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Two-photon Raman scattering and the polariton dispersion in CdS
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Two-photon Raman scattering via virtually excited biexcitons is observed- in CdS for different scattering
configurations and for different temperatures. A self-consistent evaluation procedure allows one to determine
the dispersion curve of the A-exciton polariton. The results are compared to those obtained by other
methods, especially resonant Brillouin scattering. Second-order two-photon Raman scattering is reported for

the first time.

I. INTRODUCTION

In two-photon Raman scattering (TPRS) or hy-
per-Raman scattering, a biexciton is created
virtually by the coupling of two excitonic polari-
tons with energy hv,, and wave vector q,.. (§ re-
fers to wave vectors inside the crystal, whereas
those outside the crystal are labeled by a prime.)
This biexciton decays into two quasiparticles: One
is a polariton (E,, §,) on the lower branch, which
travels to the crystal surface and is detected as
a photon (E,,d!), giving rise to a TPRS line.

The other quasiparticle (E,, d;) is either a longi-
tudinal exciton or an excitonic polariton, or—in
uniaxial crystals—a mixed-mode polariton.
Throughout the scattering process, energy and
momentum of the quasiparticles involved are
conserved, since no relaxation takes place in
the intermediate state:

Zhvoxc=E1(ql)+Ez(QZ) ’ (1)

zaoxc:ql+az . (2)

The emission which occurs in this process is of a
Raman-type, since its energy changes with the
energy of the exciting photons.

The observation of TPRS is of twofold interest.
Firstly, it allows the determination of biexciton
properties; its symmetry may be deduced from
the polarization dependences of exciting and
Raman photons,? and, in some cases, the ener-
getic position of the biexciton ground state may
be determined by the TPRS resonance.?® On the
other hand, it is possible to reconstruct the dis-
persion of excitonic polaritons and of longitudinal
excitons from TPRS data with great precision.

Hereby, energy and momentum conservation [Egs.

(1) and (2)] and the energy-dependent refractive
index

WE@)=2d! ®)

are used to calculate the energetic positions of
the TPRS emission lines. These energies are
compared with the experimental values, and the
parameters describing the polariton dispersion
E(d) are then properly adjusted.* This study can
be carried out at different temperatures.

The procedure described above has first been
applied to CuCl and CuBr, crystallizing in T,
symmetry. In these substances, the dispersion
relation of excitonic polaritons could be deter-
mined quantitatively.*® In this paper we report
the application of this method to a uniaxial crystal,
namely CdS, belonging to the point group Cg,.
Here we restrict ourselves to the scattering con-
figuration where the crystallographic ¢ axis is
perpendicular to the scattering plane (sp); in ¢
perpendicular to sp we are dealing with either
pure longitudinal excitons or pure transverse
polaritons as final-state particles. References
to mixed-mode polaritons in the case ¢ parallel
to sp are given in Refs. 1 and 6.

There exist some other methods to determine
the dispersion relation of excitonic polaritons:
Reflection and one-photon absorption spectroscopy
as well as luminescence measurements are
rather indirect ways which involve sophisticated
theoretical models, making use of additional
boundary conditions, an exciton-free layer, etec.
(see, e.g., Refs. 7 and 8). Moreover, absorption
spectroscopy near the exciton resonance is possi-
ble only for crystals of a thickness d~K™, K
being the absorption coefficient. Since K > 10°
em™, crystals of d <1 um are required.

The evaluation of interference fringes is a
more direct method.® However, it is possible
only in an energetic region away from the exci-
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tonic eigenfrequencies, too, because of the im-
portance of the absorption coefficient. Nonreso-
nant two-photon absorption spectroscopy is limited
to the upper polariton branch and to the longitudi-
nal exciton because of momentum conservation.

Another direct method to determine the disper-
sion curve in a rather large region of the first
Brillouin zone is resonant Brillouin scattering
(RBS).!* We shall compare our results from
TPRS in CdS with those obtained by RBS.

II. EXPERIMENTAL SETUP

The CdS samples are high-quality platelets of a
thickness of about 10 um. They are attached to
the copper cold finger of an Oxford evaporation
cryostat which allows one to vary the tempera-
ture between 5 and 300 K. The two different scat-
tering arrangements used in our study are sche-
matically shown in Fig. 1. In the configuration
sketched in Fig. 1(a), the emission from the
crystal edge is focused on the entrance slit of
the spectrograph. In this case, the internal scat-
tering angle 6 between q, and §, is quite large.
This configuration is referred to as “backward
scattering” in the following. The situation given
in Fig. 1(b) corresponds to the forward-scattering
geometry. The crystal front surface is excited
under an angle of incidence @, and the emission
from the rear surface (angle B) is detected.

The excitation source is a N,-laser-pumped
dye-laser in the Hénsch configuration, including
a beam-expanding telescope and a grating for
wavelength tuning. Using TD4TMC as the dye, it
covers the range of 2.40 <hv,, <2.70 eV. The
spectral and temporal half-widths of the output
pulse are 0.3 meV and 6 nsec, respectively.

The electric vector of the exciting light E,x»c is
perpendicular to the ¢ axis throughout, thus lying
in the scattering plane. The TPRS lines are
polarized preferentially with ER perpendicular to

¢, corresponding to the I', symmetry of the inter-
mediate biexciton ground state.!»!?"'* In our case,
TPRS is observed only when working with rather
high excitation intensities I, ; here, 0.2 MW/cm?
<, <20 MW/cm®. As a consequence, the TPRS
lines are strongly stimulated and can be observed
over a large range of hv,, (2.528 eV <hvy,, <2.545
eV), similar to a parametric oscillator, and not
only about 1 meV above and below the biexciton
resonance.»? The emission spectra are dis-
persed by a 1-m spectrometer and detected by a
SIT vidicon connected to an OMA system.

III. EXPERIMENTAL RESULTS

Let us first present the results for large scat-
tering angles 6 [Fig. 1(a)]. Actually, the direc-
tion of observation is perpendicular to the excit-
ing beam, imaging the edge of the crystal on the
entrance slit of the spectrograph, thus observing
the TPRS emission stimulated in the crystal
plane and diffused from the crystal edge. Figure
2(a) shows representative emission spectra,
taken at different energies hv,,. Besides the
dye-laser Rayleigh-scattered light, one observes
the luminescence due to the bound exciton I, with
its acoustic wing (see, e.g., Ref. 15), and, on the
low-energy side, two TPRS lines, R, and R;. In
Fig. 2(b), the spectral positions E, of these lines
are displayed as a function of hv,,. The solid
lines are results of the theoretical calculation
presented in Sec. IV. They approximately obey
Eq. (1) with E, being a constant. Numerical
values are E,=2.5516 and 2.5549 eV for R, and
R,, respectively.

Figure 3 gives the values of E, for the scatter-
ing configuration of Fig. 1(a) as a function of the
crystal temperature. FE indicates the corre-
sponding variation of the maximum of the free
exciton luminescence at low excitation. The
three curves exhibit almost an identical variation

(hVeye , a:;c):

| (hvesc, oxc)

g .
O c-axis |

B (E1,a’1')

(b)

FIG. 1. The geometries used for backward (a) and forward scattering (b). E’ refers to wave vectors outside the

crystal, and § to those inside.
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FIG. 2. (a) Emission spectra of CdS at 5 K in the backward scattering configuration » with @ =40° showing the TPRS

lines Ry and Ry, for different hvg,.
the solid lines, theoretical results.

with temperature.

The forward-scattering results are given in
Figs. 4-8. Figure 4 shows emission spectra
taken with @ =12° and B =5° for different Av.
The diffused light from the dye laser is indicated
by arrows. On its high-energy side, the anti-
Stokes TPRS emission appears, called R;. The
intense lowest-energy peak in each spectrum of
Fig. 4 is correspondingly called R;. In addition,
two satellites on the high- and low-energy sides
of R; are sometimes observed, called R7 and
Ry, respectively. Figure 4 shows examples for
R;.
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FIG. 3. Temperature dependence of the free-exciton
luminescence (FE) and of the final-state energies in
TPRS backward scattering.

A satellite R} sometimes occurs between R7.
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FIG. 4. Emission spectra of CdS at 5 K in the for-
ward-scattering configuration (a=12°,
meter is hv g,- )

(b) Spectral positions of Ry and R, as a function of hv,; A are experimental results;

B=15°; the para-
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and kv g,.

In Fig. 5, the spectral positions of the TPRS
lines R} and Ry as a function of kv, are given
for different angles of incidence « and fixed
direction of observation 8 =5°. In the following,
we use the nomenclature (a, ) for describing the
forward-scattering geometries. Besides the ex-
perimental data, the results of the self-consis-
tent calculation (Sec. IV) are drawn as solid
lines.

Examples for the shift of the satellites R and
Ry with hv,,, together with the spectral positions
of the TPRS lines are shown in Fig. 6 for ¢ =12°
and @ =57°. Again, the solid lines are results of
the theory. It is noteworthy that the slope of R’
for a =57° is larger than 2.

While Figs. 2(b), 5, and 6 show the spectral
positions of the TPRS lines as a function of hv
with @ as parameter, we display them in Fig. 7
as a function of o for two different hv,,,. The
solid lines are again results of the calculation for
(a, 5°).

When I, is raised, the spectral positions of
the TPRS lines remain unchanged, whereas their
half-widths I', as well as those of the dye-laser-
scattered light, increase considerably, though
the spectral half-width of the incident laser of
0.3 meV remains constant. An example is shown
for R; in Fig. 8.
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2525 2530 2535 2540 2,545
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FIG. 5. The spectral positions of the TPRS lines R%

and R as a function of Zv g, for different @ and fixed
B=5°. The solid lines are results of the theory.
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FIG. 6. The spectral positions of the TPRS lines R%
and R7 and of the satellites R and R"; as a function
of BV o for different o and fixed B=5°. Solid lines:
theory.

1IV. THEORETICAL MODEL AND DISCUSSION

As discussed above, the scattering plane is
perpendicular to the crystallographic ¢ axis -
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FIG. 7. The spectral positions of the TPRS lines R%
and R 7 as a function of o for two different values of
hVey at fixed g=5°. Solid lines: theory.
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FIG. 8. The half-width ' (FWHM) of the R% line as a
function of Ig,,. a=57° B=5° hvV g=2.536 eV.

2 272
EXQ) =‘/—1_2{—ﬁ—gﬂ—+ E2(@)(1 + 478%*)

throughout in our experiment. In this configura-
tion, we are studying A excitons; i.e., at §=0
we are dealing with pure longitudinal exciton
states with I'y symmetry (A{:s) and with triplet
Ay, exciton states. The transverse AT singlet
exciton is coupled to the electromagnetic radia-
tion field, giving rise to a polariton effect. Since
the crystal field and the spin-orbit splitting be-
tween A and B as well as between A and C exciton
states are large compared to the longitudinal-
transverse splitting A, =E(AL ) - E(AT), we
describe the polariton dispersion in the single-
oscillator model of Hopfield!® and Pekar'” rather
than in the model for interacting resonances,
given by Lagois.'® In this case, the polariton
dispersion is simply given by

7222 2 gp2ezye 1/2)1/2 )
i[(—ibiwi@u ) - 5@ ] (4)

with
@ LA (5)
Er@)=E;+5—d
r\d T 2m¥
and
%‘=<1 +4mB*)/2 — 1= 278", (6)

T

where m} is the effective exciton mass perpen-’
dicular to the ¢ axis, and €, is a frequency-inde-
pendent background dielectric constant. The so-
lutions E~(4) and E*(q) give the lower and upper
polariton branch, respectively. In this model, we
have not only neglected the wave-vector-dependent
coupling of the A exciton to the other exciton
states, discussed in detail by Cho,* but also g-
linear interactions between the singlet and triplet
states of the A excitons which, however, are
generally small. These approximations seem to
be justified since the precision of the experiment
was not so high as to allow the investigation of
warping effects or of the different G-linear inter-
actions. In addition, if the singlet-triplet inter-
action is strong, the different exciton states be-
come mixed at finite wave vectors. As discussed
in Ref. 5, this mixing becomes apparent in addi-
tional TPRS emission lines, which have not been
observed in CdS. All these effects can be studied
in ZnO, where the A- and B-exciton ground states
are close together, and interactions of the differ-
ent exciton states at finite wave vectors will

probably be observed.

Following Goede,'? the TPRS becomes allowed
for transitions to the A -exciton states when
working with exciting photons with an energy v,
near half the energy of the biexciton with I', sym-
metry made up from two A excitons [AA(T,)].

This transition has clearly been observed in
Fig. 2, where a longitudinal exciton or a lower
polariton is left behind and another polariton is
observed as a photon.. The forbidden transition to
a T'; final exciton state does not appear. As dis-
cussed in more detail in Ref. 20, the full lines
are the result of a self-consistent calculation
involving energy and momentum conservation
[Egs. (1) and (2)] and the energy-dependent re-
fractive index n(q) [Eq. (3)], which is given by
the dispersion of the lower polariton branch E™(q)
[Eq. (4)]. From the different scattering config-
urations we have determined the following param-
eters:

E(A1T5) =2.5523 eV 0.2 meV,

App=2.6 meV, )
€=5.4+0.4.

The effective mass of the exciton, m¥=0.9 m,,
was taken from the literature.?’ In our configura-
tion, the TPRS line R; was not observed in a
sufficiently large range in 4 space, so that the
curvature of the longitudinal exciton branch could
not be determined, in contrast to Refs. 4 and 5.
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Figure 9 gives the polariton dispersion curve as
calculated with the Hopfield model and using the
parameters given above. The crosses in Fig. 9
are corresponding experimental data, where the
energy of the observed TPRS emission lines E,
is attributed to the calculated wave vector ﬁl.

The energy of the final-state particle not ob-
served in emission, E,, can be calculated from
the experimental data, using energy conservation
[Eq. (1)]. The results for values of E, and d, are
then given by squares in Fig, 9.

Now we are able to explain the origin of the
satellite emission lines R, Ry, and Ry . Since
we use platelets with naturally grown plane-paral-
lel surfaces, the TPRS linés R} and R} are stim-
ulated in this resonator similar to the process
described in Ref. 22. Their energies are fixed by
the angle of incidence @ and by 8 =0°. Due to
high I, this polariton field is strong enough to
initiate a second-order TPRS, which is now ob-
served in our experiment, corresponding to an
angular configuration (0°, 5°). Using this model
and the parameters given in (7), the calculation
yields the solid lines given in Fig. 6 which fit
the experimental results for R} and Ry very well.
We have verified the hypothesis of second-order
TPRS by pivoting the crystal from g=5° to g =0°.
In the latter configuration, the satellites Ry and
R coincide with R7.

Concerning the variation with temperature of
the final-state energies E,, displayed in Fig. 3,

2,560 T T T T T T T T
b
(eV) +
2,555 —o0— =
5ol x/w/‘:
B %
L I{
2545+ I _
- ]
- ¥
— i CdS, 5K
25601 § = -
B g c 1 sp
- |
2535 I 1 if | 1 1 1 1
770 05 10

q (10° cm) —

FIG. 9. ’_I:he dispersion curve of the A r~polariton
in Cds for q perpendicular to ¢ as deduced from TPRS;
X and O are experimental results for forward and back-
ward scattering, respectively. The theory is given by
the solid lines.

we note that it is approximately parabolic at low

temperatures and almost linear for 7> 15 K. As

the variation is nearly identical for R; and R,

the L-T split and thus the oscillator strength of the

A exciton is constant in this temperature range.
The intrinsic line width I" of the TPRS emission

in forward scattering is governed by the line

width and divergence of the exciting photon beam

and by the aperture of the spectrograph. With

our data, we calculate I'~1 meV. The increase

of the half-widths of the Rayleigh-scattered dye-

laser light and of the TPRS lines with I, (Fig. 8)

is tentatively ascribed to collisions between the

polaritons involved in this process. Further

investigation has to be carried out to quantitatively

understand this observation.

V. COMPARISON WITH OTHER RESULTS

Our value of E(A’f.5)=2.5549 eV +0.2 meV is in
good agreement with data recently obtained by
the analysis of reflection spectra [2.5548 eV (Ref.
7) and 2.5546 (Ref. 8)] and of interference fringes
of extremely thin CdS platelets [2.5547 eV (Ref.
9)]. The energy of the transverse exciton, E(Af,s)
=2.5523 eV, as deduced from our experiments,
is slightly lower, however; from reflection the values
0f 2.5527 eV (Ref. 7) and 2.5524 eV (Ref. 8), from
interference fringes, 2.5528 eV (Ref. 9) have
been obtained. This may be due to the difficulties
inherent in the evaluation of these experimental
methods, already mentioned in Sec. I, and to addi-
tional assumptions such as frequency- and wave-
vector-independent damping.

Our value for E(AT )=2.5523 eV is slightly
below the widely used eigenenergy of the I'; trip-
let exciton, E(Ay )=2.5524 eV?, This dis-
crepancy is removed, however, when converting
the wavelength in air of Ref. 23 into energy using
the refractive index of air [n,,,(4800 A)
=1.0002786]** and the appropriate conversion
factor (12398.520 eV ). This yields the cor-
rected triplet energy E(Ar )=2.5520 eV.

Figure 10 gives a comparison of datafrom RBS'®
withthedispersion curves obtained with our param-
eters. Starting with the incident photon energies
and the experimentally observed Brillouin shifts
in RBS, both taken from Ref. 11b, we calculated
the energy and momentum transfer in backward-
scattering configuration using the sound velocities
given in Ref. 26. Introducing these values into
our dispersion curve, one reaches the final states
indicated in Fig. 10 for different scattering pro-
cesses.

In the excitonlike part of the lower branch, the
agreement is good, whereas a significant devia-
tion occurs in its photonlike part. For the fit of
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FIG. 10. The Ars—polariton dispersion curve obtained
from TPRS (solid line) in comparison with correspond-
ing results from resonant Brillouin scattering (Ref. 11b).

their experimental results these authors’!® use a
background dielectric constant €,=9.3. This value
is determined about 2 meV below the exciton res-
onance, and is almost twice the value we deduce
from TPRS. In the energetic region near the ex-
citonic bottleneck, the background dielectric con-
stant used in a one-oscillator model differs from
the high-frequency dielectric constant €, which
has been determined®” in the Reststrahlen absorp-
tion region to € ,=5.27. This difference is due to
the contribution of other oscillators which, here,
lie close by in energy. For instance, Bruce and
Cummins® measured RBS about 3...8 meV below
the resonance and obtained €,=8.5; this is close
to the value given by Ref. 11b.

Although we work some 10...30 meV below the
resonance, we feel that our value of €, is too small
to be consistent with the results of Refs. 11b and
28. A possible explanation is the deformation of
the polariton dispersion due to the high level of

"excitation in our experiment or to the presence

of biexcitons. The discrepancy between RBS
and TPRS, however, shown in Fig. 10, might
also be due to the fact that both RBS':?® and
transmission measurements® are carried out
close to the transverse eigenfrequency where
strong one-photon absorption sets in, which is
connected with an appreciable imaginary part of
the dielectric constant. Damping effects have
not been considered in the Hopfield model but
are not very important in the TPRS studied here,
since the frequencies of exciting and emitted
light are far away from the resonance.

VI. CONCLUSION

It has been shown that d-space spectroscopy
by TPRS via virtually excited biexcitons can
successfully be applied to uniaxial crystals. By
fitting the experimental data, the parameters
describing the A excitons in CdS are determined
as well as their temperature dependence. Using
other scattering geometries, it will be poss-
ible to determine the dispersion curves of
mixed-mode polaritons by the same method.
The experimental determination of their energy
in a corresponding TPRS experiment® (E{®)
=2.5538 eV) is in close agreement with the value
calculated with the exciton parameters given here
(ESthe") = 2 5539 eV). Moreover, some hints are
obtained on the deformation of the polariton dis-
persion due to the high excitation.
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