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Creation of highly anisotropic wave packets in quantum wells:
Dynamical Franz-Keldysh effect in the optical and terahertz regimes
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Department of Physics and Materials Research Center, Washington State University, Pullman, Washington 99164-2814

~Received 31 August 1998!

We study the dynamical Franz-Keldysh effect by subjecting a semiconductor quantum well to both a strong
THz-frequency driving field and a weak broadband optical pulse. Coulombic effects and the THz field are
included nonperturbatively. Our results show THz sidebands in the optical absorption spectrum and harmoni-
cally generated subpicosecond bursts of radiation in the THz regime. The propagating wave packets are
simultaneously analyzed and applications are discussed.@S0163-1829~99!50604-8#
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The dynamical manifestations of interacting quasipa
cles in an intense, low-frequency field may strongly affe
the optical properties of a semiconductor in the vicinity
the absorption edge. One example that was predicted m
than four decades ago is the Franz-Keldysh effect1 ~FKE!.
The FKE, i.e., the change in optical absorption due to
application of a static electric field in a periodic solid, is we
established; namely, a strong dc electric field induces abs
tion below the band edge and oscillatory behavior of
absorption above. A direct dynamical analog of the FKE,
dynamical FKE~DFKE!,2 was recently introduced. It wa
predicted that the zero-field density of states~related to the
absorption! splits off into replicas when a sample is placed
a strong THz field; the work was performed within th
framework of nonequilibrium Green’s functions and on
continuum effects were included~i.e., no excitons!. Qualita-
tively, similar structures were observed recently3 by subject-
ing an optically excited semiconductor quantum well~QW!
to an intense THz field from a free-electron laser~FEL!;
more strikingly, it was demonstrated that in the THz regim
a series of harmonically generated sidebands appears.

The purpose of this study is twofold: First, we introdu
results based on the semiconductor-Bloch equations~SBE! in
the presence of both an intense THz field and a broadb
~50 fs! optical probe pulse excited at the band edge; t
approach also allows us to analyze the creation and evolu
of highly anisotropic electron-hole~e-h! relative motion
wave packets~WP’s!, and, simultaneously, calculate the TH
dynamics. The THz-field and excitonic effects are includ
nonperturbatively. Second, we develop a much simp
approach4 that exhibits the same qualitative behavior; th
contradicts theoretical works that claim the necessity of n
equilibrium Green’s functions to explain the DFKE.2

Studies of the DFKE are timely since THz fields a
readily available.5 Indeed, THz fields can couple strong
with various elementary and collective intraband excitatio
to alter significantly the interband optical properties; for e
ample, to achieve ultra-high-speed optical switching.6 More-
over, two-color radiation methods~THz and near-IR! applied
to mesoscopic semiconductors7 have been recently deve
oped. To characterize accurately and optimize the per
mance of the DFKE as well as to aid the development
related novel semiconductor devices, ultimately one ha
understand the basic physical mechanisms. The investiga
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of interplaying THz and optical fields is also of general i
terest because it is connected to Coulomb many-body
cesses, such as excitonic effects, carrier transport phen
ena, and electron correlations.

In the following, we assume a two-band QW where ea
e-h state with relative wave numberk contributes to the tota
polarization P52A21(kdcvPk , with dcv the interband di-
pole matrix element. To obtainPk we solve the SBE numeri
cally, treating the influence of astrongTHz field under op-
tical excitation by aweakbroad-band optical pulse. The SB
~Refs. 8 and 9! for the slowly varyingpolarization can be
written in the low density limit (\51),

S ]

]t
1eFTHz~ t !•“kD Pk52 iDkPk1 iVk1

]Pk

]t U
cc

, ~1!

with Dk5Ek2v l the energy dispersion for a parabolic tw
band semiconductor with unrenormalized transition ene
Ek , andv l5Egap the carrier frequency of the optical prob
pulse assumed to be excited resonant with the band e
The generalized Rabi frequency isVk5dcvF̃Opt(t)
1(qVk2qPq , with F̃Opt(t) the slowly varying optical field
polarized in the QW plane, andVq the Coulomb potential;
FTHz(t) is the THz field that is also assumed to be polariz
in the QW plane. In general, Coulomb correlations~cc! be-
tween the carriers must be taken into account; in this pa
we treat the dephasing of the optical polarization within t
relaxation-time approximation,10 Ṗkucc52go

pPk wherego
p is

the total dephasing rate of the optical polarization. For o
theoretical approach the dynamics including the THz fi
can be treated exactly by introducing a moving coordin
frame t̃ 5t,k̃5k1e* tFTHz(t8)dt8.11 Terahertz-induced
dephasing~TID! is acounted for via ionization of the exciton
as the electrons and holes get driven apart. For all follow
numerical calculations we choose parameters suitable
InxGa12xAs/GaAs QW’s: namely, reduced mass,m50.035
me ; 1s @two-dimensional~2D!# excitonic binding energy,
E1s'11 meV, go

p'500 fs; and Bohr radius,a05150 Å.
InxGa12xAs/GaAs QW’s are advantageous since with co
pressive strain one can increase the splitting of the hea
and light-hole exciton.

In the linear regime, when a semiconductor is excited
a broadband optical pulse at the band edge, e-h pairs
R5288 ©1999 The American Physical Society
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created with excess energy since the pulse bandwidth
extend tens of meV aboveEgap. By simultaneously applying
a THz field, the e-h pairs move in a highly complex mann
depending on such effects as the electric field, the excito
binding energy, and the geometry. Initially when the opti
pulse arrives, an instantaneous polarization is created fo
photoexcited e-h pairs, and subsequently, the carriers
dergo acceleration by the electric field for times shorter th
the mean scattering times. Similar scenarios using bias fi
applied in the growth direction of QW’s have been used
create THz emission via optical rectification5 ~instantaneous
polarization! and charge oscillations~heavy- and light-hole
quantum beating!.

For the applied THz field we assumeFTHz(t)
5n̂xF0 cosd(t)5n̂xF0 cos(2pnTHzt1f), with f the phase
of the driving field at t50 ~center of the optical probe
pulse!, F0 is the magnitude of the THz field~taken to be
3 kV cm!, n̂x is a unit vector in the QW plane, an
nTHz51 THz—unless stated otherwise. The linear opti
field is taken to be a sech pulse and of 50 fs full width at h
maximum irradiance. In the left inset of Fig. 1 we show
schematic of the double-field excitation scheme. In the m
figure the absorption coefficient versus the detuning of
optical field is plotted with respect to the unrenormaliz
band edge. The dashed curve is forf50; the chain curve is
for f5p/2. Clearly, the DFKE occurs—in agreement wi
Refs. 2 and 3—where sidebands appear above the exci
resonance. The small oscillations below the exciton are v
weak for our chosen parameter range but become more
nounced for higher THz fields~see lower right inset dis
cussed below!. Further, the sidebands obviously depend
the relative phase of the THz field~at t50) with respect to

FIG. 1. The left inset shows the modeled experiment. The m
figure shows the calculated optical absorption spectrum corresp
ing to no applied THz field~solid curve!; with THz field andd(t)
52pnTHzt ~chain curve!; and with a THz field andd(t)
52pnTHzt1p/2 ~dot-dashed curve!. The upper right inset show
the calculated absorption with and without the THz@d(t)
52pnTHzt# field calculated using a simple equilibrium Green
function approach. The frequency and magnitude of the THz fiel
1 THz and 3 kV/cm, respectively. The lower right inset sho
identical calculations of the DFKE as in the main figure but with
2 THz driving field of magnitude 6 kV/cm.
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the arrival of the optical pulse. The phasef can be con-
trolled if bothFTHz(t) andFOpt(t) are derived from the sam
initial pulse using solid-state sources, though little pha
control can be expected from FEL’s. Att50, both free e-h
pairs and excitons are excited optimally from the crys
ground state, and the phase ofFTHz(0) determines the sub
sequent dynamics of the WP’s internal motion. As discus
later, the dynamics of that part of the WP derived from sta
aboveEgap can be understood qualitatively in terms of th
classical motion of a free particle. Forf50, the THz field is
a maximum at the center of the optical pulse and the carr
have minimum kinetic energy; at times before and after t
instant, carriers propagate through the continuum and
monics of the driving field may be generated when carri
undergo Coulombic rescattering as they travel back towa
the zero of the relative coordinate~which determines the op
tical properties!. This clearly shows up in the absorptio
spectrum via a series of peaks. The situation is different
f5p/2, where the kinetic energy is a maximum att50 and
the carriers are accelerated until some later time~500 fs for
the chosennTHz). Consequently, the harmonics that show
in the absorption spectrum differ in phase with respect
those generated forf5p/2. For comparison we have als
plotted the linear absorption obtained whenFTHz(t)50 and
in addition to a broadening of the 1s exciton resonance, in
contrast to the usual blueshift of the exciton obtained fr
the quadratic Stark effect,12 a redshift occurs. This is in
agreement with Ref. 13 where it was predicted that a reds
dominates when the ratio of the mean kinetic energy divid
by the THz field is less than unity. For comparison, as
upper right inset in Fig. 1, a calculation of the linear spe
trum with ~dotted curve! and without~solid curve! the 1-THz
field is depicted, using a much simpler wave function a
proach~discussed later!. The lower right inset shows SBE
calculations but with a 2 THz driving field of magnitude 6
kV/cm. Clearly a significant broadening of the main excit
resonance occurs due to ionization of the exciton~TID!. Ad-
ditionally, the below oscillations become more pronounce

Next we calculate the THz-induced~intraband!
dipole moment, PTHz(t)5e*d2rP* (r ,t)rP(r ,t)5
22e(kPk* i“kPk , and subsequently for the THz electr
field, assuming a point source~the actual spatial dependenc
will depend on the geometry! FTHz

G (t)52(c2r )21P̈THz(t).
Further, to depict the e-h WP dynamics, we calculate
polarization density~quantum-mechanical probability den
sity of finding an electron and hole separated byr at timet)
from uP(r ,t)u25u*d2rPk exp(2ik•r )u2. As an inset to Fig. 2
we show the emitted THz field versust for the phases~at t
50, center of the optical pulse! of f50 ~solid curve! and
p/2 ~dashed curve!. Each transient is approximately 1 ps
duration reflecting the combined effect of WP spreading a
dephasing. In the EM spectra~Fig. 2!, a series of harmonics
separated in frequency by approximately 2nTHz appear in the
THz regime. It is also noteworthy that the estimated pe
dipole moments are 300eÅ and 400 eÅ per e-h pair for
f50 andp/2, respectively. These dipole moments are e
mated to be substantially larger than those emitted in s
dard schemes for THz generation in QW’s~charge oscilla-
tions and optical rectification!; this stems from the fact tha
the wave functions can be displaced by much larger d
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tances in the QW plane~see later! in comparison to a dis-
placement in the growth direction,;80 eÅ maximum ~for
80 Å QW’s! as limited by the QW width.

In Fig. 3 we show examples of the e-h WP~polarization
density! at several snapshots in time corresponding to Fig
(f50); the driving field is linearly polarized in thex direc-
tion leading to the large asymmetry. Shortly after the opti
pulse arrives (t5100 fs) the probability density is concen
trated near the center~where there is a high probability o
finding the electron and hole at the same relative positio!.
Later (t5250 fs), beating between the excitonic and fre
carrier WP is seen. Because the WP is highly anisotro
there is a net dipole moment that results in the THz transie
shown in Fig. 2. At later times (t5400,640 fs), sidelobes ca
be seen in the WP; these are formed by the combinatio
slow transverse spreading, the relatively fast field driven m
tion in the polarization direction, and the excitonic attracti
~Coulombic rescattering!. For reasonable driving fields of
kV cm, the e-h WP’s can easily be displaced by 20 nm.
Fig. 4 we depict the WP dynamics forf5p/2. One recog-
nizes that a significant amount of the WP has already pro
gated to the negativex direction ~at t5100 fs). At t
5250 fs the characteristicmoonstructure~due to beating! is
obtained again, but the WP is much less pronounced
around 10 nm and has spread out more near the center
in Fig. 3. Later, one sees spatial interference in the relat
coordinate space.

Finally we explore a much simpler method for calculati
the effects of the DFKE. One can construct the entirer andt
dependence of the WP viac(r ,t)5*2`

t D(r ,r 8;t,t8)
3dt8FOpt(t8), whereD(r ,r 8;t,t8) is the Green’s function of
Eq. ~1!. In order to describe thee-h continuum, we assume
that one can apply toc(r ,t) the classical equations of motio
j(t)52j0n̂x@cos(vt1f)2cos(f)1vtsin(f)# for a free
electron of reduced massm where j05eF0/mv2 is the
amplitude of the induced displacement; both quiver a

FIG. 2. Magnitude of the emitted THz spectra withd(t)
52pnTHzt ~solid curve! andd(t)52pnTHzt1p/2 ~dashed curve!.
The inset depicts the temporal behavior of the emitted THz fi
with d(t)52pnTHzt ~solid curve! and 2pnTHzt1p/2 ~dashed
curve!. Note that an energy of 40 meV corresponds to a freque
of approximately 10 THz.
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drift are included.14 For the continuum contribution to
the slowly-varying optical polarization we thus hav
c̃c(r ,t)5*`

t Dc(r ,r ;t,t8)dt8F̃Opt(t8)exp$2ivl(t82t)%, where
Dc(r ,r 8;t,t8)52 iK (r ,r 8;t,t8) with K(r ,r 8;t,t8) the 2D
free-particle propagator (\51):

K~r ,r 8;t,t8!5
m

i2p~ t2t8!
expH 2 i F ~Egap2 igo

p!~ t2t8!

2
m

2~ t2t8!
ur2j~ t !2r 81j~ t8!u2

1
m

2 E
t8

t

dt9j̇2~ t9!G J u~ t2t8!. ~2!

Note that we have neglected the Sommerfeld factor in
continuum, which for realistic QW’s has a rather weak e
fect. We take great care in handling the numerical singula
arising from the propagator. For the 1s exciton: c̃1s(r ,t)
5*2`

t D1s(r ,r 8;t,t8)dt8F̃Opt(t8)exp$2ivl(t82t)%, where
D1s(r ,r 8;t,t8)52 iw(r ,t)w* (r 8,t8)exp$2i@(E1s2igo

p)(t2t8)
1* t8

t dt9D1s(t9)#%u(t2t8). The Stark shifted energy
D1s(t),

4 and the modified 1s exciton wavefunction,w(r ,t),
are calculated self-consistently using standard perturba
theory; also, to account for TID, the dephasing rate was
creased by 10%. Subsequently, the slowly-varying opt
polarization can be obtained fromP(t)5@c̃c(0,t)
1c̃1s(0,t)#dcv . The wavefunction approach only yields

d

y

FIG. 3. ~a! Wave packet at several times@~a! t5100 fs, ~b! t
5250 fs, ~c! t5400 fs, and~d! t5640 fs# for the polarization den-
sity with d(t)52pnTHzt. The lower figure shows the THz-field
phase~solid curve! and the optical pulse~dashed curve! versus
time. The WP’s are scaled by a factor of 103.
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semi-quantitative understanding of the full results but it
worth investigating due to its conceptual simplicity.

The upper right inset of Fig. 1 shows the computed
sorption spectra with all material (InxGa12xAs) and field pa-
rameters as above. The solid curve corresponds to the u
scenario withFTHz50, while the dotted curve represents t
case with a THz field ford(t)52pnTHzt. Again, an exci-

FIG. 4. As in Fig. 3 but withd(t)52pnTHzt1p/2.
-

ual

tonic redshift occurs and a series of harmonic structures
pear in the optical absorption spectrum. The peaks betw
the exciton peak and the continuum are somewhat less
nounced than the SBE-calculations; this is probably due t
smaller probability for multi-photon absorption since w
have neglected other excitonic transitions and Coulom
rescattering effects in the continuum. However, this simp
analysis is very appealing since unlike the numerical solut
of the anisotropic SBE, it captures the essential phys
while taking a negligible amount of CPU time. We hav
further verified that by changing the driving frequency to
THz then essentially all calculated peaks both above a
below the fundamental exciton resonance obtained from
SBE are obtained with this approach.

In conclusion, we have theoretically investigated the
multaneous exposure of an InxGa12xAs QW to a broadband
optical pulse and a strong THz driving field. The scena
produces beating, e-h relative motion WP’s whose ani
tropic structure manifests in unique spectral and tim
dependent features in both the optical and THz regimes.
verify the existence of the DFKE whose experimental sign
ture appears via oscillations in the absorption above the b
gap and a series of sideband frequencies resulting from n
linear wavemixing. Besides being of interest on purely fu
damental grounds, studies of THz generation and rela
phenomena have a host of applications including FIR/tim
domain spectroscopy, study and control of Rydberg ato
T-ray imaging of optical materials, laser-excited wave pac
ets in heterostructures,15 and the investigation of interplaying
intraband and interband carrier dynamics.

We thank R. Zimmermann and T. B. Norris for enligh
ening discussions. This work was supporeted by the Natio
Science Foundation by Grant No. DMR9705403 and the O
fice of Naval Research.
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