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Raman Detection of one-Phonon —Two-Phonon Interactions in CuCI
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A large q-direction dependence of the broad band close to the TO peak is observed
and explained qualitatively and quantitatively. The TO peak is found to be repelled
out of a two-phonon band by a strong third-order anharmonic interaction.

In a crystal having the zinc-blende structure,
the first-order Raman scattering allows detec-
tion of either the TO(q-0) phonon or the LO(q-0)
phonon, according to the selected direction j of
the transferred momentum. We have measured
at 40 K the scattered intensities of a CuCl single
crystal for various q directions (Fig. 1). Be-
cause all the spectra were recorded with the
same spectral slit width (2 cm '), the heights
(eventually above the continuum) of the sharp
lines at 171 and 208 cm ' could be taken to fix a
common intensity scale for the drawings of
Fig. 1 by making use of the fact; that the chosen
geometries impose Is = 0.5(I&+Ic)

The unusual features in CuCl are the broad
and strong band of the TO spectrum' ' (curve A)
in the 140-170 cm ' range, reaching a very
sharp line at 171 cm ' with a maximum at 151
cm ', and its replacement by a weak and feature-
less continuum in the LO spectrum (curve C).
This observation of q-dependent, first-order-
like spectra obviously differs from the recent
results of Shand et al. and excludes the assign-
ment of the broad band to a pure second-order
Raman scattering.

We propose to explain these features by the
existence of strong anharmonic interactions be-
tween one of the q-0 optical phonons and a two-
phonon continuum limited on the high-frequency
side by a I'3 type of singularity due to a Bril-
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louin zone critical point. The resulting scat-
tered intensity is given by an expression of the
form'

FIG. 1. Scattered intensities recorded for CuCI at
40 K. Curve A, TO experiment in a transverse geome-
try y(x, y)x; curve B, (0.5TO+0.5LO) experiment in a
transverse geometry s(~,y)x; curve C, LO experiment
of backward scattering z(&,y)z. x, y, and z are the
crystallographic cubic axes. Curve g', corrected LO
experiment (see text). The unit of ordinate near 208
cm ' is 10 times larger than that at low frequencies.

I;(u ) (&."')'(~s')'l'(~) &([~ —~ —(~. )'~(~)]'+ (i 3')'[l'(~)] '),
where i labels the TOox LO phonon with frequency ~;, 8;"' is the usual first-order Raman tensor ele-
ment, the anharmonic third-order interaction being given by the usual formula:

(V, ) [a(&u)+iI'(w)]= g v(|)i, q, j„-q,j,)G(ur, q, j„qj„q,j„-q j-,)v(0i, q, j„-q j,).
ql s~1~~2»
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The summation in Eq. (2) is practically limited
to only that combination of branches which has
the proper symmetry a,nd a P,-type singularity
at the frequency M„and for which the third-or-
der interaction v is large. At zero temperature
and in the vicinity of the band edge cu, one can
write

I"(&u) =D(~, —&u)'",

b, (e ) = b., +B(&u —&o, ),

I'((u) = C, b, ((u) = a, D(w ——u), )'~2,

showing the existence of a maximum for &(&u) at
As a consequence, if &To is not too far

below ~, and if (V, o)'h, (which reflects the
strength of the anharmonic interaction) is large
enough, the term

& —&so —(Vs ) &(&)

appearing in the denominator of Eq. (1) vanishes
at least at a frequency &0», giving rise to a &

line. This is a ease of Fermi resonance where
the line corresponding to the optical phonon is
repelled out of the broad band by the interaction.
Note that the integrated intensity of the 6 line
depends on the slope of &(~) so that it is a very
rapidly increasing function of cop (Jo, .

Actually in the case of CuCl, I'(&u), as a func-
tion of decreasing frequency, first increases
and then decreases again to vanish well above
100 em"'. This results, through Kramers-
Kronig relations, in a minimum for b, (ur), so
that Eq. (3) passes again through zero for u = ~,
and co =m2 [see Fig. 2(a)] with a&2 «d To «u, &m.

The maxima of ITo(~) [Eq. (1)] related to
the vanishing of one term [Eq. (3)] of its denomi-
nator, are or are not apparent, depending on
both the magnitude and the ~ dependence of the
other term. It turns out that the (o~ maximum is
a well-pronounced one, while that related to ~,
is undetected.

In order to get a quantitative fit related to the
above given ideas, we built up &(~) and I'(v) in

the following way. We started by assuming an

arbitrary two-phonon density of states of the
form

y((u) = D(1 —[(&u —&u,) /a]') "',
which has a P, singula, rity at m, = co, +a, and for
which we suppose a constant intera, ction with the
TO phonon. We further assumed an interaction
inside the phonon continuum through a fourth-
order anharmonic interaction V, and followed
RuvaMs-Zawadowski simplification of the prob-

lem. 7 The sign of V, was selected to enhance
the high-frequency side of both I'(v) and &(&u).

A typical result for b ((o), I'(v), and the com-
parison between Eq. (1) and the experimental
spectrum are given in Figs. 2(a) and 2(b). The
present fit was obtained with the following pa-
rameters: a=16.3 cm '; ~, —~,=0. cm ';
V,D=0.49; (V~ ) D =10.6 cm '; RTo"'=28 (cm '
&intensity unit)' '. This fit is rather convincing
and suggests the following comments:

(a) As Eq. (1) depends only on (V, )' [b, (co)

+il'(w)], only this function can be determined:
Neither the existence of a Ruvalds-Zawadowski
type of interaction, nor the strictly elliptic shape
of the band shouM be inferred from the present
calculation. For the same reason (and also be-
cause of experimental inaccuracies among the
above-determined parameters), only the effec-
tive bandwidth 2a has a physical meaning while,
e.g. , a 10%%uo variation of V,D leads to a quite un-
discernable result, provided ~, -~, is simul-
taneously corrected by as much as 100%%uo. We
therefore think that the only important feature
revealed by the TO spectrum is the existence of
three zeros for Eq. (3).

(b) We find &@To=158 cm '. From the I yddane-
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&lG. 2. (a) Continuous line, (V3 ) b, (&u); dashed line,
(+3 ) ~ (); dot-dashed straight line, — T'g . (b) Con-
tinuous line, experimental TO spectrum (enlargement
of curve A', Fig. 1); dot-dashed line, calculated spec-
trum.
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Sachs-Teller relation, ~Ic, ——208 cm"' and &

=3.61,' we get E'p 6 25 in good agreement with
a recent determination at 40 K.'

(c) The calculated &u~ frequency is so close to
ar, that an extemely high resolution (-0.1 cm ')
would be required to observe a dip near 171 cm '.

(d) Because of the high value of (V, )'d[&(~,)]/
dv =n, the calculated integrated intensity of the
~ peak at wp is reduced by a factor 1 —n = 4.9
with respect to the value it would have if n =0,
and agrees exactly with our measured integrated
intensity at 171 cm '. At higher temperature,
the broadening of the individual phonon states
blurs the sharpness of the I', singularity at co,
and consequently reduces n. As a consequence,
the intensity of the +p line will increase and the
line will broaden. The intensity ratio between
this line and the continuum is thus a nontrivial
function of the temperature and will increase
less rapidly than a usual two-phonon/one-phonon
ratio. This is, in fact, what has been previously
measured by Potts et al. ' who could not explain
their result.

Concerning the I 0 spectrum, m&o is far from
the continuum so that &(~) and I'(~) may be ne-
glected in the denominator of Eq. (1) which gives
a 6 peak at ~&o-—208 cm ' and a broad but weak
band in the 140-170 cm ' range.

A discussion of the "purity" of the C experi-
ment of Fig. 1 is in order here. Since the crys-
tal is not perfectly homogeneous, a small amount
of the light is elastically scattered, giving rise,
even in backscattering geometry, to a small

fraction f of transverse spectrum. This frac-
tion is obtained by assuming that, in curve C,
the 171 cm ' peak is entirely due to this para-
sitic light. The corrected curve C is then con-
structed from the following relation:

Ic ' Ic fIA ~

In agreement with the last above approxima-
tion, the curve C' (Fig. 1) is more or less
shaped as I'(~) [Fig. 2(a)]. This enables us to
give a rough experimental estimation of (V, )'/
(V3 )'-1.2. This slightly higher than unity ra-
tio may be because of a difference in the anhar-
monic coefficients and/or because of the super-
position of a very weak pure second-order
Raman scattering.
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Acoustic-paramagnetic- resonance and electric-field- induced thermally detected EPB
measurements have been made in crystals of Al&03..i%i +. To reconcile theory with ex-
periment, dynamic Jahn-Teller effects must be present, and, in addition, 2q-p is
shown to be less than unity. This is the first reported example of an orbital doublet for
which the multimode rather than the cluster model is needed.

The importance of the vibronic coupling of an
E-type ion with its surroundings is often revealed
by values of factors p and q which appear in the

effective Hamiltonian. ' In two recent articles,
Halperin and Englman' and Gauthier and %'alker
show theoretically that when the coupling is to a
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