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Resonant Terahertz Optical Sideband Generation from Confined Magnetoexcitons
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We have probed the internal structure and nonlinear response of magnetoexcitons in GaAsyAlGaAs
quantum wells by resonantly driving one- and two-photon internal transitions with intense terahertz
electric fields. Strong near-band-gap emission lines, or optical sidebands, appear at frequencie
vNIR 6 2nvTHz, wherevNIR is the interband exciton-creation frequency,vTHz is the frequency of the
driving field, andn is an integer. The intensity of the sidebands exhibits pronounced enhancement when
vTHz coincides with transitions between magnetically tuned energy levels in the excitons, providing new
and accurate information on the internal dynamics of excitons. [S0031-9007(97)03865-9]

PACS numbers: 78.20.Jq, 78.20.Ls, 78.66.–w
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The dynamics of effective-mass particles and th
complexes in an intense electric field strongly modifies
optical properties of a semiconductor in the vicinity of th
absorption edge. In the well-known Franz-Keldysh effe
a strong dc electric field induces absorption below t
edge [1] and oscillatory behavior of the absorption abo
the edge [2]. These electro-optical (EO) effects are w
understood in many bulk and low-dimensional semico
ductor systems [3]. Terahertz (THz) electric fields coup
strongly with various elementary and collective intraba
excitations in semiconductors, and we expect driven
traband excitations to significantly alter interband optic
properties. Theoretical studies [4–6] have predicted f
cinating new phenomena for the emission, absorption,
reflection properties of THz-driven semiconductors. Mo
notable is the ac Franz-Keldysh effect [4,6], which is pr
dicted to be distinctly different from the dc versions.

Recently, a new type of two-color optical method f
investigating THz resonances in semiconductors empl
ing THz radiation and near infrared (NIR) or visible rad
ation has been developed [7–9]. When the THz radiat
induces anintraband transition, the intensity ofinterband
photoluminescence (PL) changes resonantly. This hig
sensitive THz EO technique, optically detected TH
resonance (ODTR) spectroscopy, has detected not
free-carrier cyclotron resonance (CR) but also a variety
THz resonances such as internal transitions of neutral
negatively charged donors [7] and excitons [8,9] in qua
tum wells (QW’s).

In this Letter we report a very clear and dramatic TH
EO effect. Incorporation of intense and coherent T
radiation in the above two-color scheme has resulted
a complete modification of the emission properties
undoped GaAsyAlGaAs QW’s. We observed very stron
NIR emission lines, orsidebands[10], at frequencies
vNIR 6 2nvTHz, wherevNIR svTHzd is the frequency of
the NIR (THz) beam andn is an integer. The generatio
of the two-photon sideband is shown to be a third-ord
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nonlinear optical process involving one NIR photon an
two THz photons, and is explained well in a theoretic
model which treats both the NIR and THz fields a
perturbations. The intensity of the sidebands exhibit
pronounced resonances as a function of applied magn
field. We attribute the resonances to virtual intern
excitonic transitions. The results provide information o
the internal structure and dynamics of confined excito
in unprecedented detail.

The sample consisted of 25 periods of undope
GaAsyAl 0.3Ga0.7As (10 nmy15 nm) multiple QW’s on
30 periods of GaAsyAl 0.69Ga0.31As (4 nmy40 nm) etch-
stop layers grown on a semiinsulating GaAs substra
We selectively etched off the substrate, and measu
the transmission spectrum with weak white light from
quartz-tungsten halogen lamp in order to determine t
unperturbed energy levels at different magnetic fields.

For sideband generation, we employed a two-las
beam setup, similar to what is usually used in ODT
spectroscopy [7–9], in a transmission geometry. Nea
band-gap NIR radiation from a tunable cw Ti:sapphir
laser passed through the sample, creating correla
electron-hole pairs, or excitons. The strong THz electr
fields required for this experiment were provided by th
UCSB Free-Electron Lasers, which are tunable betwe
4 and 160 cm21 (or 0.15 and 5 THz) and can attain
peak powers of,20 kW. The strong THz radiation
passed through the sample collinearly with the NIR bea
The transmitted NIR radiation, consisting of the NIR
fundamental, sidebands, and PL, was collected and sen
a monochromator–CCD camera combination via optic
fiber. Magnetic fields up to 12 T were applied in th
growth direction, parallel to both laser beams.

Figures 1(a) and 1(b) show typical sideband spec
at B ­ 10 T. The frequency of the THz radiation
was 115 cm21 for both figures. In Fig. 1(a) NIR
radiation resonantly creates the 2s heavy-hole (HH)
excitons at 12 745 cm21. A strikingly narrow (width
© 1997 The American Physical Society
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FIG. 1. Typical sideband generation spectra atB ­ 10 T.
vTHz ­ 115 cm21 for both figures. (a) Down conversion:
vNIR ­ v2s ­ 12 745 cm21 and vsideband ­ vNIR 2 2vTHz ­
12 515 cm21. (b) Up conversion: vNIR ­ v1s ­ 12 515 cm21,
vsideband ­ vNIR 1 2vTHz ­ 12 745 cm21, and vNIR 1
4vTHz ­ 12 975 cm21.

,2 cm21) emission line, the22v sideband, is seen
at exactly 12 515 cm21 f­12 745 2 s2 3 115d cm21g
only in the presence of THz radiation. In Fig. 1(b) th
up-converted sidebands, the12v and 14v sidebands,
are seen above the NIR fundamental which resonan
excites the 1s HH excitons at 12 531 cm21. The typical
intensities of the22v, 12v, and 14v sidebands are
0.05%, 0.15%, and 0.0015%, respectively, of the incide
intensity of the fundamental, which was, in this cas
about 100 mWycm2. The 14v sideband was observed
only at the highest THz intensitys,10 kWycm2d.

We studied the dependence of the intensity of th
12v sideband on the powers of the incident NIR an
THz beams atB ­ 10 T for vNIR ­ 12 531 cm21 and
vTHz ­ 115 cm21. THz power was varied from 100 W
to 1 kW, and NIR power from 0 to 1 W. We focused bot
laser beams on the same spot on the sample to,1 mm.
The intensity of the12v sideband increasedquadrati-
cally with increasing THz power for a constant NIR
power. For a constant THz power and low NIR powe
s,50 mWd the sideband intensity increasedlinearly with
NIR power. At higher NIR powers we observed satu
tly

nt
,

e
d

r

-

ration of the NIR power dependence. Thus at low NI
power the12v sideband emission can be described b
a third-order nonlinear optical process involving one NI
photon and two THz photons. The same conclusion c
be drawn for the22v sideband from power dependenc
studies, but we have not been able to perform syste
atic studies on the14v sideband because of its sma
intensity.

The sideband emission is strongly dependent on the
larization of the THz beam. We continuously change
the degree of circular polarization of the THz beam whi
monitoring the intensity of the12v sideband atB ­
10 T for vNIR ­ 12 531 cm21 and vTHz ­ 115 cm21.
The NIR laser beam was linearly polarized. The sid
band intensity was strongest when the THz radiation w
linearly polarized (parallel to the NIR polarization), de
creased with increasing degree of circular polarizatio
and became weakest (,30% of the strongest) when the
THz radiation was circularly polarized. This strongly sug
geststhat in order to produce the12v sideband there
must be both right (s1 or electron-CR-active) and left
(s2 or electron-CR-inactive) circularly polarized THz
radiation.

In Fig. 2 the12v sideband intensity is plotted vsB
for vTHz ­ 115 cm21 with vNIR ­ v1s at all magnetic
fields, wherev1s is the creation frequency for 1s HH

FIG. 2. The magnetic field dependence of the12v side-
band intensity for vTHz ­ 115 cm21 and vNIR ­ v1s at
all magnetic fields. The data demonstratenonlinear opti-
cally detected THz resonances. Pronounced resonances o
when (a)vTHz ­ v2p1 2 v1s, (b) 2vTHz ­ v2s 2 v1s, and
(c) vTHz ­ v2p2 2 v1s. Note that the two-photon resonanc
(b) is forbidden in linear ODTR.
1759
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excitons. The data demonstrate novelnonlinearoptically
detected THz resonances. There are three distinct r
nances at 4.5, 9.5, and 11.5 T, labeled as (a), (b), and
respectively. These resonances occur when (a)vTHz ­
v2p1 2 v1s, s bd 2vTHz ­ v2s 2 v1s, and (c)vTHz ­
v2p2 2 v1s, in the low-field 2D hydrogenic notation
The resonance positions are in excellent agreement
those expected from linear ODTR experiments [8,9] a
theory [11] on magnetoexcitons in 10-nm-wide Ga
QW’s. Note that the two-photon resonance (b) is forb
den in linear ODTR.

We also studied in detail how the intensity of the62v

sidebands vary withvNIR at a constant magnetic field
We found that the sideband intensity is resonantly
hanced whenever eithervNIR or vNIR 6 2vTHz is reso-
nant with an interband exciton-creation frequency s
as v1s and v2s. The strongest12v sideband was ob
served when we satisfied the double-resonance co
tion, vNIR ­ v1s andvNIR 1 2vTHz ­ v2s. Similarly,
the strongest22v sideband was obtained whenvNIR 2

2vTHz ­ v1s andvNIR ­ v2s. These resonance cond
tions are well explained within our perturbation theo
which will be discussed next.
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The 62v sideband generation can be de
scribed in terms of a third-order nonlinear su
ceptibility x

s3d
ijkl defined by Pi svNIR 6 2vTHzd ­P

jkl x
s3d
ijkl Ejs6vTHzdEks6vTHzdElsvNIRd. Here $Psvd

and $Esvd are the Fourier components of the polarizatio
$Pstd and the photon electric field$Estd, respectively.
f $Pstd ­

P
v

$Psvde2ivt , etc.g It is important to realize
that while the process resonates with certain intraba
and interband excitations, no excitations of the mater
system are created. Thus the sideband generation
parametric process [12], i.e., the initial and final states
the material are identical. AtT ­ 0, this is the vacuum
state with no electron-hole pairs (the valence band is f
and the conduction band is empty). Let us assume t
the NIR radiation induces interband transitions (excito
creation) and the THz radiation intraband transitio
(exciton internal transitions). Then, in the case of th
12v sideband, the standard perturbation theory [13] w
the exciton-photon interaction2 $p ? $E ( $p is the exciton
polarization operator) leads to the following expressio
for x s3d:
x
s3d
ijkl ­

2Nwell

h̄3

X
abg

k0jpijgl kgjpjjbl kbjpk jal kajplj0l
svNIR 1 2vTHz 2 vg 2 iGd svNIR 1 vTHz 2 vb 2 iGd svNIR 2 va 1 iGd

1 snonresonant termsd. (1)
e
ing

ro-
ig. 2.
ines
hen
re-
(The expression for the22v sideband is obtained b
simply replacingvTHz by 2vTHz.) Here Nwell is the
well layer density;a, b, and g run over the exciton
states;va ­ sEa 2 E0dyh̄ where EasE0d is the energy
of the exciton statejal (vacuum statej0l); and G is
a phenomenological damping factor. Numerical ev
uation of Eq. (1) gives very largex s3d , 1026 s1023d
esu for off (on) resonance forG , 1 meV. If we treat
the exciton in the spherical approximation, its sta
can be specified by using the 2D hydrogenic notat
(1s, 2s, 2p6, 3s, 3p6, etc.). Then symmetry require
thata andg in Eq. (1) bes states andb be ap state.

Equation (1) indicates thatx s3d is resonantly en-
hanced when (A)vNIR ­ vns, (B) vNIR 1 vTHz ­
vn0pmsm ­ 61d, or (C) vNIR 1 2vTHz ­ vn00s. These
resonance conditions agree with the experimental ob
vations and can be well visualized by using the diagra
shown in Figs. 3(a)–3(c). Here the dashed lines
the intermediatevirtual levels [14] that exist only when
the material system is interacting with the laser fiel
whereas the solid lines arereal magnetoexcitonic levels
such asj1sl, j2sl, andj2p6l. If one of the real levels is
nearly coincident with one of the virtual levels, resona
enhancement ofx s3d occurs. In all the three cases (a)–(c
two of the above three conditions (A)–(C) are satisfie
l-

te
n

er-
s

re

s,

nt
),
d:

(a) vNIR ­ v1s, vNIR 1 vTHz ­ v2p1, (b) vNIR ­
v1s, vNIR 1 2vTHz ­ v2s, and (c)vNIR ­ v1s,
vNIR 1 vTHz ­ v2p2. In (b) [(c)] the detuning
of the remaining unsatisfied conditionD ­ svNIR 1

vTHzd 2 v2p2 fsvNIR 1 2vTHzd 2 v2sg is also small
(less than10 cm21), consistent with the observed larg
peaks (see Fig. 2). On the other hand, the large detun

FIG. 3. Diagrammatic representation of the resonant p
cesses responsible for the observed three resonances in F
The dashed lines represent virtual levels, whereas the solid l
represent real magnetoexcitonic levels. Resonances occur w
real levels coincide with virtual levels. The shaded area rep
sents the magnitude of the detuningD.
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s.100 cm21d in (a) results in the small peak intensity a
seen in Fig. 2.

Equation (1) also explains the polarization dependen
of the sideband intensity. Let us consider the ca
wherejal ­ j1sl, jbl ­ j2p2l, andjgl ­ j2sl. If the
THz radiation is left circularly polarized (s2), it can
induce the1s ! 2p2 transition, but then it cannot induce
the subsequent2p2 ! 2s transition due to angular
momentum conservation, leading to vanishing sideba
intensity. Similarly, for a THz photon of the opposite
helicity ss1d, the first transition is forbidden while the
second is allowed. On the other hand, the sideba
intensity is maximum for linearly polarized THz radiation
which is an equal-weight mixture of circular polarization
of opposite helicities, consistent with the experiment
results [15].

In summary, we report the observation of strong nea
band-gap emission lines, or optical sidebands, in undop
GaAsyAlGaAs QW’s at high magnetic fields. We have
shown that the sideband generation is due to the T
nonlinear dynamics of confined excitons. We conclud
that the present two-color optical experiment conducted
conjunction with the theoretical scheme presented abo
is a sensitive and powerful tool for probing the nonlinea
dynamics of quantum-confined carriers driven by stron
ac THz electric fields.
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