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Adiabatic stabilization of excitons in an intense terahertz laser
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Calculation of near-infrared absorption and transient spectra in bulk semiconductors irradiated by an intense
terahertz~THz! laser predicts that, the ionization rate of the ground-state exciton, probed through the dynamic
Fano resonance effect may decrease with the increase of the THz laser intensity. This counterintuitive effect
indicates the excitons are stabilized against the field ionization. The much lower Rydberg energy and ‘‘atomic
unit’’ of laser intensity for excitons and, in particular, the possibility of creating excitons from the ‘‘vacuum
state’’ in semiconductors allow observing the excitonic stabilization experimentally, in contrast to the case of
atomic stabilization.
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In accordance to Einstein’s theory of the photoelectric
fect, an electron can be stripped from its atom by light bea
with sufficiently high frequency. As the intensity of a ligh
beam is increased, the stripping probability of the elect
increases owing to the increasing number of photon impa
Surprisingly, since the late 1980s, theoretical investigati
and numerical simulations1–6 have predicted that when th
electric field, associated with a laser of sufficiently high
tensity and frequency, approaches or exceeds the electro
field between the electron and the ion in an atom, the w
function of the irradiated atom may be distorted adiabatica
into a distribution with two well separated peaks. The pe
spacing increases with increasing field intensity, thus
atomic electron spends more time far away from the nucle
and the ionization rate slows down dramatically till almo
totally suppressed. In other words, the adiabatic stabiliza
of the atom occurs.

Apart from the pure curiosity in basic research, the atom
stabilization is also of importance in potential applicatio
such as the high harmonic generation7 and quantum
computation,8 as it can quench the undesired ionization a
dephasing caused by the intense laser that is used to
electrons or to manipulate a qubit in an atom.

However, it is still controversial whether the adiaba
atomic stabilization is an experimentally observab
effect.9,10 Basically, the objection is based on the fact that
turnon of the laser pulse must be sufficiently slow in order
adiabatically drive a bare atomic ground-state into a qu
stationary dressed state; while substantial ionization has
ready been inevitable during the ramp of the intense la
pulse.11 In addition to this fundamental difficulty mentione
above, an extreme ultraviolet laser with intensity stron
than an atomic unit (;3.5131016 W/cm2) required for the
atomic stabilization, seems unavailable in the near future
fact, except for a few disputable indications for the stabiliz
tion of high Rydberg states,12 so far there is no unambiguou
experimental evidence for the atomic stabilization.

In this paper, we predict the adiabatic stabilization
hydrogen-atom-like excitons in semiconductors, wh
might settle the debate around the atomic stabilization ef
mentioned above. We demonstrate that the excitonic sta
zation~XS!, in contrast to its atomic counterpart, is definite
an observable effect, owing to the basic characteristic of
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citons that they are created from ‘‘vacuum’’ of carriers by t
interband optical excitation. In particular, we proposed
dressed exciton states to be prepared by weak near-infr
~NIR! laser pulses in semiconductors in the presence o
quasicontinuous terahertz~THz! field. The ionization rate or
lifetime of the dressed excitons can be directly extracted
monitoring either the linewidth of absorption peaks or t
decay time of transient signals. Thus the ‘‘turnon’’ problem
circumvented as long as the pulsed interband excitation
the following dephasing process of excitons are covered
the flat-top region of the THz laser pulse.

Moreover, the present laboratory gear is already ready
observing the XS effect. Due to the small effective massm
and large dielectric constant«, an exciton has much smalle
binding energyEB than the hydrogen atom does, and t
‘‘excitonic unit’’ for laser intensity (}m4/«5.5) in a typical
semiconductor like GaAs is about 10 orders of magnitu
smaller than the atomic unit. So, the ‘‘high-intensity a
high-frequency’’ requirement for the XS can readily be fu
filled by the free-electron lasers operating with MW/cm2

power and THz frequency.13

The XS, manifesting itself as the line narrowing an
quench of the dephasing, is also a novel effect of a strong
field on exciton dynamics in semiconductors. Though seve
novel effects, referred to as the dynamic Franz-Keldy
effect,14–16 have already been explored recently, such as
excitonic ionization,14 excitonic blueshift,15 sideband
generation,16–18 absorption in the band gap,17 and inter-
sideband quantum interference,18,19 this is still a developing
field.

Our investigation is based on the numerical solution
the motion equation for the relative motion of an electro
hole pair within the effective-mass approximation

i\] tc~r ,t !5~Ĥ2 ig2!c~r ,t !1x~ t !e2 iV0td~r !, ~1!

Ĥ[Eg2
\2

2m
“ r

22
e2

4p«r
1eFzcos~vt !, ~2!

whereEg is the band gap,F is the field strength of the THz
laser associated with frequencyv and linearly polarized in
the z direction, x(t) denotes the NIR pulse excitation ce
tered atV0, and g2 is an interband dephasing rate due
©2002 The American Physical Society06-1
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phonon scattering. The THz laser is assumed in a continu
wave~cw! form, because its microsecond duration13 is much
longer than the picosecond interband excitation and dep
ing process. This model system is mathematically equiva
to a hydrogen atom in an intense laser except that
electron-hole pair is generated by the NIR laser.

Without the Coulomb coupling, the eigensolution of t
time-dependent Hamiltonian@Eq. ~2!# is the Volkov state,20

which, as the basis set, reads

uk,m&5eimvt2 iaFkzcos(vt)1 i (Up /2\v)sin(2vt)uk̃&,

where m and k, associated with quasienergy«km
5(\2k2)/2m1Up1m\v, denote the sideband index an
wave vector, respectively. HereUp[(e2F2)/(4mv2) is the
effective ponderomotive potential,aF[(eF)/(mv2) is the
classical excursion amplitude of an electron in the THz fie
and uk̃& is the Bloch state with accelerating quasimoment
k2(eF)/(\v) ẑsin(vt). With the excitonic Rydberg uni
adopted, the matrix elements of the Coulomb potential re

Vk1qm1n,km52p22q22i nJn~aFqz!,

where Jn(x) denotes thenth-order Bessel function of the
first kind. The intra-sideband (n50) interaction is directly
related to the Kramers-Hennerberg~KH! potential, the time-
average of the Coulomb potential in the coordinate fra
rested on the quivering electron.21 The KH potential has
logarithmic singularity in the segment between the turn
points6 ẑaF andr 21/2 singularity at the ends. Consequent
the ground stateuF& is stretched along the segment of si
gularity and becomes dichotomous for superintense fi
(aF@aB , the exciton Bohr radius!.1

The spectrum of the system exhibits the sideband st
ture. As illustrated in the lower inset in Fig. 1, each sideba
consists of several discrete states and a continuum, and
discrete states are embedded in the ionization continu
lower sidebands. As predicted very recently in an ac-driv
biased semiconductor superlattice,19 the quantum interfer-
ence between a discrete state of quasienergy excitons an
degenerate continuum of a sideband can lead to the dyn
Fano resonance~DFR!, which manifests itself as broadene
asymmetric lineshape in absorption spectra and as intri
decay in transient four-wave mixing signals. Thus, the io
ization rate of the quasibound Floquet-state excitons and
XS effect can be studied via the DFR induced by the int
sideband coupling (nÞ0) in the present system.

To calculate the time-dependent wave function, we
merically integrate Eq.~1! in the cylindrical polar coordi-
nates by extending the space-time difference method22 to a
time-periodic system, with the initial condition a
c(r ,2`)50. The outgoing waves are absorbed at
boundary with the mask technique.4 The NIR absorption
spectruma(V)}I@P(V)/x(V)#, in which P(t)[c(0,t),
gives directly the transient interband polarization~i.e., coher-
ence!. Our real-space method is able to include the Coulo
interaction, the nonperturbative ac field, and the contribut
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of continuum states properly, so as to correctly work out
spectral features with high resolution. In the calculatio
\v510 meV (;2.4 THz), g251 meV, and the NIR
pulse is assumed to be of a Gaussian shape, i.e.,x(t)
5x0exp(2t2/2t2). For cw absorption,t is taken as 8/v,
which is large enough to eliminate the sideband overlap. T
material parameters take bulk GaAs as an exampleEB
54 meV andaB510 nm).

Figure 1 plots the NIR cw-absorption spectra of the bu
GaAs driven by the THz field with various strength. Th
exciton ionization rate is probed through the broadening
distortion of absorption peaks in the NIR spectra. As d
played in the inset, the asymmetric resonance peak is
fitted with the Fano lineshape23 characterized by the shap
parameterq and broadening constantg,

a~V!5a01a1

~qg1V2Eg1EB!2

g21~V2Eg1EB!2
,

indicating the occurrence of the DFR (EB is the binding en-
ergy of the dressed exciton state!. By fitting the 0v ~i.e.,
zero-THz-photon-assisted! 1s exciton peak, the ionization
rateG can be extracted viag'g21G/2. As shown in Fig. 2,
g ~hence the ionization rate! increases with the laser intensit
until F'16 kV/cm @corresponding to the intensityI
'1.0 MW/cm2 ~Ref. 24! and aF'1.28aB]. Beyond that
critical field strength, the ionization rate commences to
crease, and approaches zero atF'28 kV/cm, clearly dem-
onstrating the XS effect. The ionization rate extracted fro

FIG. 1. Linear absorption spectrum for several THz-fie
strengths indicated byF. The upper-right inset shows, as an e
ample, the Fano resonance fitting process forF524 kV/cm, where
the squares are the fitted data. The lower-right inset shows s
matically the sideband structure of the Floquet-state excitonic s
trum.
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the DFR, after energy scaling, is consistent with that
tained in atomic physics by directly diagonalizing th
Floquet-state Hamiltonian.5

G can also be obtained analytically in the high-frequen
approximation.25 When the wave-function dichotomy is neg
ligible for mediumaF ~sayaF,3aB), a compact result forG
of the ground state25 can be derived as

G' (
nv.EB

32p

kn
3 U E

2aF

1aF F~z!dz

2aF
U2E

0

1

Jn
2~aFknx!dx,

wherekn
25nv2EB . As implied by the two integrals in the

equation above, two main mechanisms are responsible
the XS. First, the stretch of the excitonic wave function
the intense THz field reduces the electron-hole overlap
hence the probability of scattering. Second, the stretch of
wave function induces interference cancellation between
going waves scattered at different positions~similar to the
case of light diffraction by a single slit, where the wider t
slit, the denser the diffraction fringes.!

Fano interference is one of fundamental mechanisms
irreversible decay,26,27 so the XS can also be directly ob
served in the time domain by monitoring the transient opti
signal after a pulsed excitation. The time-resolved interb
polarization is plotted in Fig. 3. The duration of the NI
pulset is then set to be 2/v, and the central frequency i
chosen for each field strength to be resonant with the bri
est transition, namely,V02Eg524, 22, 2, 5, and 6 meV
for F50, 8, 16, 20, and 30 kV/cm, respectively. To sing
out the dephasing induced by the DFR only, the reformula
signalP(t)[P(t)exp(g2t) is plotted. The dynamic Fano in
terference between the discrete state and the contin
opens a new channel for interband dephasing, leading to
decay of the transient signal. The XS effect is verified by
fact that the dephasing rate calculated begins to decreas
F.16 kV/cm, consistent with the variation trend of the io
ization rate as shown in Fig. 2. WhenF530 kV/cm @ I
'3.6 MW/cm2 ~Ref. 24!#, the decay of the signal almos
disappears. To measure the transient signals, nonlinear
cal experiments like four-wave mixing are usually adopt
in which many-body correlation is important sometime28

and may induce new interesting effects on XS, which, ho
ever, is out of the scope of our present study.

FIG. 2. Fano broadening constant deduced from the DFR ve
the THz-field strength.
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Figure 4 displays snapshots of the probability distributi
of the exciton wavepacket resonantly excited by a pu
(V02Eg58.88 meV) with t520/v ~the excitation spec-
trum width is 0.5 meV!. When the NIR-excitation pulse is
over, a stabilized wave packet performs almost perfect p
odic swinging along thez axis with the turning points located
at about6 ẑaF . Along with the periodic variation of the
wave-packet shape due to the nondegenerate inter-side
mixing, the stretch of the wave function can be observed
closer examination reveals the interference pattern of
scattered waves. All these justify our ascribing the suppr

us

FIG. 3. Real-time dependence of the interband polarization
various THz-field strength indicated byF, in which the curves are
offset for clarity. The intensity profile of the NIR pulse~the dotted
curve! is also shown for comparison.

FIG. 4. Probability distribution of the NIR-pulse-excited wav
packet at several time instant within a periodT[2p/v for the THz
field of F524 kV/cm. The inset shows the semilogarithmic plo
of the intensity of the NIR pulse~dotted line! and transient inter-
band optical signal (uP(t)u2, solid line! as functions of time, and the
time snatch~marked by the bar! where the snapshots are made.
6-3
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sion of the Fano broadening and dephasing rate to the a
batic XS, and demonstrate that the stabilized exciton can
excited by an additionally NIR laser.

In summary, the novel excitonic stabilization effect h
been predicted in a coupled system of semiconductors
intense THz fields by nonperturbative numerical simulati
The excitonic stabilization is fundamentally different fro
v
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its atomic counterpart in that the stabilized exciton is
elementary excitation in solids and hence can be excited
NIR laser.
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