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Abstract. The optical sideband generation in semiconductors under intense THz lasers presents flat wide-band spectra with 
the cutoff determined by the maximum energy-gain of electron-hole pairs in quantum trajectories under the THz field. The 
approximation based on the quantum trajectory picture agrees well with the numerical simulations. 
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INTRODUCTION 

Semiconductors under intense THz lasers possess a 
wealth of physical effects such as the dynamical local
ization [1], dynamical Franz-Keldysh effect [2], and ex-
citonic stabilization [3]. In this contribution, We will dis
cuss the high-order sideband spectra of semiconductors 
under intense THz lasers, which resembles on several as
pects the high-order harmonic generation by atoms un
der super-intense optical lasers [4]. The sideband spec
tra present flat wide-band plateaux, which can be well 
understood in the quantum trajectory theory developed 
in atomic physics to understand the plateau spectra of 
high harmonic generation [4]. The sideband generation 
by excitons, however, differs fundamentally from the 
harmonic generation in atomic systems, since the for
mer starts from the creation of elementary excitations in 
solids and hence has tunable excitation energy while the 
latter involves atoms with fixed binding energy. Thus the 
THz-sideband spectroscopy is expected to provide more 
flexibility in studying the quantum trajectory, a central 
notion in many basic physics problems such as the quan
tum tunneling in macro-magnets. The high-order THz-
sideband generation could also be useful in many electro-
optical applications such as wide-band optical multiplex
ers, optical pulses with ultra-high repetition rate, and op
tical communication with THz bandwidth. 

FORMALISM 

The dynamics of electron-hole pairs excited by an optical 
field E(t) in semiconductors under an intense THz field 
[expressed by a vector potential A(;)] can be described 
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by the inhomogeneous Schrodinger equation 

idty = H(t)y+d-E(t), (1) 

with the Hamiltonian given (in the Rydberg unit system) 
by 

H=\p-A(t)]2+Eg-2/r, (2) 

where d is the interband dipole matrix element in the 
semiconductor andEg is the bandgap. The sideband gen
eration is determined by the optical polarization F(t) = 
—d* 1^(0, t). By solving Eq. (1) numerically, the sideband 
generation spectrum can be readily calculated [3]. For an 
input optical field E(t) = Ep(t)e^iQt and a THz field with 
angular frequency CO, the sideband intensity of the 2Mb. 
order with output frequency Q + 2Nco is hN x P%N ( tne 
odd order sidebands are vanishing due to the inversion 
symmetry of the system), where 

T2N = i d*d-Ep(t-T)9(T)e' 

with the action 

iS(pJ,T xdv/{2nf (3) 

S(p,t,r) = - [ H(t")dt" + (Q-Eg)x + 2No)t, (4) 

FIGURE 1. Schematics for the THz-sideband generation in 
semiconductors, (b) Schematic illustration of quantum trajec
tories in the THz-sideband generation. 
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FIGURE 2. THz-sideband generation spectra in bulk GaAs 
driven by a THz field with co = 5 meV and F = 35 kV/cm, 
calculated with the exact numerical simulation and the quantum 
trajectory approximation, respectively. The input optical field 
has such frequency that Q. —Eg = —32 meV. 

giving the phase accumulation along an arbitrary path in 
the phase space characterized by the momentum p, the 
delay time (T) between the excitation and recombination 
of excitons, and the recombination time (t). 

When the THz driving field is strong, the motion am
plitude of the electron-hole pairs is much larger than the 
wavepacket diffusion (the quantum fluctuation), so the 
quantum dynamics can be well approximated as trajec
tories constrained by the classical kinetic equations plus 
the Gaussian quantum fluctuation, i.e., the action can be 
approximated as [4] 

1 , 
S{p,t,r)xS{po,to,r0) + -8{p,t,r)-d^S-8{p,t,r). 

For simplicity, we will neglect the Coulomb interaction 
between the electron and the hole, which is a well-
justified approximation when the energy-gain from the 
THz field is much larger than the exciton binding energy. 
Thus the trajectory parameters can be easily determined 
by the saddle-point equations [4] 

dTS = 

dtS = 

dpS = 

= 0 

= 0 

= 0 

=̂> 

=> 

=> 

[p 

[p 

pi 

•A(t-x)]2 = Q-Eg -A, (5) 

-A(t)}2-[p-A(t-x)}2 = 2No), (6) 

- / A[t')dt' = 2 [ r(t')dt' = 0, (7) 
Jt-T Jt-T 

which correspond respectively to the energy conserva
tion at excitation, the energy conservation at sideband 
generation, and the condition that the electron and the 
hole should be at the same position at the recombination 
time, as schematically illustrated in Fig. 1. Such trajec
tories are quoted as "quantum" since in general no clas
sical solution may exist which requires p, t, and T be 
real numbers. Let A(t) = — (F/co) sm((ot), it can be eas
ily seen that the energy-gain from the THz field by the 

electron-hole pair in the quantum trajectories is bounded 
by Emax ~ 3.2UP + A [4] (where the ponderomotive en
ergy Up = F2 co~2/2), and hence the sideband generation 
will be cut off at 2N(0 ~ Emax, similar to the cutoff effect 
in the high-order harmonic generation [4]. 

RESULTS 

Figure 2 presents a typical example of THz-sideband 
generation spectra in semiconductors. For the parame
ter used, the ponderomotive energy Up is about 98 meV, 
much larger than the THz laser frequency ((0 = 5 meV) 
and the exciton binding energy (~4 meV) in GaAs, so 
the sideband generation is well described by the quan
tum trajectories, as can be seen from the good agreement 
between the trajectory approximation and the exact nu
merical simulation. The spectrum presents a plateau as 
wide as close to 70 times the fundamental frequency. 
The cut-off is well consistent with the calculation of the 
maximum energy gain Emax fa 68CO. Such a flat wide
band sideband spectrum is of potential application in op
tical pulses with ultra-high repetition rate. Since the ex
citon as an elementary excitation can be excited by op
tical pulses at selected time and frequency, the quantum 
trajectories can be controlled with much more flexibility 
than in atomic physics, which may lead to further physi
cal insight and to novel electro-optical applications. 
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