 = 0°) and then polariton effects would

become important. In viewing the diagrams then one should

recognize the frequencies seen in the first order effect as
those on the very right hand edge of each drawing.  In both
cases, for‘phongn'propagaticn’along"the”c=axi§"tﬁé*LO”ffé:”

guency is wnz and the TO phonons are both ordinary at

frequency wl. For phonon propagation in the ab-plane

(drawing (c) of each figure), the LO phonon is of frequency
wli and the TO branch splits into an ordinary and an extra-
ordinary phonon of freguencies wl and w”, respectively. For
intermediate directions the fregquency and symmetry of the
phonons is of mixed character and must be found by equation
2.25. In a later section it will be seen that GaSe does not
guite ﬁeet the criteria for either limit (although the phonon
curves are gqualitatively like casé I) and the most general
form of equation 2.25 is needed to calculate the phonon
dispersion with propagation angle.

To reiterate, before continuing with a discussion of

——the selection rules, in a uniaxial piezoelectric crystal

“

“Raman active phonons which are also infrared active do not



simply obey‘the normal selection rules discussed in common
texts since they carry with thegh; macroscopic eiectric field.
Besides changing the‘group theoretical sélection rules, this
field is responsible for enhancing the freguency of the longi-
tudinal optical phonon and gives rise to the Lfddane-Sachs-

Teller splitting. 1In a_uniaxial crystal the transverse opti-

cal phonon(s) which is ({are) infrared active displays an

angularly dispersive frequency dependence due to the aniso—
tropy of the crystal. Depending on the strength of this
macroscopic electric field relative to this anisotropy, the *
longitudinal optical phonons-will show a more complicated
dispersive behaviour than for the cubic case.

As was shown in equation 2.9, the strength of the
sgéttering and thus the selection rules were given.by a dot
product between/ the unit veetor of the phonoz; mechanical
polarization and the Raman tensor for that phonon. = The

selection rules can then be obtained by writing the scattering

efficiency in the form:

o, T T, 0| %
= .. R~ Ee
s S I DT BT (2.30)
poT= .
X,¥.2 '
where e,, e_ are the incident and scattered polarizations and

i 8

R;; is the symmetric tensor (since the selection rules to be

derived are for the non-resonant spectrum) and £' is the

&

Tth component of the phonon polarization. This equation is
. '
valid, then, primarily far from resonance and where the .

phonons concerned are not both IR and Raman active. Thus,



polar phonons in GaSe the above form isvadequate to deter-
mine the selection rules. The result obtained will be
identical to that of merely inspecting the basis functiohs of
the point group of the crystal.

For a uniaxial piezoelectric crystal several modifica-

tiénsjmustmbeﬁmadeffuihexema:e*tﬁbftypes_ofuelect:on:latticeu@gdgA;f7

1

interaction of interest here: the deformation potential where

the lattice displacement T is parallel to E, the polarization

of the phonon, and the polar scattering mechanism (Frdhlich
coupling) in which the E vector of the macroscopic field is

parallel to i, the phonon wavevector. Thus, equation 2.30

must be generalized to (Loudon, 1964):

: 2
=1 o, T T T p
. 80 Z i Rop (@ 548 k)eg (2.31)
pO0T= .
. X,¥,2
where B is proportional to -the electric field strength'[§|.<

It should be noted that 8 = 0 for exactly transverse optical
phonons. .
o
The selection rules calculated by equations 2.30 and

2.31 for B-GaS and for e~ and y-GaSe are given in Appendix él’

The results are summarized in Table 2.2.
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‘ TABLE 2.2
e ,,7,_,fm———7ﬁfm

'R -~ Polytype - Dgh ~ centrosymmetric (no polar phonons)

Phonoanymmetry Polarizability Tensorr
Alg\ ®ex t ayy r %zg
Elg,« ,ayz r B2x
By o “%x T %yy . Oxy

e - Polytype - Dgh - piezoelectric (E” modes polar)

Phonon Symmetry Polarizability Tensor

non-polar modes:
'Al' a._+ «a , a
E°” ‘ a , a

polar modes:

E”(LO) ' Y(XX)Y, X(¥YX)Y, Y(XY)X
Y(XX)Z, X(¥YX)2, Z(XX)Y
. . Z(XY) X :
E " (TO) ‘ Y(XX)Z, X(¥YX)Z, Z(XX)Y
extraordinary 2(XY)X
E *(T0) X(YY) X, 2(YY)Z, X(YX)Y
ordinary Y{XY)X, Y(XY)Z, X(YY)Z

' 2(YX)Yy, z2(YY)X

¥y - Polytype - C >

3y piezoelectric (All modes polar)

Phonon Symmetry Allowed Geometries

LO Phonons:

A, (LO) 2(XX}Z, Z2(YY)Z

E{(LO) . Y(XX)Y, X(¥X)Y, X(ZX)Y
X(YZ)Y, Y(XY)X, Y(2Y)X
. | Y (X2) X
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Table 2.2 (continued)

N Phonon Symmetry Allowed Geometries
LO Phonons (cont.):

Al'+ E {LO) Y(2Y)Z, Y(XX)Z, X(¥YX)Z,
Z2(XX)Y, z(X2)X, 2(XY)X,
2(YY)X '

' _Extraordinary TO:

A, (TO) X(22)X, X(YY)X, v(z2)¥,
Y(XX)Y, X(22)Y, Y(22)X
A, + E(T0) Y(2Y)Z, Y(XX)2, X(¥YX)Z,

R T "7X’,('Z'X’}Z'f'7X'{Y¥_)72’}” ZH%)Y F 2

2(XX)Y, 2(xX2)Y, 2(XY)X,
Z2(YY)X ,

Ordinary TO:

*  E(TO) X(¥2)X, X(YY)X, X(2Y)X,
Y(X2)Y, Y(ZX)Y, 2(XX)Z,
Z(XY)Z, 2(YY)Z, 2(YX)Z,
X(YX)Y, X(2X)Y, X(Y2)Y,
Y(22)X, Y(XY)Z, Y(ZX)Z,
X(YY)z, X(zyY)2z, 2(X2)Y,
z{YZ2)Y, 2(Y2)X, Z(YY)X

* Unless specifically noted polarizability tensor elements
give the Raman selection rules for all geometries.

v
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each grouped by the eight distinct intralayer vibrations.

2.5 Normal Modes of Vibratioﬁi

~~  The normal modes of vibration for GaS and GaSe have. been

drawn for thi*vafious polyfypes in Figures 2.6, 2.7 and 2.8.
The description of the modeé for the B-polytype is due to
Wieting énﬁ Verble (1972) and the e-polytype to Brebner et al.
(1973) ana Yoshida etval. (1973). The y-polytype displacements

have been identified éenerally by Mercier and Voitchovsky

--41974)} but the phasing of the modes has not been published to—

y
date. N : /

The diagrams are drawn so that the eight columns are

Since the bonding between the layers is vefy weak, the layers
vibrate nearly independently and ;hus rigid-layer mode vibra-
2 2,
B2g and Ezg in the
1 Loox .
R-polytype, Az(l) and E' (1) of the ,e-polytype and Al(l) and

tions develop. These rigid-layer modes{ﬁ

E(l1}) of the y-polytype, are low frequency modes with the weak
interlayer coupling as the only force constant involved in the
vibration. While always occurring in the B-~polytype, the
term "rigid-Iayer" is really only applicable (and thus the
diagrams correct as drawn) ih the e~ and y-polytypes if the
interlayer force constant is so small as to leave the intra-
layer vibrations unpertufbed‘ This has been found to be a

very good approximation in these compounds (Wieting, 1973).

The eight distinct intralayer vibrations (four of;which

are two dimensional) are doubled by this interlayer coupling
in the B and e-polytypes and trebled in the y-polytype to

give the 24 and 36 normal modes, respectively. The two modes
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in eacﬂ column in the B and € cases and the three in each
coiumn in the y-polytype should be nearly degenerate in energy
if the interlayer coupling is indeed'smell and this gives

rise to the terminology "conjugate modes” (Wieting and Verble,
1972; Hayek et al., 1973). The rows of the three figures are

grouped so that the top row of vibrations has the interlayer

seleniumiatoﬁe ﬁoegggminighase,mthe eeeond fé@ has them moving
out of phase. The rationale for such a grouping is that in
the two layerréolytypes+ the top row of vibrations will have
each layer in phase with respect to a mirror plane parallel

to the layers. In the B-polytype, where there is a centre of
inverSien, thié makes all the vibrations of the top row odd
with respect to inversion while the bottom row is»even with
respect to inversion. 1In the e~polytype such a grouping

is again retained, and the author will refer to these vibra-
tions (for the lack of a better system) as "odd-type" and
"even-type" vibrations, although they are strictly neither odd
nor even. In the y-polytype there is an additional degree of
freedom giyen by the third iayer of the unit cell and the
other poss%gility is that the layers alternate between being
in phase and then out of phase.

- There has been considerable controversy concerning - . - - .

spectrum of GaSe. The difficulty arises in distinguishing

nearly degenerate but distinct interlayer vibrations from the
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predicted conijugate pairs (or triplets). Hayek et al. (1973)

based many of their assignments of the phonon frequencies of
GaSe on the conclusion that these conjugate pairs are visible
in the spectrum. This work finds itself in disagreement with
fhat conclusion and only the symmetry characteristics of the
observed phonons are used to assign the spectral peaks.

It is possible to estimate the degree of splitting be-

tween the conjugate pairs (Wieting and Verble, 1972; Wieting,
‘

1973). The intralayer force constant is easily determined

since the rigid layer modes differ from the zero frequency - -~

acoustic vibration by the fregquency involving only the vibra-
tion between the layers. Thus, for the two layer polytypes

C. .
8 and £:w, 2 = -X where M is the reduced mass of a gallium-

1 M
ch;lcogenide pair. There are two frequencies mArhnd wE’
corresponding to vibrations parallel to and perpendicular to
the c-axis, giving oneicoqpressional and one shear interlayer
force constant.
From a simple -concept, then, of two coupled harmonic

oscillators of frequency w,s One has the two vibrational fre-

guencies wi«h coupling constant Ci_of:
wh = wC, W C o+ w, ' O (2.32)

This is, however, only an approximation of the splitting valid

for very small intérlayer force constants. Wieting (1973) has

calculated the freguencies of splittings on the basis of a

linear chain of eight atoms with two masses and three spring

NN
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-constants. —His result is also a crude approximatiom to———

the actual crystal, but the two above approaches should give
the order of magnitude of the conjugate pair splittings.
These results will be used in the discussion of the assign-

ments made for GaSe.

et




o  CHAPTER ITI

il E A Ak

THE FIRST ORDER RAMAN SPECTRA OF GaS AND GaSe—EXPERIMENTAL

3.1.1 Cryssals : ) ,\Kﬁ

The crystals used in this study were grown by the
modified Bridgeman technique of Beck and Mooser (1961L‘by

iodine vapour transport and by sublimation {(Terhell and Lieth,
P A

... 1972). These techniques yield quite different results. The

Bridgeman technique, which involves the drawing of the crystal

from the mélt, yields large plate crystals which in some cases

can giyé the very thick (1-2 mm) samples which were used in
this work; These thick crystals are rare, however, and
we were very fortunate to obtain thick samples of GaS and GaSe
from Dr, John Brebner of the Université de Montreal. Crystals
grown by this technique always yield the B—polypypé for Gas,
but as was mentioned previously there is some dispute about
GasSe. While Wieting and Verble (1972) and Jellinek and Hahn
{1961) interpreted the GaSe samples grown froﬁ,this technique
as also of the B-polytype, the more common interpretatioft at
present is that they are a mixture of €-and y stackings. The
degree of admixiny, however, has never been determined éhd
this work sheds some light on that question.

GaSe crystalé grown by sublimation usually yield thin

flakes, ribbons or needles (Terhell dnd Lieth, 1972). It has

be;n found that the needles.can be purely of™the Y-polytype
and several of these needles were obtained from Dr. R.M.A.

Lieth of Eindhoven University, The Netherlands. Thus, by
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analyzing the Raman spectra 6f the needles in comparison to
the thick crystals, one .can optain considerable information
on the stacking of these coﬁéounds.
It should be noted in this regard that Laﬁe X~-ray photo-
graphs are only 6f limited QSefulﬂess in differentiating be-’

tween the polytypes. Laue pictures on the large Eyrstals can

.

be easily taken only along fthe c-axis and in this orientation .. -
- 4 1 A

the Laue reflections from Dﬁh(e) and D3h(e) polytypes are

identical. While the Cél(?) polytype does have 5ystematic‘
absences when viewed along this axis, this is of no use in
determining the composition of mixed e~y crystalé because of
the superppsitioﬁ of the spots. From rotating cfystal techni-
gues, however, X-ray studiesa of the large single crystals shows
a high degree of stacking faults (Terhell and Lieth, 1972)
and this has been tentatively*attributed to polytype ﬁixing
(Mercier et al., 1973). ' -
The gallium sulphide samples studied consisted of an
“oriented thick layer crystal approximately 0.8x1.0x0.2 cm
in size and several flakes which were less tﬁan 0.5mm in
thickness. The crystals werae all bright yellbw and as érown
{(from the melt) are expected to be p-type (Fischer, 1963).
The gallium selenide samples consisted of -a thick

sample which was X-ray oriented and cut on a wire saw along

the x and y crystals axes {As8 defined by Nye (1957}), and of

several large thin flakes. The large oriented crystal, which

P

was also used in the Resonant Raman experiments, was



in shape as viewed from the c-axis. The y-face is approxi-

mately 2mm x 3mm and the x-face is approximately 2mm X 7mm.
Attempts at polishing or otherwise.improving the guality of
the faces obtained from the wire saw cut proved unsucéessful
as the process cof mechanical polishing deformed these very
: soft,crystals+wandﬁﬂuLam¢hornknows,of”noWproyen;etcthjmuLdf_#;gA4“¥
z-faces of these crystals could be greatly improved by

cleaving new surfaces in this direction. This process is

easily accomplished with a minimum of strain since the layers
separate gquite easily with the use of cellophane tape. 1!
The Y:polytype needles of GaSe used are equilateral tri~
angles in cross section and are tapered. The faces of the
needle are thus not glong pure symmetryvdirections but are
{11 0 1) faces (Terhell and Lieth,71972). However, - since
the c-axis cell dimension is so large with respect to the ab
cell dimensions, the angle these faces make with the orthogon-
al y-crystalline axis is about 83° and £hus near right angle
scattering can be done. Refraction at theséﬁsurfaces, which
initially séems to be problematic, préves to be gquite useful

in the study of these needles and of the y-polytype.

3.1.2. Apparatus

All spectra obtained in this work were excited by laser .

excitation. Three lasers were used in this work. The highest
energy excitation was cbtained with the various lines of a

Spectra Physics Model 165 Argon Ion laser. It was found that
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in order to obtain spectra in Gas far below the band gap at
room temperature, the 5145 R line of this léser was the most
advantageous. ‘with”the ar’ laser running in a singleAléngi-
tudinal mode wigh the use of the Spectra Physics Model 589
intracavity eta;on, it was possible to employ a moleculaf

iodine filter (Devlin et al., 1971) in order to remove the

-

unshifted component of the scattered light. . The molecular

iodine cell was five centimeters in length and its attenuation,

construction and description of operation may be found in the

thesis of C.G. Hodgins of this department who calibrated the
cell (Hodgins, 1974). | K

Also used in this sﬁudy was a 50mW Spectra Physics Model
125He~Ne laser at 6328 R and a Spectra Physics Model 370
tunable dye laser. The dye laser contained RhodamineVGGr
as its lasing element and pro$ided a tunable output from
5470 2 to 6420 ﬁ, The maximum output of the dye laser is
between 5700 and 5900 A and was 300mW at its peak. Typical
power levels used in this study were less than 150mW.

The crystals were placed on é goniometer mount for room
temperature work and in a cold finger dewar for the low tem-

perature work. Because of the number of windows in the opti-

cal dewar, the sample,temperature”wasmsamgwhatﬂhigherﬁthanv~~w

- 77°K when ligquid nitrogen was used. The ambient temperature

measured with a gold-chromel thermocouple was typically

81 + 1°K.

k3
Spectra were taken in a variety of geometries where
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the scattering angle between the incident and scattered

beam ranged froﬁ 0° to 180°. The most common geometry,
however, was the 90° configuration. In all c;ses, the
geometry of the scattering event is given by theknotation
A(BC)D where A and D are tﬁe k—vectoré of the incident and

scattered photons, respectively, and B and C their respective

- polarizations.

from the sample in all butgghe backscattering

spectra was collected by an £/1.2 Canon 50 mm focal length

lens and imaged on the input 8lit of a o

Spex 1400 3/4’meter Czerny double monochrometer. An ITT
FW-130 (S20 response) photomultiplier monitored the output
of the SpeCtrometer and the signal was fed through standard
photon counting electronics and displayed on a strip chart
recorder.

In the backscattering geometry, a combination of two
simple lenses replaced the Canon lené in the collecting
optics. In both cases; the scattered light was analyzed
with sheet polaroid and then depolarized by a quartz wedge
pefore entering the slit of the spectrometer to eliminate
polarization effects of the gratings.

When the dye laser was employed as a source, the fre-

quency 0f the line was calibrated before and -after-each — - — =

series of runs at the wavé1engtnfbﬁing,atudiedguersusgtha -

xnown lines of a Neon discharge tube. The linewidth of the
dye laser can become somewhat broad at the ends of the tuning

range of the laser if the resonator controls of the dye laser



~~consequent loss of intensity in the dye laser output:

are not set carefully. 1In order to ﬁonltor this linewidth,
the dye laser beam was checked periodically by passing

the light through a Fabry~Perot interferometer Qith a 2mm
spacer (4V = 1/2d = 2.5 cm-l, free spectral range). By in-
spection of the thickness of the fringes #the laser linewidﬁh

was constrained to be less than 1 cm'l sometimes with a

|
|
*




-~ 3.2 Results

The first order Raman spectra of GaS and GaSe were

 studied chronologically by looking at B-GaS, then e~y

crystals of GaSe and finally needles of y-GaSe. There is
an advantage in presenting the results in this chronological

form since the structures in the Raman spectrum build on the

knggigdgg”gijthe identification of the modes in the simplest

spectrum, Gas.

3.2.1 Gas

The Raman spectrum of GaS is shown for two orientations

in Figure 3.1. The notation has -been previously described.
The spectra shown here were taken at rooﬁ temperature with

the 5145 i line éf the Argon ion laser with the use of a
molecular iodine filter to discriminate against the unshifted
component of the scattering. iThére are six features in the
first order Raman spectrum and the two orientations shown here
clearly display the differences in diagonal pélarizations and
off-diagohal eleménts—of the scatteriné. Thé measured fre-
quencies of the phonons are given’in Table 3.1 where they are
compared to the results of Van der Ziel et al. (1973). These
assignments were made‘;n the basis of the symmetry properties
of the‘scattering and are consistant with the reéulté obtained

py Van der Ziel. In Table 2.2 it was shown that six first-

order Raman active modes have been predicted from group theory

and these six modes have been observed.
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TABLE 3.1 - A551gnments “and Frequenc1es of Vlbratlon for
B - GaS. All values obtained are + 1.0 cm '.

Irred. Polarizability  Raman Frgquenc1es(cm 1
Feature Rep. Tensor 293 “K 81 °x
vy a v b g-a
1 E,2 -a, . 22.0 22.0 23.0
29 XX Yy* “xy
2 1 Ca 75.2 74.2 75.7
- B ™ lgLW — ﬂszwﬁzxA _— R * .
N 3 L 4 va ,a 187.9  188.0  189.7
lg XX vy z2 :
4 iz*’ e, a_ . 290.5  291.4 294.3
g Yz zZX
5 el e -a ,a_ . 295.0  295.2  298.4
2g = xx YYy' o xy° : |
5 ‘ -
6 A @+ a a 360.7 359.9 364.5

- lg XX Yy’ “zz

a) This work , b} 'Van der zZiel et al. (1973)
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3.2.2 e-v GaSe

The Raman spectrum of the large crystals of GaSe is

shown in Figures 3.2 through 3.5. These four figures display

all the symmetry components which should be distinct by the
group theoretical selection rules. The spectra shown here

were obtained at liguid nitrogen temperature with the He-Ne

) }qgg;ﬁéggwthus are far from resonance. The frequencies,

polarization properties and assignments of these features are

given in Table 3.2. It should be noted that while the assign-

ments shown here are in some disagreement with previous
authors (Wieting ané Verble, 1972; Hayek et al., l§73),
they are in substantial agreement with other recent results
(Mercier and Voitchovsky, 1974; Yoshida et al., 1973).

The first specfrum (Figure 3.2) is the diagonal Y (22)X

geometry. In this 22 corientation the only phonons which are

Raﬁan allowed are the A; {135 cm_l) and the A; (308 cm-l)
phonons. These modes can be clearly seen to be the dominant
features in the spectrum. The appearance of the other modes
i? the spectrum is due to sample depolarization (most of
wﬁich probably occurs at the surfaces of these crystals).

The relative strength of these features is much stronger in

this spectrum than in off-diagonal scattering and thus

identification of these modes.is easily accomplished.

Figure 3.3 shows the off-diagonal Y (ZY)X geometry. 1In

1 1

this geometry the 60 cm ~ E"(1 ) and the 212 cm = E"(2 )

rhonons are guite strong as would be expected by group theory



_54..

|
A‘. . ? Mo 18 3® ¥ 829 3Ie uoxey
unmxjloadg .\Tuwso,wm WSNVM "mmmw A-3 JO wnijoads ueuwey .N.m, 2anbty
_, . |
 (1=w2) L4IHS ADNINDIYA 3
 00¢ | 007 00l 0
T T I T I Y W
. - ! A
074 ﬁ._
- .
)
| z
A R I
| o_+_..1_, W
M :
P & ! |
ol X(ZZ)A 09 |
W



- 55 -

|
|
|
]
,
A; i
o @ o , : *¥o 18 .,3® ¥ 8Z£9 3®
uade3 umiidads cAr3Lwoab X (XZ)X :9seH A-3 jO unxjyooads ueuwey €€ anbTJI

(1-12) L4IHS ADNINDIYS -

00¢€ | 00T 00l | 0
J A \VQI(ILJ _\I\Gj .
| o . nmn,
olE o o | -
| | AL
~ _ s
| =
"

AT <
m Z
W __ —
m
” n 1 Z
Aﬁ %
| —
P | <

Sel 1

X(AZ)A 1% |

N




uae3l umijoads

- K138w096 2 (AX) A

00¢

*Mo T8 3® ¥ S9TS

19509 A-3 3O wni3zoads uewey “p°g OIT

(1-W2) 14IHS ADNINDIYA

00¢Z

ool

- 56 -

GEl

) ¥

N

09

074

VY $919 "OX3
Z(AX)A

ALISNILINI 3AILVIZY




- 57 ~

. » | L | "¥o I8 3® ¥ 8ZE9 3I®e
- mwxmu Esnuumﬁm *Axj3owoeb Z(XX)X :9sen A-3 JO Eduuuwmm uewey °g°¢ Lsanbty
o - | , )

~ (=w2) LdIHS ADN3IND3I¥A (
00¢ | 002 00l ‘
)j T _, 1 | ¥ T
| sig,
0sZ  ziz 1| =
” * | , n.-.l...—._
| 09 v
(. . Wnu
ole i<
| | ™
z
-
3 m
i ,
Gel mm
fe—z+— =
. 114; ~
Z(XX)A



TABLE 3.2 - Assignments and Frequencies of Vibration for
(e - v) crystals of GaSe. Assignments are based on the
e~-polytype, DBh' 211 freguencies are *1.0 cm™ ! unless

cotherwise noted.

Irreducible Polarizability Raman Frequencies (cmfj)
Pepresent. , Tensor vV (293 ©K) vV (80 OK)
E° (1%) o - o, « 19.5 19.8

xX Yy xy

B (1) A : Qyzf,sz,, T 60.1 - QQLQ;

Al (1) axx f ayy’ azz 134.3 135.7 -

E"7(2) a _, a 211.8 212.3

- vz ZX

E"(TO) (2) * 214.0 * 2.0 215.6

E7(LO) (2)- * ‘ 2521t 254.5
By (2) ) Tex ¥ ny, G, 308.0 310.8

* See selection rules (Table 2.2)
* This frequency possibly contains some A, “phonon in-

volvement at room temperature. 2
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ponent Y(XY)Z and the other E symmetry phenons E'(12?) at |
20 .cm T ang E'(TO) (2) at 215 cm-'l become relatively strong.

F . re ,
Finally another diagonal spectrum Y(XX)2 is shown in Figure

A

3.5. In this spectrum all the phonons are relatively weak,

but the E" modes at 60 and 212 cm © have almost disappeared,
which is,indagreement,withmtheﬁlack;ofwanqxxmsyﬁmetr¥4element ,,,,,, o
for these vibratjons.

3.2.3 +y~GaSe

The most conclusive evidence of the above assignments
of the modes'comes by examiniﬁg.the Y-polytype of;GaSe.-

In the y-polytype all modes bécome Raman active and 'thus the
modes which were previously obscured by their inactivity.
may be deduced. Furthermore, it is possible to study the
behaviour of the polar phonons as a function of the angle

of propagation of the phonons, as was discussed in Section
2.4.

Before presenting these results, however, it is
necessary to describe the geometry of the scattering events
as a function of angle. As was menFioned in Section 3.1.1,
the y-polytype samples were triangular needles'bf eduilateral
cross section. The needle faces as grown in this fashion are

(1101 or permutations of the first three indices. The

énd f;ce of the needle is a (0 0 0 1) face. In the conven-

tion of Nye (1957), the group theoretical orthogonal co-
. . '
ordinates %, y, and z (or Nye's Xyr Xy and x3) are defined
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_relative to the hexagonal coordinates (x, y, u, 2) by z = 2

and x = Xy FOE the y—Gaée needles, then, each faceris
crystallographically eguivalent,with the x axis parallel to
the face of the needle, the y-axis (the ortﬁogonal y—-axis)
not guite normal to the f;ce of the needle and the z-axis

along the axis of the needle. The position of the gallium

and selenium atoms on the lattice sites and the relevant

directions areshown in Figure 3.6. A diagram of the needle

itself is shown in Figure 3.7. From the notation of the long

faces, it is an easy matter to show that the faces make am -~

angle with the c-axis ¢ = tan_l (%; g) = 7.4°, where ¢ and a

.are th% unit cell dimensions from Table 2.1.

Spectra were taken on the Y-needle both at ;bom tempera-
ture and at 81°K. Various orient&fions are shown in Figures
3.8 through 3.11. All the spectra are at 8l1°K unless other~
wise noted in the diagrams. Three new features are seen in
the y-polytype spectrum. First is ﬁhe observation of a weak

phonon near 40 cm *

(Figures 3.8(a). 3.10(a), and 3.1l1l) which
has béen tentatively identified as the Al(l) rigid layer

compressional mode previously seen at 37 cm’l in far infrared
spectra in e-y crystals (Irwin et él., 1973). The other two

features are the TO-LO phonon pair of the previously inactive

A1£2) phonon. The frequency of these modes shows a strong

angularly dispersive character which will be discussed more

fully below.

Figure 3.8 shows ‘the diagonal Z2(XX)Y and off-diagonal
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<~ ——the ab-plane of the y-polytype. T

sor

O se

Figure 3.6. The spatial coordination of atoms in

ir
ections {x,,%;, and x,} and the hexagonal directions

(x,y,u,z) for this C symmetry crystal are also
identified. The-cryggal faces cut the ab-plane

along the directions %, y, and u of the hexagonal
notation,
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Figure 3.10. Raman Spectra of v-GaSe: Z(XX)Z and X(22)Y.
Both spectra taken at 6328 A. Top spectrum recorded at

room temperature and bottom spectrum at 81 °K.
ghosts indicated by brackets.
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TABLE 3.3 - Assignments and Frequencies of Vibration for
Y - GaSe. All frequencies are *1.0 cm™! unless otherwise
noted. Selection rules for the vibrations are given in
Table 2.2, ' ‘

Irreducible Raman Frequencies (cm ')
Representation
,G (293 °K) V (81 9K)
e B AL e 2009 200 -
AL (1) (?) 38.3 ¢+ 2.0 © 40.4 * 2.0
B3y /_sé.s  se.4
A (3) 133.5 135.0
E (4) 208.7 211.0
E (2) TO 213.9 ' , 215.2
A, (2) TO | 235.7 - -
A,(2) LO 246.5 247.8
E (2) LO | 253,2 255.5
A, (4) . 307.4 309.5 o
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Z(YX)Y geometries. The diagonal spectrum (a) shows the

mixed E(2) - A} (2) LO mode to be relatively strong at 249 em™ L

and the mixed Al(2) - E(2) TO mode at approximately one half

the LO.intensity. The Tg mode is at 229 cm-l,' All A,

%
symmetry modes appear quite strong in this spectrum. Figure
3.8(b) shows the YX geometry which is generally much weaker

than the above spectrum.
S 2 . N
Figure 3.9 shows the two other off-diagonal elements

Z(YZ)Y (Figure 3.9(a}) and Z2(XZ)Y (Figure 3.9(b)). In both
these spectra the E symmetry phonons at 59 cm Y and at 211 cm >
are quite strong. Figures 3.10 and 3.11 show two diagonal
backscattering geometries E(XX)Z and Y(22}Y both taken'at room
temperature and a right angle spectrum X(Z2)Y. One feature
to note is the peak at 38 cm.-l in the rocom temperature spectra.
This peak is found to be strong oﬁly in backscattering spectra
and has been Fentatively identified as theAAl(l) compressi9nal
vibration, which was inactive in the e-polytype. It is some-
what diséoncerting that the peak should appear so strongly in
backscattering and only’very weakly (Figure 3.8(a)) in other
diagonal geometrieé: Because of this fact, and since oﬁé

" must always be reticent about assignments of low energy peaks

. in backscattering because of ihe possible high intensity
grating ghostswhich may occur fromwspécularrrefleetionereffr—~r~m

.- ... . the crystal, the identification of the A (1)} "rigid-layer"

| mode must be termed tentative. The other feature to note in

the backscattering spectrum from the Y face is the observation
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Thé frequencies obtained for the normal modes of vibra-

tion for the y-polytype are shown in Table 3.3. _The fre- |
quencies given for the Al(Z) and E(2) LO and TO phonons are
the limiting values seen in the experiment and represent pure

A and pure E symmetry vibrations. ,
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3.3 Discussion

3.3.1 B-Gas

" As was seen in Table 2.2, of the 24 normél modes of
vibration of the B—polytype; only six are Raman active. These
six modes héve been identified and assigned to the spectral
features in the Raman spectrum according to thei; symmetry

properties with no disagreement with previous results (Van

der Ziel et al., 1973). The six Raman active modes are all
even in symﬁétry as this is a centroéynmetric crystal and thus
represent the phonons in the lower row of Figure 2.6. This is
an important observation bécause not only does it identify
the primary intralayer vibrations but also bears some signifi-
cance to tha identification of "conjugate" modes in GaSe.
3.3.2. e-y GaSe

From the similarities between the structures of GaS and
GaSe in the layers, one would exggct’thét the spectra observed
should also‘be similar with_the frequenciés of vibratign )
scaled by the ratio of the reduced mass of the gallium- o
gselenium pa;r to the gallium-sulphur pair. Roughly, if the
elastic constants are egual one would have

MSe '
‘v N T M ( W ) = 1,356 (3.1)

S

GaSe

This ratio is quite well obeyed for several modes in these

two compounds. The fregquencies of the corresponding vibra-
tions and their ratios is given in Table 3.4.

One mode in the €-y spectra of GaSe is, however, not
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TABLE 3.4 - Ratios of Frequencies of Vibration of Corres-
ponding Modes in GaS and GaSe.

Vibrational Mode

O 3 *

GaSs ’ GaSe vGaS/vGaSe % Error

g2 E” (1) 1.13 16.7%
29

g L E“7(1) 1.25 7.8%
lg - R » - -

Al ALC(1) 1.40 3.2%
lg 1 . .

E. 2 E”(2) 1.37 1.0%
1g . .

E.1 E” (2) TO 1.38 1.8%
2g ] L ] ’

A2 AL (2) 1.17 13.7%
lg l - .

* This is the percentage differeWce from the rough
estimate of 1.36 obtained from the ratio of the
reduced mass. .




>

- 72 -
comparable to B-GaS in this manner and this is the mode at

-~ s - 1 A Y » L] - - -
254 cm ~. From symmetry consideration this mode was identi-—

fied in a previous work (Irwin et al., 1973) as the split off
LO phonon E'(2?%) from the E'TO at 215 cm l. On the other hand
Hayek et al. (1973) assigned this peak and one they observed
at 247 cm'-l as an E'" phonon conjugate pair. The results of
the work‘on the Resonant Raman effect<and the spectra taken

on the y-polytype will show that this conclusion is erroneocus, -

and in fact is a manifestation of the RRE.
With the use of the selection rules, the assignments made
in Table 3.2 identify again six modes (plus the additional

split off LO phonon). Group theory (Appendix A) predicts that

v . ’
there are eleven Raman active phonons:

T = 4A.' S4E" B3E' A
-7
Raman 1 e/

To explain why only six features (p;us the .-LO phonon) are

-

observed, one must return to the argument of cénjugate modes

and refer to Figure 2.7. 1In e-GaSe the A " modes are'Raman

2
inactive and thus only six pairs of modes of Figufgx2.7 can
be Raman active. Since the 21%1‘f is an acoustic mode, that

leaves eleven Raman active phonons. Each remaining column

then consists of two modes which are nearly degenerate in

~energy by the argument of the weak coupling between the layers,

which leads to eguation 2.32. One can, on the basis of the .

symmetry Of the modes and with comparison to GaS through

Table 3.4, make assignments of each spectral peak to one pair

AN
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of conjugate modes. From equation 2.32 one can estimate

the freguency difference between each pair of conjhgate modes.

With Wy the coupling frequency, being the rigid-layer fre-

quency for the E symmetry modes (19.5 em ) and 36.7 em™}

(Irwin et al., 1973) for the A symmetry modes, the,ohly

l)‘

experimentally resolvable splittings (that is, Aw >1 cm

would occur for the 60 cm-1 E' phonon or the 135 cm-l Al'

”bﬂg;gﬁlwwfﬁﬁséiteﬁﬁfwé é;;éE;iWééafcﬁ for these satellite

lines, no experimental evidence of conjugate modeg was found.-

One must conclude that the conjugate modes were either too T
weak to observe or had experimentally unresolvable splittings.’ |
Because of this, one can not conclusively determine whethef
the Raman mode being observed is from the upper row or
~ lower row of Figure 2.7.

The work on the crystals of e-y GaSe dgmonstrates that
the Raman~activity of the modes is consisterlt with the conclu-
sion\ éhese large plate crystals are primarily of the e~
polytype. The degree of y-polytypism in these saﬁples can be
estimated from the workrdescribed in the following sectio?f

3.3.3 vy-GaSe ' .

From the group theoretical pfediction of Section 2.4, one |
would expect all the phonons in the C33 y-polytype fo be both
~Raman and infrared active. The work, then, 9}3: ,,Eh,?,,lf?ﬁ?,lﬁi"f-,m? ;

needles serves both as corroboration of the previous con-

clusions -about the e-polytype and also adds much new informa-~

tion about the modes previously inactive. There are 36 normal

-
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of the conquéte modes, there are only eight very distinct

frequencies if one ignores the LO phonons. Of these, six
are vibrations of the form of the active phonons the 8- and
g~polytypes. The remaining two are the Al vibrations which

are derived from the Aé‘ symmetry of the e¢-polytype. Thus,

one expectsﬁtha_rigidulayerwcompressional_uibratinn_AIilLu_ifggA;ngﬁ

(Aé’(l) in €-GaSe) to become visible as well as the Al(2)
vibration. 'This latter vibration had manifested itself in -
the e-polytype only in the Resonant Raman effect when a peak
near 247 cm-l'appéared in spectra taken at rdbm temperature
with the He-Ne laser. This phonoh was intetpreted to be the
Aé’(LO) since the LO phonon should predominantly be affected

in the RRE. The associated TO phonon was not observed in the

e-polytype since it was Raman forbidden. Previous infrared

.absorption measurements indicated, however, a Reststrahlen edge

for EIC at approximately 237 em” T (Leung et al., 1966; Wieting
and Verble, 1972).

The Raman spectrum of y-GaSe shown in Figures 3.8 - 3.11
displays these new fea:ures. Thé A1(2) TO and LO phonbns do
not show a unique freguency dependence but‘instead mix with
the E{2) TO and LO phonons as a function of the angle between

the phonon propagation vector and the c-axis which will be

[

discussed in the following section. The second new feature

is the observation of the weak peak near 40 et which has been

+

——— . e i r e e e egper s st et s © PN SR,
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vibratioh. This identification is made becausé'the peak only
appears in aiagonal spectra and tpUs has the symmetry ?harac~

teristics of A phonons. This, plus the previous identification
of the Ag (1?) mode in far infrared absorption at 36.7 cm“1
(Irwin et g}.,»l973) supports the Ai(l) assignment.

~ The intensities oﬁ the other phonons in the y-polytype

however, show a striking simiﬁarity to the behaviour of the
\.phonons'in the mixed e-y crystals. 1In particular the E(3)

1 and E(4) 211 cm ! vibrations are strongest in XZ

59 cm
or YZ spectra. This behaviour is very much like the be-
haviour of the E'" phonons of the e-polytype which are only

active with the above components.
’ As in the e-polytype, this polytype displays no experi-
mental evidence for conjugate modes in the spectrum. The
arguments which applied to the e-polytype can again be applied
here with some care. The y-polytype has triplets of conjugate
modes (except for Al(l) and E(1l) which are doublets), and

the argument of two simple coupled oscillators (Wieting and
Verble, 1372) must be altéered somewhat. The solution of the

problem of three simple coupled oscillators of frequency W,

‘and coupling constant Ci = wizM gives the fregquencies:

2 2 P 2 2

wz =ur o, W o ! Oi‘kﬁ:ﬂ*i 7ﬁm—+—3'0> - #i {32}
This approximation again reveals that the order of magnitude

of the splitting of the conjugate modes would be small and
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unresolvable except for the lowest lying modes, which

experimentally show no evidence of satellites. The linear
chain mbdei of Wieting (1973) cannot simply be applied to
the y-polytype since a linear chain constructed éf two
types of atoms and only three spring constants does not
differentiate between the e~ and y-stackings. One must

conclude that conjugate modes were not seen because they are

either too weak in the Raman spectrum and/or have unresolvable

splittings.

Finally, one can draw some conclusion about the amount =

¢

of y-polytypism in the large e~y plate crystals. Until this
work was completed, no estimate of the degree of admixing had
been made.v The conclusions of the previous work on these
crystals (Irwin et al., 1973) was that the degree of y-poly-
typism must be small since the selection rules for the ¢-

polytype are well obeyed. The strength of the A, phonons in

1
¥ which are compatible withrAé'vibrations of € indicates that
these phonons are an adequate indicator of the degree of y-
polytypism in the large cryétals. From the strength of the
Al{2) TO line in the y~polytype, one must conclude that the
amount ofvy~p01ytypism in the £~y crystals is Less than 5%.
3.3.4 Angular Depgndence of the Scattering

As was shown in Section 2.4, one expects the polar

phonen fregquencies in a plezoelectric crystal to be strongly
dependant on the direction of phononmpropagation as well as

polarization of the phonon, In particular one would expect
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anisotrdpic.polar crystal to vary as the angle @, between :
tﬁé direction of phonon propagation and the c-axis is va:iéd
(c. £. equatién 2.25 and Figuxes 2.4 and 2.5); As was seen in
the preceding’sections, the frequencies of the LO and TO
phonons in the €- and Y—polytypeé in many cases have values

which-are indicative of the phonon propagating in a non-

symmetry direction. It was possible in the Y-needles to measure

this dispersion as a function of the angle of propagation of

the ?hohoﬁ,rel N

The particular geometries of interest involved are
those where the light énters the crystal along the c-axis
of the needle and is viewed at some angle § with respect to
the y-axis. , | Q;*’

By varying this viewingfangié 5§ one is thenqeble to édjust
the angle between the incident and scattered beams inside the
crystal. By doing this one effectively samples phonons with
different propagatibn directions relative zo‘the c-axis and
makes it possible to sthdy the frequencies of angularly
dispersive phonons. he gecometry of the scattering is shown
in Figure 3.12. Th¥ XX polarization component was selected .,
for these measurements for two reasons. first, it gives a

strong spectrum and, secondly, since the polarization is

perpendicular to the c-axis, there are minimal birefringent
effects in either the incident or scattered beams. Thus only

one index of refraction, Ry is necessary. Since no

f
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Figure 3.12. The scatterlng geometry for arbzﬁr
{ow i with respect to the y-needle

face, {Inset above) The angle ¢ is half the apex
angle of the needle. (Inset below) Momentum con-
servation diagram showing 8 = B/2 if |k }ulk l.
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measurements of the indices of ref?act;on of the Y—polytyﬁe
have been made, the indices of refraction used here are from

the €~y data of Wasscher and Dielcman(lB?Z) who givc

n, = 2.95. Prom Snall': law one hn, i.‘. o = a-8,

- sin(¢ '+ &) = (sin v).nc; ) (3.3) !

ar;d.sinco,. o o e

a = % + 9 | (3.4)

| B o ee e | -

ChEM, e e e e T

8 ma-~-~¢ =90°%+4-0 (3.5)
and, é/ ' ¥

8 = g/2 f . '

= 45° + (4 -~ 0)/2 (3.6)

Data fér intermediata prbpaqation nng;el 6 were taken by #pt-
ting 8§ = +45° °, -45° The ﬁ'equenciet measured at room o
temperature and are shown in Pigure 3.13.,

The limiting frequencies in the dispersion of the A, (2)
and E(2) modes were obtained by backscatter;nq and right angle.
scattering in the pure symmetry directions gi.c. both ;i and |
kg either parallel or perpendicular to the c-axis) and were :
given in Table 3. .3 'rhe values thus obtained give the |

frequancios nocauary to calculatc tho dilpersion o£ thc LO

and 'ro mdu {of equation 2 25) if thc dielectric constants

ares known. The dielectric constants for the ¢~polytype luvo

been given by leung et al (1566):
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The theoretical curyve is plotted in Figure 3.13. The agree-
ment with the theoretical curve is excellent.

Several points of clarification are in order at this

ﬁpoinilwwiﬁé f;hgé of measured anglgéhshown in Figure 3.13

-

could not be extended in practice since scattering in any

ozl )Y* gegmetryWJQhere"Xfmig,sqmewdiJQCtiQnﬁyiéwedﬁftpm,th@m”,

y face, i.e. —%-é § & %) limits the phonon propagation to an

approximately 14° band about 45° because of the large index

of refraction. Because, however, the three intermediate

angles4fall on the most dispersive portion of the curve, it

is felt thatlthey give a reliable test of the theoretical

predictions here. |

From thesgse results and the agre ment of the observed

Raman symmetries of the 1O and TO phonons with the theory of

Loudon for the electrostatic limit (Case I), it seems evident

»thai GaSe behaves as a Case I uniaxial crystal even though the

limits for Case I ag set out by Loudon are not completely

satisfied (that is, lwﬁf’ - wy| is not »> fu, - wl!).' This

conclusion cantains—implicationsathatwmustwbeﬂconsideredﬁfor~Wﬂm7Qf
. the theory of the Resonant Raman effect. The primary fact tq

retain from this conclusion is that the electrostatic effqui;'

R dominate the behaviour of the polar phonons. In this limit
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to a good approximation, the electric field associated with

the polarization disturbance (the polar phonon) is longitudinal
(Loudon, 1962) and thus can, also to a good approximation, be

' ./ .
treated as isotropic. ’
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| CHAPTER IV
- THE RESONANT RAMAN EFFECT IN GaSe - THEORY
4.1 Introduction , ' ‘ )
From the work of Loudon descfibed in Section 2.2, ' o \{-

the existance of singularities in the Raman scattering
tensor suggested that the Resonant Raman Effect (RRE)

should exist in crystals. There are various electronic

be responsible for the RRE. The most obvious would be

the interaction of a phonon with isolated “?l,eet,r,ons,,‘ihieh,,,,;,,,,, ;
have been promoted to the conduction band by the incident
iight. Thus; the existence of an energy gap provides one o
frequency region ngfgcus the study of the RRE. In semicon-
ductors, however, the;e<are various complications whiéh also
inéolve this energy region. The electron which has been

promoted £o the conduction band can be Coulomb attracted to

the hole which,is left behind in the valence band. Tﬁe en- -

ergy of this correlated staté, the exciton; is usually very

close to the gap energy itself. The difference in energy is-

the exciton binding energy,'Els, ﬁhich is typically 1 to 30

meV. Due to this small energy difference, one must perform

gquite sensitive measurements és a functién of enefgy in or-

der to diSQiGSQiSh,b€§Ween these two égss;ble,contrihutions R

to the RRE,.

Additionally, one can have free electrons or holes bound
to ionised donors or acceptors in semiconductor. Excitons

can also be bound to neutral or ionised impurities. All these
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‘states can feasibly be respon51ble for the RRE aod are very
fd*ff+“It"to‘a*fferéﬁtiete‘witﬁCm‘E§Hr‘meﬁt5‘taken‘at‘oniy‘arrrrrrrr
few energy p01nts as is done with the discrete lines of gas
. .lasers. It is primarily for this reason, iLe. the uncertaih—
fty of the type of intermediate electronlc state in the scatter—
. \

: 1ng (and thus the type of 1nteractlon between the electrons

,and the lattlce), that the theory of the RRE was unable to
:proVIQe,any'reasonablemagreementfwrthfthevexperxmentalﬂre-e~éi*é~mf
sults until an extensive/amount‘of'experimeﬁtal evidence was .
,acoumulﬁtedfl
‘<Although the list;of oryetale andﬂnomber of ooeervetions S
of the RRE in sollda is now far too long to list ‘here, the
early work was conflned prlmarlly to Bell Laboratories. Most

of the original observatrons were(ggﬂg\on £EWO crystals, cds
- and ZnSe, Starting'with_the/originéi study of CdS,by Leite '

and Porto- (1966). Cds aed'ZnSe were first choices since theyj
gave strong miltiple phonon Raman spectra (that. 1s, gave_l
off photons corresponding to the creatlon‘of,ﬁfre than one
optical phonon)\end si;te the band gavs of these coopounds
were relatively near the lines of existing gas lasers (Argon
‘ion, Xrypton ion, and Helium-Cadmium). The earliest work
(Pinczuk, 1968; Leite et al., 1969a; Leite and Scott, 1969b;
Leite et al., 1969c; Scott etrelffM1969, 1970) was primarily

concerned with the multiphonon RRE. 1In CdS up to nine mul-

tiple LO phonon peaks were observed. The last three of the .
above works atterpted to define the intermediate state in the

. : - 'S
interaction and it was observed that when a multiple phonon
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- line was resonant with the excitonic energy ‘level that 1line

“was enhanced (Scott et al., 1970). Because only a fewvdié;
crete laser lineé were available, the quantitativerexamiﬁ-
ation of the scattering cross-section as a function of in-
cident .photon energy, however, remained somew@ét.sképchy.

. With the advent of the tunable dye laser, it becormes |

possible to study the behaviourﬁof’the cross-séétion over

A

a wxde'energy range with- the only limitation™ on the energy-
'sen31t1v1ty being the width of the dye laser line ig\?lf
whlch is typlcally .1 mev or less. When thls work was in—/ﬂ
ltlated there had bgen noqqqgntltatlye results for the RRE
obtained with a tunable’d&evlaser.ﬁ GaSé,was an obvioué chbice

4
as a subject for the RRE. 51nce ltS bandgap at -77°K lles

mldway in ;he tunlng rakge‘of Rhodamine 6G dye lasers (5400 A
éo 6400‘§f; \As such it is one:of the very;feQ semiconduc-
;ofslwh;ch could be,spndiéﬁ‘with such.a lage;.' The tunablg-
dyé‘lase&iﬁs‘sﬁill'a’felétivelY'novel tooi,,aifhdugh new

__ dyes have now ﬁeen intrgguced‘which_expap&‘éhe évailabieli.
wavelength range. To the date of ﬁhis writing, £né only
qﬁantitative measurements of the Rgman?cross—section using

~a dye laser have been in Cu,0 (Yu et al., 1973; Compaan and

2
Cummins, 1973), InSb (Yu and Shen, 1974); CAaS (Damen and
Shah, 1971) and the present work in GaSe (Hoff and Irwin,

1974).

The primary cbjective of this research was to determine
the frequency dependence of the Raman cross-section and thus

identify the intermediate state(s) in the séattering'procéss.
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. S - . : .
The next two chapters will present the results of the work on

the- Resonant Raman spectrum of GaSe., The theory of Martin
(1971b, 19735 for.the one-phonon RRE will be presented along

=

with a discussioh of the probabie intermediate states in
the scattering process. Chapter V begins with the outline
of the procedure for ohtaining the scattering cross-section

from the experimental spectra. The results of the experi-

mehts* on tﬁé'relativé’scéttéring éffiéiéﬁéﬁifgifﬁéhéﬁmscaﬁ—
'tering in GaSe will be p;esented./JQﬁ«particular interest
is the resonant enhancewent,gf'the'E’(LO) and Aé’(LO) éhon—
ons of E—GaSe-in a geometry where neither is allowed. The
former proves to be an éxample of selection rule'breakdown
and the'latter is an example of the)breaking of Raman inac-'
ﬁivity in resonance. Both of these effects have been pre-
diqtéd by Mértin (1971b) on the basis of a q-de?endent scat~
' tering mechanism and the presentkresults enabié a quént;tat-“

ive comparison to be made with Martin's theory. .Although

P dil
-2

¥

several such\;omparisoné have been attempted in the past
\(Colwell and ‘lein, 1970; Martin and Dameny 197ia;,Williams
and Porto, 1973) , the results are sketcgy for the reasons
explainea~above. More importantly the crucial aspect of the

angular devendence {Martin, 1971b) has been investigated

in only oneslnstance,(Colwellrand~Klein,ri9?0) with—negative:

~ results. The bpresent work will discuds a similar investi-~ ~
gation of the angular dependence. in GaSe, with similar‘nega—f -

tive results,
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' *”'Tﬁé"?éscﬁaﬁée behaviour of the non-polar modes will
also-be presented.- ¥hése~medes—exhibit~a?pronounca&ﬁmﬂ:bf
resonance as‘the light frequenc& approaches theée ‘band edde.
This behaviour is similar to that observed in CdS (Ralston
et ‘al., 1970; Damen and Scott, 1971) where an empirical
model wés used to explain the data. An effort has been

made to describe the results obtained here in terms of this

model. . . . L L e

4.2 Tpeoretical'Considerations | .
| Tge theoreticél déscrf;tion of the first ordef:RRE
has been the cause of much speculation. The crucial éuestf
ions can be limfited however to two, that is, what is the
intermediate eiectronic state in the scattering and what is
the nature of the interaction of this state with the‘lat—
tice? Early work by Grechko and Ovander (1962) and Ovan-
der'(1962a; 1962b) treated the spatteriné in terms of mole-
culgs—negleé%ing energy band effecfs. This:is not praqt;”
ical in semicoﬁductor crystals. where the scattering is res-
onant neaf the band edge. Loudon (1963,1964) dev;loped the

results of Section 2.2, and using theiassumption that free

electrons and free holes are the intermediate states, came

s

up with an expression for the scattering cross-section near

resonance (Loudon, 1965). Loudon in this latter paper chose

" the deformation potential as the coupling between the elect-
rons (or holes) and the lattice. The deformation potential,

the reader will recall (Ziman, 1960, Sect. 5,6}, is the change
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in energy,oi the electron 15 a lattice which is a11nwpé
to be pertﬁrbed by some dilatation (a lattice vibration,
for example). Thus, the motion of the ions in the lattice
gives a spatially varying potential which Eouplés ﬁo'the
electrons (or holes) in the crystal. Loudon further chose
to treat all phogons as having zero wavevector. 1In that
limit, the contributions to two-band (intraband) FrShlich =
scattering from therelectIOns and holéé exackly cancéi and
possibly for this reason Loudon ignored'the Fréhlich'éon~
tribution to the RRE in this later paper.

| Ganguly and Birman (1967)'developé6 a fuller treat-
ment of the Raman effect in cgysfalg. They included excitons
as the primary intermediate state and’ treated both the
deformation potential interaction and the Frohlich iﬁter—
action. The result was interpreted only for strictly k=0
phonons and thus they found that there was no contribution
to the RRE from 1ntraband Prohllch scattering.

Several workers then followed with a treatment of the

effect in terms of polarltons, that is, mixed states of the
phaton, eiéctron) and phonon in the dielectric crystal (Mills

%nd‘Burstein,,1969; Bendow and Birman, 1970, 1971).

- * o

This aooroach is computationally dlfflcult and prov1des ’ :

somewhat inadeqguate results for the resonance behav1our in

that the resonances predlcted by the theory are sharper in
energy than those seen experimentally. These papers treated
the electron-phcngn coupling in terms of the deformation

potential. Eamilton (1969) included the
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" only the third term (c)y wi
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possibility of the Frohllch 1nteractlon (the 1nteractlon of

the electrons or holes in a polar crystal with the electric
field caused by the ionicbdisplacements, e.g. equation 2.19)

as the coupling between the electrons and phonons, but his

calculation was valid only for light incident at frequencies .

greater than the band gap energy.

Martin (1971la, 1971b, 1973) treated the Resonant Raman

effect through the formalism developed by Ganguly and o

Birman (1%67). Martin, however, extended their results to
include wavevector dependent effects and found that,intra—
band Frdhlich scattering could(becomé the dominant mechan-
ism for the RRE. ﬁis results érercomputationally much sim-
pler and include both the deformation potential and Frohlich
interaction.

Because of this relative simplicity and since these
results synthe51ze much of the earller work, the theory pre-
sented in this section will, follow this treatment (Martin,

1971b). In doing this, an expression. for the Raman cross-

section as a function of freguency will be developed. Much

of the work will draw on“Louaonﬂs results of Section 2.2 and

the reader will have to refer to these equations for further
details. Although there are six possible time orderings of

the scattering avent seen in Figure 2.1 and equation 2.10,

[

here. This norrmally considered term is the .only term which

possesses a sscond order singularity, that is, the denomin-

@gtor goes to zero at two approximately egual freguencies.

I-be consiéeredeﬁaﬁtitati#eiy@mﬁ”

I3
5
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The terms (b), (d), and (f) are non-resonant at the band,r

g
i
!
!

terms are neglected for two reasons. In both (a) and
(e) there is only a first order,Singuiarity when one term

in the denominator becomes quite small as ws approaches
! ’ ¥

w, Or Wg (which are assumed to be near the band gap ffequen~

cy). The other term-in each denominator will remain rela-
tively large and'thus,rierm (c) should be predominant. The
second reason is that in two-band scattering (i.e. only one
valence and one conduction band), the combination of dipole

matrix elements P and P

08P5u BaPaD in terms (a) and (e) cause

‘these terms to go to zero (Ganguly and Birman, 1967).

Process (c) consists of an incident photon of energy
g .

ﬁmi, polarization Ei’and wévevéctor Ei scatter;ng to a state
s of energy‘ﬁws, polarizationrgs, and waveyectot Es' It is
assumed that the index of refraction is constant over the
scattering regioﬁ, i.e. n(wi) = n(ms). This is a very good
approximation in GaSe in all but an appréximaéelx 20 A
region about the exciton (Wasscher and Dieleman,;l972; Salaev
et al., 1972). - e

The scattering'probabiliéy per second 1is by Fermi's
Golden Rule: o

= | 2 7
7 = foaiiy 2 ’ 4.1

where % and 8 are the initial and final states and p(8) is
the photon field density in the state 8. If the wavefunctions

are box normalized £o the volume of the crystal, VvV, the den-

sity of photon states is:

-
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ﬁ —
=g c
pﬁms,cﬁ

Ce= (4.2)

The scattering probability per unit solid angle per unit
length is W/ (flux of incident photons L. dQ). The flux
of photons across and area A.(= V/L) is (c¢/n)/L so the

scattering probability per unit length ber unit solid

angle 1s:
s _ WL W _ n W
L c dd
£ L 4n £ an
n n
Zn VYV, n4 ‘ 2
= T TSy W
h (27)° hc g
o n2 2 > ' v
= Vi—— [wfi[ (4.3)
27he .
, ;
Martin defines a scattering cross~section per unit cell:
2 S
n“uw o d ,
0:9(%} =<————S—2 V;5 Q% thilz - (4.4) 1,
27hc )
Factoring out the free electron Compton cross-section

(classical radius of the electron squared):

, 2\2
e -
OO=(-2—>= 7.95 x 10728 2

nz(;.zsmv%ﬂ% 2 5 )
AR S Wg; | o (4.35)

.
A\

- Much-of what has beenachieved so far is-redundant with — -
the equations 2.5 - 2.10, except that there is some shifting
of constants (i.e. Wfi # WY. Hoﬁ%yer, since the factors of

the Hamiltonian of Wfi above are the same as eguations 2.6,
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2. 7 and 2. 8, one comes to a common meeting ground by wri-

tiﬁg for each mode v
2

" .
- s 2 : a paf > B )
O\) —uo<;;-j:'> r es R\) (q, (JJl) ei i . (4.6)
o B .

which is of the form of equation 2.30. The problem then

reduces tgﬂags—of deduciﬁg the form of the Raman tensor,

Rgg , by wcalculating the three matrix elements of |w | -

To do thls one must have a proper descrlptlon of tgéﬁélec- -

tronic states in the scattering process. The present work
will use the Wanniér exciton representation, and since the
development of this representati&n is quite lengthy only the
results wiil be employed here. For a more complete back-

ground to these results the reader is referred to Knox's

Theory of Excitons (1963).

The states of concern in the scatterihg avent dia-
' ’ . N
//’gramned in Figure 2.1(c) are single excited electronic
states for which one can write the electronic part of ;he
wavefunction in momentum representation as:
1, %> > %)
2, K = - Ukz,cv(k) @z CV(}') (4.7)
CyVv .
, k -
The adiabatic approximation has been employed in that it

is assumed that the wavefunctions are slowly varying and

separable intco a correlation (or overlap) function between

the electron and hole U.,» and a product function of the
i - K&, TV £

r

valence band Bloch state replaced by a conduction band

Bloéh state:
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[ 4

-+ ;
[ S = AU _ [T A S A S S S
o C'V{jk+ A. Q&%VA—'L Yor

K, k, cke VK
" wci va (4.8)
n h .
The exciton momentum can be written. as g = ie - Kh and

thus one can write these Blboch states as:

(T) = ¥

whereitﬁe small u's aré the periodic bhand f;nctions:

The calculation can be further simplified by making
two approximations. The first appSinmation is the use of -
an isotropic effective mass, thué assuming spherical bands.
While GaSe is an anisotropic material with non~spherical
bands (Schlﬁeter, 1873}, this approximétion turns out to be
reasonably valid since, in the end, the relatively small
g of the phonon restricts the momentum to the centre of the
zone and band disperSionleffects are negligible. Further—‘-
more, th .cglcdlation will show that to lowest order in the

wavevectors, only sphe?igal excitonic states are involved in

the scattering and thus an isotropic effective mass is in

keeping with this approximation. The second approximation |

is t0 neglect the ¥ dependence of the band functions. For

B i . - . » - +
the reasons given above, this is also valid since near k = 0

the functions U and u, are slowly varying. Thus one sets:
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. o ’ ¢ "
' m_ + then one can transform the correlation function: -
-

- 94 -
R e . - (4.11)
o Y, k4o T Ve, wan

If one restricts the calculation for two sets of bands

* * * *
= m and m_ =m_, =
c e v :

.
cv and c¢c”v” and assume that m, = m v

*

' LS
UAZ ov to the centre-ocf-mass system of the exciton to
7 .

give (Knox, 1963):

v,—»—»
¥ (F) = e ORI yTH 2: u_ >
n . ‘ K n,xK
Here the band index ) has been broken up into valence
band and conduction band indices v,c and exciton index n.

The constant * *
« =% S5
+
e 7 Ty
relates the position of the centre-of-mass relative to the
position of the electron and hole (Knox, 1963).

In this coordinate system, the excitonic eigenvalues

are solutions of the eguation:

2
. . R 52 > >
( - o VTS o+ V{r) En )?n(r) =0 (4.14)
-1 * -1 * -1 > )
where u = (me ) "+'(mh ) .7 and V(r) is the electron-hole .
potential. “f v(r) = - ez/ €r, one has Coulomb correlated

excitons and the solutions for the energy of the exciton are:
‘ f‘2K2 ‘ '
=E_+ E_ + - (4.15)

By 2 g n
o 2m*+ *
( e ™ )
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E =- S8 - . s ' (4.16)
n
and Els is the exciton Rydberg. yn(f) then would be: nor-
‘\\\\ﬁalized hydrogen wavefunctions with the exciton Bohr rad-
%us a,- ' - |
Thié formalism is convenient for "free" eléctrons,and
~holes as well since one can set V(r) = 0 to get completely
uncorrelated particles.
-With the use of the above results; given any one-elec-
tron operatof cf tﬁéiform: . //j%% 7
;,H = 253f<z;>,e-iq'ri : (4.17) '
. 1 ¥
Qhere ;i is any general positién coordinate, 5 a éeneral

momgntum coordinate: and f(;i),any periodic one-electron

‘ . 11
operator, one can derive the following matrix elements
(Martin, 1971b): | ‘ .

R i ;5
- -1g*'r, _ \ >
<A K [f(rL)e ilo> = _60';+§ Ve ¥ (r=0)
: ( Sl E(E ) |u. L 2)  (4.18
Yo, -ki ri) Y,k (4.18)
al'ld, ¢ s _ +
L > - ,
<)» -1 ‘lQ'r = [ >
< ;fﬁrl)e 11Ax> 62,2’+§ {§vv‘gnfn(qeq), ]

Gy gt FED e )] (4.19)
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In these important eguations, one has:

£ . (@) =_/"’+',nt('£) o197 ¥_(F) a’% -
. . (4.20)
m_*, )
e T T (m *mi m.*) b T (m_* i *) .
e e ™
and ( | | ) denotes ‘integration over the unit cell. -

With the use of 4.18 and 4.19, 4.6, 2.5 and 2.8%

one obtains the Raman tensor:

a - B
: p® . p
RS‘B(q, w.) = % Z S NS 4 {‘6

l g - m
c’c,vv N

R ,

.Fc’v‘cv(aeq’mi) - 6cc’9

+ e . . (4.21)
Here

- Vo, ’
o, - () = (umlole (r) | - o) ‘ (4.22)
and
Y .(0) £ . () ¥ (0)
. - (g
(q,u;) = Z L nn it (4.23)

n‘n (E . .+E ~hw.+bhw )(E_+E ~huw.)
c v n 1 o cv n 1

One can note that terms of order higher than first in the
wavevectors have been dropped in eq. 4.21. This gives rise
to the scatteringjamplitude F being proportional to Wn(d)
which means that only sfegcitonicrstatééitakerpaﬁt in the

scattering process (since only Vn (0) # 0).

The Raman scattering tensor of 4.21, then, will be cor-

rect for any type ©f electron-phonon interaction e;,m and
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for scattering between two sets of bands. This work will

- - %
concern itself primarily with the Frdhlich interaction for
intraband scattering since GaSe has a single valence and
single conduction band at =0 (Schlueter, 1973) and since

Frdohlich sdattering should be predominant for polar LO

phonons. For the intraband Préhliéh interaction . .
voo_ Y S . ' .
O m = g 8 o f where ?or aigprelfaiongltudlnal phonon. in
~a two atom per unit cell crystal (Frohlich, 1954): -
: ' -k ' .
v =-i e( L .2 ) (21 hw,) " o (4.24)
) Tw o) , . ®

This form of the Fréhlich potential is valid as well in any
crystal with more than two atoms per unlt cell for any -
vibration where all atoms of a given species move together
(Gangyly and Birman,,l967). Thus, it is valid in this form

for the~A£(2) and E~(2) phohens of GaSe.

The Raman tensor becomes:

B > I 2.
(q,wi) = “cc’evv (Pchcv/m) qup Hcv(q,wi) (4.25?
where )
-+ _ 7 -.2 - ” _ -
Hcvgq’wi) - (qrp)— {chcv(aeq’wi) cvcv(ahq wi )} (4.26)

]

The rationale for writing the Raman tensor in .this form

is that the &—denendence of the scattering iS”&isplayed

exniicrtiy* """ “The function H ISiIndependént*Of‘q‘ag*qb—gf e

and the Raman tensor is thus proportional tofq. Here r_,

the polaron radius, is given by:
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r‘ = (?1/8 W pw )%

o P

and thus qrp is a dlmensionlees quantity.

For deformation potential {dp) scattering, the Mat-
. . L P e

rix element ig:

v > O i Loy (. ’
6__.(g) = ftu [ <——————>’ D' ()| u_. .) (4.27)
mm " m,0 "2ma2wé ) .. m°,0 .

o

for 2 two atom per unit cell crystal where Dv(;) is the ’

S, - - - Sl

dp (Bir and Pikus, 1961). This potential is short range

wkﬁ\fon the order of the interatdmic spacing) and all q~de-
§endences can be set egual to zero in evaluating the matrix ~
. elemr ts. Thus,
NACHTI 7% (p2 /my (s .60 . -5 . 6" )
v Vv vV cc
-Fc,vucv(o,niy - (4.28)

-~
-~

-~ The Raman tensor tn this case is g-independent as q+0 '
5pother 1mportant facet in the Frohllch case 1is that for
intraband scattering, that is ¢’ = ¢, v'-= v, the m;d&le
matrix element is diagonal in the electronic state and thus
the Raman tensor has only diagonal components (gi = 6;}.

Thekproblem of finding the seattgring‘cross—section‘

as a functlon of frequency has thus been reduced to the

comoutat;on of the’ functlons Fc’v CV(q w, ) and H (q w.).

To tne extent oF tbe approx1matlons made so fg;jell the

S e e e [

frequency dependence of the scatterlng is ntffely contflned

-
in these functlons and one has for the dp case:
rw;\

A
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= } . 4.2
Tap = A (Feryrey (0 w15 o (4.29)
and for the Frodhlich case:
S, - 2
Og = B %ncv(q,wi)l (4.30)

To caleulate these quantitiesj Martin {(1971b} trans-

forms the sum in eguation 4.23 into an integral over the

Green's functions for the internal motions. Defining a

1

Green's function for eguation 4.14;

(-T2 e v - B o (FE) = E(F - E) (4.31)

nne can write:

| ‘ ¢ (F) ¥ _(F7) ’ |
b 4 -+’ n n . -
GE(r,t I § : ‘ (4.32)

Tnus, simply the needed eguation for F becomes:

<

Foyroy(3r-y) =fd3r ngw,'r’) id'T GEX,(;,O) (4.33)
wherer |
E, = ﬁ;i -E_, " 2k;§/2(me* + mh*) S (4.34)
E, =h. -ho - E_. .- Bk _F/2(m % + m %) (4.35)
b ] c ¥V S e

Since the morentun terms are small corrections (these ener-

. . . =+
gles are typically cone microelectron volt over the k values

, L - . S
ocf intersst) to the exciton energy, they are neglected.

Sewvaral solutions of this eguation are of interest in
“his wore First, suppose z2ll correlations were absent,
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Gy (£,0) = 2y L eikr (4.36)
1 4nr ’
with .
k= 2E (4.37)
2

From now on the discussion will be limited to two bands

, kT kD
Fyves ,(q,w ?fﬁ drd(cose)(ﬁzw) =

c; v (intraband scattering) so that E . . = E = E , then
, o o eV eV 9
hdl ik, r
2
G, (0,7) = 2.2 (4.38)
E, he 4 7 r
ik, r
> : 1 .
G, (F,00 = 2 L. ¢ (4.39)
1 e 4 7 r
" where
_(2u\5. % _ [2u\%,_ - 4
kZ = (:;{5) Ez’t{;—: <‘ﬁ2> ( Eg +ﬁml ‘FHDO) (4- 0)
— 35 X _ * _' + . ’ 4.41 i
ko= (#) (ﬁz) (-By + o) (4.41
For incident photon energies below the gap, both k, and k,
are imaginary, so taking their imaginary parts, k1 = 1i k;
and kz = i k; ,
2 -(k,™+ k., Or
6. 6. = ( 2“2) et * (4.42)
E, B 47h r

igrces$s
etd

ol

)J/. smn(gr e—(k1’+ k; )rdr
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Letting a ( k,” + kz’)/q and x = qr- one -has

2 [ . ' .
- -+ qm 2u '/f sin X _-—ax
. - 2 : == e dx
chcv(q’bi) q (4ﬂﬁ2>' . X )
. . 2 -
= 47 ( 2y ) cot a (4.43)
g 2

Employing the radius of the polaron rp‘as defined before

one has, - o 4“\\
3

2\—-=
_ 1 (reY 2 - -1
(q,w.) = ?(ﬁ) ('ﬁwo) (qrp)

‘_l E ‘ﬁwi X E —ﬁmi 3
*tan 2wqrp —gﬁag— + 1 - _3ﬁ5~*

0

CVCV

(4.44)
This result is identical to that obtained by Loudon (1965).

Two things should be noted. First as 5»0, the function F
is indeed indepen&éﬁt of gq. Secondly, the function F does

nog peak at the n = 1 exciton level but rather at the gap,

{

where it remains finite.

A second case which can be examined in detail is the
case of the dp interacting with the discrete excitons as
the intermediate states. Recall that the function needed

1; F(O, Wy }, has in eg. 4. J3 one has:

O)f (T) Y (%7 )? {0}
F VCV s [ Z Ez 7 En - El {4.45)

e d - -
ina kd 5 o = h ‘- PR b 3 7 1 -
where ‘nlm(r’ ;o) Rnl(r) le(j ¢} are the excitonic (hydro

4



,W,jJW,J , ; .
//; r ,n,(r) Wn( nn

so that:

‘ EROIE
I = n -
Fovey (0r4;) ':E: (E =~ E,)(E. -~ E)

4
\
i
(o2
\
o
Can
H
[}
H
gt

pon

n n

(4.46)

(4.47)

In the course of the derivation of eq. 4.23, it was shown

that only s-states take part in the secattering-§os- v

(Bro) = ¥op(0,0) = (i)

and also (Schiff, 1955):

S, T R SIS T
R l(O) = - 5(2az) (n-%2-1)! o %DOZ L
n l Res/ 2n{(n+2) 1} .
where p = 2~—Z- r
na_

but (Schiff, 1955):

-1 A
o 2
1 ) (n ) - {-1}inl)
Ly (0 223 (n-1-K) '(l+k) kT T T (n-1) ¢
whence,

2 (o) 2V __n g s "

no ( na 2n{n-1)! - 3.3

n-a

Finally fro& 4.47, 4.48, %pd 4. 52,

, - E.
W) = Lo % 1 . _1s
Foveullreg) = — :E:'.nB{?g 7 = Puy

n ;
| /
e 1s -1
. Eg n2 ﬁwi)

' (4.48)

29+l
n+& (p)

(4.50)

+huw )-l
o

(4.53)

o //I/
genic) wavefunctions. These wavefunctions are orthonormal:

(4.49)
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whicﬁwaégéeswwith the result of Ganguly -and Birman (1967).

This function has been shown in Figure 4.1 along witﬂ?the‘
result for the uncorrelated pairs. In both cases, the

factor of ( ﬁao3)- has been removed to permit direct com-

parison. The fluctuations in the function at excited excit-

-

onic states (Figure 4.1) arise from the fact that for cer-

tain frequencies between n = 1 and n = « various terms in
the sum of equation 4.53 are rHegative ' and” O'n’e”*g'e’t*s'""’c’ah‘c‘é'lf" T
lations. This behaviour carries over in the more complete

calculation (Martin, 1971b) and these "nulls" between the

‘various excited states of the exciton can serve to distin-

guish between dp and Frdhlich enhanced scattering. The sum

-

in 4.53 has been sumrzd only through n = 5 in the above
figure, but there 1is no’éppreciable effect of extending
the sum further. |

Two .other cases which can be.solved.éasily which are .
of paftidular interest involve the Frdhlich scaﬁteriné(
arplitude Hcv(g, wi). First, the simple case of & single
ls exciton state as the intermediate state can be calcul-

ated. In this case:
¥ (x) ¥ (0)

G. (r,0) (4.54)
E, Ei - E,
RRINTIEN
b4 T r .
G, (0,1) = ——ts , (4.55)
2 1s 2z
e . o . N
where . //,

v () = (-)7% (a) 72 eT/3g : (4.56)
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fhen - e
Foooy (Giw) = =21 "'rla(cosp)dr e19FCOSO m2r/as (4 5
cv 1 Ta 3 3
- o Yo Y~ D ma_ '
. o
where
-1 C -
D = (hw, + - - - 1
(huw, Eig Eg) (ﬁwi + E g Eg ﬁwo)
which becomes
- oy _ & T sin (qr) 2 =2r/an, o
Fovey (@r@;) = 6 7__5?9~— r e r/aO@r (4.58)
. Ta D o} 5
Finally then
: +
. _ 1 1
chcv(q’di) . 3 . ) (4.59)
ﬂao D a, g ‘
1+
which agrees with the result of Toyazawa (1958).
| So for the Frohlich amplitude, one has:
H (q,w.) = (ar )2 {F’ (a q,w,) - F (a, q,w.)}
cv 271 SRTp cvev: e-"71 cvcv: h*'1i
2. 2 2
o a “a_ “"g"\-1
_ 3,-1 -2 e 0o
= (ﬂao ); (qrp) (} + _——Z___—).
22 2 ' :
“h 8 9 -1 -1
- <l + "_——_"4 (Eg - El _hwi)
(E_ ~ E._ - tha, +he )"t (4.60)
g “ls i o) T

The important thing to note about this result is that the

fraquency dependence is the same as would be obtained for

‘the dp case for m = I only teg. 453). T

In Figure 4.2 this function has been plotted against

the result for the uncorrelated electrons and holes using

the values of Table 4.1. The result for the exciton-is
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TABLE 4.1 ~ Material Parameters of GaSe. Where appro-
priate, values correspond to right angle scattering at

5900 A.
a i c
= . vV = = .
_ a - | X _ c
Els = 15.6 meV ‘ €, = (ele”)m = 7.27
: R _ a o
hwio(ié”)'i 30.6 mév“b” ' ”'”aéﬁé"LE};%?ﬂzfﬁéfif;E’i
o "1ls
(E°) = 31.6 mev P | = £.93 A
thO E7) = .6 me 7 ’ rp = 4,
I o d 7 o lr_ ad
mo = 0.2 My m - = 0.8 mg
m I = 0.3 m d m L = 0.17 m a
e o} . e o
o d | . a
Ul = 0.14 m, o U” =0.12 m
i L : ' ’
* = N ¢ = * =
‘ my (memé). 0.23 mO mh 0.4 mo
ol s | 1,-1_
o= (k¥ )7 = 0.13 mg U= (me* + %) =.14 m
* _ o *
Y ::* T oE S 0.27 g a = 0.18
e - e
nH ~ 2.8 nl ~ 2,95 )

i

a) Mercier et al. (1973); b) This work; c¢) Leung et al.
(1969); d) Ottaviani et al. (1974); Wasscher and Diele-
man {1972). ) R ;
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,,a;proximamagp49n}{x%k&%—eé—magnitud94immyﬂrﬂﬂﬂnrﬂfﬁ? .

-"free® electrons and holes. This factor arises mainly from

the prefactor (ao/rp)2 obtained for eq.h4.60 by expanding
the g-dependent bracket for small q. This préfactor is in- '
dicétive of the spatial extent of the two interactions (yith
isolated electrons or Aoles or with the large Wannier
excitons). ... ”WWW,,,f,WWWAﬂfwﬁﬁﬁ”;m,ﬁww,mﬁAWm#,,ﬁ
Finally the calculatignvcan be done completely. To
- this point, each possible'intermediate state has been treat-

ed distinctly. Unfortunately, the sum of equation 4.23

must be done over a complete set of electfonic states. When
Coulomb correlations are included in. 4.14, the wavefunctions
%n(r) mus;jinclude the effeFtS~of‘"free" electrons ana holes
under the perturbation of a coulombic potential (Coulomb
scattering). EIn this case, the wavefunctions of the hydro-~
gen atom do not form a complete set even if a spherical wave
state for the continuum (the "ﬁncorrelated" statefunétion)
is added. This can be visu%lized in terms of the hydrogen
atom since the dionisation of the electron from the’atom can-
not be described in terms of a spherical wavéfunction. Al-
thoﬁgh the ionised,elecpron is "free" it still experiences

the effect of a Coulomb potential and one must incYude COu—VWW

lombic scattering into the wavefunction. The proper wave-

function is a confluent hypergeometric function (Schiff, 1955)

*

which is not~nécessary to write down here. ‘The problem of

finding the Green's function {(eq. 4.32) for the Coulomb
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_correlated case has been done by Hostler (1963) who ob-

L2 > |
G (r,0) = T - 0 W (e (4.61)

!

where p = %35 and ¢ = (Els/E)k.‘and W i (P) is a Whit- .
" ,

taker function of the first kind (Whittaker and Watson, - |
- 1963). The gsolution of 4.33 is now guite complicated and

can gg}yrbe7pe;§9;¢¢d”pupe;ically. Fortunately, the cal~

culation has been done in a parameterized form (Martin,

1973%. In that work the function Hcv‘a'wi) has been giveb

as a function of the parameter Ao -'ﬁwo/Eid'and'a rcducedg" e e

energy parameter

E - ﬁwi »
A, = g 1 (4.62)
1 ﬁwo

A series of curves of Hcv(é,wi) is plotted in Figures 4.3(a)
and 4.3(b). Figﬁre 4.3(a) shows the acatterihg amplitudev
for the region below the n = 1 state of the exciton‘and
Figure 4.3(b) shows the region between the n = 1 and n = 2‘
- states of the exciton.'-For.gaSe the value- of Ao is 1.58
JH}fo; the Ai’(LO) phonon.
: ,This completes the necesséry cglculations'for the reson-
ant cross-sections as a function of energy for GaSe. One
~ point that should be clarified is Martin's use of the notat-

"ion "Total™ to describe the result obtained with the Green's -

~—-—— —— ——function; eq+ 4:61; while in the same diagram (Figure 3 of
A Martin, 1971b), he has the partial Eghtributions due to dis-

crete excitons and uncorrelated pairs. This.is misleading
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Figure 4.3 (a). The scattering amplitude for Frchlich
scattering for incident photon energies below the n = 1
state of the exciton. The curves are given as functions
of the parameters Aoand Ai (see text) (After Martin,1973).
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Figure 4.3 (b). The scattering amplitude for Frohlich
scattering for incident photon energies between the n.= 1
and n = 2 exciton states. The curves are given as functions
* of the parameters ﬁo and Ai (see text) (After Martin, 1973).-
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since“it*is*notﬁehtntaiwas~in4thé:§Qm¥of4th94contributfon544444““*”
but rather the result of a more,%gﬁplete calculation. As -

a régult, there is considerable cancellation due to free
eléétrons and holes in the Fréhlich scattering efficiency, .
and t@e-resﬁit is a much sﬁqrper resonance than that for
the discrete excitons only. 'This will be an important

consideration later., - - o o
% ) : -
4
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- CHAPTER V

THE RESONANT RAMAN EFFECT IN GaSe-EXPERIMENT

5.1.1 Crystals

The crystals used in the experiments on the RRE in GaSe
consisted of a large plate crystal described in Section 3.1.1
and two thin slices taken from the crystal. The large crystal

was approximately 2 rmm thick by 7 mm long on the x-edge and

two slices both approximately 0.8 mm thick were taken frdm
this edge. These slices were used in the forward-backward
Scatterinq’expefiﬁEnts and were*necesséry”tofobtain"E{ﬁe;*" e
5.1.2 Method , )

The spectra were obtained with the use of a Spectra
Physics Model 370 tunable dye laser and with a 50 mW He-Ne
laser. All the RRE spectra were obtained at 81 + 1°K in a
cold finger dewar.

The observed Raman signal was calibrated against the
466 cm“l line of an oriented guartz crystal which was mounted
immediately prior to the GaSe crystal in the light path. With
both crystals thus imaged on the slit of the spectromet;;, the
heights of the spectral peéks were then measured and a ratio
of the 1ntensity of the Raman line versus the guartz reference

—

line obtalined. Since slit widths of approximately 5 cm 1 were

used in the RBEEZ experiments, the peak heights should represent

the intensities ©f the lines of interest (which have line-
_ -1 ‘ .
widths ~3 cm ). The spectra were analyzed with the photon

counting techniguss described in Section 3.1.2.

T ot T TTT T T AT e e e Syl s e L A et oL e o
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5.1.3 Scattering Efficiency and Absorption Corrections

The scéttered efficiency of tﬁe GaSe LO phonon lines
' relative to the 466 cm * quartz line was calculated for
grazing incidence (with the inéident light transmitted through
the quartz reference) according to the procedure of Callender
et al. (1973). The experimental geometry is shown in Figure

5.1{c) and is seen to be a combination of Raman scattering

from a quartz reference in a transmission geometry (symbolized

-

in Figure 5.1(a)) and Raman scattering from the GaSe sample

at noHﬁnormal”incidence"%Figure'S.i(b)):”*inteach*offtheseWW;*”WWW””

geometries the scattering efficiency can be calculated, and
the result for the experimental geometry is obtained by
combining these results.

Figure 5.1({a) shows the transmission geometry with the
signal viqwed at 90°. One caﬁ write for the scattered

intensity per unit length:

gr in

4 dx

where I;n = the scattered intensity inside the sample
I£ = the incident laser intensity
S = scattering efficiency per unit length per unit

solid angle (S/L as defined by Martin, eqg. 4.3)
0 = 30lid angle -
’’’’ NOow

I (x) = 1_(1- R e %% _ (5.2)



b T z “1d

R s -

lo. el T 2mm |
R N
R i |
GaSe Sample
QL
|Quartz Ref.

Figure 5.1. Scattering geometry used in RRE.

(a)D Transmission geometry with light viewed at
30°. (b} Reflection geometry. (c) The experi-

mental geometry drawn roughly to scale.
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where ;9,= laser intensity outside sample

Ry reflectance at the laser energy

i

Gy

v

absorption coefficient at la§$r energy

s® combining (5.1) and (5.2)

: in,
4z (%) -
J—S2—— =75 I_(1-Ry) e CgX (5. 3)
O
‘dx

Now the scattered beam is also absorbed a certain amount

before it leaves the sample:

out = in, , =-agd ,, _ .
. dlgw——{x}r— dIS {x) = (1 RS) |
so integrating (5.3) and using (5.4), one has '

- t _
1 %% 251 (1-R.)(1-R)e “def e HL¥ax
S e s . s g

- ’t )
_ - "(Isd l ~ e 2
S I (1= R)I(l=R)e .~(_—_~Ezf"_') (5.5

whence, finally

out
I a .
5 = =2 : ‘ (5.6)
I - g n .
o e %s9(1-e ait)(l—RR)(l-Rs}

For the grazing (or non-normal incidence) of Figure 5.1(b) one
has a more difficult problem. Suppose that the medium is
isotropic- {or oriented properly) so that Snell's law applies

with only one index of refraction n(w), then

(5.7)

.y

——— gy = ¥ gec & (5.8)

* ' (5.9)
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5
Then, again
- r
: in R -a ’
I,""(y) = I (1 - Ry) e "% (5.10)
ih .
a1 (y) -
=I_ (L-R) SRe oy (5.11)
dy °© . .

where (1 - R;) is the transmittance of the surface at the angle

¢. But the scattered light is in the normal (x) direction:

out ~a ’
ar "M (x) = a1 MMy)e "s¥ (1 - R) (5-12)

s 1 OUt=Jf%dIIn(y) e "s® (1 -Rr)dy I
S S S
i) -

= J[%IO(l—RE)(l—RS)QS e (015800 +as)X 00y ax
0

Io(l-Ri)(l_Rs)SQ

= T 5ect % . {1 - 9xp(—(a£sec¢ + us)w)}

*secd ‘ . (5.13)

or
v out
Is -1 -
— - A . - -
s = ——f;— (a,sect + as)cos¢ (1 Rp) “(1 RS)

1

“( Q)—l {1 - exp (- (a;sectd + as)w)} -1 (5.14)
This result is eguivalent to Callénder‘s result (1973) for
the reflection geometry if cos ¢ = sec ¢ = 1.
One 1s now in a position to calculate the scattering

efficiencyfor the experimental geometry of Figure 5.1 (c).

Using the result of eg. (5.6) for the guartz reference

- Qo _ 9 _ 1-e" %2 g .
(setting ay = g = 0; ——~?T“—'+t ) and the result of eguation

)
{5.14) for the CaSe at grazing incidence (the approximation
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1

= = i € hig

-index of refraction of GaSe this is not a bad approximation), —

one has:

S GaSe, Q,;_ .03,y 5 @
‘SGaSe - IGaSe (a£+as) t¥ (1 RR) (1 RS )
%0 o 1 - exp<-(a£+as>w}GaS?<1-R£>GaSe
- l . Q .
n- Rs)GaSe qGase (5.15)

The solid angles subtended by the optics may not be the

same in both cases, but the aséumption is made that they are

equal outside the samples. This will igtroduce no frequeicy
dependent .error and since the stattered efficiency will prove
to be relative rather than absolute, this is a justifiable »

choice. 1Inside the sample the ratio of solid angles will

just be reduced by the inverse of the ratios of the indices

of refraction:

GaSe
QQ ) ng _ |
QGaSe n Quartz (5.16)
' s
so that finally
GaSe I ka +a ){l1 - R )'l(l - R )’l
SQ = K IGaSe 2 S '3 S (5.17)
S Q 1l ~ exp(—(a2+a Yw)
s
where
=
0 9.3 0. Pcase
K=+t{l - R."})7(1L - R ™) —m=—= © {5.18)
L S Il
Q
and with " . )
- to = 0.2 ¢cm nQ = 1.544
R% = g9 = 0457 nt25e _ 5 ¢
= e
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(values for gquartz from CRC Handbook, 1964; Wasscher and

Bzeleman (1973) for ne) one has K = 0'276f
In the equation (5.17) above, then, it is necessary to -

know the absorption coefficient as a function of frequency

as well as the feflection coefficientz' Unfortunately, a

detailed investigation of the absorption coefficient of Gase

at 77°K has not beer, carried out with EH& because of the

impossibility of obtaining thin enough samples with the ap-

propriate orientation. However, oblique incidence methods

at room temperature have indicated that the absorption. -

coefficient for E!& is about 35 times stronger than for ﬁlé

near the exciton (Wasscher and Dieleﬁan, 1972) and a similar

result was reached by Bourdon and Khelladi (1971). Thus it |

is possible to estimate an absorption coefficient for §HE

from the data availa;le for E|¢. Such measuremegts for E|¢ H

have been performed at 4.2°K for energies below the exciton

by Kamimé;a et al. (1969) who found a long weak tail due to

indirect gap transiticns. By using their data (shifted in

enerdgy by the band gap shift from 4.2°K to 77°K) and the

data for thick sémples for %l& {Kurik et al., 1968) (scaled

by the factor of 35), a reasonable estimate of the absorption

coefficient was made (Figure 5.2). The eflergy regions

covered by these two works {Kamimura et -al., 1969; Kurik et - - -

al., 1Q6Blga:egshohngingthegdiagxamfgmihegﬁactgthatgtheﬁdatauggﬂuggfij
of Kamimura is taken at 4.2°K implies that the absorption co-

efficient in the low energy tail is probably somewhat lower 5

E
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Figure 5.2. Absorption Coefficient of GaSe. To the
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al. (1969) and to the right that of Kurik et al. (1968).
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rn7ﬂ~7fﬁWthan4thegtruegﬁaluefgsinéegphonQn4participatiodgingthegindiregt7
process would be temperature dependent. On the other hand, an |
examination of analogous d%?a allows one to argue that this

thermal effect will notrsigﬁificantly affect the low energy

tail of the absorption curyé between 77°K and 4.2°K. For

example, in GaP which is also an indirect gap compound, the

_heights of the absorption steps as the indirect gap is

approached do not change significantly over the range 1.6°K
to 77°K (Dean and Thomas, 19663. It is also important to note
that the Shafpnéééﬁbfmﬁhé'ekéifbﬁriinéfaﬁ&giféwﬁaziwféfwﬁléﬁ7W”mm
in GaSe does not change from 77°K to 1.6°K (Fischer, 1963).
Finally, the fact that the portions of the curve from éach set
of measured data'can be joined fairly smoothly provides an
additional degree of justification for this procedure. It
should be noted that it is inrthis fégion of juxtaposition
wherg measurements have not been performed at 77°K, and where

- the absorption curve is very steep, that the uncertaintiesv
in the absorption coefficient yi}l be largegt (< 30%).

The neéessary reflectanceéQAIues for normal ingidence

were obtafﬁéd'from the Elé measurements (Akhundov et al., 1966).
Tge error introduced by using data obtained in this orienta-
tion will be small éompared to the overall experimental'ergor.

The reflectance values for the angle of grazing incidenée

were obtained from Fresnel's formula. The index of refraction,

7 ng,» was considered constant throughout the energy interval..

" As a result of these and the above approximations, the values _.

—
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obtained for the scattered efficiency should be

regarded

as

relative rather than absolute efficiencies.

-




-5+2 —Results S

2 series of spectra recorded with various laser wave-
lengths is shown in Figure 5.3. Far from resonance at

o
6328 & (Figure 5.3(c)) the spectrum is similar to those shown

~in Chapter 3 and a list of the mudes gssociated with these

features is given in Table 3.2. The resonant behaviour of

-

several of these modes has been investigated-in-detail—and will— -
be described below.

5.2.1 Polar Modes

The resonant béﬁéviéﬁfibf the AéWLO) 247 cm-l mode 1is
the most striking feature of the series of spectra shown in

Figure 5.3. This mode 1is normally Raman inactive as was®

‘'shown before, and far from resonance (Figure 5.3(c)) it is

absent from the spectra. As the exciting wavelength is
decreased, however, this mode appears, grows in intensity,
and in fact near resonance (Figure 5.3(a)) becomes the domin-
ant feature in (zi) spectra. The E'(LO) mode at 254 cm-l,
although a Raman active phonon, is also forbidden by selection
rules for the (zz) geometry. It can be seen as going from
the relatively weak line in the 6328 2 spectrum (its appear-
ance here is due to samﬁle depolarization) to the second most
prominent feature in the GaSe spectrum near resonance. The

remaining feature assocciated with the polar phonons that be-

comes prominent is the 2E' (LO) mode at 509 cm_l.

The relative scattering efficiency of the two first.order

modes as a function of excitaticon energy is shown in Figure
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'S.El’”Iﬁ;Ehls'figure, the éxCitation frequency is writteﬁ
" both as the energy difference from the exciton line in meV '
and as a reduced energy pa%amgter Ai = (Eg - ﬁwi)/Els where‘
Eg is the band gap energy, ﬁwi the exciéing fréquenc&, and
E,. is the free exciton Rydberg. This notation allows direct
comparison with the theory of Martin (1971b, 1973). At 77°K
the’exciton’enégqy'has‘béen”aétérmihéa’§2é§16W§1§"ﬁ6*Bé%ZTIf -
eV (Mercier et-al., 1%973) in absorption. .This result .is in
good agreement with the value of Z.GQEA;LFWHM76f3 mgv)”thgp»ﬁgii

have obtained in emission at 81°K, if éhe band gap shift of

-0.35 meV/°K is inclgged (Fischer, 1963). From Figure 5.4

it is obvious that thé‘scattering efficiency of both polar

phonons undergoces a distinct maximum at the n = 1 free

exciton. |

5.2.2 ©Non-Polar Modeé

Several of the non-polar phonons exhibit a much weaker ’

resonant behaviour than that of the polar modes. The scatter-
" ing efficiency of the non-polar Ai (135 cm—l) mode 1is plotted

versus the excitation energy in Figure 5.5. Also included

in this figure is tﬁe scattering efficiency of the non-polar

E' (TO} mode at ;Ig cm-l. It should be mentioned that the

Ai {135 cm-l) and the,Ai (308 cmf;),moges,exhibi; the same

resonance behaviour and thus only the former is shown. The

maximum of the scattering efficiency in each of these cases
is approximately a factor of five weaker than that for the

pclar phonons and this 1s interpreted as being due to the
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relative strength of the Frohlich interaction which is active
in the polar phonons and the deformation potential interaction
which is active for these non-polar phonons.

The striking feature about the behaviour of the Ai

phonons is the antiresonance as the gap is approached. The

scattering efficiency from these modes passes through a mini-

mum when the excitation energy is approximately 64 meV below
the band gap. This behaviour is gualitatively similar to that
observed for the E,(l) mode in CdS (Ralston et al., 1970;
Damen and Scott, 19%71).
5.2.3 Angular Dependence

-Tﬁe angular depenéence_of the scattering efficiency for
the polar modes has been investigated in a manner sihilar
to that described by Colwell and Klein (1970). The necessary
equation they obtained (which is also easily derived by the
ground work of Section 5.1.2) fdr the backward-forward scat-
tering ratio is:- ’

°b . (EE) e‘%‘*"(ems‘m)w - 1)( % * %) (5.19)
S I 1 - e-(a2+us)wf'as - ai_

which if 6£>>as reduces simply to

s 1 ‘ f
b _ ( b) - agw |
={5]e (5.20)

The ratio of backward to forward scattering cross sections

is shown as a function of energy in Figure 5.6. 1In the energy
region below 50 meV from the exciton, the ratio of backward to

forward scattering cross-sections was found to be relatively
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The ratioc has a small peak at 30 meV below the exciton going
to a value of approximately 3.2 + 0.4 and returning to a
value of ahout unity 10 meV below the exciton, which is the

closest frequency observable in forward scattering.
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5.3 Discussion : .

R S————

5.3.1 Speétral Features

In Chapter 3, the non-resonant spectrum of GaSe was
discussed. Some of the interpretations of the phonon modes
drew heavily from the work on Resonant Raman scattering. In
particular, the identification of the 247 cm-l mode as the

Ag (LO) phonon was made concluszve by its dramatic appearance

in the Resonant Raman spectrum. In Figure 5.3(c) the typical
non-resonant Raman spectrum for the zz geometry is shown (810K).

. In this orientationonly the A*‘(l35 cm o ) and the A' (308 -
cm— ) modes are allowed. The other modes appear because of .
the depolarization introduced by the edges of the crystal.
This depeiarization, however, has a much smaller effect than

. the relative amplitudes of the modes with changes in orienta-

tion, and conseguently the selection rulesAcan be verified.

Hayek et al. (1973) observed the 247 cm-'l mode in a zz

spectrum with the use of a He-Ne laser at room temperature.

They designated this mode as the conjugate to the 254 c:m_l

mode which they assigned as an E" phonon. The Resonant Raman
work here, however, shows that the 247'cm-l mode is obser-~
vable only in resonance and thus that Hayek's result is a

manifestation of the RRE which can be seen with the He-Ne

k3

laser at room temperature. Furthermore, when an xz spectrum

B is taken at wavelengths near that shown in Figure 5. 3(b), the
247 cm—l peak disappears and the 254 cm-l peak returns to its
relative strength of Pigure 5.3{c). Thus, the resonant mode

at 247 cm“l is cbserved only in zz spectra. This behaviour of



- this point serves as the only constraint. As can be seen

- 132 -

_the 247 cm Y mode can be easily reconciled with the theory ?

of Martin (1971b) and other experimental observations on !

forbidden modes (Anastassakis and Burstein, 1971; Williams
‘j' ‘ V ’ ’ v

and Porto, 1973). The result found is that near resonance,

where g-dependent scattering predominates, infrared active

modes that are normally Raman inactive can become Raman

allowed. It should also be noted that the observation of

resonance behaviour in only z¥oriented spectra, that is

Eiﬂé, is consistent with the theory since for GaSe tﬁe

dipole matrix”éiéméhi,"pgi”(eqﬁafiaﬁ”&féii;"fdf'bbEﬁ"ihé‘f" -

exciton and direct gap transitions is large only for Eiﬂé

(Wasscher and Dieleman, 1972). Since the scattering efficiency

is proportional to the Raman tensor sguared, thefe is a

fourth power dependence on this dipole matrix element and

thus the zz resonance spectrum should be dominant.
1

5.3.2 Po%%g Modes (E'(LO) 254 cm ~, A (LO) 247 cm_

T NORTRI NIRRVIS YR SRR

1
5.3.2.1 Wavelength Dependence .

The observed wavelength dependence of the scattering ,
efficienc¢y for the‘AgfLO} and E' (LO)} phonons is compared to
Martin's theory in Figure 5.4. 1In this figure, the curve of
the sguare of the dimenéionless scattering amplitude (dashéd
curve) for &O = ﬁwo/Els = 1.58 of Pigure 4.3 has been plotted
by fitting the curve to one data point E'(LO) at 4, % 2 and

i ‘Enlw.? }

from the figure this curve agrees fairly well with the observed

scattering efficiency when the incident photon energy is




incident photon energies the calculated values become much
smaller than the observed scattering efficiencies. 1In the
case of the E'(LO) phonon this discrepancy can be parggally
explained by a return to the non-resonant intensity of Figure

5.3(c). This explanation is not wvalid, however, for the

247 Qmj},.,,ghg,ngn which is normally Raman inactive. - -

The solid curve, on the other hand; is the result ob-
tained by including only the n = 1 excitonic state as the
intermediate state in tgg”gcdiﬁéffhg:(ﬁfédféw4ffiifﬂfﬂi§7
curve has been fitted to the Ai = 2 Ag (LO) data point and
gives a much better result in the long wavelength region where
the experimental data 1is most reliable. The agreement is
poorest in the energy region approximately 40 meV below the
exciton energy where the measured points fall well belowrthé
theoretical curve. 1In this region, thever, one would expect
ﬁhe largest error because of the uncertainty in the absorption
corrections as was mentioned in Section 5.1.2. Since the true
absorption coefficient is almost certainly larger than the one
used in this region, one would expect that the depicted
scattering efficiencies at these and lower energies would be
somewhat small. This would obviously improve the agreement

with the so0lid zurve in the 40 meV region while not seriously

”éffgéting th esult at longer wavelengths. This would,

however, wor the agreement with the dashed curve represent-

ing the copfblete set of intermediate states. One must conclude
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from these remarks that the discrete states of the free

exciton are the important intermediate statés in the forbiddén‘
scattering at 77°K. It should be noted in thi§ regard that

in the present work any resconance effects aﬁ the higher excitéd
states of the exciton, as well as the gharpness of the re-
sonance at the n =1 eﬁciton“state, will be somewhat muted by

thermal effects.

The séatteringefficiency og,the polaf modes was measured
in a 40 meV region above the band gap. It was found that the
scattering effifiency remained essentially constant throughout - -
this region. A small monotbnid decrease in-the  scattering
Cross sectian_was noted gut ﬁo distincfiyé features appeared.
5.3.2.2 Selection Rules '7 o

In Gasé, the E' (LO) phonon has symmetry components XX,
vy, Xy (Appendix B) and as has been shown the selection’rules
are well obeyed far ffom resonance. As resonanceris épproached,
the allowed scagtéring decreases in observed intensity due to
absorption and the "forbidden" diagonal zz scattering becomes
predominant. This situation is very similar to that observed
in CdS {Martin and Damen, 197la) for the CdS E' (LO) mode.

The E' {LO)} mode in Gasé thus represents an example of the type
of selection rule breakdown discussed in detaii by Martin

-

(1871 a and b} = EE

*—ﬁ-The"k§—fﬁ6$mph0non*i84an*exampie*of*a*tOmpieteiwaorbiddeﬁ** *****
phonon that becomes active when resonance is approached and

g-dependent scattering predominates. Such a selection rule

4



%
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breakdown has also been predicted by Martin (1971b) and

has been observed previously (Anastassakis and Burstein, 1971;
Williams and Porto, 1973) in other compounds. In the present.
case, however, the phonon observed propagates in a direction
perpendicular to the séatteringpplane and ;hus crystal momentum
conservation is also lacking. This facet of the scattering is

very puzzling and at present the only plausible explanation

known to the author is presented in the following subsection.

As was mentioned earlier the general behaviour of the

scattering efficiency of the polar AY (LO) and E'(LO) phonons

in GaSe is very similar to that observed in C3S by Martin and
Damen (1971la) for the E' (LO) mode. In CdS, however, the near

degeneracy of the A-type and E-type vibrations (the wavenumber

" splitting of these modes is 4V = 1.8 cm—'l (Damen et al., 1970)

makes the study of their individual behaviour difficult. The
occurr;nce in CdS of phenomena similar to those observed here
for the Aé' and E' (LO) phonons cannot be ruled out on the
basis oﬁ pfesent experimental evidencg. In particular, it

is possible that near resonance the A phonon in CdS contri-
butes to the observed scaﬁtering enhancement at 305 cm—l
{Martin and Damen, 19%71la). If this wefe s0, a high resolution

RRE experiment on CdS would be desirable to see whether the

non-conservation of momentum and apparent angular independence

of the scattering is peculiar to GaSe alone or is a more

general feature of RRS. -
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. 5.3.2.3 Direction Dependence

From the results of Section 4.2, in particular équation
4.25, it has been shown that the scattering efficiency for
RRS by the Frohlich interaction should be proportional to

- 2 . -> — — - . .
lqt“. -since |g| = iki - ksi, Martin thus predicted that
’2

’ oy —
gscattering in the forward direction,where Iki - k|7 is

7Wr¢l§tiyg}gﬁ§mall,should go to zero. This prediction, however,

is in clear disagreement with the present experimental ob-
servation of a nearly angularly independent scattering ef-
ficiency as was depicted in Figure 5.6 ¢ While Figure 5:6-————— -
shows a sliéht enhancement in the bapkward scattéring approxi-
mately‘30 meV below the exciton, the magnitude of this effect
is far smaller than would be predicted by a g-dependent
scattering mechanism. One explanation which has been used to
explain this dev;étion in the only other experiment of this
type is that the scattéring may be impurity induced (Colwell
and Klein, 1970; Martin 1971b). This is not a likely cause
here, though, since the scattering efficiency clearly peaks

at the n = 1 free exciton and in addition the phonon linewidths
are only about 3 em even ih resonance. Colwell and Klein,

on the other hand, observed a severe (25 cm-l) broadening of

the one-phonon line due to impurities,

The non-conservation of momentum in the scattering process

discussed in the previous section and the lack of any angular —
dependence could be explained if some momentum breaking

mechanism existed that was preferentially directed in the



-
7

12
= 195

. . .
_crystal (Williams and Porto, 1973; Martin, 1974a). Such an
e n

extrinsic mechanism does exist in the present GaSe crystals
and consists'of.the many stacking faults that occur along
the z-axis of the crystal'(Terhell and Lieth,'1972). These’
stacking faults serve to modify the crystalline periodicity
in the z-direction and thus destroy the crystal momentum

. conservation in the z-direction. If this is the case, the
angular dependence of the scattering will then be proportional
to [ii - Es +,A§ZIZ (Martin, 1974a) and if qu is large thg
scattering efficiency may become independent of angle. i?ﬁhé"; -
the existence of stacking faults can be uséd to explain non-
conservation of momentum and an angularly independent scat-

- tering efficiency.
Unfortunately, while this explanation gives a plausible

reason for the non-conservation of momentum in the z-direction,
one is left with the rather discqncerting bump at 30 meV below
the exciton in the backward-forward'scatterihg ratio. The
ostrich approach seems to be aﬁother possible alternative
solution, for if the bump turned out to be artificial the
above explanation predicting no angularly dependent scattering
would hold. The fact though that the bﬁmﬁ appeais in both the
Ag {LO) and E' (LO) cross-sections at the samé energy suggests

that the effect is a real one.

While several alternative effects have been examined to
explain the bump in the backward-forward scattering ratio,

all seem unsatisfactory at the present time. One conclusion
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is untenable and thet is that if. the LO efficiency is solely

'Frohlich enhanced and thus an intrinsic process, the .

scattering is g-dependent. This would require a monotonic'
increaée-in this ratio as the exciton is approached which does
not experimentally occur. The conclusion which seems most
plausible at the present time is that some extrinsic mechanism

(such as the stacking faults) is destroying the g-dependent

‘behaviaﬁf”df”fﬁémpféﬁliéh"gééﬁféfiﬁg:“‘If“ls‘aiear that this
facet of the RRE iﬁ GaSe féVstill nof complétely understood
and further work is indicatgﬁiww S
5.3.%7 Non-Polar Phonons (Ai 135 cm-l, Ai 308 cm_l, E' (TO)

1

215 cm

-~

L 1%

The observed antiresonant behaviour for the 135 cm-l mode

)

is gualitatively similar to that observed for non-polar modes
(e.g. Ez(l))in Cds (Ralston et al., 1970; Damen and Scott,
1971). Ralston et al. (1970) suggested that the observed
minimum in the scattering cross section arose from the can-
cellation of resonant and non-resonant terms in the scattering
tensor (see eguation 2.10). Théy obtained a phenomenological

s

form for the cross section of

'gj S)% - (wg - ‘“z)%} + B (5.24)

where u_ is the gap frequency, v, is the laser frequency,

@ is the scattered photon freguency and A and B are positive

and negative constants.

Their expression for the cross-section was later modified



o] - 5 + B . (5.25)
(wg - mi)

where wg is the gap frequency, wy is the laser frequency

and A and B are positive or negative constants. Damen and
Scott found that this expression gave a qualitative fit to

the limited number of data points that were available ®or the

Ez(l) (43 cm_l) mode of CdS. These relations, however, do not
yvield even gqualitative agreemént with the present results.
The anéiresonahde"in"GaSé occurs much closer to the band edge
and is much deeper than the antiresonances observed in cds. ‘
As a result the expressions (5.24 and 5.25) give antiresonance
minima that are much narrower than the observed dip. it is
clear that an alternate mechanism will have to be found to
explain the present obseryations. The Ai 308 cm—l mode has
been observed to exhibit an almoét identical behaviour to the
135 cm_l mode and is not shown in the figure.

The behaviour of the crosé sectign of the E'{(TO) mode
at 215 cm"l is also shown in Figure 5.5. This mode show; a
monotonically increasing scattering efficiency below the>r
exciton rising to a peak atAthe n =1 exciton level. The
scattering here is inﬁerpreted as being due to the deformation

J

potential. There is no cobserved antiresonance in the cross

section but the behaviour of the mode at energies lower than-

approximately 80 meV from the excitonr i1s unknown since the
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‘ .
phonon is not normally allowed in -the Y(Z2)X geometry. This

phonon has also been seen to be:markedly absent (especially

in the y-GaSe case) in allowed geometriés at some frequencies
far into the gap whiéh indicates the possibility of deép lyiné
antiresohéhces as hévebeen observed for TO phonons in CdS
(Damen and Scott, 1971). The lack of a source at energies

less than 1.95 eV prohibits a search for such an antiresonance

at the present time.

5.3.4 Second-Order Phonons (2E'(LO) 509 cm L

)

The two~LO phonon -feature at 509~cmfl'qan~a150Wbe~ciearly~~~~*
observed in Figure 5. 3. IDetailed measurements of the cross
section of this mode shows that the scattered efficiency is
nearly identical to the 215 c:m'_l TO mode and thus has not
been displayed. Certain similarities with the CdS case can
be noted. This involves the fact that only the 2E' (LO) com-
bination appears and, although the peak is smeared out to a
certéin extent by anisotropy, the 2A5 (LO) mode is clearly
absent (although both modes are second-order allowed in this
geometry). The relative intensity of the 2LO peak in GaSe
is much weaker than that observed in CdS, and a large number
of multiple phonon peaks has not Qeen observed in GaSe (while

-

CdS has had up to nine peaks reported (Leite, Scott and Damen,

1969a)). Without going intd this subject in any detail, this

—— supports the observation (Malm and Haering, 1970, 1971) that
the number of’ such peaks observed in the multiple phonon RRE

seems to increase not with the strength of the Frohlich
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m,wmcouplingfconstanxgﬂ#4yhich*isgﬂ*14in4CdS4an64ﬁ+544in463531444444444;
but witﬂ»a_?ranck—Condon coupling parameter S which is 2.3

for Cds and 0.17 for GaSe (Malm and Haering, 1970).
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CHAPTER VI

~lasers. Gallium selenide is one of these compounds and with

CONCLUSION

6.1 Conclusion

The objective of this thesis was to examine the Resonant
Raman effect in detail to ascertain the nature and behaviour

of the intermediate electronic states responsible for the

scattering process. With the advent of the tunable dye laser

such an investigation became guite possible for certain comr

pounds whose band gaps are within the tuning range of these

the use of a Rhodamine 6G cw tunable dye laser, the Resonant
Raman Spectrum of GaSe was obtained.

In order to completely understand the results, however,
1t was necessary to examine in detail the non-resonant Raman
spectra of the éallium layer coﬁpounds GaS and GaSe. ,Spectra'
were taken on all three possible polytypes, 8 (as represented
by GaS8), € (as represented by?ﬁhe large mixed crystals) and
¥ (as represented by the needles).’ It.was possible to obtain
the frequencies and symmetries of vibration of the Raman active
phononsrin\these compounds, and as a result the behaviour of
the phonon modes at the zone centre is believed to be well

-

understood.

i _ — . - e

Conclusions to be drawn from the non-resonant work include

.
e

the observation that the large plate crystals grown by the

Bridgeman technique are predominantly (at least 95%) € in

I3

character. It was shown that the & and Y polytypes displayr
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an LO-TO phonon splitting for the E' mode at 215 cm *

thus
establishing the polar nature of this compound. Finally,
it was shown that the y-polytype shows dispersive behaviour
in the frequencies of the Al(Z) and E(2) phonons, which in

the e~-polytype correspond to the modes which turn out to be

highly resonant. This angularly dispersive behayiouryhas.beeh.n,

Ao.

' compared to the predictions of Loudoﬁ (1964) for anisotroéic
polar modes and the agreement 1is excellent.

_ This work did not find any evidence of "con jugate modes"
as has been suggested elsewhere (wieting ;ﬁd Verble, 1972;
Hayek et al., 1973). It is suggested that if these conjugate
modes do exist, their splittings from the Raman active modes
which correspond to the "even" type of the B-polytype (i.e.
the lower row of vibrations of Figures 2.6 and 2.7) are too
small to experimentally resolve and in addition their iﬁ-
tensities would be expected to be quite sﬁgll.

The Resonant Raman spectrum of the e€-y mixed crystals

was obtained at 81 + 1°K. The results are consistent with the
cbgervations of the non-resonant spectrum, and in addition the
AE {LO) phonon has been positivély identified and placed at
247 cm—l, corresponding to the Al(Z) phonon of the y-polytype.
This result confirms the previous infrared measurements =

{Leung et al., 1866!. Thisg identification and observation

ofvthe resonant behaviour of the AE(LO) and E’' (LO} modes of
€~GaSe is a further indication of the polar nature of this

compound.
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The scattering cross section for the polar longitudinal
modes exhibits a definite maximum at the n = 1 free exciton

energy level. This clearly identifies the exciton as the

4

intermediate state in the scattering process. The wavelength

dependence observed was in satisfactory agreement with the

theory of Martin (1971b) provided the ground state of the

exciton was treated as the sole intermediate state in the

scattering process. The calculated scattering efficiency for

“intraband FrohIich™ scarttering’*’th’en* gave 'bet’ter*agreement”with” T

the experimental data than with the inclusion of higher ex-
cited states and the continuum contribution.

In contradiction to the above theory, however,'was the
observation that the scattering for the polar phonons was
independent of scattering angle for most of the region
studied and that momentum conservation did not hold for the
Aé‘(LO) phonon. The breakdown of momentum conservation and
the angufgr independence were attributed to an extrinsic

mechanism, thus providing no significant disagreement with

the theory which applies, of course, to the intrinsic effect.

The extrinsic mechanism which seems most plausible is the
} .

existence of stacking faults along the c-axis of the crystal

(Terhell and Lieth, 1972) which will break the crystalline

symmetry. in the z-direction. A slight bump in the scattering

cross section ratio for backward and forward scattering was
observed for which no satisfactory explanation has been

reached.



undergo a well defined antiresonance, analogous to that
observed in CdS (Ralston et al., 1970; Damen and Scott, 1971).
The present experimental wavelength dependence could not be
reproduced by the empirical model (Ralston et al., 1970;

Damen and Scott, 1971) used previously. Further work on

. . » » N » .- .
~antiresonance behaviour in polar semiconductors is indicated.

Further work on second (and higher) order modes in these’
semiconductors is also necessary to fully understand the
nature of the scattering and distinguish the RRE from re-

sonant fluorescence (or "hot excitonic luminescence").
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6.2 Suggestions for Further Work

" It seems apparent at this time that this work has
raised nearly‘as many new questions as it originally set
out to answer. This is not unusual since there are many
aspects of the Reso;ant Raman effect which continue. to be

poorly understood. There are several non-trivial experiments

on the RRE in GaSe vet to be performed. GaSe fails in its

7pf§ﬁiéé tbwéi;éﬁél;an cut ans;ers toiébme of the crucial
aspects of the theory of Martin, such as the q—de?endence of
the scattering, because, it appears, of an extrinsic mechanism, -
the stacking faults. These faults, however, only occur in
e-y mixed crystals and if the resonant backward-forward
scattering experiment could be performed on yYy-needles, one
Qould have a more conclusive test of the intrinsic mechanism.
This however will be very difficult because of the usually
triangular cross sectién of the needles thus inhibiting for-
ward scattering in the necessary x or y directions (Ei must
be parallel to the c-axis). Perhaps some needles could ber
obtained with a rectangular cross section in order to do this
experiment.
The question of the antiresonant behaviour of the Ai
symmetry phonons has no positive theoretical explahation. 1f
an aﬂtiresqnant eﬁfect is-occurring the feiatiVE“maénitudES”'
. and signs of all the terms in eguation 2.10 must be considered:

This is not a problem solely isolated in GaSe but should be

examined for the general first order RRE theory.
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The treatment of the second (and higher order) modes

g visible in the Raman spectrum was ignored in this work.
The cause of such multiple phonon scattering is currently
cpen to speculation and it was felt that such an experimental
study might lead somewhat far afield. The study of the
symmetries, intensities, efficiencies and possib}e frequency

deviations of these modes in polar semiconductors should be

however a gﬁbﬁect fér a considerable amount of experimental
work.
Further Resonant Raman work -on purewandyrmore~importan£ly7w7~~m
easily oriented compounds is needed to check the theory.
Obvious candidates for further study @ith a widely tunable
dye laser now under construction are CdS (pure crystals),
Zno, BaTiOB, and the zinc~blende compounds such as ZnS and
ZnSe. Zn0O is a very appealing cémpound since the energy
seéaration bétweeg the A(LO) and E(LO) modes is lérger than
in GaSe and as a crystal to study for anisot;opic effects, the
splitting bétween the A symmetry and E symmetry modes is
easily resolvable. This would be an interesting cryétal to
compare withrcés and Gase. " |
Pinally, a more remote possibility is the practical
application of the Resonant Raman effect to excite Raman
e " spectra at medium energy (1 to 4 eV) higher excited states =~
*************** —of semimetals or semiconductors with narrow band gaps. In—
these compounds absorption {(and/or high surface reflection)

often makes recording of the normal one-phonon Raman spectrum

difficult. The use of light which is resonant with electronic



» phonon frequencies which would otherﬁise be difficult or

impossible to obtain.




- APPENDIX A
GROUP THEORY FOR LAYER COMPOUNDS

>

The.number and symmetry of the pormal modes of. vib-

ration of a crystal are easily found from the group the-

“oretical knowledge of the space group of the crystal. .In

this appendix, the correlatioh method (Fateley et al.,

1971) Will”b§éu$¢é”§9”d¢§iyeﬁﬁheWﬁymmgyxx,Esggerziéﬁmpﬁﬁthewf,,,

crystal at the zone centre, I'. In Section 2.4, it was
stated that the symmetry of the zone at this point is just
the point group of the space group. In the following
three sections regults will be derived for the 3, e, and

Y polytypes. y -
5.1 2-polytype, Dsé (P6/mwna) (Gallium Sulphide)

The notation of this Appendix will follow that of
Fateley (1971) and thus some definitions are necessary.
First, it is necessary to know the number of molecules

r Bravais space cell, ZB, which is'equal to the number
of Wpolecules in the crystallographic unit cell, 2, divided

by the number of lattice points in the unit cell, LP:
B

B ALy

Since not all atoms lie on the same symmetry sites in the
lattice, one must know (or figure out) the site group spe-

cies, v. Fach species will have zero, one, two, or three



two, or three degrees of rotational freedom, RY . In

. crystals only the degrees of translational freedom need

be considered and thus for each site species one has the
number of degrees of translational freedom of: , -

¥ = Y. n (A.2)

- where n is the number of atoms-in-an-equivalent-set—in

the Bravais cell.

CE is defined as the degeneracy of the species £ of
the factor group (which may not be the same as the site -
groﬁp). This i; the dimensionality of the representation
of the vibration,which is one for species of symmetry A
or B, two for species E and three for species,F.

The irreducible representation of the crystal §ibra-
tionszis the sum of the'irreducible representations of each
equivalent set of constituent atoms:

A Fcrystél =§;I} (a.3)
where '

r, = %:ag'i (A. 4)
and aE is the number of lattice vibrations of the symmetry
£ ofAthe factér group.

It is easier to show how the method works by example.

For 3-Gas (Dﬁg space group), one needs to know the site
V4

/
symmetry of the Ga and S atoms. From Wykoff (1965) and
the International Tables of X-Ray Crystallography (1969},

the site symmetries are identified as C3v(3m) with atoms at:

¢ -

ekt

W S,

b e b e aialr 2

ISV

r’fmkw‘ 4
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- (12 215211 , 121 ,
- B u = {"3':312; 313121 3313 + zZ; 3’372 Z} (A-S)
where z = 0.17 for the Ga atoms and 0.60 for the S atoms

(Wykoff, 1965). Thus, C3V is the site group for both the

Gallium and Sulphur atoms. One has:

Z = 4 molecules ILP = 1 ,ZB = 4 (A.6)

and since there are four molecules per eqguivalent set:

v
£ =4 t’ = a, 2 c (A.7)
S Y S e S 4,
where a, is the number of vibrations of the site group

species Vv and vcg is the degeneracy of the species £ of

the factor group which correlates (i.e. -is compatible)- - - -

{
with the site species V.,

The groups C3V and D6h have their elements listed in

Table A.l. The site group C v has symmetfy characters A

3 1’

Az, and E with:
v £ t” £V
A T, 1 4 |
A2 - 0 | 0 | (A.8)
E Tx,Ty 2 , 8

From the correlation tgbles of Wilson, Decius and Cross
{1955), one finds that the symmetries of these vibrations

of C,  are compatible with the symmetries of the D

3v

factor group as follows: “\

6h




ﬁV v C3V&DGh £ Cg ag = aA + aE
4 Aim————-——» Alg 1 1 = 1 + 0 )
— B2g 1 1 = 1 + Q
~
A 1 1 = 1 + 0
2u
S ———— Blu 1 1 = 1 +, 0
(A.9)
8 E AVElg 2 1 = 0 + 1
By 2 L = 0+ 1
Eiu 2 1 = 0 + 1
’YE 1 2 1 = 0 + 1
, 2u
Thus, T T . T .
Fea = Alg 2] B2g # A, @B, @ Elg
B Eyg P E1u ® Epy (3.10)
§inée the sulphur atoms lie the same symmetry sites,
the crystal representation s just this doubled:

Fcrystal = ZAlg ” ZBZg K

) 2Elg ] ZEZg

2A2u B ZBlu

# 2E B 2

1u " (A.11)

E2u

This gives 24 normal modes of vibration (remember that

E is a doubly degenerate representation). Of these modes,

the point group has A2u and E as

lu

-representations and thus,

Tacoustic = 1A2u ? lE1u

translational symmetry

(A.12)

'~ The representations below have bilinear basis functions

(Tinkham, 1964) and since the polarizability tensor

bd

j

/
/

-

transforms as these basis functions, they give the normally

Raman active phonons:
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species - " basis functions
o Alg *2 + yz' z2
Eig 2xz’ ;z (A.13)
Ezg -YIXY

There are six Raman active modes in the 8-polytype with
the above symmetry elements. In infrared absorption one

should see two modes corresponding to 1A2u ® Iglu'

e

A.2 e-polytype, D3§ (P3m2) ( e-GasSe)

Now that the method has been shown the calculation

is only sketched below. The c:ystal structure of the
e-polytype was identified as a D3; space group (Schubert
et al., 1955) with the two Ga atoms on (g) sites (C3v or
3m site group) with:

u. = 9{0,0,2z; 0,0,z } : (A.1l4a)

Ga/

and the two atoms on (i) sites of the convention of

_the International Tables (1969) (again a Cav site grouwp

aymmetry), with: .

ug, = { 3 3,2, § 3,2 } (A.14b)
where for the Ga atoms z.= 0.075 and for the Seratoms
z = 0,150 (Wykoff, 1965). Thus, again the site symmetries

for each species of atoms is a C3v. The site species and

degrees of freedom for the site group mgs;ﬂoo;ggqpono o

the Dan factor group as follows (Wilson, Decius and Cross,

1955) : | . ¢



f \) C')!f i D—) E Cl' aL‘ = a?\ + a‘ﬂ‘
- ~ vV 1T S =3 33 L
" a7 1 2= 2 + 0
(A.15)
8 E ——— E~ 2 2 = 0 + 2
\ E’, 2 2 = 0 + 2
so that
= 7l ‘- d)‘ e - : -
o d,,fGa,ﬂ,WZAiwﬂﬁhzazuﬁdvﬂzE,w9ﬂ2Em,ﬁ74mﬁf_b _(A.16)

and since the selenium atoms are on the same symmetry

sites, one doubles this to get the crystal representation:

o - T e T T

r = A" 5 4 D 4R B AR C4A.17)
crystal 4Al 452 4E 4E (3.17)
Of these:
acoustic lAZ v 1E (A.18)
The bilinear basis functions are (Tinkhamn, 1964):
species basis functions
- 2 2 2
+
Al X vS, 2z
E”- %2 - y2, Xy, (A.19)

E"” XZ, YZ \\/)
Thus, in the e~-polytype eleven distinct modes are Raman

active (one B mode is acoustic and all E modes are

two dimerdsional) :

- ~ -

= 4A

I3E" B
Raman 1 3E ’ 4E

(A.20)

In the infrared one has 3A2" 5 3E° active and thus the
three E  modes are both Raman and IR active, i.e. polar

modes.
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T g - -
A.3 Y-polytype, C3v {R3m) ( Yy~-GaSe)
Schubert et al. (1955) identified the y-polytype .as
. .

a C iy (R3m) space group with six Ga atoms on 3 (a) sites
sité group species) (International Tables, 1969):

u=1{0,0,z1} (3 sites) (A.21a)
whefe z = 0.050 and the six Se atoms are on 3 (a)

sites (C3v site group species) with:

= '4;* 'f}';ﬁ";Z‘"} ’ “7"(4}731:{1:65}77’ B o {(A.2 1b)

= Q.100.

where 2 =

Again the site symmetries are C3v and since the

site group is isomorphic to the factor group

of this polytype, the reduction is simple. There are

ncw six atcms of Ga and six of Se per unit cell. Thus:

" fv .
Al 6 = (A.22)
E 12

and since the correlation table is trivial, one can write
down the crrystal representation as twice each site repre-.
sentation:

rc:ystal = lZAl s 12E (A.23)

Of these one has:

r ., = 1x, = 1lE
acoustic 1

and the basis functicns are: o

sDecies basis functions
- . 2 2 2
Ay Xty .z (A.24)
2

2
"Y ! XY: Xz, yz

53]
x

e
P ¥)
P.J

twenty-two cptical modes are both Raman and IR active.
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TABLE A.l
CHARACTER TABLES

C3V (3m) E 2C3 30v
~fx3w+~y27ﬂ23&d' g Ay 1 -—¥ 1
A, 1 1 -1
R T i E Rt L o R
. E 2 -1 0
(xz, vz) (RX,RY)
Dy, (6m2) E g 2c, 255 3¢ 30,
(x2+y2,22) a7 |1 1 1 1 1 1
R 2.7 | 1 1 1 1 -1 -1
Zz 2 ;
Ai' 1 -1 1 -1 1 -1
z Aé' 1 -1 1 -1 -1 1
2 2 . .
(%x"=y" ,xy) {(x.,y) E 2 2 -1 -l o 0 0 B
{XZTyzf—~ﬁf—fa;aay} 12 ———2——1 1 ) 0
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APPENDIX B
SELECTION RULES FOR RAMAN SCATTERING

In Appendix A, the normal selection rules for non-

polar optical phonons in the three polytypes were derived

“from the inspection of the basis functions of the point
groups DGH' DBh’ and C3v' It is possible to get this

derivation from eguation 2.30 as well by using the Raman

tensors given by Loudon (1964). This is not necessary
to do since for’the non-polar phonons the results are
identical. It will suffice in this section to derive
the selection rules for the polar phonons according to

eguation 2.31.

B.l B-polytype (Gas)

There are no polar phonons in the B-polytype since
this crystal structure is centrosymmetric. The symmetries
of the Raman active phonons are just those derived in

appendix A, that is:

FRaman = ZAlg = ZElg B ZEzg
with .
Irred. Rep. Polarizability Tensor
Alq axx + ayy’ azz
Elg Gyzr sz
E a - Q r G

2g xx  yy' Cxy



In the e-polytype only the modes E~ are both Raman
and infrared agtive. The Raman tensors for the phénons

are {(Loudon, 1964):

- - . -

Ay | E” (x)

a 0 o0 : 0 0 -c 0 4 0
0 a o0 c 0 d 0 0
5 o 8/ Vo o o

0 0 b c/\-»oo/\ooo/
E"(y)

da 0 0\ e _

0 -d 0

0 0 0

For convenience, in the following equations these tensors
will be labelled by the Roman numerals I through V, re-
spectively. o
The following nine geometries will be examined for
Case I of Loudon's work only (the electrostatic limit):
(1) Backscattering or forward scattering x-face
(2) Backscattering or forwa;d scattering y-face
{3) Backscattering or forward scattering z-face
{(4) Right angle scattering X({ V)Y
{5) Right angle scattering Y{ )X
{6) Right angle scattering Y{ )2

(7) Right angle scattering X( )z

{8) RPicht ancle scattering Z( )Y V
{(9) Right angle scattering 2( )X

It will be noted that Loudon's Cases I and II (the electro-



or transverse.

|

o))

(e

rules only when the phonon propagates at an angle with

respect to the c-axis of the crystal which is not zero or

ninety degrees.

This will occur for geometries 6-~9 above.

In Case I, the phonon is taken to be primarily longitudinal

~be either parallel or perpendicular to the c¢-axis.

For Case I1I, the phonon polarization will

For

GaSe, the phonon behaviour near the zone centre more closely

obeys Case I as 1is seen by the relative phonon energy

spacings of the polar modes. Thus only Case I will be

considered here.

The extension to Case II is straight-

forward.
(1) X( X
42

> -y eio = (0 e, © )

R S %,

'sIEY . . 0

N 3 - e, = or{ 0
S

0 L ' 1/

(a) For LO phonon £'= &

= RT

- ) 0 -
S“ = (0 ey e)(a+ 8) LV (g) 0
) -
s [ e m(y)fo

”~

VS

(b) For TO extracrdinary phonon, one has
must give zero contribution since A

(c) For TO ordinary phonon £' =

P

T
{;:

2 is inactive.

z and this

:B = 0 and thus,



3 2
5, = _(0 ey €,) ag\g)d =0
i 0\ 12 .
2 2.2 -
'S = (0e e ) aV (1) = e d X(YY)X
.L L y 2 = \0 Y
(2) Y( )Y
iz
o}
- ,,g,,,, ,,,,,,,/,,:v,,ﬁ,,,, . e, = (ex 0 ez)
L, i s 9\
Iz § 1\ /0
‘“F%L‘j:—— _— esp = (O or (O)
s d M4 17
. o _ . — e o ,,;@,:, e = _ ——
(a) LO phonon = ;T =’;
i 40N ]2
Sy = (ex 0 ez)(a + )V (g)_ = 0 \
" 1\]2
S = (e 0 e ){a+ B8}V (D) = e 2(a+B)2d2
— L X = \o X
- Y(Xxx)Y

(b) For TO extraordinary phonon £l=

z which is not allowed.
{(c) TO ordinary phonon £T= %, and
i 0y ]2
Sﬂ = (ex 0 ez) a IV g) = 0
r 1\7 2
Si = (ex 0 ez) a 1V 8 = 0
(3) 2¢ )2 . ) )
123
=79 o
* e.” = (e_ e 0)
b X l 5 Xy
ry - .
‘Iiﬁ“ff”“ — L 0 1 0
Ko g e, = (O) or (l)
o/ |l 0o/ ]




-]5? -

~ ~

~ - , ) .
(a} LO phonon £T = k' = 2 , and again since _n.é’ is inactive —
this phonon polarization gives no contribution.
~ el el

(b) Two ordinary degenerate TO phonons, 5T = X or y. In this

case, the scattered efficiencies are added (Loudon, 1964):

’ 1 2
S = 0 I
I (ex ey ) o IV (g)
- S [ . - ,} :,,2,,,kg,g4,k4;,
+ [(e e 0) a V (0) = e 2a2d2,+ e 2a2d2'
X = \p v X
Z(YX)Z, 2(XX)2Z
_ _ ,,,,,,,,0,’*2, I e I
S, = (e, e, 0) o IV (l)
..[.. Y h 0/]
70V} 2
+ [(e e 0) a V (l) = e 2a2d2 + e 2a2d2
x = 0 J X y

Z(XY)Z, 2(YY)Z

(4) X( )Y
R .
, ii' 3 e; = (0 e, e))
o= e, N
! ks’9 esp = (0) or (0)
+ * 0/} 17|
g 1o .
(a) LO phonon ET = QT =/% (; - ;)
vz
: S}; =% 1 (0 e, e ) (a4 B) QIV'EQ(g) £
= % eyz(a ¥ 8)%a% X(¥YX)¥

0
—
i}

- - /0\12
X [(Oe e_) (a+3),§v“ﬂ(0)] = 0
y 'z 1
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= 409

(b} TO extraordinary phonon gT = 2z and is not allowed.

(c) TO ordinary phonen ;T =/% (x + y)

1\ |2
s“ = % {f(o ey ez)a (IV + Vz(g)] ,

=5 e %@ x(wy | -

y -

.77W - - ”gi"*z 0 4}§¢e 4(a) above)W7m

(5) Y( )X

trff e 9= (e. 0 e.)
k’i‘i . i Tk T TEt N
R A -
E v 'ks'x ’ or 0
* e P= (l or (O)
-> l S
q Lo ) 0/ 171
y -
(a) LO phonon ET = k' =/§ (y - x) .
T

. ] , o\ 2
SH =4 [(eX 0 ez)(a + B) (V —~;Vz(é)}

=% (a + B}Zdzexz Y (XY)X
, 0\]2 “
Sl =k (ex 0 ez)(a + BV - Ivz(g) =0
{b) TO extraordinary phonon £T= z and is not allowed.
(c) TO ordinary phonon £T = /% (x + vy)

. o e e — il Q, _ ,2 R e 2,2, 2 ,,,,,
8, =3k (eX 0 ez) allV + Vz(l) = X e @ d
it . - 0
777777 N Y (XY} X
0 (see S5{a) above}

w
fl



(6) Y( )z

Q4

~

(a)rLOugggﬁon £

T T
k

- — -
>

— —

2

(y - 2).

o _
i 7 (ex 0 ez)
1
1 0
SO = (0) or (1)
0/] o/y
Now in this geometry .

and those to follow, the z component of the phonon polari-

zation can be neglected since the A

“thus,

po

!

-

R

.

(b) TO extraordinary phonon 5T=/z

(y + z).

- -

2

(e, 0 e, )la+ 8) ¥ (

(e, 0 e )(a+ B) ¥ (

0
1
0

1
0
0

)_

-

)

it

phonon is inactive,

L ex?‘(d+8)2d2

Y (XX)2

As can be

easily verified the selection rules are the same as for

the LO phonon, that is“SH

S

2 2.2

= 0; Sl = Xk e, o a” (Y(xx)z).

{c) TO ordinary phonon £T= x and
0\]2
5, = [(e 0e) a1V 1) e %a?d®  v(xv)z
i X 4 s 0 X
: Iy}2
Si = (ex 0 ez) a IV (g) 0
(70 %X{ )z ' -
| 2 i %= (o e
7 ’y €4 ( ey z)
> > 1 0
k_———?lL.k 2 egD = (O) or (1)
i o/ o/]

L



v
i 1\12 2, 2.2
S, .= % (0 e e )(a+ BY IV{O = % e “(atp)"d
” L y Z : == 0 y
C X(Y¥YX)Z
- ’ ‘ A 0\12
S = X (0 e e }{a+ B) IVI1 = 0
_I_ 1 Yy 2 = \o/J-
) AT—/2‘ A A ' ’. o
(b} TO extraordinary phonon §'= 5 (x + z) which gives the
same result as that for the LO phonon except Sy = %eyzazd2
(X (YX)2Z). '
(c) TO ordinary phonon gT,= y
T PR TN B - e
s = 0 e v 0 =
” -( ey Z) [s1 ¥ (O)— | 0
r 6\12
s, =l0e e) ev i}l =e %d%?% xaxW)z
_l_ N L y 2 = 0/ Y
{8) z2{( )Y
+ 2 o
ki Pl eiO = (ex e 0)
—s X_,¢
g s

]|

+ ; o D /0 . (1
d ¢ 5 : : ®s (g)”or (8)L

~

(a) LO phonon ET = k' */% {z - ;)

2 2.2

o 0\12

Sg =k -(ex e, 0)(a + B) g;(g)d =0 ‘
o I I
S] = K {ex e O){e +8) V{0 =X e _"(a+B)"d :
N L b4 T \g/J . X :
- - 7 ‘ 2(XX}Y :
- /2 0 0 o :
(b) TO extraordinary phonon £ = 5 (z + y) which gives the :
g

same result as {a) except Sl = k e, @ a™ (Z(xXX)Y).

B mhr S . L g s b
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(9)
»

A

{c) TO ordinary phonon 5T= x and
o 0\12
S = (e, e 0) a IV (0 =0

{a)

C/\2
g(’o)} = e %0a%a% z(yx)y
0
e,” = (ex ey 0)
‘ks'ﬁ 0 0
(),
1/ o/ ]
%)
0
0) (@ + 8) IV (O) =0
1

85, =X }e e 0)(a + B) (g =% e 2(a+8)2d2
1 | XY 0/ X
At /3 Z(XY)X
{(b) TO extraordinary phonon § = 5 (z + x} which gives the
same result as (a) exceot Sl = k eX2a262 HZ(XY)X) .
(c) TO ordinary phonon £' = ¢ and ‘
- . 0\72
Sp 7 lex &y O o X (3); -0
- ~ 0\ 2
2 2 2
8y = (e el 0) a VL) =el Z(YY)X~
5 ufex y ) =‘(0)‘ e, @ (YY)

All of the above result for the

in Table 2.2.

e~polytype are summarized
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B.3 y-polytype (y—-GaSe)

In the y-polytype both the A, and E modes are both

1
Raman and infrared aétive, and thus all modes must be con-
sidered to be polar. The Raman tensors for the C3v

point group are (Loudon, 1964):

A
. A2y EY) E (-x)
0 0 c 0 0 0 -c -d
R' =10 a o0 0 -c 4l -c 0 0
9p .
0 b/ N0 4 O/ N4 O O/
I iI 1T

The same nine geometries will be considered for this
polytype and the reader should refer to the previous

section for the geometries.

(1) X( )X
(a) LO phonon §T= QT = ;
' q o7 2
,S” = @O ey ez}(a + B) III (2)4 =0

S| = [(o e, e,)(a ¥8) ;,;g:(

(b} TO extraordinary phonon 5T= z

‘ 072
S, = {{0e, e ) a I{0 = e %e??  x(z2)%
gi L y 72 RS YA ) 72 S
- s r ' /3\‘2 P
|- L(O e, e) a 1 KO)- =e,ja"a X{YY) X

(c) TO ordinary phonon ixz y

>



e s e S
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{2)

(a) LO phonon gT = kT = ;

= e 2a2d2

y X(Yz2)X

- .
= (-eyac + ezad)

X(YY)X, X(2Y)X

: 0\12
5 =[(exoez)(“+3)£i(g) =0 :
‘/'
1\72
S; = |le, 0e)la+p) II (0)] = e 2(atp)Zc?
_‘. X z = OJ X
Y(XX)Y
tb) TO extraordinary phonon §T= 2
0\72
_ _ 2 2 2 =
S” = [(ex 0 ez) g i (g) = ez a’ b Y{(ZZ)Y
o I\q2
s-= L. 0y o1 Q) =e 222 vow
1. X z = \o/. x
(¢} TO ordinary phonon ET = x
0\12
_ o 2.2.2 =
Sy = [(ex 0e,) a III (g) = e “a”a° v(x2)¥
2
I 2 2.2 =
S = {fe, 0 e}y o« IIZ {O Tz @ d ¥(zx)Y
- S N
{a) LO phonon ET = k' = z
1\12
s, = {(e e, 0)(a + 8) ;(o)] = e 2 (a+p)?a’
i X Y - 0 x
Z(XX)Z
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r 70\ ]2 .o
5, = tcex e, 0)(a+8) I (é)J = e “(a+p) “a”

2(YY)Z

~ el

(b) TO ordinary ghonons (two-fold degenerate) 5T= X or y

Iy 12 1y |12
S, = e e O IT IO + e O IIT {0 ]
; (e, y Yo IT (O) | (e, v ) o =m____.‘(o) ;
= exzazcz + ey2u202 Z2(XX)2, Z(YX)T
I o) 2 0 2
s, = (e, e, 0)z II (l) + | (e, e, 0) a III (1) .
- , 0 T\
= e fafe? v o 2P T, 2T
(4) X({ )Y N
(a) LO phonon 7'= k' =/% (; - ;)

172 .
5. =% [zo_ e, e,) (a + 2) (11T - Iu‘@)} -

0

3 (eyc + ezd)z(a +’s)2 O OX{YX)Y, X(z2X)Y

0\ 2
S, = %{(O e e_l{a + B)(III =~ II)(O)]
| y z 1 -

2

LY

X(¥z)Y

U

5 e z(a + E)Zd
2
B
(b} TO ordinary phonon 5? =/§ (x + y). This will be the
same as for {a) above except:

5. = 5,ieycﬁ+”gzﬁiwgzdgﬂm,XLXXL1+MXLZXJX_m,,ﬁﬁywmf;,,WWW,W

a 3 ¥ e “s%g
an = e «
i y ©

2

X{¥Yz2)Y

, e
{c) TO extraordinary phonon £ = z

I\72
f? [{G ey ez} a ,I' (g)} = {

N
it



. il 10\ 2 -~
5| = t e, e)al (g J = e, ad® x(z2)Y
(5  Y( } X
(a) LO phonon z° = kT = /% vy - x)
| 0\ 2
) S, =%.|fle 0'e)(a +p)(II - 111)(3)]
, _ . N he IR 2
=X%(-e,c + e d)%(a +8)° Y(XY)X, Y(2Y)X
' 0\ 2
S, =k j(e, 0 e,)la + )11 ~ III)(O)]
~ _ T\l
. - ST e N
=xe’ (+8)?d®  vxox
(b} TO extraocrdinary phonon ET= ;
- . 0y 2
. Sﬁ = '[(ex 0 ez) a I (l) = 0
y 10/°
. 0\ 2
5| - [{ex 0e,) al (g)J = e, %a®? v(z)x

(!

{c} TO ordinary phonon £t =/§ (y + X}). The selection rules

will be the bBame as fqr (a) above éxcept:

8, = ¥ {exc + ez$)2a2</ o Y(XY)X, Y(2¥)X

i

y ex?‘azd2 - Y (X2) X

it

°]

(6) Y( )z , ,_ ' *

{(a) LO phonon £

U}~
fi

' 0\1]2
i b [(ex 0 ez}(a +B')§II - 1) (é)] .

2 Y(Zf)z

e (e + )%
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(b) TO extraordinary phonon £'=

rules will be

and

{7)

il

i
5 ey 0e,) (a +

2

% e,

V2

VAR

outn ()]

(c - g)z(a + 6)2 Y (XX)Z

5 (y + 2z}. The selection

the same as (a) above except:

S“ = i ezzczd2 Y(ZY)2
5| =% e 2(c + a)la? Y (XX) 2
(c) TO ordinary phonon £' = x o
0\q 2 )
S = l(e, 0e_ ) a« IIT {1 = e 2uzc2 Y(XY)Z
I X z = X
1\q2
- ' 2.2 2
S_L = ‘:(ex 0 ez) a I1I <8)] = ez d"«a Y{ZX)Z
X{ )2
{a) LO phonon 5? = k' =/% (x - z)

4 o
{b) T extracrdinary phonon f =

5,

Iyvq2
=%[(0 e_e:)(a + B)({ITI - 1) (0)]
Yy 2 ’ 0

2
» (eyc + ezd) (a

B2 x(Y®N)z, X(2X)2

0v+ 2
= x[t0 e, e+ B)mx.;_u(l)]
Y 2 . 0
=5 e 2(a + 8)%a° X(YY)2
T B /5 T A A =

5'(x + 2z). The selection

rules are the

and

S.

same as for {(a} above except:

x (eyc + ezd)za2

1

2.2 2
e “a”a
T ey

1]

X(YX)Z, X(2XM2 o

X(YY)z



it et s Ny . W L g

! "
A TN YRSt ot v o £33 T b g (1%

— =172-
S {e}—TO ordinary phonon ET =y
- , 1\, 2
S“ = b(O ey ez) a ;;5 (8)_ = 0
[ 0\72 2.2
?L = _(0 ey ez) a II (é)“ = (ezd - eyc) a-
; X(YY)2Z, X(2Y)32
(8) z( )Y
/ r(giidjf.aﬁiagonon S:T = I:T =’[—§- (z - y)
; 0\~2 °
= L -
somx [ e e nanam (o]
= X evz(a + 8)2%4? Z(YZ)Y
1,2
: S = k [(e e O)‘(a+3)!I—IIZ 0]
= %exz(a +g)(a-c)? 2(XX)Y
: , St /T, 0N "y
; {b) TO extraordinary phonon { = 7 { 2 + y). The selection
: rules will be the same as (a) above except:
_ 2 2.2 = o , )
Sﬁ = k ey a“d Z(YZ)Y
S} = X exzaz(a + c}2 AZ(XX)Y
(c}) TO ordinary phonon ET = x
'l o ’\2
s, =[(e e 0) a III (o) = e_%0%3% z(x2)Y
i L Y —— 1/ X
i - Iv.2
St —h{ex ey 0} o 11X (g}d = eyzuzcz Z(YX)Y
1
] (9) 2¢ X
i {a) LO phonon ST = k' =J§ {z - x)
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fb)Teextraorﬂknaryphonen€T=£%+z+x),4A54a4,kexcept:

s = ftem e 0y ta+ 8y (xo1xzy (o)}
I L'x Gy At \1}J
= K exz(a + 8)2d2 Z(X2)X

O\q2
%[(ex e, 0)(a + B) (Lo IIX) (é)]

°l

u

5 (ec + eya>2<a +8)2  Z(XN)X, Z(YY)X

2.2

_ 2
SH = % e, a“a

Z(X2)X

5

e e
Sl = k (eya - exc} o) Z(XY)X, Z{(YY¥)X

A

(c) TO ordinary phoncn gT= y

Oy~ 2
(e_e 0) a 1I {0 e 2a2g? Z(YZ) X
x Ty

Sy = o)) = ey
S = {{e_e 0) o 11 g : = e 2a2c2 Z(YY)}X
"1 x Sy o y

-

All of the above results for the Y-Eolytype are summarized

in Table 2.2.
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