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Femtosecond Four-Wave Mixing Experiments on GaAs Quantum Wells
Using Two Independently Tunable Lasers
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Femtosecond two beam and three beam (;; w,) four-wave mixing (FWM) experiments on GaAs
guantum wells have been performed using two partially synchronized, independently tunable lasers
with external jitter compensation. Heavy and light hole beatings are observed with these two mutually
incoherent lasers. FWM signals are observed whgnis completely below the exciton energies,
with no spectral overlap with the absorption profile. These off-resonant signals are stronger than the
interband continuum signals for equivalent detunings. [S0031-9007(98)06123-7]

PACS numbers: 78.47.+p, 42.50.Md

In the past few years, femtosecond nonlinear specwidth. Clever techniques to generate two color femtosec-
troscopy of semiconductors and semiconductor quanturand beams from one laser [8] or to synchronize two lasers
structures have provided new insights on incoherent andith cavity length detuning exist [9], but with limited tun-
coherent dynamics. This was possible mainly throughability. Commercially available systems deliver easy syn-
the proliferation of femtosecond sources such as the selthronization over the entire tuning range of 700—1000 nm
modelocked Ti:Sapphire lasers, whose tuning range erbetween two femtosecond Ti:Sapphire lasers. However,
compasses band gaps of GaAs, AlGaAs, InGaAs, CdTedhe timing jitter is in the range of 5—-10 ps.
and other important semiconductors. One of the most In this Letter, we have performed the first two color
widely used tools has been the two beam and three beafamtosecond FWM experiments using two independently
four wave mixing (FWM) [1]. There exists a wealth of tunable, partially synchronized lasers. This was made
information provided by this technique, which includespossible by devising an easy way to externally compen-
the relaxation of excitons, free carriers, and phononssate the inevitable jitters between the two lasers. We im-
and interactions among them [2,3]. The wide tunabilityproved the effective time resolution from5 ps to 150 fs,
and the ease of second harmonic generation using fentimited only by the pulse widths of the two lasers. Us-
tosecond Ti:Sapphire lasers further extended the usage wig this technique, we have performed femtosecond two
FWM into wide band gap materials such as ZnSe [4] andeam and three beam FWM experiments on GaAs quantum
GaN [5]. wells. Our most interesting results are as follows: (1) Co-

Most of the femtosecond wave mixing experiments havenerent phenomena such as the heavy-hole—-light-hole (HH-
essentially been “one color” in that one performs, saylH) beating can be observed with two separate lasers, as
degenerate wave mixing experiments and tune the phdeng as the timing jitter can be improved. This holds true
ton energy. In picosecond and subpicosecond high powéor both the two beam and three beam FWM geometries.
experiments, synchronously pumped two dye lasers of2) When the two beams from the first laseraat form
Raman shifted lasers were used to investigate phonoa population grating near zero delay, the second beam at
dynamics in semiconductors [6]. In the femtosecondw, can be diffracted over a very broad spectral range, in-
regime, Cundiffet al. performed partially nondegenerate cluding completely below the band gap. Furthermore, the
FWM experiments by taking advantage of the broad bandsignal at a given detuning below the band gap is larger
width of sub-100 fs laser [7]. To perform femtosecondthan that for the equivalent detuning above. (3) Whegn
two color wave mixing experiments with a wide rangeis completely above or below the excitonic resonance, the
of tunability, one needs to synchronize two femtosecondgpectrum of the diffracted beam is mostly determined by
lasers with timing jitters between them as short as the pulsthe laser spectrum.
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In Fig. 1, we schematically describe the experimentaFWM signal is obviously jitter limited. However, the
setup. It is a standard degenerate two and three beammproved time resolution by use of the switch reveals well
four-wave mixing configuration, except for the fact thatdefined HH-LH beating. We also note that with mutually
in the two beam FWM, the second beam is delivered byperpendicular polarizations, we observe HH-LH beating
another independently tunable laser. In the three beanhat is 180 out of phase [12].

FWM, the third beam is generated by the second laser. Unlike two beams originating from a single laser, the
Since the timing jitter between these two commerciallytwo beams originating separately from our two lasers
synchronized lasers is about 5—10 ps, performing twa@re mutually incoherent in an average sense; as long as
color femtosecond spectroscopy requires a drastic imthe experiment uses trains of pulses, interference pattern
provement. To this end, we generate sum frequency witeannot be observed. However, for each pair of pulses
these two lasers, and feed the sum frequency signal tdrom the two lasers, there is basically a fixed phase re-
gether with the FWM signal to a homemade “sample-andiation, such that coherent experiments can be performed
hold” electronic switch, so that the FWM data are takenin the same way as for pulses originating from a single
only when the two pulses are at a certain specific delaser. As long as the constant phase shift does not influ-
lay. Our technique is similar to that of Crooket al. ence the experimental result, such as the HH-LH beating
[10] who utilized acousto-optic modulator together with [12], these classes of experiments can be performed with
sum frequency generation. Our scheme is simpler andur setup.

one major advantage is that lock-in amplifiers can be In Fig. 2(b), three beam FWM data at 10 K are shown
used despite the jitters because of the nature of “samplat 7, = 0 and varyingr;,, with (solid lines) and without
and holding.” Upon using this technique, the cross cor{broken lines) the switch. The experimental conditions are
relation signal between the lasers, which was about 8 poughly the same as in Fig. 2(a). Clear HH-LH beating is
wide because of the jitters, was reduced to about 220 fsbserved upon improving the time resolution. In Fig. 3(a),
full width at half maxima (FWHM), corresponding to we show the FWM signal as a functien for a fixed delay

a 150 fs pulse width. The rms value for the jitter be-of 1, = 2 ps (solid lines), and also as a functiep for
tween the two laser pulses after the sample-and-holder
scheme is then about 50 fs, assuming Gaussian noise
distribution.

In Fig. 2(a), two beam FWM data using the two
separate lasers are shown, with (solid lines) and without
(broken lines) the use of the sample-and-hold switch. The
sample was a GaA#l,sGa7s As multiple quantum
well (30 periods) with well and barrier widths of 100 A
kept at 10 K. The polarization in our experiments
was collinear. The sample was chosen so that there is
relatively small pulse distortion [11] and the absorption at

the continuum is less than 30% of the incident power. N R R '
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FIG. 1. Schematics of the experimental setup.
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sample was a 30 period GapslGaAs multiple quantum well
(100 A/100 A x = 0.25) kept at 10 K. (b) Three beam, two
color FWM signal with (solid lines) and without (broken lines)
the switch.
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A full theory including microscopic dephasing would shed
scan,(1,,=2 ps) T (@) important insight into this interesting phenomenon.
- - - - scam (1,0 ps) e In Fig. 4(a), spectrally resolved (SR) FWM signal at
71 = 0 ps andr; = 10 ps is plotted together with the
spectra of the two lasers for various,, for a fixed w;
centered approximately at the LH exciton. When is
at the continuum (top two curves), SR-FWM mostly re-
produces the laser spectrum. Whepnis completely be-
. . . . low the absorption profile (bottom curve), SR-FWM peaks
4 3 2 1 0 1 2 3 4 close to the center ofv,, although its width is some-
Delay Timer, ort,, (ps) what narrower thamw,. When the laser spectrum is reso-
nant with both the HH and LH excitons (middle curve),
collision-broadened HH and LH excitons dominate FWM.
In addition, note the existence of separate excitonlike fea-
tures at the bottom curve. From these results, it is clear
that SR-FWM is determined mostly by the laser spectrum
of w, off resonance, while the excitonic resonances play
an important role whew, is close to them. The possibil-
ity of the below band gap, off-resonant SR-FWM signal
that does not have much overlap with excitons was first
— T T T T recognized a few years ago by degenerate two beam and
148 150 152 154 156 158 1L three beam FWM experiments [16]. However, the na-
Photon Energy (eV) ture of degenerate FWM experiment made it impossible

FIG. 3. (a) FWM at 10 K as a function af; for 71, = 10 ps
(solid lines), andry, for 7, = 0 (broken lines). (b) Peak FWM
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To investigate this issue further, we have changed
for a fixed w; [Fig. 3(b)]. w; is tuned slightly below
the HH exciton energy, and the peak diffracted signal is
plotted as a function of the center frequency ©of at
w1, = 10 ps. It is clear that diffraction occurs off the
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population grating even when there is no absorption in the w, \ ;7N @
spectrum ofw,. On the other hand, the diffraction effi- . . _7 ~
ciency is a sensitive function of detuning; there is about & wx  ow 0 S
a 2 orders of magnitude decrease between the detuning of Detuning (meV)

10 to 60 maV below the HH exciton. The FWM signal FIG. 4. (a) SR-FWM signal for a fixed», centered at the

de_creases_ r'ather quickly as is tgned to the continuum. | 11" ayciton resonance for various,’s at 7, = 0 ps andry, =

It is surprising that the FWM signal for the continuum 19 ps. In the middle curve, the SR-FWM at lower density is
is weaker than that for below the band edge for roughlyrepresented by dotted lines, showing clearly defined HH and LH
the same detuning. We believe that the destructive inexcitons. (Inset) SR-FWM signal for another GaA{GaAs

: ultiple quantum well sampled0 x (80 A/80 A; x = 0.25).
terference among the continuum states should be one g}?l was tuned mostly to the continuum. (b) SR-FWM Using a

the main con'tributions to this V\{eak.signal [13]. In_addi'SBE at nearly identical conditions as the experiments. (Inset)
tion, the relatively short dephasing time for the continuumpeak FWM signal as a function of detuning below the HH
might further decrease the diffraction efficiency [14,15].exciton.
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to completely separate the off-resonant contribution from We were supported by the Lotte Foundation, the
its excitonic counterpart. This limitation was a conse-Korean Ministry of Education (BSRI 97-2421), MOST
quence of the necessity for the laser spectrum to have sig2N17300), and KOSEF (97-0702-03-01-3; 971-0209-
nificant overlap with excitonic resonance. Therefore, thed37-2). The work at Marburg was supported by the
maximum detuning was only 8 meV. Our results clearlyDeutsche Forschungsgemeinschaft through the Leibniz
demonstrate that fow, below the band gap, diffraction prize and the Sonderforschungsgemeinschaft 383.
of the off-resonant polarization is one of the main contri-
butions to two color three beam FWM. We have verified
this in another multiple qguantum well sample with a well
width of 80 A as shown in the inset. Here too, the off-
resonant SR-FWM is dominated by the laser spectrum. *Electronic address: denny@phya.snu.ac.kr
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