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STUDY OF DISPERSIVE R&~ MODES IN Cu
2
o 
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IBM Thomas J. Watson Research Center 

Yorktown Heights_, N. Y. 10598 

and 

LBL-2577 

Y. R. Shen t ' 

· Physics Department, University of California, · 
and InorJanic Materials Research Division, 

Lawrence Berkeley Laboratory, Berkeley, California 94720 

ABSTRACT: We have observed shifts in energy of a number of Raman modes 

of Cu2o as a function of incident photon energy. We explain such energy 

shifts as due to dispersion in the phonons involved and obtain quantitative 

agreement between theory and experiment. From our data we have also 

determined the effective mass of the ls yellow exciton in Cu2o to be 

(3.0 + 0.2)"m. 
' - 0 
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It is generally accept~d(l) that o~e-phonon Raman modes are character-

ized by zone-center phonons while multiphonon Raman modes reflect the phonon 

density-of-states near critical points. In either case for a given crystal 

orientation, the Raman frequency shift is independent of the exciting photon 

energy. In this Letter we report for the first time .the observation of some 

Raman modes in Cu2o whose frequencies.vary with the exciting lase:r frequency. 

We have developed a theory to explain our results quantitatively and sho\m 

that it is possible t9 obtG.in phonon dispersion and effective mass of the ls 

exciton band in Cu2o by resonance Raman scattering (RRS). 

Recently Yu et al. (2) have shown that RRS of the 2r~2-phonon mode in 

CuiO(J) is dominated by the scattering process shown in Figure l(a). For a 

fixed. incident photon energy wi , the momentum q of the. ·. r 12 phonon emitted 

is determined uniquely by the resonance condition: 

2 
nq /2M+ w

0
(q) (1) 

where. w1 and w
0 

are respectively;the energies of the ls yellow exciton at q = 

0 and the r12 phonon and M is the effective mass.of the ls exciton band 

which is assumed to be spherical. Thus by measuring the energy of the 2r~2 
mode as a function of one can in principle measure the dispersion curve 

- . 7 -1 of the r12 phonon for q up to 2 x 10 em .or about 1/4 of the B.Z. However 

no such shift in the energy of the 2r~2 mode was observed. This ·is because 

the ri2 mode happens to be almost dispersionless{4) .. But there are other 

. phonons in cu2o more dispersive than the r 12 phonon. .This prompted us to 

measure the position of other Raman peaks of Cu2o as a function of wi. Our 

measurements were performed at "' 2°K using a conventional Raman spectrometer 

and a CW dye laser(S) on single crystals of cu2o grown by oxidation of pure 

copper and from melt. Results from both kinds of samples are essentially 
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identical. Samples grown from melt have much stronger luminescence background 

which tends to obscure the weaker Raman lines. We therefore presented here 

only results obtained from samples grown by oxidation of Cu. Figures 2(a) and 

(b) show two Raman spectrf.of Cu2o obtained with two different wi. We notice 

that the peaks labelled y and z have' clearly shifted in energy with w •• 
~ 

In Figure 3 we have plotted the peak position of all the R:aman modes 

cf cu2o between 190 and 400 cm-l as a function of In this paper w~ shall 

consider·only the modes X, Y, Z and r12 + and leave the rest .to a 

more detailed future publication • 

. RAMA.J.'i MODE: Y . 

We consider the peak Y first because of its comparatively larger 

cross-section. We notice in' Figure 3 that this peak starts by splitting off 

from the 2r~2 mode (220 cm-1) and shifts to larger values of wi-ws as wi 

increases above the phonon-assisted excitonic absorption edge (w1 + w
0 

= 

16514 em -l). · This suggests that this mode is . due to scattering of two r 12 

phonons plus a low energy dispersive phonon which is presumably a longitudinal 

acoustic (LA) phonon [LA phonons couple more strongly to excitons than TA 

· phonons]. There is also good reason to expect such anacoustic-phonon_sideband 

of the 2r~2 mod~. In Reference 2 it.was shown that the damping y of the 

ls yellow exciton with a non-zero momentum q is dominated .by the damping 

y · due to emission of an acoustic phonon. From the 'cascade' theory of ac 

Martin an:d Van:1a (G), we expect the ratio of the ·intensity of this sideband 

to the intensity of the 2r~2 ~ode to be Yac/. y ~ 1.' 

·The above interpretation is supported by the follow.ing quantitative 

analysis. Applying perturbation· theory to the scat.tering process shown in 

Figure l(b), we can show that the Raman cross~secti.on of the 2r;-2 +LA (w 1 ) 
... a< 
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mode is given by:<7> 
- 2' . 

a(wi)yac (q,k)y- (q) for O~k~2(q-Mv/li) · 

0 Otherwise 
•'. ', 

where y (q, k) ~ k2 [1 + O(k2)] /q is the dam. ping of th.e ls exciton with ac 

(2) 

momentum q via emission of LA phonons with momentum k, wak = vk.is the LA 

phonon frequency, v . is the LA phonon velocity and . a is the ab'sorp.tion ·.· • 

constant. In order to compare Eq. (1) with the observed R.l;lman s.pectra we 

2 neglect the O(k) termin yac(q,k) and convolute By with the slit function 

(which is a Gaussian with a haif-width (R.n 2)~ ... 2 cm-1) of the spectrometer. 

The Raman spectrum is then given by: . 

1 (w ,6wm w -w -2w ) (II; 

y i i s 0 

(2v(q-Mv/li) 2 w~-6w 2 J dw .. (w') exp[-( ~ ) ] 

0 . 

.... ··. (3) 

The ·dotted curves in the inserts of Figure 2 are calculated from Eq. (3) 

using 4.15 x 105 em/sec for the LA phonons in Cu2o(S) and M asan 

-1 adjustable parameter ( M ·= 2.9 m
0 

and 3.2 m
0 

for wi = ~6570 and 16587 em 

respectively). The momentum q is determined by w1 from Eq. (1). For 

all wi studied the calculated spectra fit quite well the experi~e~tal spectra 

with.M'= (3.0 + 0.2) m except for 'small values of 6w. This discrepancy tends 
- 0 .. 

2 to be bigger for larger wi and sugges~s that the O(k ) term is ~ignificant 

especially for large k. Using M = 3.0 m we have computed from Eq. 
0 . 

(3) the 

peak position of the calculated Raman spectrum as a function of wi. The 

theoretical curve, shown as a solid line in Figure 3, reproduces the experi-

mental peak positions quite well. It should be noted that for reasons which 

will not be discussed here the above value of M is a factor of 2 larger than 

. (9) 
the one deduced from magneto-optica,l absorption · . r 
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As a further check·on our theory we have plotted in Figure l(c) the 
. . 

peak Raman intensity of Y as a function of w1 • The solid curve _is a plot 

of Eq • (2) with k = 2 (q-Mv/li) and a and y(q) given by their expressions 

in Reference 2. In particular we have 

.{A_+ (wi-wl-wo) wl+wo~ wi~ wi+3~o 
y ~ 1 1/2 

· A+ (w.-w -w )+B(~.-w -3w) wi~ w1+3w
0 ~ 1 0 ~ 1 0 

(4) 

For the solid curire in Figure l(c) we have used A= 45 cm-l and B ~ 20,cm-l 

They agree well with the values of A~ 39 cm-l and·B ~ 30 cm-l used to. fit 

the experimental 2r~2 data in Reference 2. 

RAMAN MODE: Z · 

The change in the peak Z . with_ wi is similar to the peak Y except 

for its weaker intensity. It is natural to interpret :Lt as a 2r~2+ 2LA mode. 

The Raman cross-section in this case can be shown to be: 

RZ· (wi,wi-w· =2w +w k +w k )a:a (wi)y (q,k1 )y (q,k2)y -
3 

(q) :(5) s o a 1 a 2 ac ac 

for 0~ k1 ~ 2(q - Mv/li) and 0 ·~ k2 ~ 2 I q2-2~vk1/li - 2Mv/li and zero 

otherwise. The Raman spectrum is 

I (ow=w -w -2w )~ [wmax z i s 0 w 
min 

with w = minimum of ow and max 

ow- 2Mv2/li -2v I q2 .,-2Mow/n 

given by: 

dw .. (w~) 2 (ow-w .. ) 2 

2v(q- Mv/li) and w i = maximum of 0 and ron 

(6) 

The peak position in the Raman spectrum can 

be calculated numerically from Eq. (6) as a function of w1. This is shown 

as the solid curve in Figure 3 using M = 3.0 m obtained from Y and no 
0 

adjustable parameter. .The excellent agreement with experiment .lends further 

support to our theory• The corresponding calculated Raman spectra (with peak 

height normalized· to experiment) for ·wi = -16570:and-16587 em .:.l are~shown:·as the 
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dashed curves in the inserts of Figure. 2. Again reasonable. agreement with 

experiment is found. 

RAMAN MODES: - -(1) x and r 12 + r 15 

The very weak intensity of the peak x. and its otherwise similarity 

in behavior to Y suggests that it is a 2r~2 + TA mode •. Using the same 

calculations as we did for the Y peak, but with a TA phonon velocity = 0.3-v 
... 

replacing v , we can predict well the peak position of the X mode as·a 

.function of . wi , as shown by the solid curve in Figure 3. The TA phonon 

velocity obtained from the elastic constants(8) is 0.32-v. Unfortunately 

its weak intensity prevents further quantitative investigation. 

Figure 3 also shows that the r~2 +. r~~l) mode has a linear splitting 

with 

Carabatos 

According to the phonon dispersion curves of cu2o calculated by 

and Prevot(4), the frequency of the TO component of the r~~l) phonon 

2 
decrease linearly while that of the LO component increase linearly with q • Aa 

the dispersion of the r 12 phonon is negligible, it is obvious from Eq. (1) 

that the splitting of the r~2 + r~~l) Raman mode should be prop6rtio.nal to 
. -1 . 1 . 

wi-w1-w
0 

as observed. At wi = 16864 em ( q "' 4 B.Z. using M = 3.0 m
0

) this 
. -1 .. 

TO-LO splitting was found experimentally to be 8 em while the theoretically 

-1 predicted splitting is 9 em • 

In conclusion we have demo~strated that using RRS it is possible to 

observe the. disp~rsion of the acoustic and r~~l) optical phonons of cu2o from 
. . 1 

zone-center out to "'4 B.Z. We have also determined the effective mass of 

the ls yellow exciton ban4 -::o be (3.0 + 0.2)m • . . -. 0 

We wish to acknowledge helpful discussions with Drs. F. Stern and E. 

Burstein and expert technical assistance from J. Bradley. We are grateful to 

Prof. Y. Petroff for. the Cu2o samples used in thi.s experiment. r· 
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FIGURE CAPTIONS 

Figure 1 Schematic representation of the RRS of (a) 2r~2 phonons and 

(b) 2r~2 .·+ acoustic phonon with the 'is exciton as the intermediate 

state. Notations are· ~- · ls yellow exciton; 

B exciton; - photon; ~ ·r~2 phonon ·and ~ 

acoustic phonon •. (c)· Peak intensity of the Raman mode Y of ·cu2o 
... 

as a function of incident photon energy w. • The sol'id curve· is a 
l. 

theoretical curve obtained from · Eq. (2) [see text]. 

Figure 2 Raman.spectra of Cu2o for two different incident photon·energies: 

(a) 16587 cm-l and (b)·l6570 cm-1 • The inserts show the Raman modes 

· Y and Z after removal of the luminescence background. The dotted 

and dashed curves are theoretical curves [see text]. 

Figure 3 The position of all the observed Raman modes of Cu2o between 190-400 

-1 
em as a function of incident photon energy. The broken curves are 

drawn for clarity. The solid curves are theoretical curves discussed 

in the text. The vertical. bars over the experimental points indicate 

the half-widths of the corresponding Raman peaks. 

, . 
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