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ABSTRACT

The dynamics of excitonic transitions in semiconductors have been investigated by degenerate four-wave mixing
experiments. We have studied the coherence, interference and dephasing of free, bound and localized excitons in bulk
semiconductors and of quasi-two-dimensional excitons in quantum well structures. The influence of inhomogeneous broadening
is investigated and compared with quantum interference in a continuum of states. The nature of four-wave mixing beats in a
system of bound excitons and biexcitons is discussed.

1. INTRODUCTION

Coherent and incoherent exciton dynamics, on a femtosecond timescale, is efficiently studied by degenerate four-wave
mixing (DFWM) and transient grating experiments with ultrashort laser pulses.' Transient coherent DFWM experiments,
involving free polarization decays or photon echoes, can supply useful information about the initial scatterin g mechanisms after
an optical excitation,”** and in some cases quantum beats between such coherently prepared states can give additional
knowledge about oscillator strengths, energy splittings and shifts.>%’ Experimental distinction between such quantum beats and
classical polarization interferences between indenpendent transitions has recently caught attention because of the possibility
of determining the degree of interaction between different excited states in a semiconductor.*?

We have previously measured, and reported, the dephasing times of free, bound and localized excitons in various
semiconductors as a function of temperature and exciton density, and thereby identified the principal scattering mechanisms
and rates.' In the present work we shall concentrate on some of the more subtle aspects of the ultrafast dynamics and
interferences in exciton systems, including quasi-two-dimensional excitons in quantum well structures. Before we discuss these
results, we shall describe in the next sections the principles of the applied spectroscopies, that are transient degenerate four-
wave mixing and nonlinear quantum beats.

2. TRANSIENT FOUR-WAVE MIXING

In general, four-wave mixing is the mixing of three input waves in a nonlinear medium, setting up a third-order nonlinear
polarization, which in turn serves as an antenna for a fourth outgoing signal wave. In standard nonlinear optics terms, the third-
order nonlinear polarization is expressed as

POR,0) = xP(@300,,05,05)" Ey(Kyy00,)Ey(ky 0, Eq iy, 0) M

where %™ is the third order nonlinear susceptibility, and the frequency and the wavevector of the collimated signal beam are
given by the energy and wavevector conservations, expressing the phase-matching conditions

© = 00,1020, A k= ik zk,ik, V)]

where +/- is entered for absorbed/emitted waves.
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With two degenerate beams (®, = 0, = ® and k; = k, = k), impinging under an angle 8 (cos8 =k, k,/ k* < 1), as in
Fig. 1, there are two possibilities with perfect phase-match: k= k, and k = k,. These nonlinear signals are generated in the
directions of the incident beams and may therefore be difficult to detect at moderate intensities. In thin samples, there are also
two possibilities with near phase-match: k = 2k, - k, - Ak and k' = 2k, - k, - Ak, where Ak is the wavevector mismatch
perpendicular to the sample plane. This geometry has the advantage that the nonlinear signal is a collimated beam propagating
in a background free direction. It is therefore well suited for the detection of even very small nonlinear signals. The linear
background can to a high degree be eliminated by simple spatial filtering. Performing DFWM with ultrashort laser pulses, one
can obtain not only spectral information about the nonlinear coefficients, but also dynamical information about the optical
excitations. The type of information obtained depends on the actual experimental configuration, as well as on the character
of the samples investigated. Transient DFWM is a modification of the excite-and-probe technique, where the pump consists
of two beams, split off the same coherent laser beam, setting up a coherent polarization grating in the medium, and the probe
is either one of the pump beams, self-diffracting in this grating (two-beam configuration, Fig. 2a) or a third delayed beam
diffracting in the grating set up by the two first pulses (three-beam configuration, Fig. 2b). In the following, we shall examine
" the two-beam configuration where the two incident laser pulses are split off the same laser pulse, and are impinging on the
sample with a variable optical delay between them.
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Fig.1 Wavevector conservation for Fig. 2. Transient DFWM with two beams (a) and three beams (b), respectively.

DFWM with two light beams, kand k,.

In order for the two laser pulses to interact coherently in the nonlinear medium, for example by setting up a polarization
grating, the delay between them should not exceed the dephasing time of the nonlinear polarization caused by the first laser
pulse. The nonlinear DFWM signal is then self-diffraction of the second pulse in the grating set up by the coherent overlap
between the polarizations from the first and the second pulse. For pulse #1 arriving first (T > 0) as in Fig. 2a, a signal will
thus be emitted in the direction 2k, - k, as indicated. This result is obtained by solving the two-level optical Bloch equations
to third order, which for 3-pulses yields '*!!

P(3)(r,t,1:>0) « 8(1) l-‘:o e i[(2k;-ky) r-Q,2+Q4t] 3

where t is the time after the arrival of the second pulse, ©(t) is the Heaviside step function, and Q= ®,q- iY,, is the complex
transition frequency with the damping 7Y,,= 1/T, + 1/(2T)). T, and T, are the longitudinal and transverse relaxation times,
respectively. The intensity of the DFWM signal in the direction 2k,-k, is then

IDFWM o !P(3)(t’r>0) ]2 o e(t)p'go e"zYlo(‘*‘) 4)

The corresponding signal in the frequency domain, as experimentally obtained by a spectrometer with a slow detector, and
mathematically by Fourier transforming Eq. (3), is

8
Lew = [PO(@,00)F =« —F0__ o2t ®)
Q) - @]

where @ is the optical frequency of the detected signal. Thus, spectra of the time-integrated DFWM signal contain information
about the dephasing rate vy,, as well as the resonance enhancements of the nonlinear signal.

If the above two-level system is inhomogeneously broadened, similar expressions can be obtained by integrating over
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the inhomogenous distribution of transition frequencies, e.g. g(w,y) o exp{-2In2(®,y- )*T '}, where @, is the center
frequency and T, is the inhomogeneous intensity linewidth (FWHM).

P,(:,),(t,t) - f Pl(:z(tﬂ)g(mxo)d‘" 10 ©
0

In this case, destructive and constructive interferences between the different transition frequencies play a significant role, and
the signal in the 2k,-k, direction appears as a photon echo (PE) at the time t = 1.
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and the spectrally resolved time-integrated PE takes, for large delays (124/T,,), the form
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which for the same homogeneous damping decays twice as fast as the free polarization decay in Eq. (5). From a comparison
of the observed DFWM decay with the linewidth, as observed in absorption or emission, it can be decided whether the
transition is homogeneously or inhomogeneously broadened. Hence, the dephasing time, and thereby the homogeneous
linewidth, can be determined from either Eq. (5) or Eq. (8).

3. NONLINEAR QUANTUM BEAT SPECTROSCOPY

The DFWM decays, or correlation traces, of Egs. (5) and (8) assumed the sytems to be two-level like. If, on the other
hand, there is a multiplicity of nearly degenerate excited levels, the decay of the nonlinear signal will be affected much the
same way as for quantum beats in resonance fluorescence experiments. However, the quantum interferences, or beats, will in
this case also appear in the correlation traces. The first pulse arrives at the sample at t = -7 and sets up a (linear) polarization
that will decay according to the dephasing time, and show interference modulations in the case of nearly degenerate coherently
excited states. The free polarization decay is responsible for the fluorescence decay as well as for the nonlinear interaction with
the second pulse arriving at t = 0. It is intuitively obvious that the integrated intensity of the nonlinear signal will carry over
the beat modulation into the correlation trace of the nonlinear signal, as can be calculated by solving, to third order, the Bloch
equations for a three-level system.'

Assuming the complex frequencies of the three-level system Q, = @, - ¥ ( = 1, 2) and £, = ®,; = Oy - @, the
Bloch equations can be solved to third order using a Greens functions technique, to obtain an expression for the third order
nonlinear polarization, propagating in the 2k,- k, direction

POt>0) = OOR2ule” O N0+ gy Ot < O
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where t is the time elapsed after the arrival of the second pulse. The intensity of the DFWM signal is proportional to the
absolute square of the nonlinear polarization. For equal dipole matrix elements of the two transitions, the oscillatory behaviour
of the signal as a function of real time t, as well as a function of the delay time 7, is shown in Fig. 3a. Notice that also as a
function of t-7, well defined oscillations can be observed.?

In an experiment where real-time resolution is not achieved, the maximum information is obtained by spectrally resolving
the time-integrated nonlinear signal. In this case, the measured polarization is the Fourier transform of Eq. (9)
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The two terms illustrate the resonance enhancement of the signal near each of the involved resonances, and the quantum beats

appear in each of the terms. Detecting the signal near the first resonance, the second term can be neglected, and in this case
the nonlinear signal can be expressed’
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revealing the modulation. Assuming again equal dipole matrix elements of the transitions and distinctely different dampings
of the two levels involved in the beating, e.g. Y,0»Y,,, a simpler expression is obtained

-2 -
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showing that the average signal decays with the slowest damping rate, whereas the decay of the beat modulation decays with
the fastest damping rate. Both damping rates can thus be determined from such a nonlinear quantum beat experiment. In the
above is assumed a homogeneously broadened system with a free polarization decay, but a similar modulation of the correlation
trace is obtained with inhomogeneous broadening," i.e. in a photon echo experiment, as first shown by Lampert, Compaan
and Abella."* If, however, the observed modulations are due to classical polarization interferences occuring in the detector, then
they will be smeared out by inhomogeneous broadening.

In a homogeneously broadened system it may be difficult to distinguish between true quantum beats, e.g. from a three-
level system, and polarization interferences from independen two-level systems. For two independent two-level systems with

the complex transition frequencies £, = y, - iy}, , the solution is straight forward. For >0 (no signal for 1<0), the total third
order polarization has. the form

PO(51>0) = O@ufN,e "¢ ) 4 e (Ot O 13

where t is the time after the arrival of pulse #2, and N; is a complicated function of the time-integrated pulse amplitude, its
spectral overlap with the resonance number j and the concentration of two-level centers of this type. The FWM signal intensity
is proportional to the absolute square of this polarization, and the temporal interference results from the cross term which has
a phase that varies as t-1, as seen in Fig. 3b, in agreement with the experiments by Koch et al..}

Teppg = |P(3)(t,r>0) P - l‘?olee- B l-":osze- o) ZP:OP;oNlNze- o * vw(‘ﬂ)cos(‘*’n(‘ - %) 14
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Fig. 3. Calculated FWM-signal for quantum beats (a) and for polarization interference (b).
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The spectral dependence is again obtained as the Fourier transform of Eq. (13)

NMEe™ N M
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and the intensity of the signal is proportional to the absolute square of Eq. (15). Now the modulation is due to the interference

from the cross term, that contains both resonance denominators. Thus, if we detect the signal near the resonance ®,, the
following expression is valid®

2 = 2yt - Yot
Nie N 2N\N,e "™ 'cos(w,,T)
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(16)

The important thing to notice here is that the modulation of the nonlinear signal, as a function of 7, will undergo a phase shift
of 7, when passing through either one of the resonances. This is in contrast to the true quantum beat in Eq. (12) and therefore
offers an experimental possibility of distinguishing the two phenomena, as we shall see.

4. COHERENT EXCITON DYNAMICS

In this section, we shall discuss some selected aspects of coherent exciton dynamics in semiconductors. We take examples
from quasi-two-dimensional excitons in GaAs/AlGaAs quantum wells, where we study exciton dynamics under the influence
of confinement and disorder (interface roughness),'*!s and from bound excitons in CdSe, where we study the coupling and
interferences between various bound complexes.'’

4.1 GaAs/AlGaAs quantum wells

Figure 4 shows an example of the coherent exciton dynamics as revealed by a two-beam transient DFWM experiment
in a specially prepared MBE-grown sample with a series of GaAs multiple quantum well (MQW) structures (10 periods) with
well widths L, = 80 A, 100 A, 130 A, and 160 A and with Al,,Gay,As barriers of width 150 A. From the DFWM spectra
recorded as a function of the delay between the input pulses, a number of observations are made.

HHao

Fig. 4. Transient FWM spectra as a function of
delay between the input pulses in GaAs quantum
wells of different widths.
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The strong resonance enhancement of the nonlinear signal (see Eqs. (5) and (8)) around the fundamental excitonic
resonances, heavy hole excitons (HH) and light hole excitons (LH), is clearly observed for the different MQW series. The
asymmetric behaviour of the DFWM signal as a function of the delay is in agreement with the simple two-level models in Eqs.
(5) and (8) and should thus reveal the dephasing time T, = 1/y,, of the corresponding transitions. However, the large
differences observed in the decays has to be interpreted with care. In Fig. 4, the laser line is centered around the HH,y, line,
but is sufficiently broad to excite all the resonances observed. The DFWM signals from the wider well resonances decay much
faster than the signals from the narrower wells, suggesting shorter dephasing times for the wider wells. One reason could be
that the wider wells are excited well above the resonances, so that higher excited exciton states and continuum states contribute
to the dephasing of the HH and LH excitons. A corresponding broadening of the resonances is, however, not observed in Fig.
4, so instead we conclude that the fast decay of the signal is due to destructive interference between the n = 1 HH (LH)
excitons and the higher excited exciton states and continuum states.'® A wave packet is formed as a coherent superposition
of many excited states, and the corresponding polarization dies out in a time that is inversely proportional to the spread in
energy of excited states, which is essentially the laser line width, i.e the polarization decays almost as fast as the laser pulse.
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In Fig. 4, only the HHy, excitons are excited without a significant contribution from LH excitons and higher excited
states. Therefore the observed decay is representative of the dephasing of HH excitons in GaAs MQW's at low density and
low temperature. The observed dephasing time is about 10 ps, and the signal maximum for a finite positive delay indicates
that the transition is inhomogeneously broadened and the signal appears as a photon echo.*® Note the difference between the
interferences in an inhomogeneous distribution of independent oscillators and the destructive inteferences in a strongly coupled
multi-level (continuum) system. In the former case, rephasing can take place and a signal can be detected for large delays
(photon echo, Eq. (8)). In the latter case no rephasing occurs, and a signal is only observed for very small delays.'®

The pronounced modulation observed on the HH,, line is due to a quantum beat between the HH,y, and the LH,y,
resonances. The HH excitons and the LH excitons within the same MQW series are created in a coherent superposition state
by the spectrally broad laser pulse, and the resulting polarization oscillates in time with a frequency ®,, ="AE/h, where AE
is the splitting of the HH and LH excitons (see Eq. (12)). As a result, the DFWM signal oscillates with the period 2/® as
a function of delay. Note that no phase shift of the modulation is observed when going through the resonances (HH and LH),
confirming that it is a true quantum beat as in a three-level system (see Eqgs. (11) and (12)). Similarly, beats between HH
excitons and biexcitons have been observed, confirming the formation of biexcitons in the GaAs quantum wells.'*" A signal
for negative delays is a signature of polarization interactions”*' and is clearly seen for the narrower wells. In particular for
the 100 A wells, is seen a line (XX) that is dominant for negative delays. This line is due to the biexciton state associated with
the heavy hole exciton resonance HH , of the 100 A quantum wells, as can be ascertained by polarization experiments. The

shift of the XX line from the HH line is equal to the biexciton binding energy, as also revealed by the period of the
corresponding quantum beat.'%#

The observed dephasing times are slightly larger than in bulk GaAs. One difference is scattering due to interface
roughness. If this is on a length scale smaller than the exciton radius, electrons and holes are scattered individually giving
faster dephasing. If the interface roughness is on a length scale larger than the exciton radius (island formation) there will be
a tendency of localization of the excitons which may lead to slower dephasing. In some samples, island formation is observed
in DFWM by a splitting of the exciton resonances, corresponding to one monolayer well width fluctuations. The splitting is
more clearly observed in the nonlinear signal than in the corresponding linear resonances of the sample. Figure 5 shows an
example of the DFWM spectra in a 100 A quantum well sample as a function of the delay between the interfering pulses.
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Fig. 5. Exciton splitting due to interface roughness as a function of delay. '8 spectrum for zero delay (soli

curve) excited by laser pulse (dashed spectrum).

It is characteristic that the observed splitting is pronounced for small delays and disappears for larger delays, where only

one (average) resonance is observed. We propose that this behaviour is due to nonlocality of the excitonic wavepackets

resulting in a strong coupling of the excitons in the different spatial regions of the quantum wells. Quantum beats between

excitons in different well width regions have previously been reported.? It should be emphasized that this is an interference

effect in the coherent exciton wave packets and not related to spatial diffusion of excitons between the regions of different well

widths. An exciton density grating, set up by two interfering pulses with zero delay, shows the excitons in the different spatial

regions distinctly separated spectrally for their entire lifetime. This is in agreement with previous reports of distinct
Iuminescence lines from such island formation.?

4.2 Bound excitons in CdSe

In Fig. 4, polarization interferences between signals from different quantum wells were not observed. We have tested
the distinction between true quantum beats and polarization interferences between independent two-level systems in the bound
exciton systems observed in bulk CdSe at low temperature."”"” We coherently excited several bound exciton states and
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0.08 meV) around the I,-line, (a) calculated from Eq. (16), 0.06 meV) around the [," and I, lines, (a) calculated from
and (b) experimentally. Egq. (11), and (b) experimentally.

observed the beats in the resonantly enhanced four-wave mixing signal. For excitation near the I,-line (exciton bound to neutral
acceptor) the four-wave mixing signal is strongly enhanced at the positons of the I -line, the I,-line (exciton bound to neutral
donor) and the I, and 1™ lines (biexciton bound to neutral acceptor), as shown in Fig. 6.

All the observed lines show strong modulation of the signal as a function of the delay between the interfering pulses and
the results demonstrate that spectral resolution of the nonlinear signal makes it possible to distinguish between quantum beats
and polarization interference.’ Figure 7 shows spectrally resolved correlation traces at the spectral positon of the I,-resonance,
as described in Sec. 3. At the I,-resonance, ho = 1.8218 eV, a phase shift of about ® and a minimum of the amplitude of the
modulation is observed. This is analogous to the calculation from Eq. (16), shown in the lower part of Fig. 7. Hence, the I,-I,
beats are due to polarization interference, and excitons bound to different impurities can be considered as non-interacting.

The correlation traces of the self-diffracted signal, detected in the spectral region of the I, and the and 1™ bands are
shown in Fig. 8. In contrast to the I,-I, bound exciton polarization interference in Fig. 7, no phase shift was observed near the
resonance frequency @, (I and 1), proving that the involved transitions are within the same quantum system as calculated
from Bq. (12) and shown in the lower part of Fig. 8. The spectrally broad laser pulse prepares a coherent mixture of neutral
acceptor bound excitons (A"X) and acceptor bound biexciton complexes (A°M) by two-photon transitions, either directly or
via the A’X resonance. The beating FWM processes are the transitions from the ground state (A% to A’X and from A’X to
A°M. Since the A°M complex contains three holes, one hole must be in an excited state (2P, 3D). The A"X center is
electonically equivalent to a neutral donor D°, which explains why the A®M center is energetically close to the I-line (D°X),
which also is known to have excited hole states.

5. CONCLUSIONS

Ultrafast nonlinear spectroscopy has proven to be an extremely powerful tool to investigate the exciton dynamics in
semiconductors on the time scale of the fastest scattering mechanisms in the semiconductor. Scattering rates can be determined
from the coherent experiments and a number of different interference phenomena demonstrate new possibilities of retreiving
information, hidden under inhomogenous broadening in linear spectroscopy. These interference phenomena provide a new tool
to investigate the degree of interaction, or coupling, between states involved in the observed four-wave mixing beats.
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