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Undressing a Collective Intersubband Excitation in a Quantum Well
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We have experimentally measured the 1–2 intersubband absorption in a single 40 nm wide
modulation-doped Al0.3Ga0.7AsyGaAs square quantum well as a function of frequency, intensity, and
charge density. The low-intensity depolarization-shifted absorption occurs near80 cm21 (10 meV or
2.4 THz), nearly 30% higher than the intersubband spacing. At higher intensities, the absorption peak
shifts to lower frequencies. Our data are in good agreement with a theory proposed by Zału˙zny,
which attributes the redshift to a reduction in the depolarization shift as the excited subband becomes
populated.

PACS numbers: 73.20.Mf, 42.65.Vh, 73.20.Dx, 73.50.Fq
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The properties of elementary excitations in solids a
renormalized (“dressed”) by interactions with electron
phonons, or other particles. An example is the absorpt
of light by a metal; electrons in a metal are near
free, and the lowest excited state has an energy o
infinitesimally greater than the ground state. Howeve
interactions with other electrons dress the frequency
which light is absorbed, shifting it from zero frequenc
(dc) to the plasma frequency.

A single electron in a semiconductor quantum we
would have no electron-electron interactions. It wou
obey the single-particle, linear Schrödinger equation, a
resonantly absorb light at a frequency equal to t
difference between quantized subband energies. Ma
electrons are present in real quantum wells. Electro
electron interactions cause a static modification to t
shape of the quantum well potential, but also allo
electrons to dynamically screen oscillating fields insid
the well. This screening blueshifts the frequency at whi
radiation is absorbed from the intersubband spacing
the dressed frequency at which collective oscillations
the entire electron gas occur [1]. This dressing of t
intersubband absorption frequency by electron-electr
interactions is called thedepolarization shift.

Intersubband dynamics have been well understood
narrow quantum wells which have intersubband tran
tions greater than the LO phonon energy of 36 meV [2
4]. In such wells, the depolarization shift is insignifican
at ordinary charge densities. In wider quantum wel
the intersubband separation is smaller, and the depo
ization shift becomes a larger fraction of the absorpti
frequency. In this Letter, we report the first steady-sta
measurements of the intensity-dependent absorption
shape in a wide quantum well [5]. We find that the in
tersubband absorption is “undressed” by intense reson
excitation, as first predicted by Zału˙zny: As intensity is
increased, the resonant frequency moves to the red fr
82 0031-9007y96y76(13)y2382(4)$10.00
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its depolarization-shifted value toward the intersubba
spacing [6].

The 40.0 nm wide GaAs square well used in ou
measurements was grown by molecular beam epita
The potential barriers on each side of the well are 675 n
of Al 0.3Ga0.7As. The well is symmetrically modulation-
doped by silicon layers of sheet density1.3 3 1012 cm22

which are placed 125 nm from each side of the we
The relatively large distance between the donors a
the well ensured that the charge transferred into t
well was insufficient to begin occupying the secon
subband at low temperatures. The mobility at4.2 K was
360 000 cm2yV s, as measured by magnetotransport. A
experiments reported here were performed on a sam
1.01 cm long, 0.7 cm wide, and445 mm thick. An 80 nm
thick aluminum gate was evaporated onto the front
the sample, with a similar layer evaporated on the ba
of the substrate. Ohmic contacts on the sample corn
provide electrical connection to the electrons in the we
The charge density in the well was measuredin situ by
capacitance-voltage profiling.

Far-infrared radiation (FIR) from the UCSB free
electron laser was used to excite the sample. The pul
were 2.5 ms long, with peak powers of,1 kW. The
sample was mounted in a vacuum on the cold fing
of a continuous-flow cryostat. All measurements we
performed with the sample near10 K. FIR was focused
onto the edge of the sample, with the electric field paral
to the growth direction of the sample. A 3 mm thic
plexiglass beam block prevented most of the FIR fro
leaking around the sample. The thick aluminum layers
the front and back serve to confine the FIR field within th
sample. The transmitted FIR was measured using a4.2 K
bolometer. The entire experiment was performed in a d
nitrogen atmosphere to eliminate absorption of the F
by water vapor. To avoid oscillations in transmittanc
due to standing waves within the sample, a broad-ba
© 1996 The American Physical Society
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antireflection coating was evaporated onto the edge of
sample, as described by McKnightet al. [7].

The large dots in Figs. 1 and 2 are attenuation
efficients for our sample, measured at gate biases
20.5 V (sheet densityNs  5.7 3 1010eycm2) and 0 V
sNs  1.1 3 1011eycm2d, respectively. The attenuatio
coefficient is defined asa  2lnfT sVGdyT s22.0 VdgyL,
whereL is the length of the sample andTsV d is the in-
tensity transmitted at a gate voltageVG . (At 22.0 V gate
bias, the well was completely depleted of electrons, p
viding an optical reference.) The top curves show t
absorption at low intensity, where it is independent of
tensity. The three lower curves show the absorption l
shape for intensities comparable to the saturation inten
[8]. As the intensity increases, the peak shifts to low
frequencies and becomes strongly asymmetric. The st
tical uncertainty shown does not take into account syste
atic errors in the transmission of the sample. The shift
lower frequency and distortion of the line shape are m
pronounced for Fig. 2 than for Fig. 1, as would be e
pected from the reduction of a larger depolarization sh
due to a larger charge density.

The experimental results were modeled using a the
by Zału̇zny [6]. This theory calculates the steady-sta

FIG. 1. FIR absorption vs frequency at various intensit
for VG  20.5 V, with Ns  5.7 3 1010 cm22. The large
dots are experimental data, and the curves are calcul
from a theory by Zału˙zny. For 1 Wycm2, t1  760 ps
and Isat  2.5 Wycm2. For 10 Wycm2, t1  230 ps and
Isat  8.3 Wycm2. For 30 Wycm2, t1  130 ps and Isat 
15 W/cm2.
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nonlinear intersubband absorption of a strongly driv
square quantum well including the depolarization shi
It considers two subbands in the rotating wave appro
mation, and uses the Hartree approximation but igno
exchange and correlation. The time evolution of the de
sity matrixr is given by [6]

≠r

≠t
 s1yih̄d fH0 1 H 0std, rg 2 Rr , (1)

where the unperturbed HamiltonianH0 describes the
electrons and their static interactions,H 0std is the per-
turbing Hamiltonian, andR is the relaxation operator.
The perturbation Hamiltonian is the sum of the energy
the electrons in the field, plus the correction to the sta
Hartree energy due to the changes in the electron distri
tion caused by the oscillating field,

H 0std  eDstdz

2 s4pe2yed
Z z

2`

dz0
Z z 0

2`

dz00nnsz00, td , (2)

where Dstd is the external oscillating electric field
nnsz, td is the change in the electron distribution due
the oscillating field, ande is the background dielectric
constant of the semiconductor.

FIG. 2. FIR absorption vs frequency at various intensiti
for VG  0 V, with Ns  1.1 3 1011 cm22. The large dots
are experimental data, and the solid curves are calcula
from a theory by Zału˙zny. For 1 Wycm2, t1  530 ps
and Isat  6.5 Wycm2. For 10 Wycm2, t1  240 ps and
Isat  14.5 Wycm2. For 100 Wycm2, t1  70 ps andIsat 
50 Wycm2.
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Załużny’s theory includes in a nonperturbative mann
the corrections to the Hartree potential caused by the
distribution of electrons in the applied oscillating fiel
These redistributions are responsible for dynamic scre
ing and the depolarization shift. Załużny’s theory is able
to correctly calculate the absorption of the collective i
tersubband excitation even when the second subban
heavily populated by FIR excitation. (Changes to t
static self-consistent potential due to the redistribution
charge in real space are not included, but should not be
important effect in our sample.)

The input parameters of the theory (see Table I) are
dressed intersubband spacingh̄ṽ21, the bare intersubband
spacingh̄v21, the matrix elementz21 ; kx2jzjx1l where
jxnl are the self-consistent wave functions that solve
time-independent Schrödinger equation in the Hartree
proximation, the energy and momentum relaxation ra
G1 and G2 (assumed by Zału̇zny to be independent o
the intensity), and the FIR intensityI. The theory by
Załużny predicts a Lorentzian line shape for the abso
tion at low intensities. We used the parameters from
Lorentzian fit of the low-intensity results to obtain th
dressed intersubband absorption frequencyṽ21 and the
elastic relaxation rateG2. We have assumed a homog
neously broadened line. The bare intersubband spa
sh̄v21d was computed in the local density approximatio
for density functional theory following the procedure d
veloped by Ando, Fowler, and Stern [1]. A well widt
of 40.2 nm gave the best agreement with experiment
measured absorption frequencies and is within an ato
monolayer of the design width of 40.0 nm. These simu
tions included exchange-correlation effects [9], as well
a dc electric field (tilt) across the well. Neither of the
effects are included in the dynamic theory by Zału˙zny.
Because of uncertainties in the actual well width, cha
density, and dc electric field at the well, estimates ofh̄v21
are accurate within roughly63 cm21.

The matrix elementz21 can be obtained directly from
experiment and from our static self-consistent simulatio
The z21 values in Table I were derived from the exper
mentally measured absorption atv  ṽ21 using the rela-
tion (in CGS units)a  4pve2z2

21Nsyc
p

eah̄G2, where
e is the electronic charge,c is the speed of light,e  13
is the dc dielectric constant,Ns is the electronic sheet den
sity, anda is the thickness of the wafer [10]. The simu

TABLE I. Parameters used to fit the data using the theory
Załużny: from experiment,1 from simulations.p

VG  20.5 V VG  0.0 V

ṽ21y2p1 79.9 cm21 81.3 cm21

v21y2pp 72.6 cm21 60.6 cm21

z1
21 7.04 nm 5.38 nm

G
1
2 1.7 cm21 1.7 cm21

dc tiltp 0.31 Vymm 20.10 Vymm
2384
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lations forVG  20.5 V yield z21  7.6 nm, 8% greater
than the experimentally obtained value. Surprisingly, t
simulations forVG  0.0 V yield a z21  8.4 nm which
is 56% greater than the experimentally deduced val
We attribute this discrepancy to interactions of the dens
populated quantum well with the waveguide modes in t
sample [11]. We presently have no detailed understa
ing of this effect, and it is not included in our simulations

The solid curves in Figs. 1 and 2 were computed usi
the theory of Zału̇zny [6] with the parameters from Table
and the experimentally measured intensities as inputs.
a region of predicted optical bistability (see below), w
calculated the solution which corresponded to the syst
starting in an unexcited state [12]. The reduction
intensity of the beam due to the strong absorption a
long path length inside the sample was included in t
calculations. For each of the lower three curves, t
sole fitting parameter was the energy relaxation rateG1 
h̄yt1. The intensity-dependent line shape is reasona
well reproduced by the calculated curves.

Qualitatively, the absorption results may be understo
as follows: Theory predicts the depolarization shift
simply be a function ofN1 2 N2, the difference in popu-
lations of the subbands [12]. Increasing the FIR intens
causes the population in the excited subband to increa
This reduces the depolarization shift, which causes
absorption peak to shift to lower frequencies. If th
frequency of intense FIR excitation is below the low
intensity absorption frequency, then the absorption w
shift down into the laser line, increasing the absorptio
But if the excitation frequency is above the low-intensi
resonance, the absorption of the excited system will sh
down, away from the laser line, reducing the absorptio
This dynamical redistribution of absorption in frequenc
accounts for the unusual asymmetric line shape.

Optical bistability is another prediction of the theory
At high intensities, the solid curves in Figs. 1 and
exhibit a sharp drop in absorption on the low-frequen
side of the absorption peak. In this parameter regio
the absorption can switch suddenly between two sta
solutions. For the two solutions, the excited subba
population is high (low) and the absorption frequency
(is not) significantly redshifted from its equilibrium value
The experimental data in Figs. 1 and 2 do not exhib
the sharp edges predicted by theory. We are curren
investigating this discrepancy, which may be caused by
increase in the linewidth of the absorption during stron
excitation (see below).

The energy relaxation times used for the calculat
curves in Figs. 1 and 2 decrease from 760 to 130 ps a
530 to 70 ps for the low- and high-density data over t
range of intensities studied here. The geometric fact
which lead to a factor of 3 uncertainty in the intensity (an
hence the overall magnitude of the energy relaxation tim
t1) are separately fixed for the data of Figs. 1 and 2, a
do not affect relative relaxation rates. The decrease
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t1 with increasing intensity may occur because, at hig
intensities, the electron gas is hotter, and there will be m
electrons with sufficient energy to emit LO phonons. No
that the theory by Zału˙zny includes only a constant energ
relaxation time, which we have varied as a function
intensity to account for the effects of LO phonon emissi
by hot electrons. Our energy relaxation times, includi
the maximum factor of 3 we estimate from systema
errors, are similar to recently reported times [13–16]. W
have estimated the relaxation time due to acoustic pho
emission [17] to be roughly 750 ps for this structur
consistent with our low-intensity results [18].

Although agreement between the theory by Załużny
and our experimental results is reasonably good, a m
consistent and complete theory is desirable. Such a the
would account for the variation oft1 with intensity. In
addition, the theory would include the effects of chang
in the linewidth of the absorption. If strong excitatio
heats the electrons above the LO phonon energy, then
fast LO phonon dephasing of the electrons will cause
linewidth of the absorption to broaden. This broadeni
will change the nonlinear absorption of the system a
complicate the interpretation of the relaxation times a
saturation intensities obtained from the experiments [1
Finally, the theory would also incorporate the effects
exchange correlation and dc tilt, which were necessary
fit the experimentally measured̃v21, but are not included
in Załużny’s theory.

We have shown experimentally that, as the inters
band resonance is strongly excited with resonant FIR,
absorption frequency decreases. We attribute this shi
a modification in the dynamic screening caused by
change in population of the subbands. This novel me
anism for nonlinearity is quite strong in wide quantu
wells, providing a new arena for the study of interacti
electrons far from equilibrium, as well as the possibili
of engineering novel quasioptical devices.
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