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SUMMARY 

Multiphonon resonant Raman scattering up to four phonons in Ga Se 
and one and two phonon resonant Raman scattering in the mixed Ga S Se, 
crystals with x £0.23 have been investigated. The results can be explained 
by a simple theory in which the dispersion of the resonance behavior iB 
mainly dominated by resonances with the Is direct exciton state. 

I - INTRODUCTION 

Resonant Raman scattering (RRS) around excitonic transitions in 
solids has been a subject of extensive investigation in recent years (1)> 
Among the various semiconducturs, the layered GaSe and mixed GaS Se 
crystals seem to be particularly worth studying. They have direct as well 
as indirect exciton states near the band gap with relative positions varying 
with x. In this paper, we present : i) recent measurements on multiphonon RRS 
up to four phonons in pure GaSe and ii) one and two phonons RRS in GaS Se 
with x < 0.23. 

The layered compounds GaS and GaSe form a continuous series of mixed 
crystals GaS Se with 0 < X < 1 (2). The crystals structure show three 
different types of stacking of the layers which have been described in the 
literature (3). 



Opt i ca l s tud ies inc lud ing absorp t ion (2) ( 4) , r e t l e c i ion . i ) and j.l.uti. lumincsct: .e 

(2) '6) have been repor ted r e c e n t l y , i t was found t i u t in each mixed c rys ta l 

GaS Se. a t l iqu id U t empera ture , there e x i s t a d i n - e l excicon a t (7) : 
X l - H i 

( I ) u d (X) » 2. !02 • 0.728 X leV) 0 •- X < 0.2 

with a b inding energy oi 20 ncV, •ind ..: i n d i r e c t i x c i t o n a t t'.') : 

( 3 1 ui . (X ) »• J . 0 6 4 • 0 . 5 J 0 .< (c 1 . 0 < X < J . 2 

with a binding energy of - 34 acV. Fur >•• • u..i, these exciumic transi­
tions fall within tue tuning tango of rhodatune '. C, rnodamine 110 and 
coutnnrine 6 dye lasers and hence HRS avJSv:.U'Cti around these transitions 
can be done fairly easily. 

The ptti'iton modes of GaS Sc, _ i,.:ve U u s stuiaed by infrared (8) 
and non-resonant Kanur. spectroscopy (8) i, Ji.'' -rrcspondir.g to change in coRpo-
sition of the mixed crystals, suae phoneu t?.-..des sh-.-w the two-Bode behavior, 
while others show either '.ho one trade cr u.c U:.il :u Je behavior (9). It is 
interesting to see how the various ncics i».:,..ve as thv •xciting laser 
frequency varies iv.utid the vxci tonic t: .r.i -.-.: i sus. Sn.!, study has already 
been reported in pure ilaSc crystals 11 -J .>. .:.«. .., " »i.'0 mode at .N7 cm 
and E * (LO) mod. .it ;s> cm respect t v. v si.ui. .. firing resonance enhancement 
while the two A,' najei at itj and 310 a.-. ' .:. w ...;. ic;;s apparent resonant 
behavior as the exciting laser frequency a; [ i oaci.i. ••. u.e direct eXeiton. 
The strong enlianceaent of the two 1.0 modes j:'tu.''.'.v.! :.'. mixed crystals with 
X ' 0.1) is presumably due tu the Froli-: i ..• v taei i;.n between 1.U plionons 
;md excicons. in particular, the V ':..• , v, J.;-_II • i'^ cm ) appears to couple 

most strongly with the exciton states. .v.* i tciuli, •..•«• were able tu observe 
multiphonon nodes u,i t„ four phono-.ts in. ,-. i..̂  '. ' v" ;!.o) in pure (iaSe and 
2K' (LO) nodes i:i the mixed crystals. 



II - EXPKROgSTS ASP RESULTS 

Our experimental set up has been described elsewhere (1). Monocrystelline 
samples of GaS^ S e ( _ x cith X»0, 0.05, 0.12, 0.17 and 0.225 were grown by the 
Bridgman technique. Back scattering from a polished surface parallel to C was 
used in the owasurements because of the larger oscillator strength in this 
configuration ( I I ) . In order to reduce the luminescence background to a tolerable, 
level without appreciably broadening the exes ion Unevidths, the saoples were 
iemersed in liquid N. during the measurements. 

Our experimental results are presented in Figs. 1,2 and 3. Figs. I and 2 
(2) 

give the RAMAN cross sections of the one and two phonon E' (LO) nodes respec­
tively, as functions of laser frequency and tasple composition. Pig. 3 gives 
the Raman cross sections of the 3 E , ( 2 > (LO); , K , < 2 ) (t.0) • A", (310 so" 1 ) ; and 

(2) ' 
4E' (LO) modes of pure CaSe. All data posm* have been corrected for absorption 
according to the following formula (10). 

a, • a • 3.93 co" ! _ . 
(3) o . « - i S . (s - R ) ' (1 - R ) ' o 

_ ( o l * tt • 3.93 cm > d l 

S - e * 

where o_ is the corrected Raman cross section,-* the uncorrected Raman cross section 
normalired over the User power ; a., R,. a . K. are the absorption coefficients 
and sample reflectances at the laser frequenc}- and the scattered photon frequency 
respectively f d is the sample thickness. The iactor 3.93 ca" takes account of 
the finite collecting depth of our lens. The absorption curve for GaSe was taken 
from Ref. (10) and those for the mixed crystals were ejeasured in our laboratory. 
The observed Raman shifts of the 1E ' { 2 ) (LO) and 2 E , ( 2 > (LO) modes for X • 0, 0.0S 
0.12, 0,17, 0.225 and the shifts of the 3E' < 2 > (LO), 2 E , ( 2 ) (LO) • A. 1 (310 cm" 1) 
and 4E' (LO) modes for pure CaSe are given in Table I. A U numbers are within * I cm 
accuracy. 

H I - THEORY 

To explain our results, we use a simple cascade theory (12). We assume (13) 
the following absorption emission processes (in decreasing order of importance) 
dominating in the n-phonon RRS : 



!) 'ncuraing photon a t _i, i-x.-ite* a:i e l e c t r o n hole (e - h) pair in the 

hand cr-ntinuua. ';hc . - i , par then decays in to the *=> 0 Is d i r e c t exc i ton by 

sue. vs&iuvly cs i i t i .ng :: phonons. The d i r c i t i ' . ^ . i (m f i n a l l y re toobinea and 

u n i t s a J t o k e s ph.-t->n at u . 

2) Incoming pi.oton e x c i t e s .in e-h .-air i:s the bant] continuum. Th* 

t'-h p a i r decays in to .1 it t 0 Is d i r e c t i s . i i a n s t a l e by success ive ly emi t t ing in 

(I 5 as 5 n - !) phnnons. The d i rec t ex : , ten ii.en recomibnea by an (n - a ) phonon -

a s s i s t e d t r a n s i t i o n and e d i t s a Stcfces ;.„,>u:-,. 

t) I n c m ng ptioton exc i t e* '.... * 

.-xcstoti then I'illu'U' rt. ' .os'j;nes by .ir i. , . 

in to the is i nd i r ec t u x ; i t c n by t a t t l i n g .1 

c-xcitosi re combines by .1" i n - l i phon.m .!•.:•: 5 

» d i r e c t exc i l cn . The d i r e c t 

. s i i s t e d t r a n s i t i o n or decay* 

n and the r e s u l t i n g i n d i r e c t 

'. rans i t i o n . 

ir-jacdt i t 1 
d in j ie rs ic 

i- .tic at-sorr It 311 curves 

•jr.'. 1' ..- 4. s 1. ". e». .:i tcr . 

the r.ii •. . u t v v i i:. n j i t i l . 

h<.- •-• c r y s t a l s are r a t h e r f l a t 
; : . . ! ! pi ' . . - , t--e can assume the 

; rescn.utces with the exc i ton s t a t e s . 
the one-piu-non ft.-ss u c t u a can tticretot> U- wi t t i e r - approxioa t ly as a d i r e c t 
product a: : I L - K I U H ; tvr::s :'or it tUc :; .u.-ut an., i i i '.he scattered photon 
etiergisi»: 

i-0 S ph A,. <^j ) * ii I-l <-*> - s > 
a(w) d e s c r i b e s lite J i t e c : eiicilaii abiorpf. 
scasurenscnts and A,, n and . , are cctist.:: 
a c t u a l l y obtained f r m t i ) , <'«j us i r i ; >,. 
Tii.- non-rcKnti.mi terms B an.! c", WOT- M-I 
r e s p e c t i v c l y f.ir a i l the l i v e c r y s t a l s ; 
Our curves f i t the e.-.pe r i s e n : a! data po. 
thi- loa ina i ie . i ai the :s d i r e c t e x e i u n . 

; 1.:. deduced from the absorption 
i t . ...w-liti t u rves in Fig* I Mere 

;.a , .is ad jus tab le parameters. 
..lis 1 .J bM) ex" 1 aud 500 cm"1 

.'.. i-, iy a noma It zing constant , 
•ct-y u-i a .md "a pos ter ior i" confirm 

By assuoiiig i l l vi-sitiuBitcs ii.tvi the i.eu..:it.-.i an i inushape , we can a l s o 
w r i t e down the approximate a n a l y t i c a l ixp-.cssioii f . r the two phonon Raman cross 
section as : 



(5) o R ( 2 M p h ) - A 2 [ ( U l - u d x ) - 2 U p h ) 2 • r d o

2 ] -' + B 2 P < B l - W ( J x - U p h . r d ) 

* [h F <"l - <"ix - V V * D

2][<"i - "dx>2 + P d o 2 ] " 

For 3 phonon RRS, we have : 

( 6 > °F ( 2 u p h * tt'ph) * A

3 [ S ^ d x " 2 u , , - u)' ) 2 + r 2 

ph ph do 

* B 3 K ( u l - u d * " 2 >' "V + C 3 F <"l ' u d x • " " p h ' V 

For 4 phonon RRS, ve have : 

(7) oR<4Upn>-A4 [ S ^ - V 2 * ^ 2 ] " ' 

* B 4 F ( u l - u d x " 3 % h ' r d ) + CU F ( " l " u d x " 2 uph'V 

In the above expressions. A., B., C., D. are constants to be used 
as adjustable parameters ;u> . , u. ,u. are the frequencies of the optical phonon, 

pn ox LX 

d i r e c t e x c i t o n a t k • 0 , and i n d i r e c t exciter , a t the bot tom of the i n d i r e c t 

exc i ton band r e s p e c t i v e l y ; !". and 1*. a re the damping c o n s t a n t s for the d i r e c t 
and i n d i r e c t exc i tons r e s p e c t i v e l y wi th r , reserved s p e c i f i c a l l y for the 
k •» 0 d i r e c t e x c i t o n . The funct ion F has the form : 

Y 
(8) F (Au , r> - i l / 2 (au - y ) 2 + r 2 ) " ' dy 

where Y is a somewhat arbitrary cut-off chosen as 3/2 times the exciton binding 
energy. The value of r. for each crystal is deduced from the corresponding 
absorption curve ; r, and r. are taken to be 2 r... (Dependence of theoretical 
curves on r, and r. is not critical). For pure GaSe, the separation between direct 
and indirect exciton states is fairly close to the phonon frequency involved. 
Accordingly, we can drop the non-resonant D- term in Eq. (5). For the mixed 
crystals, it is however more appropriate to drop the C, term. 
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The solid curves in fig. (2) were ubtabued l rom Eq. (5) with A : Bj : C, : D, • 
12 : 1 : 10 : 0' 5 : 1 : 0 : 12! and !.' : 1 : u : 22 for X = 0, 0.12, and 0.17 
respectively. The solid curves in Fig. i) were obtained from Eqs, (6) and (7) 
with A 3 : B 3 : C. •» 12 : 1 : 0.2 and 20 j I : 0.2 for 31i' C 2 ) (L0) and 2 E 1 ' 2 * (LO) + 
A ' (310 cm" ) modes respectively} and A, : H. : C/( : - i 2 : I : 0.2 for Che 
4 E , ( 2 J (1.0) mode in pure GaSe. 

It is seen that the solid theoretical i.urws in Fig. 2 deviate 
Iron the experimental data at the low energy :a.l. i'hia is because we have assumed 
a Lorontzian lineshape for all the transit i.:is w.vuived. If we replace the 
Lore::tiian function in Eq. (li and (9) by '-He v-jsorvcil lineshape a (u, p) of the 
direct exciton absorption peak, with r stiK being the halfuidth, the theoretical 
curvt'u remain essentially unchanged for _,, > L , ., but change into the dashed 
curves for u , <f „, • The agreement beiveen ttieevy and experiment is then 
very good. The near-c.aussian line shape of cxciidiU transitions could be due 
to inhomogeneous broadening. 

The theoretical curve for CaS, , So, .,__ in Fig. 2 was obtained with 
0 . 2 2 5 v ) . • I 3 

the s u p e r p o s i t i o n uf another Lorentz ian type, resonance a t w , — M . with p . "» 24 me 
I t then descr ibee the experimental r e s u l t s s a t i s f a c t o r i l y . This indicates that d i r e c t 
lasi'.r e x c i t a t i o n of the i n d i r e c t exc i ton is a lso o p e r a t i v e in RKS although the 
couu i b u t i o n i s r e l a t i v e l y weak. The s..uo : esaiui-.. :t peak at u , z. u - , , u a 8 *«*° in 
the raw da t a of RKS in the oilier c r y s t a l : , . ^t afti : abso rp t ion correction was 
masked off by the much s t ronger J i r c c t exc i t ' i i resonance. This i s presumably 
because t!ie s epa ra t ion between d i r e c t ..nd i nci n - . t , -xci tons in these c r y s t a l s 
i s t.'io sma l l . Althou,>:i momentum conserva t ion :.•;..i.is the d i r e c t e x c i t a t i o n of i n d i ­
rec t i x c i l o n s , stack ma fau l t s in the . r y s i a l can e a s i l y induce such a process (10) 
The ..%. ..,. resonance should a l so appe..r in tiie cne-phonns UKB in GaS Se. . 
It w i;i indeed observed in the raw data is a .i.oulder on the s t rong resonance r a i l , 
but ln't'uiuu i n v i s i b l e . i t ter absorp t ion c o t r e c t i . u. 

IV - CONCLUSION 

The good agreements between theory and experiment in Figs , i ,2 and 3 shows 
that the d i s p e r s i o n of KUS in GaS S o i _ . i ; i inJeed dominated by resonances with 
the exc i ton s t a t e s , l- 'st the weak w.'idei. e luund in tiii:, work for i n d i r e c t t r a n s i ­
t ions makes ques t ionab le tiie use of Kits .;» a ; to!'... for i n d i r e c t gaps when they 
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Figure 2. Level scheme for a spin h nuclei interacting with each other 

through the homonuclear dipole-dipole interaction. The representative 

frequencies given are for protons in adamantane in an external field of 

25 Kgauss. The populations of the Zeeman levels are described hy the 

Zeeman spin temperature T„ or the inver.se temperature 3_ = 1/k T . The 

populations of the dipolar sublevels are given by the dipolar spin 

temperature T_ or its inverse 3 n. 

http://inver.se


Shift ""-v. 
0 0.05 0.12 0.17 

• — — _ _ _ 

0.22. 
3 

E'*- • (LO) 255 254 :'. i 250 249 

(2) 2 E , v '(LO) 510 ;o9 ri 0 •* 500 499 

3E' ( 2 ).LO) 767 

<2\ 
2 E " '* AJ 821 

, E ' ( 2 ) ( L O ) 1018 

TABLE 1 : Raman shift for various one and multiphonor. modes in GaS Se 



FICUHK CAPTIONS 

F1CUKI. ] : Raman ^ r o s s s e c t i o n of the L ' " Ivj •,,od«- as a f u n c t i o n of l a s e r 

f r e q u e n c y . c> A Q # a n d A a r e d a d | i o i i . l s t o r CaS Sc w i t l i 

x • o , O.OS, 0 . 1 2 , 0 . 1 7 and O . J J ' J 1i i>; i -c t i V e l y . S o l i d c u r v e s ai'e 

o b t a i n e d f r->ci t h e o r v ii) t h e t< .-.c. 

FICURfc - : Raii.n'. t r e s s acv t .o iv c f i i-.i? iv.. ;: n 2L' ' (L0) modes a s a f u n c t i o n 

o i ias<.r i : e q u e n r y . 'J A D • .v.:: .'. a:> d a t a p o i n t s f o r GaS SS , 

w i t h >; " i, j . >i, . . ; ; , 0 . 1 ? ..: . . .'- • I e s u u c t i v e l y . S o l i d and 

d.ish>'d • nrvi ' s a r t . l a i n o d :': .:; :: : • i;; t h e t e x t . 

V_IuUKK_)_: Koaiai, . r ...s s e c l i O H s U t h e t h r e e ,;•.; : i j r p h o n o n s modes of pure GaSe 

Jb t i n t e d i t .15 t h e o r y in Che ! i x ! 
" -•• i l | I J ' - . . - . . S o l i d c u r v e s a r e 



2.1 2.2 
Tiu>j teV) 

2.3 

XBL76I-6I27 

Hi *-



•:t 



RAMAN CROSS SECTION (ARBITRARY UNITS) 


