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ABSTRACT: Resonant Raman scattering has been studied in 
trigonal Se at lo1·1 temperatures in the region of its indirect 
and direct excitonic absorption edge. M1ereas no enhancement 
in Raman cross sections was observed u.t the indirect absorp
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 dcC1'cDsed mono
tonically with increase in photon en~rgy in all three sc~t
tering configurations studieci. Only in the scattcl'i:1g co;J· 
figuration l'lhere the incident ·and sea ttc.red photons ~re i)oth 
polarised perpendicular to the c-axis, resonaJit enhanccllcnts 
were observed at the rlirect excitcns. This Jnonctcn:!c d~:ccrca~;c 
in Rainan cross sections :·.rns· m:pla.i.ned qualitati'!ely bv i'eso,.. 
nant cancellation between a constant bockground and a disper
sive term due to the 2.20 eV peak in the reflecrivity spectra 
of Sc. The enhancemertts in the vicinity of the direct cxci
tons are explained quantitati'.rely by a simple model involving 
two direct excitons of Sc as rcson~mt intermediate statC's. 

We have also determined directly the longi tud:inaJ and 
transverse mode spl:i. tting of the 101> ent ~gy E mode in t1·i- · 

-1 gonal Se as 7 ~ 2 em . 

+Research supported by Energy Research and Development Agency. 
*On leave from University of Paris, France. 
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I. INlTIODUCTION · 

Recently resonant Raman scattering (RRS) has been shown to be a power

ful new spectroscopic technique '''hich encompasses both tradi tiona! optical 

and Raman spectroscopies and in addition can provide information on 

electron-phonon interaction in scmiconductors. 1 Se, a semiconductor whose 

properties have been studied extcnsivcly
2 

because of its industrial appli-

cations, is well suited to resonant Raman studies. This is because trigo-

nal Se has strong anisotropic excitonic absorption peaks lying within the 

tuning range of available dye lasers. Presently very little is knmm about 

the interaction of these excitons with the phonons in Se. 

Richter3 has studied RRS in Se at room temperature over a 111idc range 

of incident photon frequencies ll'ith the discrete lines of various ion 

lasers augmented by a CN dye laser. Because of the high terHperature ·and 

discrete tuning nature of that exp8riment on1y broad structures in the dis

persion of the Raman cross section l'>'ere ol)served. In an earlier paper 
4 

we 

have.~ reported low temperature RRS in trigom 1 Sc for incident photon 

frcqucndc~s above i "!:s direct absorption edge. In thJs papcT \ve have 

extended our measurements belo\'>' Se 1 s indirect absorption edge. We have 

also obtained ne11' results which confhm our eaTJ.ier identification of the 

E(l) (LO) mode in Se. 

I I. EXPERH!ENTAL DETAILS 

Our experiments were performed in a back-scattering configuration 

using a conventional Raman scattering system '"hich has been described 

1 . h . 5 e sew ere. The Raman spectra were excited by a CW dye laser pumped by 

+ 
an Ar laser. The ·follo\oling dyes from Eastman Kodak: Cresyl Violet 
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.Perchlorate, Rhodamine B and Rhodamine 6G were used to achieve continuous 

tuning of the dye laser output from 7000ft.. to 5500 ft... 

The samples we used were single crystalline trigonal Se immersed in 

6 superfluid He. As has been reported by Queisser , Se could b.e damaged by 

a few millh·atts of laser power in several ·minutes. This damage process 

seemed to be quite temperature dependent.· From 5°K to 77°K it was observ-
. ' 

able after one minute or less of irradiation at power densities of less than 

2 lOW/em . At room temperature and at "' 2°K it required higher laser power 

density ( ~ 30 W/cm2) and longer exposure time to observe this effect. This 

damage results in a decrease in the photoluminescence 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 the damage is a result of 

conversion of Se from the crystalline to the amorphous phase. Furthermore 

based on the temperature dependence of the damage process we suggest that · 

.. this process in Se is photo-inducecl7 rather than thermally induced as 

suggested by Queisser. 6 Further discussi.on on this topic is, however, 

beyond the scope of the present paper. It is important to point out that by 

<: 
keeping the incident laser power low ("' lOrnW), by using a cylindrical lens 

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

fluid He 
<. 

(T "' 2°K) we were able to avoid any damage to our samples during 

the course of our experiments. 

Two kinds of Se crystals have been studied. The first kind is a melt

gro\~ bulk single crystal cleaved parallel to the c~axis in liquid nitrogen. 
. < .· . 

The second kind is a thin ( "' 100 ll thick) platelet grO\·m from the vapor 

phase with the c-axis :i.n the plane of the crystal. In both cases the sur-
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faces were used without further treatment. In mounting the platelets 

care was taken to avoid stressing the crystal. 

I I I. OPTICAL, RA!'-fAN AND PHOTOLUmNESCENCE SPECTRA OF Se 

Before presenting our RRS results in Se we will revie1'1 its optical ,S 
R 9 . d h 1 . 6,10 h aman an p oto unnnescence spectra. T esc spectra measured on our 

samples in general agree 1-1ith those published in the literature so we will 

not discuss them. in detail. However they provide the background information 

necessary for understanding the RRS results. 

(a) Optical Spectra 

In Figure 1 (a) \'>'e sh0\'1 the reflectivity spectra of Se for photon 

polarisation (ER) both parallel and perpendicular to the c-axis. The sharp 

peak around 1. 9 eV is only pre~ent in the E!l- l c-axis spectrum v:hile the 

strong peak at 2. 20 eV is allowed for both polarisations. Using modulation 

spectroscopy such as electrore.flectance or wavelength modulation techniques 8 

A 

additional structur8s hu.vc been observed at 1.99 eV {E.R. l c-axis only) and 

. 8 
at 2. 003 eV (both polarisations are allO\'.'Cd). Weiser and Stuke have 

identified these structures as due to direct excitons assodatcd 1vith 

transj tions occurring at the H point of the Brillouin zone. For future 

reference 1ve have labelled thes.e dii'ect cxci tons at 1. 948, 1. 990, 2. 003 and 

2. 2 cV as <1, b, c and d respectively. ~The absorptivi t)' curves obtained on 

Se platelets froml.SO eV up ·to 1.93 eV areplotted in Fie;ure l(b). These 

show steps due to phonon-assisted indirccf excitonic absorption as reported 

. .· 8 
by Fischer. Above 1.93 cV the absorption coefficients 1vere either 

extrapolated or taken from the data of Tutihasi and Chen.
8 

By comparison 

with the theoretical band structure11 of Sc, Lingelbach et al. 
12 

have 
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assigned the indirect exciton to transition from the H point of the valence 

band to the Z point of the conduction band. 

(b) Raman Scattering 

The lattice dynamics of trigonal Se have been studied both 
. 9 13 . 14 

experimentally, ' and theoretically by a number of authors. Trigonal 

4 Se has space group symmetry 03 and three atoms per unit cell arranged to 

form .chains parallel to the c-axis. The bonding between Se atoms within 

the same chain is covalent while the interaction between Se atoms in 

different chains is much weaker. The frequencies and symmetries of the 

six zone-center optical phonons and their off-resonance Raman selection 

rules 15 are summarised in Table I. l'Je note that the A2 and E (1) modes 

have much lower energies than the nearly degenerate A1 and E(2) modes. 

This energy difference is generally explained by the fact that the A
1 

and 

E(2) mode involves mainly the stretching of the covalent bonds while the 

A2 and E(l) mode the bending of the bo11ds. 16 

In Figures 2 and 3 \'le sho\'1 some typical ,Raman spectra of our Se 

samples for photon energies below the indirect absorption edge (off-

resonance regime). In Figure 2(a) and (b) we compare the Raman spectra of 

our t\'lo kinds of Se samples obtained in the .sca~te1·ing configuration 

E
1

11 c-axis l Es . Figures 3 (a) ant! (b) shO\" the Raman spectra of the 

bulk sample for two other scattering configurations: En II E l c-axis 
.Jfv s 

A A . 

and ER. I I Es I I c-axis. . 
In general the off-resonance Raman spectra obtained on our two kinds 

of Se samples resemble each other and also those reported by Hooradian 
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and Wright. 
9 

The exceptions are the 202 and 211 em -l peaks. These peaks 

are present in the bulk sample spectra and were also reported by Mooradian· 

and Wright but they are not observed in the Se platelets. These two peaks 

arc probably extrinsic in nature but without further work they cannot be 

identified at the present. 

In the ER. II c-axis 1 Es configuration we found two peaks around 

150 cm-l (see Figures 2(a) and 2(b)) with freq1,1en.cies 147 and 154 cm-l 
\ ' 

. -1 
(Raman frequencies given in this paper are accurate to + 2 em unless 

otherwise stated). In our earlier paper (reference 4) and in the paper by 

Mooradian and Wright
9 

Jnly one peak was reported in this region. ~1ooradian 

and Wright observed the 147 cm-l peak and identified it as the E(l) trans

verse optical (TO) mode.. In reference 4 a mode was observed at 151 em -l 

and based on its resonant scattering it was identified as the E (1) longi- . 

tudinal optical (LO) mode. We have no\·J been able to observe both modes. 

We found that for incident photon energy bclm~ the direct absorption edge· 

-1 . -1 
the 147 cui mode is easily observable \\hi1e the 154 em mode is weakly 

.... .... 

prcsGllt in the E.£. II c-ruds 1 ts configuration. This probably explains 

. . . -1 
why only the 14 7 em mode \~as observed by ~looradian and Wright i'>'ho excited 

their naman spec<:ra Hi th a YAG :Nd laser at 1. 06\1. As the incident photon 

-1 energy approache~; the direct absorption edge the 147 em mode decreases 

iri intcnsi ty and becomes undetectable. On the other hand for photon energy. 

-1 
above 1.93 eV the 154 em. mode becomes strongly enhanced in the configura-

A 

tion Ei II E
5 

1 c-axis. As a result \"e were able to observe only the 
-1 .,-} .. · . 

154 em mode in reference 4 (the discrepancy of 3 em in the frequency 

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

154 cm-l Raman peak as the E(l)(LO) mode and give directly the TO-LO 

splitting of the E(l) mode as 7 + 2 cm-l which is in good agreement with 

the value of 6 cm-l obtained by Lucovsky et a1. 9 from infrared absorption. 

r The Raman· selection rules listed in Table I are in general obeyed in 

Se when the incident photon energy is below the indirect absorption edge. 

The exceptions are the appearance of the Raman inactive A2 mode in the 

configuration E1 I I c-axis l Es and the occurrence of the 147 cm-l 
(1) ~ ~ 

(E (TO)) mode in the E1 II Es II c-axis configuration (see Figures 2 and 

3 (b)). These violations of the selection rules obs,,rved in the off-

resonance regime are probably due to defects in the crystal. 

(c) Photoluminescence 

The photoluminescence of Se has been studied by Queisser6 and by 
' . 10 

Zctsche and Fischer. Figure 4 shows the luminescence spectra of our Se 

samples. The platelet sp,ectrum (Figure 4 (a)) is very similar to the 2°K 

spectrum reported by Zetsche and Fischer. 10 The bulk Se sample spectrum 

(Figure 4(b)) is lower in intensity and shows mainly one broad shoulder. 

The differences in the luminescence and Raman spectra bet\'leen the two 

kinds of Se samples indicate that the platelets probably have higher 

quality than the bulk Se crystals. 
. 8 

Fischer has identified the structures in the photoluminescence 

spectrum of Se as due to phonon-assisted recombination of the indirect 

exciton and a hypothetical shallow acceptor. In Figure 4(a) we have 

indicated by arrows the positions of the phonon-assiSted indirect 

exciton recombination peaks expected from theknown zone center optical 
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and zone edge acoustic phonon energies. Except for the w
1
E - E(2) peak 

these peaks explain rather well all the structures in Figure 4 (a). 

IV. EXPERU.fENTAL RESULTS 

Due to the strong photoluminescence in the Se platelets, we ,.,.ere not 

able to measure the RRS in these samples when the incident photon 

frequencies are in the vicinity of the indirect exciton. As a result 

the RRS results presented in this paper were obtained on the bulk Se 

crystals. However, when the Raman signal is not masked by the luminescence, 

such as when the incident photon is resonant with the direct exeitons, we 

do not find any difference between the t\'t'O kinds of samples. We believe 

that the~ resonant Raman results presented in this paper are intrin-s:i.c 

propcrtjes of Se. 

We hav·e studied 'RRS in Se for three scattering configurations: 

(a) ER. II Es l c-axis, (b) ER. II c-axis 1 Es and (c) ER. II E
5 

II c-axis. 

Our results are shown in FigurE;s 5 and 6. 

According to Table I in the configurations ER. II Es l c-axis only t\-:o 

types of one-phonon Raman modes: E and A1 are allowed. Since.the A1 

and E(2) modes are separated by only 3 cm-l and we have selected a spectral 

slit width of "' 4 cm-l to obtain the best combination of signG.l-to-noise 

ratio and resolution, \'ie '"ere not able to resolve these two modes. As a 

-1 . . 
result we will identify the unresolved 233 em mode in this configuration 

(2) as the (A
1

, E ) mode. 

The Raman cross sections of the 233 cm-l (A
1

, E(Z)); 147 cm-l 

(E(l)(TO)); 154 cm- 1 (E(l) (LO)) and 304 cm_ 1 . (2E(l) (LO)) modes :~easured 

" " 
in the configuration E1 I I Es l c-axis are plotted in Figure 5 as a 
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function of the incident photon energies. The normally Raman inactive 
. 1 

112 em~ (A2) mode begins to appear for incident photon energies above 

1 .94 eV. This mode exhibits resonant enhancement very similar to the 

E (l) (LO) mode for incident photon energy between 1. 94 and 2. 03 · eV. The RRS 

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

not be repeated here. 

In the configuration 
A 

c-axis l E s only the E. modes are 

allowed. In this configuration \\'e found that none of the observed Raman 

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

233 cm- 1 (E(Z)); 147 cm-l (E(l)(TO)) and 154 cm-l (E(l)(LO)) decrease in 

intensity monotonically with increase in incident photon energy. 

E
1 

I I Es I I c-axis is the only configuration in which we observed 

enhancement of Raman modes at the d exciton. The modes enhanced are the 

A 
1 

and E (l) (LO) modes and their cross--sections are plotted in Figure 6 (b) 

as a functj-:>n of incident photon energies . 

. In obtaining the Raman cross sections in Figures 5 and 6 the effect of 

the absorption coefficient on the sea ttering in ten sit)' has been corrected 

17 for ii1 a manner described by Loudon We should point out that in ref-

. e renee 4 this correction was not applied because the absorption coefficients 

did not vary much in the phnton energy range of that paper. But in the 

present case this absorption correction is important because the absorption 

coefficients change by several orders of magnitude at the direct absorption 

edge. 
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v . DISCUSSIONS 

To explain the dispersion-in the Raman cross-sections of Se shown in 

-Figures 5 and 6 we have expressed the Raman tensor as a sum of three 

terms: 

R(w1 ) = A + Bf(w1 -wg) + Cg(w
1

) (1) 

In Eq. (1) the constant A is the off-resonance Raman tensor. It is. 

zero for modes loJhich are forbidden according to Table I (e.g. the A
2 

Tiiode). 

The term f(w~-w ) is assumed to be a dispersive function arising from a 
"' g . 

transition at energy llw 
g 

Interference betNeen f(wn -w ) and A 
. . "' g 

will. 

be shO\m to produce the monotonic decreases in Raman cross sections around 

the absorption edge. We will therefor-e .consider A and Bf(w -tu ) 
1 g 

_together. The function g(w
1

) contains all the resonant terms due to the 

direct excitoris a, b and c and accounts for the enhancement peal:s -in the 

vicinity of these direct.· exci tons. 

We 1·•ill )loloJ consider the A + Bf(w
1

.,.wg) and g(w
1

) terms individually. · 

(1) ~ + Bf(w
1

-wg) 

We can qualitatively explain the rno}1otonic decrease in theRaman cross 

sections of Sc by a resonant cancellation bet1·:ccn the constant A and the 

dispersive term Bt(w
1

-wg}. As an example we loJill consider the A
1 

mode in the configuration Et II Es II c-axis. 1n this configuration the 

a and ·b excitons are not optically active so the term · g(w
1

) can be 

neglected. The Raman cross section of the A
1 

mode can be written a:s: 
.. 2 

aA (w
1

) a: I A + Bf(w1-w ) I (2) 
1 .. . g 

As pointed out by Ralston et a1.
18 

if the two terms in Eq. (1) tend to 
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cancel each other as approaches the Raman cross section will 

decrease instead of becoming enhanced. In case 

will reach a minimum (anti-resonance} at some photon energy 

before peaking at nw • 
g 

This model \oJas used successfully to account 

' 18 
anti-resonances observed in the RRS of a number of semicondt:::-tors. 

In Se the A1 mode seems to show the same kind of behavior. Its cross 

section first reaches a broad minimum around 1. 92 eV and then peaks at 

2.20 eV which is the energy of the first strong reflectivity peak in Se for 
, 

E1 I I c-axis. This suggests that the 2.20 eV reflectivity peak is 

responsible for the f(w1-wg) term and liw ·'V 2. 20 eV. g Noting that this 

2.20 eV peak is optically active for both polarisations II and l c-axis 

it is plausible that this peak is also responsible for the monotonic 

decrease in the other two configurations. The absence of the 2.20 eV peak 

in the Raman cross sections for the other b~o ·configurations can be 

explained by a smaller Bf(w
1

-wg) term in these cases. If IBf(wR.=wg)j-< IAI 

in Eq. (2) the Raman cross·section will be minimum at nwR. = 11wg and will 

not show a peak at flU.l • 
g 

This explanation is also consistent with the 

fact that the 2.20 eV reflectivity peak is stronger for ER. I I c-axis than 

for E.t 1 c-axis. 

It should be pointed out that for E
1 

II Es i c-axis the (A1 , E (2)) 

modes show enhancements associated 1-:ith .the a and b excitons so the 

term g(w
1

) cannot be neglected. However there seems to be no interference 

between g(w
1

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

Raman cross section can be written as: 



... 

-12- LBL-4598 

(3) 

The jA+Bf(wn-w ) 12 term again accounts for the monotonic decreasing back
s. g 

ground on which is now superimposed the enhancements due to the direct 

excitons. 

Although the above model explains qualitatively our results, a quanti-

tative comparison between Eq. (2) and experimental results is not possible 

at present due to our lack: of knowledge of the form of· f(wR.-wg}. In their 

model Ralston et al. 
18 

have used the following expansion for f (wR. -wg): 

1/2 . 1/2 
f(wR.-wg) = (wR.-wg) - (wR.-wg-wphonon) (4) 

which is appropriate if nwg is a three dimensional f\1
0 

-type. of energy gap 

with no exciton effect. We were not able to obtain any reasonable fit to 

our results with Eq. (4). Since there is no evidence that the 2.20 eV 

transition in Se is a three dimensional f\1
0 

-type energy gap this is not 

unexpected. A derivation of f(wR.-wg) for Se requires a betteT understanding 

of the 2.20 cV peak.· 

Another area where further work is required is understanding the 

relative signs of A and Bf(wR.-wg) since these signs determine whether there 

loJill be resonant cancellation or not. Although models have been proposed to 

estimate the -relative signs of A and Bf(wn-w ), they have very limited 
. Jf. g 

18 19 success so far. ' 

(2) g(wR.) 

In reference 4 we have proposed a simple model involving only the a and 

b excitons (the c exciton appears to have much smaller oscillator strength 

so was neglected) as resonan·t intermediate states to explain the enhancement 
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of the LO phonons in the vicinity of the a and b exci tons. We will 

now make use of essentially the same model to calculate g(w1) for both the 

E(l)(LO) and the (A
1

, E(2)) modes. 

In Figure 7 we show diagrammatically all the Raman processes involving 

. the a and b excitons as resonant intermediate states. By summing 

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

< 0 I HER I a > < a I HEP I a > < al HER I 0 > 

(w1-wa-ira)(w5 -wa-ira) 
+ 

< 0 I HER I b > < b I HEP I b > < b I HER I 0 > + 
---~~~---~~--~~~-----~~----

Cw,-wb-irb)(ws-wb-irb) 

< 0 I HER I b > < b ll~p I a > < a I HER I 
---~~~~~~----~~~---~----- + (wft-wb-irb)(w -w -ir) 

~ s a a 

0 > 

< 0 I HER I a > < a I HEP I b >-< b I HER I 0 > 

(w1 -wa-iT a) (ws -wb -if b) 
(5) 

where llwa, :tiwb' lira and nrb are respectively the energies and dampjngs of 

the a and b excitons. HER and HEP represents respectively the 

exciton-photon and exciton-phonon Hamiltonian. Here it is important to 

point out the distinction bet\oJeen the longitudinal optical phonon like 

the E (1) (LO) mode and other optical phonons like the A1 mode. Whereas all 

.optical phonons interact \'lith excitons via the deformation potential (dp) 

mechanism.; LO phonons have an additional coupling via the Frtshlich inter

action. 2° For LO phonons \'lith a sizable microscopic field its Frtlhlich 

interaction usually dominates over its dp interaction. Thus we expect 

for the E(l)(LO) mode HEP would be the Frtlhlich Hamiltonian20 while for the 

(A1, E (
2)) mode HEP would be given by the dp Hamil ton ian. 

The first two terms in Eq. (S) involves either the a or the b 
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exciton alone so ,.,e wi 11 refer to them as the intra-exciton terms. The 

last two terms involve coupling of the a and b excitons via the phonon so 

they will be called the inter-exciton terms. For the dp Hamiltonian 

both kinds of ·terms are in general non-zero. For the Frtlhlich Hamiltonian 

it is well--known that J( a I Prtlhlich Hamiltonian I a > vanishes 20 if the 

phonon wave vector q is neglected. Thus \ve expect the inter-exciton 

terms to be more important for the E (1) (LO) mode. 

To compare our experimental results \vith Eq. (5) we make the usual 

assumption that the exciton-phonon and exciton-photon matrix elements 

are constant parameters and \vrite the Raman cross section in the form: 

o(w 0 ) a: I ( ·/) ( · ·r ) . • · w -w -1 .. w -w -1 · . t a · a · . s a · a 
+ 

__ _._____ + 12 
(wt -wb -ir b){ws -wa -ira) (wt -wa-if a) (ws '"Wb7ir b) 

In general a , a and yare complex quantities. For the (A
1

,E(2)) 

modes we have assumed that they are all :real numbe1's for the sake of 

(6) 

' .· (1) 
simplicity. For the E (LO) mode a and a are functions of the phonon 

wav0 vector q (since the q independent· term is zero) and .as such they 

are assumed to be purely imaginary. 

The experimental enhancements in the Raman cross sections of the 

E(l) (LO) arid (A
1

,EC2)) modes have been fitted \vith Eq. (6) by adjusting 

the parameters a , a , y , ra and rb. The exciton energies Yi(J.)a = 

1. 9495 eV and liwb = 1. 990 eV are assumed known. The resultant theoretical 

curves are shown in Figure 8 as the solid.lines. Since there are a 

number.of adjustable parameters involved, instead of adjusting them 

independently, the following procedure was adopted. 



... 

0 0 !,) 4 4 0 8 2 0 9 

-15- LBL-4598 

By noting that the first peak in the cross section of the (A
1

, E(2)) 

··mode is determined mainly by the a exciton, we let· y = B = 0 initially 

and fit the experimental results in this region to obtain r . a We found 

that Jir ~ 6.2 meV in good agreement with the width of the a exciton peak a 

in the absorption spectrum. Next we try to fit the 1.97 eV peak in the 

cross section of the E(l)(LO) mod~. As pointed out earlier the E(l)(LO) 

mode enhancement ls determined mainly by the inter-exciton terms. We 

therefore let a = e = 0 and adjust r b t.o fit the 1. 97 eV peak. We 

determine Jir b ~ 25 meV which is consistent \vith the large '"id th of the 

b exciton in the optic~l spectra. After r and rb · are determined in ·a 

these \'lays only two parameters: a/y and e/y are adjusted independently . 

to fit the experimental points. 

For the (A1, E(2)) modes '"e obtain a/y"' 1 and P/a ~- 0.015. For 

the E(l) (LO) mode the best result we could obtain is shO\m in Figure 8(h) 

with I a I /y · ~ 0. 0 5 and I e I I y "' 0. 01 . 

These numbers are consistent \'lith our expectation that the inter;. 

exciton terms arc responsible for the enhancement of the E (l) (LO) mode. \Ve 

also note that for both modes the contribution of the a exciton to the 

. intra-exciton terms is larger than that of the b exciton by a factor of 

5 to 6. This is also consistent '"ith the relatiVe strength of these t\~o 

excitons iri absorption. 

The agreement between theory and experiment is not too good for the 

E (1) (LO) mode on the low energy side. This could be explained by the 

omission of the a exciton continuum in our simple model. Martin
20 

has shown that belO\" the ls exciton level the contributions to the wave 
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vector dependent FrUhlich interaction from the exciton continuum \\'ill tend 

to cancel those of the discrete exciton levels. Inclusion of the a exciton 

continuum in our mod.el \iill probably improve the agreement between theory 

and experiment for the E(l) (LO) mode both on 'the low and high energy side. 

VI. RRS AT INDIRECT ENERGY GAPS 

Attempts to observe RRS at indirect energy gaps was first made by 

Scott et al .. in GaP, 21 These authors attributed their failure to observe 

any enhancement of the one phonon modes at the indirect gap of GaP to the 

small oscill~tor strength of the indirect gaps. Recently selective 

enhancement of two-phonon modes at indirect energy gars has been reported 

. s· 22 d A B 23 d 1 . C .. 0 24 1n 1, . an . g r an a so 1n u2 . · In case of Cu2o the energy gap 

'is direct but dipole-forbidden so it resembles an indirect gap in that 

dipole transitions are accompanied Ly phonon emission or absorption. 

In Se we have tried \ii thout success to detect. selective enhancement 

of the two-:1honon modes at the indirect excitons. A probable reason for 

the absence of selective RRS 1n Se and other indirect gap materials 25 ·. 

is due to the proximity of the indirect and direct energy gaps. In these 

cases the effect.of the direct gap tends to overshadow the indirect gap. 

We note that in materials where such selective RRS has been reported .the 

direct gaps are '"ell separated fron1 the indirect gap. These separations 

are larger th~n 2 eV in Si and AgBr and around 0.6 eV in Cu2o. 

VI I. CONCLUSION 

We have studied RRS in trigonal Se at 10\v- temperatures in the vicinity 

of its indirect and direct excitons. We .did not observe any resonance 

effect associated with the indirect excitons. At the direct absorption 
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edge the one phonon Raman cross sections were found to decrease with increase 

in photon energy. Only in the scattering configuration E
1 

I I Es l c;...axis 

did we observe resonant enhancements at the direct excitons. The decrease in 

Raman' cross sections was explained qualitatively by resonant cancellation 

between a constant background and a dispersive contribution from the 2.20 eV 

peak in the reflectivity spectra of Se. The enhancements due to the direct 

excitons \'lere explained quantitatively by a simple model inVolving the 1. 95 

eV and 1. 99 eV exci tons of Se as resonant intermediate states. 
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TABLE I Symmetry, frequency and Raman selection rules of zone center 

Optical phonons of trigonal Se 

Mode --
-1 Frequency (em · ) Raman Selection Rules 

Previous work (l) Present work 
. 

A2 (TO) 112 } Raman inactive 

A2(LO) 114 

. 

E (l) (TO) } i 1 II 
A 

147 147 E l c-axis ·s 

E(l)(LO) 
A A 

154 and Et 1 Es 

E (2) 232 

,.. A 

Al 235 E 
t II E s 

(1) Reference 9. 
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FIGURE CAPTIONS 

1. Optical spectra of trigonal Se at liquid ·helium temperatures for photon 

polarization E1 both parallel and perpendicular to the c-axis; (a) 

reflectivity and (b) absorptivity. The parts of the absorptivity 
A 

curve for E1 1 c-axis above 1.93 were obtained from data of Tutihasi 

and Chen (reference 8). The broken curve is an extrapolation .. The 

indirect exciton energy WIE 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). 

2. Raman spectra of two different kinds of Se crystals: (a) bulk single 

crystal and (b) platelet. The scattering configurations in both 

cases are ER.. II c-a.xis 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. 

3. Raman spectra of bulk· Se crystal measured in two different scattering · 

configurations: (a) . E1 II Es 1 t-axis a:nd (b) ER. II Es II c-axis. 

The incident photon energy and meaning of the numbers above each curve 

are the same as in Figure 2. 

4. The photoluminescence spectra of (a) Se platelet and (b) bulk se 

crystal at"' 2°K excited by the dye laser. The intensity for curve 

(b) is about one order of magnitude lower than for curve :-(a}. The 

energies of the indirect exciton (w1E) and its phonon replicas are 

indicated by arrows. TA and LA are the zone boundary acoustic phonon 

·energies determined by neutron scattering (Ref. 14). The polarization 

in bothcurves·are perpendicular to the c-axi~. 
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5. Raman cross-section of the (A
1

, E(2))(+), E(l)(TO)(o), E{l)(LO)(o) and 

2E(l)(LO)(t.) modes plotted as a function of the incident photon energy. 

The scattering configuration is E1 II Es i c-axis. 

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

two different energy ranges: (aj 1. 8-2.0 eV and (b) 2.14-2.25 eV. 

Irt (a) the scattering configuration is · E1 I I 
E(2)(+), E{l)(TO)(o) and E(l)(LO)(o) modes and 

,. 
c-axis i E for the s 

E1 1 I Es I I c-axis for 
A A 

the A1 mode {t.). In (b) the scattering configuration is E1 II Es II 
c-axis for both the A1(t.) and E(l)(LO)(a)modes. 

7. Diagrammatic representations of the four scattering processes which 

contribute to the RRS in Se at the a and b direct exciton 

8. Comparison bet\-.Teen the theoretical curve (solid lines)· obtained from 

Eq. 6 and the experimental points for (a) (Al' E (2)) modes and · 

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

given in the text. 
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