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We present the first evidence of interference between four- and six-wave mixing in multiple
coherent scattering near the two-photon resonance of biexcitons in CuCl. The experimental
data are quantitatively explained by taking proper account of propagation effects and by a model

for x5 involving no adjustable parameters.

In a series of previous papers! ™ we have investi-
gated in detail the resonant forward degenerate four-
wave mixing associated with biexcitons in semicon-
ductors. Using an exact analytical solution of the
propagation problem® which accounts for linear as
well as for nonlinear refractive indices and absorp-
tion, we have demonstrated the autoionizing charac-
ter of biexcitons® and we have derived some impor-
tant parameters of the exciton-biexciton system,® in-
cluding the exciton-biexciton oscillator strength f,,,
the biexciton energy W), and linewidth T'y,, and the
Fano parameter g. The very large efficiency of the
process is due to two factors: its nearly triply reso-
nant character and the huge values for f,,. Asa
result, in the mutual nonlinear scattering of two laser
beams crossing at a small angie in a thin CuCl sam-
ple, up to five positive or negative diffraction orders
are easily observed with the naked eye, even at such
moderate intensities as 1.5 MW/cm? They corre-
spond to the following wave vectors and frequencies:

kif=(N+1)k,— Nk, ,

ky=(N+1)k,— Nk, ,
+

ON =0, =0;=w .

Here N indicates the order of diffraction, and the
subscripts p and tlabel the pump and the test beams.
Note that for N =5 the scattering corresponds to a 12
photon process.

Since the binding energy of the excitonic molecule
is rather large in this compound,® there is no change
in the diagonal elements of the density matrix. Thus
the multiple scatterings are not associated with the
usual exciton or free-carrier population-induced grat-
ings. These observations raise the following ques-
tions: (1) What are the processes responsible for the
mixing? (ii) What are the effective nonlinearities
which drive them?

These questions are related to the problems of

high-order susceptibilities of the material and to re-
normalized optical functions.” We shall focus the
analysis on the first and the second positive order
which are diffracted in the directions ki and k;". Be-
cause the highly nonlinear response of the system
causes both the line shapes and the position of the
extrema to be intensity dependent,* it is necessary to
eliminate the possible variations in the focused laser
intensities or in the location of the excited zone from
one run to another. This is performed by a computer
controlled experiment which enables us to record
simultaneously the intensities /; and I, and to com-
pute, at each wavelength, the ratio p=1,/1;. An ex-
ample of our experimental data is shown in Fig. 1 for
a CuCl sample 90 um thick.

The field scattered in the first order, E, is generated
by a four-wave mixing through the nonlinear polari-
zation (NLP) Pyi (1) =3€0X¥ EZE;*. Far the field
diffracted in the second order, E,, the most efficient
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FIG. 1. Experimental data for a 90-um CuCl sample. The
spectra show the variations of the intensities of the first- and
second-order diffracted beams /;(——) and I,(——'). The
dotted line: (- - - -) corresponds to the experimental ratio
p= I 2/ 1 1
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processes of generation occur through the following
NLP’s: a component of direct six-wave mixing

PRL(2) =106xD E}E* (1a)

a component of four-wave mixing in cascade, involv-
ing E, once

P§L(2) =6eX P E\EE (1b)

a component of four-wave mixing in cascade involv-
ing E; twice

PG (2) =3eXVEIE} . (1c)

These processes are illustrated in the insert of Fig. 2.
Near the two-photon resonance (TPR), the direct
process is a priori favored in very thin samples, but in
that case the intensity of the signal is correspondingly

very low. Far from resonance, the parametric ap-
proximation indicates that, as in stimulated Raman
scattering, cascades are the most efficient processes.
For sufficiently thick samples (50—100 um) and near
the TPR, all the processes are involved. Discrimina-
tion among them can only be accomplished with a
proper propagation analysis and a model for x.

Let us first consider the problem of propagation for
frequencies near the TPR. The coupling between
E,, E,, and E; has been discussed at length in Refs.
5 and 6. For the case that pump depletion due to the
generation of E| is negligible relative to pump-
induced two-photon absorption. An analytical solu-
tion for E,(z), E,(z), and E (z) has been given pre-
viously.s'f It was checked versus the full numerical
solution, and it proved to describe accurately the ex-
perimental data, even at resonance, provided that
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FIG. 2. Comparison of the experimental data for p (aster-
isks) with the prediction of the model; no adjustable param-
eter are involved. The four processes contributing to the
scattering are illustrated in the inset.

The propagation equation for Ey is written

%EN"'(%Q'FAN)EN:GN . 2
Here Ay o« (X®P|E|? +XxO|E?|E2+ - - )
describes the nonlinear absorption and phase-shift
while Gy describes the nonlinear gain of correspond-
ing order. Now a key point is that for 1, >> I, the
Ay terms are the same for all the fields Ey (namely,
pump induced). Thus they all experience the same
linear absorption and the same (pump-induced) non-
linear absorptions and phase shifts. Hence the ratios
EN/EN, depend on only the gain terms Gy and G,

and are easier to analyze. For instance the propaga-
tion equation of r = E,/E; =p'?exp(i¢) becomes

E}lr +G1/‘=G2 , (3)
dz
where Gy =i(w/2eync) Py (1) and G, =GP

+G$' +GS2 The individual gain components corre-
spond to the three NLP of Egs. (1a), (1b), and (1¢);

G? 120‘0 X(5>E3E"‘2 ,

Gf' = i2X) 1+10X0

x®

|Epl2]E1EpEt* ’

3w
G2CZ X(3)
2

x© *
1+10X5 IEI,IZ]EEE,, .

These must be developed consistently to the same or-
der in E,. Using the analytical solution for E,(z),
E,(z), and E|(2) in the linear Eq. (3) it is possible to
obtain a very fast integration for r.

To attempt any comparison with the experimental
data it is necessary to have a model for X®. In the
three-level system (ground state g, exciton x, and
biexciton x2), the exciton-biexciton transition is
much more probable than the others (fy, > 10° Sexs
Sfex2=0). Retaining the dominant terms in the three
first susceptibilities one has!

X(5)=%(x(3))2/x(l) . @)

This equation is valid even if the biexciton is an au-
toionizing level,>% i.e.,

X® « forfror(We—Fw—iT) (Wi — 20— ily) ™!
x[1=2ig7 ' +i( Wy —2kw) /T 5]

In CuCl, xV is given by the linear optical properties
of the exciton and X is known unambiguously from
our previous work% Xx© is thus fixed without any ad-
Jjustable parameter.

Our experimental data of Fig. 1 (asterisks) are
compared to the model calculation in Fig. 2. The
four solid lines correspond to the solution for G2,
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G5, G2, and Gy=GP + G + GS2. They do not
represent a fit, since all the parameters are known.
Excellent agreement is obtained when the coherent
sum of the three components, i.e., G, is used. This
agreement allows the following comments:

(a) The leading mechanism below the TPR is the
C1 cascade process, which drives the intensity and
the line shape of the signal, but close to resonance
the direct process contributes ==30% of the total sig-
nal: Six-photon mixing is evidenced through this
spectroscopy. It is unambiguous that the three
processes interfere, since the total intensities below
and above the TPR are, respectively, 1.4 and 0.67
times the sum of the intensities corresponding to the
individual processes. This is a very strong test of the
model, since it proves that the behavior of the rela-
tive phases of G?, G¥', and G§? is correctly
described across the TPR. The dissymmetry between
the two sides of the TPR is induced by the autoioniz-
ing character of biexcitons.>®

(b) Renormalization is important: The dimension-
less factor X®| E,|2/x® is a highly structured com-
plex number; although its effects contribute only to a
few percent of the intensity, they affect the line
shapes qualitatively.

(c) The autoionizing character is qualitatively and
quantitatively confirmed: All calculations with values
for ¢ differing from ¢ =15 +1 (Refs. 3 and 6) give a
poorer agreement with experiment.

The line shape is extremely intensity dependent as
shown by the three-dimensional plot in Fig. 3 which
represents the calculated p as a function of the initial
pump intensity 7,(0) and the photon energy Av. All
the curves in this plot agree very well with the corre-
sponding experiments.

In conclusion, we have shown that close to a biex-

FIG. 3. Three-dimensional plot of the ratio p=1,/I; as a
function of the photon energy (3.18 < hv < 3.188 eV) near
the two-photon resonance %sz =3.186 eV, and of the
pump intensity (7.5 kW/cm? < I, <2.75 MW/cm?).

citon TPR high-order nonlinear processes contribute
to the dielectric response of semiconductors. They
are evidenced both by a direct six-wave process and
through the renormalization of lower-order suscepti-
bilities.” We have successfully accounted for the ex-
perimental data by a model involving no adjustable
parameters.

A more detailed presentation of our experimental
work and a more lengthy discussion of its interpreta-
tion are planned to be presented elsewhere.

Edmond Batifol is warmly thanked for his exten-
sive and skiliful contribution to the experimental
work.
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