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This work provides an overview on the theoretical description of the electron
dynamics in nano and mesoscopic semiconductor structures driven by short
asymmetric electromagnetic pulses. For double quantum well structures we
show how the electron can be steered within picoseconds into certain spatial
regions and discuss ways to maintain in time this non-stationary situations.
We also show how charge polarization and charge current can be swiftly gener-
ated in mesoscopic rings when irradiated with electromagnetic pulses. We also
envisage the possibility of pulse-induced electron removal from quantum dots.
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1. Introduction

The everlasting development in the generation and engineering of short laser
pulses [1] is giving rise to an increasing number of their utilization in tracing
in time the response and the transitions of matter between various states.
Even subfemto second resolution has become available which opens the
way for exploring the dynamics of new fundamental physical, chemical, and
biological processes [2]. Another exciting development in fast optical probes
is the generation of strongly asymmetric monocycle linearly (or circularly)
polarized electromagnetic pulses [3], often called half-cycle (HCPs) for the
reason which will become obvious below. The time structure of the electric
filed amplitude of an HCP is shown in Fig.1. It consists of a very short,
strong half-cycle (it is in fact this part which is referred to as an HCP),
followed by a second long and a much weaker half-cycle of an opposite
polarity (the tail of the HCP) [4].

A method for generating HCPs is the following (cf. Fig.1): a wafer of bi-
ased gallium-arsenide (GaAs) semiconductor is irradiated by a short pulse
from a Ti:Sapphire chirped-pulse amplifier. The wafer is photoconductive
with a band gap of ~ 1.4 eV. Upon the illumination of one side of the
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Fig. 1. The method for the generation of half-cycle pulses, as reported in [3].

wafer with the ca. 770 nm laser pulse the GaAs wafer turns conductive and
the electrons are quickly accelerated and radiate a short unipolar coherent
electromagnetic pulse. The polarization axis is in the direction of the bias
field. The strength of the HCP depends linearly on the bias field strength.
The relaxation of GaAs wafer to the insulating ground state following the
excitation process occurs on a much longer time scale (hundreds of picosec-
onds) which leads to the extended tail of the HCP (with opposite polarity).
Experimentally realized HCPs have an amplitude asymmetry ratio of 13 :
1 between the HCP peak field and peak tail. [3]. Reported HCPs possess
peak fields of up to several hundreds of kV/cm and have a duration in the
range between nanosecond and subpicoseconds.

2. Theoretical considerations

The purpose of this work is to expose the nature of the electron dynamics
driven by HCPs. To highlight the features akin to the interaction of an
HCP with charged particles let us consider a general system described by
the Hamiltonian H(® which is subjected at ¢ = ¢; to an electromagnetic
pulse. The system propagates as prescribed by the time-evolution operator
U(t,0) which satisfies the equation of motion

oU(t,0)

ih—p = = [HO L v)U@,0) . (1)



V(t) describes the interaction of the pulse with the system.
For the time-evolution operator the following relations apply

U(t,O) = Uo(t,tl)U(t,tl,O)Uo(tl,O), (2)
U(t,t1,0) = UL (¢, t)U (L, 00U (41,0), (¢ > t1). 3)

Here Up(t,t;) is the evolution operator of the undriven system. From
Eqgs. (1) and (2) we deduce that

. at—ty
Ut,t1,0) = Texp [—%/ HOVIRy (¢ 1 g)e i HO Rgy | (4)
—t

where T is the time-ordering operator. In what follows we will be dealing
with systems with a relevant characteristic time scale being much longer
than the duration of the HCP. In such a case, i.e. for a short interaction
time, the time ordering in Eq. (4) becomes irrelevant, and the propagator
is cast as (this approximation amounts to the first order in the Magnus
expansion of the exponential [5])

U(t7t170) = exp [_%/

—t1

t—t
CEHOY My ) iHOY hdt’] . )

Noting that
¢4 Bet =B+[B,A]+%[(B,A),A] T (6)

we derive the following expansion for the propagator

U(t, t1,0) = exp [~ﬁvo n %[VMH(O)] + 5!—1,7—3{[1/2,H(°)],H<°)} ¥ } ,
(7

t
Vnz/(t’—tl)”V(t’)dt’ , n=0,1,2,... t>t . (8)
0

2.1. The impulsive approximation

Let us assume the interaction potential V(¢) to have, in the configuration
space, the form
V(t) =r.eFa(t —t1),

where r is the position coordinate of the driven charge and e is the external-
field polarization vector. F' is the peak amplitude of the field. The time
envelope of the pulse we denote by a(t—t¢;). E.g., if the pulse has a Gaussian
form we write

a(t —t1) = exp[—(t — t1)%/(20?)].



For pulses strongly peaked at ¢; we conclude that
Vo=reFoV2r , Vi=0, Vy="Vpo? . (9)

The relevance of the various terms in the exponential appearing in Eq. (7)
depends decisively on the parameters of the external fields. For example, if
the duration of the HCP, quantified by o is much smaller than the charac-
teristic time of the system 7., estimated by Ae/h ~ 77! (where Ae is the
level spacing near the ground state) then the first term of the expansion in
Eq. (7) dominates and the propagator (Eq. (7)) reduces to the form

U(t, 1,0) = exp [%r.p] . (10)

Here the vector p plays the role of a momentum and is evaluated as the
time-integral over the pulse, i.e.

p=—eF /00 a(t)dt' . (11)

—o0
Within this sudden-excitation limit (also called the impulsive approxima-
tion (TA)) the evolution operator has then the final form

U(t,0) = Up(t, t1)e " PUp(t1,0) . (12)

According to this finding the pulse delivers an instantaneous kick to the
system accompanied by a transfer of the momentum p. The particle’s wave
functions just before (¢ = ¢7), and right after (¢ = t{) the interaction with
the pulse are interrelated via the condition

U(r, t}) = eF"PU(r, 1) . (13)

This relation tells that the system evolves in a field-free manner in between
the kicks. This does not mean however that the system upon the pulse is
in a stationary state, as shown in full details below.

3. Electron localization and dynamical control in
semiconductor double quantum wells

As an illustration let us consider the dynamics of the charge carriers con-
fined in a double quantum well (DQW) as typically formed in Al,Ga;_,As
structures. Within the parabolic band and the effective mass approxima-
tions (the effective mass m* = 0.067my) the particle moves in an effective
potential Vions which has the form plotted in Fig. 2 (a). The particle is
then subjected to a sequence of HCPs as schematically shown in Fig. 2 (b),
ie.
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Fig. 2. (a) The confining potential V,y, ¢ of the charge carrier, as used in the text. The
central barrier height is ~ 240 meV. The dashed lines point to the first lowest energy
levels. (b) The electric field amplitude vs. time for the sequence of HCPs acting on the
particle in (a).

Np—1
V(z,t)=z Y Fralt—t,—tx) , (14)

k=0

where

(15)

t2 :
alt) = exp[—m]cosﬁt if —95 <t <T —35 .
0 otherwise

Here F} stands for the peak field of the k-th pulse, ¢, = 55 corresponds to
the time at which the positive tail of the first applied pulse is centered, T
is the time between consecutive pulses, IV, is the number of applied pulses,
and o characterizes the width of the pulses. The parameter 2 = #\/ﬁl—z in
Eq. (15) guarantees a ratio 8:1 between the peak amplitudes of the positive
and negative tails of the pulses. The duration d of the positive tail of each
pulse is given by d = 30v/In2 (in the calculations presented below we use
o =20 fs).

In the ground state the particle is delocalized, i.e. it has the same prob-
ability to be in the left or in the right well. Here we are interested in the
possibility of localizing the electron in one of the wells upon the applica-
tion of the HCPs. The localization can be quantified by the time-dependent
probability

0

Pty = / U*(x, t)U(x, t)dz (16)
-0

which is the probability of finding the particle in the left well. We apply at

the time t = ¢, a pulse with a strength Fj,,; that creates a time-dependent

coherent state. We then pose the question of which kind of sequence of



pulses is needed to localize the particle in one of the well upon the time
period ¢t = t, + t;oc. Here t;,. is the localization time.

For an insight into the possible solution to this task let us consider
excitations restricted to the two lowest-energy levels only, i.e. we reduce
at first the system to a two-level system. Furthermore, we note that the
characteristic time 7. = 27 /w, where w, is the frequency corresponding to
the energy difference between the ground and the first excited states of the
field-free quantum well, is on the range of 7. ~ 665 fs. On the other hand
the pulses we will apply have a duration of ~ 80 fs. As explained in the
preceding section we can utilize in this case the impulsive approximation
for the time evolution upon excitation.

The wave function of the system is cast in terms of the wave functions
\I’SIO)(I) (n =1,2) of the two unperturbed lowest levels, i.e.

i o0 (z) . (17)

Here the expansion coefficients C,(t) are expressible in terms of a two-
dimensional spinor C(¢) = (Cy(t), C2(t))T whose dynamics is governed by
the time-dependent Schrédinger equation

Np_1
z‘ha—giﬁ = | =(hwe/2)0z + hyy Y, Fralt —t, —te)oa | Ct) . (18)
k=0

0z and o, are Pauli matrices and the transition dipole is introduced as
0 0
pr = (0 (@) 05) ().
From Egs. (16) and (17) we deduce that

% + Re[CH(E)Ca(2)] - (19)

Once the pulse is applied at ¢ = ¢, the spinor C(t) = (C1(t),C2(t))T
transforms in time as

Pp(t) =

C(t) = Uo(t, tp)U(t, 1, 0)Uo(tp, 0)C(0) (20)

i“"c(t_tl)
ez 0
Uo(t,t') = ( 0 —%wc(t—t’)> ’ (21)

[&

o () s (242
isin (372) cos (5%

Ult,t,,0) = ekPo% = (



o0
Py = Poue = Fauz / a(t — tp)dt . (23)

—0o0

If we start with the initial condition C(t) = (1,0)7, i.e. from the ground
state, Egs. (19) - (22) tell us that if the pulse has a peak amplitude

:u‘lzpo/h =7/4 (24)
the probability to be in the left well becomes
Pp(ty,+7./4) =1.

This means 7./4 is the time it takes for the electron to localize in the left
well (within the IA and the two-level approximation). The localization peak
field is then determined by Eqs. (23) and (24) This localization phenomenon
is not sustainable without the application of additional, appropriately de-
signed fields. To achieve time sustainability one may apply for example a
train of HCPs with a period T at the time t; = t, + 7./4 + 7, v € 7./4
(here we assume Fp = F, k = 1,2,..., N, — 1). The system evolution at
stroboscopic times ¢t = ¢ + (kK — 1)T; k=1,...,, N, — 1 follows the relation

C(ty + (k= 1)T) = [U(ts + T,t)]*F1C(t1) 5 k=1,..,N,—1, (25)

U(tl + Tatl) = UO(tl + T’tl)U(tl + T,tlatl)

(e e}
ie 2wcTsm(ﬁ‘;§£) e~ 29T cos (ﬁ%ﬁ)

sz/oo at —t)dt . (27)

—00
Now we drive the system periodically such that it undergoes a cyclic
evolution, for the spinor vectors this means that
Cty +1T)=e“'C(t)) ; 1=0,1,2,... . (28)

The real phase ¢; is gained by the wave function upon the [th evolution
cycle that has a duration of 7. The key point is that for periodic cyclic
evolution Pr(t) turns periodic with period T°

PL(t1+lT)=PL(t1) H l:0,1,2,... . (29)

So if Pr(t1) = 1 the particle localizes also in the left well at any time
t =t +17. From Egs. (25)-(28) we conclude that for peak amplitudes such
that

pp/h=02n+1)w/2; ne Z (30)



the system undergoes a cyclic evolution with [6]
T=T if v=T/2, (31)
or 7T =2T if ~#T/2 (32)

The peak amplitudes Fy = F suitable for the suppression of the electron
tunnelling are then determined by Eqs. (27) and (30).

3.1. Numerical illustrations

Here we present two types of calculations: One type of calculations is based
on the above analytical results for the two-level systems and the second
derives from the full-numerical solution (including all levels). Figs. 3(a)
and (b) show the time dependence of P;, whereas Fig. 3(c) shows the av-
erage probability (Pp), = (1/75) [g° Pr(t)dt for T, = 2 ps as a function
of the pulse amplitude. Fig. 3(c) evidences that the localized particle can
be displaced in controllable way in between the wells by tuning the pulse
amplitudes.

Once the particle has been localized in one of the well we can, as we
explained above, sustain this localization by applying a train of HCPs with
a period T' <« 7./4. An example of such a case is shown in Fig. 4 where
a strong and a sustainable localization is achieved for the field parameters
displayed on the figures.

4. Driven electron dynamics in mesoscopic rings

A further example that we present here is the dynamics of phase-coherent
electrons confined in mesoscopic rings (MRs). Such systems have served for
the demonstration of a variety of fundamental phenomena [7-13] such as the
Aharonov-Bohm effect [14] and the appearance of persistent currents [15]
when pierced by a magnetic flux. A number of studies have dealt with
the electron-electron interaction [16-18], the impurity scattering [16] and
disorder effects [11,17] on the persistent currents. Experimentally several
measurements on persistent currents [15,19-21] have been conducted suc-
cessfully. Furthermore, dynamical processes induced by a time-dependent
electric field acting on a MR threaded by a static magnetic field have been
investigated [22-25] in which case a stationary non-equilibrium current
arises. This direct non-equilibrium current caused by nonlinear effects is
however an odd function of the static magnetic flux and vanishes thus if
the static magnetic flux is zero [23-25]. Studies on MRs subjected to exter-
nal CW laser fields are reported in [26-28].
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Fig. 3. (a) Pr(t) for a pulse amplitude appropriate for the localization in one well. (b)
Same as in (a) however the pulse amplitude is chosen such that the particle oscillates
between the two wells. (c) P, averaged over 2 ps as function of the pulse strength. Results
of two-level approximation (dashed lines) and the results of full numerical calculations
involving all the levels (solid lines) are shown.

Here we will be interested in the generation of nonequilibrium charge
currents and charge polarization by means of HCPs [29]. Fig. 5 shows a
schematics of the system to be studied here: An isolated ring with a width
d and a radius pg > d confines N charge carriers. The ring is subjected at
the time ¢ = t; to one or a train of HCPs that have an amplitude Fy(t). As
we will see below this pulse induces a non-equilibrium charge redistribution
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Fig. 4. Py, as a function of the time . After a pulse with Fauz = 42 kV/cm by a time
delay T = t; — t, = 220 fs we apply a train of HCPs with a period of T" = 100 fs and
peak amplitudes Fj, = 84.1 kV /em

Fig. 5. A ballistic ring with a width d and a radius po > d subjected to a sequence of
two crossed time-asymmetric pulses applied at ¢ = t; and ¢t = t3 = 1 4+ 7. The pulses
are linearly polarized along the perpendicular # and y axes, respectively.

in the ring, generating thus a charge polarization. However, it does not
destroy the clockwise-anticlockwise symmetry of the charge density. We
demonstrate further that charge currents can be generated if the ring is
irradiated upon a time delay 7 after the pulse F; by a second pulse F(t). In
this way clockwise-anticlockwise symmetry is broken and a time-dependent
current I(t) and an associated magnetization are induced.



11

4.1. Charge polarization buildup

For simplicity, we consider here a 1D ring. The influence of the radial chan-
nels can be incorporated in the model without much effort [29]. We con-
centrate on the case where the round trip time (few hundreds picoseconds)
of the charge carriers in the MR is much longer than the pulse duration 74
(picoseconds) in which case the IA is applicable. Thus, the wave function
of the charge carrier with a charge ¢ before and after the application of the
HCP (that has the polarization axis along the x axis) are related via

\11(9,t=0+) =‘1/(0,t=0“)ei°‘c°s'9 , (33)

where o = gpop/h and 6 identifies the angular position of the charge carriers
with respect to the z axis.

The function ¥, (6,t) describes the dynamics of the particle that has
started from the initial state labelled by orbital quantum number m,.
Ui, (8,t) can be expanded on the ring stationary eigenstates as

1 = imf ,—i Emt
Ty (6,1) = or > Cm(mg,t)e™ e R (34)
m=—0o0
E,, are the stationary orbital energies of the unperturbed states, i.e.
h2m2

Emzm N m:O,:lzl,:i:Q, . (35)

From Eq. (33) we conclude for the expansion coefficients the relations

<
Om(movt) = { 6m,m0 for ¢ = 0

im0 T nom, (@) for ¢ >0 (36)

where Ji(x) are the Bessel functions [30]. The energy associated with a
particle initially in the m,th state evolves as

By (£) = (Zig (0, D)1 H[ Wi (6, ), (37)
=m< U, (6, 8) %‘\Pmo(e,t)> .

From Eqs. (34) - (36, 37) we find thus for ¢ > 0

h? N 2
Emo (t>0)= W m;oo [m']mo -m (o‘)] ) (38)
hZm?
fort <0
2m* =
Ep, (t) = P (39)

%(mz—}—"‘—;) fOI‘t>0'
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Recalling that o = gpop/Hh we arrive at the formula

2 p2
E,, (t =FE, —
m, (£ > 0) (t<0)+ T

(40)

This relation indicates that the HCP shifts the unperturbed energy spec-
trum by an amount which scales quadratically with the pulse strength in-
dependently of the ring size. Em, (t < 0) increases quadratically with my
so that the ring energy is virtually unchanged if m > o?. To explore the
possibility of creating charge polarization in the ring we study the quantity

27
(cos B)m (t) = /0 @ pm, (6,¢)|? cos 6d6 (41)

which characterizes the charge localization in the direction of the pulse po-
larization and it varies in the interval [—1, 1]. When the extremal values —1
and 1 are reached then a perfect localization at the angles § = m and 8 = 0,
respectively, is achieved. The dipole moment pm,, along the z axis corre-
sponding to a particle initially in the m th stationary state is proportional
to (cosb)m (1), ie.

fimg, () = gpo(cos B)m, () - (42)

Making use of Egs. (34) - (36) and (41) we derive the relations

(008 8)m, (£) = O (t)ath(Q) sin [Z—T’rﬂ cos [47”"0’5] ,

Tp

4 * 2
Q= a4/2 —2cos[dnt/Tp] ; szﬂnﬁﬂ ) (44)

and
h(2) = Jo() + J2(Q) . (45)
The total dipole moment induced along the x axis by application of an HCP
is
= > J(m, t)m, (1) - (46)
My,

Here ¢ is the spin of the particle, f is the non-equilibrium distribution
function, and pm, (t) is given by Eq. (42).
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4.1.1. Numerical results

For a demonstration of the HCP-induced polarization let us consider a bal-
listic GaAs-AlGaAs ring similar to that used in the experiment reported
in Ref. [15]. We assume the ring width is d <« Ap so that only the lowest
radial channel is relevant. The ring radius is pp = 1.35 pm, and the elec-
tron effective mass is m* = 0.067m,, and N = 1400. Zero temperature is
assumed.
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Fig. 6. Time dependence of the dipole moment u corresponding to the case of spin %—

particles for different values of the relaxation time 7, (8) and with varying the pulse
strength F (b).

Using the relaxation time approximation [31] for the evaluation of the
non-equilibrium distribution function we calculate the time dependence of
the total dipole moment p“ for different values of the relaxation time T,
Figs. 6 (a). In Figs. 6 (b) the dipole moment is displayed as a density plot
as function of the time and the pulse field amplitude F = F;. The duration
of the pulse is 1 ps so that the dynamics of the polarization occurs in a
field-free manner. Furthermore, the largest polarization is achieved with
a magnitude being in the range of several 107 D. As to be expected, the
induced dipole moment increases with the pulse field strength, even though
the time within which the polarization is formed decreases for stronger
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fields [see Fig. 6 (b)]. The modulation observed in Fig. 6 (b) point to the
possibility of tuning the polarization by an appropriate choice of the applied
pulses.

4.2. Pulse induced charge currents

If two linearly polarized pulses are applied to the ring in the way show in
Fig. (5) a net time-dependent current I(t) and an associated magnetization
is created

I(t) = Z .f('!mmmU)N)Tat)ffu,mo(t)'

lgymg,0

Here the radial and angular quantum numbers [, and m, as well as the
spin o label the initial state from which the current starts and I; r, is
the associated partial current which in its turn is obtained from the time
dependent wave function, derived in a similar manner as described in the
preceding section (although now we are also including the influence of the

radial channels).
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Fig. 7. Induced magnetization M as a fuhction of the time delay T and the amplitude
F of the first pulse. The amplitude of the second pulse is set to the value F» = 30 V/cm.
Positive and negative values of F; refer to pulse polarizations in the & and —z directions,
respectively. The upper left and right insets show for the time delay 7 = 15 ps the time
dependence of the magnetization for respectively the field amplitudes of F; = —60 V /em
and Fy = 30 V/em. The ring radius is p— 0 = 1350 nm and its width is d = 10 nm. The
induced current is inferred by noting that for this ring a magnetization of 1 eV /Tesla
corresponds to a current of 8.9 nA,
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The HCP induced current results in a time-dependent field-free magne-
tization M (t). For rings with d < po this dynamic magnetization is given
by the classical formula M(t) ~ mp2I(t). Fig. (7) shows a prototypical ex-
ample of the the pulses-induced magnetization in the ring as a function
of the delay time  between the two pulses and as a function of the field
amplitude strength Fy of the first pulse (F, = 30 V/cm). A net current
I of 8.9 nA corresponds in Fig. 7 to a ring magnetization of 1 eV/Tesla.
Thus, the induced peak magnetization is an order of magnitude larger than
the magnetization measured in mesoscopic rings threaded by a magnetic
flux [15] in which case one measures a persistent current of ~ 4 nA. Here
we should stress however, that in contrast to persistent currents, the HCP
generated currents are non-equilibrium states that generally decay in time,
as demonstrated by the insets of Fig. 7 for two peak magnetizations. Nev-
ertheless, as evident from these numerical illustrations the current lasts for
almost 100 ps. To maintain the current beyond this time period one should
utilize a train of appropriate pulses, as done above for the case of a double
quantum well.

The induced magnetization direction is changed by changing the polar-
ity of the first pulse (cf. Fig. 7). Positive or negative polarity of F; leads
respectively to a charge polarization either along the z or —z directions and
this eventually results in a different magnetization direction. In addition to
being able to tune the magnetization direction, the peak magnetization
value can also be controlled by changing the time lag 7 between the pulses.

The numerical results shown in Fig. 8 demonstrate how collective mag-
netic phases in an artificially structured planar array of rings [21] can be
generated and controlled by means of HCPs: The magnetic moment of the
individual rings in the array can be varied for changing for example the radii
po or the particle number N [see Figs. 8(a)-(d)]. In the example shown in
Fig. 8 we have however, not yet included the dipole-dipole coupling be-
tween the magnetization of the rings, for we assume the distance between
the rings to be large for the dipolar interaction to be effective. For closer
packed rings such interaction effects are expected to be quite important. A
study of this case is however still outstanding.

5. Pulse-induced electron removal from a quantum dot

As a final example we consider the electron removal from a semiconductor
quantum dot upon irradiation with a half-cycle pulse. A quantum dot, also
called a nanocrystal or artificial atom, is a semiconductor crystal having
a size on the scale of the carriers wave length and surrounded by another
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Fig. 8. The time-dependence at T' = 0 of the magnetization induced by 1 ps pulses in
an array of four non-interacting rings with a fixed particle number N and varying radii
po [(a)-(d)] or with fixed po and varying N [(e)-(h)]. All rings are 100 nm wide, the field
amplitude strengths are Fy = Fy = 80 V/cm and the delay time between the pulses is
T =15 ps.

semiconductor material with a broader band gap. Methods and procedures
for the fabrication of quantum dots as well as further physical properties
are found in Ref. [32]. The boundary of a quantum dot can be smooth
or abrupt. Here we consider the case of an abrupt boundary, modelled by
a rectangular energetic wells with finite barrier heights for electrons and
holes in all three dimensions. Usually, a quantum dot like an atom has
a series of discrete bound energy levels and a continuum band of infinite
number of energy levels. Using appropriate semiconductor materials and
fabrication procedures, the size and the barrier heights of the quantum dots
can be controlled. Quantum dots have two types of carriers, electrons and
holes which can recombine with each other. The carriers at the discrete
energy levels are spatially confined inside the dot with some tunnelling
tails penetrating to the region outside the dot. Here we investigate the
probability of transferring the confined carrier which initially resides in a
discrete level to the continuum part of the spectrum by the application of
a half-cycle pulse.

For simplicity, we consider a spherical quantum dot containing a single
discrete electron level (the condition for such a situation will be clarified
below) which is occupied before the pulse application. We also assume that
electrons of the semiconductor materials inside and outside the quantum dot
have simple parabolic isotropic bands determined by the same effective mass
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m*. The radius of the quantum dot will be denoted as R and the energy
barrier height as U.. To render the following equations more transparent
we introduce normalized radial coordinate ¥ = r/R and normalized energy
barrier height u = U, /E, where the normalization energy is given by E, =
5—"% Solving the Schrédinger equation with the corresponding boundary
conditions one finds the equation

)\jl ()\)ko(lﬂ) — K,jo()\)k‘l(lﬂi) = O, (47)
determining all discrete energy levels E = A\2E, of the system. Here x =
vu — A%, ji(z) denote the spherical Bessel functions of the first kind and
ki(z) denote the modified spherical Bessel functions of the third kind [30]
[explicitly, we have jo(z) = sin(z)/z, ji(z) = sin(z)/x? — cos(x)/z, and
ko(z) = 5 exp(~z)/z, k1(z) = Z(z + 1) exp(—z)/z?]. Depending on the
normalized barrier height 4 Eq. (47) can have no real solutions or have finite
number of real solutions. Generally, the number of discrete levels increases
making the values of the confining potential U, or the dot radius R larger.
Both of these factors are combined in the normalized energy barrier height
u. One finds that for u € ((7/2)?, (37/2)?) there is exactly one discrete
electron level in the dot. The wave function is given by

111(?) = C'injO ()"F)’ 7L

N N - (48)
PY(F) = Cougko(k7), 7> 1;
where Cout = Cinjo(A)/ko(k) and
27 —1/2
Cin = (35 (1 = Go@N) + 23| . (49)
When the half-cycle pulse duration o satisfies the following condition
h
oK m (50)

the impulsive approximation can be applied and we find the wave function
right after the pulse application using the matching given by Eq. (13). The
probability Py for an electron to stay at the level inside the dot after the
excitation is given by the absolute value square of the projection of the wave
function after the pulse application onto the unperturbed wave function of
the quantum dot level,

47 2

=\ /d?’f WP - = /0 rdf [p(F)|* sin(p7)| ,  (51)

where p = pR/k with p being the transferred momentum. The probability
of quantum dot ionization is Pon = 1 — Py. The analytic expression for
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Fig. 9. Dependence of the probability Py to stay at the discrete level after the excitation
by a half-cycle pulse on the normalized transferred momentum 3.

Pion (D) is too cumbersome, therefore, we do not give it here but illustrate
this dependence in Fig. 9 for several values of the barrier height. We see
from this figure that for efficient ionization of shallow levels, weaker pulses
are required than for the case of deeper levels. Adjusting the pulse strength
it is possible to achieve complete ionization of the quantum dot level.

6. conclusions

We discussed in this work the use of short asymmetric electromagnetic
pulses for tracing and controlling the electron dynamics in double quantum
well structures and mesoscopic rings. Using analytical and numerical anal-
ysis we demonstrate how charge polarization and charge currents can be
created in the rings on a picosecond time scale and how these physical phe-
nomena can be modified in a controllable way by changing the parameters
of the external driving fields. We also discuss the possibility of HCP-induced
electron removal from quantum dots.
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