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From Exciton Resonance to Frequency Mixing in GaAs Multiple Quantum Wells
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Frequency mixing dw; — w;) is demonstrated in femtosecond nondegenerate four-wave mixing
(FWM) on GaAs multiple quantum wells using two synchronized, independently tunable lasers. The
frequency mixing component in the spectrally resolved FWM coexists with the exciton resonance,
and it dominates over the exciton component at high intensity and high detuning. This off-resonant
component is present only for delays smaller than the temporal pulse width, whereas the resonant
exciton component survives for longer delays. [S0031-9007(99)09078-X]

PACS numbers: 71.35.Cc, 42.50.Md, 42.65.Hw, 78.47.+p

Nonlinear optical spectroscopy has provided consideris shown that, besides the resonant exciton contribution,
able understanding of the interaction of light with matter,an off-resonant frequency mixing componedb( — w»)
especially in the direct band gap semiconductors and cois present in the FWM signal, which has been overlooked
responding heterostructures. Four-wave mixing (FWM)in the previous studies. It is demonstrated that this com-
has been performed as a powerful means to examine bogfonent dominates at high intensity. The geometry of the
coherent and incoherent optical response in semiconduexperimental setup is shown in Fig. 1 describing a three
tors. Since the initial demonstration of the third-orderbeam nondegenerate FWM configuration. The third pulse
nonlinear process in a wide range of crystalline materiwith frequencyw, is diffracted by the nondegenerate grat-
als by Maker and Terhune [1], nondegenerate FWM hagg formed by the two pulses with different frequencies;
been performed in the form of phase conjugation in manyw; (dashed line) ando, (dotted line). The direction
cases. For instance, the measurement of the fundamenta)(w;) + k»>(w;) — k(w») is chosen in order to rule out
relaxation parameters was achieved through the ultrahigthe diffraction ofw, at 7y = 7, = 0 ps by the degener-
resolution frequency domain FWM [2,3]. In addition, ate grating formed by the two beamsat. We use two
nondegenerate FWM has strong implications on the futurendependently tunable, passively mode-locked Ti:sapphire
applications such as wavelength conversion for telecomlasers that are synchronized by a homemade electronic
munication systems [4,5]. switch [9]. We also use a 10-20 fs Ti:sapphire laser and

In the meantime, the development of ultrafast pulsecick up two energies from the broad laser spectrum [10].
lasers has provided a direct insight into the fundamentdin both cases, the pulse widths are about 150 fs. The in-
phenomena associated with the relaxation and transpovestigated sample is GaAl,sGay75As multiple quan-
dynamics [6]. Nevertheless, thus far femtosecond trantum wells (well and barrier width of 100 A), etched to
sient FWM has largely focused on the dynamics of theadmit transmission geometry, and the temperature was
exciton resonance, both because the exciton plays a dorkept at 10 K.
nant role in the optical excitation [7] and because most In Fig. 2(a), we show spectrally resolved FWM (SR-
femtosecond wave mixing has been performed with deFWM) data atr; = 7, = 0 ps (solid line) whenw;
generate pulses. Only recently, some nondegenerate i(dashed line) is tuned at 10 meV below the band gap
teractions have been reported in the femtosecond regimand w, (dotted line) at the exciton resonance. The peak
including the partially nondegenerate FWM by Cundiff intensity of each pulse was abol@ MW /cn? (Iy). At
etal. [8] and two color FWM using synchronized, inde- first glance, the broad tail arising below the heavy-hole
pendently tunable lasers by Kiet al. [9]. exciton (HH) appears to be a transient diffraction at

In this Letter, we report on femtosecond nondegenerate,, that is, the instantaneous diffraction of the laser
FWM, providing valuable information about the funda- pulse [9,11]. However, there is a tail in the SR-FWM
mental nonlinear optical response in semiconductors. léxtending somewhat beyond the spectrum wf A
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e 4 as shown in Fig. 2(b). The dip at the zero delay in

"-.’,(@é,) kitk,-k, the decay of the population grating is probably due to

- 4 the interference between the third-order and higher-order

k(o A NG processes co_ntributing to _the FWM signal _[12,13]. Since

) a0/ NG Z the broad tail decays with the pulse width, it cannot
t=r1, b4 originate from the transient diffraction a@b,; instead, it

is more plausible that another mechanism is involved in

X nondegenerate this phenomenon.

e grating To unravel the mechanism responsible for this interest-
ing phenomenon, we further increase the detuning pf

FIG. 1. The geometry of the experimental setup describing &s shown in Fig. 3(a). SR-FWM is shown at the zero
three beam nondegenerate FWM configuration. The nondegeq:., delay ¢; = m = 0 ps) for relatively high intensity

erate grating is formed by two pulses with (dashed line) and N
> (dotted line), respectively, and diffracts the third puise with (370 = 50 MW/cnv), when the center frequency of,

frequencyw, to the phase matched directidy + k, — k;. IS at 20 meV below HH and that ab, (top). Surpris-
The investigated sample is Gail,sGay7sAs multiple quan-  ingly, another peak appears that is completely separated
tum wells (30 period, 100 A). from the exciton and the pulse spectra. This pronounced

i o peak is broader than the pulse spectrum and has its peak
resonant population grating is formed as long as spectryosition exactly aw; — w», which corresponds to that
components of the off-resonant purap overlap with — of the “frequency mixing” of the three pulses incident
HH that is coincident with the peak aby, and, once g, the sample. The signal aw, — w, disappears for
formed, it decays with exciton lifetime. This population iime delays longer than the pulse width so that the ex-
grating can diffract a wide range of spectra including off-¢jion resonance completely dominates the FWM-at=
resonant components, and we would expect the transieftys (hottom). This novel signal, temporally assigned to

diffraction _atwl to decay with the exciton Iifetim_e, just e frequency mixing, has not been reported before in
as the exciton resonance does. However, time-integrated

FWM (TI-FWM) as a function ofr, shows a quite

different result. Surprisingly, the TI-FWM signal at this
tail (at 1.53 eV) decays with the pulse width, while at .
the exciton resonance (at 1.55 eV) it decays much slower, g
=
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FIG. 2. (a) SR-FWM data at; = 7, = 0 (solid line) when
w; (dashed line) is tuned at 10 meV below the band gapand FIG. 3. (@) SR-FWM for relatively high intensity
(dotted line) at the exciton resonandg & 10 MW /cnv). A (50 MW/cn?), when the center frequency ofs, is at
broad tail arises below band gap, extending somewhat beyon2D meV below the band gap and that of at the exciton
the spectrum ofw,. (b) TI-FWM as a function ofr, both at  resonance for bothr, = 0 ps (top) andr, = 1 ps (bottom).
the tail (at 1.53 eV) and at the exciton resonance (at 1.55 eV{b) TI-FWM as a function of bothr, for fixed 7; = 0 (top)
in the SR-FWM. andr, for 7, = 7, (bottom).
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femtosecond coherent wave mixing. In addition, it is

quite exciting that the frequency mixing is observed to- r
gether with the exciton resonance in the coherent regime. -
Now we are interested in the condition for the transition

from the exciton resonance to the frequency mixing as a
function of intensity, time delay, detuning and so on.

Whereas in Fig. 3(a) the frequency mixing and the
exciton components coexist, we find that at even higher
intensities the frequency mixing completely dominates the
SR-FWM (not shown in the figure). This is due to the fact
that in our experimental condition the frequency mixing
still increases rapidly with intensity. In contrast, the signal 146 148 150 152 154 156 158 160 L62
at the exciton resonance already is close to saturation and
increases only gradually with the laser power.

The temporal evolution of the frequency mixing is dis- -(®)
played in more detail in Fig. 3(b). TI-FWM as a func-
tion of delayr, permits a direct comparison between the
frequency mixing and the exciton resonance as shown at
the top of Fig. 3(b). As in the wide tail in Fig. 2(a), the
frequency mixing decays with the pulse width, while the
exciton component decays much slower with a time con-
stant that is comparable to the exciton lifetime. Conse-
quently, we can observe the transition between the two S .
components by changing the time delay as shown in 80 -70 -60 -%)etu;‘i%g (-I';Oev)-?(’ ;100 10
Fig. 3(a). Note that while the exciton FWM signal peaks
at about 200 fs, the frequency mixing signal has its maxiFIG. 4. (a) SR-FWM at the zero delay as a function «f
mum exactly at the zero delay. Therefore, the frequenc{Pr Poth below (bottom threel0/,) and above (top20l) the

S . . ; and gap. The peak of the frequency mixing appears exactly at
mixing is not directly correlated with the dynamics of the -, 0?25)] _ wzpfor everyw.,?/vhichyis brogdepr)rihan that Ofy

eXCi_ton population. o o the laser pulse. The frequency mixing for above the gap (solid
Since the frequency mixing appears limited by the pulseine) is shown together with the dataat = 1 ps (dash-dotted

width as a function ofr,, the question arises whether line). (b) Calculated SR-FWM at zero delay for variaus.
it is in nature limited by the temporal overlap between
the pulses or whether the short dephasing time at higthe exciton at higher intensit@/,) as shown at the top
intensity makes it appear so. At the bottom of Fig. 3(b),of Fig. 4(a). By analyzing the data at = 1 ps, it is
TI-FWM is plotted as a function ofr; for 7, = 71, clear that the high frequency component of the signal
which is analogous to the TI-FWM in the two beam self-indeed vanishes and thus originates from the frequency
diffraction geometry. Itis clear that ttkv; — w, decays mixing.
with the pulse width as a function of the delay, whereas To qualitatively analyze our experimental findings,
the exciton decays with a longer dephasing time. In othewe have performed model calculations based on the
words, temporal overlap of the short pulses is indeed theemiconductor Bloch equations (SBE) [14] projected onto
dominant factor for the time domain frequency mixing, the 1 s HH exciton. In our third-order calculations of the
whereas the temporal evolution of the exciton coherencaondegenerate FWM, an interband dephasing time of 1 ps
is determined by slower dephasing processes. was introduced phenomenologically. Figure 4(b) shows
Finally, the SR-FWM as a function ob,; is shown SR-FWM spectra calculated fa = 7, = 0 considering
for 7, = 7, = 0in Fig. 4(a). The peak of the frequency resonantw, and various detunings ab,. For resonant
mixing appears exactly &w; — w, for every w;, the excitation, the SR-FWM is peaked at the exciton and
width of which is broader than that of the laser pulseshas a width which is determined by the homogeneous
providing an indisputable evidence for the frequencylinewidth. With detuning ofw; to lower frequencies,
mixing. In addition, a dramatic transition from the exciton tails toward lower frequencies appear in the SR-FWM.
resonance to the frequency mixing occurs, @s is For large detuning, i.e., when the detuning is larger
moved further off resonance. Although the intensities ofthan the spectral pulse width, the broad frequency-mixed
both components decrease with the increasing detuningomponent a2w; — w, is clearly visible. In this regime,
the resonant exciton component decreases much motkee resonant exciton component is negligible compared
severely for detunings higher than 10 meV, since spectrdb the frequency-mixed component, demonstrating that
overlap is essential for a large exciton signal [8]. Thethe frequency mixing is existent already in third order.
frequency mixing also appears when is tuned above Although our theoretical model includes no microscopic

at 0 ps

SR-FWM (arb. units)

SR-FWM (arb. units)
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description of dephasing processes, it predicts that thgives rise to a novel signal component, that is, the fre-
frequency mixing component disappears if the delayquency mixing, which has been investigated so far only in
between the pulses is longer than the temporal pulsthe incoherent time domain measurements. We prove that
width. This is due to the fact that for large positive the frequency mixing readily appears at relatively high in-
delays the off-resonantly created grating has disappearddnsity even when it is not clearly resolved from the ex-
before the last pulse is incident on the sample. Thusgiton resonance, for example, at lower intensity and at
only the weak resonant component survives until the lasbw detuning including degenerate wave mixing. From
pulse, and therefore the SR-FWM peaksvat i.e., at the the unified viewpoint, we investigate the condition for the
frequency of the last pulse (not shown in the figure). transition from the exciton resonance to the frequency
It is clear from Fig. 4 that the frequency mixing dis- mixing. We demonstrate that frequency mixing domi-
cussed so far corresponds to the phase conjugation thaates at high intensity and high detuning and its existence
has been investigated extensively in incoherent wave mixis temporally limited by the pulse width, whereas the ex-
ing. To the best of our knowledge, in this Letter we reportciton is governed by the spectral pulse overlap and the
the first observation of the frequency mixing in the fem-dephasing time. The intensity of the frequency mixing is
tosecond coherent time domain on semiconductors, sin@very sensitive function of the intensity and the detuning,
so far most of the nondegenerate wave mixing experiand further quantitative studies are necessary for a thor-
ments were performed on a nanosecond or longer timeugh understanding of this topic.
scale that is incoherent in nature. In other words, the fre- We were supported by the Lotte Foundation, the Ko-
quency mixing observed here originates purely from theean Ministry of Education (1998-015-D00130), MOST
coherent interaction of the three pulses incident on th¢2N17300), and KOSEF (97-0702-03-01-3; 971-0209-
sample, allowing us to investigate its temporal evolution037-2). The Marburg part of this work is supported
In addition, unlike previous investigations of nondegenerby the Deutsche Forschungsgemeinschaft (DFG) through
ate phase conjugation using two frequencies that are bothe Sonderforschungsbereich 383, the Quantenkohéarenz
resonant within the inhomogeneously broadened opticachwerpunkt, and the Leibniz program, and by the HLRZ
transition [2,3], the frequency mixing reported here in-Jilich through grants for extended CPU time on their su-
volves completely off-resonant excitatiom). Itis also percomputer systems.
important to note here that the frequency mixing exists
even when there is no spectral overlap between pulses
[bottom of Fig. 4(a)], whereas it has been claimed that the
spectral overlap might be essential in getting signals in
the femtosecond coherent wave mixing [8]. In addition,
< PEct Vera 1) P akert l. Py Rt A (1565
[2] U. Woggonet al., Phys. Rev. B51, 4719 (1995).

FWM signal, which may be extremely weak, exists. [3] R. Tomasiunagt al., Appl. Phys. Lett68, 3296 (1996).
The frequency mixing is not always resolved from [4] 3. Minchet al., Appl. Phys. Lett.70, 1360 (1997).

the exciton, especially for lower intensities. Since the [5] M. Tsuchiyaet al., Appl. Phys. Lett.71, 2650 (1997).

wide tail in Fig. 2(a) shows the same temporal profile as [6] J. Shah,Ultrafast Spectroscopy of Semiconductors and

the frequency mixing, this tail can be attributed to the Semiconductor Nanostructurg$pringer-Verlag, Berlin,

frequency mixing, although it is not clearly resolved from 1996), and references therein.

the exciton resonance in SR-FWM. This interpretation also[7] D.S. Kim et al., Phys. Rev. Lett68, 1006 (1992).

provides a reasonable account for the broader spectrunt] S-T. Cundiffet al., Phys. Rev. Lett77, 1107 (1996).

compared to that ofy;. Owing to the wide spectrum of _[9] D-S. Kim etal., Phys. Rev. Lett80, 4803 (1998).

femtosecond pulses, the frequency mixing might alway$L?] P- Langotetal., Opt. Commun137, 285 (1997).

. L L 1] D.S. Kimet al., Phys. Rev. B50, 15086 (1994).
induce contributions even to degenerate wave mixing 2] K. Leo et al., Phys. Rev. Lett65, 1340 (1990)

high intensities. The appearance of the frequency mixin 13] M. Wegeneret al., Phys. Rev. A42, 5675 (1990).

then, could be one of the causes for spectral broadening ¢f4] H. Haug and S.W. KochQuantum Theory of the Optical
the exciton resonance at high intensities observed in FWM. ~ and Electronic Properties of Semiconducto(sVorld

In conclusion, we have demonstrated that nondegener-  Scientific, Singapore, 1994), 3rd ed.; M. Lindberg, R.
ate femtosecond wave mixing in the coherent time domain  Binder, and S. W. Koch, Phys. Rev. 45, 1865 (1992).

*Corresponding author.
Electronic address: denny@phya.snu.ac.kr

3882



