RAPID COMMUNICATIONS

PHYSICAL REVIEW B

VOLUME 48, NUMBER 8

15 AUGUST 1993-11

Nature of nonlinear four-wave-mixing beats in semiconductors
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The nature of the beat modulations observed in nonlinear four-wave mixing in semiconductors is
determined by spectral resolution of the time-integrated four-wave-mixing signals. Beats between close-
lying bound-exciton resonances in CdSe are found to be described by macroscopic polarization interfer-
ences between two noninteracting two-level systems. Beats between heavy-hole excitons and light-hole
excitons in GaAs quantum wells, on the other hand, are described by a three-level system, i.e., as a true

quantum interference phenomenon.

Linear as well as nonlinear quantum beat spectroscopy
has recently become an issue in the ultrafast laser spec-
troscopy of semiconducting materials and structures.
The variety of more or less distinct excitonic resonances
in semiconductors and the advent of ultrafast lasers with
pulse lengths shorter than the typical dephasing times of
excitons in semiconductors, have made it possible to ob-
serve quantum beats between close-lying excitonic transi-
tions.!™* In particular, the beat phenomena have been
observed in four-wave mixing (FWM) and/or photon-
echo experiments on various exciton complexes in
GaAs/Al,Ga;_, As multiple quantum wells,’!! as well
as in bulk semiconductors.* 12

In these experiments, the laser beam with ultrafast
pulses is split into two beams incident on the sample in
the directions k; and k,, and the nonlinear FWM signal is
emitted in the direction 2k,—k;, and usually detected
time integrated as a function of the delay 7.!3> These
correlation traces will, for delays much larger than the
pulse length, and for systems that can reasonably well be
described by a two-level system, show an exponential de-
cay Ipwm(7) <I(0)e ™ Y7, from which the dephasing time
T,=1/y can be determined if the coefficient ¢ is known.
For a purely homogeneously (inhomogeneously)
broadened two-level system, ¢ =2 (c =4).13

In nearly degenerate multilevel systems, which are
simultaneously and coherently excited by the same ul-
trashort laser pulses, the correlation trace may addition-
ally show modulations due to quantum interferences, e.g.,
in the simplest form!*

Tewm(T)=1,,.(7)[1+1, (7)sin(AwT—¢)] , (1)

where Aw=AE/# is determined by the splitting
AE =E,—E, of the nearly degenerate transition energies
E, and E,. The decays of the average signal I, .(7) and
of the modulation amplitude I,,(7) are again determined
by the dephasing times of the transitions involved. The
phase of the modulation is specified by ¢. Such modula-
tions have been observed in GaAs quantum wells due to
interference between heavy-hole excitons (hhx) and light-
hole excitons (lhx),’ 7 between free and bound excitons,?
between excitons and biexcitons,”!? and between Landau
split magnetoexcitons.!! They have also been observed
due to interferences between different free and bound-
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exciton levels and complexes in bulk CdSe crystals.*!?

The question has been raised as to whether the ob-
served modulations are due to true quantum beats be-
tween two or more transitions with one state in common,
or they are due to polarization interferences between two
or more independent, but coherently excited, two-level
systems.!*1> Gobel and co-workers!®!” have recently
suggested and performed an experiment to distinguish be-
tween the two cases in a specially prepared sample with
GaAs multiple quantum wells. They time-resolve the
FWM signal by cross correlation (up-conversion) with a
third, delayed laser beam and observe the modulation in
real time as a function of the delay between the two in-
terfering incident beams. There is a simple alternative
way, however, to retrieve the same information, i.e., to
distinguish experimentally between true quantum beats
and interferences between macroscopic polarizations,
namely, by spectrally resolving the time-integrated FWM
signal.'® As we shall see, the information is embedded in
the amplitude and the phase of the modulation in Eq. (1),
which are functions of the detection frequency w,; (pho-
ton energy #iw ) of the nonlinear signal.

In the present paper, we present spectrally resolved
FWM beats for two distinctly different cases: (1) polar-
ization interferences between excitons bound to neutral
donors (I,) and acceptors (I;) in CdSe, which are de-
scribed as noninteracting two-level systems, and (2) quan-
tum beats between hhx and lhx in GaAs quantum wells,
which are described by a three-level system with a com-
mon ground state. In the two cases, we calculate the
FWM signal from (1) two independent two-level systems,
and (2) from a three-level system with a common ground
state. In the calculations, we focus on the amplitude and
phase of the modulations in the different cases.

We performed experiments in the impurity—bound-
exciton region in CdSe as previously described in de-
tail.*12 The laser pulses, with a coherence time less than
500 fs, excite coherently the I; and I, levels. Spectrally
resolving the nonlinear signal with photon energies #iw,
around the I, resonance, modulations with a period of
900 fs are observed [see Fig. 1(a)] corresponding to the
I,-I, splitting of 4.8 meV. The nonlinear signal was ob-
served on a time scale beyond 10 ps, revealing the de-
phasing time of the I, impurity—bound-excitons in CdSe.
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FIG. 1. Diffracted FWM signal for different detunings
Sw=(wy; —®,)/0.08 meV around the I, bound-exciton reso-
nance in CdSe. The exciting laser is centered near the I,
bound-exciton resonance, but coherently exciting both reso-
nances. All the curves are normalized to their maximum value,
and they are shifted along the ordinate axis as indicated by the
zero-level marks. The upper curves (a) are experimental with an
excitation level of 0.8 kW/cm?. The lower curves (b) are calcu-
lated from Eq. (2) with #(w,—®;)=4.8 meV, y,=0, #iy,=0.03
meV,and R,/R,=1.6.

The dephasing time of the I, exciton in CdSe has previ-
ously been found to be much larger.!® The experimental
signals are normalized to their maximum values, giving
the possibility to compare, directly, the modulation am-
plitudes I,, and the phases ¢ for different detunings
Sw=wy—w,, as shown in Fig. 1(a). Moving through the
I, resonance, both the modulation amplitude 7,, and the
phase ¢ are strongly dependent on the detuning dw. In
resonance (8w=0), the modulation amplitude is
minimum, but finite, and the phase undergoes a shift of
about 7 (see vertical line in Fig. 1).

For low concentrations of donor and acceptor impuri-
ties, there is negligible spatial overlap between I, and I,
bound excitons, and the nonlinear signal is expected to
arise from two noninteracting two-level systems. We
have calculated the third-order polarization for such a
system from simple Bloch-type equations, using the
density-matrix formalism and Green’s-function tech-
niques as employed by Yajima and Taira.!®> Let w, and
w, be the frequencies of the two allowed transitions. As-
suming Fourier-limited pulses having a spectral width,
which is much smaller than w;,w, and much larger than
Iml—mzl, the third-order nonlinear polarization is ex-
pressed by

iogT iwyT

R e

00 —iYy

Rze

Wy~ 0y iy,

P(3’(wd,7')= +c.c. , )

where R, =2N;M}exp{ —v;7} is a slowly varying func-
tion containing the dipole matrix element M;, and the de-
phasing rate y; of the excitons of type i. N, is in itself a
complicated function of the time-integrated pulse ampli-
tude, its spectral overlap with the resonance number i,
and the concentration of two-level centers of this type.
The polarization in Eq. (2) is propagating in the direction
2k,—k; and it is assumed that pulse 1 arrives before
pulse 2 (7>0).!> We have also neglected contributions
from pulse overlap, i.e., we consider only delays 7 larger
than the pulse width.

The nonlinear signal is proportional to the square of
the polarization in Eq. (2) yielding an expression as in Eq.
(1), where the beat originates from the product involving
both resonance denominators. This explains the observed
variation in modulation amplitude and phase when w,
passes through one of the transition frequencies, as
shown in Fig. 1(b) for a representative set of parameters.
The qualitative agreement between the experiments and
the calculations verifies that the beating bound excitons
can be considered as noninteracting.

To observe a substantial modulation of the nonlinear
signal, the two terms in Eq. (2) have to be of the same or-
der of magnitude. For comparable matrix elements of
the two transitions, M, =M,, this can be obtained by ex-
citing near one resonance, N, >>N,, and detecting near
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FIG. 2. Diffracted FWM signal for different detunings
8w=(w;—®;)/0.08 meV around the hhx resonance (w;) in a
GaAs MQW. All the curves are normalized to their maximum
value, and they are shifted along the ordinate axis as indicated
by the zero-level marks. The upper curves (a) are experimental
with an excitation level of 0.2 kW/cm?, and the laser is centered
between the hhx and lhx resonances. The lower curves (b) are
calculated from Eq. (3) with #Aw,—w)=7.7 meV,
#fiy,=#y,=0.3 meV,and R, /Q, =2.
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the other resonance w,; =~ w,, as in Fig. 1.

A similar experiment was performed in a 20-period
116-A-wide GaAs multiple quantum well (MQW).” Ex-
citing coherently the hhx and lhx excitons with laser
pulses having a coherence time less than 190 fs and
detecting the nonlinear signal around the hhx resonance
(w,), we observe modulations with a period of 530 fs, in
agreement with the hhx-lhx splitting of 7.7 meV. As seen
in the normalized plot in Fig. 2(a), the modulation ampli-
tude I,, and phase ¢ are now behaving differently as com-
pared to the previous case, being independent of the
detected frequency w,. The nonlinear signal is detected
on a shorter time scale due to a shorter dephasing time of
the lhx in the MQW structure (2—4 ps).

Assuming that the observed modulations are due to
quantum beats in the three-level system formed by the
hhx and lhx resonances with a common ground state, we
have calculated the third-order polarization from such a
three-level system in the same approximation as above
for the two-level systems. The result can be expressed
as20
iw,T

iogT
Rie " +Qpe

O~y

PP 0y, )=

llDlT

iw,T
Rze 2 +Q218
+ -
Wy W 1Y

where Q,-j=N,~M,-2M jzexp{ —v;7} and the other symbols
are as in Eq. (2).

Again, the nonlinear intensity is proportional to the
square of the polarization in Eq. (3), where for w; =,
the resonant term will dominate. For comparable matrix
elements of the two transitions, M, =~M,, a strong modu-
lation of the signal as in Eq. (1) will appear, now as a real
quantum beat. In this case, the amplitude and phase of

+c.c. , (3)
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the modulation are nearly constant when going through
the resonance as shown in Fig. 2(b), again with a
representative set of parameters. The agreement between
the spectral dependence of the experimentally observed
and calculated quantum beats is rather convincing, re-
vealing the simple nature of the observed modulations. It
should be mentioned that in the calculations only homo-
geneous broadening of the system is considered.

In conclusion, we have described the origin of the ob-
served oscillations in a time-integrated four-wave-mixing
experiment in different systems, which have two reso-
nances coherently excited. In the impurity—bound-
exciton system in CdSe, we observe a phase shift of the
beat signal, when we move through one of the reso-
nances. This phase shift is a distinct signature of polar-
ization interference between two independent two-level
systems. In GaAs quantum wells, where the hhx and lhx
share a common ground state, no phase shift is observed
when we move through one of the resonances. Theoreti-
cally, this is predicted for quantum beats in a three-level
system. In view of the general nature of the calculations,
spectral resolution of the time-integrated FWM signal
thus seems to provide distinct and unambiguous informa-
tion about the nature of the observed beats in systems
where level schemes and system interactions are not
known in advance. We are presently investigating more
complicated multilevel systems, such as cascaded three-
level systems and four-level systems,”° that should de-
scribe the FWM beats observed from coherent mixtures
of excitons and biexcitons in GaAs/Al Ga,_,As MQW
systems.” 1°
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