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Abstract

We report strong resonance enhancement in the 220 em™?

Raman line of CuzO at the rl- z—phonon-assiste'd. absorption

t‘hreshov_ld. of the forbidden 1s yeilow excitbn. A consistent
" theoretical intérpretation is Ipresented. It shows that the line is

due to scattering of two phonons and the resonance enhance-

I"l 9

ment is strongly affected by the exciton lifetime. The latter
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effect has never been considered or observed before in resonance

Raman scattering.

Resonance Raman scattering (RRS) close to free or bound excitons has
been the subject of a number of reports,\y but the same effect involving a "for-
bidden"exciton has received little attention. We rt'eport here the results of an
experimental investigation on a’twci- phonon RRS near a forbidden exciton line
in CuZO, and the corresponding theoretical analy_Sis which explains the unusual
behavior of the observed resonance. Webelieve this is the first detailed RRS
work involvihg a forbidden exciton.

The optical spectrum of CuZO contains four series of excitoné known as
the yellow, green, blue and indigo excitons\zj/’l‘he first two are formed by
electfon-hole pairs in the lowest conduction band and the two top (spin—brbit‘
split) valence bands. The blue and indigo excitons are believed to invoklve

electrons in a higher conduction band. Electric dipole transitions are allowed

‘ f(_)r the blue and indigo series but forbidden for the IS member of thé yellow

and green series.\é/ At 4.2°K the yellow series has the frequencies}\z/

o, = (17,525-—7%@) em” ] n=2, 3, 4, ...)
n | (1)
®, = 16,400 em™

1

' The 1smémber can be excited from the ground state through phonon-assisted

electric-dipole-transitions: the most important phonon has a PEZ symmetry

~and fr equencw

®. = 110 cm™? . | o (2)
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This phonen-assisted process gives rise to a band absorption threshold (insert .
in Fig. 1a).

2

phonon-assisted exciton absorption edge. Here we only discuss the resonance

We have measured RRS in Cu, O in the vicinity of its four excitons and
‘enhancement of the 220 cm_1 line in the region of the phonon-assisted yellow

exciton absorption band The CuO, samples mvestlgated were thin monocrystal—

A enhancement
line plates prepared by oxidation of Cu or grown from melt. The resonance/in their

Raman lines were essentially the same. The samples were mechanically
pollshed and etched with concentrated n1tr1c acid before bemg placed on the coLd
finger of an optical dewar. The ex01t1ng radiation from a CW dye laser (Spec-
tra Model 70) was tunable frem 16,000 to 117, ’700 cm_l. The back - scattered
light from the sample was analyzed by a tjpical Raman spectrometer with photon
- co_un_ting electronics. Intensities of the Raman lines Were‘norma'.lized agaihst
" the 283 cm™? line of calcite measured under similar conditions.

- Raman spectra of Cu,,0 excited by discrete laser lines have been studied

2
8~10
| by severa.l autho_rs&/When the exc iting laser frequency was below the

absorption edge, we found lines ovnly at 197 and 220 (+2) cm'l;‘

when'_the excitihg frequency was slightly abeVe the a.bserption'edge we detected

additional  lines at 264, 280, 306, 328, 434, 626 and 774 cm™ ). All
these lmes, except the 197 and 220 cm -1 lines,' vdisa.ppea_red for exciti_hcj

frequenc1es far above the absorptlon edge. . This_ ind.ica,tes resonance enhance-

ment for all these Raman modes. The 220 cmf1 line showed the strongest

~ enhancement.
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In Fig. 1 we show the Raman cross-section of the 220 cnn-1 line as a

function of incident photon energy for two different temperatures. The effect due

to dlspersmn in the absorption coefficient has been corrected for in the Way

suggested by Loudon\/ We observe promment resonance enhancement

at -two photon trequencies: (A) a very sharp rise at the phonon-assisted
absorption threshold and (R) a weaker enhancement close to the edge of the yellow
exciton continuum [n = in (1)]. Contrary to recent results\{;/

we‘ | found no enhancement in t‘he}220~ c.m_1 line near the 1s free exciton

line, even in the presence of an electr1c field of upto 10 kV/cm. (13

The 220 cm-1 Raman line of CuZO has been attributed by various authors

to the I‘2 5 Raman active phonon‘%/to zone boundary phonons activated by

6,1

defects Vand to two 12 phonons. The assignment to the I, . mode is

d5
not compatible with polarlzatlon studles \Q/Ou_r observation tiat the
Raman cross-section is essentially independent of sample preparation suggests

that defects are not important. The two-phonon assignment

'yield.s a consistent explanation and = good agreement between theory and the

exp’erimeht

The sharp rise in the Raman cross-sectlon of a two- phonon mode at the

absorptlon edge is somewhat surprising. The phonon-assisted absorption edge

of Cu‘ZO is not very strong compared to the direct absorption edges in semi-

: conductors . The reason becomes clear if we consider the detailed

mechanism involved in the process.

{\{,
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As pointed out earlier, the absorption edge in Cu,O arises from the absorp-

2

tion of an incident photon with the simultaneous creation of a 1s yellow exciton

of Wa.vevector a and frequency
- N 9 _
wy(@ = @, +hg7/2M -, | (3)

(M is the sum of the electron and hole masses of the exciton), and a T, 12 phonon

of wavevector ( q) and frequency wo and. nééllglble dlspersmrw Thé absorptlon
process is shown diagrammatically in Fig. 2a; it is mediated by an intermediate
exciton state, labelled B.\é/Since the q exciton cannotv return to the ground state
through an elec»tric-d.ipole transitién? the most probable decay mode is the simul-
| taneous emiss_ibn of a photon and another 12 phonon. These two processes put
together yield: RRS oftwo T 12 phonons as shown in Fig. 2b. It is
now clear that the "forbidden" character of the yellow exciton makes it a suitable

intermediate state for Raman processes in which two rl"z-vphonons are involved.

Standard perturbation theory'of the scattering process of Fig. 2b Yields

for the Raman cross-section as a function of incoming photon frequency wi
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R(w.l) ~ a@ l(w(3 + 2&)0 - wi)(a)CL + g - wi)'(ooB - wi) |'2 | (4)

where ‘*)6 is the intermediate B exciton frequency. Eq. (4) assumes matrix
elements independent of E; it can be obtained directly from previously published
RRS t-hebrie&s/by keeping the only two impoftar_lt terms.

The enhancement observed ihvthe 920 cm™ 7 line is due to the resonant denomi-

nator (“)a +W. - wi) in (1). Since the B exciton has an energy at least 0.5 eV

0

higher than the yellow exciton a, we can regé.rd. the non-resonant factors

((oB + 2000

in (4) into ah integral

- a)i) and (coEJ - coi) as constant. By changing the summation over E

2 i [ 3/2 e 12
Rw) ~ T | . -, 2 2 4o (—---2 ) e )
i = 1 " 2M 0 i h 2 :
q - 0 |(oo1+ooo-a)i)+xi

whex_‘é X, corresponds to the"Brillouin_ZOne cut-off qgo it can be seen that (55
d.iverges'for wi_>_ @+ 0y This divergence is, of course, an artifact of per-
turbation theory and is removed by those processes which give a finite lifetime
-to the excviton state, and, to a lesser extent, to the 1“]- 9 phdnon. If the exciton
a has frequency given by (3) and a lifetime f/v(q) ,‘ then lifetime corrections

to (5) are equivalent to replacing in the denominator x by (x+ iy). L is

~ also a good approximation to replace

1 o~

s 2oy, ©

(x+a.)2+-y

which yields
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<
0 | , 0, S0+ 0y
R(oai) ~ (‘”i “o, - (‘)0)1/2 _ (N
‘ Yo, -0, ~©) , ooi>w1+coo '
i 1.0 o
|59 ’ i - ' . )
o Eq. (7) states that the tWo-I‘12 phonon Raman cross-section in the RRS region

is given by the ratio of the density of states of the yelow exciton and the lifetime
broadening of the yellov&} exciton at that en’ergy.‘
We have calculated expressions for ¥(q) due to various decay processes.
‘The scattering rates due to them are additive.
~(a) Intra.bind. scattering by one acoustié ph,onon,\lyFig. Je:
Yac ~ Al(wi - ®p - wO) ; | o | (8)
(b) ',]Lr_ltfaband sca.tfering by two I‘l- 5 phonons, Flg 2d:

_ o 1/2 :
= A (o)i @, 3030)_ | a)i>u)1 + 3&)0 ; (9) 

~(c) Decay to the ground state by electric-dipole radiation with emission of one
r12 phonon, Fig. Ze: |
Ya T €1 | | (10
(e, is a constant quantity, small compared to Yoo

- (d) Decay to the ground state by eléctric-quadrupole radiation:.

(éz is an even smaller constant quantity of the order of typical electric-quadrupole
- linewidth.)

- The dashed curve in Fig. la is a plot of-
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. :
0 | v vwi_wl + @y
. _ (wi-col-wo)l/z | :
R(wi) = (w.l—a)l-wo) + A T ®17% <wi < 17 3wO
1/2
(wi-wl-coo)

_ 1/2 i 1 0
(o)i-wl—wo) + A+ B((oi—w1 8(00)

with A and B adjusted to fit the experimental points [A = 4.8 meV and B = 3.8
(meV)l/z]. It is seen that (11) fits the experiment very well up to

wi' ~ 2.1 eV. At this point other scattering processes . . can cause
an incfea,se in v(q) and resulting in a R(oai) lower than predicted by (11). At a
typical incident photon energy, sé.y w, = 2.09 eV, the relative magnitude of Yge!
g and (Yd + 'yq) are -~ ld, 3, 1 respectively. The sharp increase in R(wi)
a.t(cb1 +'ooo)is a result of the long lifetime H/v(q) of the 1s yellow exciton at the

bottom of the band q = O _ |
It is obvious from the above theory why no appreciable enhancement

appears at the frequencies cerresponding to the n =2 and higher members of
the yellow series (1): these states have a much shorter lifetime. The weak
enhaheement at n = is due mainly to an increase in the density of states.
‘The theor‘y also explains why at higher tempera.tures the enhancement in R(wi)
at(o)i + wo)decreases much more than that at the continuum: as acoustic
_phenons become more abundant, the lifetime of the yellow exciton

decreases while the density of states of the continuum remains essentially

~unchanged.

(1)
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In conclusion, we ha.ve_ found strong resonance enha.nceinent in the 220_'}cm—1
line at the 'rl_Z—phonon—a.ssisted. absorption edge of CuZO. The experimental
lir‘leshap‘e : | is dominé.ted by the strong dependence of the lifetime of the
1s yéliow exciton on its wavevect.or; the unusual strength of the enhancement is

‘a result of the long lifetime of the "forbidden" exciton.-
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Figure Captions

‘Fig. 1. The Raman cross-section oﬁ the 220 cm-] line of CuZO at

two different temperatures: (a) ~ 16°K and (b) ~80°K. (These tempera-
- tures rebresent those ‘of the lattice obtained in (a) from the line-
shape of the phonon-assisted free e.xc'ito.n recombination spectra
and in (b) from the position of the 1s yellow exciton in the luminescence).
The ins_ert in (a) shows the absorptibn spectra of CuZO at 4.2°K taken from
~v .Ref. 3. The dashed curve in (a) is a plot of thé t]r}eor_etical expression (11).
Fig. 2. Diagrammatic representation of Ehe following processes: (a) annihilation

of a photon with creation of a 1s yellow exciton and a phonon; (b) resonant

Lo

'Raman scattering of two phonon with the 1s yellow exciton as the inter-

Tig
- mediate state; (c) intraband scattering of the 1s yellow exciton by acoustic
_phonon; (d) intraband sca.tteririg of the 1s yellow exciton by two 1“]- 5 phonons

- and (e) decay of the 1s yellow exciton into one photon and a 1“1- 9 phonon.
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