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Abstract.

We investigate the possibility to manipulate for the transport through heterostructures the dc
current and its noise properties by an ac gate voltage. For a computation of the noise strength, we
map the system to a tight-binding model for which noise suppression by ac fields has been predicted
recently. The quality of this description is tested by comparing the transmission of the tight-binding
system with a transfer-matrix approach.
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INTRODUCTION AND MODELING

Semiconductor heterostructures represent a popular physical system for the investigation
of mesoscopic transport and tunneling phenomena [1, 2]. In particular, these setups open
various ways to study tunneling in time-dependent systems [3—7]. A straightforward
possibility for introducing a time-dependence is the application of an ac transport voltage
which only modulates the energies of the electrons in the leads while the potential
inside the mesoscopic region remains time-independent. This kind of driving allows
for a description within the Tien-Gordon theory [8] expressing the dc current in terms of
the static transmission and an effective distribution function for the lead electrons. If the
time-dependence enters via an external microwave field or an ac gate voltage, however,
such an approach is generally insufficient [9]. A remarkable difference with respect to
the static situation is the emergence of inelastic transport channels stemming from the
emission or absorption of quanta of the driving field. This follows indeed from a recently
presented Floquet theory for the transport through driven tight-binding systems [7, 9].
For the computation of the dc current, the latter approach justifies the applicability of
a Landauer-like current formula where the static transmission is replaced by the time-
averaged transmission of the time-dependent system.

The transmission of the transport channels can depend sensitively on the driving
parameters; the contribution of certain channels can even vanish. For the transport across
two barriers which enclose an oscillating potential well, Wagner [10] showed that it
is possible to suppress the contribution of individual inelastic scattering channels. The
total current, however, is given by the sum over all channels, and thus it is not possible
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FIGURE 1. Model potential for the double-well heterostructure. In the numerical calculations, we
employ barriers with the heights V1 = Vg = 90meV, V¢ = 40meV and the widths di. = dr = 5nm,
dc = 15nm. The dotted lines mark the energy of a metastable tunnel doublet with splitting energy 2A
described by the Hamiltonian (2). The on-site energy of the left well is subject to an oscillating gate
voltage with amplitude V.

to isolate the contribution of a single channel in a current measurement. By contrast,
in the case of transport through a two-level system with attached leads, driving with a
dipole field has directly observable consequences: There, the driving not only affects
the contribution of individual transport channels, but the dc current can be suppressed
almost entirely [11, 12]. For the appearance of this coherent current suppression, it is
essential that the central region consists of at least two weakly coupled wells which
oscillate relative to each other [9].

Here, we explore the possibility of coherent current suppression in double-well het-
erostructures. Thereby, we compare two theoretical approaches to describe coherent
transport in quantum-well structures: The transfer-matrix method and a tight-binding
approach. As a model we consider the triple-barrier structure sketched in Fig. 1 where
the driving enters via an oscillating gate voltage which modulates the bottom of the
left well. The applied transport voltage is assumed to shift the Fermi energy of the left
lead by —el’, —e being the electron charge. Having a tight-binding approximation for
the double-well system at hand, we are able to compute within the recently developed
Floquet approach [7, 13] also the noise strength.

Transfer-matrix method

Following Landauer [14], we consider the coherent mesoscopic transport as a quan-
tum mechanical scattering process. The central idea of this approach is the assumption
that sufficiently far from the scattering region, the electronic single-particle states are
plane waves and that their occupation probability is given by the Fermi function with
the chemical potential depending on the applied voltage. The unitarity of evolution un-
der coherent ac driving allows us to write the resulting currents as [15]

I= %/dE [TRL(E) fL(E) — TLr(E) fR(E)], ()
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where Trp(E) denotes the total transmission probability of an electron with energy
E from the left to the right lead. The term 71 r(E) describes the respective scattering
from the right to the left lead. These transmission probabilities comprise the sum over
transverse modes and outgoing inelastic channels and can be computed with the transfer
matrix method developed in Ref. [16]. The latter method relies on the fact that for a
time-dependent spatially constant potential, the eigenfunctions are plane waves with
an additional time-dependent phase factor. The propagator for a piecewise constant
potential, in turn, can be constructed by imposing proper matching conditions at the
boundaries of the adjacent layers of the heterostructure.

Tight-binding approximation

A different approach to study resonant tunneling in a driven double-well structure is
based on the adoption of a tight-binding approximation where each well is represented
by a single localized electron orbital. Then, the Hamiltonian of the transport setup reads
H(t) = Hyells (t) + Hieads + Heontacts, where

Hyenis(2) = —A(c}:cR + CECL) + eVace cos(Qt)cEcL 2)

describes the electrons in the wells. The second term of the Hamiltonian (2) accounts
for the harmonic driving of the traversing electrons in the left well via an oscillating
gate voltage with amplitude V. and period .7 = 27/Q. The leads are modeled as
ideal Fermi gases with the Hamiltonian Hieaqs = X0 4 egqc;r e where ¢, annihilates an
electron in the lead with energy &, with £ = L, R. As an initial condition, we employ the
grand-canonical ensembles of electrons in the leads at inverse temperature 8 = 1/kgT .
Therefore, the lead electrons are characterized by the equilibrium Fermi distribution
Si(€0q) = {1+ exp[—PB (&g — 1¢)]} " The localized state in each well couples via the
tunneling matrix element V7, to the state |(g) in the respective lead. The Hamiltonian
which describes this interaction has the form Heontacts = 24 ngc}Zqu + H.c. The lead—
well coupling is entirely specified by the spectral density I'y(¢) =27 %, [Vig28 (€ — €4)-
Since, for the system at hand, the bandwidth of the conduction band of the leads is
much larger than the energy regime where transport happens, the spectral densities are
practically constant, i.e. I'y(€) = I'y, which defines the so-called wide-band limit. By
matching for the static case the transmissions of the transfer-matrix and the tight-binding
approach, we find the tight-binding parameters I'y = I'r = 0.16meV and A = 0.23meV.

Floguet transport theory

Starting from the Heisenberg equations of motion for the annihilation operators,
one eliminates the lead operators and thereby obtains for the electrons on the dots a
reduced set of equations. These are solved with the help of the retarded Green function
obeying [ihd/dt — 5 (¢) +iT/2)G(¢,¢") = 8(¢t — '), where J#(¢) is the single-particle
Hamiltonian corresponding to double well Hamiltonian (2) and ' =1 =TIg.

47

0€:1¥:0 ¥202 Joquieydas Gz



The coefficients of the equation of motion for G(¢,¢') are 27 /Q-periodic and, conse-
quently, its solution can be constructed with the help of the Floquet ansatz |y (¢)) =
exp[(—i€a /N — Y )t]|9a(t)). The Floquet states |¢q(2)) obey the time-periodicity of the
Hamiltonian and fulfill the eigenvalue equation

[70) AT i85 ] 10a(0)) = (€ — %) 9 (1)) 3)

This yields the retarded Green function G(¢,t") = —(i/h) o |Wa () (w3 ()| —1').
In particular, one finds for the current a convenient Landauer-like expression with

an additional sum over the Fourier index k, i.e. TLr(E) = Xy Tlflk{) (E) [7, 13]. Since
the symmetrized noise correlation function S(z,#') = ([I(¢),1(¢')]+) depends explicitly
on both times, we characterize the noise by the time-average of its zero-frequency

component, S = (Q/27) fgﬂ/gdtff:dTS(t,t— 7).

High-frequency approximation

The Floquet treatment of the present transport problem allows for the implementation
of a stationary perturbation scheme for driving frequencies much larger than all other
frequency scales of the system [17]. This approach has recently been extended to trans-
port situations which are characterized by the presence of leads [9, 12]; here we only
mention the cornerstones of this approach and refer the reader to Ref. [7]. The starting
point is the unitary transformation

Us(7) = exp { . sin(Qt)c[cL}, o
hQ

which is first applied to the quantum-well Hamiltonian (2). For sufficiently large driving

frequencies Q >> A/h, a separation of time scales is performed. Thereby, fast oscillations

of the transformed Hamiltonian are neglected by averaging over a driving period. Finally,

we arrive at the effective Hamiltonian for the quantum wells

— 1

Hegr = ?

which is of the same form as in the static case but with the effective tunneling matrix

element Aggr = Jo(eVae /AQ)A, Jp being the zeroth order Bessel function of the first kind.

The transformation (4) also affects the lead—well coupling. Applying Uy (#) to Heontacts

and solving the Heisenberg equations for the lead and quantum-well operators in the

wide-band limit, we find that the influence of the left lead is no longer determined by
the Fermi function f (€) but rather by the effective electron distribution [7, 13]

[ a (U tuan) o~ iRULTR ) = ~Aca(cler+cher). )

frane) = 3 (S e +nic). ©

n=—oo

The squares of the nth-order Bessel function of the first kind J,, weight the processes
where an electron with energy € is transmitted under the emission (r# < 0) or absorption
(n > 0) of |n| photons.
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FIGURE 2. (a) Average current vs. driving amplitude obtained numerically from tight-binding (solid
line) and transfer-matrix (dashed) methods compared to the high-frequency approximation (dashed-
dotted). The driving parameters are 7Q = 1.15meV and ¥ = 6.0mV. (b) Corresponding Fano Factor.

COHERENT TRANSPORT SUPPRESSION

We now turn our attention to the coherent control of current. Tunneling suppression in a
closed, driven system is known for more than a decade. For example for a driven bistable
potential, tunneling breaks down at exact crossings of the quasi-energy spectrum. Then,
one observes the so-called coherent destruction of tunneling [ 18] which has been studied
in a number of cases [16, 19, 20], but in the context of transport between two leads has
received attention only recently [9, 12, 21].

Surveying the time-averaged current calculated numerically from the transfer-matrix
and the tight-binding method plotted in Fig. 2(a), we observe current minima for
distinct values of eV, /hQ for frequencies in the microwave regime. The reason for
the current suppressions becomes apparent from the effective tunnel matrix element
Actr = Jo(eVae/RQ)A. This expression implies that the tunneling between the two wells
and consequently the current vanishes whenever the ratio eV,./hQ assumes a zero of the
Bessel function Jy, i.e. for the values 2.405, 5.520, 8.654, .... By varying the ratio be-
tween driving amplitude and frequency, we can thus tune the tunneling between the two
wells and thereby control the current [12]. For a frequency Q = 5A/A, the analytically
obtained current in Fig. 2 shows a remarkable agreement with the tight-binding result.

Figure 2(b) depicts the noise strength of the current for the tight-binding approxi-
mation characterized by the Fano factor F = S/el. For zero driving amplitude, we find
F =~ 1/2 which is characteristic for the transport through a double barrier [22]. Note
that the central barrier is considerably lower and, thus, the outer barriers determine the
transport. At the current suppression, the central barrier becomes the bottleneck. Then,
the setup corresponds to a tunneling point contact with 7' = 1. In the crossover region,
the noise can be even lower than in the static case, i.e. F < 1/2.
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CONCLUSIONS

We have demonstrated that the current across a double-well heterostructure is strongly
affected by the purely coherent influence of an oscillating gate voltage. We have used a
transfer-matrix method as an exact approach to compute tunneling currents through such
a system. We compared these results to those obtained from a tight-binding Floquet
description. In particular, we find that the current suppression is controlled by the
ratio of the driving frequency and amplitude. This can be understood by exploring the
high-frequency limit within the tight-binding formalism. Since the effective inter-well
coupling depends sensitively on the driving parameters, the transport properties of the
double well can be controlled. The effective behavior ranging from transport through
an almost open channel to a regime of rare tunnel events. The qualitative difference
between these transport regimes is also reflected in the behavior of the Fano factor. In
the crossover region, the driving can even reduce the noise level.
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