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Dynamical localization and absolute negative conductance in an ac-driven double quantum wel
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~Received 24 January 1997!

We analyze theI -V characteristic of a double quantum well integrated into an antenna and driven by THz
radiation. We propose a microscopic model to calculate self-consistently the sequential current including the
Coulomb interaction in a mean-field approximation. Additional features in theI -V characteristics appear that
depend not only on the frequency and the intensity of the ac field but also on the charge in the wells. We
observe dynamical localization and absolute negative conductance in the linear response regime. We compare
our calculations with recent experiments in ac-driven double wells.@S0163-1829~97!07720-5#
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The effect of an ac field on the transport properties
nanostructures has been a subject of increasing interest i
past few years. Recently transport experiments have b
performed in semiconductor nanostructures in different
fields. Photoassisted current through a double barrier~DB!
irradiated with FIR light shows1 additional features which
can be explained in terms of the coupling of different ele
tronic states induced by the electromagnetic field.2 The effect
of an ac potential on the conductance and current in quan
dots3,4 in superlattices~SL’s!,5 and in double quantum well
~DQW’s! ~Ref. 6! has been measured and new physical f
tures, such as dynamical localization~DL! and absolute
negative conductance~ANC!, have been observed.5 Also
Rabi transitions between discrete states and electron pu
ing in double quantum dots~DQD’s! have been analyze
within the Keldysh formalism.7

In this work we propose a model for analyzing the tim
average current in a triple barrier~TB! integrated into an
antenna and driven by THz radiation. In this configuratio
the irradiated antenna produces an oscillatory signal betw
the left and right lead, i.e., a time-dependent bias drops
tween the emitter and collector. In order to account for sc
tering due to roughness at the interfaces, phonons, or im
rities, we analyze sequential tunnel: we calculate the cur
from the emitter to the left wellJe,1 , from the left well to the
right well J1,2, and from the right well to the collecto
J2,c . Current conservation determinates the Fermi ener
in the wells and the sequential current. The effect
electron-electron interaction in these quasi-3D structures
be treated as a perturbation to the noninteracting sys
within a mean field approximation.8,9 The charge accumu
lated in the wells produces an additional electrostatic po
tial which modifies their electronic structure, transmissi
coefficient, and current. We solve self-consistently
Schrödinger equation including the ac field and the Poiss
equation. The induced electrostatic potential does not d
550163-1829/97/55~19!/12860~4!/$10.00
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linearly through the sample, and accumulation and deple
layers in the emitter and collector are built up. Details of t
electrostatic model are given elsewhere.9

The Hamiltonian for the DQW driven by an ac potential

H~ t !5 (
kieL,R

Eki
~ t !cki

† cki1 (
kje1,2

Ekj
~ t !dkj

† dkj

1 (
kikj H i5L, j51

i5R, j52.

~Tkikjcki
† dkj1H.c.!

1 (
k1k2

~Tk1k2dk1
† dk21H.c.!. ~1!

Here, Tkikj and Tk1k2 are the tunneling matrix element
~leads-well and well-well, respectively!.10 The ac field in-
duces a time-dependent bias between the emitter and co
tor producing a dipole around the central region. The el
tronic energies become time dependentEki

(t)

5Eki
0 1eFzicosv0t, wherezi is assumed constant~its mean

position! in each spatial region. This implies tha
the mixing of electronic states within each spatial regi
due to the position operatorẐ is neglected. This approx
imation, which was assumed in the model of Tien a
Gordon,11 is reasonable for this configuration where t
time-dependent potential drops just between the le
and for nonresonant conditions~for v0ÞD/\,D being the
subband spacing!. The operators acquire phas
factors of the form cki(t)5e2( i /\)Ekite2 ieFzi /\v0sinv0tcki
5e2( i /\)Ekit(n52`

` Jn(eFzi /\v0)e
2 inv0tcki .

Each term in the sum corresponds to then sideband
which develops the spectral density. In the case of seque
tunneling, first order in perturbation theory gives a good d
scription of the tunneling~coherent tunneling considering in
finite order in the tunneling perturbation has been solved
Ref. 10!. We obtain the following transition probabilities:
P1~Ee ,E1!5
2p

\ (
n52`

`

Jn
2~be1!S 2\4

m* 2D keL F kek1
2~a11a18!2e22a1d1

S d21 1

a18
1

1

a2
D ~ke

21a1
2!~k1

21a18
2!G2p2

S2
dkW id~Ee2E11n\v0!,
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P2~E1 ,E2!5
2p

\ (
m52`

`

Jm
2 ~b12!S \4

m* 2D F k1
2k2

2~a21a28!2e22a2d3

S d21 1

a18
1

1

a2
D S d41 1

a28
1

1

a3
D ~k1

21a2
2!~k2

21a28
2!G2p2

S2
dkW id~E12E21m\v0!,

P3~E2 ,Ec!5
2p

\ (
p52`

`

Jn
2~b2c!S 2\4

m* 2D kcL F k2
2kc~a31a38!2e22a3d5

S d41 1

a28
1

1

a3
D ~k2

21a3
2!~kc

21a38
2!G2p2

S2
dkW id~E22Ec1p\v0!, ~2!
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where Ek5\2ki
2/2m*1ekz, be15eF(z12ze)/\v0 ,

b125eF(z22z1)/\v0, and b2c5eF(zc2z2)/\v0 are re-
lated with the ac potential drops between the different
gions@zi is the position at the center of thei well andze,c is
the position at the emitter~collector!#, a i (a i8) are the com-
plex wave vectors at thei barrier for the initial~final! energy,
ki is the wave vector of the ground state at thei well, and the
terms in brackets are the inelastic transmissionsT1(ee ,e1),
T2(e1 ,e2), and T3(e2 ,ec) through each barrier. The tim
describing the relaxation between the states due to coup
with phonons is;10213 s.12 The density of states~DOS! in
the growth direction is then described as Lorentzians o
meV half-width. Irreversibility is assumed in formula~2!. In
this case the Fermi golden rule is valid.13 This is clearly the
case forP1 and P3, where there is a continuum of state
involved. In the case of the transmission probability from t
left to right well, we assume irreversibility due to the broa
ening of the DOS induced by scattering, as well as to the
continuous in-plane DOS. On top of that, if the tunneli
time associated to the outer barrier is shorter than the
corresponding to the barrier separating the two wells,
process of tunnel becomes irreversible. However, in the c
of an isolated DQD, disconnected with a continuous DOS
the leads and in the ideal case where no scattering occurs
tunnel is a reversible process and a description in term
Rabi transitions should be considered.7,13 The expression for
the currents is

Je15
2ekBT

p2\ (
n52`

`

Jn
2~be1!E g

@~ee1n\v02er1!
21g2#

3T1~ee,ee1n\v0!lnF 11e
~eF2ee!

kBT

11e
~ev1

2ee2n\v0!

kBT

Gdee ,

J125
2e\kBT
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3
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T2~e1 ,e11m\v0!

3 lnF 11e
~ev1

2e1!

kBT

11e
~ev2

2e12m\v0!

kBT

G de1 , ~3!
-

ng

1

e
-
D

ne
e
se
t
the
of

J2c5
2ekBT
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kBT

11e
~eF2eV2e22p\v0!

kBT
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wheree r1 ande r2 are the ground states of the left and rig
wells. For simplicity we restrict the previous equations to t
tunneling between ground to ground state~the generalization
to excited well states is straightforward!. The Fermi energies
ew1 and ew2 of the wells are obtained through the set
transcendental equationsJ2Je150;J2J1250;J2J2c50.
At this point we solve the Poisson and Schro¨dinger equation
self-consistently to obtain the current. In order to comp
with recent experiments,6 we analyze a sample consisting
two GaAs quantum wells 180 Å and 100 Å wide separa
by a barrier of Ga0.7Al0.3As of 60 Å. The outer barriers are
35 Å thick ~samplea). The emitter and collector aren1

doped (531017 cm23). In Fig. 1~a! the J/V curve is shown
with and without Coulomb interaction. We observe a ma
peak coming from the alignment of the two ground states
the two wells. Two additional peaks show up at both sides
the main peak symmetric in bias but asymmetric in intens
and which correspond to induced one-photon absorption
emission. The asymmetry takes place due to the increas
the transmission probability at higher bias and to the asy
metry of the charge accumulated in the wells@see Fig. 1~b!#.
The behavior ofJ for differentF and for fixedw0 is shown
in Fig. 2~a!: asF increases, new satellites show up indicati
that multiphoton processes increase in probability, the m
peak is reduced, and the satellites become more intense.
J is quenched for some frequencies and intensities of
field. This effect has been discussed14,15 in terms of zeros of
theJ0 Bessel functions: as the argument approaches the
zero (;2.4), dynamical localization of electrons takes plac
independent of the transparence of the barriers. The exp
ments are very similar to our results. However, we did n
observe the small shift that the peaks experience asF in-
creases and which is interpretated as heating of the con
regions.6 As the power increases, the effect of the ac field
the charge accumulated in the wells increases too. It wo
be expected8 that for high intensities the ac field would affe
the charge and the self-consistent current explaining also
shift of the peaks. We do not observe an appreciable shift
intensities of the order of 105 V/m but this is observed for
intensities at least one order of magnitude higher.8 There is
also another effect that could explain this shift consider
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FIG. 1. ~a! J/V for ac sequential
tunneling through a TB~with and
without self-consistency! ~inset with-
out ac!; ~b! 2D self-consistent charge
in the left and right well as a function
of V ~the inset shows the Fermi level
of the two wells! for sample a
(F51.53105 V/m, v051.5 THz,
T5100 K!.
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the dipole term as a quantum operator.4,16 The term
eFẐcos(v0t) will produce a shift of the energies
d5e2F2^ki uẐuki&2/\v0. However, the shift become
negligible,2 due to the smallness of the diagonal matrix e
ments ofẐ. J/V for different frequencies is shown in Fig
2~b!. As v0 increases, the satellite peaks move far apart
early from the main one, which increases in intensity as
satellite peaks decrease. Finally, we observe ANC in a
ferent sample: a Ga0.7Al0.3As TB of 50 Å and a DQW of
GaAs of 150 Å with an emitter Fermi energy of 18 me
~sampleb). This effect, which has been discussed for diffe
ent systems,14,16,17 has been observed in SL’s~Ref. 5! for
low bias. The negative conductance induced by the ac fi
can be explained in terms of the Fermi distributions. Eq
-

-
e
f-

-

ld
-

tion ~3! shows that the supply function contains a superpo
tion of effective dc voltages6p\v0 /e, each one weighted
nonlinearly by the Bessel functions. This effect is respo
sible for the negative conductance due to the fact that
Fermi factors can be expressed in terms of effective Fe
energies~for instance,EFeff

5EF2eV6p\v0, in the collec-

tor!. For some ranges ofF andv0, the electrons are able t
overcome the static bias (eV<pmax\v0) and electronic
pumping in the opposite direction occurs.18 We study the
dependence of the ANC withF. In some cases we observ
that the differential conductance and the current change
by tuningF ~Fig. 3! and that the conductance becomes ne
tive with increasingF and again positive asF increases fur-
ther. The differential conductance at zero bias changes
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at field intensities of the order of 7105 V/m as in
experiment.5 The reason for this is that at this frequency a
intensity of the field the direct tunneling channelJ0 is

FIG. 2. ~a! Self-consistentJ/V for v051.5 THz and differentF; ~b! at
F51.53105 V/m and different ac frequencies~samplea, T5100 K!.
quenched~dynamical localization! and the one-photon pro
cesses are the available ones for tunneling. However, for
bias the emission from the left to the right well is blocke
due to the occupation of the ground state in the right w
Then the absorption channel is enhanced and the cur
flows in an opposite direction to the dc bias. As the b
increases, the emission channel is opened and the cu
becomes positive again.

In conclusion, the ac sequential current through a tri
barrier is evaluated including the Coulomb interaction, sc
tering effects, and temperature. By means of our model,
can explain the behavior ofJ/V as a function of thev0 and
intensity in good agreement with the experimental inform
tion. We analyze different samples and we observe inter
ing features in the current, such as DL and ANC. Both
fects can be controlled by tailoring the sample and
harmonic potential configuration.
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FIG. 3. J/V for v051.5 THz and differentF in the low bias regime
~sampleb, T510 K!.
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