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SUMMARY

Multiphonon resonant Raman scattering up to four phonons in Ga Se
and ocne and two phonon resonant Raman scattering in the mixed Ga Sx Sel_‘
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 is

mainly dominated by resonances with the 15 direct exciton state.

I - INTRODUCTION

Resonant Raman scattering (RRS) around excitomic transitions in
solids has been a subject of extensive investigation in recent years (1).
Among the various sewmiconducturs, the layered GaSe and mixed casx Sel_x
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 Gan Se
with x < 0,23.

l=-x

The layered compounds GaS and GaSe form a continuous series of mixed
crystals Gasx Sel_x 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).



Optical studies including absorption (2) (42, reflection {5) and plotclumingsccs.e
(2) '6) have been repovted tveceutiy. it was found thal {a each mixed crystal
Gasx Se| a3t liguid K, temperature, there evxist a dircct exciton at (7)

(1) Wy (X} = 2,102 + 0,738 X ety Q2 X e w2

with a binding vuergy of 20 meV, amd

(23 wi (X)) = UeL - U520 X (e ve X o W2
with a binding energy of - 35 meV. For v - & - w.l3, these excitupie transi-

tions £all within tae tuning rvange of rhwdaiene © L, rnedamine 110 and
coumarine 6 Jye lasers and hence HRS mrasuicrents sround these transitions
can be dome fairly casily.

The phunen wodes of Can Sci_x Lave Leen stucied by inirared (8)
and non-resonant iamas spectroscopy (B)Lii.r rresponding to change in compo-
sition of the mixed crystals, some phonen mudes showd the twe-mode Lehavior,
while others show either "he one made or the loral mede behavior (9). It is
interesting to se¢ huw the various wmedes bohuve as the exciting laser
frequency varies arvound the excitenic tiansc.iisas, Su.l, study has already
been reported in pure vaNe ceystals (tur. oo o T L) wode at da? cn-l

LN ] - 2
and E S (LO) mode ar 255 em ! respective (v shiw o BIToNg Tesonanke cnhancewment

«hile the two Al' fades at 135 and 10 on ' ew Lon tess appurent TeSOnant
behiavier as the exaiting laser frequency op(tuadtues tie Jitect exciton.

The strong enbancencent of the two L0 modes atireaolwod iv mined crvstels with
X - 0.1) is sresumably due to the Froaliol avracting belween LU phunons
and exeitons. In particular, the E'\:’ L w (255 em

. JRTRIUN

') appearg to couple

mast stronmgly with the exciton states, as o tusu.i, v were able te vbserve
. . e . .
muleiphonon mudes up G fuur phowous iuv ivi.ag gt L) du pure GaSe and

)
2E'(' (LO) modes ia the mixed crystals.



11 - EXPERIMENTS AND RESULTS

Qur experimental set up has been described clsawhere (1), Mohocrystalline
samples of GlS' Se‘_l wvith X=0, 0,05, 0.12, .17 and 0.225 were grown by the
Bridgman techoique. Back scatzering from a polished surface parallel to C was
used in the oeasurements because of the larger vscillator strength in this
configuration (11). In order te reduce the luminescence background to a tolerable,
level vithout appreéciably broadening the excitun linevidths, the sasples wera
imnersed in liquid “2 during the measuwrements.

Our oxperimental results are presented in Figs. 1,2 snd ). Fips. | and 2
give the RAMAN cross sections of the one and :wo phonon E'(z) (LO) modes respec-
tively, as functionz of lascv frequency and nample compcsition. Fig. ) gives
the Raman cross sections of the JE'(z) {LO); JE'(I) (LO) « A‘l {310 sn.'{; and
4E'(2) (LO) wmedes of pure GaSe, All data p;ﬁn:ﬁ have been corrected for absorption
according to the following formula (17).

a, va 3.9 ca-, - -1
(3) o = - G-R) T O=-R) o
(o +a *+3.93cm ) d

P - e

where % is the corrected Raman cross sectivs, the uncorrocted Raman cross section
normalized over the laser pover ; e Rl' a e K, are che ahgorption coefficients
and sapple reflectances at the lager frequency and the scattered photon frequency
respeceively ; d is the sample thickness. The factor J.9) c:" takes account of

the finite collecting depth of cur lens. The absurption curve for GaSe vas taken
from Ref. (10) and those for the mixed crystals were measured in our laboratory.
The ocbserved Raman shifts of the !E'(z) (L0} and 2E'(:) {L0) modes for X = 0, 0.05
0.12, 0.17, 0,225 and the shifta of the &Y o), 2 wor + A, 10 @™

and 4E' (LO) modes for pure GaSe are given in Table 1. ALl oumbers are within ¢ | ci'
accuracy.

11T - THEORY

To explain our results, we use a simple cascade theory (12). We assuma (13)
the following absorprion ewivsion processes (in decreasing order of icportance)
dominating in the n-phonon RRS.:



]

meeming pheton at o, oxcites an electron hole (¢ ~ h) pair in the

1)
band continuum. Che -Lopar then decays {ots the k3 O s direct exciton by

suc.gssively emitt.ng n phonons. The direot cac.ton finally recombines and

cmits a Scokes photon at e

—

2) Incoming photon excites un o=i ,eir in the baad centipuum. The
¢=h pair Jdecays into g ¥ # 0 is divecl esciton state by

b gm g n = 1) phonens, The direct cexo.ten then recomibnes by an (n - o) phonon=

successively emitting m

assisted transition and emits a Stekes aoten.

toncoming phoTon eXCilvs oo a » Jdireot exciton. The direct

cexos o then cithouy

reiumbines LY ap o, . oon-ossasted transition or decays

intu the Iy ipditect eX:itoen by esizting o poomon and the resulting indirect

exciton reoombines by an in-11 phonon aanisted transition.

Sivve Lhe

CULVes w!l o the v wrvstals are vather f£lat
irmediatly Bevord Uo dote O 2aAJLRST aiaoi) f.e i e, We (an assuma the
dispersion of the ohe curves i matnls ca. bt rescnances with the exciton states.

The spe~plwnon ¢rvss woclion call Thefeioic e Wrictlen approximatly as a direct

preduct of O otescuant ferms far i) lhe o .uent ape i1 the scattered photen

- . "
. 5 . ; Ly e L S !
{n) oy \-PhJ = A i3 (_1) Bipaos b L‘)_
alu) describes the Jirecr exciton abserpt. o poan deduced from the absoxption
measurements and A, ﬁ) and . are ccastants. Fhe aolid curves in Fig. 1 were

actually obtained from Eqo (4) wsivg o, . wnd o, a5 adjustable parameters.
! . H
or . . - =}
The non~tesonanl Teyms B‘ and O, MEr. sel e aads La B30 om ! and 500 cm
¢

respestively for all the five crystals s owerviy o norwalizing constant,

Gur curves fit the eapevimental data po. e very woil and "a posteriori" contirm

P

the lomivativa of the s dirveer exciton,

By assuming 111 vesonances huave the Luetentstan lineshape, we can also
write down the approximate analytical cxpivssion fur the two phonun Raman cross
s¢ction as :



-5 -

2 21 =1
(5) °n (prh) = Az [(wl dx) Zmph) + Pdo] + 32 F (ul ~Wax —mph.l‘d)
¢ 1€, F (0, ~w,_ = w,,.} +D 1 (w, = w )2 + T 2 1=
2 1 ix ph’ i 3R et dx do
Por 3 phonon RRS, we have :

' - - - 2 2} -
(6) 9 (Zuph W ph) - A3[ (ul Wix ZwPh w ph) + rdo ]

+ B, F (ul ~w, = 2w

dx oht Ta? * G F oy -w

dx’ -uph.l'd)

For 4 phonon RRS, we have :

2, 2] -1
M op ) = 4 [ty g - s 0? o1y 2 |

+ BA 14 (m1 -

ax " Juph,l'd) - Cl. F (u1 -w

dx 2 uph'rd)
In the above expresgions, Ai' Bi' Ci‘ D.l are constants to be used

as adjustable parameters ;mph' WyxrPix 2TC the frequencies of the optical phonon,
direct exciton at k = 0, and indirect exciton at the bottom of the indirect
exciton band reepectively ; Iy and T, are the damping constants for the direct
and indirect excitons respectively with Tdo reserved specifically for the
k = 0 direct exciton, The function F has the form :

YC
(8) F (hw, )= 2 e -pierdy Tl gy

K
where Yc is a somewhat arbitrary cut-off chosen as 3/2 times the exciton binding
energy. The value of Fdo for each erystal is deduced from the corresponding
absorption curve ; Fd and Fi are taken to be 2 rdb' (Dependence of theoretical
curves on I, and l‘i is not critical). For pure GaSe, the separation between direct
and indirect exciton states is fairly close to the phonon frequency invelved.
Accordingly, we can drop the non~resonaunt D2 term in Eq. (5). For the mixed
crystals, it is however more appropriate to drop the C2 texm.



2 ¢ c2 : D2 -
12 01 10 ¢ q; 5:1:0: l!) dad 10 r 1 or w22 for X =0, 0,12, and 0.17

The solid curves in Fig. (2) were ohbia.ned 1rom Eq. (5) with A, : B

tespectively, The solid curves in Fig, 3 were cbtained from Eqs., (6} and (7)

with AJ H 33 PGy - 12 ;1 : 0.2 and 20 : | : 0.2 for 3E'(2) (LO) and ZE‘(Z) (L0} +
A]’ (310 cm~‘) modes respectivelyy and &, ¢ B, 1 €.t = il 1 | : 0.2 for che

48D (10) mode iu pure Gase.

It is seen that the solid theoretical curves in Fige 2 deviate
trom the experimental data at the low cnuergy ta.l. (his> 15 because we have assumed
a Lorentzian lineshape for all the transiticus iuvoived. 1f we veplace the
Lore:tzian function in Eg. (5) and (8) by the whserwed lincshape 5 (ye 1) of the
direct exciton absorption peak, with [ stili being the halfwidth, the theoratical
curves remain essentially unchanged for ©p D wgye but change into the dashed
curves for Wy gyt The agreement between thevry and experiment is them
very good, The near-Caussian linc shape of oxci:cuiv trunsitions could be due

to ivhomogeneous bruadening.

The theoretical curve for Ga50'2;3.5c0'773 in Fig. 2 was obtained with

the super-position of apnother Lorentzian type resonance at Wl T wiy with Tio ™ 24 me
1t then describesthe cwperimental results satisfacterily. This indicates that direct
laser excitatiou of the iandirect exciten is also ecperative in RRS although the
coutiibution is relatively weak. The s.we :esouasce peak at Wi T wjy Va8 seen in

the raw data of RRS in the other crystals, ..t wfto: absorption correction was
masked off by the much stronger Jirect excitw resonarnce. This is presumably
becanse the separatioa beiween direct wad Indiveot excitons in these crystals

is tao small, Althougn momentum copscrvation t.i.ads the diveet excitation of indi-
rect excitons, stacking faults o the vrystal . can casily induce such a process (10)
The S~ wpy FESOBANCY should also appe.r in tue sne-phonen KRS in GaSs Sel-x .

It wais indeed observed in the raw data 15 a wtoulder on the strong resonance rail,
but became uvisivle atter absorvtion correeti.u,

IV - CONCLUSION

The goad agreements between theory und experiwment in Figs. i,2 aud 3 shows
that the dispersiun of RRS in GaS\ Sel_ﬁ is induvd dominated by resonances with
the vxciton states, Last the weak cviden. o tound ia this work for indirect tramsi-

tions makes questiounable Lie use of KRS Lo o srobe for indircet paps when they
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Figure 2. Level scheme for a spin % nuclei interacting with cach other
through the homonuclear dipole-dipole interaction. The representative
frequencies given are for protons in adamantane in an external ficld ofl
25 Kgauss. The populations of the Zeeman levels are described hy the
Zeeman spin temperature TZ or the inverse temperature Bz = 1/k TZ' The
populations of the dipolar sublevels are given by the dipolar spin

temperature T, or its inverse BD'
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'S 0.05 0.12 0.17 0.225
Shift -
hY
E'(z' (LO) 255 254 291 250 249
2 EI(Z)(LO) 510 209 R4 500 499
.T_.—.
3 g0 (LD} 767 !
(2)
re T
2ZET A 821
4 E'(z)(LOJ 1018
TABLE | : Raman shift for various one and multiphonor modes in GanSel_x .




FIGURE  CAPTIUNS

. 02 . .
FIGURL 1 Raman .russ section of the E''°/ [u, -=wde as a function of laser

frequency.C aQ eand A  are data poitts for Can Se'_x with

x o= U, 05, 4,12, 0,17 and 0.22% 1esjectively. Solid curves ave

obtained frm theory iv the te.t,

wEvkz)

FIGURL . Raman cross soct.on of Lhe bw. ... D {LO) modes as a functien
2t laser yiequency, 5 A O @ ani o ane data points for Gas, Sil-x
with » = 1, 3,05, .32, G312 4t . 2 respectively, Solid and

dashed carves are talnmed oo ot . in the text.

FIGURE 3 : Famat or s secticns of the three and four phopons modes of pure GaSe
o e » S (31 - . (2) .
T N Ay b ALl Solid curves are

obturned frve theory 1o the toxe.
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RAMAN CROSS SECTION (ARBITRARY UNITS)
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