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Abstract. We study theoretically the electron transport properties for an open rectangular quantum dot
under an external electromagnetic field illumination in the ballistic regime. Using the effective mass free-
electron approximation, the scattering matrix for the system has been formulated by the time-dependent
mode-match method. Some interesting properties of the electron transmission have been demonstrated
through serval numerical examples. The dependence of electron transmission on the electron incident
energy is found to exhibit Fano dip structures due to the field-induced intersubband scatterings into
quasibound states in the dot. Moreover, with an appropriate incident energy the electron transmission as
a function of the field frequency and/or amplitude shows a rich structure. Our results suggest that the
electron transport properties of an open rectangular quantum dot are affected by the interplay effects
between the nonadiabatic dot-lead connection and the applied field.

PACS. 78.67.Hc Quantum dots — 73.23.Ad Ballistic transport — 71.10.Pm Fermions in reduced dimensions

1 Introduction

In recent years mesoscopic physics has been exten-
sively studied due to its potential application in the fu-
ture. Structures of a mesoscopic size, created in a two-
dimensional electron gas (2DES) of a GaAs/Al,Gay_,As
semiconductor heterojunction using a split gate technique,
have been a subject of intensive investigations during the
last decade. In the ballistic regime and at low tempera-
tures quantum coherent effects will dominate the electron
transport in such mesoscopic systems. One of the most
important features is that the conductance shows a his-
togram structure as the lateral size of a system varies,
and each step has a height of 2e%/h or integer multiples
of it [1,2].

The electron transport properties of a quantum dot
formed on a 2DEG can be affected by many factors.
The presence of disorders results in a suppression of the
conductance plateaus below the integer values [3], and
the transmission behavior shows Fano resonance struc-
tures [4]. The interaction of electrons in the dot induces
transport anomalies [5,6]. However, there has been grow-
ing interest in the time- and frequency-dependent re-
sponses of mesoscopic nanostructures in recent years. The
time-modulation invoked are either high-frequency elec-
tromagnetic (EM) fields [7-13] or time-dependent bias po-
tentials [14-16], or ac controlled gates [17]. There have
been several interesting effects revealed in this kind of
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system, such as the mechanism of electron pumping [7],
the photo-assisted processes [8], and the features of time-
modulation-induced quasi-bound states [14].

Recently, the electron transport properties for an adi-
abatic dot-lead connected stadium-shape open quantum
dot illuminated under a microwave has been investi-
gated [14]. This system allows an electron mode in the
lead to evolve in the dot. The situations occur when an
electron in the lower mode in the dot can exit the dot
without reflection, while an electron with the same inci-
dent energy but in a higher mode in the dot is trapped
inside it. Therefore, intermode transitions between the two
modes in the dot, as induced by the transversely polarized
EM field, were found to result in resonant transmission
blocking in a mesoscopic channel. Moreover, a nonadia-
batic dot-lead connected rectangular shape open quantum
dot modulated by a time-dependent bias potential has also
been considered [16] and the quasibound state induced
Fano structure resonances have been predicted. Fano res-
onance [18] is a very interesting phenomenon in quantum
transport physics. If an absorbed impurity, [4] stub or any
other geometry [17] producing localized states exists, Fano
resonance caused by the interference between propagating
state and bound state take place for a mesoscopic system.

An open quantum dot [19], consisting of a submicron
sized cavity and quantum point contact leads, are ideally
suited for studying the influence of environmental coupling
on the discrete level spectrum of a quantum system. Of
particular interest here is the nature of electron transport
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Fig. 1. The sketch of the system.

in open dot, whose leads are configured to support a small
number of propagating modes. In this paper, we study
the quantum transport properties of an open rectangular
quantum dot illuminated under an external transversely
polarized EM field. Our system is different from neither
adiabatic dot-lead connect dot under a microwave illumi-
nation [11] nor the nonadiabatic dot-lead connected dot
modulated by a time-dependent bias potential [16]. Using
the effective mass free-electron approximation, the scatter-
ing matrix for the system has been formulated by the time-
dependent mode-matching method. The electron trans-
mission probability as a function of the incident energy,
the field frequency and the field amplitude has been cal-
culated. Although we have treated a simple model system,
we have predicted some interesting new results which are
distinguishable from the previous investigations [11,16] in
several aspects. Firstly, there are some multiple Fano reso-
nances due to the field-induced coupling among the modes
in the dot. Secondly, one dip structure will occur when the
two second modes in both dot and lead begin to be propa-
gating simultaneously with appropriate external field pa-
rameters. Thirdly, we have expected a step structure if the
second mode in the lead begin to be propagating earlier
than the one in the dot. Up to our knowledge, these EM-
field-induced effects have not been reported previously for
the open rectangular quantum dot system.

The paper is organized as follows. In Section 2 we
present the model and the method for formulating the
scattering matrix of the system. In Section 3 we demon-
strate some numerical examples illustrating the electron
transport properties and discuss the results for the system.
And finally, Section 4 gives a conclusion.

2 Model and method

The system under study is a two-dimensional rectangular
open quantum dot with two leads connecting the electron
reservoirs at each end. The dot with width D and length
L is acted upon by an external transversely polarized EM
field in an unspecified way, and the system is schemat-
ically depicted in Figure 1. The z-axis is longitudinally
along the leads, and the y-axis describes the transversal
direction. Assume that the field vector potential can be
described as A = (¢/w) cos(wt)é, with angular frequency
w and amplitude ¢, where €, is the unit vector in the po-
larized direction.
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In the effective mass approximation, the single-
particle time-dependent Schrédinger equation in the dot
region reads

2wy, 1) =

ot
1 , 02 .0 9
[2m* (—h 92 T (ma—y +eA) ) +'Uc(y):| V(x,y,t),

(1)

where m* is the effective electron mass and v.(y) is the
transverse confining potential of the hard-wall type. In
a real quantum dot, with nearby contacts and gates will
induce spatially-dependent electric fields. However, here
we start with a simple uniform field from the view point
of theoretical investigation [12,16].

For the sake of convenience, the physical quanti-
ties that appear in the following are dimensionless,
with energy unit E* = w2h?/2m*d?, wave vector unit
k* = 2m*E*/h2, length unit {* = 1/k* time unit
t* = h/E*, frequency unit w* = 1/t*, and the unit of
field amplitude £* = E*/el*, where d is the width of the
leads.

We consider the case when the system has geometry
and field parameters such that only the two lowest modes
are involved in the electron transport [12]. Assume that an
electron with an incident energy F emits from the left lead
to the interface at x = 0, then transmission and reflection
will take place simultaneously. Because the electron has
certain probability of absorbing a photon after penetrat-
ing the interface into the dot, transition from the lower
mode to the upper mode happens. So there are two en-
ergy components of E and F + hw in the reflection wave
in the region of z < 0 (see the detailed analysis for the
validity of this approximation solution in Ref. [12])

(z,y,t) = [0 e Mg ()

+ege R Ry (y), (2)

where ¢, (y) (n = 1,2) are the transverse eigenfunctions
with eigenvalues €, in the left lead, ¢; and cy are the
reflection coefficients of the two modes respectively, and
the two corresponding wavevectors are

klix/Efél, kgi\/Eft—fQ*Fw. (3)

In the region of x > 0, we use a unitary transforma-
tion [12] and the rotating-wave approximation [20] to solve
the time-dependent Schrédinger equation (1). The solu-
tion for electron wavefunction is

W(I, Y, t) = [c+ei(k+x—Et) + C_ei(k,m—Et)]q/)/l (y)
+ [G+C+ei[k+w—(E+w)t]
+ Goeebrm B gy(y), (4)
where ¢/, (y) (n = 1,2) are transverse eigenfunctions with

eigenvalues €, in the dot, ¢y are the transmission co-
efficients of the two field-spilt modes and the constants

G = (/72 + € F7)/¢ (where y = w — (ch — €}) is the
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detuning, and £ is the two-mode coupling constant). The
two field-spilt wavevectors are

b =\ E— ¢ +/2F V22 1 E/2. (5)

The solution of the Schrédinger equation must obey
two conditions at the interface z = 0 at all times.

(1) Continuity of the wave function for y €
[-D/2,D/2] in two dimensions:

(14 c1)¢r(y)d(d/2— |y |) = (cy + )1 (y),

c2d2()0(d/2— |y |) = (c4 Gy +c-G)dh(y),  (6)

where 9(y) is the Heavyside step function.
(2) Continuity of the first derivative of the wave func-
tion for y € [-D/2,D/2] in two dimensions:

(1 =c1)k101(y) = (crky +c_ k)1 (y),

—Cakata(y) = (c+Giky + c-G_k-)¢h(y). (7)

These equations can be transformed into equations in-
dependent of transverse eigenfunctions by multiplication
with ¢,(y) and ¢/, (y) respectively, and by integration
over the appropriate y range. Using the abbreviations
P = [ dydl,(y)¢n(y), we can obtain algebraical equa-
tions for the coeflicients

pr(l+c1)=cy +e,
pasce =c1Gy +c_G_,
p11(kr — ciky) = (epky + k),

7/)2202]{32 = (C+G+k’+ + C,G,k,). (8)

With the solution of the coefficients in algebraic equations
in equation (8), both the transmission and reflection ma-
trix for the left interface (as if without the right interface)
can be expressed by

[ ekl

When we consider the electron transmission probability
through the whole system, we use the approach recently
developed in reference [21] for the symmetric system. This
approach needs to derive the total scattering matrix which
can be expressed in the transmission matrix and reflection
matrix on each interface. The total transmission matrix is
just the anti-diagonal submatrix of the total scattering
matrix in the symmetrical system case [21].

Because of the similarity of the two interfaces one has
not to match the wave functions at the right interface
x = L, but we need to know the transmission and reflec-
tion matrix of electron emitting from right to left for the

left interface. In this case the electron wavefunction in the
dot region is

U(x,y,t) =
[cie—ik+x T cie—ik,m 4 cieik+x 4 c?;eik,;ce—iEt(bll(y)
+ [ciG+e_ik+x + ¢ Goe T 4 cﬁ‘rCh_eik“c
L Gl R (y), (10)
where c§ are coefficients of electrons emitting from right
to left, ¢ are associated reflection coefficients. Corre-
+
spondingly, the electron wavefunction in the region of
r<0is
U(x,y,t) = cle TG, (y)
+ dhemhart B4 ),

(11)

where ¢! and ¢} are the transmission coefficients. These
two wavefunctions also satisfy the continuous condition
at x = 0, with which we can obtain the normalized trans-
mission and reflection matrix r’ and ¢, respectively (here
we do not present the detail expressions for them because
they are much more complicated than Eq. (9) for ¢’ and
r). Consequently, the total transmission matrix through
the two interfaces (the whole system) is

tiot = S12 = t(1 — X' X0") XY, (12)

where
ik L 0
e
X:{ 0 eikL]

is the transfer matrix between the two interfaces. There-
fore, according to Landauer-Biittiker’s formulation [22]
the total electron transmission probability through the
whole system is

(13)

T = Trlt] tior]. (14)

3 Results and discussion

In this section, we present some numerical examples for
exploring the influence of the external field on the quan-
tum transport properties of the system according to
equation (14). In the following, we have used parame-
ters corresponding to a high mobility GaAs/Al,Gay_,As
heterostructure [23] with a typical electron density
n ~ 25x 10" ecm™? and m* = 0.067 m.. The sys-
tem geometrical parameters are chosen such that the
width d = 3.14(~80 nm) for the leads, and the width
D = 6.28(~160 nm) and L = 15(~382 nm) for the open
quantum dot, which are typical for current experimen-
tal fabrication [23]. Therefore, for a hard-wall transverse
confining potential the unit of energy E* = 0.88 meV, the
length unit [* = 25.5 nm, the time unit ¢* = 7.50x 10713 s,
the frequency unit w* = 1.33 THz, and the unit of field
amplitude e* = 34.5 V/mm. Consequently, the two lowest
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Fig. 2. Transmission probability 7" as a function of the incident energy E (in units of €;) with a fixed field frequency w = 1,
for the cases of (a) e = 2, (b) € = 6.76, and (c) € = 9. The geometrical parameters are d = 3.14, D = 6.28 and L = 15 such that

e1=1e3=4,¢, =025and e, = 1.

subbands are €; = 1 and e = 4 for the lead, and €] = 0.25
and €, = 1 for the dot, respectively.

In the absence of the EM field (¢ = 0), the elec-
tron transmission pattern was presented in reference [16],
which shows three resonant dips. However, when the dot
is illuminated by a transversely polarized EM field the
transmission is obviously different from the case of time-
dependent potential modulation [16]. In Figure 2, we show
the calculated transmission probability T as a function of
the incident energy F with a fixed field frequency w = 1
for different ¢ in the energy window (e1, €3). Figure 2a
gives an interesting 7' dependence on F with ¢ = 2, and
we see that the multiple asymmetry Fano dips appear at
FE ~1.12,1.34,1.70,2.20,2.62 and 3.00. The multiple Fano
resonances are connected with the interaction of the multi-
ple quasidonor levels appearing above the lowest subband
edge and the continuum states [16-18]. In our case the two
modes ky and k_ in the dot are propagating modes due to
the effect of EM field but only one propagating mode (k1)
in the lead. The coupling of k4 and k_ induces the mul-
tiple Fano resonances, which associate with quasi-bound
states with E < 3. With the increase of the incident energy
FE, mode ko begin to be propagating and the transmission
is nearly unity. In Figure 2b the interesting dip occurs at
FE = 3 with ¢ = 6.76. In this case ko = VE +w —€3 ~ 0

and ky = \/E —el+7/2— /72 +E&2/2 ~ 0, then the
two modes (k2 and k) begin to be propagating simulta-
neously. The symmetry Breit-Winger resonances appear
within 0 < F < 3 result from the interference of the elec-
tron waves in the nonadiabatic geometry structure. There-
fore, it is reasonable that the step structure in Figure 2c
occur within 3 < F < 3.95 where the mode k9 in the
lead begin to be propagating earlier than k4 in the dot.
This means that the propagating mode ko strengthen the
reflection probability of electrons and the transmission is

suppressed. From the above results and discussions we can
conclude that the rectangular open quantum dot shows an
interesting transmission characteristics due to the pres-
ence of the external EM field. The two lower modes k;
and k_ are always propagating. The field parameters can
control the propagational property of the two upper modes
ko and k4, and then affect the electron transmission.

Next, we separately study the influence of field fre-
quency and amplitude on the transmission probability T’
with the interesting incident energy E = 3. Firstly, the
transmission probability T as a function of w for four e
is shown in Figure 3. In Figure 3a, the coupling of the
two propagating modes k4 and k_ results in the multiple
Fano resonances with ¢ = 2 and w < 1. And the inter-
esting dip structure also occur at w = 1 with ¢ = 6.76
as shown in Figure 3b, which implicates that the analysis
for Figure 2b is reasonable. With ¢ increasing to 9 in Fig-
ure 3¢, mode k4 in the dot does not open until w = 1.27.
So the propagating mode ko in the lead strengthen the
reflection of electrons and the transmission is suppressed
around w ~ 1. As the field amplitude increases further, as
shown in Figure 3d, the transmission is more suppressed
with higher frequencies because in this case there is only
one propagating mode k_ in the dot. From the above anal-
ysis, we find that whether the second mode ks is propa-
gating or not depends on the value of field frequency w
with constant E. But the propagational property of mode
k4 depends on the value of both field frequency w and
amplitude €. Secondly, we present T dependence on ¢ for
four frequencies of w = 0.5, 1, 1.2 and 1.7, correspond-
ing to Figure 4a—d respectively. There are still some dip
structures on the transmission at lower field amplitudes as
shown in Figure 4a. However, as shown in Figures 4b—d,
with the increasing of w, the second mode k4 begin to be
evanescent mode and the transmission is more suppressed.
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Fig. 3. Transmission probability T" as a function of field frequency w with incident energy E = 3, for the cases of (a) e = 2, (b)
€ =6.76, (c) e =9, and (d) € = 11. The geometrical parameters are the same as in Figure 2.
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Fig. 4. Transmission probability T" as a function of field amplitude £ with incident energy E = 3, for the cases of (a) w = 0.5,
(b) w=1, (¢) w=1.2, and (d) w = 1.7. The geometrical parameters are the same as in Figure 2.

A phase coherent phenomenon by nature resonant
backscattering can be destroyed by inelastic relaxation
of the photoexcited electrons. The typical excess energy
AFE of electrons corresponds roughly to the energy spac-
ing between lateral levels in the quantum dot. Hence, for
a submicron size dot it is of order 10 K. Using inelastic
electron relaxation for a high mobility 2DEG in the recent
experiments [23], an inelastic mean free path is estimated
as ~ lum if AFE <10 K. This is sufficiently long to make
the the effects discussed above observable in a realistic
experimental situation.

4 Conclusion

Using the free-electron model and the scattering matrix
approach via time-dependent mode matching, we have in-
vestigated theoretically the electron transport properties

through an open rectangular quantum dot illuminated un-
der a transversely polarized external EM field. We have
calculated the electron transmission as a function of inci-
dent energy and field parameters. Through serval numer-
ical examples we have predicted some interesting field-
induced resonance effects. Our results are distinguishable
from the previous investigation for the same or similar ge-
ometry system in several aspects. Firstly, there are some
multiple Fano resonances due to the field-induced coupling
between the propagating modes in the dot. Secondly, one
dip structure will occur when the second modes in both
dot and lead begin to be propagating simultaneously with
appropriate external parameters. Thirdly, we have pre-
dicted a step structure if the second mode in the lead
begin to be propagating earlier than the second mode in
the dot. Therefore, we conclude that the field parame-
ters w and e can control the characteristics of electron
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transmission through the propagational property of the
modes in an open quantum dot. These effects of the ap-
plied external field on the transport properties may be
useful for understanding basic physics of quantum struc-
tures and for applications in device physics.

This work was supported by the Nature Science Foundation of
Hunan (No. 02JJY2008) and by the Research Foundation of
Hunan Eduction Commission (NO. 04A031).
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