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HYPER-RAMAN SCATTERING IN CdS AND ZnO IN STRONG MAGNETIC FIELDS
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Using two-photon- (or hyper-) Raman scattering (HRS),
the dispersion curves of excitons (x) and excitonic
polaritons are investigated in CdS and ZnO. For the
theoretical description the Hamiltonian describing
the 8—fold exciton ground state is constructed from
an invariant expansion. First we give the dispersion
curves without external perturbation, then we present
the influence of a magnetic field. Finally we discuss
renorma1ization effects introduced by the presence of
excitons or polaritons at high density.

1. Theoretical Description of Excitons and Excitonic Polaritons

The upper three valence bands in wurtzite 11-Vl compounds are
called A,B, and C. Since the splitting AAB of the A- and B-valence band
is small compared to ABC we take only the A and B bands into considera
tion. They have the symmetries AFsCAFy) and BFy (BFg) for CdS (ZnO).
Together with the F7 conduction band we get 8 almost degenerate x-
states with symmetries ZAFe, 2AF5, BFj, BF2, 2BF5 (AFi, AF2, 2AF5,2BF6,
2BF5) for CdS (ZnO). We construct the corresponding perturbation matrix
from an invariant expansion, using the quasicubic approximation . For
k = 0 there appear in the main-diagonal (MD) the x-energies modified
by the crystal field, the spin-orbit coupling and the exchange inter
actions. Additionally there are some off-diagonal (OD) elements brought
about by the quasi-cubic approximation. For k 0 effective mass terms
appear in the MD. ̂ -linear OD-terms are possible for all F? bands. We
neglect here those connected with the conduction band and consider
only those for the F7 valence band. ̂  and k^ induced exchange terms
and warping terms are neglected.

A magnetic field ^ introduces MD terms oB^ describing the diamagnetic
shift and OD-terms linear in ^ (Zeemann effect) with the corresponding
g-factors. mixed terms are assumed to be small and are neglected.
For CdS it is sufficient to use the A-x since A^g large compared to
the splitting of the A-x-, for ZnO we use the full 8-fold x-space.

The matrices are diagonalized yielding the eigenenergies E(k) and the
corresponding eigenvectors. The x are coupled to the radiation field
using eq. (3) in [2], modified for uniaxial crystals. These rather
complex dispersion curves are introduced in a computer program which
allows us to describe the HRS process for different scattering geo
metries. The HRS program in turn can be extended e.g. by adding
additional resonances which may appear at high excitation density Ig^c
(see 11c) .
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II. Experimental Results and their Comparison to Theory

The experimental setups correspond to those described e.g. in [3,4].
In the conversion of wavelength to photon energies we use the appropriate
refractive index of air n^. This reduces all energies by about 0.7meV
and 1 meV for CdS and ZnO, respectively, as compared to values where
n^ is assumed to be exactly one.

a. Results without magnetic field

The HRS measurements for CdS are consistent with dispersion curves
calculated with the following parameters: Ep'^ = 2.552 1 eV; Alt = 2.2meV;
Ap^jPs = 0-2 [5j; ^.0; mxic = 0.9 m,,; = 3-0 mQ. The comparison _
between experiment and theory is given in Fig. (la). In L3J a similar
analysis led to a somewhat higher value of A^r], and to a suprisingly
low value of , which was attributed to high-excitation effects. We
now understand these effects in some more detail (see 11c) and we are
able to fit the experimental HRS data with conventional data for
and Al^, which agree with those deduced e.g. from reflection and
Brillouin scattering (see e.g. [3,5,6] and the literature cited there
in).The results for ZnO are shown in Fig. (2a) now using the 8-fold
x-space and k-linear terms in the A-x. The parameters are E^pT
3.3755 eV; A^^ = 1.5 meV; Ay^pTp = 0.2 meV; A^PiPz 0; Egrl = 3.3811 eV;

Ablt = "-2 meV [b] ; AgpTp^ 5^ 0.35 meV; = 0.87m^ L^J 1 ^b = 6.2;
c = 2'10~^''eV cm [b]. Our absorption measurements agree with the luminescence
results in [b].
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"Fig.(l) The dispersion curves of excitons and polaritons for ^ - 0
(•) from [3] (a), the shift of the exciton energies with (experi
mental points extrapolated to k=0) (b),and the dispersion curve for
B=18T (c)

b. Results with Magnetic Field

Figure (lb) and (2b) give the shifts and splittingsof the x-eigen-
energies in magnetic fields up to 20 T for CdS and ZnO, respectively, together
with experimental results from HRS and absorption.

In CdS, the g-values are well-known (g = 1.75 isotropic, g^pg = 2.7b cos
6

(B,c) [4,7]). So we are able to deduce the diamagnetic shifts: aBj_^ = 3.5*10"
eV/P; cu.. = 4.8»10~®eV/T^. These values are slightly higher than values calcu
lated from the x-radius, but they show the correct anisotropy. Figure (lb) is con
sistent with calulations in [s]. For ZnO, the g-values are not very presicely
known [bj . We assume gg=2.1 (isotropic), ghp7||c" 2 iShPg"^ coS'i(B,£).
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Fig. (2)The same as Fig.(l) but now for ZnO including the B-excitons
and giving in (b) the eigenenergies for k = 12*10®cm~^(o = HRS,
A = absorption E Hc^)

The diamagnetic shift is much smaller in ZnO; a < 10 ®eV/T^. In Fig.
(Ic) and (2c), we present the dispersion curves for CdS and ZnO at 18T
and 10 T, respectively.

We limit ourselves here to k_Lc and bJ.c . Results for other scatter
ing geometries are given elsewhere.

c. Renormalization Effects at high Excitation Intensities

To clear the problem of in , we measured HRS in forward
scattering under small angles. This configuration is most sensitive
on e^j. The accuracy of the angles was better than 1°. The experimen
tal point s ( Fig . (3a)) cannot be fitted with normal HRS (Ae(j=0) . It is
well known, however, that the refractive index is a function of lexc*
We introduced such a dependence in the HRS program, by variing for
the incident beam. For the Raman photons we used the unchanged dis
persion curves of Fig. (la). The calculations for negative and positive
values of Ae^j are shown in F i g. (3a) .Wi t h Ae/e % 4*10"^ we are able to
fit the experiments here and with somewhat higher values in [3],Ae/e =
4"10"' corresponds to An/n = 2-10"'. This value is much higher than deduced e.g.
from se 1 f-focussing experiments [^9j,because here all intermediate
states are almost resonantly excited.

Another renormalization effect occurs at if
is strongly illuminated at fiu

exc

semiconductor
due to strong one-photon excitation

at ■hWgjj = " '^'^exc* effect has been observed for forward scattering
in CuCl[lo] and for backward scattering in CdS [4]. Theoretical in
vestigations are given e.g. in p 1 , 1 2j . Figure (3b) shows the experimental
results for CdS from , together with a calculated curve. The curve
in Fig. (3b) is calculated without damping and with E^j^g^ = 5. 098 eV
which corresponds to the value deduced by LATS p3^.

The first two renormalization processes discussed here can be under
stood in perturbation theory as virtual and real two-photon excitation
of biexcitons, respectively. Since we have always a strongly stimulated
Rj^-line in our experiments> a two-step excitation of biexcitons via
really excited longitudinal x is possible. The anomaly should appear
if either a Raman-photon or the exciting laser fulfills the condition
hUJR/j H = ®biex■
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In the experiments we observe an anomaly for % 2.5416 eV in
forward scattering. It occurs at the same spectral position for scattering
angles a between 8° and 23°. We interpret this anomaly as being due
to the above mentioned transition. Figure (3c) gives the calculated
relation between lia)R,j + /- and iiWgxg together with experimental points.
The agreement between experiment and theory is good. Since Rx+ and R,j-
are correlated by energy and momentum conservation, an anomaly for
Rij.^ results simultaneously in an anomaly for R-j-. An open problem here
is the absolute spectral position of the anomaly. El +'hwR,p+ = 5.096 eV
which is roughly 2 meV below the value given above. Possible explan
ations would be a finite kinetic energy of the longitudinal x, a
transition from the upper polarition branch (not from longitudinal x)
or a shift of the biexciton level as a function of
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