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ABSTRACT: Resonant Raman scatterlng has been studied in
trigonal Se at low temperatures in the region of its indirect
and direct excitonic absorption edge. Whereas no enhancement
in Raman cross sections was observed at the indirect_absorpQ'_
tion edge, strong dispersion was found in the region of the
-direct excitons. In the vicinity of the direct absorption
edge Raman cross sections of one phonon modes decreased mono-
tonically with increase in phaton energy in all three scat-
tering LORflguTQthﬂS studied. .Only in the scattcring con-
figuration where the incident and scattered photons are both
polarised perpendicular to the c-axis, resonant enhanceaents
were observed at the direct excitons. This wonctenic decrcase
in Raman cross sections was explained qualitatively by reso-
nant cancellation between a constant background and a disper-
sive term due to the 2.20 eV peak 'in the reflectivity spectra
of Se. The enhancements in the vicinity.of the direct cxeci--
. tons- are explained quantitatively by a. simple model involving
two direct excitons of Se as resonant intermediate states.

‘ ‘We have also determined directly the longitudinal and
transverse mode splitting of the low enc:gy E mode in tri--

gonal Se as 7':_2_Cm—1.

+Research supported by Energy Research and Development Agoncy
*On leave from Un1ver51ty of Parls, France.
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I.  INTRODUCTION -

Réccntly resonant Raman séaitering.(RRS) has been shown to be a power-
ful new spectroséopic techniqﬁe which éncompasse§ both traditional optical
and Raman spectroscopies and in additioh'can:pfovidc information on
electron-phonon interaction in scmiconductors.1 Se, a}semiéonduétof whose
properties have been studied e};tchsively2 because of its industrial appli- -
cations,.is well suited to resonant Raman stUdiéS.\ This is begéuse tr1805
nal Se has stfong anisotropic exﬁitonic'absorpfion peaks lying within the
tuning range of quilable_dye lasérs._ Prcsently-véfy little is known about
the interaction of thes¢ excitdné with' the phonons-in Se:

Ri;hters'has‘stﬁdied RRS in Se at roémftemperatﬁre over a wide range
of incidént'phbton frequencies with the diStreté'iines'cf various ion
lasers augmgnted-by a CW dyeflaSef. Becaﬁsé-of thefhigh temperature»aﬁd
discrete tuning nature of that experiment on1y broad structures in the dis-
persion of the Rdmén'cross section were observed. In an earlier paper4 we
~ have reportcd low temperature'RRS in trigonal Se for‘incidcnt photon
frequcﬁcics above its direct absorptiom edge. In this papcr'we'have.
extended our measurements below Se's indirect absorpiion cdge. We hgve
also obtained new résults which_confixm our earlicr idcntificatioh'éf fhc

E(l)-(LO)_mode'in Se.

I1. EXPERIMINTAL DETAILS

| qu exﬁgfiments*were pérfbrmed:in.a béck-scattefing'configurétion
.uging a coﬁventiénalvRaman séattefing systém whith.hés been'described
elSewhére;s 'The Raman spectra werejexcitéd by a CW dye laser pumped by

an Ar® laser. The’foliowihg dyes from Eastman Kodak: Crésyl Violet -
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- Perchlorate, Rhodamine B and Rhodamine 6G were used to aéhieve continuous

tuning of the dye laser output from 7000° & to 5500 X.

- The samples we used were single crystélline trigonal Se immersed in

- superfluid He. As has been reported by_Queisser6, Se could be damaged by

a few milliwatts of laser power in several minutes. This damagé process

seemed to be quite temperature dgpendent.'.From'S°K to'729K it was observ-

able after one minute or less of irradiation at_ppwef densities of less than
10W/cm2.' At room temperature and at ~ 2°K iflrequired higher laser power

density ( X 30 W/cmz) and longer expoSure time to observé‘this effect. This

 damage results in a decrease in the photoiumihescence intensity and a change'

in the Raman spectrum of Se. By comparing the Raman_spectra of the damaged

area and that of amorphous Se we conclude'that_thé damage is a result of

conversion of Se from the crystalline to the amorplious phase. Furthermore
_based on the temperature dependence of the damage process we suggest that

this process in Se is photo—in'duced7 rather than'thermally induced as

suggested by Queisser.6 Further discussion on this tdpié is, however,
beyond the scope of the present paper. It is important -to point out that'by

keeping the incident laser power low ( ~ 10mW), by using a Cylindrical lens

for focussing the laser on the sample and by immersing the sample in super-

fluid He CT'f 2°K) we were able to évoid'any‘damage to our samples during
the course of our experiments.5

Two kinds of Se crystals have been studied,i,Thé first kind is a melt-

‘grown bulk single crystal cleaved parallel to the c;aXis in liquid nitrogen.

The.second kind is a thin ('6 100 u tﬁick) platelet grown-from the vapor

phase with the c-axis in the planevof thebéfystal.;:ln bdth cases the sur-



-4- '  LBL-4598
- faces were‘used'without further treatment. - In mounting the plateletsA
care was taken to av01d stre551ng the crystal

III. OPTICAL 'RAMAN AND PHOTOLUVINESCENCE SPECTRA OF Se

Before presentlng our RRS results in. Se we will revrew its optical,. 8
. 9 6,10 o
Raman and photolum1ncscence : spectra These spectra measured on our
: samples in general agree with those publlshed in the 11terature SO we w111
~not’ dlSCUSS them in detall ' However they prov1de the’ background 1nformat10n

'necessary for understandlng the RRS results

(a)._Optlcal Spectra

In Figure'l(a) we shon;the reflcctivity spectra of Se forrﬁhoton
_polarisntion (ﬁg) both‘parallel and perpeneieuler tovthe-ceaxie 1he sharp.
peeﬁ eround 1.9 eV-rs'onlyupre sent in the T l_c ~axis spectrum whllo the
:strongApeaR'et 2.20 eV isvallowed forvboth polarlsatlons. Using modulatlon '
spectroecopy bueh as electroreflectance or wavelength modulatlon teehnique58
'add1 1on41 structurﬁs ‘have becn observed at 1 99 eV (E l_c -axis only)_and
at 2.003 eV (both polallsatlons are allowed) Welser and Stuke8 have“ |
'1dent ficed these 9tructures as due to ‘dircct excitons as soelatcd with‘f
transntlone occurrlng et the I p01ntvof theVBrlllouln zone. For future'
»referenCe,we'heue_labellcdfthese direct excitons_at 1.948, 1.990,124003~and
: 2.2 eV'as e,vb, c and d respectively.g Thevabsorﬁtivity.curves obtainedvon
Se pldtOlCT° from 1 80 eV up ‘to 1. Qo eV are plotted in Flgure l(b) These
.show steps due to phonon 3551<ted 1nd1rect exc1tonlc absorptlon as reported |
by Fischer. ? Aboye 1.93 eV the absorptlon coefficients were either
extrapolated or takenAfrom the-data of Tutihesi'and Chenrgn By comparison

with the theoretical band structure11 of Se, Lingelbach et al.1? have
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aSsigned the indirect exciton to transition from the H point of the valence
- band to the Z poiht of the conduction band.

(B)' Raman Scattering

The lattice dynamics of trigonal Se have been studied both

experimentally,g’13

and theoretica-lly14 by a'humbér of authors. Trigonal
Se has space group symmetry Dg and three atomé‘per unif cell arranged to
form‘chains parallel to‘the c-axis. ;The'bonding'between Se“atomsiwithin
the same‘chain}is covélent-While the intéfactidn bétﬁecn_Se'atomS in
~different chains is mu;h weaker. The,frequeﬁéies and syﬁmetfies 6f thé
six zone-center optical phonons and their off-resénénce Raﬁan selection
rulesls are summarised in Table I. We note fhat-the Az'and E(l) modes
hayg_much.lower eﬁergies than the nearl&-dégenérapé Aiiand'Ecz) ques.
.This‘energy difference is generally'explained‘by:thé fact that the A, and

1
E(z) mode involves mainly the stretching of the covalent bonds while the

6

A, and E(l) mode the bending of the*bddds.l

2

In Figures 2 and 3 we show some typicalgRgmaﬁvspectré of our Se
samples for photon energies below the indirect ébsorbfion edge (off-
. _resdnénce regime)i. In ?igure 2(aj and (b):we cbmpare fhe ﬁaman spectfa of 
~ our tWo;kinds.of Se samples obtained in the scétteringfconfiguration
ﬁzllc—axis 1 Es . ‘Figurés 3(2) and (b) show the Ramén spectra of the
bulk sample fof'two other scatté?ing configﬁrétioﬁs: ’£2‘11 ésl; c—aiis
and -él | Es'|| c-axis. | |

. In general the off-resonance Ramah‘spectré 0b£a{ned on our two kinds

of Se samples resemble each other and also those reported by Mooradian
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and Wright;9 fbe erceptions are the‘202'and 211 cm'v1 peaks. These peaks
. are present in the bulk sample spectra and were also reported by Mooradlan'
and Wright but they are not observed in the Se platelets | These two peaks
are probably extrinsic in nature but without further work' they cannot be
1dent1f1ed at the present. R | |

In the 'E [| c-axis l_E configuration‘we found two:peaks'arOund

.150 cm (see Flgures 2(a) and 2(b)) w1th frequenc1es 147 and 154 cm -1
p(Raman frequenc1es glven in this paper are accurate to + 2 cm’ ; unless
otherwise stated). In our earller paperv(referenceg4),and in the paper by
Mooradianvand Wrightgloniy onc peak was reported in this region.»ﬁMooradian

()

trans?

and Wright obServed the 147'cm'1vpeak and identified it as the |
-1

_.verse optlcal (TO) mode In reference 4 a modc was obser?ed at ]51:Cm
. and based on its’ resonant scattellng 1t was 1dent1f1ed as the E( ) longl-
tudlnal opflcal (LO) mode We have now been able to observe both modes;
. We found that for 1n01dent photon energy below the dlrect absorptlon edge
thc 147 cn 1 mode is ea311y ob551vable hhl]P thc 154 cm -1 mode- is weakly
present in the - g |{ c-axis i_E conflguratlon. This probably explalns
jwby'on]y'the 147 cm;% mode was observed by Moeradian and erght who exc1ted'
their haman_spectra W1th a YAG:Nd laser at 1.06u. As the incident photon
energy approaches the direct absorptionvedge the'147 cm;l mode decreases
in intcnsity and becomes-undetectablef On the other hand for'photon eneréy,
above 1;93_eV the 154 cmfi mode becomes strongly enhanced in the'configura;
tion Ez I] Es l;c—axis. As a result:wedwere able to observe onlp the-
154'em—11mode‘invreference‘4 (the discrepancf of 3 cm’l.in,tbe frequency

of this mode reported earlier and in this paper is within experimental
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uncertainty). These new results support our.eariier assignment of the

154 cm™ Raman peak as the E(l)(LOj mode and give'directly the TO-LO
splitting of the E(1) mode as 7 + 2 Cm-l which_is‘in goodvagreement with |
"the naiue.of 6 cm'17obtained by Lucovsky etfal 9-vfrom infrared absorption.
P The Raman selection rules listed in Table T are in general obeyed in
" Se when the 1ncident photon energy is below the 1nd1rect absorption edge

The except1ons are the appearance of the Raman 1nact1ve A, mode in the

2
configuration E, || c-axis l_Es and the occurrence of the 147 em”!
(E(l)(TO)) mode in the E, [ Eg I c-axis configuration (see Figures 2 and
3(b)). These violations of the selection rules obsc¢rved in the off-

resonance regime are probably due to defects in the crystal.

(¢) Photoluminescence

The photolnmineSCence of Se has been studied-hy Queisser6 and by
:thsche and Fischer. ! Figure 4 shows the luminescenceispectra of our Se
Samples._'The pietelet spectrum (Figure 4(e)) isvvery_similar to the 2°K
_$pectrum reported by Zetsche and Fischer.lo. The:bnik Sehsample epectrun
' (Figore 4(b)) is lower in intensity and‘Shows.mainiy:onepbroad,shooldef.
‘The differences in the luminescence and Reman epectraibetween the two
~kinds of Se semples indicate that the platelets probably have higher
qua11ty than the bulk Se crystals. |

Flscher8 has identified the structures in the photolum1nescence
spectrum of Se as due to phonon-assisted recomblnatlon of the indirect
exc1ton and a hypothetlcal shallow acceptor. In Flgure 4(a) we have
_ 1nd1cated by arrows the positions of the phonon -assisted indzrect

exc1ton recomblnatlon peaks expected from the’ known zone center opt1ca1
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and zone edge'ecousric phonon energies. Except for the WIE.-rE(Z). peak
‘these pecaks expléin rather well all the struetures in Figure 4(a).

Iv. EXPERIMENTAL RESULTS

Due to the strong photoluminescencefin thevSe piatelets, we were het
able to measure the RRS in these samples_whenrthe intidenr'photen
frequeneies ére in the vicinity.of the.indirect exciroh..'As a resﬁlt
“the RRS results presented in this paper ‘were obtalned on the bulk Se
crystals.: However when the Raman s1gnal is not masked by the lumlnescence,
such as when the 1nC1dent photon is resonant W1th the d1rect excitons, we
do not flpd any dlfference between. the two kinds of samples We believe
that the resonant Raman results presented in this paper ere 1ntrinsic:

" properties of Se, | -

',We'have studied RRS in Se. for three scattering cenfigﬁrations} _
‘(a) E .1' E l_c-aXis, (b) 'E || c-axis l_E and (c) E IIYIE.s || c-axis.
Our 1e°u1ts are shown 1in Flgures 5 and 6. | ' o

Acco1d1nv to Table I in the conflguratlons_»ég'll,ﬁs l;cfaxis_ohly two
© types of one~phonon Ramen modes: E _and Ay are allowed' Since’ the Ai l

and E(z) modes erevseparated by only.3 cm'l and we ‘have selectcd a spectral
'Slit width of =« 4 cm.1 to obtain. the best combination of 51&na1 to-noise
_ratlo and resolut:on, ﬁe were not able to resolve these two modes. As a
result we wrll 1dent1fy ‘the unreselved 233 cm -1 mode in this conflguration

as: the (Al, Egz))_mode.

-1 Ay E(?)); 147 em™}

_(E(l)(TO)js 154 et (W) (L0)) and 304 cm°1'(2E(1)(Ld)) modes easured

-The'Ramén cross'sectiOnsvof the 233 cm

in the configuration El I Eg ] c-axis are plotted in Figure 5 as a
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'funetion of the incidenf photon energies. The normally Raman inactive
112 cmfl‘(Az) mode begins to appear for incident photon energies above
1.94 eV.. This mode exhibits resonant enhancement very similar to the
‘The RRS

results on this A2 mode have been presented in detail in reference 4 so will

(;)(LO)'mode for incident photon energy between 1.94 and 2.03 eV.

~ not be repeated here.

In the configuration E, || c-axis l_Es only the E. modes are
aliowed. In this configuration we found that none of the Qbéerved Raman

modes shows any enhancement. As shown in Figure 6(a) the three E modes:.

233 en”t ©P); 147 en? €D (10)) and 154 en”? (E(l)(LO)) decrease in

1nten51ty nonotoulcally with increase in 1nc3dent photon cnergy

: Ez I |l c-axis is the only conflguratlon in which we observed
enhancemenL of Raman modes at the d exc1ton The modes enhanced are the
A1 and E( )(LO) modes and their cross-sections are plotted in Figure 6(b)

as a functisn of incident photon energies.

“In obtaining the Raman cross scetlons in Flgures 5 and 6 the effect of

the. absorptlon coeff1c1ent on the bcatterlng 1nuen51Ly has becn corrected

for in a manner descxlbed by Loudon17. We should p01nt out that in ref—

-eTrence 4 thlS correct1on was not applied- because the ab°o1ptlon cochncmans

4 d1d not vary much in the phnton energy range of that paper. But in thc ’
present case this absorption correction is important because the absorption

coefficients change by several orders of mégnitude at the direct absorption

edge.
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V. DISCUSSIOQS

To explain the dlsperszon in the Raman cross- sect1ons of Se. shown in
;F1gures 5 and 6 we have expressed the Raman tensor as a sum of three
terms:

-R(“z )i? A.f»Bf(“g'”g) . Cg(wtj ,:i. h- - (i)

In Eq.:(l).theICOnstant A is the'off?resonance Reman tensor It is’
zero for modes Wthh are forbldden accord1ng to Table I (e g. the A2 mode)
The term f(m -w ) 1s assumed to be a d15pers1ve functlon arlslng from a -
tran51t10n at energy ng . Interference between f(w -w ) and A w111
be shown to produce the monoton:c decreases in Raman cross sections around
the'absorptlon edge.f We W111 therefore cons1der A -and Bf(w--m )
;togethér. The functlon g(m ) contawns all the resonant tcrms due to the
_d1rect ex01tons a, b and ¢ and accounts for the -enhancement peals -in the -.
v1c1nity of these‘directyexc1tons. |

We v111 now cons1der the A+ Bf(w L) ) and g(m ) terms 1ndLV1dually

(1) A+ Bf(w -0 )

Weican quailtatlvely explain the monotonlc dccreasc ‘in ‘the Ramqn Cross
_ sections of Se by a resonant cancellatlon betvecn the constant A and thc _
1-d1$persrve_term _Bf(wgfwg)r:_As‘an example‘we wr}l»conslder the Al |
) mode in.the.configuration é .|| E II c-axis. 'in,thie configuration-the
a and b exc1tons are not optically actlve so the term g(w ) can be
d negiected The Raman cross sectlon of the A1 mode can be wrltten as:
(w)«lA+Bf(w-w)|2 B "(2)"
1 _ : ' . S -
As-pointed out by Ralston et al.l ; if the two'terms in Eq.. B tend:to‘
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cancel each.othervas Wy .approaches wé' the Raman cross section will
decrease instead of becoming_enhanced.-,In.case IBf(w = )| > |A|
will reach a minimum (anti-resonance) at sone photon energy sz < Kw
before peaklng at ﬁwg. This model was used successfully to account
antl resonances observed in the RRS of a number of sem1cond1 tors.18'
In Se the A1 mode seems to show the_saneoklnd-of behav1or. Its cross
seetion first reaches a broad minimum aronnd 1.92 eV and then'beaks at
2;20 eV which is the energy of the first strong reflectivity peak’in Se for
E, 1 c-aris. Thls suggests that the 2.20 eV reflect1v1ty peak is
responsible for the f(w -w ) term and ﬁwg ~ 2 20 eV -Notlng that this
.2.20 eV peak is optically active for both'polarlsat;ons'gll ‘and | c-axis
it is'plausibie'that this peak is also responsible-for the monotonic
decrease in the other two conflgulatlons The absence of the 2.20 eV neak
in the Raman cross SeCthDS for the other two conf;guratlons can be
explained by a smaller Bf(ml-wg) term 1nnthese cases. If |Bf(w2=wg)L<lA|
| jn Eq. (2) the Raman cross’ section will be minimum at 'ﬁwl = ng'and will
~not show a peak at ng. This explanation is alsb‘consistent with tbe :
fact that the 2.20 eV reflectivity peak is stronger for . E |} c-axis than
for E ] c-axis. ,. _
It should be pointed out that'for' E, [ E l_c -axis the (A E(z))
modes show enhancements a55001ated w1th the a and b exc1tons,so the
“term g(wz) cannot be neglected However there-seems to be no interference

between g(w ) and the other two terms in Eq (1) so we can assume that their

Raman cross section can be wrltten as.
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oy ) 01A+Bf(w£_mg);r + [Cgw,) |2 o
- (AI’E ) - ‘L : _
The |A+Bf(w£—né) 12 term again.accounts for;the.nonotonic.deeteasing back-
ground on which is now superimposed the enhancements due to the direct .
excitons. | |
Although'the above model-explains-qualitatively our.resuits,'a quanti-
tative comparison between Eq.v(2)hand experimental_results_is not possihle
.at present'due to our lack’ of knowledge of the-fofm of f(u, -m-). | In their
model Ralston.et.aill have used the follow1ng expansion for f(w - )
)1/2f (4)

:.‘whlch ‘is approprlate 1f ng is a three dlmen51ona1 M -type of energ) gap

f(“ W )h— (wy-ug ) /2 - (ug-w g Phonon
w1th no exciton effett " We were not-able to obtaln any reasonable fit to
our results with Eq. (4). Since_there is no evidence that the:2;20 eV o
:transition‘iane is.a~threetdimensiona1 Mo-type~energy_gap.this’is'not
unexpected. Anderivation of f(og—mg) for Se requires a bettcfiunderstanding
| of the 2.20 cV peak |

| Another alea where further work is rcqulred 15 understand:ng the
relatlve 51gns of A and Bf(wl-wg) ‘since theee 51gns determlne whether there
will be resonant cancellation or not. .Althoogh models have been proposed to
. estlmate the relatlve signs o£ A.and Bf(wl-ng), they‘have.vefy linited

success 'so far 18, 19

@ gy
In referénée 4 we have proposed a 51mp1e model 1nv01v1ng only the a and
b excitons (the c exciton appears to have much Jmaller osc1llator strength

S0 was neglected) as resonant 1ntermed1ate states to explaln the enhancement
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of the LO phohons in the vicinity of the a ehd..b excitons. We will
now make use of essentially the same model to calculate g(w ) for both the
: E(l)(Lo) and the (A | ( )) modes. |

In Figure 7 we show diagrammatically all the Raman proceeses involving
' ,tﬁe a and b excitons as resonant intermediate stetes. .Byvsumming

over all four diagrams we obtain an expression for g(m ):

g(wz) = <0 IHERIa ><alHEp|a ><alHERI 0>

(wz W, -ir )(w -0, -il )

<0 Hg| b ><b|Hg,| b ><blH| 0>
(og -0 -1T) @o-up-il)

<0 |[H..| b >< bt as<alH, | 0>
el b 2 bltpl @ ><aliy] 0>
(mz-wb-lrb)(ws-wa-lra)

<0 IHER" a ><alH| b >KVbIHERl O>

'(wz-wa-ira)(ws'wb-irb) (5

-where Hma, Huw HPa and ﬁFb are respeefiVely‘the energies and dampings of

b
the a and b excitens.; Hep and:HEé -representsffesPectiveiy the
exciton—photon and exciton-phonon Hamiitonian Here it is-impoftant to
~point out the distinction between the longltudlnal 0pt1ca1 phonon like
-the E(l)(LO) mode and other optlcal nhonons 11ke the A1 mode Whereas all
_optlcal phonons 1nteract with excitons via the deformatlon potentlal (dp)
mechdn1sm, LO phonons have an additional coupllng via the Frbhllch inter-
.act1on.20 - For LO phonons with a sizable m1croscop1c*f1e1d its Fr5h11Ch |

- interaction usually dominates over its dp infefaction. :Thus we expect
.for.the E(I)(LO)vmode'HEP would be the FrBhlich Hamiitoniahzo while for the

(Al,:E(z)) mode Hpp mould be given by the dp Hami1toniem. ' -

The first two terms in Eq. (5) involves either the a or the b
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: exc1ton alone so we will refer to them as the 1ntra exciton terms. The
dlast two terms 1nvolve coupllng of the a and b excitons via the phonon so
they will be- called the inter- exciton terms ~ For the dp Hamiltonian
| _both'kinds:qf~terms are in general non-zero. Edr the Frthlich Hamiltonian
,lt is well-known that <a | PrBhlich Hamiltenian | a > vanishes®? if the
phonOnIWave.vector: q ls.neglected. Thus me'expect the inter-erciton
terms to be more important for"the E(I)(LO) mode. | " |
To compare our experimental results with Eq (5) we make the usual
vassunptlon that the exciton- phonon and exciton- photon matrlx elements
.are constant parameters and write the_Raman CToss sectron in the form:

Yo | e —
NS A (wsza 1Ial(m5vwa 1ra)_' »(wz wy 1Fb)(ws wbllb)

S Y . S .
_ .(wz-wb-irs)(wsjwa—ira) _v-(mzfma-ira)(ws;wbjirb)

s (6.

'In general wd . B and Y. are comPleXVQUéntlties Fer'the'{A- E(z))
modes we have assumed ‘that they are all ,eal numbels for the sake of
':51mp11c1ty | For the E(l)(LO) modc o and B are functlons of the phonon
wave vector q _(51mce the q 1ndependenttterm'rs zero) andtas such_they.
are[assumed “to bedpurely rmaglnery. |

The. experrmcntal enhancements in' the Raman Cross -sectioms of-the
| .E(l)(LO) and (Av E( )) nodes have been fltted with Fq (6) by adJustan"
the parameters a, B, Y s P and Fb The exc1ton energres- hma =
1. 9495 eV and ﬁw 1 990 eV are assumed known. The resultant theoretical o
curves are shown in Flgure 8 as the solid llnes Since there are a
“number of ad;ustable parameters 1nvolved, 1nstead of adjusting them

;ndependently, the followrng procedure was'adopted.
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_ By:noting that the first peak in‘the'erosslsection of'the (A ,'E(z))
n,mode'iSndetefnined mainly by the a excitom, ne let1>Y = B 0 1n1t1311y
rand f1t the exper1menta1 results in this region to obta1n T . We found
that ﬁra Y 6.2 meV in good agreement w1th'the w1dth of the a exciton peak
_ in’the abSorption spectrum. Next we try to f1t the 1 97 eV peak in the
_ cross sectlon of the E(l)(LO) mode As p01nted out ear11er the E(l)(LO)
.- mode enhancement is determlned ma1n1y by the inter- exc1ton terms We

b

determine th 3;25 meV which is consistent nith7the large width of the

" therefore let a % B=0 and adjust T to'flt the_1.97_eV peak. We

b exciton in the opticallspectra' After’ F ‘and Fb' are determined'in -
these‘ways only two parameters: a/y and B/y are adJusted 1ndopendcntly e
“to fit the experimental p01nts )
For the (A E( )) modes .we obtain a/y N 1 and - B/a v 0. 01% Forh ‘
vthe E(l)(LO) mode the best result we could obtaln is shown in Flgure 8(b)
';'w1th |a]/y ~ 0.05 and |B|/Y ~ 0,01, |
These nunbers are consistent'with our expectatien that the inters
veXC1ton terms are 1espon51b1e for the enhanccment of the E(l)(LO) mode. We
| :also note that for both modes the contrlbutlon of the a exc1ton to the
| .1ntra exciton tcrms is 1arger than that of the b exc1ton by a factor of -
5 to 6. Thls is also consistent with the relative Strength of these two
exc1tons 1n absorpt1on ”
The agreement between theory and experlment is not. too good for the
E(l)(LO) mode ‘on the low energy side Th1s could be explalned by the
20

'0m1551on of the a exciton continuum 1n our: 51mp1e model “Martin

: has shown that below the 1s exciton level the contrlbutlons to the wave
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vector dependent FrUhlich 1nteract10n from the exciton continuum will tend -
to cancel those of the discrete exclton levels. Inclusion of the a exciton
continuum in our model w111 probably improve the agreement between theory
and experlment for the E( )(LO) mode both on the low and high- energy side.

VI. RRS AT INDIRFCT ENERGY GAPS

Attempts to observe RRS at 1nd1rect energy gaps was first made by
Scott et al.. in GaP. 21 These authors attrlbuted-thelr fa;lure to,observe
any'enhancement of the'one_phonon modes at the indirect'gap of GaP to the
small oscillator.strength of the:indirect,gaps.‘ Recently'selectiye‘

_ enhancement of tmo—phonon'modes at indirect energy gans has-been reported'

22 and AgBr23 and also in‘Cu20v24 In case of Cu 0 the energy gap

in Sl,
‘is dlrect but dlpole forbldden so it resembles an 1ndirect gap in that
_ dlpole tran51t;ons are accompanied‘by phonon emission or absorptlon.

In Se me have'tried‘withodt‘success to detect,seiective enhancementst
of ‘the two-nhonon modes at the indirect °xcitons A probabie reason for
the absence of selectlve RRS in Se and other indirect gap materlals25
T-1s due to the proximity of the indirect and d1rect energy gaps “In these'
cases the effect of the dlrect gap tends to overshadow the 1nd1rect gap
We note that in matcr1als where such selectlve RRS has been reported the
,dlrect gaps are well separated from the 1nd1rect gap These separatione
are larger than 2 eV in Si and AgBr and around 0.6 eV in cuzo.
VII CONCLUSION

We have studled RRS in- tr1gona1 Se at low temperatures in the v1c1n1ty‘

of its indirect and dlrect excitons. Weld;d not observe any resonance

effect associated with the indirect excitons;,'At the directgabsorption
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- edge the onevph6noﬁ_Raman Cross'sectiOnsrwere_found to décreasé with increase
%nvphotop_energy. 'Only in the scattering configuration 52 ||'55 | c-axis
: didIWe observe resonant enhancements at the direct'gkcitons. " The decrease in
Rahaﬁ Cross seciioﬁs Qas explained_qualitativély'by'resdhant cancellétion '
Betwéeﬁ'av¢0nstént background and a dispersive.cpnfribution_from the 2.20 eV
.:peak in the reflectivity spectra of Se.. The enhancements.due‘to the direct

: ex;itbus were explained'quan;itatively_by a'simpleAmOdél inVolving'the 1.95

eV and 1.99 eV_excitphs of Se as resonant intermediate states.
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TABLE 1  Symmetry, frequency and Raman selection rules of zone center

Optical phonons of trigonal Se

~ Mode i | Frequency (cm'lj B Raman Selection Rules
. Previous work(l) Preseht work
A, (T0) 112 ' . }' Rémanfinactive
A, (LO) o . 114
£ gy Cowr o wr | ék;” E_ | c-axis
(1 ' v . o R A e
‘E()(LOJ , - - 154 and E, | E_
() 232
A 235 . - E, 11 Eg
(1)1:Referencé 9.
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."FIGURE CAPTIONS

1.

Optical spectra of trigonal Se-at liquid-helium'températures for phdton :

polarizétion_ élv bpth pérallel and perpendicular to thé'cwaxis; (a)
reflcétivity and (b) absorptivity. The parts. of the absorptivity |
curve for Ez l;c—axislabéve 1.93 were obtained fromvdata of Tutihasi
and Chen (réference 8). 'Thé brokenVCUrve is an eﬁtrapplation;_ The‘
indireét‘exciton'eﬁergy_ & ‘ |

(g and also the energy of the direct exciton:

‘a, b and c are indicated by arrows. The latter were obtained from
data of Weiser and Stuke (reference 8).
‘Raman spectra Qf two different kinds of Se crystals: (a) -bulk single

qryétal and_'(b) platelet. The scattering’c0nfiguration$ in bbth

cases are fEE [l ¢-axis l;ES ‘and the incident photon energy is 1.818

eV, Numbers above the curves are the relative gain of the amplifier

for different parts of the spectra.

Raman speétfé of'bu1k Se}crysta1 measured in two different scattering -

'configuration53 -(a) 5ﬁ£'||'§; L c-axis and  (b) E, || Eg |l c-axis.

The incident photdn energy and meaning of the numbers above each curve’

are the same as in Figure 2,

'The_photoluminescencéispectré of (a) Se platelet and (b) bulk Se |

crystal at_m 2°K excited»by’the dye laser. The intensity‘for.curve'

(b) is about one order of magnitude-lowér-thén-for,curvéf(a)._The

~ energies of the indirect eXciton'(aIE) and its phonon replicas are
} indiéated'by‘arrOWS, TA and LA are the zone boundary acoustic phonon
energies determined~by neutron'séattering (Ref. 14). The polarization

4n bbthvcﬁrveS'are'pérpEndiCular to the,c#axi§.
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‘Raman Cross- section of the (A (2))(+), (1)(TO)(0), ‘(1)(L0)(9) and  -

25(1)(L0)(A) modes plotted as a function of the 1nc1dent photon energy.

The scatterlng configuration is E, H E | c- ax1§.

Raman cross-section of Se plotted against incident photon energy for

two different enefgy:ranges: (a) '1,8—2.0_éV and (b) 2.14-2.25 eV.

In (a) the scattering configurationvi§  él Il C-axis‘ l-és for the
E® ), B (10) (0) and EM) (10) (o) modes and E || E || c-axis for

1
c-axis- for both the A, (A) and E( )(LO)(E} modes

the A, mode. (4). vIn (b) the scatterlng conflguratlon is El I Es||

Diagrammatic representatlons of the four‘scatterlng processés which
contribute to. the RRS in Se at the a and b direct exciton _
Comparison between the theoretical curve (solid lines) obtained from

Eq. 6 and the experimental points for‘(a) (A E(Z)) modes and

1')
(b) E(l)(LO) mode. The values of the pérémetefs used in.Eq. 6 are

giveh’in the text.
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 NOTATIONS:  ———  q EXCITON
== b EXCITON
© " Hgg,PHOTON-EXCITON INTERACTION
e Hep , PHONON-EXCITON INTERACTION
<---- PHOTON
AN PHONON

© INTER-EXCITON SCATTERING
we = Ws = We W

CINTRA-EXCITON SCATTERING

97
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