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Nonlinear optical properties of intersubband electrons in a 3-level quantum well under intense terahertz field are

investigated by using a density matrix approach. The results show that the terahertz fields with different frequencies

cause the distinct modulations of the intersubband absorptions. The terahertz-induced sideband and Autler—Towns

splitting in the absorption spectrum are obtained, respectively for the terahertz-photon energy below and close to the

transition energy between the ground and first excited state.
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1. Introduction

The modulations of optical properties in semi-
conductor quantum well (QW) induced by an in-
tense laser field have been investigated by several
groups.!~7l The effects can be applied to the mod-
ern optical telecommunications, such as efficient op-
tical modulators,® all optical switches,!?) and wave-
length division multiplexing.['®) The characteristic en-
ergies of electrons in low-dimensional semiconductors
are often in a range of milli-electron volts, which corre-
spond to terahertz (THz) frequencies. Therefore the
THz fields can strongly modify the quantum states
of low-dimensional semiconductors and influence their
electronic and optical properties. When the subband
energy difference is close to the THz-photon energy,
the intense THz field can couple with the quantum
states to form dressed states. Quantum interferences
in the intersubband transitions of semiconductor QW
can lead to many interesting phenomena, for exam-
ple, electromagnetically induced transparency,*2! co-
herent control of electron transitions,! coherent pop-
ulation trapping,!¥ and intersubband gain via mul-
tiphoton processes.[®/ The coherent control based on

quantum interferences can be successfully applied

in semiconductor physics, which has been shown

experimentally.[6-7]

there has
opment of THz

Recently been a rapid devel-

sources, such as the negative-
effective-mass  oscillator,[!112]  the inflection-point
THz oscillator,'*14 and THz quantum cascade

lasers, 1517

which provide a new experimental
capability for studying the transport and opti-
cal properties of electrons in semiconductor QW.
Many distinctive THz-induced phenomena have been
well investigated,17—25] such as THz photon-induced
impact ionization,!'®19 dynamical Franz-Keldysh
effect,[29] AC-Stark effect,®! and THz optical sideband
and mixing.21723] Most of them are devoted to the
interband optical responses and the modifications of
both electron and hole states under THz fields where
as, the influences of an intense THz radiation on in-
tersubband transitions are scarcely investigated to the
best of our knowledge. Compared with the interband
transitions, the intersubband resonances in semicon-
ductor QW have a closely spaced quantum confined
levels with transition energies in a THz range, and
have unique properties including a large dipole mo-
ment, an ultrafast dynamic response and a large tun-

ability of transition wavelength. Intersubband reso-
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nances are also the physical basis for the sources and
detectors of THz radiation.?8! In this paper we study
theoretically the effect of the intense THz field on in-
tersubband absorptions. The distinct nonlinear mod-
ulations of optical properties by THz fields in the cases
of resonance and nonresonance are discussed in detail.
Such a strong THz field can be achieved by using free-
electron or gas lasers experimentally.
The paper is organized as follows. In Section 2
we give the theoretical model used to describe the dy-
namics of subband populations and intersubband po-
larizations based on the density matrix theory, and
then we obtain the intersubband optical properties of
a double QW structure under the THz pump. The
results for the numerical description are discussed in

Section 3. Concluding remarks are given in Section 4.
2.Microscopic theoretical model

We consider one-electron states in each subband
p of the conduction band having a certain momentum
k in a plane of QW. In the second quantization, the
Hamilton of this system for subbands interacting with
electromagnetic field E(t) in a rotating frame can be
written as(?7]
H :HO + HI + HC == Zsu,kal,kamk
M,k
- Z (d;wkE( ) wkQv,k
{mwik
+d, B (1 )a] Ry
1
3 2

nvp'v'kk q

pvv' p! T T
V pk+q Vk’fqa'/’ak’alllyk7 (1)

where Hy is the kinetic term, H; and Hg repre-
sent the interaction with electromagnetic field and
the Coulomb interaction, ¢, aL
tron energy, electron creation and electron annihi-

and a, are the elec-

lation operators of the uth subband, and d,,; =
e/F:k(z)zF,,k(z)dz is the dipole matrix element,

and F,;, is the envelope wavefunction.

We propose probing the THz-field-induced mod-
ulations in the quantum-well energy spectrum by
intersubband-absorption measurements with a weak
ultrafast mid-infrared probing beam. The ultrafast
probing beam is assumed to be a Gaussian pulse
Ep,o(t) = Egexp|—t?/ A?|exp[—iwprot], in which A is
the duration of the pulse, wpy,, is the central frequency
of the probing beam. For a three-subband system
driven by a growth-direction-polarized THz electric
field E(t) = Eru, cos(wrn,t), the electron distribu-

tion function f, of the uth subband and the intersub-
(v = 1,2,3) in the Hartree—
Fock approximation satisfy the intersubband semicon-
ductor Bloch equations (ISBEs):[27:28]

dfuk v
L (1) 3 Sy
wAv

dfuk
Ccolly 2
+ o |coll (2)

band polarization p}”

— en/ PPy ]

dpf” 1
A

guk)p‘;:u
+ i(*Qp.u,k - Ep.uk/h)(fuk - fl/k:)
dpt™”

k
colls 3
+ dt|u (3)

where 2, = d.1E(t)/h is the Rabi frequency.

The collision terms in the above equations describe

electron—phonon and electron—impurity scattering,
and possibly other dephasing mechanisms. In the de-

phasing rate approximation, we assume

v
d%kou = *’Y;wpgy
and dfos
d—:|c011 = =% (fur — quIP),
where 7,,,, denotes the total transition dephasing time

and 7, is the population decay of subband v, f,?

is the equilibrium distribution function. The renor-
malized single particle energy €, with Coulomb self-
energy correction and the local field correction ¢,

are, respectively, given by

Suk = By = D VI frta, (4)
v,q
Ep.l/k - _ Z V:Ium/,tn ;Cn+q+ Z Vumnp. ;nn (5)
mz#n,q mz#n,q

The Coulomb matrix element V™" is defined as
what it is defined as in Ref.[29], and the subband dis-
persion Efgg and the envelope function F},; can be ob-
tained by solving the Schrédinger—Poisson equations
self-consistently.?®) The local field correction consists
of two Coulomb interactions: the vertex term with
q # 0 (first) and the depolarization term with ¢ = 0
(second), these two collective excitations are respon-
sible for the FES and ISP.[2®]

The ISBEs are solved numerically by using the
fourth-order Runge-Kutta method. The subband
population can be obtained by summing different &
parts. The total intersubband polarization function

P can be computed as follows:
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where V = WS is the QW volume, W and S are the
width and normalization area of the QW. For linear
response problem, the intersubband absorption coeffi-
cient a(w) is related to the imaginary part of the op-

tical susceptibility x(w) by the following expression:

P(w)
EOE(w))’ (7)

S() = S

where P(w) and F(w) are the Fourier transforms of
the polarization and the electric field, and c is the

speed of light in vacuum.

3. The THz-induced

intersubband absorption

We study here the symmetric double QW struc-
ture, which consists of two 7.0 nm GaAs coupled QW
Each
double QW structure is separated by a modulation-

separated by a 1.13nm Alg3Gag.7As barrier.

doped 30nm wide Alg.3Gag 7As barrier. The doping
density is 1 x 10" ecm™2. The symmetric design causes
the transition from the ground subband to the sec-
ond excited subband to be prohibited. The eigen en-
ergies and the wave functions of confined electrons
in the conduction band can be obtained from self-
consistently solving Schrodinger—Poisson equations in
an effective mass approximation.®” The inset in Fig.1
shows the calculated wave functions and the structure
scheme. The lowest three conduction subbands are
taken into consideration in our model. The energy
separation between the ground subband and the first
excited subband is E13 = 12.4meV, and the energy
separation between the upper two excited subbands
is Fa3 = 118.0 meV. In our calculation, the subband
population decay v; = 72 = v3 = 0.0l meV. The tran-
sition dephasing times 712 and 73 are set to be 0.03
meV, while v13 = 0.0l meV as a result of the dipole
forbidden transition between the subband 1 and 3.
A strong THz laser will couple the Fy5, and a weak
probe light with a frequency around the energy dif-
ference between the upper two levels will be used to

detect the absorption spectrum.

6
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Fig.1. Optical absorption of the double QW in the
presence of a low-frequency THz field (Awtn, = 2
meV). The THz strengths are respectively 5,10, 20,
and 30kV/cm. The inset shows the QW structure
sketch and the confinement wavefunctions calculated

self-consistently.

Firstly, we study the optical properties of the dou-
ble QW structure in the presence of a THz field with
hwrta, = 2 meV, which is much lower than the en-
ergy separation Ej5. The results are shown in Fig.1,
in which the THz intensities are Ery, =5, 10, 20, and
30kV/cm respectively. It can be seen that the THz
field shifts the absorption peaks towards the higher en-
ergy values and reduces the magnitude of the absorp-
tion with the strength of THz field increasing. These
effects are also called AC-Stark effects, which are due
to the lowering of the energy-level of the first subband
by the THz field. More importantly, we also see that
the intense THz field causes the THz sidebands in the
absorption spectrum. The frequencies of the THz side-
band absorptions are wsideband = Wpro + 2NWTHZ, N 1S
an integer. Due to the symmetry of our QW struc-
ture, only the even sidebands can be obtained and
they are separated by twice the THz frequency, cor-
responding to the energy separation 2hwryg,=4meV.
As the strength of THz field increases, more replicas
corresponding to the high-order THz sidebands are
obtained. In addition, the negative absorption in the
spectrum is usually called intersubband Raman gain,
which is caused by the multi-photon dressed effects
and Raman scattering.[*% This feature can be used to
implement the intersubband lasers without population
inversion(LWTI). The studies of LWT in semiconductor

QW has also attracted great attention recently.!*:?!
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Fig.2. Absorption spectrum induced by the resonant
(Awtn, = 12.4meV) THz field. The THz amplitudes
are, respectively, Ery, = 6,8,10, and 12kV/cm.

If the THz frequency is close to the energy separa-
tion Fyo (Awrh, = 12.4meV), the transition between
the subband 1 and 2 is resonantly coupled with the
THz field. Figure 2 shows the optical absorption spec-
tra in this case at different THz intensities. The low-
est THz intensity produces a weak Lorentzian absorp-
tion peak centred at Fi3 = 130.4 meV with 4 meV full
width at half maximum (FWHM). As Erp, increases
to 8 kV/cm the FWHM of the absorption peak broad-
ens to about 6 meV [dashed line]. At higher Ery, an
increasingly well-resolved doublet structure appears
[dotted line and dot-dashed line], and it is also called
Autler—Townes splitting. This phenomenon can be ex-
plained by the quantum interference between the THz
photon state and the intersubband transition state,
and the double peaks correspond to the new photon-
electron coupled states. Meanwhile we can see that
the splitting energy is proportional to the strength of
the THz field. For weaker fields a clear splitting at
the resonance is not observed, both peaks are merged
with each other into one broadened peak. As the THz
strength augments, the splitting energy increases to
about 5.2meV at Ery, = 12kV/cm.

domain, we show in Fig.3 the time evolution of the

In the time

electron populations for subbands 1 and 2 in the pres-
ence of a resonant THz field with Erg, = 12kV/cm.
We can see that the electron populations of the sub-
bands 1 and 2 experience rapid Rabi oscillations at a
period of 0.75ps, then reach a steady state after 3 ps.
The small fluctuations result from the intrinsic oscil-

lations of THz field. By quantum interference the-

ory, for Erp, = 12kV/cm the energy separation be-
tween the new coupled electron—photon eigenstates is
h{5 = di2 BTy, =~ 5.4meV, where the dipole matrix
element dis = 45e-A(Here e is the electron charge).
The electron population is expected to cycle coher-
ently between the ground and first excited state at a
period 7 = 27 /25 & 0.76 ps. So our simulated results
based on Bloch equation are in good agreement with

the evaluation from quantum interference theory.

0.8
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Fig.3. Time evolution of the electron populations for
two lower subbands 1 and 2 in the presence of a res-
onant THz field. The THz field have the frequency
hwrH, = 12.4 meV and amplitude Ery, = 12kV/cm.

In Fig.4 we show the optical absorption spectra
for By, = 9kV/cm when changing the THz fre-
quency. As the THz frequency increases from 1.5 THz
to 3.0 THz, the absorption peak shifts slightly to the
blue and decreases in strength. When the THz fre-
quency comes close to the resonance between the sub-
band 1 and 2 at about 3 THz, a double-peak struc-
ture emerges in the absorption spectrum. Each of the
peaks has a smaller magnitude, and the separation be-
tween the peaks depends on the THz strength. The
positions of the double peaks are not corresponding
to the subband transition states, but the new cou-
pled states resulting from the quantum interference
effects. When the THz frequency exceeds the reso-
nant one, the absorption peaks also move slightly to
the blue, and the lower-energy peak increases in mag-
nitude while the higher-energy peak decreases in mag-
nitude. From Fig.4 we also clearly see that the anti-
crossing of the coupled levels occurs when the THz

frequency passes through the resonance.



No.3

Terahertz field-induced modulations of intersubband absorption ... 653

Absorption/arb. units

120 125 130 135 140

Energy /meV
Fig.4. Optical absorption spectra for a Erg, =

9kV/cm THz field when changing the frequency from
1.5 to 4.5 THz. The spectra are shifted vertically for
clarity.

4. Conclusion

In conclusion, we have studied the nonlinear opti-
cal properties of intersubband transitions in a double
QW structure irradiated by an intense THz field. The

absorption spectrum is obtained by numerical inte-

gration of ISBE in a 3-level model; the results show
strong modulations of absorption caused by the THz
field. For the THz field below the energy separation
between the lowest two subbands (non-resonance), its
application causes a blueshift of the main peak and
a reduction in its magnitude. Except for the above
AC-Stark effects by the THz field, we obtain some
replicas separated by even numbers of the THz fre-
quency as a result of the THz sideband absorptions.
When the THz field approaches the energy separa-
tion between the lowest two subbands (resonance), we
can observe a double peak absorption spectra—the
well known Autler—Towns splitting—due to the res-
onant coupling between the intersubband transition
state and the THz photon state. The energy splitting
of the doublet structure is enhanced with the increase
of the THz field strength, and this phenomenon has
been explained by the quantum interference theory. In
addition, an observable anticrossing of the levels in the
absorption spectra can be obtained as the frequency
of the THz field swept through the resonance.
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