Dependence of the four-wave mixing signal on the spectrum of excited states in GaAs/

AlGaAs multiple quantum wells

A. G. Gorshunov, V. N. Grigor'ev, V. I. Grinev, K. L. Litvinenko, and V. G. Lysenko

Institute of Microelectronics Technology, Russian Academy of Sciences, 142432 Chenogolovka, Moscow

Region, Russia

J. M. Hvam

Microelectronics Center at Danish Technical University, D-2800 Lyngby, Denmark.

(Submitted 6 March 1996)

Zh. Eksp. Teor. Fiz. 110, 1464—1473 (October 1996)

The selective excitation of different groups of states in GaAs/AlGaAs multiple quantum wells
has been used to study the dynamics of the four-wave mixing signal in the heavy-

exciton spectral band as a function of the spectrum of excited states. A notable shortening of the
coherent state lifetime has been detected under conditions when coherent wave packets are
excited. The main features of the recorded correlation curves can be interpreted in terms of a
density-matrix formalism based on the model of multilevel noninteracting quantum

oscillators. It follows from the comparison between experimental data and theoretical calculations
that, in particular, when the spectral width of coherently excited states increases, the

lifetime of coherent states is largely controlled by the destructive interference, rather than
scattering. © 1996 American Institute of Physics. [S1063-7761(96)02210-X]

1. INTRODUCTION

The recent progress in (sub)picosecond laser techniques
has led to a further development of coherent laser spectros-
copy, in which the dominant position is occupied by degen-
erate four-wave mixing spectrosc:opy.1 Degenerate four-
wave mixing is used as an efficient tool for studying various
scattering mechanisms in solids, since they control the decay
of coherent motion in optical excitations, hence the phase
relaxation times of these states.’

The existence of many quantum interference effects,
however, indicates that the spectrum of excited states may
essentially determine the optical response of a solid. For ex-
ample, the decay of the induced polarization P in real time
t after excitation of a solid by an optical pulse is purely
exponential (with a dephasing time constant T,) only when a
homogeneously broadened transition is excited.>* In the
presence of inhomogeneous broadening of the spectral line,
the polarization decay may be faster owing to destructive
interference between excited states with slightly different
energies.*> When two states with close energies are excited,
the interference may manifest itself as an oscillation super-
posed on the polarization decay curve,® and if continuum
states are excited, the lifetime of the coherent response may
be shortened considerably. In the latter case, a wave packet,
i.e., a coherent superposition of many excited states, is gen-
erated, and the fast decay of the macroscopic polarization in
this packet may be due to the destructive interference be-
tween bound and dissociated exciton states. Previously the
dynamics of the four-wave mixing signal due to the coherent
excitation of wave packets was studied in Ge (Ref. 7) and in
InGaAs/GaAs multiple quantum wells.®> Whether the states
included in the theoretical model of the latter work® are the
same as those observed in the experiment seems somewhat
dubious because the optical signal was recorded without
spectral resolution. At the same time, in many experiments
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using femtosecond laser pulses the effect of wave packets,
which probably takes place because the spectral width is
larger than the exciton binding energy, was not taken into
account in the analysis of experimental results.” The aim of
the present work was to study both theoretically and experi-
mentally the four-wave mixing signal in the spectral range
around the heavy-exciton ground state in GaAs/AlGaAs mul-
tiple quantum wells as a function of the shape of the energy
spectrum of excited states.

In our experiment, we have studied the dynamics of the
four-wave mixing signal depending on the spectrum of ex-
cited states by selectively exciting different groups of states
in the same sample containing GaAs/AlGaAs multiple quan-
tum wells. The comparison of experimental data with theo-
retical calculations has yielded parameters of excited exciton
states, namely the energy difference between the levels of
light and heavy excitons, the phase relaxation time of quasi-
particles, and the magnitude of the heavy-exciton inhomoge-
neous broadening. We have demonstrated that when the
spectrum of excited states is sufficiently broad, the shorten-
ing of the lifetime of coherent states is controlled by the
destructive interference. The calculation of the output signal
due to excitation of continuum states based on the density-
matrix formalism has revealed some features not detected in
the analysis based on the semiconductor Bloch equations.’

2. EXPERIMENTAL TECHNIQUE AND RESULTS

A diagram of the experimental facility measuring the
dynamics of induced polarization by the four-wave mixing
technique is given in Fig. 1. The pumping beam E generated
by a tunable titanium-sapphire laser (pulse width 150 fs,
spectral width ~30 meV, repetition rate 70 MHz) is divided
into two beams having an approximately equal intensity of
0.1 to 1 W by a beam splitter BS. These beams are focused
on the sample surface into a spot with a diameter of less than
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FIG. 1. Diagram of the facility for measuring induced polariza-
tion by the four-wave mixing technique.

OMA

100 wm, which corresponds to a carrier density of 10® to
10'° cm™2. One of the pulses propagates along the wave
vector Kk, ; the other one, propagating along the vector k,, is
delayed by a delay line DL containing a retroreflector RR
and a micrometer screw M so that it should be delayed with
respect to the first pulse by the time 7. The diffracted light
propagating along the wave vector 2k, —Kk; is selected by a
diaphragm D, focused by a lens L on the input slit of the
spectrometer SP with a resolution of 0.1 meV, and detected
by an OMA-1V multichannel optical analyzer in the spectral
range around the heavy-exciton line.

In our experiments we used samples containing twent
GaAs quantum wells with a nominal thickness of 116 A
separated by Aly3Gag;As barriers with a thickness of
150 A. The samples were grown on (100) GaAs substrates,
which were subsequently eliminated by selective etching.
The sample was placed inside an optical cryostat in helium
vapor at a temperature of 5 K. The absorption spectrum of
multiple quantum wells is shown by the solid line in Fig. 2.
The two peaks centered at 1.5597 eV and 1.5687 eV are due
to the n=1 states of heavy and light excitons, respectively.
The step near 1.572 eV is due to the excited n=2 level of
the heavy exciton overlapping with higher bound states of
the exciton and with the continuum of dissociated states. The
half-widths of the heavy and light exciton lines are 1.2 and
1.5 eV, respectively, mostly due to local fluctuations in the
well width of one to two atomic layers around its nominal
116 A width.'?
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FIG. 2. Absorption spectrum of the sample (solid curve) and spectrum of
laser pulses superposed on the exciton spectrum (dashed curves /-3).
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The contributions of different bound and dissociated ex-
citon states to the induced polarization were changed by tun-
ing the laser spectral maximum #%w;. For example, at
fiw;=1.545 eV (curve 1 in Fig. 2) only the lowest 1s-state
of the exciton with the heavy hole is excited, whereas at
fiw; =1.555 eV (curve 2 in Fig. 2) 1s-states of excitons with
both light and heavy holes are generated. If the spectral
maximum is tuned to fiw;=1.590 eV (curve 3 in Fig. 2),
mostly continuum states are excited.

One can see in Fig. 3 (curve I') that when the ground
1 s-state of the exciton containing a heavy hole is excited, the
curve of the diffracted light intensity / versus delay time 7
(correlation curve) has a maximum at 7= 1 ps and then drops
exponentially with a time constant of about 40 ps. When
1s-states of excitons containing light and heavy holes are
generated simultaneously, the correlation curve is radically
different: the intensity has a maximum at 7=0 and falls
exponentially with the delay with a time constant of about 4
ps and also has oscillations with a period of about 450 fs
(curve 2"). When states of the continuum are generated, the
correlation curve sharply drops with a time constant of less
than 0.2 ps (curve 3').

3. DISCUSSION OF RESULTS IN TERMS OF MULTILEVEL
NONINTERACTING SYSTEMS

Figure 3 clearly indicates that the shape of the correla-
tion curve strongly depends on which bound and dissociated
exciton states contribute to the induced macroscopic polar-
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FIG. 3. (1'-3') Experimental and (/-3) theoretical correlation curves for
laser pulses whose spectra are given in Fig. 2.
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ization. When a system with two homogeneously broadened
levels is excited by laser pulses, the correlation curve is
purely exponential with a time constant equal to T,/2.>* The
curves given in Fig. 3, including curve I’, which corresponds
to the generation of an exciton with a heavy hole, have fea-
tures not observable on the curves for a two-level homoge-
neously broadened system. In particular, the maximum on
curve 1' is shifted in the direction of positive delays, curve
2" has oscillations, and curve 3, which corresponds to the
excitation of a wave packet, has a very narrow trailing edge.

As we will demonstrate below, the features of the curves
of the diffracted light intensity versus delay time given in
Fig. 3 can be interpreted in terms of the model of noninter-
acting multilevel quantum oscillators using the density-
matrix formalism operator. The ground state will be denoted
by the index a, the levels of the heavy and light excitons by
the indices b and c, respectively, and the quasi-continuum
states by the index s.

In our analysis of the correlation curve corresponding to
the generation of the exciton with heavy hole, we have used
the results of Yajima and Taira,4 who considered excitation
of a two-level system by optical d-pulses. They demon-
strated that in the case of inhomogeneously broadened levels
the destructive interference between excited states with close
energies leads to a faster decay of polarization than in the
case of a two-level homogeneously broadened system, and
the delay of the peak on the correlation curve is a conse-
quence of the photon echo detected in time-resolved signals.
At this point we should note that the exciton peak position in
the sample is not constant owing to inevitable fluctuations in
the width of the quantum well with an amplitude of one to
two atomic layers. Consequently, an inhomogeneously
broadened band, which can be described by a Lorentzian-
Gaussian curve, is formed.!! The shape of the correlation
curve in this case is described by the function®

I(7)xexp[ — 47/ TS Etfc[V2/(T e T5%) — T e/ V2],
(1)

where Erfc(X)= (2/\m) S sexp(—A)dt, T’Z’“ is the phase re-
laxation time of the excitons and I';, is the inhomogeneous
broadening parameter of the heavy-exciton level.

The best fit of the theoretical formula (1) to experimental
data is achieved with I'y;,,=0.73 meV and T2°=40 ps
(curve I in Fig. 3). These values are in a good agreement
with the half-width y of the heavy-exciton line (1.2 meV) in
the linear absorption spectrum (y=1.665I";,,). 4

It is known that when two oscillators with slightly dif-
ferent energies are excited in a system, the effect of interfer-
ence between them may appear as an oscillation superposed
on either polarization decay6 or correlation curves.®!'? The
oscillations on the correlation curve 2’ in Fig. 3, correspond-
ing to the case of a three-level system, are true quantum
beats. A theoretical analysis of the four-wave mixing signal
in the case of simultaneous coherent excitation of two oscil-
lators with due account of the inhomogeneous broadening
was undertaken by Cundiff'® and Erland et al'* A general
approach to the correlation between resonance shifts due to
the inhomogeneous broadening was proposed by Cundiff,"
but the agreement with experimental data was better when
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the case of full correlation was considered. The one-to-one
correspondence between the shifts of the resonances in the
case of full correlation'* was described in the linear approxi-
mation:

0 _ 0
Weg™ Weg= 0(wba_ wba)'

Here fiw,, and fiw,, are the local transition energies to the
light and heavy exciton state, respectively, at a site in a quan-
tum well with a given thickness, A, and #wj, are the
same transition energies corresponding to the nominal quan-
tum well thickness, 6 is a constant. One can easily prove that
this approach implies the light-exciton level broadening with
the parameter 6I";,,. In the approximation that the matrix
elements of the dipole moment for exciton transitions are
equal, we have obtained the following formula for the corre-
lation curve in this case:

I(1)xA%(7)+B*(7)+2A(7)B(7)cos(AwT), 2
A _ 2T Exf 1 thxT
O T T 2 )
B(7)=0.5 ex [— ri—— TErfc(—b———a
P ?g— Tg T2 thx
Uppe70
—

Here T5% is the phase relaxation time of light excitons, and
fhAw is the energy difference between the central compo-
nents of inhomogeneously broadened exciton levels. If we
take the parameters of the exciton level broadening derived
from the half-widths of the exciton absorption lines, namely
1.2 and 1.5 meV (in this case 8=1.25), the best fit of the
theoretical curve 2 in Fig. 3 to the experimental data (curve
2' in Fig. 3) is achieved for T5°=4.7 ps, T5"=1.7 ps, and
Aw=13.5-10"2 s™!. The notable discrepancy between the
experimental and theoretical curves around 7=0 is caused
by the overlap of optical pulses, which was not taken into
account in deriving Eq. (2) for the correlation curve. The
larger damping parameter l/T’z’“ when the peak of the laser
spectrum is shifted from the position 1 to 2 (Fig. 2) is caused
by the effect of the exciton density, which is considerably
higher in the latter case. The energy difference #Aw=8.95
meV derived from the quantum beat period T'.,.=465 fs
agrees with the energy difference of 9 meV between the
1s-states of the light and heavy excitons detected in linear
absorption spectra.

The very narrow trailing edge of the correlation curve 3’
in Fig. 3 detected when wave packets are generated in a
GaAs/AlGaAs multiple quantum well indicates a sharp drop
in the lifetime of coherent states, which is in an agreement
with experimental data on Ge (Ref. 7) and InGaAs/GaAs
multiple quantum wells.® In our analysis of the correlation
curve in the case of packet generation we have used Eq. (A2)
derived in the Appendix, which takes into account the over-
lap of laser pulses. All the results concerning this case have
been obtained by numerical integration.

Equation (A1) indicates that the signal amplitude may be
affected by the phase relaxation times of the heavy exciton
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FIG. 4. (a) Shapes of correlation curves calculated for different values of the
parameter Aw.,: (1) 30; (2) 33.3; (3) 36.6; (4) 39.9; (5) 43.2 meV
(1,=0.11 ps); (b) for different laser pulse durations ¢, : (1) 0.10; (2) 0.11;
(3) 0.12; (4) 0.13; (5) 0.14 ps (A w o= 40 meV). The rest of the parameters
used in the calculations are T'z’“=4 ps, I'}y,=0.7 meV, T=0.4 ps,
w;— Wy, = —32 meV.

and continuum states, the inhomogeneous broadening param-
eter for heavy excitons, the position w;, of the laser spectrum
peak in the continuum, and the ‘‘effective width’’ A @, Of
the continuum states. The latter parameter was intended to
take account of the drop in the dephasing time with the en-
ergy in the continuum, which leads to a decrease in the con-
tribution of higher states to coherent radiation. From the for-
mal viewpoint, this means that the summation in Eq. (A1) is
performed only over the quasi-continuum states within the
interval A w gy -

Typical shapes of correlation curves calculated for dif-
ferent effective widths of the continuum spectrum are shown
in Fig. 4a. The graph indicates that at a constant laser pulse
duration the shapes of the curves around the maximum
weakly depend on the parameter A w., , whereas the decay
rate of the polarization slightly increases with this parameter.
Curve 4 indicates that there is a rather narrow interval (with
a width of about 2 meV) of the parameter A @, in which an
additional maximum should exist. Our calculations show that
this interval should shift with the peak laser frequency, so
that it could be detected in experiment only when the laser is
tuned to a certain band within the continuum. This effect
could be used, in principle, to determine the parameter
A®on.- The amplitude of the second maximum, however, is
several orders of magnitude lower than that of the main peak,
which makes its detection quite difficult. In particular, in our
measurements of the correlation curves the second peak am-
plitude would be considerably lower than the noise level.

Our calculations indicate that variations in the phase re-
laxation time T of the continuum and that of heavy exciton
states, T5”, as well as the inhomogeneous broadening pa-
rameter I';, . within reasonable limits (namely, T is varied
between 0.2 and 0.8 ps, T5* from 1 to 5 ps, and I'y,, be-
tween 0.6 and 0.9 meV, which corresponds to changing the
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exciton line half-width from 1.0 to 1.5 meV) do not signifi-
cantly change the shape of the correlation curve 4 given in
Fig. 4a.

At a fixed parameter Aw oy, the calculations of the
peaks on the correlation curves and of the polarization drop
rates increase with the laser pulse duration (Fig. 4b). A com-
parison between Figs. 4a and 4b demonstrates that most
changes in the shapes of correlation curves are determined
by the continuum states within the spectral band of the laser
light, whose width is inversely proportional to its duration.
Figure 4b also demonstrates that the decay rate of the polar-
ization component due to the heavy-exciton state increases
with the spectral width of laser light, i.e., the lifetime of
appropriate coherent states drops with the spectral width of
coherently excited continuum states. In our opinion, the in-
sensitivity of the shapes of calculated correlation curves to
changes in the dephasing parameter T’{“ and the drop in the
lifetime of coherent states with the width of the spectrum of
coherently excited continuum states are clear indications of
the dominant role of destructive interference between the po-
larizations of the bound 1s-state and dissociated exciton
states in the observed shortening of the lifetimes of coherent
states. Our conclusion concerning the effect of the destruc-
tive interference on the lifetime of coherent states generated
under conditions when wave packets are excited is confirmed
by the results of the theoretical study of a time-integrated
four-wave mixing signal in InGaAs/GaAs multiple quantum
wells® and by experimental and theoretical investigations of
the signal from Ge recorded with spectral resolution.’

The comparison between the experimental curve 3’ in
Fig. 3 and the theoretical curve 3 yields #; =110 fs corre-
sponding to the laser pulse FWHM f=190 fs
(+f=1.665¢;). This result is in satisfactory agreement with
the pulse duration of 150 fs derived from autocorrelation
measurements.

4. CONCLUSION

We have concluded from our experimental data and con-
firmed by calculations based on the Bloch optical equations
that the dynamics of the four-wave mixing signal essentially
depends on the nature of the spectrum of excited states. The
spectral broadening changes the contributions of the effects
responsible for shortening of lifetimes of coherent states,
namely the processes of scattering and destructive interfer-
ence. Our experimental data can be satisfactorily interpreted
in terms of the model of noninteracting multilevel systems,
and the exciton parameters obtained by fitting theoretical cal-
culations to measurements are in agreement with those de-
rived from absorption spectra of multiple quantum wells.
Thus our results indicate that time-resolved four-wave mix-
ing measurements with (sub)picosecond laser pulses should
be interpreted very cautiously when partial excitation of con-
tinuum states is unavoidable.

This work was supported by Physics of Solid-State
Nanostructures (Project No. 1-024) and Perspective Tech-
nologies for Micro- and Nanoelectronic Devices programs,
and by the Russian Fund for Fundamental Research (Grant
No. 95-02-05046).
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APPENDIX

The response to the laser excitation of continuum states
has been calculated using the following system of equations
for the density operator components:

i

p-aaz - % PsaVab= PabVbat PcaVac—PacVeca

’

+ 2 (Psavas - pasvsa)

. i

Pob= "% (PabVba= PbaV ab)s
. i

Pec=— ;L- (PacVea™PcaVac)s
X i

Pss= — ﬁ (pasvsa— psavas)?

i
Pba™ % (Paa=Pbb)Vba >

. 1
Pba= _(”‘)ba+ ?ﬁ
2

i
Pca™ g (paa_pcc)vca >

] 1
Pea=—|i0t 22
ca ( ca T;a

. . 1 i
Psa= — ( iwg+ _f)psa_ Z (paa_pss)vsa .

Here V,g is the matrix element of the interaction Hamil-
tonian with an electromagnetic field between the states a and
B, and T is the phase relaxation time in the continuum.

The third-order time-dependent macroscopic polariza-
tion derived from these equations by the common iteration
technique contains several resonant terms. But in accordance
with our experimental conditions, we retained in our calcu-
lations only those corresponding to the spectral band around
the heavy exciton state:

|

T 1 ! M
___b_a_ dtl dt" dtlll
T2 — — o0 —®

X{Ez(t')exp(iAwlt’)lEl(t")

o 1
PP (wp, ,t,r)ocexp[ - ( iAw,+ 7%
2

Xexp

X exp( — 7)E2(t”')exp( 7)
X 2 CXp(iAws(t,”“' tll)) +E2(t")

n

X exp( - F) E l(t”’)exp( 7)

I

Here P®(w,, ,t,7) is the macroscopic polarization complex
amplitude, and we have written Aw;=w,,— o,

X 2 exp(iAw,(t"—1"))
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Aw,=w;,—w;; E(t) and E,(t) are the amplitudes of the
exciting electromagnetic fields of the laser pulses 1 and 2,
defined by the equations

12 (t—1)?
E (t)xexp —g ,  E,(t)xexp ——;i—— .

The inhomogeneous broadening is taken into account
through integration with respect to frequencies randomly dis-
tributed according to the Gaussian law with the parameter
I',5,.. Thus we obtain the following expression for the full
complex third-order polarization:

A 1 t
P(M)““‘CXP( =7 Ui’ = 752

2
. 0 T ! ' v ” I” m
—iwy,t |exp Ta dt dt dt
2 —o00 —00 — 00

X Ez(t’)exp(iAwgat’)[El(t")

"

t E "m t’”
T 2(1")exp T

X Y, exp(iAwy(t” —1")) +E,(1")
s

Xexp

n

t "
X exp( - F) El(t"’)exp( ?)

X 2 exp(iAws(t"—t'"))”

=[J(1,0)+iJy(7,t)]exp(—iw),t). (A1)

The correlation curve corresponding to excitation of the con-
tinuous spectrum in this case is the squared absolute value of
the Fourier transformed real part of P(t,7)® at the point
w= wga .

2

+ (A2)

+oo 2
J JZ(T,t)dt} .

I( T)OC[ j+:11('r,t)dt
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