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Strong-field terahertz optical mixing in excitons
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Driving a double-quantum-well excitonic intersubband resonance with a terahertz~THz! electric field of
frequencyvTHz generated terahertz optical sidebandsv5vTHz1vNIR on a weak near-infrared probe. At high
THz intensities, the intersubband dipole energy which coupled two excitons was comparable to the THz photon
energy. In this strong-field regime, the sideband intensity displayed a nonmonotonic dependence on the THz
field strength. The oscillating refractive index which gives rise to the sidebands may be understood by the
formation of dressed states that oscillate with the same periodicity as the driving THz field.
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I. INTRODUCTION

Intense light fields can mix with quantum states of mat
to form dressed states. Observed manifestations of dre
states in semiconductors include Rabi oscillations1,2 and
electromagnetically induced transparency.3,4 In these effects,
a resonant optical field is strong enough to overcome p
cesses which dephase the coherent coupling of two semi
ductor states by the field. More precisely, the Rabi freque
mE/\ is greater than the dephasing rateg: mE.\g, where
m is the dipole moment andE is the electric field strength
However, at optical frequencies the Rabi energy is typica
much smaller than the resonant photon energy:mE!\v. If
the field strength is increased further, astrong-fieldregime is
encountered as the Rabi energy becomes comparable t
photon energy,

mE>\v. ~1!

There are many theoretical studies5–8 of bound electronic
states of semiconductors subject to laser fields in the limi
Eq. ~1!. These studies predict shifts and splittings in abso
tion lines as well as nonmonotonic power dependence
nonlinear mixing. However, we are aware of no experimen
work in this regime.

We performed strong-field experiments in which a we
near-infrared~NIR! probe-laser beam was mixed with
strong terahertz~THz! pump beam in a gated, asymmetr
double quantum well~DQW!. The THz field coupled to an
excitonic intersubband excitation while the NIR fie
coupled to an excitonic interband excitation. Applying a
voltage to the gates brought the intersubband transition
resonance with the THz field, and the interband transit
into resonance with the NIR field. When these resona
conditions were met, the NIR probe was modulated resul
in the emission of optical sidebands which appeared at
quenciesvsideband5vNIR1nvTHz wherevNIR (vTHz) is the
frequency of the NIR~THz! beam andn561,2, . . . .

The n51 sideband is a more sensitive probe for stron
field effects than shifts in excitonic absorption lines, as it i
zero-background measurement in two respects. First, the
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no sideband when the THz pulse is not present. Second, t
is no contribution to the sideband from any THz polarizati
component which is not in the growth direction, where t
asymmetry of the DQW relaxes the usual selection rule
odd sidebands. This paper describes a strong-field THz in
action between confined exciton states, which manifeste
self as a nonmonotonic dependence of then51 sideband
intensity on THz field strength.

II. EXPERIMENT AND RESULTS

The sample consisted of an active region, gates, an
distributed Bragg reflector~DBR!. The active region con-
sisted of 5 periods of DQW, each consisting of a 120
GaAs QW and a 100-Å GaAs QW separated by a 25
Al0.2Ga0.8As tunnel barrier. Each period was separated b
300-Å Al0.3Ga0.7As barrier. The dimensions of the DQW
were designed so that the two lowest-lying electron subba
were separated by'10 meV ('2.4 THz) at flat band.
Around this frequency,~1! can be satisfied using our TH
source, the Free Electron Laser~FEL! at the University of
California, Santa Barbara. Within the 10 meV energy sp
ting constraint, the degree of inversion-asymmetry was
signed to maximize the second-order nonlinear susceptib
(x (2)) near flat band conditions.

The active region was sandwiched between two ga
each consisting of a Sid doped 70-Å QW with carrier den
sity '131012 cm22. The gates were separated from the a
tive region by 3000-Å Al0.3Ga0.7As barriers. Since the gat
QW’s were much narrower than the active DQW’s, the g
QW’s were transparent to both the THz and NIR beams.

The gated DQW’s were grown on top of a DBR that co
sisted of 15 periods of 689-Å AlAs and 606-Å Al0.3Ga0.7As.
It had a low-temperature passband nearly centered on
low-temperature band gap of the DQW, making it about 95
reflective for the NIR probe beam and sidebands.

We etched a mesa and annealed NiGeAu ohmic cont
to the gate QW’s. The sample was then cleaved into a (
3138)-mm chip. A (0.53135)-mm strip of crystal sap-
phire, with the optically slow axis along the long dimensio
was mechanically pressed against the surface of the sa
©2003 The American Physical Society07-1
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with a beryllium copper clip as shown in Fig. 1. The samp
was cooled to 21 K in a closed-cycle He cryostat. At cry
genic temperatures, sapphire was index matched to G
and transparent at THz and NIR wavelengths, thus formin
heavily overmoded waveguide with the epilayer in t
middle. This resulted in higher fields at the active region th
was possible without the sapphire, where the active reg
would be at the edge of a dielectric waveguide.

The full power of THz beam was 1 kW at 2.5 THz, a
measured by a calibrated pyroelectric detector. The be
was polarized in the growth direction, propagated in the Q
plane and focused by a 90° off-axis parabolic mirror~F/1!
into the edge of the waveguide. The THz power incident
the sample could be continuously varied by a pair of wi
grid polarizers. The power was monitored by a pyroelec
detector which enabled an accurate measurement of rel
THz field strengths. However, since the exact size of the T
mode in the waveguide was difficult to measure, the abso
THz electric field scale at full power must be estimated.
extreme lower bound of 4 kV/cm assumes a mode that
the 1-mm square cross section of the waveguide. This c
dition exists if the sideband generation does not depend
the position of the NIR probe along the length of the wav
guide. An extreme upper bound of 28 kV/cm assume
diffraction-limited spot size at 2.5 THz. In this case, the d
vice is not acting as a waveguide, so the sideband sh
decay when the NIR probe is moved by the length of a T
beam waist. Since the actual experimental conditions w
well within the two extremes, we estimated the maximu
THz electric-field strength to be between 5 and 20 kV/cm

NIR light from a continuous-wave Ti:Sapphire laser w
chopped by an acousto-optic modulator into 25-ms pulses
which overlapped the 5-ms FEL pulses at maximum repet
tion rate of 1.5 Hz. The vertically polarized NIR beam prop
gated normal to the THz beam, and was focused~F/10! at a
power density of'5 W/cm2.Absorption measurements in
dicated that the maximum photo excited carrier density w
less than 13109 cm22 per quantum well. The reflecte
beam, sidebands, and photoluminescence~PL! were ana-
lyzed by a second polarizer, dispersed by a 0.85-m dou
monochromator, and detected by a photomultiplier tube.

The emitted sideband always had the same polariza
state as the incident NIR beam. There were no detect

FIG. 1. Processed waveguide device and optical coup
scheme.
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sidebands when the THz polarization was rotated paralle
the plane of the DQW.

The sideband generation process displayed a pronou
resonance as a function of dc electric field@Fig. 2~b!#. The
enhancement occured when the NIR field resonantly coup
the vacuum stateu0& with an excitonu1&, and the THz field
resonantly coupled a transition between excitonsu1& andu2&.

The exciton states of DQW’s in a dc electric field are w
understood.9–12 They can be labeled as EmHHnX, indicating
an exciton consisting of an electron in conduction subbanm
and a heavy hole in valence subbandn. The PL spectra as a
function of applied dc electric field are shown in Fig. 2~b!.
The EmHHnX exciton energies were calculated variationa
in the effective mass approximation and are overlaid on
PL. Changing the dc electric field tuned the excitonic int
subband transition into resonance with the THz field,
shown in the overlaid resonance diagram in Fig. 2~b!. De-
tailed spectroscopy of the excitonic intersubband resona
was performed by studying the sideband generation a
function of THz frequency, NIR frequency, and dc elect
field. The spectroscopic results are presented elsewhere13,14

The sideband resonance targeted for strong-field studie
this paper was E1HH2X-E2HH1X, a peak assignment m
by comparing low-field sideband spectroscopy with a non
ear susceptibility calculation for excitons.

The dependence on THz field strength of sideband g
eration at various THz frequencies is shown in Fig. 3. Ea
curve was taken at a gate bias near the E1HH2X-E2HH

g

FIG. 2. ~a! dc electric-field dependence of the sideband intens
at \vNIR51547 meV andvTHz51.5 THz ~6.2 meV!. ~b! Experi-
mental PL spectra as a function of dc electric field. Theoreti
E1HHnX and E2HHnX energies are indicated by circles an
squares, respectively. The overlaid diagram illustrates the reson
measured in~a! where the NIR field is resonant with the E1HH2
exciton and the THz field resonantly couples the E1HH2X a
E2HH1X excitons.
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resonance.13 The most striking feature was the nonmonoton
behavior in the strong-field regime when the Rabi ene
was comparable to the photon energy. Clearly at lower
quencies, the power dependence rolled over at a lower-
strength, as would be expected from the relationship~1!.

By sitting at the peak NIR frequency for E1HH2X
E2HH1X and varying the dc gate voltage, we took TH
power-dependence scans at various THz detuningsE22E1
2\vTHz whereE2 (E1) is the energy of the upper~lower!
exciton state. The shape of the THz field dependence va
strongly with the detuning~Fig. 4!.

FIG. 3. Resonant THz field strength dependence of sideb
generation at 1.5 THz, 2.0 THz, and 2.5 THz~6.2 meV, 8.2 meV,
10.4 meV!. The absolute THz electric-field scale is accurate only
within a factor of 2.

FIG. 4. THz field strength dependence ofn51 sideband for
vNIR51548 meV, vTHz51.5 THz ~6.2 meV! at various dc
electric-field detunings from the resonance condition illustrated
Fig. 2. The absolute THz electric-field scale is accurate only
within a factor of 2.
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III. THEORY

In a typical optical mixing experiment the laser fields a
a small perturbation on the nonlinear medium, and are t
modeled using a nonlinear susceptibility,x (2). The power
dependence in Figs. 3 and 4 cannot be explained with ax (2).
Saturation effects from a nonlinear susceptibility15 can only
come about when contributions from virtual transitions ini
ated from excitons EmHHnX are comparable to those initi
ated from the vacuumu0&. However, with our undoped
sample and weak NIR beam, the population of exciton
(,109 cm22) was several of orders magnitude smaller th
the density of carriers in the valence band. Therefore, a n
linear susceptibility can only predict a linear dependence
sideband intensity on THz power~i.e., a quadratic depen
dence on field strength!. In addition, Coulomb screening an
Pauli exclusion effects are not issues, since quantum w
excitons are noninteracting at densities belo
1011 cm22.16,17

The physical cause of the roll over in power depende
can be understood from the point of view of frequen
modulation of the NIR probe as it passes through an os
lating index of refraction. In the case of a purely sinusoid
frequency modulation, the amplitude of then51 sideband
rolls over when the modulation depthDv is twice the modu-
lation frequencyvTHz . The actual functional form of the
power dependence is far more complicated than a sim
Bessel function, since many harmonics of the THz field e
ist, and the relationship between Rabi energy and modula
depth is nontrivial.

The following model captures qualitative features of t
dependence of sidebands on THz power by treating the
teraction of the THz field with exciton states in a nonpert
bative manner. The Hamiltonian is

H5H01zEv cosvt1xlEV cosVt ~2!

whereH0 is the exciton Hamiltonian,Ev is the strong THz
electric field,EV is the weak NIR electric field, andz andx
are dipole operators.

The exciton HamiltonianH0 and the dipole operators ar
treated phenomenologically.H0 has eigenstatesf0(x,z),
f1(x,z), and f2(x,z) with eigenenergiesE050, E1, and
E2, respectively. The polarization selection rules for creat
and coupling excitons lead to the dipole matrices

z5S 0 0 0

0 0 z12

0 z21 z22

D , x5S 0 x01 x02

x10 0 0

x20 0 0
D .

The nonzero termsxab5^fauxufb& and zab5^fauzufb&
are set equal to unity.

For l50, the solutionsw i(z,t) of the Schrodinger equa
tion with the Hamiltonian~2! oscillate with frequency com-
ponents at harmonics ofv.18 The oscillation of the wave
function leads directly to an oscillating refractive inde
which modulates the weak NIR probe.

Expanding the spatial dependence ofw i(z,t) in terms of
the original exciton eigenstatesfa(z), yields

d

n
o
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FIG. 5. Sidebands calculate
by evaluating the square of Eq.~7!
at various detuning parameter
Left, d5(E22E1)/\v50.8,1.0,
1.2; Right, d5(E22E1)/\v
50.2,0.4,0.6.
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w i~z,t !5e2 i e i t/\(
a,n

ca,n
i e2 invtfa~z!. ~3!

The coefficientsca,n
i determine the parts of the index of re

fraction which oscillate at particular multiples ofv. These
Floquet coefficients are closely related to the photon-assi
tunneling sidebands, which appear in the irradiated curr
voltage curves in superconducting weak-link junctions19 and
coupled quantum wells.20

The statesw i(z,t) ~3! are solved nonperturbatively by d
agonalizing the Floquet matrixF associated with the
Hamiltonian6,7 ~2! for l50. The Floquet matrix is given by

F5S � @z# 0 0 0

@z# @H0#2\v @z# 0 0

0 @z# @H0# @z# 0

0 0 @z# @H0#1\v @z#

0 0 0 @z# �

D ,

~4!

where@H0# and @z# are matrix representations of the oper
tors H0 and z in the ufa& basis. In practice, the Floque
matrix ~4! must be truncated up to6N photons, whereN can
be made arbitrarily large for an arbitrarily precise result
high-field strengths. Here we useN516 photons.

The dipole response ofw i(z,t) to the weak NIR probe is
determined by calculating the expectation value ofx(t) using
standard first-order time-dependent perturbation theory.
11v sideband is given by the Fourier component ofx(t)
oscillating at the frequencyV11v.

Discarding second-order terms and antiresonant contr
tions, the dipole expectation is given by

^cuxuc&5EVe2 iVt(
i 51

2
^w0uxuw i&^w i uxuw0&

e i2\V
. ~5!

The form of Eq.~5! is the same as the linear susceptibility
an undriven system, except the statesw i are oscillating Flo-
12530
ed
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quet states instead of stationary states. Explicitly expand
the Floquet states in the numerator gives us an expressio
the polarization

^x~ t !&5EVe2 iVt(
i 51

2

(
n,a
m,b

cn,a
i cm,b

i e2 i (n2m)vtx0bxa0

e i2\V
.

~6!

The 11v sideband is given by the Fourier component
x(t) oscillating at the frequencyV11v. Also, for the reso-
nant condition illustrated in Fig. 2,\v'e1, so we keep only
the i 51 term in the sum~6!. This condition is satisfied when
n2m51. The resulting expression for the sideband pol
ization is thus proportional to the products of neighbori
Fourier components:

xsideb and ~ t !5
EVe2 i (V1v)t

e12\V (
n,a,b

cn11,a
1 cn,b

1 x0bxa0 .

~7!

The intensity of the sideband is proportional toxsideband
2 ,

which is plotted versus field strength for various detunin
in Fig. 5. The detuning parameterd is the level spacing
normalized by the photon energy of the strong fie
d5(E22E1)/\v.

Our model captures the rollover of the resonant pow
dependence up to field strengths of aroundmE/\v'1.5.
Given a calculated excitonic intersubband dipole ofm/e
512 nm,14 the strong-field condition is met at a THz field o
5 kV/cm. Experimentally the sideband never completely d
appeared, a striking prediction of the theory. It is unlike
that a three-state simplification is entirely valid because th
is a spectrum of other exciton states as well as an elect
hole continuum that may provide significant off-resona
contributions.

IV. CONCLUSION

We drove a quantum-well excitonic intersubband tran
tion with an intense THz laser field and monitored an opti
7-4
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sideband generated by the nonlinear mixing between the
field and a weak NIR probe. When the THz power was
creased to a regime where the Rabi energy was compa
to the photon energy, the sidebands displayed a nonm
tonic dependence on THz power. The THz power at wh
the sideband intensity rolled over increased with THz f
quency, and the specific shape of the power depende
could be varied by detuning the excitonic intersubband tr
sition with an applied dc electric field. The unusual pow
dependence indicated that the exciton states were stro
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