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Abstract

Photon-assisted ac transport through coherently driven mesoscopic systems has been studied by employing a
transfer-matrix method. For a driven double-barrier system as a simple model of a quantum dot, we show that the
ac current due to quantum interference between different sideband states depends on wavenumbers of electrons and
exhibits sideband peaks. We also suggest that such ac currents can be observed in a driven mesoscopic ring which
provides a novel type of photon-assisted tunneling.
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Applying a time-varying potential with frequency
ω to an electron in a resonant tunneling system, the
electron can exchange energy with the oscillating po-
tential and tunnel through additional resonant levels
with keeping its coherence. This phenomenon, so-called
photon-assisted tunneling (PAT), has been observed
in a number of resonant systems[1]. Although ac cur-
rents are excited in such systems, most of efforts have
been concentrated on dc transport in previous works
on PAT.

We have theoretically studied, in this paper, ac cur-
rents in driven mesoscopic systems by employing a
transfer-matrix method which enables us to compute
quantitatively ac currents without consuming a large
amount of computing time and memory space. Sys-
tems treated here is described by the one-dimensional
Schödinger equation, i�ψ̇ = [−(�2/2m∗)� + Vdc(x) +
Vac(x) cosωt]ψ, where Vdc(x) and Vac(x) are arbitrary
functions of x. The transmitted wave (far from scat-
terers) is given by

ψ(x) =

∞�
n=−∞

Ane
iknxe−i(E+n�ω)t/� , (1)
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where kn =
�

2m∗(E − Vdc + n�ω)/� is the wavenum-
ber of the nth sideband state and Vdc = Vdc(x → ∞).
The coefficient An for each sideband state is calculated
by the transfer-matrix method for driven mesoscopic
systems[2]. From the wavefunction Eq. (1), the current
density is expressed as[3]

j =
�

n

jdc(n) +
�

n

jac(nω) , (2)

where

jdc(n) =
e�kn

m∗ |An|2 , (3)

and

jac(nω) = ie
�
m

km

�
Am+nA

∗
me

i(km+n−km)xeinωt

+ Am−nA
∗
me

i(km−n−km)xe−inωt
�
. (4)

Equation (2) shows that there exist ac currents jac(nω)
due to quantum interference between different side-
band states in addition to dc current jdc. Note that
jac(nω) depends also on the wavenumber. This implies
that the amplitude of the ac current is a function of
the measuring point of jac.
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Fig. 1. ac current in a driven double-barrier system as a func-

tion of the incident electron energy and the distance from the

center of Vdc to the measuring position.

We first demonstrate the ac current through a driven
double-barrier system. The static potential construct-
ing the double barrier is given by

Vdc =

�
V0(x) for x0 − ξ/2 ≤ |x| ≤ x0 + ξ/2,

0 otherwise .
(5)

and the time-varying potential is

Vac(x) =

�
V1 for |x| ≤ x0 − ξ/2,

0 otherwise .
(6)

Figure 1 represents the amplitude of the ac current
jac(ω) as a function of the incident electron energy
and the distance from the center of two barriers. Pa-
rameters for this calculation are V0 = 30meV, V1 =
0.1meV, ξ = 10 nm, x0 = 40 nm, and �ω = 1.0meV.
One can find a sharp resonance peak at the resonant
energy level (ε0 = 11.2 meV) of this system and dis-
tinct sideband peaks at E = ε0 ± �ω, which provides
a clear evidence of photon-assisted ac currents. As we
expected, jac(ω) is an oscillating function of the mea-
suring position.

Due to incoherence of electrodes and the finite
wavenumber character of jac(ω), one cannot measure
directly the ac current by attaching external elec-
trodes. One possible way is a measurement of a mag-
netic flux induced by jac(ω) in a driven mesoscopic
ring. In contrast to conventional PAT, quite acute and
cusp-like PAT signals appear in the conductance of
this system[4]. The time-varying potential given by

Vac(x) = V1e
−x2/ξ2

is applied at the center of the one
arm of the ring. The calculated ac current shows cusp-
like signals as in the case of the dc current. The ac
current produces a time-varying magnetic field B(t).
The induced magnetic field is given by

B(t) =
πµ0

4L2

�
J(s, t)ds , (7)
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Fig. 2. Magnetic field induced by the current in the driven

mesoscopic ring as a function of the incident electron energy

and time.

where J(s, t) is the current within the interval [s, s+ds]
on the ring at time t and L is the length of the arms.
Figure 2 shows the induced magnetic field as a func-
tion of the incident electron energy and time. Here
we set L = 1µm, ξ = 20 nm, V1 = 0.15meV, and
�ω = 0.1 meV. The induced magnetic field fluctuates
in time, which results from the ac current in the ring.
The time-averaged magnetic field B̄(E) coming from
the dc component of J(s, t) reflects the cusp-like struc-
ture of the total current (the main resonant energy ε0 is
10.37 meV). The time dependence ofB(t) at a fixed en-
ergy is not a simple sinusoidal function. This is because
J(s, t) includes higher harmonicses. The amplitude of
the fluctuating magnetic field is of the order of µT that
is measurable magnitude in actual experiments.
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