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- ABSTRACT 

LBL-2290 

We have observed sharp resonance enhancements in 

some two-phonon Raman modes of Cu20 around the n = 2 

to 6 peaks of the yellow exciton series. We explain the 

results quantitatively by a theory which allows for 

mUltiple resonances in the scattering process. Possible 

multiple resonance effects in the resonant Raman scat-

tering in BiI3 and Zn Cd1 Te are also discussed. x -x 

tPresent address; Thomas J. Watson Research Center, P.O. Box 218, 
Yorktown Heights, N.Y. 10598 
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It is well known that the Raman tensor obta~ned from the pertur~ 

bation theory can be written as a sum of term8 vf the form: 1 ,2 

M (1) 

where M stands for the product of matrix elements, wQ is the incident 

photon energy and Wi , •••• ,w contain phonon energies and energies of 
n 

the intermediate states involved. n-l is the order of the Raman 

process. So far, most work on resonance Raman scattering (RRS) has 

considered only cases where one-of the energy terms in the denominator 

of Eq. (1) vanishes. 1- 4 Intuitively, one would expect the enhancement 

in the Raman tensor to be even stronger when two or more energy terms 

in Eq. (1) vanish simultaneously. We will refer to such cases as mul-

tiple resonances and in particular, a double resonance occurs when 

two energy terms vanish simultaneously. Although double resonance has 

been proposed S to explain the energy shift of the RRS peak from the 

optical El peak in InSb, it has not been positively identified. To our 

knowledge, no unambiguous case of mUltiple resonance effects (MRE) has 

yet been reported. In this letter, we show how MRE can account quanti-

tatively for the sharp resonance enhancements we have observed in 

several two-phonon Raman modes of Cu20 at its yellow exciton series 

en = 2,3, •••• 6). This is the first time RRS at excited states of an 

exciton with n as large as 6 has been observed. Other possible examples 

of MRE in Bi13 , CdS and Zn Cd
l 

Te will also be discussed. x -x 

Before pres.enting our results on Cu20, we give first a summary of 

its physical properties. 6 Because of inversion symmetry, all electronic 

and vibrational states of Cu
2
0 have definite parity.7 The energy and 
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symmetry of its zone center phonons have been established by a combi

nation of photoluminescence;8 infrared9 and resonant Raman studies: lOtll 

r;5 (88 cm -1), r~2 (110 c~~l) , r~~l) (TO .~ 149 cm -1, La ... 153 cm -1) , 

- -1 + -1 -(2) , -1 -1 r 2 (348 cm r 25 (515 cm ), and r 15 (TO 640 cm and LO .660 cm ). 

The yellow exciton series of Cu
2

0 shows up in the,absorption spectrum 

(see Figure la) as a series of sharp, asymmetric peaks obeying the 

Rydberg Equation: 6 

W no 
786 -1 (n = 17,525 - -.- cm 
n2 

2,3,~,5). (2) 

-1 The Is exciton (16,399.5 cm ) is electric-dipole forbidden by selection 

rule. 7 

Cu20 has been unique in that its RRS results at the Is yellow 

exciton lO and the phonon-assisted absorption edgell are well understood 

and'have contributed substantially towards the identification of the 

observed Raman modes. For example, all the odd parity zone center 

phonons showed strong resonance at the Is excito~ while two-phonon 

Raman modes (in which both phonons are odd and one is the ri2 mode) 

showed enhancement at the absorption edge. In addition, we have now 

observed strong and sharp resonances in several two-phonon modes (invol-

ving at least one La phono~)at ,the 2p, 3p, •••• 6p p~aksof the 'Yellow 

exciton. Our RRS results on Cu20 was ohtainedat "'lOOK with. 

a conventional Raman spec,trometer and a CW dye laser tunable between 
l 

-1 16000 and 18100 cm • 

Figure 1 (b) sho~s the variation of the Raman cross-section of the 

770 cm-
1 r~2 '+ r~~2) (La) two-phonon mode for W

Q
" in'the region of the 

yellow excitonic series. This was theon1y'mode which showed strong 

resonances in this region. 
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To explain these results we have calculated the Raman cross-section 

R by perturbation theory. Among the many possiJle scattering processes, 

the one shown in Figure 1 (c) appears to be dominant since it gives 

the maximum number of resonances (i.e., two) and the strongest exciton-

phonon coupling. The Raman cross-section, assuming the phonons involved 

are dispersionless,l2 can be approximated by: 

2 

(3) 

(12) (15)·· 
where M, V , and V denote the exciton-photon, exciton-f12 phonon 

and exciton-f~~2) phonon interactions repsectively, and the subscripts 

represent the variouselectronic states shown in Figure 1 (c). In 

Eq. (3) we have neglected the non-resonant background contribution. 

It has been shown that ll 

M V(12) 
g,So So,lg 

W -w 
S s 

can be approximated by a constant and 
~ 1 . 6(wlO + 2 - w)n 

~ II 
Iwlq-wl 2 \(q) (4) 

where \is the damping constant of the Is exciton with wave vector q. 

Using these results, we can reduce Eq. (3) to 

. 1/2 fn(x)M 
R(w ) ex: _x_ IE no,g 12 

Q y(x) n W -wo no JC. 

(5) 

. "':(2) 
where x = WlO-WQ +w(f 15 .) and f (x) comes from,the frequency dependence . n . . 

of V(15) • 
lq,no 

dispersion 

When Wo varies over only a narrow region around W , the 
JC. no 

of xl /
2

f (x)/y(x) can be neglected. Taking into account n . 

the damping y of the nth exciton state and neglect overlap of adjacent n 
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exciton peaks, we obtain for wQ ~W no 

(6) 

where CLn(WQ) is the absorption coefficient of the nth exciton peak in 

the yellow series and An is nearly independent of wQ " Figure 1 (a) 

shows the absorption spectrum of an Cu20 sample. It agrees well with 

previous measurements. 6,13 . W~ obtain CL
n 

(wQ ) by simply removing the 

background absorption due to phonon-assisted transitions in the same 

way as done by Nikitine et al. I4 The dependence of A on n can be n ,. 
, . 

calculated using the hydrogenie wave functions and assuming V(15) to 

be given by the Frohlich interaction. 2 Yn is estimated from the experi

mental linewidth of CLn " R(wQ) thus obtained is plotted as the solid 

curve in Figure 1 (b) with only ~ normalization constant. It is seen 

that agreement with experiment is fairly good. Part of the discrepancy 

in the fit is due to (1) uncertainty in the background absorption and 

(2) neglect of overlap of neighboring exciton peaks for n ~ 4. 

Based on Figure 1 (c) it is possible to understand the absence of 

resonance enhancement in the other two-phonon modes. It is known that 

LO phonons couple strongly to excitonsviathe Frohlich interaction and 

in Cu20 only r~2 couples the yellow exciton strongly to the S(allowed) 

excitons. Of the two possible LO phonons~ r~~2) has a much stronger 

dipole moment 9;15 and its energy more closely matches the separation 

the Is exciton from the higher exciton 
. ' -(1) 

states than r 15 • It should 

be pointed out that the strong resonant interband coupling between the 

Is and 2p exciton stat~s'via the r~~2}(i.O) phonon can probably explain 

the large linewidth of the 2p exciton 'peaks. 16 . 
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Although the r l2 + r~f)(LO) mode was the only one to show clear 

enhancement at the yellow exciton series, we fop-nd that two other two-

-(1) -1 -(1) - -1 
phonon modes 2r IS" (LO) (308 cm ) and r 15 (LO) + r 12 (264 cm ) ~ in addi-

tion to the r~2 + r~~2)(LO) mode,showed strong enhancement when their 

scattered photon frequencies W were resonant with the yellow exciton 
s 

series. (We did not study the 2r~f) (LO) mode because the required (u£ 

is outside the tuning range of our dye laser.) The dependence of their 

Raman cross-sections on w is shown in Fig. 2(a). Again, detailed con~ 
s 

siderations led us to conclude that the dominant contributions to the 

strong enhancements we observed come from MRE (in this case, triple 

resonances). 

As an example, we consider the 2r~~I)(LO) mode since all the exciton-

phonon matrix elements can be calculated in this case. For w in reao
s 

nance with the 2p exciton, the dominant scattering process is that shown 

in Figure 2(b). Again using perturbation theory, we obtain the Raman 

cross-section for Ws - w20 as: 

R(wR) ~ 0 for 

0:: (wR - otherwise. 
(7) 

Similar expressions are obtained for w in resonance with the higher 
s 

excitons. The theoretical results are shown as solid curves in Fig. 2(a) 

where the peak heights have been normalized to the experiment. Again 

there is good agreement between theory and experiment. Note that the 

-(1) 
resonance of wR - w(r

l5 
) with the n=3 exciton states gave rise to the 

-(1) 1/2 
(wR - w(r

l5 
) - (

30
) term in Eq. (7). The fact that Eq. (7) can 

d h h d . h 1 ( ) (1,-(1» 0 repro uce t e s arp. rop in t e experimenta R (!lQ at U.l1Z -tll 15 -(1130" 

giv·es strong support to our theory. The details of our theoretical cal-

culations will appear in a later publication. 

We also note that the 308 cm-l mode has been observed in photo-
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luminescence8 and RRS of Cu20 in the region of the blue and indigo 

excitons. 17 However, these measurements were not capable of determining 

-(1) ~ -
whether this mode is a 2r 15", or 2r 12 +r 25 mode. Our result now shows 

that the 308 -1 Raman line is definitely a 2r-(1) (LO) mode. em 
15 

Examples of MR.E can also be found in BiI3 which is a layer semi-

conductor. 18 Recently, Gross et al. 19 have observed in the absorption 

spectrum of Bil3 a series of sharp lines purely electronic in character. 20 

Petroff et al. 20 measured the enhancement of several Raman modes of 

Bil3 in the region of these discrete lines and the absorption edge. 

They found that a number of Raman lines exhibit sharp resonances when 

WQ is inside the absorption continuum but Ws is at resonance with these 

discrete lines. These sharp resonances are apparently due to double 

resonance since no, enhancement was observed when wQ alone is at reso

nance with the discrete lines. 

After surveying the literature we found other cases where MRE 

could be important in determining the RRS but lack of more complete 

data did not allow us to make quantitative comparisons between theory 

and experiment. Gross et al. 21 have measured RRS in Zn Cdl Te. x -x They 

found that the Raman cross-section of the n - LO (n ~ 1,2,3,and 4) mode 

peaks whenever W was at resonance with the exciton whereas the 3LO 
s 

and 4LO phonons showed no enhancement when wQ was at resonance. Similar 

results have also been observed in CdS by Leite et al. 22 and Klein et al. 22 

Martin and Varma 23 have explained this phenomenon in terms of a "cascadetl 

theory of hot luminescences, but we can also consider these cases as 

examples of MRE in RRS;. The distinction between RRS and hot luminescence 

has been recently elucidated by Shen. 24 



-8- LBL-2290 

We are grateful to Prof. Y. Petroff for providing the CUZO crystal 

used in our experiment and to Prof. L. Falicov '.or many enlightening' 

discussions. This research was sponsored under the auspices of the 

Atomic Energy Commission. 

\ , 



-9- LBL-2290 

REFERENCES 
, ;' , ," . 

lR. Loudon, Proc.Roy. Soc. (London)A275, 218 (1963).; J. Phys. 
Radium 26, 677 (1965). 

I 
2' . '., . : 
A.K. Ganguly and J.L. Birman, pq.ys. Rev. 162, 806 (1967). 

3B. Bendow and J.L. Birman, Phys. Rev~ B1, 1678 (1970); Phys. Rev. 
B4, 569 (1971). 

4See for example J.F. Scott, R.C.C. Leite, and T.C. Damer.,Phys. Rev. 
188, 1285 (1969). 

5p.y. Yu and Y.R. Shen, Phys. Rev-. Letters~, 468 (19}2). 

6See for example review articles by S. Nikitine in Optical Proper
ties of Solids ed. by S. Nudelman and S.S. Mitra, Plenum Press, N~Y. 
(1969) and by E.F. Gross, Usp. Fiz. Nauk. 63, 576 (1957) [Soviet Phys.--
Uspehki~, 782 (1957)]. --

7R.J~ Elliot, Phys. ~ev.·124, 340 (1961). 

By. Petroff, P.Y. Yu, and Y.R. Shen, Phys. Rev. Letters 29, 1558 
(1972) and A. Cornpaan and H.Z. Cummins, Phys. Rev. B6, 4753 (1972). 

9M• O'Keeffe, J. Chern. Phys. 39, 1789 (1963); I. Pastrniak, Opt. 
i Spekt. 6, 107 (1959) [Opt. Spectr: 6, 64 (1959)].and J.C.W. Taylor 
and Weichman, Can. J. Phys. 49, 601 (1971). 

IDA. Compaan and H.Z. Cummins, Phys. Rev. Letters 31, 41 (1973). 

IIp.y. Y~, Y.R. Shen, Y. Petroff and L.M. Fa1icov, Phys. Rev. 
Letters 30, 283 (1973). 

12C. Carabatos and B. Perot, Phys. Stat. Solidi 44, 70 (1971). 

1.3p.W. Baumeister, Phys. Rev. 121~ ,359 (1961). 

14S. Nikitine, J.B. Grun, and M. Sieskind, J. Phys. Chern. Solids 
17, 292 (1961). 

15K. Huang, Z. Physik 171, 213 (1963). 

~6y. Tayozawa, J. Phys. Chern. Solids 25, 59 (1964). 

17p.y. Yu, Y.R. Shen and Y. Petroff, Solid State Comm. 12, 973 
(1973). 

18B.L. Evans, Proc. Roy. Soc. (London) A289, 273 (1966). 

19E•F• Gross, N.V. Starostin and R.I. Shekhrnamet'ev, Fiz. Tverd. 
Tela 11., 3393 (1971) [Soviet Phys.--So1id State 13 2850 (1972)]. 



-10- LBL-2290 

20y. Petroff, P.Y. Yu, and Y.R. Shen (unpub~tshed) and Bull. Am. 
'Phy's. Soc. 18,413 (1973). 

2IE.F. Gross, A.G. P1yukhin, L.G~ Sus1ina, and E.B. Shadrin, Pisrma 
Zh. Eksp. Tear. Fiz.15, 312 (1972) ISovietPhys.--JETP Letters 15~ 220 
(1972)] ~ - . 

22R.C.C. Leite, J.F. Scott, and T.C. Damen, Phys. Rev. Letters ~, 780 
(1969) and M.V. Klein and S.P.S. Porto, Phys. Rev. Letters ~, 782 (1969). 

23R.M. Martin and C.M. Varma~ Phys. Rev. Letters ~, 1241 (1971). 

24Y.R. Shen, Phys. Rev. (to be published). 



Figure i (a) 

-11- LBL-2290 

FIGURE CAPTIONS 

The absorption spectrUm of Cu
2
0 measured at ..;"" 5°K. : The 

dotted curve represents the background absotp~ion due 

to phonon-assisted transitions. 

(b) The Raman cross-secti~n of the r~~2) (LO) + r~2(770 cm-1) 

mode of Cu20 obtained at - lOoK as a function of incident 
," :,'",':-.; ~ •. ~_ '" . ",.l 10 .ft':" .~. ... rJ:;!': 

photon energies. The solid curve is the theoretical 

curve (Eq. (6». 

(c) A schematic diagram of the dominant resonant Raman pro

cess at wQ - w
30

• g stands for the "ground state and e 

Figure 2 (a) 

an' allowed ,exciton. 

The Raman cross-section of 3 two-phonon mo~es of Cu20 

measured at -'lOoK as a function of the scattered phonon 
,/.: . 

energy •• ~r~~l) (~O) (308 cm -1) ; 0 0 r~i ~ r~~l)(LO) (264 

cm -1) and + + r~2~' r~~2) (LO) (770 cm -1) • The solid 

curve is the_theoretical curve. 

(b) A schematic represe~tation of the Raman process respon

sible for the observed enhancement in the 2r-(1) (10) mode 
15 
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