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Free-electron density effects on the exciton dynamics in coupled quantum wells

A. Hernández-Cabrera and P. Aceituno
Departamento de Fı´sica Básica, Universidad de La Laguna, 38206 La Laguna, Tenerife, Spain

~Received 16 December 1999; revised manuscript received 10 February 2000!

We have studied the alterations produced by the free-electron density on the dipole moment generated by the
exciton oscillations in an asymmetric coupled quantum-well system. This physical situation is possible for the
case of carrier injection, when the electron concentration is greater than the hole concentration, and free
electrons and excitons coexist. Excitons are directly created by hole-assisted electron resonant tunneling, where
doped layers supply electrons and holes. Many-body interaction and elastic scattering strongly influence the
coherent dynamics of excitons, leading to time-dependent modifications of the resonant energy levels and of
the level-splitting energies. As a consequence, nonperiodic charge oscillations and nonlinear regimes appear
for electron densities higher than 1010 cm22. Beyond electron densities of 1011 cm22 the exciton generation can
be inhibited, leading to tunneling collapse.
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I. INTRODUCTION

Semiconductor quantum wells have shown many new
tical and electronic properties playing a key role in ma
electronic devices.1,2 Recently, GaAs/GaxAl12xAs semicon-
ductor coupled quantum wells have been used to obs
tunneling charge oscillation in solids.3 In such an experi-
ment, the superposition of both symmetric and antisymm
ric quantum-well eigenstates in the conduction band lead
coherent tunneling between both wells, and thus to
electron-hole pair with a time-dependent separation. The
time-varying excitonic dipole moment in the quantum-w
region is obtained, allowing the emission of electromagne
radiation at the oscillation frequency.

There is also a great interest in other related phenom
as spatially coherent quantum-well~QW! excitons, with an
in-plane momentumkexi;0, due to their capability of radi-
ating in the perpendicular direction to the QW and its p
sible application in vertical planar microcavities. Until now
resonant optical pumping was needed to create such exc
efficiently. In a recent experiment and theory, Caoet al.4

have shown the possibility of the direct creation of elec
cally pumped QW excitons withkexi;0. In a previous
paper5 we analyzed the exciton binding energy in asymm
ric coupled quantum wells~ACQW’s!. In the direct genera-
tion of excitons, electrons tunnel from ann-type material
through a barrier to the left quantum well~LQW!. Owing to
the structure ends in ap-type material~Fig. 1!, we assume
that holes diffuse thermally into the right quantum w
~RQW! and the process is assisted by the electron-hole C
lomb interaction, and a two-particle process is obtain
Then, and under resonant conditions between two adja
wells with different widths, electrons in the excitonic sta
can tunnel back and forth from one well to the other.
commented before, the generated time-dependent dipole
radiate terahertz electromagnetic waves before radiative
combination. Such a dipole moment is determined by
interwell electron density imbalance. The oscillation perio
tT52p\/DT , is determined by the level splitting energyDT

for ACQW’s. HereDT5AD21(2T)2, whereT is the tunnel-
ing matrix element andD is the splitting for uncoupled wells
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The resonance~D50 and DT52T, the minimum splitting
energy! is usually achieved by applying an electric field pe
pendicular to DQW layers. In order to clarify the meaning
mentioned parameters, we sketched in Fig. 2 two pairs
energy levels in the vicinity of the resonances~D50, indi-
cated by arrows! for free electrons and for electrons in th
exitonic state, respectively. Curves correspond to an ACQ
configured by a 8-nm LQW and 6-nm RQW, separated b
3-nm barrier, and subjected to different electric fields.

The resonant photoexcitation has been widely stud
from both the theoretical6–11 and the experimental point o
view.2,12,13While the concentrations of the two types of ca
riers forming excitons are equal in photoexcitation, the c
of direct created excitons is essentially different because
can deal with two very different concentrations of electro
and holes. The different doping of electrodes causes this
culiarity. We stress here that, in the usual experimental c
ditions, donor concentration is greater than acceptor conc
tration ~;1018 and ;1016cm23, respectively!.4 The excess
of injected electrons will remain in the free-electron ener
level without forming excitons and interacting not only b
tween themselves but also with electrons trapped in excito

FIG. 1. Asymmetric double quantum well under the exciton
electron resonant condition in the absence of free-electron den
effects.
15 873 ©2000 The American Physical Society
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The process of direct exciton creation can be considere
two steps: First, if the Fermi level of then-type material
resonates with the electron level in the left well, the elect
tunnels to the wide LQW forming a cross or spatially ind
rect~interwell! exciton with the hole diffused into the narro
RQW ~see Fig. 1!. Second, if the resonant condition for th
electron in the excitonic state between both wells is satisfi
then the electron in the excitonic state tunnels to the RQ
forming a spatially direct~intrawell! exciton. Meanwhile,
holes remain localized in the right well.

In this paper we show that, when the two constitue
~electrons or holes! densities increase, many-body intera
tions cause both the electron in the excitonic state level
free-electron level renormalization and lead to slightly d
ferent resonant conditions for both electron species. Va
tion of the free-electron resonant condition with increase
the electron density is by far less noteworthy than that
excitonic electrons, but free-electron oscillations can mod
excitonic electron oscillations in a determinant way. As
consequence, the charge-oscillation period also varies
nonmonotonic manner producing even the collapse of co
ent tunneling. This problem is interesting from a technolo
cal point of view because the carrier distribution could
used to control the device characteristics. It should be
ticed that, in the present work, the density of carriers will n
be too high (,1012cm22), and therefore many-body pro
cesses as phase-space occupation of the plane waves p
to the interfaces are not relevant.14

The paper is organized as follows. In Sec. II we propo
two coupled sets of Bloch equations to describe the dyn
ics of the electron in the excitonic state and free-elect
densities. In Sec. III we present numerical results and disc
dynamic peculiarities of both types of electron distribution
Also, we include a brief discussion of the approximatio
used in calculations. Concluding remarks are presented in
last section.

II. METHOD OF CALCULATION

In this section we analyze dissipative time-dependent
citonic processes in ACQW’s, examining the dynamical e

FIG. 2. Resonance position~indicated by arrows! for free elec-
trons and for excitonic electrons as a function of an applied elec
field. Solid lines: ACQW’s excitonic electron levels. Dashed line
ACQW’s free-electron levels. Dotted lines: free-electron levels
decoupled QW’s.
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lution of excitonic electron-hole pairs as a function of t
carrier density. The method of calculation is based on
matrix density formalism in the momentum representation10

which gives us the temporal evolution of the injected ca
ers. Initially, a group of electrons tunnels into the LQW. T
charge, dynamically trapped by the energy-level resona
between wells, produces a reaction field that modifies
time evolution of the system.

We assume that injected electrons in the LQW, wh
were initially in then-doped material, follow ad distribution
in time, e.g., we assume an ultrafast injection to simpl
calculations.~Actually, electrons spend some time in tunne
ing across the left confining barrier and a Gaussian distri
tion may be more adequate. The analysis of the exact form
the injection and the diffusion is the subject of future work!.
Also, diffusion of holes from thep-doped material to the
RQW is considered as ad(t) function. We use the previou
approximation since we are interested in knowing the evo
tion of densities after injection, which does not depend
any associated field, as opposed to the photoexcitation.

In order to study the dynamics of electron tunneling, w
start from the quantum kinetic equation for the density o
erator R̂(t) in the momentum representation, which is o
tained from the Liouville quantum equation,

]R̂~ t !

]t
1

i

\
@Ĥ,R̂~ t !#50. ~1!

HereĤ is the many-band Hamiltonian of the ADQW, whic
includes the Coulomb interaction between carriers. W
project Eq.~1! on the conduction band as in Ref. 8, cons
ering the pair of tunnel-coupled states, which are descri
in a basis of the left~l! and right~r! QW orbitals@f l(z) and
f r(z), respectively#. Such orbitals are the transverse comp
nents of electron eigenstates for the corresponding sin
well cases. All the populated hole states belong to the ri
well, and we describe them by the set of ther QW orbitals
fb(z), where b is the hole subband number. To use t
orbital representation we must ensure that the injected
diffused carrier densities are small enough to neglect the
formation of the orbitals due to the screening of Coulom
interaction. This approximation is valid when the ban
bending energies are small with respect to the carrier qu
tization energies. For the GaAs-Ga0.65Al0.35As ADQW the
approximation above can be used if carrier densitiesN
<1012cm22. The screening of the two-particle Coulomb in
teraction can be negligible compared with the repulsive H
tree term. It is important to mention here that the effect of
electron-hole Coulomb interaction, even if unscreened,
be canceled by other many-body processes beyondN
'1011cm22. Moreover, we neglect the transversal moti
operator, which is relevant in exciton binding-energy calc
lations.

Following Ref. 8 the Hamiltonian of the Coulomb inte
actionVC is obtained from15

VC5
1

2s(
m,n

(
s,s8

(
k,k8,q

Mmn~q!amsk1q
† ans8k82q

† ans8k8amsk .

~2!
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Herem, n indicates electron states~l, r! and hole states~b!, S
is the normalization area, andq5uqu. Coulomb matrix ele-
mentsMmn(q) are defined as follows:

Mmn~q!5
2pemen

eq E E dz dz8 exp~2quz2z8u!

3ufm~z!u2ufn~z8!u2, ~3!

whereen5e for n5 l ,r and en52e for n5b, e being the
electronic charge ande the dielectric function, which we
assumed to be constant across the interfaces. In the fo
expressions we have made use of the same approxima
as in Ref. 8. However,Mmn(q) is quite different for free
electrons and for electrons in the excitonic state. Thus, re
malization of level-splitting energies will be different for th
two types of electron levels.

To obtain the one-particle contribution in the Hamiltoni
VC , we use the Hartree-Fock approximation that leads to
kinetic equation

]r̂pt

]t
1

i

\
@ ĥ1Ût2Ĝpt ,r̂pt#5 Î pt1Ĝpt , ~4!

where all terms have been described elsewhere.8 We have
introduced the collision-integral matrixÎ pt and the matrix of
interband generationĜpt as in Ref. 16. Here after we trea
the collision-integral matrix in the elastic-scattering appro
mation. We neglect interband recombination processes
cause they are much slower than the scattering-induced
laxation. After integration over the electronic wave vect
we found the Bloch-equation system for the vector den
nt5(nt

x ,nt
y ,nt

z) evolution

]nt

]t
2@L t3nt#5Gt , ~5!

]nt
0

]t
5Nd~ t !. ~6!

Herent
0 is the sheet electron density per one well, e.g., h

the total density of electrons in the DQW structure;G(t)
5„0,0,Nd(t)… is the generation term and L t
5(2T/\,0,D t /\) describes nonlinear dynamical properti
of the system. Equations~5! and ~6! split into two coupled
Bloch systems, one for free electrons and the other for e
tons. Analytical expressions are identical for both syste
taking into account the different values of densities, gene
tion terms, and level-splitting energies.

After some algebra we obtain

D t,exc5D1
2pe2

e E E dz dz8uz2z8u

3@ uf r~z8!u22uf l~z8!u2#

3F uf l~z8!u2nt,exc
l 1uf r~z8!u2nt,exc

r 2(
h

ufb~z!u2nt
bG
~7!

and
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D t, f5D1
2pe2

e E E dz dz8uz2z8u

3@ uf r~z8!u22f l~z8!u2#

3@ uf l~z8!u2nt, f
l 1uf r~z8!u2nt, f

r #, ~8!

where subscriptsf and exc refer to free electrons and ele
trons in the excitonic state, respectively. It is worth mentio
ing that excitonic electrons not only interact among the
selves and with holes but with free electrons as well. Anot
difference with respect to the photoexcitation case is that
the present case, holes and electrons are located in diffe
wells at t50; nt,exc

j (nt, f
j ) is the excitonic electron~free-

electron! density in thej well ( j 5 l ,r ), and nt
b is the hole

density in thebth hole subband in the right well. Under thes
circumstances,

2Nh5(
b

nt
b5nt,exc

r 1nt,exc
l . ~9!

Here 2Nh is the total hole sheet density. If we denote by 2N
the total electron density, we find

2N5(
j

~nt, f
j 1nt,exc

j !52Nf12Nh , ~10!

where 2Nf is the free-electron density, and

nt, f ~exc!
z 5Nf ~exc!2nt, f ~exc!

r ,

~11!
2nt, f ~exc!

z 5nt, f ~exc!
l 2nt, f ~exc!

r ,

nt,tot
z 5nt,f

z 1nt,exc
z being proportional to the total dipole

moment.17 Due to the fact that holes are located in the rig
well, expressions~7! and ~8! become

D t,exc5D1
4pe2

e
Z~nt,exc

z 1Nh! ~12!

and

D t, f5D1
4pe2

e
Znt, f

z , ~13!

whereZ is the distance between the centers of the left a
right wells.

Hereafter we express thent,exc
i densities in units ofNh ,

nt, f
i in units of Nf , and time in units of\/2T. Also, we

introduce dimensionless parameters

aexc5Nh

pe2Z

eT
, a f5Nf

pe2Z

eT
, k5

\

2Tt
, b5

D

2T
.

~14!

Heret is the relaxation time for the nondiagonal part of t
density matrix.16 Parametersaexc and a f are related to the
doping concentration of donors and acceptors~assuming that
they are fully ionized!, k characterizes the dissipation, andb
accounts for the coupling strength between wells and
asymmetry of the ACQW.b50 states the resonant cond
tions ~see Fig. 2!.

Now, dimensionless Bloch equation system~5! for exci-
tons reads
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ṅt,exc
x 1@b12aexc~nt,exc

z 11!#nt,exc
y 1knt,exc

x 50,

ṅt,exc
y 2@b12aexc~nt,exc

z 11!#nt,exc
x 1knt,exc

y 1nt,exc
z 50,

~15!

ṅt,exc
z 2nt,exc

y 50,

where ṅt
i5dnt

i /dt. The previous system is coupled to th
corresponding system for free electrons:

ṅt, f
x 1~b12a fnt, f

z !nt, f
y 1knt, f

x 50,

ṅt, f
y 2~b12a fnt, f

z !nt, f
x 1knt, f

y 1nt, f
z 50, ~16!

ṅt, f
z 2nt, f

y 50,

with the initial conditionsnt,i
z 51 andṅt,i

z 50 at t50. We can
see from expressions~15! and ~16! the distinct resonant po
sitions for excitonic electrons and for free electrons. Solv
both systems jointly we getnt,tot

z , which is proportional to
the total dipole moment, as we have stated above.

III. RESULTS AND DISCUSSION

In this work we consider an ACQW potential~Fig. 1!,
with a distance between the centers of the wellsZ'10 nm.
For typical experimental conditions, 2T'5 meV and e
512, we obtain thata i51 corresponds to a sheet dens
Ni'531010cm22, and k50.1 corresponds to a relaxatio
time t'1.3 ps.

To analyze the response of the electron system as func
of time, we perform numerically the coupled systems~15!
and~16! through the Runge-Kutta method. We will focus o
attention on the most interesting results corresponding to
cases in which the concentrations of injected electrons
higher than thermally diffused hole concentrations. At fi
we have studied the influence of the free-electron concen
tion on the oscillatory regime of excitons. For this purpo
we used a fixed hole density ofNh'1010cm22 (aexc
50.2), varying the injected electrons in a range betweenN
5Nh andN510Nh ~there are no remarkable differences f
lower Nh values except a very low increase in the oscillati
period, upon making itNh!. Figure 3~a! shows the time evo-
lution of nt,tot

z for (aexc,b)5(0.2,20.4) andk50.05. The
factor (b12aexc) is equal toD t,exc/2T at nt,exc

z 50 and b
5D t, f /2T at nt, f

z 50, and correspond to the level-splittin
energies att→`. b522aexc gives us maximum excitonic
electron oscillation amplitude for each density.18 Panel 1 rep-
resents the behavior for the two excitonic electron lev
close to their resonance. As soon as the free-electron de
increases, the renormalization of energy levels slightly s
excitonic electron levels apart from resonance and pla
free-electron levels near resonance. Moreover, the excit
electron level approaches the free-electron level. As a c
sequence quantum beats appear~panel 2!. From a physical
point of view, the higher density of injected electrons pr
duces a relative widening of the excitonic electron le
splitting and a relative narrowing of the free-electron lev
splitting. Then the free-electron oscillation amplitude dom
nates dipole moment forN;631010cm22 ~panel 3!. Finally,
the positive part of the Hartree potential cancels the att
tive Coulomb interaction. As a consequence, excitons
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longer exist, giving rise to a dense gas of free electrons,
a ‘‘chaotic’’ behavior occurs~panel 4!. Such a situation is
delayed for higher hole densities (aexc51). Panel 1 of Fig.
3~b! presents the appearance of the nonlinear regime for
citons, and quantum beats remain even for injected dens
beyondN;1011cm22.

Figures 4~a! and 4~b! include a parallel analysis for a
fixed density of injected electrons. For~a!, a tot51, the sheet
density Nh of diffused holes varying from 0 to 4
31010cm22; for ~b!, a tot52, with Nh ranging from 0 to 8
31010cm22. Panel 1 of Fig. 4~a! shows the situation in
which only free electrons are present. Once holes have b
introduced into the RQW, the density of free electrons
reduced, and the corresponding relative energy splitting
creases. It should be noted that energy splitting is a tim
dependent function due to its dependence onnt, f

z . The rela-
tive increase of the energy splitting refers to its value
Nh(Nf)→0. Once the hole density~excitonic electron den-
sity! exceeds the free-electron density, anharmonic osc
tions occur~panels 3 and 4!. Figure 4~b! shows a similar
behavior of the dipole moment~for a fixedN51011cm22! as

FIG. 3. Time evolution of normalized dipole moment for a fixe
excitonic electron~or hole! sheet densityNh close to resonance an
for different values of (a i ,b). ~a! Nh51010 cm22, aexc50.2, and
b520.4. Panel 1:a f50; panel 2:a f50.2; panel 3:a f51; panel
4: a f51.8. ~b! Nh5531010 cm22, aexc51, andb522. Panel 1:
a f50; panel 2:a f50.2; panel 3:a f51; panel 4:a f51.8.



e
in
a

o
n
an

r
u-
s
s
th
e
rg
ic

e
ra
n

ially
The
rrier
ds

illa-
tive
ing
e of
ns
cal-
he
and
tri-
lf-
ons,
on-
ef.
in-
in-
ual
e-

e

ee for

PRB 61 15 877FREE-ELECTRON DENSITY EFFECTS ON THE . . .
in Fig. 4~a!. Of course, higher density produces a decreas
the nt,i

z oscillation amplitude due to the electron-electron
teraction and changes in resonant conditions. We usek
50.05 value in calculations.

The set of Figs. 5 and 6 represents the total dipole m
ment for the same densities of holes and electrons tha
Figs. 3 and 4, but far from the excitonic electron reson
condition ~aexc5b in Figs. 5 and 6!. The most interesting
situations occur forNh'531010cm22 @Fig. 5~b!#. After a
transient anharmonic regime quantum beats appear foN
'1.431011cm22, and free-electron oscillations are mod
lated for the very low excitonic electron oscillations becau
free electrons are closer to their resonances than exciton

A general feature that we have mentioned above is
relation of anharmonic responses with the electronic conc
trations, which can be expressed in terms of the cha
density.19 In the absence of dissipation and for electron
densities lower than 231010cm22, the harmonic oscillatory
behavior persists unaltered during a long time due to the v
low influence of many-body contributions and to the sepa
tion far from the resonance for free-electron levels. Beyo

FIG. 4. The same as Fig. 3 for fixed injected-electron sh
density N and for b522aexc. ~a! N5531010 cm22. Panel 1:
aexc50, a f51. Panel 2:aexc50.2, a f50.8. Panel 3:aexc50.5,
a f50.5. Panel 4:aexc50.8, a f50.2. ~b! N51011 cm22. Panel 1:
aexc50, a f52. Panel 2:aexc50.4, a f51.6. Panel 3:aexc51, a f

51. Panel 4:aexc51.6, a f50.4.
of
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e
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e
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d

the last density the shift of the resonance causes a part
transmitted electronic charge across the central barrier.
magnitude of the remaining charge depends on the ca
concentration. Then initial amplitude of oscillations depen
on carrier density as Figs. 3–6 show. Of course, the osc
tion amplitude also decreases with time due to dissipa
damping. This situation can be explained using the follow
arguments: the space-charge potential is a consequenc
the difference between the spatial distribution of electro
and holes. In our proposed system, electrons are not lo
ized but holes are confined within the right well layer. T
space-charge potential is repulsive for the localized holes
attractive for electrons. To obtain an accurate carrier dis
bution one must include the Hartree potential se
consistently. As a consequence, at low carrier concentrati
the electron-hole interaction dominates over electr
electron and hole-hole repulsion. This fact was shown in R
5, where only the electron-hole Coulomb interaction was
cluded. An increase in the number of carriers helps in
creasing the repulsive part of the Hartree potential to eq
the Coulomb interaction. From this point the oscillation p
riod strongly decreases.19 These results agree fairly well with
those of Raichev8 about photoexcited carriers. When th

t FIG. 5. The same as Fig. 3 for a fixed hole density and
excitonic electron far from resonant conditions.~a! Nh51010 cm22

andb50.2. ~b! Nh5531010 cm22 andb51. a i values for panels
1–4 are the same as for Fig. 2.
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Coulomb interaction is absolutely canceled, excitonic el
tron levels and free-electron levels coincide and excitons
appear.

Some comments about approximations used in calc
tions are now given. We assumed an ultrafast injection
diffusion into the wells, such that the duration of such p
cesses is shorter than the period of the coherent oscillati
Since the interwell separationZ ~;10nm! is typically of the
order of the exciton Bohr radiusaB , we neglected the ex
change contribution in comparison with the direct Coulom
contribution, due to the small value of\/Am«̄Z, where«̄ is
the mean energy of the injected electrons. Also, we assu
that «̄ is large with respect to the effective level-splittin
energies for the DQW.

We would like to mention here that, at densities much l
than that required to produce unbinding, an exciton can b
with a second excess electron to form a negatively char
exciton~a trion,X2!.20 We did not consider in this work the
possibility of forming trions because of the electric-fiel
induced ionization of these complexes. A modest elec

FIG. 6. The same as Fig. 4 for fixed injected-electron sh
densityN andb5aexc ~a! N5531010 cm22. Panel 1:aexc50, a f

51. Panel 2:aexc50.2,a f50.8. Panel 3:aexc50.5,a f50.5 Panel
4: aexc50.8, a f50.2. ~b! N51011 cm22. Panel 1:aexc50, a f52.
Panel 2: aexc50.4, a f51.6. Panel 3:aexc51, a f51. Panel 4:
aexc51.6, a f50.4.
-
s-

a-
d
-
s.

ed

s
d
d

ic

field ~; 10 kV/cm! applied normal to QW’s causes a sha
reduction in the second electron binding energy ofX2.21 The
electric field required to achieve the electron resonance
our proposed structure is about 25 kV/cm. We expected
the formation of such complexes should be quenched at
electric field.

IV. CONCLUSIONS

We have studied the free-electron density effects on
time evolution of direct created excitons by means of t
coupled Bloch systems, obtained from the Liouville quantu
equation. The excitonic dynamics is basically determined
carrier concentrations and the dissipation even for narr
gap materials. Our results show that, for electron densi
higher than 1010cm22, the repulsive part of the Hartree po
tential tends to equal the electron-hole Coulomb poten
and the oscillation period decreases. When the repulsive
of the Hartree potential cancels electron-hole Coulomb in
action, excitons no longer exist. Also, we have found a v
rich variety of responses, from modulation and quant
beats to an anharmonic regime, as a consequence of the
ferent densities of the two kinds of electron levels. Densit
mainly affect level-splitting energies and resonances~cou-
pling strength!. Electron oscillations together with the con
fined hole will lead to a nonlinear coherent electromagne
radiation emerging from the semiconductor ACQW, af
electrical injection. Taking into account that the mean life f
an electron-hole pair in GaAs is longer than 100 ps, an
perimental observation of such a process can be poss
Other quantities, such as current densities~which are directly
translated into terahertz radiation!, can be straightforwardly
calculated with this method as well.

It should be noticed that, unfortunately, only photoexci
tion experiments for ACQW’s are available. In such expe
ments, the main effect of the photoexcited carrier density
reduction of both the oscillation period and amplitude.10 In
practice, the electron density is low (&1011cm22), even in
electronic injection, to produce considerable nonlinear
fects. Then, we studied effects of the Coulomb interact
only in the first order of perturbation theory, neglecting flu
tuations of the electron density. Such fluctuations lead to
dephasing of the coherent oscillations. This dephasing ef
increases with the excitation densitya. Then, we restricted
ourselves to moderately low values of the excitation den
(a<2).

It can be concluded that, though the most adequate d
sities for practical purposes in our structure~for achieving an
appreciable oscillation amplitude and a constant period! are
included between 109 and 1010cm22, some density-
dependent processes such as modulation of radiation, q
tum beats, and nonlinear responses promise interesting t
nical applications in commutation and communication
Therefore, the detailed study of high-density peculiarities
serves special attention.

ACKNOWLEDGMENT

This work has been supported in part by Gobierno A
tónomo de Canarias: Consejerı´a de Educacio´n, Cultura y De-
portes.

t



-

.

.

.

B

L

i-

an

C

l.
.
ns.

i-

L.

r,

-
nd

D.

PRB 61 15 879FREE-ELECTRON DENSITY EFFECTS ON THE . . .
1L. Esaki, IEEE J. Quantum Electron.QE-22, 1611~1986!.
2M. Abe, T. Mimura, K. Nishiuchi, A. Shibatomi, and M. Koba

yashi, IEEE J. Quantum Electron.QE-22, 1870~1986!.
3H. G. Roskos, M. C. Nuss, J. Shah, K. Leo, D. A. B. Miller, A

M. Fox, S. Schmitt-Rink, and K. Ko¨hler, Phys. Rev. Lett.68,
2216 ~1992!; P. C. M. Planken, M. C. Nuss, I. Brener, K. W
Goosen, M. S. C. Luo, S. L. Chuang, and L. Pfeiffer,ibid. 69,
3800 ~1992!.

4H. Cao, G. Klimovitch, G. Bjo¨rk, and Y. Yamamoto, Phys. Rev
B 52, 12 184~1995!; Phys. Rev. Lett.75, 1146~1995!.

5P. Aceituno, H. Cruz, and A. Herna´ndez-Cabrera, Phys. Rev.
54, 17 677~1996!.

6P. C. M. Planken, I. Brener, M. C. Nuss, M. S. C. Luo, and S.
Chuang, Phys. Rev. B48, 4903 ~1993!; M. S. C. Luo, S. L.
Chuang, P. C. M. Planken, I. Brener, and M. C. Nuss,ibid. 48,
11 043~1993!.

7F. T. Vasko and O. E. Raichev, Phys. Rev. B51, 16 965~1995!;
O. E. Raichev, F. T. Vasko, A. Herna´ndez-Cabrera, and P. Ace
tuno, J. Appl. Phys.80, 5106~1996!.

8O. E. Raichev, Phys. Rev. B51, 17 713~1995!.
9E. Binder, T. Kuhn, and G. Mahler, Phys. Rev. B50, 18 319

~1994!.
10F. Rossi, T. Meier, P. Thomas, S. W. Koch, P. E. Selbmann,

E. Molinari, Phys. Rev. B51, 16 943~1995!; F. Rossi, Semi-
cond. Sci. Technol.13, 147 ~1998!.
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14B. Olejniková, Superlattices Microstruct.14, 215 ~1993!.
15C. Kittel, Quantum Theory of Solids~Wiley, New York, 1963!.
16F. T. Vasko and O. E. Raichev, Zh. Eksp. Teor. Fiz.108, 21 033

~1995! @Sov. Phys. JETP81, 1146~1995!#.
17O. E. Raichev, F. T. Vasko, A. Herna´ndez-Cabrera, and P. Ace

tuno, Phys. Rev. B56, 4802~1997!.
18J. M. Hernández, A. Herna´ndez-Cabrera, and P. Aceituno~unpub-

lished!.
19A. Hernández-Cabrera, Physica E~Amsterdam! 4, 65 ~1999!.
20K. Kheng, R. T. Cox, Y. Merle d’Aubigne´, F. Bassani, K. Sami-

nadayar, and S. Tatarenko, Phys. Rev. Lett.71, 1752~1993!; H.
Buhmann, L. Mansouri, J. Wang, P. H. Beton, N. Mori,
Eaves, M. Henini, and M. Potemski, Phys. Rev. B51, 7969
~1995!; G. Finkelstein, H. Shtrikman, and I. Bar-Joseph,ibid.
53, R1709~1996!; A. J. Shields, J. L. Osborne, D. M. Whittake
M. Y. Simmons, M. Pepper, and D. A. Ritchie,ibid. 55, 1318
~1997!; D. B. Turchinovich, V. P. Kochereshko, D. R. Yakov
lev, W. Ossa, G. Landwehr, T. Wojtowicz, G. Karczweski, a
J. Kossut, Fiz. Tverd. Tela40, 813~1998! @Phys. Solid State40,
747 ~1998!#.

21A. J. Shields, F. M. Bolton, M. Y. Simmons, M. Pepper, and
A. Ritchie, Phys. Rev. B55, R1970~1997!.


