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STUDY OF DISPERSIVE RAMAN MODES IN Cuy0

BY RESONANT RAMAN SCATTERING -
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and
Y. R. Shenf v | : ’ i
- Physics Department, University of California, -

and Inorzanic Materials Research Division,
Lawrence Berkeley Laboratory, Berkeley, California 94720

ABSTRACT: We have-obser&ed-shifts in energy of a number of Raman modes-

of Cuzo as a function of:ipcident photon energy. We explaiﬁ such»énergy
shifts as due to diépersion in the phonons involved and obtain quantitative
: égreement between theory and experiment. From our data we have also
determined the effective mass of the ls yellow exciton ingCuzo to be

(3.0 £ 0.2) m_.

‘Research supported by the Atomic Energy Commission.
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It is generally accepted thatrope;phonoﬂ kahan modes are character-
ized by zene-center phonons while multithonen‘Raman modes reflect the phonon
density-of-states near critical poidts. In either case for'a given crystal
orientation, the Raman frequency shift is independent of_the excitihg photon
»energy. Ih this Letter weareport for the.first tihe the ebservation of some
Raman modes in cuzo Whese frequedeies.vary with the exciting laser frequency.
‘We have developed a'thedry to explain eur‘results quahtitatiﬁely and shown
that it is‘pessible to obtain phonon dispersion and effective massbof the ls
" exciton band in Cu20 by resonance Raman scattering (RRS) .

Recently Yu et al.( ) have shown that RRS of the 2ro —phonpn'mode in

12

is dominated by thevscattering process shown in Figure l(a). "For a

(3)
2

fixed. incident photon energy 'mi » the momentum q' of the,_riz-phonon emitted
-is determined Uniqdely by the resonance condition:
L2 P o
| wy = wp t o BQT/2M + 0 (q) _ - o - @
where,.m1 and-wo are respeétively«the'energies‘of the 1s yellbw exciton at q =

0 and the rlZ phonon and M is the effective mass of the 1ls exciton band

which is assumed to be spherical. Thus by measuring the energy of the 2[‘12

mode as affunction of w, one can in principle measure the dispersion curve

i
of the r12 phonon for q up to 2 x 107 m-l_or_abOut 1/4 of the B.Z. -However

no such shift in the energy of the 2F12 ‘mode was observed. This is because
the r12 mode happens-to be almost dispersionlessca). . But there are other

. phonons in Cu,0 more dispersive than the Piz phonon. .Thisvprompted‘us'to

2

measure the position of other Raman peaks of_Cu20 as a function of W, . Our

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

(5

and a CW dye laser on single crystals of Cu20 grown hy oxidation of pure

copper and from melt. Results from both.kinds of samples are essentially
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identigal. Samples growﬁ_from melt have mﬁch‘Stronéefvluminescencé background:
wﬁich ténds to obscuré the weaker kaman iines. We therefbre presehted here
'only results obtained from éamples grown bj qxidatioh of Cu. Figures}Z(a) and
‘(b)-shoﬁltwo Raman spectr%lof Cu,0 obtained with.tWO different Qi. We notice
'A thaﬁ the peaks'labelled Y and in have c;éarly shifted in.energy With  @1.
In Figufé 3 we have plotted the éeék position of all the Raman‘msdes

of Cu,0 between 190 and 400 cm—l as a function of mi,‘ In this.papef'wg éhall
ﬁonsidérfohly:the ﬁddes X, Y, Z and PI2'+‘ r'fé)‘, and leave the rest to a
more dgfailed future publication. |

."RAMAN 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 splitfing off

12

increases above the phonon-assisted excitonic Absorption edge (wl.+Mw° =

from the 2I,, mode (220 cm—l)'énd shifts to larger values of mi-ms as w;

16514 Cm—ly;* This suggests that this mode is.due to scattering of two F;Z.
phonohs plus a IOW‘energy'diSpérsivevphonon which is presumably a longitqdinal
acousti¢ (LA) phonon [LA phonons couplevmore'strongly«to excitons than TA
' ‘phondns]; There is also good-feason to éxpect sﬁch an;ac0ustic—phonon:sideband

12

1s yellow exciton with a non-zero momentum q is dominated ‘by the damping

of the 2I'. mode. In Reference 2 it.was shown that the damping y of the

Yaé due to emission of an écoustic phonon. - Fromvthevfcascade' theory of
Martiﬁ_énd Varma(é), we expect the rﬁtio‘of the -intensity of -this sideband»
’ tq the'intensity of the 2F12 mode to be 'Yaé/‘Y @,1.’ |

| ;The above interpretation is subported by the following quantitative
‘analysis. Applying perturbation theory to the scattering process shown in

Figure 1(b), we can show that the Ramén'cross4section of the-ZF;? + LA (wak)

]
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‘mode 1is given by:(7) '
‘a(mi)yac(q,k)y-z(qy for“0$ks2(q-Mv/ﬁ)" _
Bylogugmug = Zuy 4uy) |
0 _ '_'b', OtherwiSe‘
‘where-'y (q,k)' n k2[1 + O(RZ)]/q is the damping of,the 1s exciton with. -
‘momentum q via emission of LA phonons with momentum k, w#k_= vk iS'the LA-
phononvfrequency, v .is the LA phonon Velocity and .a is the absorption
- constant. :In order to compare Eq. (1) with the observed Raman:spectra:we L
neglect the 0(k2)‘term;in Y, (q,k) and convolute'RY with the slit function”
(which is a Gaussian with a half—width (4n 2)4= 2 'cm” ) of the spectrometer. .

The Raman spectrum is then: given by:

| . | 2v(q—Mv/ﬁ) 2 w .Gw‘2 ) _
. IY(wi,6w= Wy ~20 ) « S - dw” (w ) "exp[~( ) ] - (3)
o
The dotted curves in the inserts of Figure 2 are calculated from Eq. _(37v .
cusing . v = 4.15'x;105,Cm/sec for the LA phonons im Cu20(8> and M as_an__‘c
, v . . iq

adjustable parameter:( M= 2.9'm°.and 3.2 m? for-mi = 16570‘and 16587 cmp
.respectively)., The momentum' q is determined-by"mi from-EQ-_ <1)f For

all Wy studied the calculated spectra fit quite well the experimental spectra
witu.ﬁ.= (3.0 + 0.2) m except for small values of buw. This discrepancy tends
to bedbigger for 1arger mi and‘suggests that the‘O(kz) term is signdficant'
v‘especially for large k. Using M .= 3f0 m we have computed_from Eq. (3) the
peak position of the calculated Raman spectrum as a:function.of< Wy The
theoretical curve, shown as a solid line in Figure_3, reproducesvthe experi-

- mental peak positions quite we11. It should be’noted that for reasons which :

" will not, be.discussed here the above value of M 1is a factor of'i'larger than

9

the one deduced from magneto-opticalgabSOrption .
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- As a further check on our tﬁeof§(we have plotted in Figure 1l(c) the
peak Raman intensity of Y as a function of w, . Thevéolid4cufveeis a plot
of Eq . (2) with k = 2 (g-Mv/R) and o and v(qQ) given by their expressions

in Reference 2. In particular we have

A+ (wi—wl-wo) ml+wbs wis'm1+3mo _ { _ . . (4)
Yy v . G . 1/2 ‘ L
A+ (wi—wlfwo)+B(Qi—wl—3wo) misz1+3w°
For the solid curve in Figure 1(c) we have used A = 45 cm =~ and B » 20 cm .

‘They‘agfeevweii with the values of A 2_39 cm'-1 and B 2_30 cm—lﬁused to fit
the;experimentel ZTIZ data in Referehce‘Z. |

RAMAN MODE: Z -

The change in the peak Z with w, is simllar to the peak Y except

i

for its weaker 1ntensity. It is natural to 1nterpret it as a zrl o 2LA mode.

The Raman cross—section in this cese can be shown to be:

.]32(Qi:mif§;52w°+@;kl+w;k2)cu(wi)yac(q,ki)Yéc(q, Z)Y .(5 kS}
“foe OS k1.< 2(q -'M»/ﬁ) and 0 s k2 <2 v 252¥vkilﬁ - 2Mv/ﬁ and zero
.‘etherWiee; The Raman spectrum is glven by: ‘ _
I (6w=m - —2w )« J{, max dw” (w') (Gw-m ) _ | . (6)

“nin
with w__ = minimum of Sw and 2v(q- Mv/K) and w = maximum of -0 and
max . _ min

Sw— 2Mv2/H -2v ’ q2 -2Méw/H - .. The peak position in the Ramanispectrum-can

be .calculated numerically’from Eq. (6) as a fﬁnctidn of wy. This is shown

-as the solid curve in Flgure 3 u31ng M= 3. O m, obtained from Y and no

adjustable parameter. The excellent agreement with expetimentllends further

Support—to our ;heory; The corresponding calculated Raman spectra (with peak

'helght normallzed to experlment) for: w Cm= 16570 -and- 16587 cm’ 1'ate~shownfes the



LBL-2577 -

dashed curves in the inserts of FigureYZ. Again reasonable agreement with

experiment is found.

. - (1)
RAMAN MODES: "X and I, + Tg

The very weak intensity of the peak X ‘and its otherwiSeUsimilarity‘

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

12
calculations as we'did for the Y peak, but with a TA phonon velo_c:ity"‘-= 0.3v

replaclng vV , we can predict well the peak p031t10n of the X mode as a

function of L w,  as showu by the solid curve in- Figure 3 The TA phonon

i

velocity. obtained from the elastic constants( ) is 0 32v. Unfortunately

its weak 1nten31ty prevents further quantitative 1nvestigat10n.

Figure 3 also shows that the r12 1§1) mode has a linear splitting
with mi. According to the phonon d1spersion curves of Cu20 calculated by
Carabatos and Prevot( ), the frequency of the TO component of the r ( ) phonon

zrdecrease linearly while that of the LO component increase linearly with q2. As ’

the dlspersion of the F phonon is negllglble, it is obvious from Eq (l)

12
that the splitting of the rlZ + rlél) Raman mode should be proportional to
ml—wl—mo as observed At mi’= 16864 cm ( q " %-B Z. using M = 3 Om ) this

TO-LO Spllttlng was found experimentally to be 8 cm -1 while the theoretically
predicted splitting is 9 cm 1,;‘ |

In conclusion we “have demonstrated that using RRS it is possible to

-(1)
15 2

zone-center out to v %- B.Z. We have also determined the effective mass of

observe the_dispersion of the acoustic and T optical phonons of Cu O from'
the 1s yellow exciton band o be (3.0 i.Q.Z)mg.
* 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-Cu20 samples used in this ‘experiment.



o7 . LBL-2577

REFERENCES - -

See for example, R..Loudon, Adv. in Phys. 13, 423 (1964).

. P. Y.,Yu; Y. R..Shen, Y. Petroff and L. Falicov, Phys. Rev.

_ Letters 30, 283 (1973). :

_ For3a'review on properties of Cu,0 see S. Nikitine, in "Optical iv-
'-Properties’of'Solids”, ed. by S. Nudelman and S. S. Mitra‘(Pleﬁ?m,i
-Néw,York,nl969). | '

. C. Carébatos and B. Prevot,_Phys. Stat. Solidi éﬁ; 701 (1971).

~ Spectra Physics Model.370. | |

- R..M.,Martinvand‘c./M. Vérma,‘Physi‘Rev. Letters 26, 1241 (1971).

In oqudefivation we have assumed that the exciton - LA phonon

- interaction to be « {r;. 1+ O(kg)) -and- the acoustic phonon
. 'chupation gumber [ (exp Hw/kT) -l]"1 to Be << 1 (since T‘ﬁ 2°K in"
. our experiment). | | | A
- J. Hallberg and R.;Hahéén, Phys. Stat. Solidi gg; 305 (1976).

' A. G. Zhilich, J. Halpern .and B..P. Zakharchenya, Phys. Rev. 188,

1294 (1969) .



Figure 1

state. Notations are. ——p———  1ls yellow exciton; - >

LBL-2577

FiGURE CAPTIONS

Schematic representation of the RRS of (a) 2F12 phonons and

(b) 2F 2 '+ acoustic phonon with the ls exciton as the 1ntermediate

[ —

—t»

B exciton; =~ - - - PhOtOn, S~ 1"12 phonon -and %

acoustic phonon.. (c)- Peak 1nten51ty of the Raman moden Y of Cuz

as a function of incident Photon energy w; . “The solid curve is a

Figure 2

E thecretical curve obtained:from "Eq. (2) [see text].

Raman spectra of CuZO for two different incident photon- energies"
-1

'(a) 16587 cm -1 and (b)~16570 cm ~. The inserts show the-Raman modes-'

.Y and Z ‘after removal of the luminescence'background.; The dotted

) FigUre'3

- and dashed curves are theoretical curves [see text].

The position of all the observed Raman modes of Cuzo between 190—400

¢cm ~ '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

fthe half-widths of ‘the corresponding Raman peaks.
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