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Dynamical localization and absolute negative conductance in an ac-driven double quantum well
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We analyze the-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 if f¥iecharacteristics 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 wWe8163-182@07)07720-5

The effect of an ac field on the transport properties oflinearly through the sample, and accumulation and depletion
nanostructures has been a subject of increasing interest in thayers in the emitter and collector are built up. Details of the
past few years. Recently transport experiments have beeectrostatic model are given elsewhére.
performed in semiconductor nanostructures in different ac The Hamiltonian for the DQW driven by an ac potential is
fields. Photoassisted current through a double ba(bé)
irradiated with FIR light showsadditional features which H(t)= > Ec(boiac+ > E(tdfdy
can be explained in terms of the coupling of different elec- kLR 0 gel2
tronic states induced by the electromagnetic ffeTdhe effect
of an ac potential on the conductance and current in quantum + Z (Tk.k.cl_dk_+ H.c)
dots** in superlatticegSL’s),® and in double quantum wells K [?:L' =1
(DQW'’s) (Ref. 6 has been measured and new physical fea- '
tures, such as dynamical localizatidbL) and absolute +
negative conductancéANC), have been observédAlso +k2k (Tklkzdkldk2+H-C-)- @

Rabi transitions between discrete states and electron pumE'— v . .
ing in double quantum dotéDQD’s) have been analyzed Here, Tkik,- and Tklk2 are the tunneling matrix elements
within the Keldysh formalisnd. (leads-well and well-well, respectively® The ac field in-

In this work we propose a model for analyzing the time-duces a time-dependent bias between the emitter and collec-
average current in a triple barri¢TB) integrated into an tor producing a dipole around the central region. The elec-
antenna and driven by THz radiation. In this configuration,tronic  energies  become time dependenE, (t)
the irradiated antenna produces an oscillatory signal between E(k’i+ercos»0t, wherez; is assumed constafits mean
the left and right lead, i.e., a time-dependent bias drops beyosition in each spatial region. This implies that
tween the emitter and collector. In order to account for scatthe mixing of electronic states within each spatial region
tering due to roughness at the interfaces, phonons, or impye (o the position operatdt is neglected. This approx-
rities, we analyze sequential tunnel: we calculate the curreNiation, which was assumed in the model of Tien and
from the emitter to the left well;, from the left welltothe  Gordon!! is reasonable for this configuration where the
right well J;,, and from the right well to the collector time-dependent potential drops just between the leads
J,c. Current conservation determinates the Fermi energieand for nonresonant conditior(for wy+ A/%,A being the
in the wells and the sequential current. The effect ofsubband spacing The operators acquire phase
electron-electron interaction in these quasi-3D structures cafactors of the form ¢ (t)=e (/MEatg-1eFz/hwgsinugte,
be treated as a perturbation to the noninteracting systeme~(/WEits™ _ J (eFz/hwy)e Molg.
within a mean field approximatioh’ The charge accumu-  Each term in the sum corresponds to thesideband
lated in the wells produces an additional electrostatic potenwhich develops the spectral density. In the case of sequential
tial which modifies their electronic structure, transmissiontunneling, first order in perturbation theory gives a good de-
coefficient, and current. We solve self-consistently thescription of the tunnelingcoherent tunneling considering in-
Schralinger equation including the ac field and the Poissorfinite order in the tunneling perturbation has been solved in
equation. The induced electrostatic potential does not droRef. 10. We obtain the following transition probabilities:

27 < 2%\ k Kek3(aq+ ap)?e 201 2m?
P.(Ee,Eq)= Tn;x Jﬁ(ﬁel)( m*z) re 1 1 ?5k”5(Ee— E,+nhwy),
do+ — +—| (K2+ ad) (K3 + a;?)
011 ay
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27 hA K2K3(ap+ ah)?e ™22 27%
Py(Eq1,Ep) = Tm;m ‘]ﬁq(ﬂﬂ)( m* 2) 1 1 ?5k\|5(E1_E2+mhwo),
d2+a_i+a_z ds+ a_é+a_3 (K2 + ad) (K3 + ab?)
27 2h%\ k Kako(as+ ap)?e 2%sds 27%
P3(E21EC):T 2 ‘]ﬁ(ﬁzc)<m*2) fc 1 : 1 ?5k”5(E2_EC+ pﬁwo)v (2)
p=—c 20 (L2 2
dyt — +— | (ky+ a3) (ke + a3%)
a, Qa3
|
where  E=A%kfl2m* + e,  Ber=eF(z1~2e)/hwo, 2eksT &

Bro=eF(z,—z))/fiwg, and Bo.=eF(z.—2,)/hwy are re- Jac= 25

2 Y
; : . D:E—w Jp(BZC)f [(e2— €2)+ ¥°]
lated with the ac potential drops between the different re-

gions[z is the position at the center of thavell andz, . is (€0, €2)
the positi i , ’ 1+e T
e position at the emitteicollectop], «; («/) are the com- X Ta( €y, €+ phapg)n . —
- . . e . 1 —eV—e,— P y
plex wave vectors at thiebarrier for the initial(final) energy, 1+ e(EF_I%

k; is the wave vector of the ground state at thweell, and the ]
terms in brackets are the inelastic transmissidpe, ,€;),  Whereer ande,, are the ground states of the left and right
T,(e1,€,), and Ta(e,,€.) through each barrier. The time wells. For simplicity we restrict the previous equations to the
’ ’ 1&C. . . . .
describing the relaxation between the states due to couplin{%nne“ng between ground to ground stéitee generalization

; ; —13 o 12 - ; excited well states is straightforward he Fermi energies
with phonons is~10" "s.” The density of statetDOS) in eyw1 and €,, of the wells are obtained through the set of

the growth direction is then described as Lorentzians of ]t 1 1 a
meV half-width. Irreversibility is assumed in formu(g). In ran;cenqental equationd—Je; =0;J—=J1,=0;J=J5c=0.
this case the Férmi golden rule is valitiThis is clearly. the At this pqlnt we solve th? Poisson and Sdfiirger equation
. : self-consistently to obtain the current. In order to compare

case forP, and P3, where there IS a contmuum of states with recent experimenfSyve analyze a sample consisting of
involved. In the case of the transmission probability from the,, o Gaas quantum wells 180 A and 100 A wide separated
Ieﬁ to right well, we assume |rrever3|'b|I|ty due to the broad- by a barrier of GgAl,4As of 60 A. The outer barriers are
ening of the DOS induced by scattering, as well as to the 235 A thick (samplea). The emitter and collector are*
continuous in-plane DOS. On top of that, if the tunnelingdoped (5<10'7 cm2). In Fig. 1(a) the J/V curve is shown
time associated to the outer barrier is shorter than the ongith and without Coulomb interaction. We observe a main
corresponding to the barrier separating the two wells, thgeak coming from the alignment of the two ground states of
process of tunnel becomes irreversible. However, in the cas@e two wells. Two additional peaks show up at both sides of
of an isolated DQD, disconnected with a continuous DOS athe main peak symmetric in bias but asymmetric in intensity
the leads and in the ideal case where no scattering occurs, taed which correspond to induced one-photon absorption and
tunnel is a reversible process and a description in terms agmission. The asymmetry takes place due to the increase in
Rabi transitions should be considereld The expression for the transmission probability at higher bias and to the asym-
the currents is metry of the charge accumulated in the wélise Fig. 1b)].

The behavior of) for differentF and for fixedwg is shown
Yy in Fig. 2(a): asF increases, new satellites show up indicating
that multiphoton processes increase in probability, the main
peak is reduced, and the satellites become more intense. Also

2ekeT &
o= 2 )| [(est nhop—e)*+ 7]

1+e<fF‘Tfe> J is quenched for some frequencies and intensities of the
XT (€0, et NN — EB,n,L | de. field. This effect has been discus$&tin terms of zeros of
Cw” e 190 the J, Bessel functions: as the argument approaches the first
1+e 8T zero (~2.4), dynamical localization of electrons takes place,
independent of the transparence of the barriers. The experi-
ments are very similar to our results. However, we did not
2etikpT ) vy observe the small shift that the peaks experiencé an-
Jip=—o—— _2 Jm(ﬁlz)f T - — - 2127 creases and which is interpretated as heating of the contact
MY M= [(e1—€1)"+ ]

Y
X
[(€1— €2+ Mhwg)+ 7]

T2(61,61+ mﬁwo)

regions® As the power increases, the effect of the ac field on
the charge accumulated in the wells increases too. It would
be expectetithat for high intensities the ac field would affect
the charge and the self-consistent current explaining also the

(ev,~€1) shift of the peaks. We do not observe an appreciable shift for
1+e kT intensities of the order of 20v/m but this is observed for
XIn (€, €1~ Mhwg) dey, (3) intensities at least one order of magnitude high&here is
1+e kT also another effect that could explain this shift considering
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the dipole term as a quantum operdtd?. The term tion (3) shows that the supply function contains a superposi-
eFZcos(th) will produce a shift of the energies: tion of effective dc voltagestp7iw,/e, each one weighted

5= e2F2(ki|2|ki>2/hw0. However. the shift becomes Nonlinearly by the Bessel functions. This effect is respon-
ments of2. J/V for different frequencies is shown in Fig Fermi factors can be expressed in terms of effective Fermi

2(b). As w, increases, the satellite peaks move far apart linenergiesfor instance B¢ =Er—eV= pfiw, in the collec-
early from the main one, which increases in intensity as thdor). For some ranges d¢f and w,, the electrons are able to
satellite peaks decrease. Finally, we observe ANC in a difovercome the static biase{=<pmnafi wo) and electronic
ferent sample: a GgAlyAs TB of 50 A and a DQW of pumping in the opposite direction occifsWe study the
GaAs of 150 A with an emitter Fermi energy of 18 meV dependence of the ANC witR. In some cases we observe
(sampleb). This effect, which has been discussed for differ-that the differential conductance and the current change sign
ent system$?1%1" has been observed in SLiRef. 5 for by tuningF (Fig. 3) and that the conductance becomes nega-
low bias. The negative conductance induced by the ac fieltive with increasing= and again positive aB increases fur-
can be explained in terms of the Fermi distributions. Equather. The differential conductance at zero bias changes sign
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FIG. 3. J/V for wy=1.5 THz and differenf in the low bias regime
(sampleb, T=10 K).

guencheddynamical localizationand the one-photon pro-
cesses are the available ones for tunneling. However, for low
bias the emission from the left to the right well is blocked
due to the occupation of the ground state in the right well.
Then the absorption channel is enhanced and the current
flows in an opposite direction to the dc bias. As the bias
increases, the emission channel is opened and the current
becomes positive again.

In conclusion, the ac sequential current through a triple
barrier is evaluated including the Coulomb interaction, scat-
tering effects, and temperature. By means of our model, we
can explain the behavior dff'V as a function of thesy and
intensity in good agreement with the experimental informa-
tion. We analyze different samples and we observe interest-
ing features in the current, such as DL and ANC. Both ef-
fects can be controlled by tailoring the sample and the
harmonic potential configuration.
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