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                     ABSTRACT

     Koushir Ando. Ph.D., Osaka University, March 1977.
Stud of Resonant Brillouin scatterin b Arn lified Acoustic-
Phonons in CdS and, ZnSe. : Major Professor: Chihiro, Hamaguchi.

     Preserrtvgork is concerned with study of resonant Brillouin

scattering in semiconductive CdS and serni-insulating ZnSe.

Acoustic inj' ection method is also presented and theoretical treat-

ment is given mainlyin the case of CdS-ZnSe system where acoustD-

electric domains amplified in CdS are transmitted into ZnSe. The

method is shown to have a versatile to such study reported here.

Most of the present work were carried out by making use of intense

aeoustic phonons amplified through the acoustoelectric effect

instead of thermal phonons, which enabled us to investigate Brillouin

scattering cross sections in the region near the band gap. The

CdS crystal belonging to wurtzite type semiconductor has not only

large piezoeiectricity but also strong optical anisotropy and

therefore it is very interesting to exarnine the resonance effect

of Brillouin scattering cross section in the photon energy region

close to the fundamental absorption edge. Acoustic pulse injection

developed in the present work enabled us to study the resonant

Brillouin scattering in semi--insulating ZnSe belonging to zinc--

blende and thus we can discuss the physical rnech.anism oE resonant

light scattering in both types of crystals.

!n Chapter I, historical backgroundof resonant light scattering

is reviewed and the significance of the present work is explained.

In Chapter'I:. basic formulations of resonant and nonresonant light

sqattering are presented by using the microscopic and macroscopic

freatments. Resonant behaviors of scattering efficiency near the
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critical point are interpreted by the microscopic theory of light

 scattering, where electronic excitation plays an important role.

From the selection rule of deformation potentital scattering of

vÅ}rtual states by acoustic phonons 2- ans 3-Band models of tran-

sition process of virtual states are proposed to explain the

present observations. Advance theory of resonant light scattering

is also introduced by making use oE the treatment of non-linear

susceptibility to exarnine the resonant behaviors arising frorn

higher energy 3-dimensional criticai pointS(MlrM2, and M3).

In Chapter !II, experimental procedure and detailed explanation

of the sample constructzon used in the present work are presented.

In ord'er to estimate the dispersion of intrinsic scattering effi--

ciency resolution of acoustic frequency is discussed rnainly in

connection with the present experinental conditions.

Chapter IV deals with the experimental results and discussions

on the resonant Brillouin scattering in CdS and ZnSe. rn the

observed dispersion spectra one can find a sharp resonant enhance-

rnent and antiresonance structure in the dis'n)ersion curves of                                           u
Brillouin scattering cross section by pure TA-mode phonons in CdS

and ZnSe. Resonant feature of scattering efficiency by pure LA-

mode phonon is found to be quite different r-acom that of TA-mode,

where only a sharp resonant increase(no resonant cancellation is

observed). Those dispersions obtained in the present work are

compared with the theory and it is found that the expression of

resonant Brillouin scattering taking into account of the exciton

contributions has well explained the experimental data.

rn Chapter V, dispersion spectra of optical modulation induced

by the acoustie domain in CdS are presented. Optical rnodulation

signals are observed in the photon energy region not only close
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to the fundamental absorption edge but also in the transparent
                                                     Lregion. A comparison of dispersion spectra of the optical modu•-

lation with resonant Brillouin scattering cross sections is

carried out and one can find that the dispersion curves of optical

modulation signals agree well with those of resonant Brillouin

scattering in CdS.

In Chapter Vl, the experimental results and discussions on Break-

down of selection rule in Briilouin scattering in CdS are presented.

!t is found that the Brillouin scattering efficieney observed

under the forbidden-condition shows a resonant enhancernent near the

intrinsic band edge. By !neans of the analysis based upon tne

deformation potential scattering of virtual electronic states by

TA phonons the physical mechanism of break-down of selection rule is

discussed and the 3-Band model of transition process for forbidden-

resonant light scattering is found to explain the present

observations.

!n Chapter V:I an apPlication of acoustic pulse injection technique

is presented with theoretical treatments of acoustic matching

theory. By making use of the injected acoustic packets into ZnSe

and ZnTe the soundvelocities of quasi--transverse mode propagating

in several directions are measured and important elastic parameters

suah as; elastic stiffness constants and propagation loss are

deterrnined.

Tn Chapter VZrZ, the conclusions obtained in the present study

are summarized.
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Chapter I. Introduction

     Since the development of the transistors the investigation

of solid state physics has made a remarkabie progress. rt never

seems to be an exaggerated expression that the present prosperity

of Lhe electronic industries is largeiy attributed to the reseach

of physical properties of sendconductors. The research-field so

called 'Solid State Physics' has made a great advance especially

in semiconductors with strong help of Quantum theory, which was

extensively studied in those days. The study of light scattering

( including Brillouin and Raman scatterings) was one of the impor-

tant part of such investigation field and fundamental treatment

of light, scattering were established considerably long ago.

     The first prediction of light scattering by long-waveiength
elastic sound waves was presented by BriUouinl) in lg22. sub-

sequently smeka12) developed in l923 the theory of light scattering

by a system with two quantized energy levels; this theory contained
the essential characteristics of the phenomena discovered by Raman?)

     rn the initial stage the experirnents of the light scattering

were performed as anexcelient tool to study the exeitation of moie-

cules and molecular-structures. In l940's emphasis has been shifted

to the systematic investigation of single crystals to obtain the

inforrnations of the lattice dynamics. However, the experiments

seemed to be difficult because of poor light source and srnall scat-

 tering intensity. The appearance of laser in l960 was to change

this situationrather drastically. The monochromaticity, coherence

and power were also to change the character of light scattering.

Ever since the discovery of the laser one could eas"y obtain the

detailed experimental data enough to be compared with detaiZed

theory .
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     Zn the early days of iight scattering experimental work was

oniy possible with raaterials transparent to the scattering radia-

tion . This is due to the fact that the scattering volume,limiti ed
                                                           'by the absorption lengtP, was too small in opaque samples to make
                       'observation possible. In order to rnake the study of light scatter-
                 'ing in the opaque photon energy region possible the measurements

were perforrned in the back-scattdring configuration which has become

later the standard technique for the investigation of resonance

effect. As the progress of the experimentai technique one became

to be able to obtain the high quaZitative data from the light scat-

 .tering even in the case where the incident photons create the

electronic excitations in the crystals. This is aiso applied to

some of the features ( critical points ) in the second-order spectra

and made the resonant Raman scattering an ideal technique to study

the effect of perturbations on the phonon spectra.

     GeneraZlyt in the opaque photon energy region the scattering

by phonons occurs rnainly through the intermediate virtual electronic

excitations. Thus, for incident and scattered photons near the
                                              'energy of interband transitions such band structures rnust be

appeared in the dispersion spectra of Raman and Brillouin scattering.
                        'This structure can be used for studying the electronic transitions
in a way sinilar to that used in modulation spectroscopyf)

     The first measurement of resonant Raman scattering in semicon-
ductors was perforrne,d in CdS using the discrete lines of the A;-

laser?) Latert measurement for cds by Ralston et a19) confirmed

the resonant enhancernent of Raman scattering cross section close

to the criticaZ point and established the existence of an antireso-

nance structure in the dispersion spectra. For recent years a Zot

ofi experiments of first- and second-order resonant Raman effect
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in variable zz-vi and rzz-v cornpound semiconductors7-l3) were

perforrned.

     On the other hand the resonant Brillouin scattering in CdSf

which is rnain object of the present work was first perforrned by
pine14) using the high-resolution confocal spherical Fabry-perot.

Zn the case of Brillouin scattering by acoustic phonons such a high

resolution-interferometer is essential because of small Brillouin
shift. Zn this rneasurement ' t howevert one could find only the slight

resonance feature of scattering cross section near the intrinsic

absorption edge of CdS.

     The new experimentaZ technique of resonant Brillouin scattering

by using the strongly a:nplified acoustic domain through the acousto-
eiectric effect in piezoelectric semiconductors32-37) was proposed

by Garrod and Brayl5) and they actuany dernonstrated the possibility

of measurernent in resonant Brillouin scattering by using the acous-

tic domain generated in n-GaAs. rn the dispersions of Brillouin

scattering cross section observed by them one could clearly con-

firmed the existence of resonant enhancement near the edge and reso-

nant cancellation at the photon energy just below the fundamental
absoption edge of GaAs15) This measurernent is the starting point

of the investigation in resonant Brillouin scattering by using the

high density acoustic flux. Zt should be noted that initial stage

of Brillouin scattering experiments in opaque photon energy region

has just corresponded to the age, where the study of acoustic insta-
bility32-37) has been studied vigorouslyand the excellent technique

of acoustic--arnpiification was constructed. After the experirnents
by Garrod an' d Brayi5) the observations of resonant Briziouin scatter-

ing by using the acoustlc domains were performed in semiconductive
                         16r18;l9)                                   independently by Gelbart andCdS by the present author
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Many17) in which the resonant enhancement and cancellation were

well explained by using the Loudon's theory20)taking into account

of the exciton contributions2i). in those rneasuremenfsthe conti-

nuous light source dispersed by conventional monochromator instead

of iaser is used because the intense acoustic phonon beams provide

the strongscattering signals.

     Subsequently the several kinds of piezoelectric-semiconductors
such as cds2?'23)cdse?4) and zno23) were used in the experiments

of resonant Brillouin scattering and similar features of resonant

enhancement and cancellation structures were confirmed.

     In those days, however, experimental method of resonant Brill-

ouin effect was restricted to only crystals having strong piezo-

electricity, but such disadvantage was successfully overcome by
the development of acoustic pulse injection25-27) by the present

author. It wasfound that the technique of acoustic injection made

us possible to investigate the resonant Brillouin scattering even

in the non-piezoelectric crystals where one cannot directly generate
the acoustic domains.29,30)

     The present work is concerned with the study of resonant Brill-

ouin scattering in semiconductive CdS and semi-insulating ZnSe.

The characteristic feature of the present work is that a strongly

amplified acoustic domains instead of thermal phonons are used in

CdS and that injected acoustic waves are used in the case of ZnSe

which means that one can perform the experiment without tunable

dye-laser. The CdS crystalbelonging to the wurtzite typesemicon-

ductors has a strong optical anisotropy and therefore it is interes-

ting to study the resonant behavior of Brillouin scattering effici-

ency near the fundamental edge taking into account of such an opti-

cal anisotropy. The acoustic pulse injection developed in the
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present work enabZed us to investigate the resonant Brillouin

effect aiso in semi-insulating semiconductor ZnSe belonging to

the zincblende and we can discuss the physical rnechanism of reso-

nanee effect for both types of crystals.

Chapter Zr of this paper is devoted to describe the basic-treat-

ment of light scattering by using the phenomenological expression

and quantum theory. Brillouin scattering cross section for each

acoustic mode in CdS are presented and the detailed microscopic

treatrnents of resonant Brillouin scattering near the fundarnental

edge are reviewed. From the anaiyses of deformation potential

scattering of intermediate virtual states by acoustic phonons it

is found that the 3-Band rnodei has an important roie to understand
the essentiai resonance effect}8'i9) The expressions of excitonic-

resonant Brillouin scattering are also reviewed?Z) ln this sec--

tion general expression of theoretical treatment in resonant Brill-

ouin effect by using the Green function method is derived, which

is very useful to discuss the light scattering in the higher pho-

ton energy region. By using this theory the correspondence of reso-

nant Brillouin scattering with the modulation spectroscopy is ob-

tained.

     Zn Chapter !II, the experimental procedure of the present
    '
work and sample construction are reviewed. Zn order to estimate the

correct scattering efficiency in the experiment the resolution of

acoustic frequency is discussed.

     Chapter IV deals with the experimental results of resonant
Briuouin scattering in cds and znse18'l9'29) it is foundin compari-

  .son with the theory thatl Brinouin scattering cross section due

to, the piezo-active acoustic phonons are welZ explained by the



6

theory of excitonic resonant scattering taking into accognt oÅí 3-

Band rnodel. The resonant cancellation ( anti-resonance ) is also

found in the dispersion curve of piezo-active phonons. The resc"-

nant enhancement of Brillouin scattering cross section for rnode-
converted phonons in cds19) are presented and discussed by using

the rnodified Loudon's theory. In this Chapter the experimental

resuits and discussions of resonant Br"louin scattering for two
kinds of transverse acoustic mode in znse are gz'ven2?) By taking

into account cf. the band structure at r-point of the specimen 3-

Band model is co:,s. truc]tr.ed.

     In Chapter V, dispersion spectra of the optical modulation
due to the propagating dornain of cds are presented?6'102) i.t is

known that the acoustoeleCtrZC domains can significantly modulate
                                                          'the intensity of light transmitted through the region of such

domains. Several models have been proposed to explain thephysical
mechanism of this effect?2-"97) we have performed the comparison

between the optical modulation and resonant Brillouin scattering.

It is found that the dispersion curves of modulation signals are

found to well agree with the dispersions of resonant Brillouin

scattering. Zt can be concluded that the acoustic domain indueed-

Optical modulation of CdS is mainly caused by the light scattering
from high density-acoustic phonons inside the domainlOOtl02)

     rn Chapter VIr the experimental results and discussions of

the Break-down of symmetry induced selection rule in Brillouin

scattering in CdS are reviewed. As it is well known the Brillouin

tensor is determined by the tensor representation of photoelastic

constant. The polarization relations of incident and radiated

photons have been decided based upon the such tensor expressions.

In the pre$ent work it is observed that the BriZlouin scattering
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cross section for forbidden configuration shows a resonant enhace-

ment near the fundamentai edge of cdS. Such a resonant enhancement

in forbidden scattering is also found for the mode converted

phonons. The present experirnental results suggest that the crystal

syrumetry induced Brillouin tensor must be reconsidered in the rese-

nant region.

     Application of acoustic pulse injection technique is presented

in Chapter VZI with the theoretical treatments of acoustic matching
theory78) By using the injected acoustic waves into znse and znTe

the sound velocities for mixed acoustic rnodes propagating in several

directions are measured and three independent elastic stiffness-

COnStantS Cu,C12 and C44 of ZnSe and ZnTe are determined by best-
fitting the data to the theoretical expressions?6'78) Attenuation

coefficients of propagating acoustic waves aace also determined in

the acoustic frequency range frorn O.2 to 1.5 GHz.

     In Chapter V!II the conclusions obtained in the present work

are summarized.

     rn Appendix r the detailed discussion of 3-Band model is

presented

     In Appendix II the correction of strong absorption and deple-

tion of incident and scattered lights for the case of anisotropic

crystals is discussed.

     In Appendix III the expressionsof tensor formulation of eias-

tic constant [C"] for arbitrary cpordinate system in cubic crystals

are presented.
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 Chapter II. Theoretical Background

 2.1. In'troduction

     Brillouin scattering has many advantages to study the proper-

 ties of acoustÅ}c phonons in both iso- and anisotropic crystals.

 The macroscopic theory of Brillouin scattering was first derived
 by Benedek and Fritsch?l) It is very usefui to investigate the

 Brillouin scattdring due to both the thermal phonons and amplified

 phonons in cubic crystals. Original forrnulation of Brillouin

 scattering cross section is, generally, obtained from the relation

 of rnomentum conservation between the incident and scattered pho-

 tons and phonons in the crystals. It is not important in the con-

 struction of momentum-triangle to take into account the optical

 anisotropy in the case of cubic crystals such as ZnSe. However,

 one finds that the consideration of birefringence character in

 anisotropic crystals has an important roZe in the estimation of
 Brillouin scatterig cross sectionsfO> Zt is well known that the

 Brillouin scattering technique is very available to observe the

 features of amplification in the propagating acoustic domains in
 piezoeiectric semiconductors?4-37) in the case of cds the expres-

  sion of Benedek and Fritsch cannot be applied to the analyses of

 scattering cross section because of strong optical anisotropy.
      Hope?8) Neison et al.39) and Hamaguchi40) have caicuiated

 the Brillouin scattering cross section of anisotropic crystals by

 taking into account of the strong birefringence and internal re -

flection. At the present work the expressions of Brillouin scatter-

 ing cross section derived by Benedk et al. is used in the case of

 ZnSe and that of Harnaguchi is applied to the case of CdS because

 their formulations are very advatageous to the present configura-

 tzons.
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     Here it should be noted that the formuZations raentioned
                                                       'above are useful only in the transparent optical frequency range,

where the incident photons never excite the eleceronic excitations

in the crystals. rn the photon energy region close to the critical

points oE the band structure the macroscopic treatrnents of Brill-
              'ouin scattering are not valid since such treatments never take into

account the electronic contributions. The microscopic expression

inciuding the effect of electroniC excitations was first derived by
Loudon ?O) He predicted that the scattering efficiency should

increase drastically when the excitation energy approaches to the
band gap energy in semiconductors?O) After his prediction many

investxgators were devoted to the study of resonance effect in semi-

conductors and a lot of theoretical formulationB were
Presentede•2i,41-4g)

     Xt is also found that the deformation potentiai scattering

of intermediate virtuai states ( electronic-excitations ) by

phonons plays a very important role in the discussion of resonance-
effect18) Based upon the seiection ruie cf. deformation potentiai
                                           '
scattering 2- and 3-Band models of transition process of virtual

states are constructed. This Chapter is devoted to show the expla-

nation of macroscopic taceatment in the BrilZouin scattering and

scattGring cross sections for each acoustic mode in iso- and aniso-

tropic crystals are derived. Tn the latter part of this Chapter,

rnicroscopic treatments are discussed2based on the Loudonb original

formulation where the exeiton--contributionsare taken into account.

2.2.1 Basic Theory of Brillouin Scattering( Macroscopi'c-Treatment )

    M' acroscopic treatments of BrUlouin sÅëattexing facom isotropic
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crystals has been derived by Benedek and Fritsch?l> in which the

integral equations are solved. Zn the case of anisotropic crystals

such as CdS it is essential for analyzing the scattering cross sec-
                                                        '
tion to take into account the strong birefringence of the crystals.
The followi.ng discussion is based upon the treatment of Harnaguchl40)

who extends the,theory of Benedk and Fritsch to the case of aniso--

tropic crysta].s. Whesi fi.eid of light,.

                                  '
           E• = Y.;",e..xF. ll• i.. (ki•r. -•ck).it)j (2.2--l)

is incident on a cx'ys'L'al, the scattered zagha tield arnplitude at

an arbitrary posin :ion R Å}s given by

           E'(R,t) = -- (SlitL)2 41R exp[ i (k'•R'coit)l

                  XrkX[ikx lir6e(r,t)Eo•exp[i(Ki-k')•r]dr (2.2-2)

                                                        '
where ooi and c are t.he angular frequency and the veiocity of the

incident light in the free space, respectively. The wave vectors

Ki and k' are defined by the following relatio, ns;

            ki= IlitLcD• iiko . kv=ndccoi zk (2.2-3)

where ni and nd are the refractive indices for the incident and

scattered lights, and Iko a.nd Ik are the unit vectors in the direc-

tions of the incident and scattered lightswave vectors. The fluctu-

ation in the dielectric constant catn .be originated from the

existence of acoustic wavesr in whichthere exist three possible

process; (a) direct photoelastic effect <b) indirect photoelastic

effect through the electro-optic effect and (c) body rotation of

the atomic displacernent. The effect of (a) is so called usual

Brillouin scattering7 (b) is indirect BrilZouin scattering and (c)
is the rotatÅ}onal contribution39), which is shown schematicany



11

in Fig. 2.1. Elastic-V"aves
 Skl:Strain

Photoelastic-
     Effect

Ae••
  IJ

  ,  :
  :Rotation
Effect
  i  i(Rkl )

  l
Ae••
  IJ

,

:
:
:
:
:
v

:Piezoelectricity

(Direct-Effect)

Polarization-
Field: E
      p

:Electro-Optic
Effect

Ae ij
(Indirect-Effect)

Light-Scattering

         Fig. 2•1. Schematic e>cplanation of direct, indirect

         and rotationa]. Brillouin scattering•

As shown in Fig. 2.1 the indirect Brillouin scaktering originates

from the electro-optic effect, and thus this effect strongly dpends

on the magnitudes of existing fluctuating field and electro-optic

constant of the crystals. Indirect effect was pointed out by Nelson
et ai85) and by san'yaet ai?i) in cds crystais, howevert in the

present experiment of resonant Brillouin scattering it is found to
be unimportant event for the piezo-active acoustic phonons in cdsl8'22)
Rotational contribution is also found to be negligible effect18)

Therefore we discuss only the direct photoelastic effect in this

section. The fluctuation in the dieZectrc constant 6e due to the

strain in the crystals can be expressied in terms of Fourier compo-

nents;
       6eU (r,t) = (ÅÄ.) 3/2 ptZ gl dq l6eP (q) exp [i (q 'rÅ} tou (q) t'] (2• 2-4)

where 2T/lql is the wavelength of the dielectric fluctuation.
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The index y denotes the possibiiity of a nurnber of acoustic branches
                                                     'and cop<q) is the angular frequency of acoustic mode y. By substi-

tuting eq.<2.2--4) into eq.(2.2-2) one obtains the magnitude of

scattered light field E'(R,t) at the point R,

         E' <R,t) = -(!{itL )2 (2Z}il/2•2exp [i{ k.'R -(coiÅ}tuu (q))t}]

             ' ss
                XZkX[ ZkX (6eV(q)•E. ) ] (2.2-s)

where acoustic wave vector q is represented by the scattered iight

wave vector ks(=nd[diiÅ}utp(q)]Ik/C) aS;

                 q= k.-ki (2.2--6)
Equation(2.2-6) means the momentum conservation between the incident

and scattered photons and acoustic phonons• The terM coiÅ}tuv(q)"tus

refers to the angular frequency of scattered light, which corres-

ponds to the energy conservation-Zaw for stokes(+) and antistokes

(-) scattering. First we estimate the incident and scattered light

angles (ei and ed) in the Brillouin scattering of iso- and aniso-

tropic crystals by considering the triangles of the momentum conser-

vation( Fig.2.2).

                   qq
                                          :                     :t                     te                     1e                     : te            ks ed.'/t-ei ki ks ed-'tlei ki

                     le                     ee                     es                     tt                     ee                     ee                     t-
            (a) anisotropic (b) isotropic
               crystal crystal
              Fig. 2.2. umtum oonservation between the
              incident and scattered pbotons and phomms
              for anLso- and isotropic crystals.
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Zn Fig.2.2 the vectors ki,ks and q are waves vectors of incident

and scattered iightsand acoustic phonons, respectively. Generally

the incident and scattered light angles(ei and ed) are not same

in the anisotropic crystals, while ei is equal to ed in the case of

isotropic crystals( Fig.2.2;(b)). From eq.(2.2--3) and Fig.2.2

one can obtai,n the following relations for the angles (ei and ed)

to the case of anisotropic crystals;

                                 '          sin ei = 2.Xj vu [ 'fq + E:l2 ( ni2 - n3 ) ] (2. 2-7)

                             vf                 -x          Si" ed = 2ndvv[ fq - f x2 (ni2 - n3)] (2•2-- s)

                             q

where the subscripts'i' and 'd' denote'incident'and'scattered'

respectively,X is the incident light wavelength in the free space,

vp the sound velocity of acoustic mode v and fq the frequency of

the acoustic waves. On the other hand one can obtainthe following

simple equation of ei and ed by using the relation; ni =nd=n

for the isotropic crystal;

                              AÅí               ei = ed x sin-1( 2..q ) (2.2-g)
                                l.i

:t should be noted here that the expressions of eqs.(2.2--7),(2.2-8)

and (.2-9) are valid for the case, where the acoustic wave vector
q is parallel to the surface of crystals( off axis angle6 ==o)eO)

     Now we evaZuate the Brillouin scattering cross sectin for

iso- and anisotropic crystals. The total power dl'(q,R) in all

frequencies scattered into a soiid angle d9'at the fieid point R

is proportional to the mean square field strength,

                  c            d:' = gi.T I<E'(q,t)>l2R2dst' (2.2-lo)
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The fluctuation 6eU(q,t) produces a corresponding flucuation in

the electric displacement vector 6D(q,t) (=6eU(q,t).Eo) .

As mentioned before in the direct BrLllouin scattering mechanism

the fZuctuation of dielectric constant6e originates from that of

the strain ekl. Here the strain component ekl is written in a

convenient form by using the spacial Fourier-transformation as;

               eki<qtt)- -7,;-:l-g77,., Sidii(l;:.I}:l)

                          i
                        = 7 [Uk(qrt)ql+Ul(q,t>qk] (2.2-11)

where uor refers to the ct--component of displacement vector U and

q6 to the B-componernnt of acoustic wave vector q. One can express

the fluctuation in dielectric tensor component 6eij(q,t) as a

linear function of the elastic strain component ekl(q,t)t

              -ii-9'u!s-tg.(qt) -
                          - Pijkl'ekl(qtt) (2.2-12)                e••e••                 li ]]

where Eii is the diagonal component of the dielectric constant ten-

sor in the absence of strains;

                  oo              e               11        [Eo]= Oeu O with en=ng and e33=ng (2.2-l3)
               O OE                     33

and Pijkl is the cornponent of the photoelastic tensor [p]. The

formulation of tensor [P] is very important to determine the com-

plicated connection of 6Eij with existing strain components.

One finds that the symmetry induced selection rule of Brillouin

scattering is mainly determined by using the formulation of photo--

elastic constant tensor [P]. The tensor [P] is represented for the

crystal with symmetry 6mm( CdS belongs to this symmetry ) asr
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                                s
         Pn Pl2 Pl30 O O
         P12 Pll Pl30 O O
         P31 P31 P33 0 O O
          O O OP44 o o With P66=(Pn-Pl2)/2 (z2-14)
          oo oo                        P44 O
          oo oo o                             P                            . 66

where the contracted notation is used in which pairs of indices are

reduced to a single subscript running from l to 6. The one can

write eq.(2.2-l3) by using the above formulation of [P],

   -6eij(g,t) = 2P44•eiiejjeij-2P44eiieii6ij+ ti, Piteiiett6ij

             + 2 ( P l l "2' P l 2 - p 4 4) e i l e i j (6 i 1 6 j 2 + 6 i 2 6 j l) (2 • 2 - 1 5)

        '
and thus the fluctuation in the electric displacernent vector in

the crystals $D is written,
                           2                          e    6D (q,t) = 6eV (q,t) •Eo= l.l Eo uU (q,t) cU <2.2-l6)

where, cP = :iti[e. •T (e.zq•zE)+ (eoT•iE) eoiq] -' 2i gu4 i,e i,t (T) i' (iq) t(rE) iit

                                               -P                                           -P          +Z[ Zr p.t(efu/eii)(rr)t] aE)mr. +( ii2 i2 -p44)x

           [ (")z(iq)2(!E)2ii+ (")2(rq)i(iE)2ri

           + <T)2(rq)1(ZE)zr2+ (T)1(rq)2<IE)II2 ] (2.2-l7)

rn eq.(2.2•-17) the subscription q=rqlql , and Eo=IEIEol habe been

introduced and rr is the unit polarization vector in the direction

of displacement vector U(q,t). The vector Il(1=i,2 and 3) is unit

vector along the cube axis OXI,OX2 and OX3 defined in the text of
Nye,50) where Ox3 is parallel to the c-axis of the crystals• Zt

should be noted that one can observe not cPbut the component of CV

in the plan perpendicular to the scattered wave vector ks, which
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 is given by                gP = ZkX (IkX gP) (2.2-18)

 The vector gP therefore determine explicitZy the polarization direc-

 tion of the scattered light from each acoustic mode v. From

 eqs.(2.2-5),(2.2-10) and (2.2-l6) we obtain. the power dZ' of sca-

 ttered light und,er the condition;halU(q)<< kBTr
      di, = g:g ( eistL)4 (4\)2i Igp.Pu2i 2halu(q) [<nv(g)>•+i+<np (q)> ]dg, (2•2-ig)

 where nu(q) is theocqupation number of acoustic phonons for mode p.

 Finally the intensity of light scattered into the solid angle dst'

 during the optical path length b is given by,
              dzi . :.Tin4g ili k2T IIi/3VISdsti (2.2-2o)

                                 p
 where Io is the intensity of incident light. Zt is found that the

 solid angle dstt is the internai solid angle in the specimen, there-

 fore the internal soiid angie dst' should be replaced by external
 solid angle dgousing the following relatione•O)dfl'=cosed.dsto/ (ndX

             40)  n3-sin ed ).                  The term of dS)' is found to slightly depend upon

 the wavelength of the incident light. In the present study the

araplitied accustic phonons of the order oflo6tvlo8 above the thermai

pnonons were mainiy used and therefore the factor kBT is eq.(2.2--2'O)

should be also replaced by the acoustic flux energy Åë
                                                     ac'
By considering those facts one can finally find the Brillouin

scattering cross section OB asr
                28           uB=rxn4oiÅëgc IJgtSL: 2dst, (2.2-2o '

The expression of eq.(2.2-2:) is useful for both iso- and aniso-

tropic crystals and is found just to correspond to that of Neison
et al.?9) Now as rnentioned above, it should be kept in mined that
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eq.(2.2-21) is valid only for the transparent photon energy region,

where there exist no electronic excitations( no interband excitations

Of electrons ), and scattering cross section oB is described by the
          -4forrn: uBocX .; Howevert the expressions of uB derived in this

section never predict the resonance-structure near the intrisic

band edge of c,rystals. In the case of cubic crystals such as ZnSe,

those discussion stated above are essentially valid. The photo--

elastic constant tensor of znse belonging to the class 43m is

represented ast

                  Pll Pl2 Pl2 O O O
                              ooo                     PP                  P                   12                          12                      u
                  P12 P12 Pu,O O O (2.2-22)
                   oo op                                  oo                              44
                   ooo op                                      o                                  44
                   oooo op                                      44

As shown from eq.(2.2-22) the independent photoelastic components

are only Pn, Pz2 and P44 hence one can obtain the more simple
formuiation of vector gU for the cubic crystais?i)

         4P = P44[ (ff)'<Zq'XE) + (""IE)rq]+P12("'Iq)XE

                                           '
            +(Pll-Pl2-2P44) i, <") l,(rq) lf(XE) l,lr (2•2--23)

where the notation are the sarne as the case of anisotropic crystals

and errors in ref. 31 are corrected( see ref.40 ). rn order to

estimate the intensity of Brillouin scattering one has to evaluate
the factor lg12/pv2 for each experimental condition. Tn the next

section we summarized the complete expressions of Brillouin sca-

ttering eross section according to each acoustic modev (Tl,T2 and

PL modes).
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2.2.2 Brillouin Scattering Cross Sections for each Acoustic Mode

     The following discussions are intended to estirnate the Brillouin

scattering cross section by acoustic waves propagating along a

particular crystallographic direction. The acoustic modes used in

the present work of CdS and ZnSe are two kinds of transverse acous-

tic waves (Tl apd T2 ) and pure longitudinal mode (PL). The experi-

mental configurations of Brillouin scattering by each acoustic mode

are summarized in Table 2.I. for CdS and ZnSe.

              Table 2.I. Expertmtal configuration for each
              aoc)ustic mode in CdS and ZnSe.

[CdS]

T2-rrDde

Tlmie
Pkmode

Iq .;- c-ax Ls T tl c- axi.s

I ic"axis
q

I J"axisq

T .s- c-•axi.s

n oraxis

IE tt ()-ax i.s

I ;c-axisE
IE tl c-axi.s

[znse]
T2-iTpde

Tlmode

I 11 [OOI]
q

Iq tt [110]

n /t [llO]

T tl [110]

[E /t [llO]

rE 1/ [110]

Case (a): T2-mode.
                                             '
     This acoustic mode wave; is piezoelectrically active

propagates in the c-plane with polarization vector parallel

c-axis. Form Table 2.! one can easily find,

       !q= [ 1, O, O], T =[ O, O, 1] and IE =[O, O, 1] (2

In this case eq.(2.2--18) reduces to,

            P             44        T2       q = eil [(eo'T )' IE]eo'Iq (2
and electric-scattering vector gT2is given by,

        T2       g =P44(e33/ell) F(fqtX)rL (2

and

 to the

.2-24)

.2-25)

.2-26)
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 where the notation F(fq,X)=IIkxlqI is introduced and lx is the

 unit vector perpendicular to the incident iight polarization which

determines the polarization direction of scattered light. The facttor
 FT2(fq,A) is determined so as to correspond to the experimental

 condition in the T2-mode Brillouin scattering in CdS as,
      FT2 (fq,)vi Å} {i- 4i2 .2X i2 [f ii + Vi.2 (ng - ng ]2 }i/2 (2.2- 27)

                      o T2 q
 and finany one can find the expression of lgl2/pv2 for T2-mode

 acoustzc waves,
            kp.Tii2= gi2 (-llteo)4 FT2(fq,x) (2•2-2s)

 Equation (2.2--28) is also valid in the case of ZnSe, when we use

 the condition; no=ne.

 Case (b) : Tl-mode.

      This acoustic mode is piezoelectrically inactive, which can be

 generated by mode conversion at the end of the specimens.

 From the Table 2.X one ftinds,

        Iq=[1,O,O] and n= {O,l,O] 4(2.2-29)
 and IE is in the OX2--OX3 plane. In this case one obtains,

        cT2= PU-2P12 and gTl= Pll'2'Pl2 FTI(fq,A)r/1 (2•2d30)

 where Ii/ is the unit vector lying in the OXI-OX3 plane, which

 means that the scattered light polarization is also perpendicular

 to that of incident light. By an analogy to the case of T2-
mode one obtains the factorleTil2/pv2 for Ti-mode of cds,

            lgT2 12 (pu"'Pl2> 2 Tl

            PV;2 = 2(cii-ci2)'F (fq'A) (2.2-3i)
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    with FTi(fqrx)= {i- 4113 .T2iit [fii+( VxTi)2(ng-ng)]2}i/2 (2.2-32)

where nd is the refractive index of scattered light and no is the

ordinary refractive index of CdS. rt is also found that eq.(2.2-32)

is valid for the case of isotropic crystal ZnSe using the condition

; nd=no.

Case (c) : PL-mode.
                                                             -     The pure longitudinal acoustic mode(PL) used in the present

study propagates in the c-plane with displacement vector paralZei

to the propagation direction. In this case the incident lights

with polarization vector parallel to the c-axis are used in the

experiment and therefore one obtains;

       Iq=[O,-i,O],T= [O,-l,O] and ZE = [O,O,1] (2.2-33)

By using the result listed in Table 2.I. the following equation

is found for the case of PL-moder
       c P L =- ( l i 3i ) 2 p 3 i ! 3 a n d g P L -- Pc i l ( l 3i 3i ) 2 ri/

                                                        (2.2--34)

Finally we obtain,

                 kPLI2 pil

                    2= (2.2-35)                  PVpL CII
where I// is the unit vector parallel to the polarization of inci-

dent light and the relation; ni=nd is taken mto account. It is

 found in the case of PL-rnode Brillouin scattering that the polari-

zation direction of scattered light is not rotated frorn that of

 incident light. The results of Brillouin scattering cross sections

  and polarization relations between the incident and scattered

 light by the acoustic modes used in the present work are sumarized

 in Table 2.rr.
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Table 2.ZI. Relovant pl)otx)elastic coiistmits and polari-

zation relations in the Brillouin scatterin .
relevant photo-
eiastic constants

poZarizatlon-
relations

     T2--mode:
[CdS] Tl-mode:
     PL--mode :

  P44
Pn'P12
  P31

rE .L IA

IE"L IA

1 11I EA
      T2'-mode:
[ZnSe]
      Tl-mode:

  P44
PlldPl2

T II EAI xr EA

 2.3. Basic Theory of Resonant Brillouin Scattering( Microscopic
       Treatment )

      In the previous section we considered the scattering effi-

 ciency for each acoustic mode phonon in a perfect transparent

 region. Zn such conditions the basic treatrnent of scattering

 mechanism is considered to originate from the momentum and energy

 conservation laws between the photons and the relevant phonons.

 !t is found from the macroscopic treatrnent that the Brillouin
 scattering cross section% has i•4-dependence for the incident

 light wavelength. Then the theoretical expression of Brillouin

 scattering derived in section 2.2 can not explain the resonance

 ( or antiresonance ) structure in the dispersion spectra. We

 observed in this section a basic treatinent of resonant Brillouin

 scattering in the photon energy region of fundamental absorption
                               20) edge based upon Loudon's theory                                   are presented.

      The resonant Brillouin ( or Raman ) effect originatesfrom the

 mutual interaction between the incident and scattered photons and

acoustic ( optical ) phonons including the eleetronic excitations

 as a intermediate virtual states. This physical explanation is,

 in general., treated by using the time--dependent perturbation theory.
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     In the first order resonant Brillouin effect, a beam of photons
                                                       'with frequency coi is incident and radiation with frequency tos emitted

from the crystaZs,lcos-coil beSng the frequency of a long wgvelength

lattice vibration. rn the present discussion all quantities

refering to the incident photons have a subscript 'i' and those

refering to the,radiated photons have a subscript 's'. In the

crystaZs used in the present workthere is one simple process by

which the resonant sscattering can occur. The process involves

three virtual electronic transitions accompanied by the following

photon and phonon transitions; (1) a photon eei is absorbed,(2)
                                         'an acoustic phonon coq is created or destructed (3) photon ees(=eeiÅ}toq)

is radiated. The three transition process can occur in any time-

order, giving six types of process. Now we write the total Hamil-

tonian HT correspponding to the mixing system of photons,phonons

and electrons,

        HT=H8+HI ' (2.3-1)
       with H8=HpOhoton+H2honon+H2iectron'

                                                     (2.3-2)
        and H =H                     +H               [                  EL                        ER

where HOT corresponds to the Hamiltonian for the unperturbed state

including the photon phonon and electron, and HI is interaction

Hamiltonian, which is forma]lydivided into two parts HEL and HER

corresponding to the interactions between the electrons and phonons

and between the electrons and photons, respectively. Suppose

that at time zero the crystal is in its electronic ground state

and the photons coi are incident. The probability that at time T

one photon coi is destroyed and one photon oos and one phonon coq are

created, is given byv
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    p(T)= I<ni-l,ns+l,nq+1:o e-iHT'[r/hlni,ns,nq:o>l2 (2.3-3)

The transition probabiiity P(T) oE eq.(2.3-3) corresponds to the

process of anti--stokes Brillouin effect and this is derived under

the condition that the initial and final electronic states are the

same. By the,theory of time-dependent perturbation the transition
rate p(T) is represented in the fonowing way?i)

   P(T)= .-ih22 I `EIHiiu>+ .-hi .zz `fIHi(l:Å}'-`:;::iH>il"> .

       '''''' "f'i-i rn2111Ii'!"-i [ii\:iM.ptr,ilI"IIl:•tl:Åí;> i2

              Å~6(cou- cof ). (2'3-4)
In the above equation, lml>,lm2>...Im.-j are the intermediate

virtual states of electronic excitationst lu> and if> are the

initial and finai states, respectively. The part of delta-function

means the energy eonservation of the systern.

      For the direct gap-semiconductors such as CdS and ZnSe,

third order term in eq.(2.3-4) piays an important role in the

effect of fundamental resonant Briilouin scattering ( first-order

Briilouin scattering ), which is given by using two intermediate

virtual states,
         p(T)- ilg Å~zi `fi"zlM.ili:2::i:t:`?iiHiiu' i2

                                   21

              Å~6( alu- tof) (2•3-5)
This expression is a basic formuiation to analyze the first order

resonant Brillouin scattering of direct gap rnaterials, while we

should use the fifth order term in eq.(2.3-4) to discuss the
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resonance effect in the case of indirect gap materials such as
Gap52) Now we consider the compiete expression of each interaction

Hamiltonian HEL and HER in order to perform the caluculation of

eq.(2.3-5). Zn the present analyses we will adopt the vector poten--

tial representation for the interaction Hamiltonian HER which is
written by using the creation a+ and destruction a- operators,

     HER = .-e- 3 j2 (ivr l]k) i/2[ aR e ik'rj+al e -ik "rj ] (A, k. pj ) (2.3- 6)

wher P j and rj are the momentum and position vectors of electron j,

n is the optical dielectric constant, V the crystal voiume, and
2k is the unit polarization vector of the photon k. Here it is

found that the matrix element of HER between pair states la>and

IB> can be non--vanishing only where lct> and iB> differ either in

the states of a single hole or eiectron.

     The electron--lattice interaction was derived by taking into

account the deformation potential interaction between the electrons

( or holes ) andacoustic phonons. For a long wavelength acoustic

vibration of crystals includÅ}ng two atoms in the unit cell, the

displacement vector U(R) at position R is given by,

     U(R) =( 2(Ml+ii2)N..k)l/2 g.k•eik'R( bg.k + bgk) (2.3-7)

where Ml and M2 are the masses of the atoms in the two sublatticet

N is a number of unit cells and gsk is a unit polarization vectorr
and bg and b-s are the creation and destruction operators of phonons,

in the branch s, respectively. It is intuitively obvious that a

uniform displacernent of the whole crystal can produce no electron

( or hole )-lattice interaction. One can obtain the most important
term of HEL by using the fonowing strain component sij?3'54)

         au. 6   Sij = aRl =i(2(b41+M2)N..k)1/2g.kkj e ik'R(bg-k+bgk) (2.3-s)

          +-      = s.. + s..          1] i]
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The matrix element oÅí HEL is represented by using eq.(2.3-8),

            ( ct I H E L I B ) = :- & JB' • 'S- .- j ( 2 . 3 -- g>

where the repeated indices 'i' and 'j' refer to the coordinates

                         •• is the same as S..                                              in eq.(2.3-8) butaxis ( x, y and z> and S                        1]                                           i)
with the exponential removed. Since HEL is one electron pertur-

bation Harniltonian,lor> andlB> can differ either in the hole state

or in the electron state, but not in both states. It is noticeable

that if we assume that all the interrnediate virtual states are

free electrons in the conduction band, all the matrix elements of

    are zero because of s-like wave [unctions in serniconductorH EL
in which we are interested. However if we assume that the virtual

states are hoies or excitons it is found that the matrix elements

can be non zero which rneans that the resonant Brillouin effects

can be originated through the transitions of intermediate virtual
hoies ( or excitons ).18) The detaned discussions of deformation

potential scattering of holes ( or excitons ) will be stated in

the next section.

     Here we consider the formulation of Brillouin ( or Raman )

tensor by taking into account of possible transition process in

eq.(2.3-5). The Brillouin tenserR, for the first order resonance                                 zs
is represented by using the six types of transition process;

   Ris(-coi'coq'cos' = ect;, { ,.,.,,,.i:S'\:i) " (.,i:g\IOcD.+co,)

                  + ..,.:,-ny-- tB:'BotPoto .i. PoB:'BoLPo,o
                              coor'CD L) (coB+coq+ees) ((Da+cos)                    (toB+CDq-CDi) (

                  + (to,+coi'2af,Bfg2.,, + .,.:zg2.?Sgg...,} (2•.3-io)
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The six terms of eq.(2.3-10) arise from the six types of scattering

process and it is important to choose the term which mainly contri-

butes to the resonant Brillouin effect observed in the present work.

It is found that the third term in Brillouin tensor plays the most

important role in the resonant scattering. The physical inter-

pretation of this term is represented as the following ; (1) incident

photons coi are firstly absorbed and sorne kinds of electronic-exci-

taions ean be generated in the crystals (2) one virtual state of

electronic excitation interacts with the acoustic phonons and rnakes

a transition to another virtual state, and (3) the virtual state

is destroyed. and scattered photon cos is radiated from the crystal.

The signs attached to the angular frequencies in Ris of eq.(2•3-10)

are chosen so that a negative ( positive ) frequency corresponds

to the destruction ( creation ) of the appropriate photons or phonons.

We define the microscopic scattering cross section uB by the follow-

lng equatlon;                    Nl               oB= iG{l, th <2.3-ll)
                     1
where Ni and Ns are the numbers of incident and scattered particles,

L is the optical path length in the crystals and st is the solid

angle determined by the detector-systern. The ratio Ns/Ni is

connected to the transition probability P(T) defined in eq.(2.3-4)

by the reiation;
                 Ns P(T)L .                 iii:•' = iTF6'ii-7c N (2•3-l2)
                  11
                                             'where c' is the velocity of light in the crystal. After a simple

calculation one obtains the expression of scattering cross section

OB for the case oE thermal acoustic phonons,

        oB= ({tiIlc)4 2kpBvTi. illi/i iRis(-coi'diq'cos)l2 (2.3-i3)
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                    1 PBo :' BotPoro
     Where Ris" '-v- ctii3 (toB+coq-coi)(ala..ali) .(2'3-i3)

In eq.(2.3-l3) 'hcoct and 'hooB are energies of intermediate virtual
                                                             .states of electronic excitations 1ct>andlB>, respectively, By

using the parabolic( band ) approximation one can find the expres-

sion of rnicroscopic scattering efficiency Ris aS;
            '
     Rllli) =: (2t2n•)2 PoB:'BqPcto'SBz(asgs+coq-coi+tfil}IIii[lll]g.--(D.+ t/lllklt2) (2'3"14)

where 'hesgi and 'hcogs are the energy gaps for incident and scattered

lights andy the effective masses of two intermediate virtual holes.

Equation (2.3-i4) has an important roie in discussing the resonance

effect near the intrinsic edge of crystals. After perforrnance of
integration in this equation, following expression is derived}9>

       R2•:- ,,S,A.,( iii•L)3/2• .iO,g\:g

                                                           AcD                              AcD          Å~[(`"gB'-co.)1/2tan-1( .gBe.s)l/2- (pog.-tui)1/2tan-1< .gag.i)l/2

                                            ••••••. (2.3-E)

where 'hAooct and hAcoB denote the cornbined width of energy for lct> and

IB> band, respectively. In the calculation of eq.(2.3-15) we assumed

that the types of the critical point is M                                         -type and that the effec-                                        o
tive masses of the two different pair bands are the sane. Eguation

(2.3-15) rnay be approximated in the photon energy region close to

the critical point of band structur,

           -1        Ris(- (Diredqttos) 'N"' li;;,ii -2hP )3/2 PoB:'BctPcto

                 1               Å~ EIYEii [ (CD gB 'ee s) 1/2 '- (`L'g.-' oo i) 1/2 ] (2•3 '- l6)

]
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By using the

contribution

in Fig. 2.3.

eqs.(2.3-15) and (2.3-16)
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Zt is found in Fig.2.3. that the resonant contribution Ris rapidly

increases in the photon energy close to the intrinsic band edge of

serniconductors. The total scattering efficieney uBT which is pro-

portional to the observed dispersion curves in the present work

is written by taking into account of the resonant and nonresonant
contribution (Ro) by9

               UBT=lRis-Ro l2 (2•3"17)
                             '                                                             6)Such a theoretical treatment was first proposed byRalston et al.

in order to explain the structure of resonant cancellation in the

Rarnan spectra of CdS. Provided that the treatment of eq.(2.3-l6)

stands for the resonance mechanisrn in Brillouin scattering it is

found fromeqs.(2.3-15) and (2.3-16) that one can observe the anti--

resonance-structure in the dispersion spectra of Brillouin seat-

tering cross section. From the present experimental results one

can find that eq.(2.3-16) is very useful to analyze experimentai

data for the case of Brillouin scattering by the transverse phonons.

     In the case of Brillouin scattering by pure longitudinal

phonons ( PL-mode > we do not find the antiresonance in the dis-

persion spectra, which is due to the fact that the sign of rnain

resonant contribution R. is the saine as that of non-resonant con-                      is
tribution arising from the higher energy bands in the PL-rnode phonon

Brillouin scattering. Such analyses about the signs of resonant

and non-resonant contributions are important and discussed in the

latter section in conneetion with the analyses of deformation

potential scattering.
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2.4. Excitonic Resonant Brillouin Scattering

     Zn this section we discuss a formulation of resonant Brillouin

scattering, where the intermediate virtual states are the discreate

and continuum excitons. The treatment of excitonic resonant-
Brillouin scattering were derived by Gungly and Birman21) by

solving the third order perturbation preblem in the second quqhti-

zed formulation. It is also possible to show that the expression

of resonant Briilouin scattering effect including the exciton

contributions can be derived by using the Loudon's original forrnu-
lation. First we consider the wannier-type exciton contributions55)

                                'to the resonant enhancement. In the parabolic band modei, the

energy of the exciton concerning to the conduction band (c) and

vaZence band (v) is given by using the excitonls wave vector Kt

                         22 *t R         En,k(C,V)=Eg+'h K /2(Me+Mh) -' fiT2 (2•4-l)

for discrete exciton states with n=l,2,3... , and
                    '
         EK (c,v)=Eg +th2 K2 /2u t{42.4-2)

for the continuum states, where R is the exciton binding energy
                                           kand p is the reduced exciton mass (i!" s 1/me+ 1/mfi). We already

found that the density of states of excitons in direct-edge materia]s
                      33is represented by l/(Taon                         ) for n-th discreate exciton and

ru.exp<tu)/sinhmx for the continuum exciton states, where ao is
Bohr radius and ctis written IR/(h2K2/2u)11/? Here we introduce

the 3-Band modeZ as the case where 1ct> -IB> and thus three different

bandstake part in the electronic excitations. Taking into account

of the 3-Band model one can obtain the excitonic scattering effi-

ciency R2•g based upon the Loudon's formulation of eq.(2.3-14),
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    Ris 'V aZB PoB :' BctP orO { : Ta3n3 ((Dg -- R" /n2"' to q' "j i) ( cog -R* /n 2- (D i>

                    '
                    T ct     + ktT)3 SdK' ".ctinehTa (cogB.tuq-(Di+tnK2/lv)(cogct-coi-phK2/2v) <2'4'3>

                           '
       twhere R TR19ri,is introduced. rn eq.(2.4-3) the first term corres-

ponds to the contribution from discrete. IeveLs and the second

term frorn the continuum eiectron-hole pair states. Generallyt

the values of co gct is different frcmthat of to gB in the 3--Band modelt

but in the case where the intraband transition of virtual excitations

 occurs through the interaction with acoustic phonons, tugctis equai

tO cogB • Zn Such a case eq.(2.4-3) reduces to the same expression

as that of Gungiy and Birman (tuga=tugB= cog). :ntegrating eq.(2.4-3)
         g. 96)
one findst

  R?•i; N.zB .i[IEig:i:: {.i3R[ ptt-R /n -co,-al,- al,.-R"lin2-uli ]

                             1 1•+ f.ir (3\t')3/2 (4T2R")1/2{-'ny--h":4iii:EiliiFTi:'R '- 4.2R' }} (2'4-4),

                      1-expE-(- )1/2] 1-exp[.(- )l/2]
                             togB-cos cogct'toi
!n eq.(2.4-4) the virtual states la>andlB> are excitons and the

summation must be performed for all the possible transition process.

;n the case of cubic crystals two valence bands but for the spin--

orbit split off band are degenerated at the top of valence band

(r-point), then the relation7 algct-togB=O exists. In this case

we can obtain more simplified formulation of excitonic resonant

Brillouin scattering than the case of wurtzite rnaterials.

z

g We found typographycal erros in the equation

Gangly and Birman(ref.21) and our paper(ref.18)
form is given thn the above equation.

derived by
. Correct



32

2.5. Matrix Elements of Deformation Potential Scattering
      by Long Wavelength Acoustic Phonons. '
     This section is mainly devoted to determine the non-vanishing

matrix elements of deformation potential scattering of holes ( or

excitons ) in the wurtzite type crystals. In the present analyses

three unperturbed wavefunctions corresponding to the three A, B

and C valence bands and strain orbital Hamiltonian H are used.
                                                   xv
The strain orbital Hamiltonian for p-like valence bands of wurtzite
material at r--point is given by?7-59)

     Hxv = (Ci+C3L2z)ezz + (C2+C4Li) (exx+eyy) +cs(Lie+ + Lie-)

          + C6([L.L+] e-z+ [L.L-] e+z) (2.s-l)

and for the electrons in the conduction band by

    Hxc= dl ezz+ d2( exx + eyy) (2.s- 2)
where the coefficients Ci and di are deformation potentials, the

eijis are components of strain tensor with eÅ}=exx-eyyÅ}2iexy and

eÅ}z=exzÅ}ieyz, Li,LÅ} are the standard orbital angular momentum

operators, and [LiLj]=(LiLj+LjLi)/2. rn the case of Tl-- and T2-

mode acoustic waves, it is obvious that deforTnation potential

scattering of electrons in conduction band by such acoustic phonons

              =O). Non-vanishing strain coinponents for the threedisappears (H
             xc
different acoustic modes used in the present work are summarized

in Table 2.IIX.

           Table 2.Ul. ISlonzero strai.n ocmponmts for the
           three different aooustic rrpdes in CdS.

Tl-irpde exx, e yy, exy : eÅ} = 21exy

= ::---:wa-=!,abT2-fncxle e e :e =e Å}ie           xz
P]nt)de exx, e yyt exy
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Frorn

slons

H

H

H

xv

xv

xv

eq.(2.5-1)

 of stram

(Tl)

<T2)

(PL>

=Cs[L

  C6
   2

  C6
r,

=H   xv

=H   xv

 and Table 2.ZZI one can find

 Hamiltonian using the matrix

.2
 e. + Li e- ] = cs[ (l gt go ) e.+

[ (LzL++L+Lz)e-z+ (LzL-+!i-Lz)e

[(gi-gme..+[l-s,g]e..]

(Tl) + (C2+C4Li)(exx+eyy)

           riool tio
(Ti) +[ c2 (8 io 2j+ C4 i8 oO

the foilowing

representation

(:oii)ed]

+z ]

ol
2j ]<exx+eyy.)

expres-

'

 (2.5-3)

(2.5--4)

(2.5-5)

where we used,
       L. - ,ff ( g t, Oi, ] , L- - fi [ gi 8, g, ] and i,. - [ :, i -8, l (2. s-6)

The matrix notations of wave functions corresponding to the three
             60)                 are described as,valence bands

        C I' NEaBs.S.+tt+a.s.l lI1l i97 With Si-(S.+isy)!iEi =(:t]

        c: r2a.s-T -aBs." •••• T7 so=s. =(Oiol (2•5-7)

                                         s.= (s.- isy) /E = [ 2t)

where tandJrepresent spin up and down, and S+, S- and So are

defined by using the p-like basic functions Sx, Sy and Sz• The

coefficients aB and ac aredeLermined from the parameters of the

quasi-cubic model; j.e., the spin orbit splitting energy Aso and
                         58)crystai field parameter Ac,
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                13        aB=[1+s(2-A EBA )2]'l/2 (2.s-s)
                        so

        ac=[i+ ll (2- A3 EcA )2 ]-i/2 (2.s-g)
                        so

where EBA and EcA are the energy difference between the A and B-

, and between the A and C valence bands, respectivelyr and the

coefficients aB and ac are normalized according to the relation;

a +a =l. B c By uS:ng the values of EAB and EAc derwed by cardona
in the eiectro-refiectance measurement9i'62) aB=o.74 and ac=o.67

are found. Next we define the matrix elements of deformation

potential scattering by using the matrix representation,

          ` ÅëvBl[Hxv]i Qvct ' = :'Ba' [eij] (2•5-10)

Zn the above equation,1Åëvct> and lÅëvB> denote the state vectors

corresponding to the wave functions; Åëv(xand ÅëvB t and the subscripts

or and B indicate the A, B, and C valence bands < or excitons ) and

[eij] means the expression of appropriate non-zero strain.

Substituting eqs.(2.5--3) (2.5-7) into eq.(2.5-10) one can find

the following results of matrix elements by using the paraiueters

aB, ac and Ci.

     :' AB (Ti) = -2J-2aBC st :' Ac (Ti) = - ISiTac Cs, :' Bc (Ti) = O

                                                      <2.5-ll)
     :- (Tl) = O
      ct ct

for the case of Tl-mode and

     :'AB (T2) = acC6/E , :' Ac (`t"2) = -aBC6net Bc (T2> == -C6

                                                       (2.5-12)
     :- (T2) = O
      or ct

for the case of T2-mode and

    '     :'AB(PL) = -2aBCs, ttAc(PL) = -2acCs, :'Bc(PL) = aBacC4
                                                         (2.5-l3)     :'AA(PL) = C2+C4, :'BB(PL) = aSC4+C2, :'cc(PL) = agC4+C2 '
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for the case of PL-mode.
                                                      '
From the above results, it is found that the intraband transitions

( two band model ) are only possible in the case of PL-mode, and

this is due to the fact that thereexist the longitudinal strain

components in the crystals. Based upon the present results of

matrix elements 2- and 3-Band models in the transition process of

electronic virtual excitations are constructed. With the use of

deformation potential constants C2, C4, Cs and C6 obtained by
Rowe et al.63) one can evaluate the matrix elernentst which are

listed in Table 2.IV. with the results of cubic crystals(ZnSe).

         Table 2.rV. bCatrix elanerits of defoi mation potential Scat-

         tering in CfiS and ZnSe.

        L'AB = -l•28 (ev)
Tl-mode:        :'M=O

:'Ac = -1•07

:' BB = O

:' BC = O

:' cc = o

             :' AB =O.36
[CdS] T2-rnode:             :'M O

:' Ac =-O•44

:' BB = O

:' Bc =-O•8

Ecc = O

        :' AB =2. 29
PL-mode:        :'M =-1.60

:' Ac = 1 • 29

    =-2.80 BB

:' Bc = l•3 4

:' c c = ' 3• 29

        :-           =2.07        ABTI-rnode:        :- =o        an

:-    =2.94AC
:- =o BB

:' BC " O

:- =o cc
[znSe]

        :'AB =-3.81
T2-mode:        :-           =o        nn

EAc =""4•66

:- =oAC

:' Bc =- 2e 27

:-    =o cc

In the anlyses of deformation potential interaction in ZnSe

the calculation of rnatrix elernents for the two kinds of trans-

verse acoustic mode (Tl and T2 ) are performed by the analogical

treatrnent with the case of CdS. It is clear that there exists no

essential difference in the deformation potential scattering
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between the wurtzite and zinclende--crystals for the case of trans-

verse acoustic phonons, where we can find that the interbdnd tran-

sition is possible.

 2.6. Construction of 2- and 3-Band Models in Resonant Brillouin
     Scattering

     In this section we discuss the possible transition process

of intermediate virtual states ( holes or excitons ) and deterrnine

the dominant contribution process with the help of the results

in the matrix elements of deformation potential scattering derived

in the previous section. First we consider the selection rules

of dipole transtion in the appropriate pair bands ( between the

conduction ,and valence bands ) of CdS. The selection rules of

optical transition at r --point of CdS are given by Thomas and
Hopfieid94) schematic representation of the selection ruies in.

optical transition between the appropriate pair bands is shown

in Fig.2.4.

                              As well known, the conduction band                 Conduction-
                 Band                              has r7-symrnetry and A, B and C

                              valence bands atrpoint have rgr

                               r7 and r7 symmetry respectively.

                               ( in the case of excitons these

                               symmetries are the same ). The
                  A-Valence-
                  Band OPtiCal transitions of incident and

                  B. scattered photons with polarization
                              vectors perpendicular to the c--axis

                  C- are all possible, while in the case

Fig. 2.4. sdhenatic diagram of Of PhOtOnS With polarization vector

seiection rule in OPtiCal tran'" parallel to the c-axis the optical
sition at r pomt
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transition between the conduction and A valence band is forbidden.
                                                      'Zn the present experiment the iight beam polarized parallel to

the c-axis is incident to the CdS sample in the case of T2-mode

Briliouin scattering, and thus the optieal gap energy for the

incident light is given by EgB or Egc where EgB ( Or Egc) iS the

energy gaps between the B( or C ) valence band and conduction

band. This means that the initial intermediate virtual states

( initial electronic excitations ) are holes ( o-r excitons ) with

r7"symmetry. Such a condition appears in the case of PL--mode

Brillouin scattering experiment, because of the experimentaZ

configuration of parallel polarization direction. On the other

hand in the case of Tl-mode the polarization vector of incident

light is perpendicular to the c-axis and therefore the energy

gap for incident light is given by EgA. :n this case the initial

electronic excitations have rg-syrnmety. The analysis stated above

is very important to determine another virtual state. In the

determination of possible transition process of the virtual states

we have to use the results of matrix elements in the deformation

potential scattering discussed in the previous section. By using

the selection rules of the deformation potential scattering we

are able to find the dominant transition process for the corres-

ponding acoustic mode-Brillouin scattering with help of the selec-.

tion rules of the interband transitions:

                                =[Tl-model : (ali)----)IA--exciton> =!}l!)IB-exciton>----- (oss)

                                =[T2-mode] : (toi)----i.IB-exciton> atB lA--exciton>------- (tos)

                                e--i[pkrnode] : (toi)--->{B-exciton> :i!t}ll)-B' IB'--exciton>----- (tos)

In the above transition process we assume that the electronic
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excitations are all exciton states and 1 >means the virtual states

and --> denotes the transition of virtual state by the relevant

acoustic phonons. Zn Fig.2.5 the transition process for the

acoustic mode-scattering, which has the dominant contribution

to the Brillouin scattering efficiency are shown schematicaliy.

                 Conduction
                 Band

                  A-Valence- .               s.t Band /iriii;ix<Ae / A' xA'

         : .. B-Valenc- .` B- . •,B-.

            //'-"N C•-Vblence- A c- A c-

                                            '
           (Tl-mode) (T2-ftnde) (P.L.-mode)

           Fig. 2.5. Schanatic diagiam of dominant trari--

           sitLon prooess for each acx)ustic rrrDde in CdS.

rt is fond from Fig.2.5 that 3-Band model of transition process

in the virtual states is responsible for the dominant contribution

to the resonant Brillouin effect for the transverse acoustic mode

( Tl and T2 ) and 2--Band model is important for the case of PL-mode

acoustic phonons. As shown in Chapter !V, these rnodeis explain the

resonant behavior of scattering efÅíiciency near the intrinsic band

edge of CdS.
   In the zincbiende type crystals analsis is simpler because the

two valence bands but for the spin orbit spiitt off band ( C-valence
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band ) are perfectly degenerate at ther--point in the Brillouin

zone. Such a selection rule of the dipole transition as found in

the case of CdS does not exist in the case of zincblende crystals.

The rnost important factor in the deterrnination of dominant transi-

tion process in the selection rule of deformation potential scat-

tering derived in section 2.5.

     We have already shown that the possible transition of virtual

states are ; IA> olB> and IA>o lc>for the case of Tl--rnode

acoustic phonons, and IA>ojB> , IA> o lc> and jB>e Ic>for

the case of T2-mode acoustic phonons. Other diagonal matrix

elements ( corresponding to the intraband transitions ) are all

zero. If we assurned that the reduced masses of A and B excitons
        '( or holes ) are the sarne and the spin orbit splitting energy(Aso)

is considerably large we are able to predict that the important

virtua! exciton states are only IA> and iB> . Such a feature is

quite similar to the case of CdS for the Brillouin scatteting

by transverse acoustic phonons.

                                           '
2.7. Advance Theory of Resonant Brillouin Scattering

     The treatment of resonant nonlinear optical susceptibility

was first applied to the analyses of electro-reÅílectance<ER)
effect by Aspness65) by taking into account of the fact that ER

theory and spectra have been analyzed with the analogy of the

theory of nonlinear optical coefficients. He developed the

perturbation theory of ER and established thoreticaiiy a connection
of the Franz-'Keidysh theory66'67) to that of noniinear optics98)

In this section we present the dorninant resonant term in the third

order nonlinear optical susceptibility caused by existing acoustic

phonons and derive the micoscopic expression of photoelastic
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Hamaguchi

electron

electron

equatlon;

      HoÅë

where Ho is the unperturbed Hamiltonian and Enk=t6conk is the energy

            . Interaction Hamiltonian H is the sarne as introducedof state Åë          nk                                       I
in section 2.4 but for the scalr gage-representation of electron-

radiation mutual interaction, given by

                   -1to t         HER = eE (e + + eico-t ) = HB + Hi5 (2.7--2)

where 'hto.=thcoÅ}ir ; r is the broadening energy and a small positive

value in the case that the field E is real. Then the total

interaction Hamiltonian HI is written,

         "i = "il ' Hi5 ' "q+ ' "[li r With (ctl"GIB)=E.B'-S;'j (2•7-3)

       +where Hq corresponds to the electron-phonon interaction Hamiitonian

which includes the creation and destruction operators of phononJ

and Sij is the same representation as defined in eq.( 2.3--8)

but with the exponetial term rernOved. The wave function Ynk

corresponding to the perturbed state can be evaluated as a power
series in the perturbation by using the Green operator99)

         Ynk(rtt) = [1+ (GoHl)n]lÅënk(r,t)> (2.7-4)

Where g}nk is unperturbed state and Go is Green operator.

Here the schr6dinger equation to be soZved is,
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Pijkl Of which dispersion have an important roZe in the

Brillouin scattering. The theory was first proposed by

 and later extended by the present author. We use one-

approximation, where the Bloch function tpnk<r) describing

states zn the crystal satisfieS a time-dependent schrodinger

nke-tunkt  " ihsTt tpnk                   e-itonkt <2.7-1>
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                                  a
                 HTYnk(rtt) :ifh rt Ynk(r,t) . (2.7-5)

  By substituting eq.(2.7-4) into eq.(2.7-5) one can find h!tnk, and

  from which the polarization and dielectic constant can be calculated

  The dielectric tensor (ij of the crystal can be calculated from the

  polarization P according to

                 Di = EijEj =6ijEj + 4rrPi (2.7-6)
                      e
 where P = - {7 v4, <Yvk (r ,t)I XIYvk (r,t)> (2•7-7)

       (rrt) is given by eg.(2.7-4). The subscript v for the bandand Y     vk
index denotes a filled valence band. The acoustic phonon induced

correction to the polarization P will have the expiicit forrn within

the Zimit of secondorder approximation,

           e
       p = - z<vklxlvk>
           g

         - v-'Z<vklX1G.(qÅ}pÅ})HaGo(pÅ})H$lvk>exp[-i(coÅ}Å}coq)t]

     e  ` - v Z<Vk l X l Go (`ZÅ}q ' Å}PÅ}) Hq t Go (qÅ}PÅ}) HqGo (PÅ}) Hp l Vk>exP [-i (co Å}Å}alqÅ} co of> t]

                                          •••••••••• (2.7-8)

where Go(ij.••) is Green function indicated as following,

                                      1
                 G.(ij'''•) =
                              e.k +Si+Sj+''' -Ho (2•7-9)

where i, j... represent a particular combination of syrnbols(q tp,'')
                  +and if                 q then 6co                  -q             '           ,. :. s,- -g$?                                                      (2.7-10)

                 p-' • -fico
                                         --p

.
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rn eq.(2.7-8) first term corresponds to the unperturbed tertn. having
n6 contribution to the Ap. [Dhe second term is found to change

                               )] and thus one can find thatwith time in the forrn exp[i(coÅ}co
                              q
this term just corresponds to the first order resonant Brillouin

( or Raman ) effect caused by one acoustic phonon. From this

consideration it is easily understood that the third term is

an expression of second order Brillouin ( or Raman ) effect where

two phonons are involved. By using the above relation one can
evaluate the change in the complex dielectric constant Ae*induced

by the acoustic phonons,
    Ae*(cortoq) =Ai' (2i)-3 S(halÅ}fi.q-ecv,(:lllrd)k<n.-ecv(k)+ir) (2'7-ii)

                  4ne    withr Ai = - .2.2 (Gs•p cv) (Ei'P cv) (nq+ llÅ} 'Å}-) :' 5e, 'Ski•

where gi and 2s are the polarization vectors for incident and

scattered lights, P                  cv,(Pcv) is the matrix element of dipole tran--

sitions between the valence band v(v') and conduction band(c),

ecv(k) (ecv,(k) ) is the energy difference between the valence band

v (v') and conduction band (c). Using the following relation,

                    ll
              lljlil[[ol .+ir = P[R]-i"6(X) <2•7-12)

with P is the Caucy Principal value; the compiex dielectric constant
  *Ae can be divided into real and irnaginary parts,

                *              Ae (co,coq)=Ael(tu,coq)+iAe2(cot(Dq) (2•7-13)

  With Ael(co'coq) `Al (2T2)3S (ficoÅ}6.q-ecv, llli(dtlkut-ecv(k)) (2'7-14)
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and,!l12,.,,..,,,%-,,S4l:k.Xil?i.--ifi\,(k)).S'E[•E!i3i:lllllili!iiiSL9gy:-gE2k2d:iei.th,:,,E(k)}

                                               ••••••• (2.7-15)

ln eqs.<2.7-•14) and (2.7-15) it should be noted that the forrnulation

ofAEI is vaiid for the incident phonon energy -hal<Eg,and Ae2 is

valid for hto>E . rt is very interesting to point out that the
              g
expression of real part el in the dielectric constant perfectly

corresponds to that of resonant Brillouin efficiency <Ris)(eq.2•3-l4)•

From these considerations we find that resonant light scattering

is closely related to the resonant enhancement of El near the

critical point. The change in imaginary partE2 is Eound to

correspo,nd to the change in the absorption coefficient induced

by acoustic phonons. Such an interpretation is very helpful

to discuss the resonant features of Brillouin scattering in the

higher photon energy regions ( El or E2-edge ) which is given in

  detail in Appendix I.

     Now we derive the dispersion of appropriate photoelastic

constant by using the 2-Band model in the case of Mo-critical

point. Photoelastic constant Pijki is defined by the following

eguation according to the definition of Pockel,

                  (AEi) ij . - p,. s
                                                    (2.7-16)                               IJki kl                  e, e •                     rn)                  xm
Using the following relation ( see Appendix Z )
                       1         A[el(to)-l]= -.-ti. (nq+1/2Å}1/2)sKL :-kl ge.1 (2.7-17)

              de      with l. (. -tu)--1/2+(. +.)-1/2 (2.7-ls)
              dtu g g
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We can find the dispersion of Pijkl near the Mo-critical pointr
                                                       '                              nkl
   Pijkl(tu'Mo)O<("q+1/2Å}1/2) , :, [(asg-co)-1/2+(cs)g+(D)-1/2 ] (2.7-lg)

                             11 ])

Equation (2.7--19) shows that the photoelastic conStant Pijkl(co,Mo)

increases drastically at the photon energy close to the fundamental

absorption edge of semiconductors. !t should be noted here that

the photoelastic constant Pijkl(wrMo) derived in the present

analyses is not the total photoelastic constant Pijkl(T) which

corresponds to the total Brillouin tensor Ris(T).-It is evaluated

by taking into account of the nondispersive contributions with

different sign by,

            Pijkl(T) =Pijkl(co rMo) - Pijkl (NR) (2•7-20)

where the non-resonant photelastic constant Pijkl(NR) is considered

to arise from other critical points higher than the fundarnental

energy gap. Frorn eq.(2.7-20) one can find that the total photo-

elastic constant Pijkl(T) passes through zero point while undergoing

a reversal in sign as the incident photon energy comes near to

the band gap. Such physical interpretation seems to correspond to

a existence of resonant cancellation in the observed dispersion

curves of Brillouin scattering cross section.

2.8. Summary

     Basic treatment of light scattering is presented by using the

phenomenological expression and quantum theory. By using the tensor

forrnulation oi photoelastic constant the expressions of Brillouin

scattering cross section for the three different acoustic phonon

modes are determined and the possibility of resonant enhancement
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of Brillouin scattering cross section near the intrinsiq band

edge of serniconductors is presented based upon the time-dependent

perturbation theory. From the analyses of deforrnation potential

scattering of intermediate virtual states by acoustic phononsr

it is found that the observed resonant effect is interpreted in

terms of the 3-Band model. It is also found that the dispersion of

 Ael( real part of the chang in the complex dielectric constant )

induced by the acoustic phonons Åëorresponds to that of Brillouin

tensorand from this fact one can obtain the appropriate photo-

elastic constant.
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Chapter III Experimental Procedure

3.1. Introduction

     The intense phonon bearns amplified by acoustoelectric
instabiiities34-38) are very usefui to investigate the dispersion

spectra of the resonant enhancement and cancellation near the

fundamental absorption edge of semiconductors. This advantage

will be readily understood by the following fact. An application

of drift veiocity greater than the sound velocity in piezoelectric

semiconductors results in selective acoustoelectric arnplification

ef phonon beams travelling in a narrow frequency range near the
frequency of maximum gain?7) The phonon beams usually form so

called'acoustic domaÅ}n'l mm wide traveling from the catlnode to the

anode. Amplified acoustic phonons have a intensity of the order
lo9 above the thermal equilibrium value, which is easily achieved

in the frequency range O.l to 4 GHz. Such a Erequency range of

acoustic phonons is found to be most suitable for the present study
of BrUlouin scatteringfO) One of the advantages of the present

experimental technique is that one can easily detect the optical

signals ( scattered light or modulated light by acoustic phonons )

without using the high power tunable dye laser because of strong

acoustic power. It should be noted that the high-power laser beam

is important light source in the measurement of resonant light

scattering by thermal phonons, where the high resolution Fabry-Perot
interferometer is requiredif'74) on the other hand in the present

experiment some complicated problems come out as follows, which

originate from the fact that we use high density phonon flux of

piezoeleCtriC semiconductors. First we have to consider effects of
alternative piezoelectric field (,vlo5 v/cm ) existing in the domain

on the scattering intensity. One must take into account the effect
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of indirect Briliouin scattering75'85'91) induced by such strong

electric fields in the piezoelectric semiconductors such as CdS.

second problem is an existence of large strain inside the domains.

The strain is fcund to perturb the band structure, especially in

the case of longitudinal acoustic phonons where linear strain

cornponents exist. A discussion concerning this effect will be

given in connection with piezobirefringence effect. :n the case

of semi-insulating ZnSe, acoustelectric. instability cannot be

achieved due to the two facts; weak electroraechanical coupling
constant (K=o.o4g )i2i) and smau carrier concentrations.

Therefore the technique of acoustic pulse injection is essential

in the present investigation. Xt is confirmed experimentally

that two kinds of transverse acoustic phonon rnodes ( slow(Tl) and

fast(T2)-transverse sound waves ) can be excited in the end -

bonded ZnSe samples, which are mainly used to study the resonance
effect of Brillouin scattering?9)

3.2. Experimental Procedure and Sample Construction

     The experimental arrangement used in the present work is

shown in Fig.3.l. The arrangement was used in the measurements of

resonant Brillouin scattering, transmission modulationr and

Brillouin scattering with small change. A high intensity light

source oÅí a continuous spectrum is obtained from a Xe-flash tube

(Ushio [rype 626 Xe-flash lainp or Sunpak Strobo GTPRO 401Z )

and dispersed by conventional rnonochromator ( JASCO CT-50 ).

                            oThe resolution is about 5-10 A in the range of present experiment.

The output beams from the monochromator are focussed by a lens on

the specimen with incident angle ei after passing a polarizer

< Gran-Thomson Prisra ). Incident and scattered angles (ei and ed)
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Fig. 3.1. Schematic diagram of the experirnerital apparatus. [Uhe specimen

 is mountsd on the rotatal)le table and incldent angle ei and scattet ed-

 angle ed are set to detect light scattered by phonons with a specific

 frequency.
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are so determined as to be able to detect the light scattered by

acoustic phonons with a particular frequency. The size of light

is about O.5 mm in diarneter which is comparable with the width of

acoustic domain. High voltage pulses are applied between both

ends of the CdS in order to generate the acoustic domains. Such

high voltage pulses are synchronized with the flash light so as

to traverse the acoustoelectrie domains at the illuminated part

of the specimens. In order to obtain the strong optical signals,

the travelling acoustoelectric domain is synchronized to traverse

the illuminated position at the instance of the peak intensity of

the light pulse. For this purpose the deiayed trigger system shown

in Fig.3.2 is used. The half width of the light pulse is about

400 vsec. and the delayed trigger is generated after IOO vsec

from the out put pulse of photodetector. The pulse width of the

high voltage generated by the Pulse Generator ( Velonex Model-

350 ) is about 4 usec. Analyzer ((Polayoid ) is rnounted in

frorrtof the photomultiplier. In the experiments of resonant

Brillouin scattering where one has to change the incident light

 wavelengthf the incident and scattered light angles for a given

acoustic frequency were calculated as a function Qf light wave-

length. :n Fig.3.3. sarnple configuration, current wave form

and optical signals. are schematically shown. Current oscillation

shows the generation of propagating acoustic domain in the

specimen. Usually we can find two optical signals corresponding

to the acoustic packet propagating to the anode and to the

reflected acoustic packet. The CdS sarnples are cut in bar shapes

(from Eagle Pitcher Co., and Teikoku Tsushin ) and mechanically

poiished. Zn order to obtain ohrnic-contacts, indium is deposited
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                                                      -5 by evaporation on the both ends of the sarnples at NlxlQ                                                         Torrr

 and cepper wires are soldered on thern. The carrier concentra-

 tion and mobility of CdS are deterrnined by the acoustoelectric
 currents77) which are listed in Table 3.:. with sample dimensions.

Table 3.I. Characteristics of Ck]S and ZnSe Smples used in the present work.

Sample No. Dlmenslons n l-{

[CdS]

UHP.R.I
UHP.R.5
UHP.R.6
UHP.R.11
UHP.1
UHP.2

 8.0xO.8xl.9(rnm)
10.1Å~O.9Å~1.5

 9.5XO.3Å~1.0
 7.5xO.4Å~1.2
 5.5XO.3xO.8
 5.IxO.5xl.O

2•9Å~1o15(cm-3)

     152.8xlO
     152.8Å~10

e---ee-
-eeeeee
--e-e-e

33o (cm2/vsec.)

270
300

-e--

eeee

-eee

[ZnSe]

ZR. 1
ZR. 2
ZR. 5
Z5

5.5XO.3xO.9
6.1xO.5xO.9
4.7xO.5xO.8
7.4Å~O.5Å~O.8

semi--insulating

The measurements of resonant Brillouin scattering in ZnSe are

made also by using the experimental set up of Fig.3.l.. The

high intensity phonon fiux is achieved by the technique of acous-
tic injection78'79) The typicai dimensions of the semi-insulating

ZnSe sarnples are sumarized in Table 3.I. The acoustic pulse

injections are carried out by the em1,-bonded configuration of

CdS and ZnSe, which is shown in Fig.3.4 schematicaUy.

            DIFFRACTED
             LIGHT                          Fig. 3.4. Schematic Brillouzn-
                          scattering by an acousUc-
- ZnSesAMpLE paCket introduced frcm SemOOn-
                          ductive CdS into insulating ZnSe.

      PACKET            INCIDENT
            LIGHT

IVYODE+ ed

HLEd

CdS
HODE

e C-AXIS
'kptDLuN

CONTACT

ACOUSTIC elEl
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•3.3. Resolution of Acoustic Frequency

      The spatial resoiution of Brillouin scattering is determined

 by the area of the incident light spot. A typical width of acous-

 tic dornains is about O.5 mm in semiconductive CdS. In the present

 experiment the light beams are focussed by a conventional lens

 on the surface of the sarnple in a diarneter of O.5 mm, and therefore

 the spatial resolutions are mainZydetermined by the cross sectional

 area of the light spot. The resolution of the acoustic frequency

 is determined by the coliection cone angles of incident and scat-

 tered lights. In the present works the focussed light beams pene-

 trate into the sample with a finite solid angle sti and scattered

 light is collected by a cone with solid angle sts. In such a case

 as the measurement of dispersion of scattering efficiency it is

 very important to find a relation of resolution, in other words,

 A6 vs Aos curve with respect to the incident light wavelength,
         q
 where 6 is off axis angie of propagating domains and Acoq is the

 deviation of acoustic frequency from the observed acoustic fre--

 quency coq. The resolution of acoustic frequency is derived by

 solving the equation of mornentum conservation between the incident,

 scattered photons and phonons. Cornplicated treatment of resolu-
 tion in spatiai and acoustic frequency is studied by yamada89)

 At present time we will examine the wavelength dependence of A6

         -i and Atoq in the experimentai region in CdS. Frora the calculation

 of resolution we find that A6 and Aooq are proportionai to the

 quantities of collection angle of the incident light; A6i and

 that of the scattered light;A6s, which are determined by the ex-

 perimental condition. The coilection cone angles of incident

 and scattered lights are shown in Fig. 3.5.
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      refractive indeces for the incident and

          are the angles of the incident and

        the crystals,respectiveiy. It is found

         and A6, depend upon the incident lihgt

         e., and ed are the functions of the
          1+
          and Atuq/coq are plotted as a function

wavelength. The angle of A6 is found to change
                                      e• Q   experimental wavelength region(5200 A 5800 A)

     half-width of propagating angle of acoustic

        that it is not required to perform a

         scattering intensity due to the change

         also found in Fig.3.6 that the ratio

     equal to O.3Å}O.Ol in the wavelength region

.
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               ofrom 5200to5800A. For example, in the case of IGHz acoustic

frequency, the change ofAeeq is smaller than IO b4Hz and negligibly

smaZl in the wavelength range of the present experiment. These

features are understood by taking into account of the fact that

the present measurements of Brillouin scattering are limited to

a low frequency region of acoustic waves O.ltv2 GHz. Zn the ex-

periment of higher acoustic frequencies it is important to take

inti account oE the such resolution.

                 Detector Cone         ---•-A6,•-••d-••ÅÄ:•:-:":Oraff"L':'`'::.`-'....geililllQIIil'ltl.l'l.

                            Sample Lens

          Fig. 3.5. SChematic dLag] am of focMssed light bearn

          and detector cone used in the present worK.

      RESOLUTlON

 O.5

Acv

w

 O.2

Acd
tu

8i= Ss= s"

         5800
(A)

A6 and Aco(}I,lck)q

23e

AS

2oo

i7 e

5200       5400 5600
          WAVELENGTH

Fig. 3.6. llhe estirnatetil values of

versus incident light wavelengch•
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3.4. Summary

     Experirnental arrangement and sarnple construction used in the

present wonkare presented. It is pointed out that in order'',to

obtain the strong optical signals of Brillouin scattering and

optical modulationr the travelling acoustoelectric domain is

perfectXy synchronized to traverse the illuminated position at

the instance of the peak intensity of the light pulse. Resolution

of acoustic frequency Atuq and of the change in the off axis angle

A6 in the prese:t rneasurements of resonant Brillouin scattering

are discussed. One can find that it is not significant to correct

the observed scattering intensities because of small changesoÅí

    and A6inthe present experimental wavelength regions.Aco
  q
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Chapter IV. Resonant Brillouin Scattering in CdS and .ZnSe

4.1. Introduction

     Chapter :V deais with the experimental results and discussion

of resonant Brillouin seattering in CdS and ZnSe. Present measure-
                          'ments are mainly performed in the 'Allowed-Polarization Condition'
of Briiiouin scattering8i) at room temperature by using the ampii--

fied or mode converted acoustic phonons. The main features of

present results are following. Steep increases in scattering cross

sections for the acoustic modes investigated in the present work

(T2-, Tl-, and PL-modes in CdS and T2-, and Tl--modes in ZnSe) are

observed in the photon energy regions close to the fundamental
absoacption edge}5'i8'i9) The structures of resonant cancenations

are found at the photon energies just below the fundamental absorp-

tion edges of CdS and ZnSe in the dispersions of Brillouin scat-

tering for the transverse acoustic waves. It is found in com-

parison with the theory that the structures of resonant enhance-

ment and cancellation are weU explained by the theoretical treat-
ment of resonant scattexingi8) derived in chap.n. where 3-Band

model in transition process of intermediate virtual excitons is

properly taken into account so as to satisfy the experimental

polarization conditions. Resonant cancellations are interpreted
                                            6)like the treatrnent proposed by Ralston et al.s                                               where the total

scattering arnplitude is given by a sum of the resonant and non-

resonant terms of opposite sign. The physical mechanisms of non-

resonant contribution arising from the higher energy bands are

discussed by using the theory derived from the nonlinear suscepti--

bility(Chap. IZ). In the latter part of this chapter dispersion
                                            2 9)                                                by using thecurves of photoeiastic constants are anaZyzed
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theory of stress induced piezobirefringence58'82) From•this

analysis we are able to understand the antxresonance-structure

in the dispersion curves of scattering cross sections. '

4.2. 1. Resonant Brillouin Scattering by Piezoelectrically
        Active Mode Phonons in CdS.

     The Briliouin scattering intensities were measured at room

temperature as a function of incident light wavelength ( incident

photon energy ). The results for piezoelectrically active shear

waves (T2-mode) of O.5, l.O and 2.0 GHz are shown in Fig.4.1,

where the ratios of the scattered light intensity Is to the inci-

dentlight intensity ro is used. The general features are similar
to the relsults of n-GaAsi5) if we take into account the strong

absorption of the incident and scattered lights near the fundamen-

tal absorption edge. The scattering efficiency has narrow and
deep minimurn at 5620 X (2.22 eV). The decrease of the scattering

intensity near the edge is caused by the strong absorption of the

incident and scattered lights due to the sharp increase in the

absorption coefficients. In order to deduce the intrinsic-Brillouin

scattering efficiency from the present data of Is/Io, one has to

take into account not only the absorption of incident and scattered

light but also the depletion of the light from various Brillouin

components. In the case of isotropic crystals; GaAs7 the correc-
tion of such strong absorption is made by using the relation}.5)

              I s/r t -- a Bb 'd st (4 . 2- l>

where It is transmitted light intensity, b' is the optical path

length, and dgis the solid angle in which the light is scattered.

Equation (4.2-l) is valid in an estirnation of the scattering
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efficiency of 2xLSe, which is shown in the nextsection. In the

case of CdS, howevert one rnust take into account the optical

anisotropy to obtain the intrinsic Brillouin scattering dispersion.

A simple analysis which includes the effect of the difference

in the absorption coefficients ( see APPendix II ) gives the follow-

ing relation,

         L'= ktdsts. ..p(.- ctdb )

         io cti-ctd'iil• cosed
                            nd b
           Å~{i-eXP[-(ori-ctd ff;. ) cosed] (4•2-2)

where cti qnd ctd are the absorption coefficients for the incident

and scattered lights, and b is the width of the sample in the
          'scattering plane. The refractive indices ni and nd refer to the

incident and scattered lights, and the angle ei and ed are

determined by the mornentum conservation at the fixed point of the

photon energy. At longer wavelength far from the band edge the

values of cti and ctd are so srrtall that we can approxirnate eq.(4.2-2)

bY' {:L,. .g:g...p(-- gd.;l: )dst. (4•2-3)

              O1
where uT is the total scattering coefficient defined in the Appen-

dix Ir. It is evident that eq.(4.2-1) can be derived by assuming

equal optical path lengths for the scattered and unscattered lights;

b/cosei=b/cosed=b'. Near the band edge however, the condition;

(ctrctdnd/ni)b<<l is not satisfied and thus we have to use the

expression of eq.(4.2-2) in order to compute the Brillouin scat-

tering cross section from Fig.4.1. By making use of the absorption
coefficient data of Dutton83) and the refractive index data of
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curves for O.5, 1.0 and 2.0 GHz phonons

are quite similar but for the absolute

scattering intensity. We find that in

the long waveiength region the scat`.

tering cross sections approach to the

nonresonant Brillouin scattering, namelly

Brillouin scattering predicted from the

photoelastic effect of macroscopic theo-

ry. The usual wavelength dependence
x-4 is not found in the present result

       the incident photons. We find

.22 eV and a steep increase in the

     the minimum. These data indicate

           and cancellation near the

 CdS.

   ' spectra of the Brillouin scat-

  theory derived in Chap. II. First

      exciton effects. As stated in

   section in the microscopic treat-
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         UB= (lillii.)4 2111i iil"i/i IRisl2 (4•2-4)

where the most dominant term of Brillouin tensor Ris is givn byr

         Ri. = ii z( .l2g l' i:ig9 .i) wi th co .=co iÅ} coq (2 •4-- s)

where the notations are sarne as those introduced in eq.<2.3-13)

of Chapter II. From the analyses of deformation potential scat-

teringofvirtual state by acoustic phonons we have found that the

3-Band model of transition process including the virtual holes

of B- and A valence bands is significant to estimate the disper-

sion of resonant light scattering by T2-mode phonons in CdS.

:n the present case , therefore, we should use the deformation

potential matrix elernent :- AIi instead of :'aBin eq.(2.l5). Taking

into account the difference in the optical band gaps for the two

different iight poiarizations in CdS, one can obtain the expres-

sion of R, for T2-modet         zs
 RiS(T2)" (2i)2 (2'-h-V )3/2 coPgAOil2::lkOq

                                                     Aee                      Aco Å~ [ ( co gA- ed s) 1/2tan'1 ( co gA-. E)s ) l/2 - ( co gB'toi) 1/2 tan-l ( .gB.ki ) 1/2]

                                             ••••••• <4.2-6)

wherevis the reduced masst which is assumed to be equal for the

IB> and IA> pair-states for simplicity, hcogB and 'hcogA are the

optical band gaps for the pair-states IB> and IA> corresponding

to the incident and scattered light, respectively, and hAcoB( or

     ) is the combined width of the conduction and B-( or A-)hAu)
   A
valence band. Equations (4.2-5) and (4.2-6) indicate that the
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scattering cross sections increase as the incident photon energy

 approaches the band gap hedgB or hesgA. This results in a resonant

Brillouin scattering. The cancellation is explained in terrns that

the resonant contribution (Ris) to the scattering efficiency is

opposite in sign to the nonresonant contribution (-Ro). In other

words the scattering cross section is given byt

                             2               {JB rXJ [Ri.-R.i (4.2-7)
Here we will consider the tescm of nonresonant contribution, which
has the non-dispersive x-4 dependence. Ro is usual,ly considered

as the contributtons from other far-off critical points in the

band structure. It is obviously evident that the resonant contri-

bution Ris originates from .Mo-type critical point. However,the

type of criti"cal point resulting in the nonresonantterm cannot be

easily determined, although it is important to discuss the mechanism

of Break-down of selection rule in Brillouin scattering stated in

Chap. VI. We have studied the behaviorsof resonant effect in the

higher photon energy regions for the three dimensional Ml, M2,

and M3- critical points in semiconductors, which is shown in Appen--

dix I. It is found that the scattering efficiencies arising from

the "Cl and M3-critical points change drastically when the incident

photon energies pass through the energy region corresponding to the

critical point and never show the exponential tail in the low photon

energy regions( see Fig.A!). On the other hand the resonant fea-

ture of Brillouin efficiency arising from the M2-critical point is

found to behave simiiar in form to Mo-critical point except the

sign, where the scattering efficiency has the slowly changing ex-

ponential tail-structure in the photon energy regions lower than

the critical points. It meansthat the nonresonant contribution
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observed in transparent acegions is closely related to the .contri--

bution from M2-critical point. One can explain qualitatively the

antiresonance structure observed at photon energy 2.22 eV in CdSr

by assuming that the energy gap of M2--critical point isN1 eV

larger than Mo-gap and that the factor of matrix element; PoB:' BctPcto

is about three tirnes larger than the factor PoB:' BctPcto in Mo""critical

point. Using eqs.(4.2-6) and (4.2-7) we calculated the total

scattering cross section for the T2-mode phonons. Zn present calcu-

lation we used values of thAcoB( or fiAcoA ) in the range of O.l eV

to 10 eV and we fond that the results are weakly dependent on.the

values. We adjusted the value Ro and energy gaps to fit the ex-

perimental curve. We found that the calculated curve Å}s tittulio the

experimental data when we used hcogB=2.40 eV and htugA=2.38 eV.

The results are shown in Fig.4.3 by the dotted curve. Similar
                                     l7)analysis was made by Gelbart anf Many , who found that the best

fit to the data was obtained by using the energy gap •hco =2.4i eVr
                                                       g
which is in goodagreement with the present result. rt should be

noted that they plotted Is/It as a function of incident photon

energy and that such plot does not give correct values of o                                                             near                                                           B
the band edge due to the reason stated ear!ier. The energy gap

obtained in the above analyses is much smaller than the value 2.53
                                                                61)eV deduced firom reflectance rneasure!rtents by Cardona and Harbeke.

The values of energy gaps are also estimated from electro-reflec-
tance data made by cardona et al.62} who found peaks in the eiectro--

reflectance spectra at 2.452 eV, 2.466 eV and 2.525 eV. If we take
into account the exciton effects by using the theory of Bzossey86)

have higher energy gaps by exciton binding energy (28 meV) than
the peak values obtained by cardona et al.62) ( see Fig.s of ref.62 )
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; .therefore, we obtain hosgA==2.480 eV, 'hut gB=2,494 and hcogc=2.553 eV.

Absorption coefEicients at hcogct=2.4 eV anf hcogB=2.38 are estimated
frorn Dutton's data to be about io2 cm'i. such iarge vaiues at iower

photon energies than the band gaps can be explained by the exciton

effect. As we rnentioned in Chapter II, the Coulomb interaction

is always present between the excited electrons and holes, and thus

it seems to be reasonable to assume that the virtual intermediate

electronic excitations are the exciton states. As it is well known,

the three valence bands labeled A, B and C in conjunction with the

r7-conduction band gives rise to A, B and C series of exciton states,

respectively. The selection rule for the momentaum matrix element is

is the same as that of band to band transition. In this case we

take into account the A and B exciton states for the virtual inter-

mediate states because the dominant contribution R, to the reso-
                                                 IS
nant enhancernent comes from the bands with the band gap close to

the incident or scattered photon energy. In the present calculation

of Ris we use the representation of excitonic resonant Brillouin

scattering derived in Chap. II.( eq.(2.4-4) ), where we use the

values; hcogor=6oogB=2.494 eV and hcogB=hcogA=2.48 eV . The exciton

binding energy is reported to be 2s mev in cds86) and we used this

value for the both states. Only the adjustable parameter is R
                                                            o
which is determined to give a ninimum of the scattering cross

section at 2.22 eV in the dispersion spectra. The calculated result

is shown by the solid curve in Fig.4.3, where we find a better and

excellent agreement with the experimental results in the whole

range of the present investigation.

     !t should be noted here that there exist d.c.electric field
( sxlo3 v/cm ) and a.c. Eield (/.lo4/crn ) associated with the piezo-

electric potential in the acoustic domain. When the eiectric fields
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are capable of ionizing the exciton, the analysis made is not

correct. However, we find that the ionization field of the exciton
in cds is about i.4Å~lo5 v/cm61) which is much higher than the d.c

or a.c field associated with the dorRain. Thus we can conclude

that the electric fields do not dominate the Coulomb potential

and that the present treatment is adequate.

4.2.2. Resonant Brillouin scattering by Mode-Converted Phonons
        in CdS.

     In this chapter we present dispersion curves of resonant

Brillouin scattering for the two kinds of rnode-converted phonons

(Tl- and PL-modes). The rnode conversion was achieved by reflectton

of the intense phonon beams at the end of the specimen and thus

piezoelectrically inactive transverse mode(Tl-mode) and pure longi-

tudinalmode(PL--rnode) were generated effectively. Tl-mode phonons

are also excited by using the acoustic injection into an end-

bonded specimen with proper crystal orientation. In Fig.4.4. the

observed dispersion curves of Brillouin scattering for O.8 GHz

and 1.0 GHz Tl-rnode phonons are shown. The dispersion curves

plottedby (O) and (e) are obtained by using the mode converted

phonon beams by reflection and the curves of solid dispersions are

obtained by using the injected phonon beams. The experimental

results obtained by both methods agree well with each other in

the experimental region and show a resonant behavior in the scat-

tering efficiency near the fundarnental absorption edge. rn the

case of Tl-mode one finds from the phenomenological analyses that
                                                               2the scattering efticiency is proportionai to the factor (Pn-P12) t

(Pn and Pl2 are the photoelastic constants). Piezobirefringence
                            58)
rneasure;nent by Yu and Cardona predicted that the absolute value
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Of Pu-P12 PaSSes through zero at 2.22 eV while undergoing

reversal in sign. This experirnentai result rneans that the reso-

nant cancellation can be also observed in the dispersion curves

of Brillouin scattering cross section for Tl-mode phonons.

However, one cannot find the structure of resonant cancellation

around 2.22 eV in the present work because of weak optical signals.

     The decrease in scattering intensity is due to the strong

absorption and depletion of incident and scattered light. Using

eq.(4.2-2) we estirnated the scattering cross sections which are

shown in Fig.4.5 along with theoretical dispersion. Dispersion

of Brillouin scattering efficiency by pure longitudinal phonons

(l.2 GHz) is plotted in Fig.4.6 . Xn this figure the observed

scattering efficiency Is is normalized by the transmitted light

intensity. Such a norrnalization is valid in the case of PL-mode

phonons because the incident light polarization vector(IE) is

parallel to that of the scattered light and thus optical aniso-

tropy does not exist. PL--mode phonons used in the present meas-

urement are generated by reilection of acoustic domain at the

end of the specimen and propagates in the c-plane with acoustic

displacement vector parallel to the propagating direction.

Based upon the above condition it is easily found that the scat-

tenng efficiency by PL-rnode phonons is proprtzonal tO P31.

It is interesting to point out that the dispersion spectra of

PL-mode Brillouin scattering is quitely different from the reso-

nant feature for the transverse acoustic phonons (T2- and Tl-

rnodes). Zn Fig.4.5 one cannot find a resonant cancellation around

2.22 eV, while in this photon energy region the scattering effi-

ciency changes monotonically. Such experimental results are
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interpreted as follows. The sign of resonant contributipn in

Briliouin scattering efficiency by PL-mode phonons arising from

the Mo-critical point is equai to the sign of non-resonant contri-

bution from the far off critÅ}cal point(M2-critical point).

     A comparison of observed dispersion curve of scattering effi-

ciency for rnode-converted phonons with theoreticai dispersion is

perforrned by using the formulation of resonant Briliouin scat-

tering derived in Chap.rl. !n order to fit the theoretical dis-

persion with that of experimental curves in Fig.4.5(Tl-mode) we

assumed the total scattering efficiency oBT(Tl) fox Ti-mode as

given by,
            OBT(Tl)= IRis[TZ) 't R.(Tl)l2 (4.2-9)

Here Ro(Tl) (non-resonant term) is an adjustable parapeter which
is determine by using the results of Berkowicz et al.?3) we esti-

mate the total scattering efficiency uBT(Tl) by using the dip

energy 2.20 (the dip energy is also derived by extrapolating the

present data to the low photon energy region), which is shown in

Fig.4.5 by solid liner where the intermediate A-- and B-excitons

are taken into account. Zn the calculation we used the values
osciuator strengths reported by Thomas and Hopfield94) Band

pararneters used in the present analyses are summarized in Tabie4.Z.

Table 4.I. Pararneta s used in the calculation of resonant enhanmmt of
the Brillouin scattering eross sectiK)ns for the rrpde--converted phonons in cds.

hal
  gA

hto
  gB

hco
  gC

EAB <Tl) :' Bc (P L) E BB (P L> :' cc (PL)

2.480 (ev) 2.494 2.553 -1.28 (eV) 1.34 -2.80 -3.29
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we find in this figure a good agreement between the experirnental

and theoretical dispersions.

     :n the case of PL-mode, it is found from the analyses of

Chap. II. that all the interband and intraband transitions of

interrnediate electronic excitations are allowed and several'kinds

of resonant contributions from allowed transition process should

be considered. Howevert it should be noted that the intermediate

A-excitons ( or holes in A--valence band) does not take part in

the present effect because of the forbidden dipoie transitions.

Calculated dispersion curves by taking into account of the B-

exciton(dash dotted line), C-exciton(broken line) and the sum of

all the possible excitations(two dash dotted line) are shown in

Fig.4.7. In this estimation we used the following relation;

              UBT(PL)ct I Ris(PL)l 2 (4.2-lo)

                                 '
assuming that the non-resonant term Ro is zero. In Fig.4.7 we

do not obtain an excellent agreenent between the experirnental

and theoretical curves for the case of PL-modg Brillouin scat-

tering,which seerns to be due to the following two reasons.

First reason is that one cannot estimate the adjustable pararn-

eter Ro(non-resonant term) because of a lack of cancellation point

in the dispersion spectra. Second reason is attributed to the

fact that we use the unperturbed band pararneters shown in Table-

4.z. although there exists a considerably strong perturbation by

Zongitudinal strain coraponents in the crystal in the case of PL-

rnode. In the present case it is very difficult to obtain the

correct band pararaeters ( such as band gaps or dipole matrix-

elements ) because accurata valua oE strains cannot be evaluated.
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4.3.1. Resonant Brillouin Scattering by Injected Phonpns in ZnSe

     rn this section we present a study of resonant Brillouin

scatteting in semi-insulating ZnSe by making use of injected
acoustic waves?9) Acoustoelectric instability cannot be achieved

in ZnSe sarnple used in the present work because of weak piezo-

electricity and small carrie F concentration. Therefore the

thechnique of acoustic injection is very profitable in the present

investigation. From the analyses based upon the'acoustic
rnatching theory78'87)discussed in chap.vzi one can expect that

three kinds of acoustic rnode excited in an end-bonded specirnen;

quasi-longitudinal(QL), quasi-transverse<QT) and pure-transverse

(PT) modes. We confirrned by Brillouin scattering experiment

that two kind of transverse acoustic rnodes are excited in ZnSe.

our experimental results of sound velocities are Vs(Tl)=1670 m/sr

for slow TA mode and Vs(T2)=2710 m/s for fast TA mode, which are
in good agreement with those of pulse echo methode9) schematic

arrangernent of injected acoustic packet in ZnSe for studying the

resonant Brillouin scattering is shown in Fig.4.8.
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Fig. 4.8. Sdhematic arrangerrunt for studying

resonant arillouin scattering in ZnSe.
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     We show the experimental dispersions of Brillouin scattering

cross sections for anti-stokes scattering process of Tl-mode

acoustic phonons in Fig.4.9, in which experimental results are

plotted by taking into account the depletion of the incident and
scattered iight.15'i8) Appropriate phonon frequencies are o.2

and O.3 GHz.

    Eeatures of such dispersions are almost independent of these

acoustic frequencies. This can be understood from the fact that

the relative intensity of the scattering efficiency depends,upon

the frequency spectrum in the acoustic packet and upon the factor

cosei( this factor depends on the relevant acoustic frequency

due to the momentum conservation >. The general shape of the ex-
perimental dispersion is similar to the results of GaAs15) and

cds.i8) in the case of znse the scattering cross section has

narrow minimum at about N2.5 eV and shows a sharp increase in the

region close to the band edge. Figure 4.IO shows the disper-

sions of $cattering efficiency due to the T2-rnode phonons at room

temperature. Relevant phonon frequencies are O.2 and O.8 GHz

and the main feature is almost the sarne as the results of TZ-mode

except for the dispersions in the cancellation region. Such a

difference in the dispersions comes from the variation on the posi-

tions of the minima for the scattering by Tl and T2-rnode phonons.

     We are able to estimate the position of the minimum, corre--

sponding to the photon energy where the scattering efficiency is

just zero, with the help of the following interpretation; (a)rele-

vant photoelastic constanttPn-Pl2 for Tl-mode and P44 for T2-mode

undergo revet sal in sign at the corresponding cancellation points,

(b) Brillouin scattering intensities for Tl and T2-modes are
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                                                  22 accurately proportional to the 'factOr Of (Pn-Pl2) ,                                                    P44, respec-

 tively. we plotted the square root of !s(Ti)/It(Tl) and• .
 Is(T2)/rt([V2) by taking into account the reversal in sign in

 Fig.4.11 where Is(Tl) and Is(T2) are Brillouin scattering inten-

 sity. From Fig.4.ll one finds sign reversal at 2.48 eV for Tl and

 2.50 eV for T2-mode acoustic phonons by extraporation. Such a

 phenomenological treatrnent that the relevant photoelastic constant

 undergoes a reversal in sign will be discussed in latter section

 in connection with the piezobirefringence theory.

      Frorn the analyses of deformation potential scattering described

  in the previous Chapter, we find that the transitions between the

e"- znse VirtUai states associated
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with the A and B valencebands

and between the B and C va-

lence bands are allowed

through the interaction of

holes and Tl-mode phonons

and that in the case of T2-

rnode phonon scattering all

the interband transitions

between the virtual states

associated with the A, B and

C valence bands are possibie.

From eq.(4.2-6) we find that

the rnain contribution comes

from the excitation corres-

ponding to the smallest band

gap, and thus from the tran-

sition between the virtual
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  states associated with the A and B valence bands. Since the A and

  B valence bands are degenerate atthe T-point of Brillouin zone, we

  can put edgA-esgB=O in eq.(4.2-6).

       As pointed out in the previous section the exciton effect plays

  an important role in the resonant enhancement. The effect is taken

  into account by using the formula of eq.(2.4-4) presented in Chap.U.

       Now we calculate the Brillouin scattering cross section u                                                              BT
  by assuming that the resonant contribution Ris to the scattering

  efficiency is opposite in sign to the non-resonant contribution

  Ro. With this assumption we obtain the total resonant scattering
  cross section in the form oBT=IRis-Rol2, where Ro is the adjust-

  able parameters and determined to fit the calculated curve with

  the experimental. The calculation of uBT is performed by using

  the parameters given in Table 4.II. In the estimation we assumed

  PoB=Pcto for the momentum matrix elements. The calculated curves

  for Tl and T2-modes acoustic phonons are shown in Fig'.4.l2 and 4.13,

  respectively along with the experimental data. In Fig.4.12 and

  4.l3 the solid curves are calculated from eq.(4.2--6) neglecting the

  exciton effect, whereas the dashed curves are obtained by taking

  into account the exciton effect. We find that the general shapes

  of both dispersions are quite similar except the cancellation and

  resonant regions. As shown in Fig.4.l2 and 4.l3, the cross sections

Table 4.II. Values of parameters used in the calculation of total scattering

cro:s section for Tl and T2-rrxxle pbonons. Superscripts(1) and (2) oorrespond

to the stronsand wea]< contribution to the scatteirjng eroSs section, respectively.

  (l)6co
  gi

'hco(?) 'hto(l) hcD(2) 'hdn :. (1)
        gs gs ctBgi ctB

  (1):-

 ct B
f

Tl-mode:

T2-mode:

2.68 (eV) 2.68 2.68 3.11

2.68 (ev) 2.68 2.68 3.ll

5.0

5.0

 2.07 2.94
-3.81 -2.70

O.2GHz

O.2GHz
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estimated frorn the Loudon's formulation are smaller than those of

experirnental data near the fundamental edge for both Tl and T2--

mode phonons. On the other hand the dispersion curves calculated

from eq.(2.4--4) show a reasonable agreement with the experimental

results for both Tl and T2-mode phonons in the whole energy regions.

We can easily find that non-zero strain components exist in the spe-

cirnen in the presence of Tl and T2-mode acoustic phononsr however,

such strains do not effectively perturb the band structure. There-

fore one can just estirnate the total scattering cross section

(including the exciton effect) by using the zero order unperturbed

wave functions. These physical features are important in discussion

of hole '( or exciton )-acoustic phonon interaction. Same inter-

pretation as mentioned above is also possible in the case of

wurtzite materials such as CdS and CdSe.

4.3.2. Derivation of Relevant Photoelastic Constants from Static

Birefringence Theory.

     In this section we derive the dispersions of relevant phot-

elastic constants near the fundaJnental edge of ZnSe Åírom the stress-
induced birefringence theory?8' 82) in the piezobirefringence

experiments static stress is applied to produce a change in the

dielectric constant, whereas in the Brillouin scattering experiments

stress associated with a strain of injected acoustic wave, induces

a change in the dielectric constant. Therefore two phenomena are

equivalent and analyzed with the use of the same photoelastic

constant Pijkl. In the presence of stress component Xkl in the

crystal change in the dielectric constant tensor eij is given by,

              Ae,.            'eTI.-li21t.." PijklSklmnXmn (4•3-l)
              IX )J
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Where eij, Pijkl and Sklmn are the dielectric constant( in the

absence of the stress) photoelastic and elastic compliance constants

respectively. In the case of isotropic crystal all the diagonal

elements of dielectric constant tensor are egUal (eu=e22=e33)

and other off-diagonal components are zero. The photoelastic

constant tensor has the following formr

            Pn P12 P12 O O O
                        ooo                PP            P              12                     l2                 ll
            Pl2 P12 PllOOO (4.3-2)
                           oo              oo op                        44
              O O OOP440
              o o oo op                              44

and the el•astic compliance constant tensor [S] has also the sarne

[orm as eq.(4.3-2). When the stress X is applied in the [IOO]

direction of the crystal, we obtain piezobirefringence coeffi--

cient ct(Tl) from eqs.(4.3 -l) and (4.3-2),

                Ae -Ae 2         ct(Tl) = " ` =-ell(Pll-Pl2)(Sll-S12) (4•3-3)
                   x

where Aer, and Aes are the changes in the dielectric constants,

defined with respect to the stress direction: that is, the light

polarization parallel to the[100] and [OIO] directions, respec-

tively. Comparing eq.(4.3-3) with eq.(2.2-31) we find that this

configuration corresponds to the Brillouin scattering by [Dl-mode

phonons. In the case of stress applied to the [llO] direction,

nonvanishing stress components are Xxx=Xyy=Xxy=Xyx=x/2, where X

is the stress rnagnitude. Therefore the birefringence coefficient

or (T2) is          ct([D2). Ae,i -'AEI- .-Eilp44s44 (4.3-4>
                    x
    'Zn eq.(4.3-4)r Aee and Ae- are the changes in the dielectric con-

stants for the light polarization parallel to the [110] and [ilO]

'
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directions, respectively. We find that this configuration corres-

ponds to the BrUlouin scattering by T2-mode acoustic phonons.

     Microscopic treatments of intrinsic piezobirefringence have
been carried out by Higginbotham et al.82) using an interband one

electron model for the optical constants, which include the effects

of the dispersions of the Eo, Eo+Ao, El, El+Al and E2 gaps. [Daking

the types of critical points into account we obtain the real part

of the dielectric constant el from the Krarners-Kronig transformation.

The contribution to el can be written as

           [ei(to),],,r i= AIB,,.I2 co53/2f (Å~.) (4.3-s)

where A= (2eZhl/2/m2) (2m' /h2) 3/2, f(x)=[2- a+.) 1/2- a-.) 1/2] /.2.

                               *In eq•(4e3-5) x=oo/tuo ('hcoo=Eo), m is the combined density of state

mass and Pit,i is the matrix element of the component of momentum

polarized either parallel or perpendicular to the stress accord-

ing to the subindex. The change in el(ee) with stress-application

can be written including two degenerate vA, vB valence bands as

            Ael(tu)=.lll,,k[ iiil AM+ :Zl] Aco.] (4.3-6)

The change in energy gaps to first order in stress are given89)by

       A(E.-E..) -1:b.iilSliÅ}2'X 1111 f,g; :il::gg2 (4.3-7)

       A(E.--E.,) -( 2iizlik2'X llll Ig: ',l:l gg.e (4.3-s)

       A(Ec'-Evc) = O '''' for Tl and T2-rnode(4.3-9)
                                                   '
where we neglected the term due to the hydrostatic deformation

potential, since we are concerned with a comparison with the
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BriZlouin scattering and the hydrostatic terrn disappears que to

the fact that exx+eyy+ezz=O for both Tl and T2-mode phonons.

Substituting the relations of eqs•(4•3-7) (4.3-9> and values of
AM estimated by pouak and cardona89) into the eq.(4.3-6), one

obtains expressions of Birefringence--coefficients ct(Tl), and ct(T2).

In a similar fashion we can include the contribution to ct(Tl) and

ct(T2) from other energy gaps. In the following analysis, however,

we include only the contribution of Eo and Eo+Ao gaps and take into

account of the exciton effect ( discrete exciton contribution, n=Z)

After sirnple manipulation dispersion of the relevant photoelastic
constants pn-p12 is given by26)

          ,E    Pii-Pi2 " C (Ti) { '-g (a)/(D.) +4 I9 [E < to /tuo) - ( co /wo. ) 3/2f ( to/co..> ] }

               2O                    E1 +cex([vi>{'aliiltlxeX)2 + AeoX ( i-xgx-(.EellllXAo)3i-ixgjls+D(Ti) (4'3-io)

  With g(.).[2-(l+.)-/2-(l..x)-l/2]/x2

             c (Ti) ... ( 3mft /2 ) 3/2p2bco o- 5/2/ ( (sii-si2) eii)

                                 22             C..(Tl)=-3(4"Nfl)b/(Eex                                   (Sll'Sl2)ell)

where Ao is spin orbit splitting energy, 'tscoos'Eo+ZSo, Xex=al/Eex,

Xexs=al/(Eex+Ao)t Eex exCiton energyf N the number of molecules

per unit volume and fl is the oscillator strength. In eq.(4.3--IO)

the first term corresponds to the contribution of Eo and Eo+Ao

gaps. rn a sirnilar manner we can calcuiate the dispersion of P                                                               44'
which is given by replacing C(Tl), Cex(Ti), and D(Tl) in eq.(4.3-:O)
With C(T2), Cex(T2), and D(T2) where c(T2)=-(3m* /2)3/2p2co55/21

(8S44eil) and C..(T2)=-3(4zNfl)d/(8Eg.S44eil).

.
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.Dispersions of the appropriate photoelastic constants vgere

calculaeed in the energy ncegion near the fundamentai absorption

edge by using the parameters shown in Table 4.ZII. In this table

the values of minimum positions in oB ( or cross over points of

the photoelastic constants ) for Tl and T2-mode are estimated from

experimental data and the adjustable pararneters D(Tl) and D(T2)

are determined so that these minimum positions agree with the
cross over point of the relevant Photoelastic constants. Taking

into account the exciton contribution we calculated the dispersions
Of Pu'P12((Pu"'Pl2)2) and P44((P44)2) which are shown in

Fig.4.14 and 4.15 by dashed ( dash-dotted ) curves, along with the

experime.ntal points. These experimental points for Tl and T2-

mode phonons in Fig.4.14 and 4.l5 are estimated from Fig.4.ll and

plotted' to fit the calculated curves at a fixed point with an

arbitrary scaling factor. We find that the photoelastic constants

undergo a reversal in sign and that the calculated curves are in

good agreement with the experimental dispersions.

Table 4.rrl. Vaiues of pararneters used in the calculation of

dispersions of pbotoelastic constant from static piezchire

fringence theory.

Tl-rnode (Pll-Pl2 ) T2 --mode (P           )         44
C(Tl)=s.7xlo-3(a)
              -5(a)C (Tl)=3.lxlO ex             - 2 (b)D([Pl)=-3.6XIO
               (b)Dip(Tl)=2.50 eV

             3 (a)C(T2)=2.24Å~10
C (T2)=l.72xlo-5(a)
 ex             -2 (b)D(T2)='1e72>(•lO
               (b)Dip(T2)=2.52 eV

<a) P. Y. Yu ar}d M. Cardoma : in ref.58.
(b) Estimated frcm the present experimental data, 'Dip'
stnmds for the pboton enercy oorresponding to the rnmirmm
in the Brillouiri scattering eross sections. •
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 4.4. Summary
                                                     '
     We have investigated the dispersion spectra of the Brillouin

seattering cross sections by making use of intense acoustic phonons

arnplified through acoustoelectric effect in CdS. A deep and

narrow minimum at the incident photon energy 2.22 eV and a steep

increase in the higher photon energy region beyond the rninimum

are observed in the dispersion spectra . It is found that the

observed dispersion curve of Brillouin scattering cross section

for the PL--mode phonons is quite different from that for the trans-

verse rnode phonons and antiresonance structure around 2.22 eV

does not exist. 'The dispersion spectra are well explained if we

take intQ account of the transition of interrnediate virtual states

associated with the p-like valence bands and of exciton effects.

It has been shown that the matrix elements for the transition of

the virtual states between the B and A valence bands(interband--

transition) are nonvanishing and has a dominant contribution to

the resonant enhancement of transverse mode phonons, while the

intraband transitions of virtual states are important for the

resonant Brillouin effect of PL-rnode phonons. The experimental

dispersion curves of resonant Brillouin scattering due to the two

kinds of injected acoustic phonons(N and T2--modes)into ZnSe are

also presented where we found a resonant enhancernent and cancel-

lation sirnilar to the case in semiconductive CdS. Dispersions

estimated from the static P.B.-theory shows a fairly good agree-

ment with present experimental results of ZnSe. From the present

analyses we find that relevant photoelastic constant shows a sign

reversai and that the cross-over point coinsides with the rninimum

position in the Brillouin scattering cross sections.
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Chapter V. Optical Modulation and Re$onant Brillouin scattering
                                                       '           in CdS

5.1. Introduction

     The Zarge modulation of the optical transmission near the

intrinsic absorption edge by acoustic doamins has been observed
in Gasb?2) GaAs93'95) and cds?5-i02) This chapter is devoted to

show the excess optical modulation induced by acoustoelectric

domains. Until now many theoretical interpretations of domain

induced optical modulation ( O.M. ) are presented. For exarnple
in the case of n-GaAs, spears et ai.92'94) predicted that opticai

modulation observed near the intrinsic absorption edge are ciosely

connected to the edge-modulation efÅíect by piezoelectric field
inside the domain through so caned Franz--Keldysh effectl04,105)

In fact there exists a large longitudinal electric field (3xzo4

v/crn in GaAs and rvlo5 v/cm in cds) associated with the arnplified

acoustic flux, which induces Franz-Keldysh effect resulting in

optical modulation. In the semiconductive CdS measurernents of
o•M. have been performed in detan by many investigators?5-101>

It should be noted, however, that the experiraental results of

optical modulation in CdS revealed several different features.
yairiamoto et al.97) proposed that optical modulation signals are

still increasing after the magnitude of electric d.qi-field

existing inside the acoustic domain saturated (It is shown in

Fig. 5.1.). They exarnined the relation between the O.M.signal and

d.c.-electric field, and found that O.M. signals do not depend

upon the magnitude of d.c. field. This means that the

domain induced O.M.is not related to the existing d.c. eiectric
field inside the dornain. On the other hand Hata et all02)

pointed out that the peak values of O.M.signal are observed at a
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the dispersion $pectrum of resonant Brillouin scattering .presented

in the previous chapter. From this result we speculate that the

optical modulation induced by the propagating acoustic domain

in cdS is not originated from the effect of d.c. or a.c.-electric

fields. We perforrned a comparison of dispersion spectra of O.M.

with that of resonant Brillouin scattering and found that both

 the dispersion spectra are quite sirnilar in the shape in the

whole experimental region as shown in this chapter. In addition

we found that optical rnodulation is induced by piezoelectricaUy

inactive Tl--mode phonons. From these facts we would like to point

out a possibility that the observed optical modulation

induced by propagating acoustic domains in CdS may be explained

in terrns of the effect of resonant light scattering.

5.2. Experimental Results and Discussions.

     Figure 5.2 shcrvvsa schematic diagram of the light polarization

configurations for two kinds of acoustic domains( piezoelectrically
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 where the relation It=It +Art exists. In the measurernent of

 O.M.by using the piezoelectrically active domains two polari-

 zation conditions are used ; that is , (a) incident and scattered

 light polarizations(IE and ZtA) are parallel to the c-axis and

 (b) incident and transmitted light polarizations(IE and ItA>

 are both perpendicular to the e-axis of CdS. !n the case of inactive pbonons

 the polarization condition of (a) iS uSed. Fig. 5.3 shows disper-

 sion spectra of normalized-optical modulation observed under the

two polarization conditions;(a)(IE/IItAzlc-axis) and (b)(IEIIItA).Lc-axis
                                                          N
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near the intrinsic absorption edge of CdS at room temperature.

Experimental data obtained by using the piezoelectrically active

domains are shown by (e) and (V), those obtained by using the

piezoelectrically inactive(re#lected) domains are shown by (O)

and (-). As shown in Fig.5.3 rnaximum optical modulation observed

under the polarization condition(a) is •v70 g and drastically

decrease as incident light wavelength passes through the photon
energy region of 5600 X. It is found that the O.M.signals can

be also observed in the rneasurement using the reflected domain

(consisting piezoelectricaily inactive phonons) and that the

maximum modulation reaches•v50 ig near the intrinsic edge of the
         'specimen. The dispersion spectra of O.M.observed in the lihgt

                           oowavelength region from 5200 A to 6500 A are shown in Fig. 5.4

along with the dispersions of resonant Brillouin scattering by

1.0 GHz acoustic phonons• The plots of (O) refer to the polari--

zation condition (a) and (e) to the polarization condition (b).

One can find in Fig.5.4 two interesting features ; (1) there

exist a considerably strong optical modulation signals in the

wavelength region far from the edge and (2> a deep and narrow

minimum in the O.M.-dispersion appears at the phonon energy

corresponding to the position of the dip in the Brillouin scat-

ter-ng cross section. We find that the dispersion spectra of O.M.

for both (a) and (b) polarization conditions are quite similar

to that of resonant Briliouin scattering in the experimental

photon energy region. As mentioned before the physical inter-

pretation of present O.M.spectra by using th Franz-Keldysh effect

(F.K.effect) through the piezoelectric field is not validt

because the effective edge-rnodulation by F.K.effect can be
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expected only in the photon energy region close to the intrinsic

edge. We obtain the O.M.signals of several tenths near the edge

when we assume that the change Act in absorption coefficient ct is
induced by the electric fieid(NI04v/cm). However, it is well

known that the optical modulation induced by the electric field

decreasesremarkabZy when the incident light wavelength becornes

longer and that a structure of deep minirnum is not observed far
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from the edge. Moreovert in the case of O.M, induced by inactive

acoustic domains we cannot expect any possibility of electric

field-modulation because of the absence of piezoelectric field

in the domains. Therefore we conclude that the present results

of O.M.effect in CdS cannot be fully understood in terms of

such a field modulation effect. We present a tentative expla-
                                            'nation of acoustic domain induced optical modulation by making

use of the resonant light scattering. In order to carry out

the comparison between the optical modulation and resonant

Brillouin scattering we calculate a change in the transmitted

light intensity caused by the depletion due to the light scat-

tering. The change in the transmitted light intensity ISr                                                         due                                                       t
to the Brillouin scattering is represented by,

        AIt(il ,.L ) = Ioexp [-ct (1! r-L)dloexP [ (or (!!,-L) +UB[r)b] (5•2-1)

where Io is the incident light intensity, uBT is total Brillouin

scattering cross section andor(!t) and ct(L) are the intrinsic

absorption coefficients for the light with polarization vectors

parallel and perpendicular to the c-axis, respectively.

Equation (5.2-l) can be rewritten in more convenient form,

           Art
               = l- exp(-uBT b) (5.2-2)
           rt

where It is transrnitted light intensity in the absence of acous-

tic domain and the ratio A!t/rt corxesponds to the normalized

modulation defined before. It is found from eq.(5.2-2) that

the dispersion spectra of the modu!ation show a feature sirrtilar

to that of Brillouin scattering. We have already shown that the

generai feature of the resonant BrilZouin scattering is independent
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of acoustic phonon frequency. Therefore total Brillouin scattering

cross sections uBT arising from various acoustic frequencies seems

to show a similar shape of the resonant Brillbuin spectrum arising

from a particular acoustic frequency. Taking these factsinto
                          'account we estimate optical modulation, AZt/Itr for both (a) and

(b)-polarization conditions and the results are shown in Fig.5.5.

In this figure the broken lines are estimated by using eq.(5.2-2)

in which the dispersion curves of resonant Brillouin scattering

by 1.0 GHz acoustic phonons are used instead of gBT. We adjust

the value•OBT to fit the dispersion estimated frorn eq.(5.2-2>

to the experimental dispersion of O.M.at the longer wavelength

region, since the optical modulation is undoubtedly caused only

by light scattering in the Zong wavelength region. It is found

in Fig.5.5 that the estimated dispersion by using eq.(5.2--2)

for the case of polarization vector parallel to the c-axis agrees

well with observed dispersion of O.M.in the whole experimental

region, while a slight difference exists between the two dis-

persion curves for the case of Polarization condition (a);(the

polarization vectors of incident and transmitted light are both

perpendicular to the c--axis). Howeverc, general feature of the

modulation is weli explained in terrns that the depletion of light

due to the resonant BriZlouin scattering results in the opticai-

modulation. Similar analysis was carried out for the case of

O.M.induced by the piezoelectrically inactive domains which are

Shouvn in Fig.5.6, where we find a good agreernent between the

observed modulation spectra and estimated dispersion spectra by

using the Brillouin scattering. In this case rnodulation effect

is considered to originated only from the light scattering effect.

  The siight difference between the dispersion of O.Meand
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estimated curves in the polarization condition(b) in Fig.5.4 is

interpreted by taking into account of the electric field modulation

mentioned above. By using the data of electric field induced
changes in appropriate band gaps reported by wiuiamsl06) we

estirnate an approximate change in absorption coefficients Act(11)

and Aor(i), where (lr) and (X) refer to the light polarization vector

parallel and perpendicular to the c-axis. Assuming the electric
field "vlo5 v/cm one find that Aor(!!) is 4.o(cm"l)and Aor{3.) is

16.s (cm'l) at the light wavelength s2oo A. By substituting

                                 'these vaiues into the following relation;

             A!               tl= l- exp(-Aor•b) (5.2-3)
             It field

The modulation caused by the electric field is fond to be

(A!t/It)(:field) L. 80 g for the polarization condition(b) and

(AIt/It)(:field)Ln20 g for the polarization condition(a). For the

                                 olight wavelength longer than 5300 A these values of (AZt/Zt)

rapidly dGcrease to few percent. It is found from a simple calcu-

lation described above that the contribution of field--modulation

effect in the case of (b) is larger than that ot Polarization

condition(a). Such a feature of field modulation effect seems

toexplain the difference in the optical modulation between the two

condition(a) and (b), where we find the modulation for (b) is

larger than for(a)( This feature is shown in Fig.5.2 and 5.4).

If we take into account of the contribution of field modulation

effect to the present analysis we can explain qualitatively such

a poiarization dependence of modulation. It is obvious that the

slight difference between the observed dispersion spectra of

optical modulation and dispersion curves estimated from eq.(5.2-2)

in the poiarization condition (b) arises from an existence of
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polarization dependence of modulation. We can conclude that the

polarization dependence of O.M.near the intrinsic edge is due to

effect of field modulation. The contribution of field-modulation

through the F.K, effect is significant only in the photon energy

region close to the edge. However there remains a problem that

estimated modulation(t'.-80 g) by using the F.K.-type modulation is

very larger than that of expected values.(10N20 g) The difference

seems to be caused by a wrong estimation of rnagnitude of existing

electric field inside the domain. The value of piezoelectric
field qo5v/cm used in above discussion is estimated by using the

reiation between the straini07) and piezoeiectric constant.

In the present time we must consider that the effective piezo-

electric coefficient can be considerably smaller because of
        'screening effect by free carriers. Taking into account such
screening efEectr the effective electric field aboutN5xlo3v/cm

wasderived by Berkowicz}09) which gives a reasonable value of

electric field induced modulation for the polarization condition

(b), while few contribution of electric field to the total

optical modulation are found in the polarization condition(a).

5.3. Summary

     The dispersion spectra of optical modulation Art/rt are

observed under the two polarization conditions;(a> IEI/rtAi/C-axis

and (b)(IE//rtA)J-c-axis in CdS. The general feature of the

observed dispersion spectra is considerably different from that
of n-GaAs. We find a deep and narrow minimum around 5600 X in the

dispersion curves of O.M.by using the piezoelectrically active

acoqstic domain. Observed structure cannot be explained in terms
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                                                    ' hof the Franz-Keldysh type optical modulation. A comparison of

observed O.M.spectra with dispersion of resonant Brillouin scat--

tering is carried out and it is confirmed that the O.M.signals

observed in the present work are mainly caused by the depletion of

incident light through the resonant light scattering. The polari-

zation dependence of optical modulation is explained by taking

into account of the contribution of eiectric field-modulation,

whieh is significant in the photon energy region close to the

intrinsic band edge of CdS.
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 Chapter VI Break Down of Selection Rule in Resonant Bril.louin
             Scattering in CdS.

6.1. Introduction

     We have studied in prevÅ}ous section the resonance effects of

Brillouin scattering cross section near the Mo-critical points

in CdS and ZnSe. Those measurements are mainly performed under

the condition of allowed transitions by setting proper polarization

direction, where the polarization vector of the scattered light r                                                              A
is rotated by 900 from the direction of incident light polarization

   ) in the transverse mode phonon scattering( see Chapter Ir ).(I
  E
The selection rule in light scattering Å}s generalZy determined by

the crystal symmetry, which predicts the polarization relation

between the incident and scattered lights. rn this chapter we

present experiinental results and discussion on the break down of

the selection rule of Brillouin scattering in the region near the

band edge. In the present measurernent we observed a strong resonance

enhancement of scattering efficiency near the intrinsic band edge

of CdS under a configuration of the polarization where the Brillouin

tensor is expected to be zero. Zn the experiments of Raman scat-

tering, the resonance enhancementsof forbidden-Rarnan scattering

by LO phonons were measured in several semiconductors. The for-

bidden scattering in resonant Raman effect was studied intensively
at the Eo-edge of cdsliO-1i3) and also at the El-criticai point of

                                                     114,115)a group of XII-V semiconductor compounds including :nSbt
inAs}l6) and Gasbll5) xt was found that the intensities of forbidden

scattering by LO phonons result in much larger resonance enhancement

than those of allowed scattering near the band edge. Above experi-

mental results on the resonance enhancernent of forb.idden Raman scat-

tering by l-LO phonon are generally interpreted by taking into
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account of the electron ( or exciton )-phonon coupling ySa the
intraband Fr6iich interactionll7'ii8) rn the case of cu2o the

resonant enhancement of forbidden Rarnan scattering which was

observed at the dipole forbidden ls yellow exciton series of

this material has been explained in terrns of the electric quadra-

pole and magnetic dipole terms. On the other hand it was proposed
by Klein et al}2) that irnpurity states modify the selection ruie

in Rarnan ( or Brillouin ) scattering because they hreak the trans-

lational and point symmetry of crystals. It is also pointed out

in the impurity effects that the impuxity-induced scattering is

independent of scattering angle and should lead to dispersive

broadening of the one phonon line since the phonon momentum is not

fixed. In the present work we have observed an abnormai resonant

enhancement of Brillouin scattering cross section by using the

high intensity phonons of piezoelectrically active TA mode and
inactive TA mode in the forbidden configurations of following;

(a) the incident and scattered light polarization vectors(XE and XA)

are both parallel to the c-axis and (b) both perpendicular to the

c--axis. As mentioned before those polarization conditions are

perfectly forbidden from the classical analyses (Chap.II) beeause

corresponding photoelastic constants are all zero. We can find a

sharp resonant enhancement near the intrinsic band edge for both

(a) and (b)-polarization conditions. rn the analysis of interaction

between the excitations of the electronic intermediate states

and acoustic phenons we found that the deformation potentiaZ scat-

tering of virtual excitons ( or holes )plays an important role in

determining the selection ruie of the Brillouin scattering cross

section. From such an analysis we find a possibility of resonant

enhancement of Brillouin scattering which is forbidden from the
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symmetry induced seiection rule.

 6.2. Experimental Results and Discussions

     Present measurernentS are performed by using the similar

arrangernent in Chap. I!I. Because of parallel polarization condi-

tion we need not to take into account the optical anisotroPy of

cdS, and thus incident and scattered light angles (ei,ed) are

determined by using a relation derived in the case of isotropic

crystals. In Fig.6.1 we plot Brillouin scattering signals

measured with 1 GHz piezoelectrically active transverse acoustic

phonons propagating in the c--plane as a function of polarization

angle e for a fixed light wavelength, where e is an angle between

the incident and scattered light polarization directions.
                                                     eThree kinds of light waveiengths 5300, 5620, and 5900 A are chosen

so as to investigate the polarization dependence in the resonant

region(5300 A), in the antiresonance region(5620 A) and in the ,
                        ononresonant region(5900 A). Zn the case of transparent region
      o (5900 A) e-dependence of Brillouin scattering intensity is found

to reflect the selection rule arising from the crystal synmetry.

we find a strong scattering signal in the case of e=O(IE.LIA)

and the scattering signal decreases with decreasing of e to zero.

                              o. (IEtllA)• In the case of 5620 A one cannot find any optical signal
                                                 ounder the perpendicular polarization condition(e=90) because of

the resonantcancellation. However, it is found in the figure that

the scattering intensity drastically increases as the angle echanges

       eQfrom 90 to O. The e-dependence of the scattering intensity at
     o5300 A is quite abnormal, where the most largest optical signal

is detected when we set the parallel polarization condition(IEttZA)

which is perfiectly forbidden configuration in Brillouin scattering

by TA,phonons. Those experimentaZ data mean that there exists
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abnorrnal feature in the resonant region, which cannot be predicted

from the phenomenological treatment in the light scattering. The

resonant dispersion of Brillouin scattering cross section observed

under the forbidden configuration(IE//IAi/c-axis) by the piezo-

electrically active [[A phonons at 300 K are shown in Fig.6.2, where

normal resonant curves observed under the allowed polarization

condition(IELIA) are also plotted for comparison. In the measure-

rnents the incident and scattered light angles(ei and ed) are set

to detect the Brillouin scattering signals due to a appropriate

acoustic frequency(O.5 GHz). It is found in Fig.6.2 that the

observed dispersion spectrum under the forbidden configuration

never shows an antiresonance structure around the phonon energy 2.2

eV but shows a steep resonant enhancement near the critical point.

Decrease in scattering intensity at higher energy region is caused

by strong absorption of the incident and scattered lights. Correction

of the effect can be made by normalizing the scattered light intbn-

sity Is with the transmitted light intensity It. Dispersion spectra

of scattering cross sections are shown in Fig.6.3, where the corres-

ponding aocxistic frequencies are O.5(e) and O.8 GHz<e). As seen

in Fig.6.3 the dispersion curves of Brillouin scattering cross

section for the norrnal configuration Ris(-L)(plotted by (O) for

O.5 and (O) for O.8 GHz) show a characteristic feature of resonant

cancellation and enhancement, where the resonant enhancement occurs

in a convex upward manner as the incident photon energy increases

to the energy of fundamental absorption edge. On the other hand

the dispersion curves for the configuratiop of forbidden Brillouin

scattering shows a quite different feature Erom the dispersion

curves of the normal configuration. As mentioned above the
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Brillouin scattering by the piezoelectrically active TA phonons

under the forbidden configuration is expected to vanish. such

expectation is satisfied only at long wavelength regions. Near

the intrinsic band edge of CdS, however, a strong resonance enhance-

ment is observed on the contrary to the expectation of the classical

treatment.

     The experimental dispersions observed under the forbidden

poiarization conditions at 77 K are shown in Fig.6.4, where the

dispersion curves observed at 300 K are plotted for comparison

with the present experimental results at 77 K. We find in Fig.6.4

that a steep resonant enhancement occurs under the forbidden scat-

tering condition for O.5<e) and O.6(O) GHz TA phonons. Stronger

resonant enhancement observed at77 K than that at room temperature

is due to a smaller brodening energy at 77 K. Total dispersion

spectra at 77 K are found to shift to high energy region from those

at 300 K, which is interpreted in terms of temperature dependen(te

of the energy gap('vO.l eV larger at 77 K ). Next we discuss reso-

nance effect of forbidden Brillouin scattering by piezoelectrically

inactive TA phonons. Measurements were made by using two kinds of

inactive TA phonons; the one is so calZed Tl-mode phonons propagting

in the c-plane with displacement vector perpendicular to the c-axis
                                           oand the other propagates in the direction 45 ofÅí the c-axis. Such

inactive phonon packets can be obtained making use of mode conversion

in the reflection of acoustic domains. A weak resonance enhancement

of Brillouin scattering by the inactive TA phonons are observed

under the forbidden configuration(IEtllASc-axis) at 300 K which is

shown in Fig.6.5, where dispersion curve of the allowed Brillouin

scattering by the inactive TA phonons is also shown for comparison.

The observed dispersions in the forbidden Brillouin scattering
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show no structure of antiresonance around the 2.2 eV, while the

Brillouin scattering intensity observed under the allowed polari-

zation condition drastically decreases in this photon energy region.

The two kinds of inactive phonon packets have a similar character,

and are not acompanied with d.c.or a.c. electric feilds. Therefore

the present observation of the resonant enhancement in forbidden

scattering by inactive phonons in CdS suggests that the Breakdown

of selection rule in Brillouin scattering is not associated with

an existence of high electric field. Similar resonant enhancements
are aiso reported in Rarttan scattering by inactive i-Lo phononll9)

3-Band Model

     We have already shown that the present results obtained under

the condition of forbidden polarization conditions cannot be ex-

plained by an existing phenomenological theory derived from the

crystal syrnmetry. Therefore we consider here a possible interpre-

tation of resonance enhancement of forbidden scattering efficiency

by taking into account of the deforrnation potential scattering of

intermediate virtual excitonsr based upon the analysis which was

first made by Ando and Hamaguchi for the case of allowed Brillouin

scattering. In the previous chapter we pointed out that the selec-

tion rule of deformation potentiai scattering of virtual electronic

excitations by phonons plays an important role in the resonance

enhancernent. We briefly describe a procedure to construct 3-Band

model of possible transition process. First we consider a polari--

zation--relation of incident and scattered lights frorn the phenorne-

nological treatrnent, of Brillouin scattering, where the crystal

symmetry is introduced in the forrnulation of photoelastic tensor.

rt is possible to conclude that the derived photoelastic constant

corresponds to the nonresonant terrn Ris(nonresonant) in the micro-



I05

scopic theory. Second we consider the resonant term of Rist which

is given by
                        PoB :' BctPcto
                                                        <6.2-1)             R. =Z              IS                    ((DB-U)s) (CDct-Vi)

where the notations are the same used in the Chap.II. The Brillouin

tensor Ris is interpreted as resonant contribution arsing fromthe

electronic transition process ;iO>--Ict>-IB>-lo>, where IO> refers

to the electronic ground states,lct> and IB> to the virtual states.

In the treatrnent possible state of electronic excitation lct> is

determined from the optical selection rule of dipole transitions.

Here the matrix elements :' Bct plays an important role in constructing

intra-- or inter--band transition of the virtual states<2- and 3-Band

transition process). rn Fig.6.6 the schematic diagram of optical

transition and acoustic transitions of intermediate virtual excita-

tions at r-point in CdS is shown. One consider the forbidden scat-

tering by active TA phonons, where the incident and scattered

light polarization vectors(IE and IA) are both parallel to the

c-axis. !n this case the corresponding photoelastic constants

in the longer wavelength region are P34t P3s and then we obtain;

P34=P3s"O frOM the analysis based upon the crystal syrnmetry( see

eq.(2.2--14). Therefore the nonresonant term Ro(nonresonant) is

zero. The result is consistent with the present observation that the

Brillouin scattering signal under the above condition disappears in

the long wavelength region(far from the band edge). On the other hand

the scattering signais appear at wavelengths near the band edge and

increase as the wavelength approaches to the band edge. Zt is eas"y

found that the electronic virtual state associated with A valence

band( or A excitons) does not contribute to the light scattering
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in this configuration. In the following we consider the. virtual

states as excitons. From the experimental conditions the syrnmetry

of initial intermediate electronic excitations are found to corres'

pond to that of B excitons( or holes in B valence band) having r7"'

syrnmetry. By making use of selection rule of acoustic transition

shown in the right hand of Fig.6.6 we find that the eiectronic

virtual state with the r7-syrnmetry can transit to another rg-symetry

virtual states corresponding to the C excitons( or holes in C vaience

band). The electrons and holes of C excitons recombine to radiate

the phonons with polarization vector parallel to the c--axis because

of r7-syrnmetry. Consequently we obtain the following transition
process in the resonant regionr 1'O> -lr7> -lr7>---IO> in the case of

Åíorbidden scattering by the active TA phonons. In the above analysis

we find that 3-Band transition process results in a dominant resonant

contribution to the total Brillouin scattering cross section, which

is shown schematically in Fig.6.7. Here the notations -> and 9

refer to the optical and acoustic transitions of virtual states.

Next we consider the case of forbidden Brillouin scattering by piezo-

electrically inactive TA mode phonons(Tl-mode). From the present

experimental condition we easiZy find that the corresponding photo-

elastic constants are P16 and P26 which are zero in the transparent

region(long wavelength region). Therefore we conclude that the non-

resonant term vanished at long waveZength region. The resuZt is

consistent with the present observation and also with the phenome--

nological(niacroscopic) theory derived from the analysis of crystal

symmetry. Frorn the analysis of the macroscopic theory we find that

the following transition of 3-Band process contribute to the resonant

term'in the photon energy region close to the band edge;

lo>--Irg>--1r7>--lo>•
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Such a dominant 3•-Band process is shown in Fig.6.7. We estimate

Brillouin scattering cross sections in the forbidden conditions by

using the above results. The total scattering crOss section UBT

zs wntten asr
                              '
                                                  2      uBT (forbidden) ccIRis (resonant) +Ro (nonresonant)1 {6.2-2)

with Ro(nonresonant)=O because of the reason stated above. We are

able to predict from eq.(6.2-2) that antiresonance structure does

not appear in the dispersion spectra of forbidden scattering cross

sectionrwhich is consistent with the present experimental results

shown in Figs.(6.2)-(6.5). Tn Fig.6.8 we show the estimated dis-

persion curve of Brillouin scattering efficiency for O.5 GHz active
          'TA phonons in the forbidden condition(IEItlAitc--axis), by broken line,

where the virtuai states of IB>- and lc>-excitons are taken into

account. The parameters used in the present calculation are

summarized in Table 6.I. It is fond in Fig.6.8 that the experi-

mental dispersion spectra of scattering efficiency shows a good

agreement with that of theoretical dispersion.
                                             '
Table 6.X. Pa]rameters used j.n che estimation of fa bjdderi-resonant

Brillouin scattering in CklS.

pzezoelectrzcally-
active TA-phonons

[300 K] :

Egi=2•494 ' (eV)

Egs=2'553
:' c B =- O• 8

[77 K]
              (a):gi:i: 5,2,2 (S")

 gs
:' c B "- O• 8

piezoelectrically- [300 K]
inactive TA-phonons                    Egi=2•480 (eV)
                    E =2.494                     gs
                    :' BA=-l•28

(a): Cardona et al. ref.(30)
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A comparison of experimental curves with theoretical curves at 77 K

is shown in Fig.6.9. The experimental data are observed under the

polarization condition of IEttlA/lc-axis by using the amplified TA-

phonons with frequencies 1.0(O) and 1.4 GHz(e). The theoretical

curves are calculated by taking into account of the intermediate

virtual states of IB>-- and IC> excitons, where band parameters
at 77 K reported by cardona et al.30) are used(Table 6.I.). It is

found from the ocmparison that the experimental results are well

explained by the present rnodel. CalculaYed curve-of forbidden

scattering by piezoelect,rica;ly inactive TA Phonon is shown by solid

linei in Fig.6.10, along with exPerimental results, where the

theoretical calculation was carried out by taking into account of

the deformation potential scattering of IA> and IB> -virtual

excitons. The coraparison of experimental results with theoretical

curve shown in Fig.6.IO is performed only in the case of inactive
                                       oTA phonons propagating in the c-plane(90-cut crystal). The observed

resonant feature near the fundamental edge is found to be well

explained by the theoretical dispersion. Although the experimental,

qispersions oi forbiaden scattering by piezoelectrically active and

inactive TA phononS show resonant enhancement in the photon energy

regionr and a reasonable agreement with the theoretical eurve, we find

that the present experimental data micates a saturation or slight

decrease near the photon energy region very close to the intrinsic

band gap, while ' the theoretical curves of the scattering effici-•

ency still increase. This effect is interpreted by broadening
effect124) By taking into account such a broadening effect we
            '
are able to explain'the saturation behavior of observed dispersion

spectra in the present work.
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6.3. Summary

     We observed resonant enhancernent of forbidden Brillouin scat-

tering efficiency in CdS. Zt is found in the present work that

the observed-forbidden Brillouin scattering efficiency shows a

resonant increase as the photon energy increase to the fundarnental

absorption edge, where phenomenological theory(macroscopic theory)

predicts no scattering under the present configurations. Such a
                                         :
resonance effect is considered as the intrinsic bulk effect and

exp!ained by taking into account of the electronic contributions to

the Brillouin scattering. Frorn the present analyses of selection

rules in optical transition and deformation potential scattering it

is found that the intermediate virtual excitations associated with

the spin orbit split off band( or C-excitons) play an important

role in the resonant-forbidden scattering by piezoelectrically

active TA phonons (T2-mode phonons ) in CdS. We also found a

resonant enhancement of forbidden Brillouin scattering by piezo-

electrically inactive TA phonons(Ti-mode phonons), where the

seiection rule of macroscopic Brillouin scattering breakes down and

the scattering efficiency shows a resonant increase near the

fundamental edge. We conclude that the selection rule of Brillouin

scattering derived frem the crystal syrnmetry breakes down in the

photon energy region near the band edge and that the resonant

light scattering is explained by taking into account of proper

transition process of intermediate virtual excitons.
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   VII Application of Acoustic Pulse Injection into Semiconductors

7.1. Introduction

     We have already shown in previous chapters that an intense

acoustic domain excited in piezoelectric semiconductor CdS can be

injected into different materials and by making use of such injected

phonons packets one can investigate the resonance effec't in Brillouin

scattering by propagating acoustic flux in many kinds of semicon-
ductors?8'29) we found such an acoustic injection technique has a

very useful application to a study of acoustic propagation and mode

conversion in various semiconductors. In the present work firstly

we make use of such injected sound waves in study oÅí resonant Brillouin

scattering of semi-insulating ZnSe(shown in Chap. ZV) . Since such

an acoustic injection technique has been used successfully for an inves-

tigation of elastic properties of propagating acoustic flux in the
semieonductorg5'26). Theoreticai anaiysis given in this chapter is

indebted to K. Yamabe(See K. Yamabe;M.S. thesis(March,l977) and

K. Yamabe, K. Ando and C. Harnaguchi,Japan J.Appl.Phys.(submitted)).

We describe a theoretical analysis of injection efficiency of acoustic

flux by assuming an ideal bonding of CdS with ZnSe and ZnTe samples.

     The reflection and transmission efficiencies of the acoustic

waves are calculated by solving elastic equation under a proper

boundary condition. From such analyses one can find the acoustic modes
excited in the end-bonded znse and znTe samples79) zn the latter

part of this chapter some applications of acoustic injection technique

are presented,where elastic properties such as phase velocity, elastic

Stiffness constants(Cu, C12 and C44) and propagation loss in znSe

and ZnTe are determined by using the Brillouin scattering technique.

!t should be noted that the injected acoustic flux consists of an

considerably wide frequency range from O.1 to 2 GHz and therefore
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such an acoustic injection can be applied not only to the present

measurements of elastic properties but also to more various inves-

                                    --tigations of electron-phonon interaction in semiconductorsr

                              '
7.2. Acoustic Field Equations a.nd Transmission efficiency

     As welZ known, there are two basic-field equations between the

strain(Sij)r displacement(Ui) and stress(Tij) inacrystal. The

relation between strain and displacement is given by,

                  1 au. au,            s..=-( i+2) (7.2-1)             iJ 2 br. br•
                       Jl
and equation of motion is

             a a2ui
            ar. [rij =P at2-Fi (7'2-2)
              ).
where ri is the orthogonal coordinate, p is the mass density and

Fi is the external force. By introducing the particle dispZacement

velocity(vi] defined by the first derivative of atomic displacement

with respect to time t. these two equations are reduced in following

convenient form; a avi •                               . (7.2-3)                    T. •=P -                 br. iJ bt
                   )
                 a av                                k                 5'Tt Tij=Cijkl e.1 (7'2-4)

where we droped the term of external force in eq.(7.2-1) and the

elastic stiffness constant Cijkl is introduced. Now we define the

acoustic poynting vector [P]ac with an analogy to the case of

electromagnetic field,

                         1*
                [P]                     =--Z (r,)v.T,. (7.2-5)                   ac 2lj z ) i]

                         '
where <I.) is the unit vector of i-direction in the coordinate
        i
                      *orthogoma1 system and vj stands for the complex conjugate of Vj.



115

One can determine the mode of acoustic waves by solving eqs.(7.2-3)

and (7.2-4) and acoustic power propagation is estimated by using the

field parameters[vi] and [Tij]• Here we consider the boundary

conditions which is very important to solve the acoustic tield-

equations. The boundary condition of [vi] is obtained by assuming

that the particle displacement velocity v is continuous at the

boundary surface(bonded-surface), which is expressed by,

                  [Vi]l= [Vi]2 (7.2-6)
where the subscripts 'l' and '2' refer to the specimen 1 and 2

in Fig.7.1, respectively.

                                                 <Ool>

           Fig. 7.1. SchematicaJtranganant of acoustic-

           wave injection for CdS-ZnSe and CnS--Znl]e sys-

           tms where e is the angle between the propa-
           gationvector of injectExil smmd wave and [OOI]

           crystal direction in the (llO) plane.

We also assume that motion of the boundary is ignored and that

the external traction force is continuous at the interface surface

between the two bonded specimens. Erom the above assumptions
one can obtain the boundarycondition of stress cornponent Tij as,

                 [Tij]1' [n] = [Tij]2:[n] (7.2-7)

z y<8goE>"<fto>
x: x :

N

i(i)
-----e------ -e-w--.-->v(2)

CdSrZnSe,ZnTe<O
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where [n] is the unit vector normal to the interface surface.

Procedures to obtain the transmission and refiection coefficients

of the acoustic energy are as foliows. First we solve eqs.(7.2-3)

and (7.2-4) using the bCundary condition (7.2-6) and (7.2-7).

Next we evaluate the acoustic poynting vector [Pac] for incident,

reflected and transmitted waves. Finally we calculate the reflectiQn

and transmission coefficients. rn the present we carried out such

calculations for the case of CdS-ZnSe and CdS-ZnTe bonded systerns.

Now we estimate the transmission and reflection coefficients of

acoustic waves in the special case of CdS--ZnSe (CdS-ZnTe)system.

We adopt the 'Åëartesian coordinate system with X-axis normal to the

interface surface. The c-axis of CdS is fixed and parallel to the

Z-direction, while the bonded specimens are cut so that the X-axis

(long-dimerision)makes an arbitrary angle e with the [OOI] crystal

direction in the (llO)plane. The elastic stifÅíness constant

matrix of CdS with 6mm symetry is givn by,

                Cll C12 Cl3 O O O
                                      with                gli Ccll13 g]i g g g ,c66=(cll-•c12)/2 (7.2-s)

                                                             '                 O O OC440O
                 ooooc                                 o                              44
                 o o oo oc                                 66

The bonded crystals(ZnSe and ZnTe) belong to the class 43m and

the matrix of elastic constants is given byr

                 CU C12 Ci2 O O O
                 Cz2 Cn c12 o o o
                 Ci2 C12 CllOOO (7.2--9)
                  O O OC440O
                  O O O OC44 0
                  o o oo oc                                  44
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    As illustrated in Fig.7.1, however, the crystal axi$ of bonded

speciraen is rotated in the (llO) plane. Therefore the matrix given

by eq.(7.2-9) cannot be used directly in the case of the coordinate

system. In such a case, it is very advantageous to apply a trans-

formation of the matrix to the coordinate system in Fig.7.1.

The detail of the transformation is given in Appendix ZIZ and the

tinal result is
                  CII CI2 C!3 O C!s O
                  CI2 C52 C53 O C5s O
                  CI3 Cb'3C5'30 C5s O (7.2-•lo)
                   O O OCZ4 O CZ6
                  cls css cgs o cb's o
                   o o ocz6 o cg6
Where Ct':'s are given by eq.(AUX--7) in Appendix. In the present
       l]
configurqtion, the acoustoeJectric domain consists of shear wavest

and thus we can put [v]z=[O,O)vzr] for the atomic displacement

velocity and [k]I=[kr,OtO] for the•wave vector of the incident

acoustic waves. For simplicity we sssume that the incident wave is

expressed by a plane wave; that isr

                                            '
           [v (x)]r= [z]A.exp{i (- k!x+co t)} (7.2-11)

where bracket is used for vector quantity and [z] is the unit vector

in the z-direction. In a similar fashion we can describe the

reflected and transmitted waves in the foUowing forms;

          [V (X)]R ` ([X] B.+ [Y]By+ [z]B)exp {i.( kRx+co t)} (7.2-12>

          [V (X)]T " ([X] D.+ [y]Dy+[z] D.) exp{i(-kTx+tut)} (7.2-13)

                are the wave vectors of the reflected and'trans-where k         and.k       RT
mitted waves, respectively. Using these expressions we can derive

the stress for the incident, reflected or transrnitted waves by sub-

stituting eqS.(7.2--11)i(7.2-12) or(7.2-l3) into eq.(7.2-4). .
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The coefficients Bi and Di are determined by using boundary condition

eqs.(7.2-6) and (7.2-7) which can be rewrttten as,

            [Vi(O)]T + [Vi(O)]R=[Vi(O)][D (7.2-14)

            ['Tij(O)]I+ [Tij(O)IR=[Tij(O)]T (7.2-ls)
                '
The results are sumarized in Table 7.rr where the particle dis-

placement velocity[v], phase velocity Vp, stress Tij and complex

acoustic poynting vector [Pac] are given for the incident(acousto-

electrically excited), reflected and transmitted waves. In general,

the reflected waves consist of one pure longitudinal(PL) and two

pure transverse(PT) mode acoustic waves, while the transmitted waves

are puretransverse(PT), quasi longitudinal(QL) and quasi transverse

(QT) mode coustic waves. In Table 7.I we used contracted notation

for stress and
         ctÅ} == i {Cgs+CilÅ}((Cgs-CII)2+4cis2)1/2} (7.2-l6)

         BÅ} = <C S. l- orÅ}) /C I.s (7.2-z7)

     From the obtained particie veiocity vectctr [v] we can calculate

polarization angle Åë.. and ÅëiÅë.-900 for the QT and QL waves excited

in znSe and ZnTe, where the angles are defined by the angles between

the propagation direction and the particle displacement. In Fig.7.2

the angle Åë. is shown as a function of the angleewhich is defined

in Fig.7.1. The solid(ZnSe) and broken(Zn[Pe) curves in Fig.7.2

are calculated by using the elastic stiffness constant obtained by

the present work (which will be shown later section). Acoustic

poynting vectors for the refZected and transmÅ}tted waves are calcu-

                                                          .Iated by substituting [v] and [Tij] for each acoustic rnode mto
                             'eq.{7.2-5). The reflection and transmission coefticients are defined
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 by the rat:o of the reflected and transmitted Poynting vectors

 to the incident one. The calculation is straight forward if we

 use the particle velocity and stress given in Table 7.I. The ref-

 lection coefficient R and transmission coefficient T for the                      pp corresponding acoustic modes are as following:

                           B++yB.--T 2
                 (Rp)PT=( )                                                       (7.2-18)

(T )
 P

=-[

 (Rp) PL = (

pe ct+{ a+BIil)

B++"YB.p+ T

 CII
     )l/2
 C44

2+B?} ]l/2

{

and

2(1+Y)

QL       pC44

p ' ct .. { (1+B2) 2+B2}

(

B++yB +T

     2

1(T )
  P =[

}2

 l12 (]

B++yBd+ T

   2Y

)l12

)i/2

QT pC44 B++-y B-+ T

(7.2-•19)

(7.2-2e)

(7.2-21)



                             l20

                                     1/2                           l/2                              +(p'ct+)where (PCII)             Y=-(5tEIII5T72;:cl) +(T5t;-8I:-iT71,.) (7•2--22>

              T= pt(P'ct+)l/lpB+cii?'or-)1/2Y6 (7'2-2i)

and p' is the mass density of the bonded specimen. The elastic

                    in eqs.(7.2-18)-(7.2-23) are for CdS. Pure             and CconstantsC          u                 44
transverse acoustic waves with atornic displacement parallel to the

y-direction are not excited in the reflected and transmitted waves

due to the fact that the incident waves are pure shear waves with

atomic displacement parallel to the z--direction which are generated

by acoustoelectric effect.
           '     In Fig. 7.3 we plotted the efficiencies of reflection Rp and

transmission T for each mode in ZnSe(solid line) and ZnTe(broken-              P
line) which are calculated by using the elastic constants determined

from the present work. It is found in Fig.7.3 that the trans-

mission coefficient for the quasi-transverse mode is about 95 g and

reaches about 99 & in a typical case(eL-.50). The transmission coeffi--

cient Eor the quasi longitudinal acoustic mode is les$ than 5 g. .
                                             jThese results are evident from the fact the incident wave is polarized

parallel to the z-direction and thus the polarization direction of

the transmitted wave is strongly polarized in the z-direction .

The quasi longitudinal waves are excited weakly because the polarization

direction of the QL waves is alrnost parallel to the x-direction as

shown in Fig.7.2. These resuits a=e consistent with the experirnental

observation stated later.
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Table 7.!. [Ilhe particle Displacement velocity[v] , the phase velocity Vpr the st) ess crr4ponents[T] arxl

                               ] of incident, reflected and trans;nitted acx)ustic waves.the cxxrrplex acoustic Poynting vector[P
                             ac

Znciderrtwave:[PT--mode]
l/2[v]l=[z]A.(PT),Vp=(C44/D, [Ts]=-(pc44)i/2A.(pT)

[Pac]=[X]}A,(PT)2(pC44)l/2

Ref1ectedwaves:
PL--mode PT-mode PT-rnode

[V]R=[x]Bx(PL) [V]R=[Y]By(PT) [z]R=[z]B. (PT)
l/2Vp=(C66/P)By(PT)

Vp=(C44/P) l/2

1/2B<PL)[Tl]=(,PCII)x l/2[T6]=(PC66)By(PT)

[Ts]=(PC44) l/2Bz (PT)

[Pac]=-[x]liB.(pL>2(pcll)1/2 [Pac]=-[X]iBy(PT)2(pc66)l/2[p 1ac]=-[X]iB 2(pc44)i/2

Transmittedwaves

PT-mode QL--mode QT-mode

[V]T=[Y]Dy(PT) [v][p=([x]+[z]B+)D.(QIJ) [v]=([x]+[z]BT

-
)D(QTi)x

v=(ct/p')p- 1/2

1/2[[D6]=--(P'Cg6)Dy(P[V) [Ti]=-(p'ct+)i/2D.(QL) [Tl]=-(P'ct- )1/2D

[P..]"[x]llDy(pT)2(p'cg6)1/2 [[I?s]=-(P'ct+)B+D.(QL) [Ts]=-(P'ct- )1/2B D(QT)-x

[Pac]=( [x] (1+ B?)+[z] 3Iil)

    }Dx(QL)2(p,ct+)l/2
[Pac]=([X](l+B
     lllDx (QT) 2

2)+[.] B2)

(p,ct )1/2
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7.3. Application of Acoustic Injection to an Investigation of

      Elastic Properties '
     In the previous section we found that the three kinds of

acoustic modes (PT,QT and QL-modes) can be excited in the end

bonded specimens by the acoustic injection. The theoretical trans-

mission coefficients of complex acoustic Poynting vectors in the

CdS-ZnSe and CdS--ZnTe systems are •found to be more than 900/o for the

arbitrary propagation directions in the (llO) plane. Observed

transmission coefficients in the present experiments (Fig.7.4) are

smaller than the theoretical values, which seems to be due to the
                                        'boundary energy loss. We can confÅ}nned experimentally that the

considerably strong optical signals (scattering signals) can be

detected by using the such injected sound waves. The intensity of

injected acoustic power observed in the present measurements depends

upon the quality of bonding contact and one can find in Fig.7.4

the maximum transmission coefficient of acoustic Poynting vector is

about 500/, for the O.1 GHz acoustic phonons. Experimental trans-

mission coefficient depends on the frequency of the acoustic waves

and decreases with increasing the frequencyr as shown in Fig.7.4,

where the results on the pure transverse (PT) waves propagating in

the [llO] plane are given for exarnple.

     By using various kinds of injected acoustic waves we carried

out the following experiments: (1) deterrnination of the three in-

dependent elastic stiffness constants (cntcl2 and c44) in the

ZnSe and ZnTe, (2) deterraination of propagation ioss ctL (nOn-

electronic lattice loss) of the transverse acoustic waves in ZnSe

and ZnTe in the range of frequencies O.5Nl.5 GHz. Measurements

are performed by using the sirnilar experimental arrangement

inchap.IU.but for the light source of He-Ne laser. In order to

obtain a good bonded contact we covered the contact with araldite,
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which avoided unwanted signals frorn •electro-1uminescence near the

anode of CdS.

7.3.1 Determination of Elastic Stiffness Constants in ZnSe and

        ZnTe

     We have carried out the ineasurements of velocities of quasi•-

transverse sound waves propagating in the several directions in

the (llO) plane. Phase velocities of propagating sound waves were

estimated frorn the time deiay of scattered light signaZs as a

function of the probing positions. In Fig.7.5 and 7.6 we plot the

experimental sound velocities as s function of propagating direction

in ZnSe and ZnTe, respectively. The measurements were made by

using QT mode waves of l.OGHz for ZnSe and O.8GHz for Zn[Ve. As

shown in Table 7.1, the theoretical sound velocity of injected

QT rnode into ZnSe and ZnTe is given by
          vp.(ll/t)l/2.[cgs+ cltl-2iicgs-CXI)2+4cls2 )1/2 ]l/2 (7.3-1)

where ChrCgs and CIs are represented by three independent eZastic

stiffness constants OlltC12 and C44 Of ZnSe and ZnTe (See eqs.(A.rrr-

7) and (A.IU-4). Therefore the phase velocity observed in the

present measurements can be calculated as a functiOn Of CzltC12tC44

ande. Three independentelastic stiffness constants of ZnSe and

ZnTe are obtained as set of three parameters which give a best fitted

theoretical curve of phase velocity to that of experimental curve

as shown in Figs.7.5 and 7.6. From the least square fit of experi-

mental data points to the theoretical curves(eq.(7.3-l)) we obtained
                                                             11the follow'ing three parameters;Cu=8•55t Cl2=4•49r C44=4•OIXIO
 (dyn/cm2) for znSe and Cn=7.36r C12"5•43, C44=3•50 fOr ZnTe,

which'are surnmarized in Table 7.II together with the results of
Lee88) and Beruncourt121)
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Table 7.!:. Values of the elastic stiffness constants obtained

by the best titdng.

presentwork Leeet al. Berlincourt et' al.

ZnSe]CUCI2C44
8.554.494.01(dn/cm2)

Cll•

8.59

c12

5.o6

c44

4.0
CnC12
8.104.88

c44

4.41

ZnTe]CnCl2C44
7.365.433.50

c11

7.Il

Cl2

4.07

c44

3.13

CuC12
7.l34.07

C44

3.12

7.3.2. Frequency Dependence of Attenuation Coefficients of
       Injected Sound Waves in ZnSe and ZnTe

     The a•ttenuation coefficients of appropriate acoustic frequency

can be obtained from the measurernent of the intensities of scat-

tered light signals as a funtion of the probing position. rn the

present study the measurernents are carrÅ}ed out by using the T2-

mode acoustic waves propagating along the [OOI]([110])direction

with shear polarization paraUel to the [llO]([OOI]) direction in

ZnSe(ZnTe). The results of ZnSe and ZnTe are shown in Figs.7.7

and 7.8, respectively. The frequency dependence observed in the
                                l.45                                                      1.2present work is of the form :orLctf for ZnSe and ctLctf                                                         for ZnTe,

which are inconsistent with the theoretical frequency dependence

of Akhieser loss7where orL is proportional to the square of fre-
quency; orLccf2. Departure from f2-dependence is also observed in

a survey of othex rnateriais?6'37'i22) it is not ciear why the

f--dependence is not quadratic. However,Mineri23) has pointed out

that a strong frequency dependence for therrnal phonon life time

itseif gives a deviationfrom Akhieser type frequency dependence.

Tsubouchi and Mikoshiba have proposed that such a non--quadratic

frequency dependence reflects non-Unear phonon-phonon interaction
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in the strong flux limit. rn the present method the energy density
of arnpliÅíied acoustic waves in cds ranges from io7 to io9 in the

frequencies O.IN2.0 GHz. From the measurement of scattered light

intensity by injected sound waves one can find that the energy of

injected acoustic flux is neatly same order ot' the flux in CdS

and thus we cannot neglect the non-linear interaction between the

phonons. Such an effect seerns to explain the departure from the
 2f -dependence.

7.4. Summary

    A treatment of acoustic transmission theory is given in order

to determine the modes and intensities of injected acoustic waves

into ZnSe and ZnTe. It is found that the three acoustic modes

(PT-,QT-, and QL--modes) can be excited by the domain injection.

From the analyses the transmission coefficients of acoustic Poyn-

ting vectors in CdS-ZnSe and CdS-ZnTe systerns are found to be higher

than 9506 in the case of QT-rnode acoustic waves. By using such

strong injected acoustic packets the measurements of Brillouin
scattering are performed and three independent elastic - stiffness

                          are determined in ZnSe and ZnTe.                  and C              ,cconstants; C               12                       44            11
Attenuation coefficient ctL of the transverse acoustic waves are

also determined in the frequency range of O.5 to 1.5 GHZ.
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Chapter VIH Conclusions

     The results and conclusions obtained in the present work

are summarized as follows:

l) The relevant photoelastic constant Pijkl concerning to the

resonant Brillouin scattering for different acoustic phonon

modes are determined by using the classical light scattering

theory.

2) Observed dispersion spectra of Brillouin scattering cross

sections by TA phonons show a sharp resonant enhancement near

                      -critical point) and also show a resonantthe fundamental edge(M
                     o
cancellation(antiresonance) just below the edge in CdS abd ZnSe.

3) :t iS found from the microscopic light scattering theory

that the electronic virtual excitations of holes( or excitons)

associated with the p-like valence bands(r7 and rg) have an

important role in the resonance effect in semiconductors.

4) Tn order to explain the observed dispersion spectra of the

resonant Brillouin scattering cross sections 2-- and 3-Band models

are proposed which take into acoount of the transition process

of the intermediate virtual states associated with the valence

bands.

5) Microscopic expression of Brillouin scattering efficiency

taking into account of the exciton contributions was found to

explain the experimental dispersion spectra of scattering cross

sectzons .

6) The general formulation of resonant Brillouin scattering is

derived frorn the treatment of non-linear susceptibility and from

this analysis we find the theoretical resonant dispersions of

Brillouin scattering efficiency in the higher photon energy

regions(Ml, M2 and M3-critical points in addition to Mo-critical
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point) .

7) Antiresonance-structure in the disperion curves can be explained
     '                                                                 'by the fact that the sign of resonant contribution arising from

Mo-critical point is different from that of nonresonant contri-
                             'bution arising from the higher energy M2-critical point.

8) Dispersion spectra of Brillouin scattering cross sections by

mode converted-PL mode phonons are found to show only the reso--

nant enhancernent near the intrinsic edge of CdS and never show the

structure of resonant cancellation.

9) We find in the analysis of piezo-birefringence theory that the

                   .relevant photoelastic constants Pijkl passes through zero while

under going a reversal in sign and the features are closely

related to the mechanism of resonant cancellation.

10) In the present measurements of optical modulation induced by

the propagating acoustic domain we observe a deep and narrow
                   ominimum around 5600 A in CdS.

Il) Present dispersion curves of opticai rnodulation are essentially

different from those of optical rnodulation observed in n-GaAs,

where the mecinanisrn in the latter case is believed to be associated

with Franz-Keldysh effect induced by the piezoelectric field in

the domain.

I2) The domain induced optical modulation in CdS cannot be explained

by the edge-modulation through the Franz-Keldysh effect but the

mechanism seems to be associated with the resonant light scattering.

I3) The crystal syrnmetry induced selection rule of Brillouin scat-

tering has broken down in the photon energy region near the

fundarnental absorption edge in CdS.

I4) Observed Brillouin scattering efficiency under the forbidden
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polarization conditions shows steep resonant enhancemen•t near the

intrinsic band edge of CdS.

15) [rhe electronic virtual excitations of spin orbit splitt oEf

betnd play a very important role in the resonant•-forbidden scattering

by piezoelectrically active TA phonons.

16) It is found frorn the analyses of acoustic transrn.ission theory

that three kinds of acoustic phonon Tnodes(PT-, QT, and QL-modes) can

be excited in the end bonded ZnSe and ZnTe crystals when we choose

proper crystal axis.

I7) !njected acoustic waves of quasi-transverse mode are achieved

and the attenuation coefficients ctL of the propagating acoustic

waves ih ZnSe and ZnTe are measured by making use of Brillouin

scatter ,ing technique.

18) The three independent elastic stiffness constantS Cll, C12

        of ZnSe and ZnTe are determined from the measurements ofand C     44
usual Brillouin scattering by rnaking use of acoustic injection

technigue.
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Appendix I. General Formulation of Resonant Brillouin Scatterin

                --            in Higher Energy Regions '
     The resonant behavior near the fundamentaZ edge of semicon-
ductors can be explained by Loudon's theory20) or by the expression

Of Pijkl(co,Mo) Of eq•(2•7-l9)•. In this Appendix we discuss the

resonant light scattering in a higher photon energy region.

[Vhe general formulation ofAe2(totcoq) developed in Chap.rl is very

usefui for the present discussion, which is given by
 Ae, ( co , tuq) - li' :2 [ S (fi co.'.":g"E7il )(R )')dk + .h .S,(IIIi-:2" (,liX • dk (Ar -o

                          cv                                           q                                              cv
where A2=2Al/<2")3and the 2-Band model is adopted for simplicity.

After a sirt }ple calculation eq.(AI-1) can be written,

             rAAe2 ( tu , coq) f Å}.h. Åí2 [ 6 ('h tu "' e.. ('k• ) ) dlE- 6 ('h al Å}htoq-eq.,(lt) ) dl? ] (Ar-2)

              q
As well known the imagi :ary part of the dielectric constant e2<co)is

defined as; e            e2(al)" 2 21"e•p..I2 6(6tu-e..(t))dli? (Ai--3)
                  TM co

Finally one obtains the expression of the change in the imaginary

part of the dielectric constantAe2(tu,coq) induced by the acoustic

phonons by using the general expression of E2(co),

        Ae2(co) = - .-r -ii. (nq+liÅ}} )ski•:-ki g/lfLi (Ai-4)

By an analogical treatment one also obtains the expression of el,

                      l 11 nkl dei
                                                        (AZ-5)        [Aex(CD)'1]=-f-e(nq+iÅ}-2)Skl: d-co

Equations (AI-4> and (AI-5) are simple but important formulation in
the estimation' of resonant enhancement at higher energy critical

points(Ml,M2, and M3-criticaZ points).
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type critical points are

phonon induced change Ae                       2
                  76)know de2/dtogiven by,
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for three

derived by

<co) can be

dimensional Mo, Ml, M2 and M3-
                      71)     70)         and MatatagUi. Acoustic Batz

 evaZuated from eq.(Ar--4) when we

[Mo]: de2/dto

[Ml]: de2/dco

[M2]: de2/dco

[M3]: de2/dto

 ( llf'L (to-`Dijo) Ti/2

 i itf1 ,( cogl'- to) -1/2

  [lil:tL (to-cog2)-1/2

"( 5 l' `cog3-co)-i/2

(to<to

(al>co

(co<co

(to>al

(to<co

(co>co

(al<tu

(al>co

go
go

gl

gl
g2

g2

g3

g3

)

)

)

)

)

)

)

)

(A!-6a)

(Ai--6b)

(AZ-6c)

(Ar-6d)

The change Ael(co) which determines the resonant behavior in the

light scattering is obtained from the expression of de2/dco by using

Kramers-Kronig transforrnation, which is summarized in the following.

[Mo] :Ae1(tu) ccdEl/dco

[Ml] :Ael(co) ccdel/dco

[M21 :Ael(co) ocdel/dto

[M3] : Ael (co) ccdel/dut

isl:

lgs

       )-1/2+(. v.)•-1/2j (.,. )[ (co+co

     go                             go              go
                               )                         (di>co
                             go
                               )                          (al<co                             gl
1[( co -' wgi) -1/2] /2 (to'cogl)

t2 [ (co +Wg2) '1/2+ ( utg2 '- ul ) -1/21 /2 ( to<tu

                            (to>w
                               )                         (to<co                             g3
       )]/2 (tu>al[(co-co                               )     g3                             g3

 (Ar -- 7a)

 (Ar-7b)

 ,-i )

g4
   (AI -- 7c)
  )g2

 (Ar--7d)

The

to

 feature

the Ae       1

'of

(Ck} ) )

resonant behavior oE the Briliouin

 for three dimensional Mo,MltM2 and
                            `

tensor(corresponds

 M critical  3
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critical point. This prediction

of Cardona, who estimated the

Appendix I!. Correction of Strong

 points are schematically shown in Fig.Ar.

We find from the figure that the resonant

behaviors of Mo-- and M2-criticaZ points

are quite similar but for the sign. :t is

also clear that contribution of Ml- and

M3--type critical points to the total

scattering efficiency in the region of

fundarnental edge is negligibly srnall

because the contributions from those

critical points are signifieant only in

the photon energy region hal>hoogl(hcog3)t

where 6ut           and hco                   are the energy gaps        gl                g3
of the Ml and M3-critical points. Then

we suspect that the nonresonant contri--

bution to the total Brillouin scattering

cross section in the transparent energy

region onginate mainly frorn that of M2"-

 ' is consistent with the appointment
                                       72)
  nonresonant contribution from Penn-gaP

     Absorption and De letion of
lncident and Scattered Light in Anisotropic CrYstals

                                                               .
     We present here a derivation of the forrnula to relate the scat-

tering cross section uB with the measured values of Is and Io, where

we properly take into account the birefringence and the difference

in the optical absorption coefficients for the incident and seattered

light. The light intensity Z(x') propagating in the rnaterial is
                                              'expressed by,

     ' I<x'> =roexp[- (ct i+uT)x' ] (AIz-- l)
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where Io is the inctr rlc-}nt iight intensity, ori is the absorption

coefficient of the incident light, and 6T is the totai Brillouin

scattering coefticient. The total scattering coefficient a[D is
defined by the relation rt=I2exp(--uTb'), where IOt i's the trans-

mitted light in the absence of any scattering, It is the light

transmitted after depletion by scattering, and b' is the optical

path length. The quantity uT describes how much light is scattered

out of the incident bearns by phonons of all possible wave vectors

that can contribute to the scattering. The differential scattering

intensity dls(x') during the optical path between x' and x'+dx'

in the material is given by,

        dls (x') = roexp [- (ct i+oT)x']uBdx 'dsts, (An -- 2)

where d9s is the solid angle determined by the cone angie of the

detector. For the Brillouin scattering in a birefringent material,

the angles of incident and scattered light(ei and ed) with respect

to the normal to the sarnple are different in general. When we

define a distance x by x'cosei, x is the effective optical path

length along the direction normal to the surface, and eq.(AZI-2)

reduce bo
           dls(x) =roexp[-(cti+uT)x/cose"uBdxdsts/cosei. (Azl-3)

Light intensity scattered at the point x', is also decreased by

absorption and scattering during the path length x"(=b'-x'),

             =b-x, and b is the width of the sample in the scatteringwhere x'cose            d
plane. Therefore the actual Brillouin scattered Zight intensity

             drs (x,b) = drs (x)exp[-- (ctd+oT>x"]

                                                  cose. x                = zoexp[- (cti--ctdcosei/cosed)+aT(Z- cosedi) 6TtST6";.

                  (ad+oT)b
                - cosed ]XaBdXdstsicoseit (Ari-4)
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where ctd is the absorption coefficient of the scattered light.

:ntegratlng eq.(Arl-4) over the sample width, we obtain

     Lt. aBdsts exp[- (ctd+aT)b] ,
     ro (cti-ctdnd/ni>+crT(1-nd/nP cosei
                             '       x( l-exp[-{(cti-ctdnd/ni)+uT(Z-nd/ni) cobs . ]) (A:r-s)

                                               x
                                                   '
where ni and nd are the refractive indices for the incident and

scattered light, respectively, and we used a relation nicosei

ndcosed. Noting that lnd/ni-ll<<1 and (ofi'ofdnd/ni)>>oT(1-nd/ni)

near the absorption edge(ctd>>uT) we find from eq.(Ar:-5)

                    dst          zo           s Bs          g = (cti--ctdnd/hF.) exp[--adb/cosed]

         ' Å~(1-exp[-(ori-ctdnd/ni)b/cosei]) (Azl-6)

rn the region far frorn the edge((cti-ctdnd/ni)b/cosei<<i> we obtain

          z         iE = oBdstsbexp[-(ctd+oT)b/cosed]/cosei, (A:z-7)
           o

Or i:t=oBdstsb/cosei • (ATz-s)
                                                    'where rdt js the transmitted bearrt for the light pola4zation in

the sarne direction as the scattered iight.
                                            .
ALIgRg!!stlL2s-.IE!I=-rlX Re resentation of Elastic Constsnt Tensor for
             i             Arbitrary Coordinate System in Cubic Cr stals.

     The following analysis can be applied to all cr\stals with

cubic system. As we mentioned in Chap.V:Z, a ZnSe(ZnTe)crstals

is bonded to a CdS specimen and the long axis of the ZnSe makes

arbitrary angleewith respect to the [OOI] crystal axiF in the

plane. Therefore the analysis can be very sirnpZified when the

an

(110)
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elastic constanit matri•x is expressed in the new coordinate

system where x axis is taken to be the long axis of thd specimen.

For this purpose we apply the following procedure. First, the

ZnSe(ZnTe) crystal is rotated around the [OOI] axis by 450 to
      F
1ocate the (llO) plane parallel to the x axis, and we obtain the

elastic constants Cijkl in this system. Secx)nd the [OOI] axis of

the crystal is rotated by an angle e in the (UO)piane and we

obtain the elastic constants Cl'jkl in the coordinate system. When

a rotation is applied to coordinate system rj, we obtain the new

coordinate system ri as ri=aijrj, when [aij] ia unitary trans-

formation rnatrix elernent. The elastic constant C is transformed                                               pgrs
by the rotatiOn tO Cijkl:

              Cijkl=aipajqakralsCpqrs (Aru-1)
The transfonnationLmatrix [aij] is given by

                 i/E i/n o
         [aij]= -i/1-2 yn o (Airz-2)
                  o oo
for the 450 rotation around the [OOI] axis. Therefore we obtain the

foilowing expression for the elastic stiffness tensor,
                     '               Ch Ci2 ci3 o o o
               Ci2 Ch Ci3 O O o
               C'l3 Ci3 C53 OOO (AIIr-3)
                o O O C4400
                o o O OC440
                o o o OOC66
with      Cii(Cu+C12)/2+C44, Ci2=(Cn+C12)/2'-C44, Ci3=Ci2

      CS3=Cn, C44=C44, and C66=(Cn-C12)/2 (Azrz-4)

where contracted notation is used. The seoond step of the trans-

formation is rotation of an angle around the new axis y'(=r>) and

the corresponding transformation rnatrix is given by,
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           '
               cose o -sine

        [aij]=O 1 1 ,(AII:-5)
                sine o cose
    'Using this matrix and the relation of eq.(Artt-1) we can obtain

the elastic stiffness tensor matrix [Cl'jkl] for the system in

Fig.7.1; CXI C!2 CI3 O C"ls O
              C"12 Cl2'2 Cll3 O C:i's O

              C"13 C"23 C"330 C5s O (AUZ-6)
                o o o ca4 o cZ6
              CIs C5s C5s O Cgs O
               o o o c4'6 o cg6
Where

c i, i.chcos4e+2ci3sin2ecos2e+cs3sin4e+c44sin22e ,

    'ci2=ci2cos2e+ci3sin2e ,

     ci3=chsin2ecos2e+ci3 (cos4e+sin4e) +cs3sin2ecos2e-c44sin22e ,

     C"22f Cil'
     C53=ci2sin2e+ci3cos2e ,

     C5s" (Ci2-'Ci3) sin2 e/2 ,
     cs3=chsin4e+2ci3sin2ecos2e+cs3cos4e+c44sin2e ,

     Cb's"{(Cii-Ci3)sin2e+(ci3--cS3)cos2e+2c44cos2e}sin2e/2 ,

     C44=C44cos2e+c66sin2e , . '
                             '     C46=(C66-C44)sin2e/2 , ,
     Cgs=(Ch-2Ci3+CS3)sin22e!4+c44cos22e ,

     cg6=c44sin2e+c66cos2e . (Azu-7)
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