Near-infrared sideband generation induced by intense far-infrared radiation
in GaAs quantum wells
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GaAs quantum wells are simultaneously illuminated with near-infrék¢R) radiation at frequency

wnir and intense far-infrare(FIR) radiation from a free-electron laseraj, . Magnetic fields up to

9 T are applied. Strong and narrow sidebands are obsenegdyat.nd @nir = 205, - The intensity

of the sidebands is enhanced when eithglenandOr @nir iS Near the onset of NIR absorption in the
quantum well, or whenwy, is near the free-electron cyclotron frequency. We attribute these
sidebands to four-wave mixing of NIR and FIR photons whose energies differ by more than a factor
of 100. © 1997 American Institute of Physid$s0003-695(97)00626-§

Since far-infrared (FIR) radiation can couple very In this letter, low intensity NIR radiation, which is used
strongly to transitions in semiconductor quantum wellsto excite electron-hole pairs across the energy gap, mixes
(QWS9),! intense FIR radiation can lead to many interestingwith high intensity FIR radiation to produce intense and nar-
nonlinear effects in QWSs including harmonic generafidn, row sidebands on either side of the NIR probe radiation. The
saturation of intersubband transitichsic Stark effect®  frequency of the sideband radiation is:
resonant/nonresonant ionization of excitérad quenching
of photoluminescencéPL).®® The nonlinear interaction of
FIR and near-infraredNIR) radiation not only provides rich Wherewy;, andwy, are the NIR and FIR frequencies, respec-
new physics, but also shows a strong potential for appucatively. The sideband intensity is doubly resonant in both the
tions in a frequency regime which is underexploited technoNIR and FIR, with resonant enhancement whegy is tuned
logically. For example, FIR-NIR mixing may have applica- {0 the GaAs QW band edge, and wheg approaches the
tions in modulating light at high frequencies, which is of free-electron cyclotron frequency.

central importance for optical communication. Further appli- 1he sample consisted of 50 undoped 100-A-wide GaAs

cations involve using NIR probes for fast, coherent detectiorf2WVS between 150-A-thick AkGayAs barriers. This mul-

of FIR radiation'® This technique also could serve as aliPle QW was grown by molecular beam epitaxy on a semi-

novel, nonlinear probe of FIR transitions in semiconductors.insmating(loo) GaAs substrate. A buffer layer consisting of

As is demonstrated in this letter, NIR-FIR mixing can domi-4000 A GaAs and a smoothing superlattice were grown on

nate the optical emission of quantum heterostructures, so tgp of the sub_st_rgt%. . . . . .
Great flexibility was achieved in this experiment by in-

greater understanding of this effect is crucial to a number of : ;
experimental and design scenarios corporating three continuously tunable parameters: FIR fre-

Nondegenerate three- and four-wave mixing in semicon-quency’ NIR frequency, and magnetic fiéd University of

ductors have been studied extensively in the NIR domain an&ahforma Santa Barbara's free-electron lasg&Ls) pro-

in recent s th speriments have been extended to F e intense radiatiofitypically several hundred kW/cfrin
ecent years these experiments have been extended to s experimentthat can be continuously tuned from 4 to

frequencies. Most of these experiments involve generating60 cni ! (0.5-20 meV, 0.12—4.8 THzAs can be seen in
weak FIR radiation by difference mixing wo NIR gig 1 5 oy Tisapphire lasétunable NIR probe with pho-
lasers. Other experiments have mixed nondegeneralgy, energy of 1.1-1.8 eMvas used to create electron-hole
FIR photons.* To our knowledge, no experiment to date haspairs in the sample at 9 K. Simultaneously, FIR radiation
mixed intense FIR radiation with NIR radiation to produce yjith the electric field linearly polarized in the plane of the

NIR sidebands. QW, and therefore not coupling to intersubband transitions,
passed through the sample. The returning NIR radiation
Apresent address: Dept. of Physics, University of Maryland, College Park{consisting of reflected NIR laser, sidebands, and ®has
MD 20740; Electronic mail: jcerne@delphi.umd.edu captured by 18 5@«sm-diam optic fibers that surround a cen-
byvisiting scientist at the Center for Terahertz Science and Technology, Uni’[ral excitation laser fiber. The NIR radiation was delivered to
versity of California, Santa Barbara, CA. ) .
9Present address: JPL, NASA, MS 302-231, 4800 Oak Grove Dr., Pasaden@, double monochromator ar_‘d a coc_)led GaAs photomultiplier
CA 91109. tube. The output of the Ti:sapphire laser was modulated

Wsideband @nir~ 2 Wfi »
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FIG. 1. A schematic of the experimental setup. NIR emission is detected Magnetlc Field (T)
during and after the FIR pulse has passed through the sample. The FIR

radiation is polarized parallel to the plane of the QW. FIG. 3. Up-converted sideband amplitude as a function of magnetic field.

) o The NIR excitation is tuned to the HH slexciton absorption peak
acousto-optically to produce a 20s NIR excitation pulse (fw.,=E..).

that coincided with the us FIR pulse at the sample. Since
the FIR pulse is much longer than any carrier relaxation ) ) )
time, the measurement is in steady-state. The change in NIR Figureé 2 provides a representative sample of the ob-
emission during the FIR pulse was due to carrier heating ange"ved NIR sidebands at 8.5 T. The thin lines represent the
sideband generation; no lattice heating was obsetved. NIR signal while FIR radiation is on the sample, while the
Typical measurements involved fixing,; and wy, at a thick lines were obtained in the absence of FIR irradiation.
constantB, and scanning the monochromator to measure PLEigure 2& shows both the up-converted§+2wy,) and
and sidebandésee Fig. 2 The dependence of the sideband down-converted ‘(’nirjlz‘*’fir) sidebands for a fixed NIR fre-
intensity onB was measured by tuning the NIR laser fre-guéncy of 12888 cm" and FIR frequency of 115 crit.
quency to the & heavy hole(HH) exciton transition at each Note the greater intensity of the down-converted sideband at
B, and scanning the monochromator to measure thé2658 C”jll compared to the up-converted sideband at
wi+ 2w, sidebandsee Fig. 3 The energy of the 4 HH 13118 cm~. This enhancement occurs agher % w,; or

exciton transition,E,y(B), followed the expected diamag- 7 ®sideband @PProachEyy. The broad background on the
netic shift as a function oB. down-converted sideband is PL, enhanced due to carrier

heating® Figure 2b) shows the down-converted sideband at
a FIR frequency of 103 cit. The PL can be seen clearly,

= 0.2 (a) DL L I L and the small enhancement of the high energy PL tail again
‘§ 1 is due to heating carriers with FIR radiatidhe intensity
P i C of the sideband is several times greater than the PL ampli-
s O tude, and the linewidth of the sideband is limited by the
> 01F T resolution of the monochromato2 cmt). Figure Zc)
3 -l shows an up-converted sideband at a FIR frequency of 115
g L -ZwFIR +2(DFIR o 1 L . .
= cm™ =, This sideband energy is far above the energy of radia-
% 00 . with FIR 1 tively recombining electrons and holes, so there is no PL
’ -- PEE | -TI .T. :N.Itlh.o-uFIF.lB- Las .- baCkground'
12500 12700 12900 13100 The intensity of the sideband radiation depends in a
Frequency (cm™) complicated fashion on the FIR frequency, NIR frequency,
A . . _ . magnetic field, NIR intensity, and FIR intensity. We give
£ | ‘g © here only a rough account of these dependences. Further de-
; er 20, 1s T 20 ] tails are reported in Ref. 15. Sidebands were observed only
< N < o.08f A when bothw,,;; and wgjgepandVere in a region of nonzero NIR
A 18 1 | absorption. For example, no sidebands are observed when
£ £ wpir 1S in the band gap or whedgigepands in the gap between
< L. U I R | L 1 the 1s HH excitonic absorption and the free-electron and
1500 euency (o) T oy ey Y heavy hole continuum. The sideband intensity is greatly en-

hanced when the magnetic field tunes the free-electron cy-
FIG. 2. Sidebands and PL observed at two FIR frequencies and three Nll‘%‘.IOtrc’n frequenc&ﬁ w¢ Near towy,, as Shown n F'g: 3 for
frequencies at 85 T.(@ woi=115 cnl; o,;=12888 cml;  fixed wg and wy,. The frequency at which the sideband
‘i)wfid_ebanf 12658 and 13118 cnt. The small, broad PL feature at 12650 intensity is maximum as a function of magnetic field is
cm - is a result of PL enhancement due to carrier heqt(bg.wfir=103 shown in Fig. 47 Figures 3 and 4 indicate that, for fixed
oM, wy=12753 oM 3 Doggepang= 12547 cm *. The high energy PL o b otic field oy, is slightly higher than the frequency at
tail (12560—12600 cm?) is slightly enhanced due to carrier heatirig) _g . Wer g y 9 . . q y
wi=115 cm'Y; wp,=12746 cm Y (M wggepans 12976 cni L. PL baseline WhICh the intensity of _the sideband is maximum. T_he inten-
is zero since the sideband is far above the PL emission peak. sity of the sidebands increases quadratically with increasing
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We note that, in this experiment, the collected sideband
emission propagates in a direction opposite to the incident
NIR radiation. Phase-matching considerations strongly favor
forward propagation of sideband radiation, but this is ab-
sorbed by the substrate in this experiment. Either the de-
tected sideband radiation was reflected by the substrate, or
phase-matching requirements were relaxed because the non-
] linear interaction occurred in two dimensional QWSs.

] These results show that mixing between NIR and intense
FIR radiation can dominate the NIR emission from GaAs/
AlGaAs QWs. Possible applications include the conversion
of FIR photons into distinct NIR photons for fast detection,
terahertz frequency modulation of NIR radiation using FIR
FIG. 4. Sideband generation resonance frequency as a function of magnelli.@dlatlor! for C9mmumcatlon’ . and the StUdy _Of FIR res‘?'
field. The resonance frequency is close to, but consistently lower than thBances in semiconductors using a novel nonlinear detection
electron cyclotron resonance frequency. technique.
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