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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 terafiétiz electric field of
frequencywt, generated terahertz optical sidebands wr,+ wyr ON @ 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 no sideband when the THz pulse is not present. Second, there
is no contribution to the sideband from any THz polarization

Intense light fields can mix with quantum states of mattercomponent which is not in the growth direction, where the
to form dressed states. Observed manifestations of dresseagymmetry of the DQW relaxes the usual selection rule for
states in semiconductors include Rabi oscillatiénand  odd sidebands. This paper describes a strong-field THz inter-
electromagnetically induced transparefiéyn these effects, action between confined exciton states, which manifested it-
a resonant optical field is strong enough to overcome proself as a nonmonotonic dependence of thel sideband
cesses which dephase the coherent coupling of two semicoimtensity on THz field strength.
ductor states by the field. More precisely, the Rabi frequency
umE/ is greater than the dephasing rateuE>%y, where
wu is the dipole moment an# is the electric field strength.
However, at optical frequencies the Rabi energy is typically The sample consisted of an active region, gates, and a
much smaller than the resonant photon enefgy<fw. If distributed Bragg reflectotfDBR). The active region con-
the field strength is increased furtheisteong-fieldregime is  sisted of 5 periods of DQW, each consisting of a 120-A
encountered as the Rabi energy becomes comparable to tl@As QW and a 100-A GaAs QW separated by a 25-A
photon energy, Al -Ga gAs tunnel barrier. Each period was separated by a

300-A Aly Ga, As barrier. The dimensions of the DQW

uwE=tho. (1)  were designed so that the two lowest-lying electron subbands

were separated by=10 meV (=2.4 THz) at flat band.
There are many theoretical studie®of bound electronic Around this frequency(1) can be satisfied using our THz
states of semiconductors subject to laser fields in the limit ofource, the Free Electron Las@fEL) at the University of
Eq. (1). These studies predict shifts and splittings in absorp<California, Santa Barbara. Within the 10 meV energy split-
tion lines as well as nonmonotonic power dependences ding constraint, the degree of inversion-asymmetry was de-
nonlinear mixing. However, we are aware of no experimentabkigned to maximize the second-order nonlinear susceptibility
work in this regime. (x®) near flat band conditions.

We performed strong-field experiments in which a weak The active region was sandwiched between two gates,
near-infrared(NIR) probe-laser beam was mixed with a each consisting of a St doped 70-A QW with carrier den-
strong terahertTHz) pump beam in a gated, asymmetric sity ~1x 10'? cm™ 2. The gates were separated from the ac-
double quantum wellDQW). The THz field coupled to an tive region by 3000-A A} Ga, -As barriers. Since the gate
excitonic intersubband excitation while the NIR field QW’s were much narrower than the active DQW'’s, the gate
coupled to an excitonic interband excitation. Applying a dcQW'’s were transparent to both the THz and NIR beams.
voltage to the gates brought the intersubband transition into The gated DQW'’s were grown on top of a DBR that con-
resonance with the THz field, and the interband transitiorsisted of 15 periods of 689-A AlAs and 606-A AlGa, /As.
into resonance with the NIR field. When these resonancé& had a low-temperature passband nearly centered on the
conditions were met, the NIR probe was modulated resultingow-temperature band gap of the DQW, making it about 95%
in the emission of optical sidebands which appeared at frereflective for the NIR probe beam and sidebands.
guencieSwgigepand @niIRT NWTH, Wherewy g (wth,) is the We etched a mesa and annealed NiGeAu ohmic contacts
frequency of the NIRTHz) beam anch=*+1,2,.... to the gate QW'’s. The sample was then cleaved into a (0.5

Then=1 sideband is a more sensitive probe for strong-x 1x8)-mm chip. A (0.5<1X5)-mm strip of crystal sap-
field effects than shifts in excitonic absorption lines, as it is aphire, with the optically slow axis along the long dimension,
zero-background measurement in two respects. First, there vgas mechanically pressed against the surface of the sample

II. EXPERIMENT AND RESULTS
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with a beryllium copper clip as shown in Fig. 1. The sample °
was cooled to 21 K in a closed-cycle He cryostat. At cryo-  1s3d °
genic temperatures, sapphire was index matched to GaA °
and transparent at THz and NIR wavelengths, thus forming & -20 5 0 5 | 0 5 0
A o>

heavily overmoded waveguide with the epilayer in the
middle. This resulted in higher fields at the active region than

was possible without the sapphire, where the active region G 2. (a) dc electric-field dependence of the sideband intensity
would be at the edge of a dielectric waveguide. at fiwyr= 1547 meV andwry,= 1.5 THz (6.2 meV. (b) Experi-

The full power of THz beam was 1 kW at 2.5 THz, as mental PL spectra as a function of dc electric field. Theoretical
measured by a calibrated pyroelectric detector. The beamiHH, X and E2HHX energies are indicated by circles and
was polarized in the growth direction, propagated in the QWsquares, respectively. The overlaid diagram illustrates the resonance
plane and focused by a 90° off-axis parabolic mir(Bfl) measured i@ where the NIR field is resonant with the E1HH2X
into the edge of the waveguide. The THz power incident orexciton and the THz field resonantly couples the EIHH2X and
the sample could be continuously varied by a pair of wire-E2HH1X excitons.
grid polarizers. The power was monitored by a pyroelectric
detector which enabled an accurate measurement of relativvddebands when the THz polarization was rotated parallel to
THz field strengths. However, since the exact size of the THzhe plane of the DQW.
mode in the waveguide was difficult to measure, the absolute The sideband generation process displayed a pronounced
THz electric field scale at full power must be estimated. Anresonance as a function of dc electric figklg. 2(b)]. The
extreme lower bound of 4 kV/cm assumes a mode that fillenhancement occured when the NIR field resonantly coupled
the 1-mm square cross section of the waveguide. This corthe vacuum statf0) with an exciton|1), and the THz field
dition exists if the sideband generation does not depend oresonantly coupled a transition between excitdnsand|2).
the position of the NIR probe along the length of the wave- The exciton states of DQW’s in a dc electric field are well
guide. An extreme upper bound of 28 kV/cm assumes ainderstood 2 They can be labeled as,BH, X, indicating
diffraction-limited spot size at 2.5 THz. In this case, the de-an exciton consisting of an electron in conduction subkhand
vice is not acting as a waveguide, so the sideband shouldnd a heavy hole in valence subbandThe PL spectra as a
decay when the NIR probe is moved by the length of a THZunction of applied dc electric field are shown in FigbR
beam waist. Since the actual experimental conditions wer&he E,HH,X exciton energies were calculated variationally
well within the two extremes, we estimated the maximumin the effective mass approximation and are overlaid on the
THz electric-field strength to be between 5 and 20 kV/cm. PL. Changing the dc electric field tuned the excitonic inter-

NIR light from a continuous-wave Ti:Sapphire laser wassubband transition into resonance with the THz field, as
chopped by an acousto-optic modulator into @28-pulses  shown in the overlaid resonance diagram in Fi¢h)2De-
which overlapped the 2ss FEL pulses at maximum repeti- tailed spectroscopy of the excitonic intersubband resonance
tion rate of 1.5 Hz. The vertically polarized NIR beam propa-was performed by studying the sideband generation as a
gated normal to the THz beam, and was focuged0 at a  function of THz frequency, NIR frequency, and dc electric
power density of~5 W/cn?.Absorption measurements in- field. The spectroscopic results are presented elsevfiéte.
dicated that the maximum photo excited carrier density waghe sideband resonance targeted for strong-field studies in
less than X 10° cm 2 per quantum well. The reflected this paper was EIHH2X-E2HH1X, a peak assignment made
beam, sidebands, and photoluminescefiee) were ana- by comparing low-field sideband spectroscopy with a nonlin-
lyzed by a second polarizer, dispersed by a 0.85-m doublear susceptibility calculation for excitons.
monochromator, and detected by a photomultiplier tube. The dependence on THz field strength of sideband gen-

The emitted sideband always had the same polarizatiorration at various THz frequencies is shown in Fig. 3. Each
state as the incident NIR beam. There were no detectableurve was taken at a gate bias near the EIHH2X-E2HH1X

DC electric field (kV/cm)
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Ill. THEORY

1.5THz 2.0THz 2.5THz

In a typical optical mixing experiment the laser fields are
a small perturbation on the nonlinear medium, and are thus
modeled using a nonlinear susceptibilift?). The power
dependence in Figs. 3 and 4 cannot be explained wjtta
Saturation effects from a nonlinear susceptibtfitgan only
come about when contributions from virtual transitions initi-
ated from excitons fHH, X are comparable to those initi-
ated from the vacuunO). However, with our undoped
sample and weak NIR beam, the population of excitons
(<10’ cm™?) was several of orders magnitude smaller than
the density of carriers in the valence band. Therefore, a non-
linear susceptibility can only predict a linear dependence of
sideband intensity on THz powdr.e., a quadratic depen-
dence on field strengthin addition, Coulomb screening and
THz electric field strength (~kV/cm) Pauli exclusion effects are not issues, since quantum well
excitons are noninteracting at densities  below
FIG. 3. Resonant THz field strength dependence of sideband Ot cm~ 2,167
generation at 1.5 THz, 2.0 THz, and 2.5 Tk&2 meV, 8.2 meV, The physical cause of the roll over in power dependence
10.4 meV. The absolute THz electric-field scale is accurate only tocan be understood from the point of view of frequency
within a factor of 2. modulation of the NIR probe as it passes through an oscil-
lating index of refraction. In the case of a purely sinusoidal
resonancé® The most striking feature was the nonmonotonic T€duency modulation, the amplitude of the=1 sideband
behavior in the strong-field regime when the Rabi energ))’OI.IS over when the modulation depfft IS twice the modu-
was comparable to the photon energy. Clearly at lower fre!atlon frequencwaHZ'. The actual func'tlonal form of the
guencies, the power dependence rolled over at a lower-fiel ower depepdenqe is far more compllcated than a simple
strength, as would be expected from the relationghjp . ?sse(lj ];l:]mt'?n{.sm%e. rga?y harrgogl_cs of the T(Ij—|z f|glo: Et’_x'
By sitting at the peak NIR frequency for E1HH2X- g?r? ertte_a_lolns Ip between Rabi energy and modulation
E2HH1X and varying the dc gate voltage, we took THz eE)I’h |sf r|1|on fvial. del litative f f th
power-dependence scans at various THz detunibgsE; e following model captures qualitative features of the
. dependence of sidebands on THz power by treating the in-
~hwry, whereE, (Ey) is the energy of the uppefowen) teraction of the THz field with exciton states in a nonpertur-
exciton state. The shape of the THz field dependence vari of P

N

-
»N

sideband conversion (10-5)
o R

o
S

strongly with the detuningFig. 4). Bative manner. The Hamiltonian is
H=Hy+zE, coswt+X\E cod)t 2
24 0-1.8 kV/em 24 0-2.6 kV/em _ _ o _
0-0.5 KV/em O-3.5 kV/em whereH,, is the exciton Hamiltoniang, is the strong THz
A+0.5 kVicm A-4.4 kviem electric field,E, is the weak NIR electric field, andandx
20 o 20 o are dipole operators.
0o o® The exciton HamiltoniaH, and the dipole operators are
l§1.6 ° 16 o © treated phenomenologicallyH, has eigenstatesby(x,z),
c ® % ° $1(X,2), and ¢,(x,z) with eigenenergie€,=0, E,;, and
s ) o ° 3'5’; E,, respectively. The polarization selection rules for creating
212 o ° o 1.2 ° o & and coupling excitons lead to the dipole matrices
g ° ° %
° 0O 0 O 0 Xg X
Zost ug-ﬁ:" & o8l o ? oL 702
§ n:F ﬁ o N z={ 0 0 zyp|, x=| X 0 O
© 0.4 [« & ! 04 I:lng 0 221 222 X20 0 0
o
oumﬁ oo u:&: The nonzero terms,z=(,|x|dg) and z,z=(d.1z|¢p)
o ﬂAAf \ o.ﬂxA_._ are set equal to unity.
0 5 10 0 5 10 For A =0, the solutionsp;(z,t) of the Schrodinger equa-

THz electric field strength (~kV/em) tion with the Hamiltonian(2) oscillate with frequency com-

. 18 . .

FIG. 4. THz field strength dependence m&1 sideband for PONents at harmonics ab.™ The oscillation of the wave
wnr=1548 meV, wry,=1.5 THz (6.2 meV} at various dc function leads directly to an oscillating refractive index
electric-field detunings from the resonance condition illustrated invhich modulates the weak NIR probe. _

Fig. 2. The absolute THz electric-field scale is accurate only to Expanding the spatial dependence¢g(z,t) in terms of
within a factor of 2. the original exciton eigenstates,(z), yields
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B d=0.8

=]

FIG. 5. Sidebands calculated
by evaluating the square of E()
at various detuning parameters.
Left, d=(E2—-E1)/A©w=0.8,1.0,
1.2; Right, d=(E2—-El)/hw
=0.2,0.4,0.6.

theoretical sideband intensity (arb.units)

pi(z)=e VY ¢l eTinely (z). &)

The Coefficientscimn determine the parts of the index of re-
fraction which oscillate at particular multiples of. These

Floquet coefficients are closely related to the photon-assisted

1

12 14 158

quet states instead of stationary states. Explicitly expanding
the Floquet states in the numerator gives us an expression for
the polarization

2 i i —i(n—m)wt
) C, . C. 5€ X0pXq0
X(t))=Eqne ' ma”mp .
< ( )> @ ;1 % €—hQ

tunneling sidebands, which appear in the irradiated current- mA (6)

voltage curves in superconducting weak-link junctiSrand
coupled quantum welf&

The statesp;(z,t) (3) are solved nonperturbatively by di-
agonalizing the Floquet matri¥ associated with the
Hamiltoniar?’ (2) for \=0. The Floquet matrix is given by

3 [Z] 0 0 0
[z] [Hol-fw [Z] 0 0

F=| O [Z] [Ho] [Z] U
0 0 [z] [Hol+ho [Z]
0 0 0 [z] -

(4)

where[Hy] and[z] are matrix representations of the opera-
tors Hy and z in the |¢,) basis. In practice, the Floquet
matrix (4) must be truncated up t& N photons, wher@&l can

be made arbitrarily large for an arbitrarily precise result at

high-field strengths. Here we u$é&=16 photons.
The dipole response af;(z,t) to the weak NIR probe is
determined by calculating the expectation value(@j using

standard first-order time-dependent perturbation theory. The

+ 1w sideband is given by the Fourier componentx¢f)
oscillating at the frequenc{) + lw.

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

2, (@olXl @) {@ilX 0o)
(X9 =Eqe ™3, oS )

The form of Eq.(5) is the same as the linear susceptibility of
an undriven system, except the staigsare oscillating Flo-

The + 1w sideband is given by the Fourier component of
x(t) oscillating at the frequenc{2 + 1w. Also, for the reso-
nant condition illustrated in Fig. Z,w~ €;, SO we keep only
thei=1 term in the suni6). This condition is satisfied when
n—m=1. The resulting expression for the sideband polar-
ization is thus proportional to the products of neighboring
Fourier components:

E e i (@F ot

1 1
Xsi )=————— C Ch sX0sX40 -
sideb and( ) El—ﬁQ n+1,a>n,p0B8"a0

n,a,pB

)

The intensity of the sideband is proportional@yepana
which is plotted versus field strength for various detunings
in Fig. 5. The detuning parametet is the level spacing
normalized by the photon energy of the strong field,
d=(E2-El)/hw.

Our model captures the rollover of the resonant power
dependence up to field strengths of aroynB/%w~1.5.
Given a calculated excitonic intersubband dipole ofe
=12 nm!* the strong-field condition is met at a THz field of
5 kV/cm. Experimentally the sideband never completely dis-

appeared, a striking prediction of the theory. It is unlikely

L}_hat a three-state simplification is entirely valid because there

Is a spectrum of other exciton states as well as an electron-
hole continuum that may provide significant off-resonant
contributions.

IV. CONCLUSION

We drove a quantum-well excitonic intersubband transi-
tion with an intense THz laser field and monitored an optical
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sideband generated by the nonlinear mixing between the THdressed and oscillated at multiple harmonics of the driving
field and a weak NIR probe. When the THz power was in-THz field. The strength of the sideband was determined by
creased to a regime where the Rabi energy was comparabiige amplitudes of neighboring harmonics, which we calcu-

to the photon energy, the sidebands displayed a nonmongated nonperturbatively within the Floquet formalism.
tonic dependence on THz power. The THz power at which

the sideband intensity rolled over increased with THz fre-

guency, and the specific shape of the power dependence
could be varied by detuning the excitonic intersubband tran-

sition with an applied dc electric field. The unusual power This research was funded by Grant No. NSF-DMR
dependence indicated that the exciton states were strongB070083.
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