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GaAs quantum wells are simultaneously illuminated with near-infrared~NIR! radiation at frequency
vnir and intense far-infrared~FIR! radiation from a free-electron laser atvfir . Magnetic fields up to
9 T are applied. Strong and narrow sidebands are observed atvsideband5vnir62vfir . The intensity
of the sidebands is enhanced when eithervsidebandor vnir is near the onset of NIR absorption in the
quantum well, or whenvfir 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 Physics.@S0003-6951~97!00626-8#
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Since far-infrared ~FIR! radiation can couple very
strongly to transitions in semiconductor quantum we
~QWs!,1 intense FIR radiation can lead to many interest
nonlinear effects in QWs including harmonic generation2,3

saturation of intersubband transitions,4 ac Stark effect,5,6

resonant/nonresonant ionization of excitons,7 and quenching
of photoluminescence~PL!.8,9 The nonlinear interaction o
FIR and near-infrared~NIR! radiation not only provides rich
new physics, but also shows a strong potential for appl
tions in a frequency regime which is underexploited tech
logically. For example, FIR-NIR mixing may have applic
tions in modulating light at high frequencies, which is
central importance for optical communication. Further app
cations involve using NIR probes for fast, coherent detect
of FIR radiation.10 This technique also could serve as
novel, nonlinear probe of FIR transitions in semiconducto
As is demonstrated in this letter, NIR-FIR mixing can dom
nate the optical emission of quantum heterostructures,
greater understanding of this effect is crucial to a numbe
experimental and design scenarios.

Nondegenerate three- and four-wave mixing in semic
ductors have been studied extensively in the NIR domain
in recent years these experiments have been extended to
frequencies. Most of these experiments involve genera
weak FIR radiation by difference mixing two NIR
lasers.11–13 Other experiments have mixed nondegener
FIR photons.14 To our knowledge, no experiment to date h
mixed intense FIR radiation with NIR radiation to produ
NIR sidebands.
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In this letter, low intensity NIR radiation, which is use
to excite electron-hole pairs across the energy gap, m
with high intensity FIR radiation to produce intense and n
row sidebands on either side of the NIR probe radiation. T
frequency of the sideband radiation is:

vsideband5vnir62vfir ,

wherevnir andvfir are the NIR and FIR frequencies, respe
tively. The sideband intensity is doubly resonant in both
NIR and FIR, with resonant enhancement whenvnir is tuned
to the GaAs QW band edge, and whenvfir approaches the
free-electron cyclotron frequency.

The sample consisted of 50 undoped 100-Å-wide Ga
QWs between 150-Å-thick Al0.3Ga0.7As barriers. This mul-
tiple QW was grown by molecular beam epitaxy on a sem
insulating~100! GaAs substrate. A buffer layer consisting
4000 Å GaAs and a smoothing superlattice were grown
top of the substrate.8

Great flexibility was achieved in this experiment by i
corporating three continuously tunable parameters: FIR
quency, NIR frequency, and magnetic fieldB. University of
California Santa Barbara’s free-electron lasers~FELs! pro-
vide intense radiation~typically several hundred kW/cm2 in
this experiment! that can be continuously tuned from 4
160 cm21 ~0.5–20 meV, 0.12–4.8 THz!. As can be seen in
Fig. 1, a cw Ti:sapphire laser~tunable NIR probe with pho-
ton energy of 1.1–1.8 eV! was used to create electron-ho
pairs in the sample at 9 K. Simultaneously, FIR radiati
with the electric field linearly polarized in the plane of th
QW, and therefore not coupling to intersubband transitio
passed through the sample. The returning NIR radiat
~consisting of reflected NIR laser, sidebands, and PL! was
captured by 18 50-mm-diam optic fibers that surround a ce
tral excitation laser fiber. The NIR radiation was delivered
a double monochromator and a cooled GaAs photomultip
tube. The output of the Ti:sapphire laser was modula
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acousto-optically to produce a 20ms NIR excitation pulse
that coincided with the 5ms FIR pulse at the sample. Sinc
the FIR pulse is much longer than any carrier relaxat
time, the measurement is in steady-state. The change in
emission during the FIR pulse was due to carrier heating
sideband generation; no lattice heating was observed.9

Typical measurements involved fixingvnir andvfir at a
constantB, and scanning the monochromator to measure
and sidebands~see Fig. 2!. The dependence of the sideba
intensity onB was measured by tuning the NIR laser fr
quency to the 1s heavy hole~HH! exciton transition at each
B, and scanning the monochromator to measure
vnir12vfir sideband~see Fig. 3!. The energy of the 1s HH
exciton transition,EHH(B), followed the expected diamag
netic shift as a function ofB.

FIG. 1. A schematic of the experimental setup. NIR emission is dete
during and after the FIR pulse has passed through the sample. The
radiation is polarized parallel to the plane of the QW.

FIG. 2. Sidebands and PL observed at two FIR frequencies and three
frequencies at 8.5 T. ~a! vfir5115 cm21; vnir512888 cm21;
(6)vsideband512658 and 13118 cm21. The small, broad PL feature at 1265
cm21 is a result of PL enhancement due to carrier heating.~b! vfir5103
cm21; vnir512753 cm21; (2)vsideband512547 cm21. The high energy PL
tail ~12560–12600 cm21) is slightly enhanced due to carrier heating.~c!
vfir5115 cm21; vnir512746 cm21; (1)vsideband512976 cm21. PL baseline
is zero since the sideband is far above the PL emission peak.
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Figure 2 provides a representative sample of the
served NIR sidebands at 8.5 T. The thin lines represent
NIR signal while FIR radiation is on the sample, while th
thick lines were obtained in the absence of FIR irradiatio
Figure 2~a! shows both the up-converted (vnir12vfir) and
down-converted (vnir22vfir) sidebands for a fixed NIR fre
quency of 12888 cm21 and FIR frequency of 115 cm21.
Note the greater intensity of the down-converted sideban
12658 cm21 compared to the up-converted sideband
13118 cm21. This enhancement occurs aseither \vnir or
\vsideband approachEHH . The broad background on th
down-converted sideband is PL, enhanced due to ca
heating.9 Figure 2~b! shows the down-converted sideband
a FIR frequency of 103 cm21. The PL can be seen clearly
and the small enhancement of the high energy PL tail ag
is due to heating carriers with FIR radiation.9 The intensity
of the sideband is several times greater than the PL am
tude, and the linewidth of the sideband is limited by t
resolution of the monochromator~2 cm21). Figure 2~c!
shows an up-converted sideband at a FIR frequency of
cm21. This sideband energy is far above the energy of rad
tively recombining electrons and holes, so there is no
background.

The intensity of the sideband radiation depends in
complicated fashion on the FIR frequency, NIR frequen
magnetic field, NIR intensity, and FIR intensity. We giv
here only a rough account of these dependences. Furthe
tails are reported in Ref. 15. Sidebands were observed
when bothvnir andvsidebandwere in a region of nonzero NIR
absorption. For example, no sidebands are observed w
vnir is in the band gap or whenvsidebandis in the gap between
the 1s HH excitonic absorption and the free-electron a
heavy hole continuum. The sideband intensity is greatly
hanced when the magnetic field tunes the free-electron
clotron frequency16 vcr near tovfir , as shown in Fig. 3 for
fixed vfir and vnir . The frequency at which the sideban
intensity is maximum as a function of magnetic field
shown in Fig. 4.17 Figures 3 and 4 indicate that, for fixe
magnetic field,vcr is slightly higher than the frequency a
which the intensity of the sideband is maximum. The inte
sity of the sidebands increases quadratically with increas

d
IR

IR

FIG. 3. Up-converted sideband amplitude as a function of magnetic fi
The NIR excitation is tuned to the HH 1s exciton absorption peak
(\vnir5EHH).
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FIR intensity over the full measurement range~up to several
100 kW/cm2). The intensity of the sidebands increases l
early with increasing NIR intensity up to an intensity on t
order of 500 mW/cm2, and then varies sublinearly.

We attribute the observed two-photon sidebands to re
nantly enhanced four-wave mixing in which two FIR ph
tons and one NIR photon mix to generate a NIR sideb
photon. In time-dependent perturbation theory, the intens
of sidebands can be described by a third-order susceptib
x (3). Such a perturbative treatment predicts that the inten
of sidebands increases quadratically~linearly! with incident
FIR ~NIR! intensity, consistent with the dependence that
have observed. For NIR intensities greater than 500 m
cm2, x (3) apparently saturates. The peak in the intensity
sidebands in Fig. 3, and the fact that sidebands are dete
only when the linear absorption atvnir is nonzero, indicate
that sidebands reported here occur only whenx (3) is reso-
nantly enhanced.

The phenomena reported here appear to be rather di
ent than free-carrier-inducedx (3) in semiconductors. Such
third-order nonlinearities were first studied more than
years ago near 10mm wavelength,18 and more recently in the
FIR.3,19 Typically, such studies were performed on degen
ately doped semiconductors, and are well-described by m
els in which parameters in the plasma dielectric function
pend on light intensities.20 Such a model appears not to b
useful here, since the system is undoped and magn
excitonic resonances are prominent. A detailed theoret
analysis of the experimental results presented here i
progress.

One-photon sidebands, which would be associated w
a x (2) process, are not observed in this experiment. B
GaAs does have a nonzerox (2) due to a microscopic lack o
inversion symmetry. However, thisx (2) effect can only be
excited with crossed FIR-NIR linear polarizations, whi
would result in a generated beam propagating perpendic
to the pumping beams. As a result, one does not expec
observe one-photon sidebands with the current experime
geometry.

FIG. 4. Sideband generation resonance frequency as a function of mag
field. The resonance frequency is close to, but consistently lower than
electron cyclotron resonance frequency.
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We note that, in this experiment, the collected sideba
emission propagates in a direction opposite to the incid
NIR radiation. Phase-matching considerations strongly fa
forward propagation of sideband radiation, but this is a
sorbed by the substrate in this experiment. Either the
tected sideband radiation was reflected by the substrate
phase-matching requirements were relaxed because the
linear interaction occurred in two dimensional QWs.

These results show that mixing between NIR and inte
FIR radiation can dominate the NIR emission from GaA
AlGaAs QWs. Possible applications include the convers
of FIR photons into distinct NIR photons for fast detectio
terahertz frequency modulation of NIR radiation using F
radiation for communication, and the study of FIR res
nances in semiconductors using a novel nonlinear detec
technique.
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