VOLUME 72, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JANUARY 1994

Observation of Autler-Townes Splitting of Biexcitons in CuCl
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Wave-vector—selective ac Stark effect of the I'1-biexciton state is clearly observed in the steady
state regime. The biexciton line splits into two lines with resonant pumping between Z3 exciton
polariton and the biexciton state. From the splitting energy, we have obtained the relevant dipole
moment of 4.2e¢ A. Observed energy of the dressed state coincides with the value derived from the
model with strict energy and quasimomentum selection rule. This implies that the dressed state is
established with the coherent mixing of delocalized Bloch states.

PACS numbers: 71.35.4+z, 42.50.Hz, 71.36.4-c

In atomic systems, the concept of the dressed atom
has been established both theoretically and experimen-
tally [1]. The dressed atom state has received a great
deal of attention in several applications such as manip-
ulation of kinetic motion of atoms [2,3] and lossless op-
tical conversion and lasers without inversion [4,5]. On
the other hand, the development of tunable short pulsed
lasers enables us to study the dressed states in semicon-
ductors. In particular, the ac Stark effects of excitons
have been studied extensively after the demonstration of
a very quick blueshift of the exciton state in the GaAs
quantum well (QW) under intense excitation below the
exciton resonance [6]. To examine the similarities and
dissimilarities between exciton and atomic systems, we
have to take the following two features of excitons. One
is the many-body effect caused by the Coulomb and ex-
change interaction between electrons and holes. The sec-
ond is the effect of the delocalized nature of the exciton
state which is in strong contrast with the atomic sys-
tem where the electron wave function is very small and
localized. In crystals, every electronic state is the eigen-
state of the displacement operator because of the trans-
lational symmetry and its wave function is delocalized.
Such a state is called a Bloch state. It is important to
know how the dressed states are established in the case
of Bloch states, where every optical transition obeys the
energy and quasimomentum conservation rules. To ex-
amine this effect, we need to measure the wave-vector de-
pendent change of the Bloch states under resonant optical
excitation. In semiconductors, however, resonant optical
pumping causes strong incoherent processes because of
the scattering between excitons and photoexcited carri-
ers. Therefore, most of the previous experiments have
been performed in the ultrafast time domain [7-9], sacri-
ficing spectral resolution. Only a few experiments in the
steady state are reported on the exciton ac Stark effects
[10,11] and no systematic study on the quasimomentum
space has been performed. In this Letter, we report a
clear demonstration of the semiconductor dressed states
where the wave-vector-dependent coupling is essential.
We present the experimental evidences of the Rabi split-

ting of the biexciton line caused by the coherent optical
mixing with the exciton polariton state.

The biexciton state, where two Wannier excitons are
bound by the exchange interaction between electrons, has
been observed in various semiconductors. Nonlinear opti-
cal processes associated with the formation of biexcitons
can be described by the three level diagram as shown
in Fig. 1(a). If the pump beam frequency is tuned to
the transition between exciton state (|ex)) and biexciton
state (|bi)), the two excited states are mixed to create
dressed states as shown in Fig. 1(a). This corresponds
to the Autler-Townes (AT) effects [12] in atomic systems.
In this scheme, the pump beam can be set below the ex-
citon absorption band; thus we can observe the coherent
effect in the steady state regime. Three level ac Stark
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FIG. 1. (a) Schematic level diagram of the exciton and
biexciton system. The exciton and biexciton states are coher-
ently mixed by the resonant pump field. The resulting dressed
states are probed by two-photon polarization (TPP) spec-
troscopy. (b) Calculated Autler-Townes splitting taking into
account the exciton-polariton effect with spatial dispersion.
The pump field mixes the lower branch polariton (LBP) with
the biexciton branch. TPP spectroscopy probes the K = 2ko
biexciton state.
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effects have been reported by Frohlich et al. in their pi-
oneering work on Cus0 [13] and later also on the GaAs
QW (14], where the levels are single exciton states. In the
exciton-biexciton three level system, the splitting is pro-
portional to the Rabi frequency, Qg = pbxEpump, Where
Ubx is the dipole transition matrix element between exci-
ton and biexciton states and Epump is the internal elec-
tric field vector of the pump beam. Because of the large
Bohr radius of biexcitons, the dipole moment uy, is large;
therefore the splitting becomes very large.

In the actual optically allowed exciton transition, we
have to take into account the polariton effect. The ex-
citon polariton is the eigenmode of the total system of
photons and excitons with strong linear coupling between
them. Figure 1(b) represents the AT effect on the base of
the polariton picture including spatial dispersion effects
of the exciton polariton and the biexciton states. In this
scheme, optical transitions occur keeping the energy and
quasimomentum conservation rule. The pump beam is
incident on the rear surface of the sample. We probe
the biexciton state at K=2ko with a two-photon transi-
tion, where kg is the wave vector of the probe beam. As
long as the pump field is uniform, coherent mixing occurs
between two states with the same energy and the quasi-
momentum; one is the biexciton state at K=2kg and the
other is the combined state of a pumping photon (a po-
lariton) with wave vector —k, and exciton polariton with
wave vector ky, = 2kg + k. The eigenenergy of dressed
biexciton states is expressed as follows [15,16]:
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Here, 25(K) and Qgp(k) are the energies of the biexci-
ton and exciton polariton, M is the effective mass of a
biexciton, ppy is the dipole moment between a biexciton
state and an exciton state, and Epymp is the internal elec-
tric field amplitude of the pump beam. The formation of
dressed states can be proved as the splitting of the biexci-
ton resonances in the two-photon absorption (TPA) spec-
trum. The coherent coupling also causes the modification
of eigenenergies of exciton polariton states as shown in
Fig. 1(b). The latter phenomenon is nothing but the in-
duced change of the polariton dispersion which is known
as the “polariton renormalization effect” [17,18]. Several
experimental evidences of this effect have been reported,
although indirectly, such as a photoinduced birefringence
(19], a nonlinear shift of hyper-Raman scattering [20],
and, more recently, a redshift of the exciton band in sub-

picosecond pump and probe experiments [21].

The I';-biexciton state in CuCl, the lowest bound state
of two Z3 excitons, has been studied extensively by two-
photon absorption [22-24] and hyper-Raman scattering
[20,25,26]. The I';-biexciton state is a suitable system
for the demonstration of the AT effect because of the
following features. First, it has a large binding energy,
32 meV; we can set the pump beam frequency far be-
low the exciton absorption band and thus the coherent
effects occur predominantly even in steady state excita-
tion. The second feature is the very narrow linewidth of
the I';-biexciton state. At liquid helium temperature, the
linewidth of the biexciton state is less than 20 ueV be-
cause of very small acoustic phonon coupling [27]. Such
narrow linewidth is appropriate for a precise measure-
ment of the energy shift.

High purity platelet-shaped CuCl single crystals of
thickness 2 um to 15 pum are cooled in a helium gas flow-
type cryostat. To monitor the biexciton resonance en-
ergy, we use two-photon polarization (TPP) spectroscopy
whose principle was described in Ref. [28]. Two dye
lasers, with pulse durations of 5 nsec and linewidths
of 20 pueV (FWHM), are excited by one excimer laser
(Lambda Physik LPX120i). One dye laser (w;) is split
into two beams; one is linearly polarized (beam 1 with
1 kW/cm?) and the other is circularly polarized (beam
2 with intensity 10 kW /cm?). At the two-photon reso-
nance of the biexciton, w; = Qp/2, the circularly polar-
ized pump beam causes a nonlinear optical activity and
the probe polarization changes. Thus we can probe the
biexciton two-photon resonance sensitively as the posi-
tive signal with crossed analyzer. An etalon plate with
50 GHz free spectral range is used to monitor the probe
frequency. A second dye laser is used as a pump beam
(beam 3) to couple the exciton polariton state and the
biexciton state. We change the pump beam intensity
from 10 kW/cm? to 1 MW/cm?. Beams 1 and 2 impinge
on the sample from the same side and probe the biexci-
ton state around K=2k,, where kg is the polariton wave
vector at the two-photon resonance of the biexciton.

First, we set the pump beam (beam 3) energy at
3.17009 eV, the exact resonance between exciton polari-
ton (k; = 2ko + kp) and biexciton (K=2kg). Figure
2 shows the two-photon polarization spectra around the
biexciton line, 3.1860 eV, for various pump powers. We
clearly observed the splitting of the biexciton line whose
splitting energy becomes large as the pump beam power
increases. These two peaks correspond to the dressed
states. From the splitting energy, we can evaluate the
value of ppx. We fit the data to the theoretical calcula-
tion of Eq. (1) and obtain good agreement between the
experiment and the theory with the parameter upx = 4.2e
A. The corresponding value of the oscillator strength of
the exciton-biexciton transition, f,,, is 15 which is much
larger than that of the Z3 1s exciton, fex=5.9 x 1073,
The large radius of the biexciton wave function causes
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FIG. 2. TPP spectra around the biexciton line, 3.186 eV,
for various pump powers. The pump detuning is almost zero.

this enhancement. The enhancement factor can be ex-
pressed as [29,30]

%:%[/g(R)dRr, (5)

where g(R) is the wave function of the relative motion
of the two excitons in a biexciton and v = (0.54 nm)3/4
is the volume of the primitive unit cell. Our result gives
the value of f,/fex = 2.5 x 103. With the weak two-
photon excitation condition, Akiyama et al. measured
the radiative decay rate of the biexciton and reported a
value of 50 ps [31] which leads to f;,/ fex = 3.3x103. This
short radiative lifetime is also supported by the pump and
probe experiments [32] and the emission decay measure-
ment under incoherent excitation of biexcitons [33]. This
value is consistent with our estimated value of f,,/ fex
from the ac Stark splitting. This agreement assures that
a rapid spontaneous radiative decay process is the main
decay channel of the biexcitons in CuClL

To examine the pump photon energy dependence, we
study the two-photon polarization spectra by changing
the pump photon energy around the exciton-biexciton
transition. Figure 3 shows the calculated spectra for var-
ious pumping energies. The crossing point of the two
modes, i.e., the solution of energy and momentum con-
servation equations at zero pump field limit, varies with
the pump energy. For negative detuning (Awpump < 03),
the crossing point exists at the wave-vector region larger
than the probing region (~ 2kg). In this case the upper
state [A4) is the biexcitonlike state and has a stronger
two-photon absorption amplitude than the lower branch
|A-). For positive detuning (Awpymp > 92%), the situa-
tion becomes contrary. Figure 4 shows the experimental
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FIG. 3. Calculated TPP spectra around the biexciton line
for various pump laser detunings. The biexciton dephasing
rate I'mg is set to Qr/5.

results. The basic features, the relative intensities of the
upper and lower branches and the energy positions, fit
well with the calculation. In the experimental data, we
observe an additional line at the low energy side. The
spectral position of this line is independent of the pump
field energy and power. From the precise analysis, the
line is assigned to the biexciton state at K=0. A part of
beam 2 is reflected at the rear surface and induces the
transition into the K=0 state; thus we observe this line.
Because of the energy and momentum conservation rule,
the K=0 biexciton state cannot couple with the pumping
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FIG. 4. Observed TPP spectra around the biexciton line
for various pump laser detunings.
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field of beam 3. This is the reason why the K=0 state
does not change in Fig. 4.

We obtained a clear experimental evidence of the
Autler-Townes splitting of biexcitons in CuCl. We have
proved that coherent mixing of exciton polaritons and
biexcitons occurs under strict energy and quasimomen-
tum selection rules. This is the first observation of
dressed delocalized Bloch states. We compare the ex-
periment with the calculation and obtained the value of
the giant oscillator strength of the biexciton, fr,/fex =
2.5 x 103, which is consistent with the reported radiative
decay time. The observed phenomena, namely, a modifi-
cation of the eigenenergy of the biexciton state with the
radiation field, provides us with a new method to control
the kinetic motion of biexcitons by using the spatially
inhomogeneous radiation field. This will provide us with
a key technique to confine or manipulate biexcitons into
the quantum degenerate regime.
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Science and Culture, Japan.
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FIG. 2. TPP spectra around the biexciton line, 3.186 eV,
for various pump powers. The pump detuning is almost zero.
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FIG. 4. Observed TPP spectra around the biexciton line
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