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Introduction

In this thesis we discuss and analyze the results on open boundary conditions
for the two-dimensional time-dependent Schrodinger equation. The aim of the
research presented here is to derive new mathematical models for the simulation
of novel electronic devices of nanoscale dimensions. Within these models it is
possible to study the electron flow through devices and their operations like the
switching behaviour between on- and off states. In practice, devices consist of an
“active region” (often having a complicated geometry) which is connected to leads
or contact regions. Compared to the domain of interest, these leads are so long
that they are usually modeled as infinitely long. For numerical purposes it is hence
necessary to reduce the computational domain of the simulation model to a small
region around the domain of interest — however, without changing the simulation
results. Hence we need to use artificial boundary conditions at the cut-offs of the
computational domain. These boundary conditions are called transparent, if the
solution on the restriced area with the new boundary conditions coincides with
the solution on the unbounded domain (i.e. the channel). The main focus of this
thesis is the discretization of such artificial boundary conditions in conjunction
with various finite difference schemes for the Schrodinger equation.

The thesis consists of the following four sections:

In §1 we present a short overview on existing transparent boundary conditions
for the Schrodinger equation and show some new two dimensional simulations. We
will compare numerical results obtained with different types of artificial boundary
conditions. The results of this first chapter will be published in Mathematics and
Computers in Simulation (2007), Proceedings of MATHMOD 2006, Vienna, Aus-
tria and in the Proceedings in Applied Mathematics and Mechanics (2008).

In the second chapter we derive a new discretization scheme of the two dimen-
sional Schrodinger equation. We prove the £2-norm preservation of the highly
accurate scheme and analyze the obtained transparent boundary conditions in de-
tail. In several examples we present numerical tests concerning the error due to
the scheme and to the boundary conditions. These results will appear in a joint
work with Prof. Dr. Anton Arnold in Kinetic and related models 1 (2008).

§3 deals with some physical extensions of the model and of the artificial bound-



Introduction

ary conditions. We relax the strong assumptions on external potentials that
were needed for the analysis presented in §1 and §2. Additionally, we include
a self-consistent potentials derived through a nonlinear coupling between the
Schrodinger and the Poisson equation. With this model it is possible to simu-
late semiconductor devices like the double gate metal oxide semiconductor field-
effect transistor. Furthermore, we reduce the numerical effort for the calculation of
the solution by introducing a highly efficient algorithm based on “subband decom-
positions”. This amounts to projecting the solution onto the (local) Schrodinger
eigenfunctions in the orthogonal direction to the device channel. The work pre-
sented in §3 has been developed under supervision of Prof. Dr. Naoufel Ben Ab-
dallah of the Laboratoire MIP - Mathématiques pour I'Industrie et la Physique in
Toulouse, France and will be submitted in 2008.

Finally we present results for the Schrodinger equation on circular domains
in §4. Therefore we consider the 2D Schrodinger equation in polar coordinates
and derive new transparent boundary condition for the discretized Schrodinger
equation. After a stability analysis we give some numerical examples. These
results will be submitted in a joint work with Prof. Dr. Anton Arnold, Dr.
Matthias Ehrhard, and Prof. Dr. Ivan Sofronov in 2007.
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1 Transparent boundary conditions
for quantum-waveguide
simulations

In this first chapter we give an introduction to open boundary problems for the
time-dependent Schrodinger equation. We will show some numerical results ob-
tained with different numerical methods for simulating open quantum systems.

1.1 Introduction

Quantum waveguides are novel electronic switches of nanoscale dimensions. They
are made of several different semiconductor materials such that the electron flow
is confined to small channels or waveguides. Due to their sandwiched structure
the relevant geometry for the electron current is roughly two dimensional. Using
external electrostatic potentials the “allowed region” for the electrons, and hence
the geometry can be modified. This allows to control the current flow through
such an electronic device. It makes it a switch, which resembles a transistor, but
on a nanoscale.

Being quantum particles, the electron transport through a quantum waveguide
can be modeled in good approximation by a two dimensional, time-dependent
Schrodinger equation

2

0 I
ihalb(x,y,t) = (—%A + V(x,y,t)) Yz yt), (2.y) € Q) t>0,

U(z,y,0) =v (2,y), (x,y) € Q0),
U(z,y,t) =0, (z,y) € 00(t) (1.1)

on a time-dependent geometry Q(¢) C R? with ! € L?(£2(0)) and homogeneous
Dirichlet boundary conditions. h and m* denote the Planck constant and effective
mass, respectively; A the 2D Laplacian. The external potential satisfies V (., t) €
L*>(Q(t)) and V(z,y,.) is piecewise continuous. The spatial domain consists of
(very long) leads and the active switching region, which sometimes has the shape
of a stub. Here, we shall only consider domains €)(¢) that are piecewise constant
in ¢ and monotonously growing in time. At the jump discontinuities of the domain
we shall extend the solution ¥ by zero, as a new initialization.

10



1.1 Introduction

In typical applications, electrons are continuously fed into the leads. Depending
on the size and shape of the stub, the electron current is either reflected (off-state
of the device) or it can flow through the device (on-state). Since the applied
external potential can modify the stub size, it hence allows to switch the device.
Important device data for practitioners are the ratio between the on- and the
(residual) off-current as well as the switching time between these two stationary
states. These data can be obtained from numerical simulations of the described
Schrodinger equation model. The leads are very long compared to the typical size
of the active region and they usually only carry (linear combinations of) plane
wave solutions. For the efficiency of numerical simulations it is therefore desirable
to restrict the simulation model to a small region close to the stub (see Figure
1.5). Hence, the leads should to be cut off by using artificial boundary conditions.
This is possible without changing the solution of the Schrodinger equation by in-
troducing transparent boundary conditions (TBCs), which are non-local in time
(convolution type) and in space.

To illustrate the idea we first consider the time-dependent Schrodinger equation
(1.1) in one dimension x € §2(t) C R with a potential that satisfies V(x,t) =V}
for x < x; and V(z,t) =V, for x > x, and all ¢ > 0. The analytic TBC for this
one dimensional equation reads

3 VT
h o« _w,d [U(x,,T)e"n
(T ) = — if it L [ IT)E g 40, 1.2
Yulart) orm ¢ ° hdt/ VT —1 ™ t>0 (12)
0

for the right boundary = = z, (and analogously for the left boundary) and was
first derived in [Pa82], [BaPo91]. The numerical discretizations of this artifi-
cial boundary condition is delicate, as it may easily render the initial-boundary
value problem unstable. Discrete transparent boundary conditions (DTBCs) for
a Crank-Nicolson finite difference discretization of the Schrodinger equation were
first given in [Ar98] and [EhAr01] (cf. also [AABESO07] for a recent review of the
various alternative approaches). Another strategy to simulate open quantum sys-
tems consists in the use of absorbing boundary conditions (ABCs). ABCs are local
approximations to the extact TBCs. These boundary conditions minimize the re-
flections at the artificial boundary, e.g. based on pseudodifferential approaches.
ABCs may be also derived by an enlargement of the computational domain and
applying penalty potentials, like it was done in [Bu97].

For the two dimensional geometry of quantum waveguides, TBCs were rigor-
ously derived in [BeMePi05]. A discrete analogue along with a fast evaluation
algorithm was given in [ArEhSo03]. The topic of this introducing chapter is to
discuss the algorithmic issues of implementing these DTBCs for the 2D Schro-
dinger equation (§1.3.1), to compare them with ABCs (§1.3.2, §1.3.3) and to use

11



1 Transparent boundary conditions for quantum-waveguide simulations

them for simulating a quantum waveguide with a resonating stub (§1.3.4). A more
detailed derivation and analysis of DTBCs for the fourth order “Numerov-scheme”
for the two dimensional Schrodinger equation will appear in §2 and in [ScAr07].

1.2 Finite difference scheme and discrete
transparent boundary conditions for the two
dimensional Schrodinger equation

In this section we shall briefly review the derivation of DTBCs for the two di-
mensional Schrodinger equation on a rectangular geometry in conjunction with
a finite difference discretization. Here, we are ultimately interested in solving
the Schrodinger equation on a geometry like in Figure 1.5 with both leads being
rectangular and infinitely long. When discussing TBCs we only need to consider
the geometry of the exterior domain, i.e. the domain to be eliminated by the
TBCs. The interior domain shall be kept in the simulation and can have an irreg-
ular geometry (e.g. T-shaped like in Figure 1.5). For a more realistic model one
should actually solve the nonlinear Schrodinger-Poisson equation in the interior
domain (cf. §3 or [BeMePi05]), but this still does not effect the shape of the TBCs.

Here, we choose Qcomp = R x [0,Y] C R? as the domain of interest. Let (I
be the numerical approximation of the solution ¢ (z;,yx,t,) to the Schrodinger
equation (1.1) on the equidistant grid Qa, a, with the nodes x; = jAz, j € Z;
yr = kAy, 0 < k < K and the time discretization t, = nAt, n € Nyg. DTBCs
shall be employed at o = 0 and x; = JAx = X, hence the computational domain
is chosen as the rectangle [0, X] x [0,Y]. At yo = 0 and yx = KAy =Y we use
zero Dirichlet boundary conditions.

Following [ArEhSo03] we shall now briefly review the derivation of DTBCs for
the 2D Schrodinger equation. Using the five-point finite difference scheme in
space and the Crank-Nicolson scheme in time, the discrete Schrodinger equation
on Qa, Ay reads

hZ

Zth—i_qb]Ttk — _2m <D2wn+2 —'—D2¢ ) n+2¢n+2_ (13)
Here,
¢n+1
DJr n —_ -
U =
5% e 20 Y
Js k - A2 ’

12



1.2 Finite difference scheme and DTBCs for the 2D Schrodinger equation

Vi = 200 + 00
Ay?

denote the standard finite difference operators,

‘/}n‘i'ﬁ =V (l'], 1 >
el 1,
Wi = 5 (Vi + ¢in)

a time averaging.

2 n
Dylpj,k_

Remark 1.1 The discretization scheme (1.3) is of second order both in time and
space. Since the discrete (*-norm is preserved under the evolution, i.e.

DF|[||3 = AxAyDf Y [, =
JEZ,0<k<K

for alln >0 (cf. [ArERS003]), the scheme is unconditionally stable.

Like in the analytical case we assume that the potential is constant outside of
the computational domain: V/} =V, for j < 1 and V], = V; for j > J — 1,
and for all 0 < £k < K and n > 0. This implies that the transversal solution
modes (i.e. orthogonal to the channel axis) are decoupled in the exterior domain.
Hence, we shall now Fourier transform equation (1.3) with respect to the discrete
sine-functions

wkm .
im = KZM&H( W) M=l K- L0Si S0z

wj,0:¢;‘fl(:07 OS]SJ,HZO

It can be easily shown that

1 1 M\ \ 1,
_2Ay2 ( i1 = 25 Y k+1> NE (1 —os (?) ) Jm
for 1 <k,m < K-—1,j€Z\[l,J—1]. Since the potential V] is constant in
the exterior domain, the solution modes ﬁjnm are independent of each other and
we obtain K — 1 one dimensional discrete Schrodinger equations
th
At

n “n hz Ap+i “n+ -~ An—l—
(9387 = Fin) = = gezm (950 = 2000+ 057500 )+ Vi
(1.4)

with the modified potential

- h? [ 1— cos () ,
V}'m::‘/}_‘_m* (A—y2 , ]EZ\[l,J—l],mzl,...,K—l.

13



1 Transparent boundary conditions for quantum-waveguide simulations

Next we assume that the discrete initial function wgo',k is compactly supported
in the grid [1,J — 1] x [1, K — 1]. Performing the discrete Z-transformation,

Z{Y"} = U(z Zw ™ zeC, |z > 1,

of (1.4) on the exterior domain, we derive K — 1 second order difference equations

2 —1
Uii1m(2) + (zR 1 2 —wVj, m) U,m(2) +¥_1m(2) =0,
j<0orj>J, (1.5)
with R = —‘%ﬁ;”* and w = 2&2#. For each fixed m, equation (1.5) has two

fundamental solutions of exponential form ¥;,,(z) = a;,(2)?. Both for physical
reasons and since the discrete solution stays in ¢?(Z x [1, K — 1]), each mode
U, (%) has to decay for |j| — oco. This requirement selects a unique root a,,(z)
(with o, (2)] > 1 for j <0, e.g.) and the Z-transformed DTBCs hence read

Ui(z) = ao(2)Wo(z),  Wyoi(z) = ay(2)¥,(2). (1.6)

Theorem 1.1 (DTBCs for the 2D Schrédinger equation) Consider  the
two dimensional time-dependent Schrodinger equation, discretized with the five-
point difference scheme in space and the Crank-Nicolson scheme in time. Then,
the sine-transformed DTBCs at xo = 0 and x; = JAx read respectively

n—1
An 0 An n I/
,lvbl,m - 5((),r)n¢0,m = S0,m ¢Om - Q/’1 me N2> 1, (1.7)
v=1
n—1
An 0 An n—v
VSt = S = D80 = m > (1.8)
v=1

where the convolution coefficients sgn) are given by (cf. [ArEhS003]):

,m

ym = |:1 —Z§ —+ T]émo—'— |:1 —|—Z§ -+ T 5n,1

Pn(,“/j,m) - Pn—2(,uj,m>

+ e p=—iR, 0, =wV,n,

2n —1 ’
2 2
p°+40;m + 075,
G = (P + 020+ (i +4P), gy = T,
J,m
©jm = arctan <p2 — 401_ 2 ) o Qgm = 3 §jme Pjm/2
1M J,m

forj =0,J,m=1,...,K — 1. P, denotes the Legendre polynomials (P_; =
P_5=0) and b, is the Kronecker symbol.

14



1.2 Finite difference scheme and DTBCs for the 2D Schrodinger equation

Remark 1.2 The decay rate of the convolution coefficients coincides with the
decay O(t=3/2) of the convolution kernel in the analytical TBC (1.2).

Remark 1.3 The discrete Schrddinger equation (1.8) and the DTBCs (1.7), (1.8)
are solved iteratively in time. The convolution length in (1.7), (1.8) therefore
grows with every time step. This makes it impossible to simplify (or accelerate) the
numerical evaluation of these time convolutions by using a fast Fourier transform
(FFT). Hence, the evaluation of the convolution sum up to time level n requires
a memory of the order O(Kn) and numerical costs of the order O(Kn?). The
latter can easily surpass the costs of solving the PDE in the interior domain which
only grows linearly in n. As a remedy it is possible to approzimate the convolution
coefficients by a sum of exponentials (say L terms) and to calculate the convolution
sum recursively, as shown in [ArEhS003]. We write

(n)
S:m n=0,...,7r—1
S =S ) (1.9)
Yl bimiyny 2 m=rr L

for some parameters L,r € N. Typical values to obtain good results are L = 10 or
20, r =1, 2. Furthermore, the non-local part

n -~ — ~(n—k)
C (wjﬂn) = Zs((),m : jlin

k=0

of the approzimated DTBCs can be evaluated efficiently by the sum
o~ L ~
C™ (Yjm) = D> ¢ (jm) (1.10)
=1

and the recursion

C?({D\j,m) = qj_,nlz,lcln_l({p\j,m) + bj,m,lqj_,;z,l Ajilrzrv n=r+1lr+2...,
This way, the numerical costs may be reduced to O(KLn) and the memory to
O(KL) with L << n , while still keeping high accuracy (cf. [ArERS003]). A nu-

merical example concerning the approximated D TBCs will be given in the following
section.

Remark 1.4 In (1.7), (1.8) the DTBCSs are formulated in sine-transformed space.
Hence, these DTBC's are also non-local in space — more precisely in the tangential

15



1 Transparent boundary conditions for quantum-waveguide simulations

manifold of the artificial boundary. Due to the sine-modes in y-direction, this non-
locality can easily be dealt with using FFT (cf. §1.3.1). If the exterior potential
is mot constant in the transversal direction (of the channel), the solution can still
be expanded in the eigenfunctions of the transversal Schrédinger operator (cf. §3
or [BeMePi05]). But then FFTs cannot be used for the evaluation of the DTBC's

(cf. 83).

Remark 1.5 The numerical costs of implementing the DTBCs (1.7), (1.8) agree
with the costs for “ad-hoc” discretizations of the analytical TBC (1.2) (or its 2D-
analogue) that were proposed in the literature. But (1.7), (1.8) have the advantage
not to introduce any numerical reflections or to destroy the unconditional stability
of the underlying PDE scheme.

Remark 1.6 The Crank-Nicolson finite difference scheme (1.3) is of the order
O(Az?*+ Ay?+ At?). With a higher order scheme (compact finite differences) one
can again derive modified DTBCs and obtain an order of convergence of O(Ax* +
Ayt + At?) (cf. §2 or [ScAr07]).

1.3 Numerical results

In this section we discuss the practical implementation of DTBCs and ABCs and
compare the results obtained with DTBCs, approximated DTBCs and ABCs for
travelling Gaussian waves. Furthermore, we present some numerical results when
using DTBCs for simulating quantum waveguides.

1.3.1 Implementation of DTBCs

In (1.7), (1.8) the DTBCs are written in sine-transformed space. A direct imple-
mentation in position space would necessitate tremendous numerical costs, hence
they are implemented in y-Fourier space. The discrete convolution

n—1
~(n— 1 n—v) ;
CL(],ml) = ? SL(],m )wim? m:177K_]- (]_]_1)
v=1
for the right boundary x; = JAx is calculated in Fourier space and inverse trans-
formed by

K-1 n—1
n— : k n—v) 7
ol =2 sin () (s 0hn). k=LK -1
m=1 v=0

Since the convolution (1.11) only involves the solution at the boundary at past
time levels (i.e. for v < n—1), one can directly store the sine-transformed boundary

16



1.3 Numerical results

data ﬁzm Moreover, this part of the DTBCs only enters the inhomogeneity of
the linear system to be solved at each time level.

The part sf,%z/?jm of the left hand side of the DTBCs (1.8) has to be inverse
transformed to physical space and we get the couplings

© 0\ . (TmkY () -
<8J7m¢Jym> Tkl ;Sln ( K ) SJm"ungm

9 i1 mmk ki
= Z Z 3510,7)71 sin <—K ) sin <?> (0¥

m=1 [=1

for k, 1l =1,..., K — 1. Hence, the 5-diagonal system of the discrete 2D Schro-
dinger equation (1.3) obtains additional entries due to the DTBCs.

In order to model the electron influx from the left lead, we shall prescribe
an incoming plane wave (z,y,t) at the left boundary. Hence, inhomogeneous
DTBCs have to be used at xq = 0:

0

)

—
=

¢im - @?,m - S

=}
3

3
—

s (U = Gt) = (Pt —@i20), m21, (112)
1

N
Il

with the discrete, sine-transformed incoming wave 7, 0 < k£ < K,0 < j < J.
These boundary conditions are implemented analogously to the DTBCs at z; =
X.

1.3.2 Implementation of ABCs

It is also possible to simulate open quantum systems with ABCs, like it has been
done in [Bu97]. Since the Crank-Nicolson finite difference scheme is also used
for the discretization of the time-dependent Schrodinger equation in [Bu97] it is
easy to compare our results based on DTBCs with ones received using the ABCs
there. The ABCs in [Bu97] are based on the enlargement of the computational
domain Qepmp = (Xo, X) x (0,Y) to Qape = (Xo, Xg) x (0,Y) with X; > X.
A constant complex-valued penalty potential V(z,y) = W — iA is introduced for
(z,y) € (X, X4) x(0,Y). A schematic view of the enlarged computational domain
Qapc is presented in Figure 1.1.

For the derivation of ABCs we consider the one dimensional Schrédinger equa-

tion (1.1) on the enlarged computational domain (Xg, X;). At x = X; we assume
zero Dirichlet boundary conditions, ABCs will be derived at z = X < Xy. In the

17



1 Transparent boundary conditions for quantum-waveguide simulations

V(x,y)=0 V(x,y)=W-iA V(x,y)=

Figure 1.1: Enlarged computational domain Qapc = (Xo, X4) x (0,Y) for the
usage of ABCs. At X; we assume zero Dirichlet boundary conditions.
X denotes the artificial boundary, where we introduce ABCs.

zones (Xo, X) and (X, X;) the solutions ¢(x) to the 1D stationary Schrédinger
equation read

Y(z) = Be*™ 4 Ce™™ <X,

P(z) = be™” +cemMT Xy <a <X,

¢(l’) = 07 T > Xd

with transmission coefficients 0 < B, b < 1, reflexion coefficients 0 < C, ¢ < 1
and wave numbers

2m, K
2 *
W=
2my .
ﬁzﬁ+7#@A—W) (1.13)

obtained by the continuous dispersion relation. F denotes the given energy. The
ABCs follow by the assumption that ¢(z) and the first derivative ¢'(x) are con-
tinuous at z = X and setting the reflection coefficient C' = 0. For parameters
X =0 and X; = d we calculate

_ b ka1 ka1 2ik1d
C = 5 [1 ? (1+ k)e ,

and the condition C' = 0 leads to the nonlinear coupled equations

ok sinh(fd) cosh(Sd)
‘- cos?(ad) cosh?(Bd) + sin®(ad) sinh*(8d)’
G— _k sin(ad) cos(ad) (1.14)

cos?(ad) cosh?(3d) + sin®(ad) sinh?(3d)

for k; = a + 9. Numerically, the system (1.14) may be solved by an iterative
Newton method. From (1.13) follows by comparison of coefficients

h2

*

A= af,

18



1.3 Numerical results

(]{72 _ 042 +ﬂ2)h2
2m,

for V(z) =W —iA, z € (0,d).

W:

ABCs of this type only work well for travelling waves which pass the artificial
boundary x = X in an orthogonal angle. In this case the penalty potential is
calculated for the mono-energetic wave function.

1.3.3 Example 1: Travelling Gaussian waves

First we will show some rather mathematical examples of travelling Gaussian
waves on the two dimensional domain @ = R x (0,1). Therefore we choose the
y-periodic initial function

NI}

(e y) = S (=1)fe et ot i o )

LeZ

with given wavenumbers k, = k, = 100 and o = 240. Let the computational
domain be Q.pmp = (0,1) x (0,1). Exact DTBCs according to (1.7), (1.8) are
implemented at x = 0, x = 1. We consider the discretization parameters Ax =
Ay = 1/120, At = 2-107°. In Figure 1.2(a) we show the absolute value of the
initial function (1.15). The evolution of this initial function according to the scaled
Schrodinger equation ((1.3) with & = m, = 1) is presented in Figure 1.2 (b), (¢)
for some times t,,. The Gaussian beam leaves the computational domain through
the artificial boundary x = 1 without being reflected back.

For the same discretization we calculate the solution to the Schrodinger equation
((1.3) again with A = m, = 1) with the initial data (1.15) along with approxi-
mated DTBCs (1.9) using the parameter r = 2. The results for the time step
t, = 240At are presented in Figure 1.3 for the value L = 5 (Fig. 1.3(a)) and the
value L = 10 (Fig. 1.3(b)). For L = 5 there are some unphysical reflections at the
artificial boundary which are significantly reduced for L = 10.

In a third calculation we again assume the initial function (1.15) and compute
the solution 1 to the Schrodinger equation ((1.3) with A = m, = 1) with DTBCs at
x = 0and ABCs (c.f. §1.3.2) at 2 = 1. We use the same discretization parameters
as before and let Xy = 2. Hence, the computational domain is chosen twice big
as the domain of interest, which is used for the calculation with the DTBCs. The
absolute value of the solution v is plotted on the domain of interest (0,1) x (0,1)
in Figure 1.4 for some time steps t,. Since the wave function crosses the artificial
boundary in a non-orthogonal angle, there are some unphysical reflections at the
artificial boundary.
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1 Transparent boundary conditions for quantum-waveguide simulations
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Absolute value of the initial function (1.15) and the absolute value of
the solution to the Schrodinger equation at some time steps ¢, cal-
culated with exact DTBCs at + = 0 and * = 1. We choose the
discretization parameters Az = Ay = 1/120 and At = 2-107°. On
the right hand side we plotted the same values as on the left hand side
but as contour plots.



1.3 Numerical results
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Figure 1.3: Absolute value the solution to the Schrodinger equation at the time
step t, = 240At calculated with exact DTBCs at x = 0 and approx-
imated DTBCs at x = 1 with (a): L = 5 and (b): L = 10 terms in
the sum of exponentials. On the right hand side we plotted the same
values as on the left hand side but as contour plots.
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Figure 1.4: Absolute value the solution to the Schrodinger equation at some time
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steps calculated with DTBCs at x = 0 and ABCs at x = 1. The
enlarged computational domains equals Qcomp = (0, Xg) x (0,Y) =
(0,2) x (0,1). On the right hand side we plotted the same values as
on the left hand side but as contour plots. The solutions are plotted
on the domain of interest (0,1) x (0,1).



1.3 Numerical results

32nm Vcontrol
l ~ 20nm —| ‘

0 X = 60nm X

Figure 1.5: T-shaped structure €2 with length X = 60nm, a channel width ¥V =
20nm, and a stub width w = 20nm. It is possible to switch the stub
length from 32nm to 40.5nm. Inhomogeneous DTBCs are implemented
at x = 0 and homogeneous DTBCs at z = X. The inflow is modeled
by the function ¢ given in equation (1.16).

1.3.4 Example 2: Simulation of quantum waveguides

Following the simulation of a GaAs-waveguide in [Bu97], we choose the T-shaped
geometry shown in Figure 1.5 to simulate a quantum waveguide transistor. In
x-direction the channel has a length of X = 60nm; the channel width Y and the
stub width w are 20nm. In order to control the current through the channel, the
stub length can be changed from L; = 32nm to L, = 40.5nm. Homogeneous
DTBCs (1.7) are implemented at = X, and inhomogeneous DTBCs (1.12) at
x = 0. All other boundaries are considered as hard walls, i.e. we use homogeneous
Dirichlet boundary conditions for ¢. A (discrete) time harmonic incoming wave
function

k ; - iEnAt
SO;L,IC — Sin (%) elkz]Awe——EhA ’ k — 07 cee _[(7 n e NO (116)

is modeling the mono-energetic constant incoming current at x = 0. Here, ¢
includes only the lowest transversal mode. But any linear combination of higher
modes would work equally well, which is a great advantage compared to other
artificial boundary conditions (e.g. [Bu97]). In our example the energy E of
the incoming wave equals 29.9meV and the effective electron mass has the value
m* = 0.067myq, which corresponds to GaAs. The value of k, can be derived from
the discrete dispersion relation

P (1—cos(Axk:w)) ” <1—cos (%))

m* Ax? m* Ay?
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1 Transparent boundary conditions for quantum-waveguide simulations

of the Schrédinger equation with Vi = 0 for an incoming wave (1.16).

For the subsequent simulation we solve the Schrédinger equation (1.1) by the
difference equation (1.3) without external potential, i.e. V' = 0. For realistic
simulations of MOSFET-channels, (1.1) should be coupled to the self-consistent
Coulomb potential inside the channel. Since we focus on DTBCs, we shall not
include this here. But a coupling to the Poisson equation inside the computational
domain does not change the derivation or discretization of our open boundary
conditions (cf. §3 for more details concerning the Schrodinger-Poisson system).
Since we are mostly interested in the switching and the large time behavior of this
waveguide, we choose the following (somewhat arbitrary) initial function

sin (%) gtkae C0<z<my
(2, y) = { Lsin (L) eh=r [1 + cos (w%) } Cox < a <
0 A A o

with 7 = 25nm and z, = 38nm, which is consistent with the incoming wave.

Figure 1.6 shows the absolute value of the temporal evolution of the numerical
solution . In this simulation the stub length is first fixed to L; = 32nm. After
1.68ps the solution reaches (essentially) a steady state (off-state of the waveguide).
Phenomenologically speaking, in this case only 1% wave packets “fit” into the stub
(cf. Fig. 1.6(c)). Hence, they block the current flow through the waveguide. Then,
at t = 1.68ps the stub is enlarged at once to Ly = 40.5nm. After some transient
phase, the solution converges to a new steady state (on-state of the waveguide, cf.
Fig. 1.6(f)). Here, two wave packets “fit” into the stub, and the current can flow
almost unblocked through the device. At t = 3.60ps the current is already almost
constant in x and at its maximum level.
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Figure 1.6: Absolute value of the numerical solution 3 to the time-dependent
Schrodinger equation on the T-shaped structure of Figure 1.5. The
discretization parameters are chosen as Ar = Ay = 0.5nm, At =
0.0002ps, V = 0meV, m* = 0.067mgy, £ = 29.9meV.
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2 Discrete transparent boundary
conditions for the Schrodinger
equation — a higher compact
order scheme

In this chapter we consider the two dimensional time-dependent Schrédinger equa-
tion with the new compact nine-point scheme in space and the Crank-Nicolson
difference scheme in time. For the resulting difference equation we derive discrete
transparent boundary conditions in order to get highly accurate solutions for open
boundary problems. Numerical experiments illustrate the perfect absorption of
outgoing waves independently of their impact angle at the boundary. Finally, we
apply inhomogeneous discrete transparent boundary conditions to the transient
simulation of quantum waveguides.

2.1 Introduction

The development of novel semiconductor devices (like diodes or transistors) is
usually supported by computer simulations to optimize the desired operating fea-
tures. Schrodinger models describe the purely ballistic transport of electrons and
holes, and they are employed e.g. for simulations of quantum waveguides and
nano-scale semiconductor heterostructures. The time-dependent two dimensional
Schrodinger equation describes the time evolution of the complex-valued wave
function 1. It reads

1
i%lb(x,yat) = —§A¢(x,y,t) + Vi, y, )z, y,t), (r,y)eQCR: t>0

U(x,y,0) = ' (z,y) C L*(Q) (2.1)

with the real-valued given potential V' (z,y,t).

As in [ArEhSo03], we assume that € is an infinitely long stripe, i.e. Q =
R x (0,Y), with ¢ satisfying homogeneous Dirichlet boundary conditions at y = 0
and y =Y. For computational purposes it is necessary to reduce the simulations
to some finite subdomain, say Qeom, 1= (0, X) x (0,Y) C Q by introducing (artifi-
cial) open boundary conditions at x = 0 and x = X. As it is common practice, we
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

assume supp Y’ C Qeomyp, and that the potential is constant in the two exterior do-
mains R~ x (0,Y") and (X, 00) x (0,Y). Note that an only time-dependent exterior

t
potential can be dealt with by the transformation ¢ (x,t) = ¢(x,t) exp [f V(T)dT}
(cf. §3).

Open boundary conditions are called transparent, if they yield identical solutions
both on the original large domain {2 and the reduced domain €2.,,,,. In the 1D
case the transparent boundary condition (TBC) takes the form

%w = —\/56_”/46_“/””\/5 (em“tﬁb) , r=0orx=X, (2.2)

where 7 denotes the unit outward normal vector at each interface and V_,; is the
constant exterior potential. 1/0; is the fractional time derivative of order % with
the Fourier symbol v/—iw, and it can be rewritten as a time-convolution of the

boundary data

(Vo) (z, 1) fdt/ Yl (2.3)

When carrying out the ¢t-derivative, one sees that the resulting kernel behaves like
O(t=3/2) for t — oco. The one dimensional TBC (2.2) has been derived by several
authors, e.g. in [Pa82|, [BaPo91]. Its extension to rectangular geometries in 2D is
based on taking the partial Fourier series of ¢ w.r.t. y:

U(x,y,t) Zwm x, 1) sin (myy>

meN

Since V' is constant in each of the two exterior domains, the time evolution of the
modes ¥,,(z,t), m € N is decoupled there. Hence, each mode satisfies at x = 0
and z = X a one dimensional TBC

9 - t iVint
8—n¢m(:c,t) —V2e7 /e ZVm\f( Vi ¢mxt)) m €N, (2.4)

with the potentials V,,, := V.; + % (%)2

The goal of this chapter is to derive and analyze a discrete analogue of (2.4)
in conjunction with a fourth order finite difference scheme of the Schrodinger
equation. Discretizations of TBCs are delicate even in the 1D case, as they may
lead to unphysical reflections at the boundaries (cf. [Ma89], [BaPo91], [Sc02]).
Here we shall follow the “philosophy” of [Ar98], [EhAr01], [ArEhS003] and derive
discrete transparent boundary conditions (DTBCs), instead of discretizing the an-
alytic TBC (2.4). We shall now first review several popular discretization schemes
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2.1 Introduction

for the Schrodinger equation as well as existing strategies for treating absorbing
boundary conditions (ABCs) for it. An ABC is a local approximation to the exact,
but nonlocal TBC (2.2).

A popular spatial discretization of the Schrodinger equation is based on the
second order finite difference scheme. Together with a Crank-Nicolson scheme
in time, this yields an unconditionally stable scheme (cf. §1 or [EhAr01]). In
many applications compact higher order finite difference schemes are used (e.g.
the fourth order Numerov scheme, cf. [KaMoSi05], [Mo04]). And this will be the
starting point for this chapter. Another approach is given in [BaShMa02], where
a time-splitting spectral approximation is developed for the Schrodinger equation.
This strategy is very efficient for smooth solutions, but it has no advantage for
heterostructures (with discontinuous potentials), since the potential is assumed to
be periodic in space and C*°(R) in [BaShMa02]. In [BoDe06] Borzi and Decker
combined a pseudospectral method for the space discretization with a leap-frog
time-propagation scheme, which is second order accurate in time and yields spec-
tral accuracy in space.

The simplest possibility to implement ABCs for Schrodinger-type equations is
to enlarge the computational domain and to add some complex-valued poten-
tial just outside the domain of interest in order to damp the solution there. This
approach was first presented in [KoKo86|, [NeBa89] and is also often used in phys-
ical applications (e.g. [Bu97|, [HePfSt07]). However, like seen in §1, it only works
well for one tunable wavenumber of the wave function ¢). Pseudodifferential tech-
niques, like in the seminal works of Engquist and Majda in [EnMa77], [EnMa79]
for the wave equation have been used by Shibata [Sh91] and Kuska [Ku92]. Since
their analytical approaches lead to non-local (in time) boundary conditions (cf.
(2.2)), they used approximations of the square root symbol by low order rational
functions. In [FeJi99] Fevens and Jiang derived ABCs for the Schrodinger equa-
tion which depend on the group velocity of the travelling wave package. Only
the parts with a positive velocity are admitted to pass the right boundary. But
the discretization of these ABCs leads to weakly ill-posed problems, as shown
in [AlRe02]. Furthermore, one has to know the (main) velocity of the solution
a-priori. So, these ABCs are not practical either. In [AlIRe04] Alonso-Mallo and
Reguera calculated ABCs for the semidiscrete Schrodinger equation in space, the
fully discrete model is described in [AlRe03]. Both approaches are weakly unstable
and show increasing instabilities for higher order ABCs. In [AnBe01] Antoine and
Besse derived ABCs on a curved artificial boundary. Their well-posedness and
discretization is studied in [AnBeMo04]. A generalization of the 2D-result of An-
toine and Besse is formulated by Szeftel in [Sz04a] for both linear and non-linear
Schrodinger equations in R, Here, the author used also a pseudodifferential ap-
proach and obtained the boundary operator based on a reflection-of-singularities-
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

theory for the Schrodinger equation (cf. [Sz04b]). In order to get local ABCs both
in space and time, he adapted the approximation strategy from [EnMa79]. The

results are good for the linear case, but poor in the non-linear case. For a more
detailed review of ABCs and TBCs we refer to [AABESO07].

Exact DTBCs were developed in [ArEhSo03] for the five-point finite difference
scheme (of second order) for (2.1), along with the Crank-Nicolson time discretiza-
tion. But the numerical tests of [ArEhS003] were only for the 1D case. In §1 and in
[ArSc07] we presented some simulations concerning DTBCs for the 2D Schrédinger
equation which is discretized with the standard five-point Crank-Nicolson finite
difference scheme. Here we shall follow the same strategy for a fourth order spatial
discretization and present two dimensional simulation results.

This chapter is organized as follows: In §2.2 we derive the compact fourth order
scheme for the Schrodinger equation, and in §2.3 we construct the corresponding
DTBCs, which are of convolution form. Their highly oscillatory convolution coef-
ficients are analyzed and finally replaced by nicely decaying coefficients in §2.4. In
the last section we present some numerical simulations to illustrate the effective-
ness and accuracy of our DTBCs. Finally we give an application of inhomogeneous
DTBCs to a 2D waveguide simulation with a T-shaped quantum transistor.

2.2 A fourth order difference scheme for the
Schrodinger equation

In this section we consider the time-dependent Schrodinger equation on the whole
space R?. Let Qaz,ay be an equidistant grid with the nodes z; = jAz, vy, = kAy
for j, k € Z. In time we use the discretization ¢, = nAt, n € Ny, such that ¢7; ~
Y(x;, Y, t,) denotes an approximation of the solution ¢ (z,y,t) of the Schrodinger
equation (2.1) on the space-time-grid. For the discretization of (2.1), we recall the
standard finite difference operators

n+1 n
+,,n . wjv;g‘r B j?k
Dt ¢]7k‘ T T7
D2yt — ik — 205 T VR
z Yk A2 ’
D2y, — ko1 — 200 (25)
y ik T AyQ s .

and the abbreviations

n+3 1 n n
Wit e= g (O )
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2.2 A fourth order difference scheme for the Schrodinger equation

nty
‘/jJi' = (xjvylﬁtn—l—%) .

With these notations the second order finite difference Crank-Nicolson discretiza-
tion of the two dimensional Schrodinger equation reads

D2 "+% n+% n—l—% .
2 ywj,k +Vj,k wj,k , Jke€Z,neNy. (2.6)

This scheme preserves in time the discrete L2-norm, which has been shown in
[EhAr01].

Higher order finite difference schemes for the Schrédinger equation have been
developed for example in [AvKo0Si00], [KaMoSi05] and the references therein. Now
we briefly recall the derivation of compact, higher order schemes and prove their
discrete L2-conservation for the Schrodinger equation. Consider first the differen-
tial equation

V'(x) = f(x,9), reR,¢Y:R—C. (2.7)

The difference equation

1
D2y; = E(fj+1 +10f;+ fi-1),  JEZ (2.8)

yields a fourth order approximation of (2.7) (see [Co66]). In the physical literature
this scheme is often called Numerov’s method. Applying this scheme to the 1D
time-dependent Schrodinger equation leads to the discretization

n+1 1 nt+i ntl . n n+i nti
D2y s = 2 (VR — i, + 10V, R

6
- on nt+i ntl - on .
—10iDF Y + VI 2T —iD; jH), jeZneNy, (29)
as described in [Mo04].

Consider now the two dimensional Schrodinger equation. With the semidis-
cretization ¢ (z,y,t,) ~ ¥"(z,y) in time, the usual Crank-Nicolson scheme reads

AY"E (3, y) = 2V E (2, y)" R (2, y) — 2D " (2,y), n €N (2.10)

In order to derive a higher order spatial discretization, the compact nine-point
scheme (cf. [St04], e.g.) is applied to equation (2.10). With the finite difference
operator

Az? + Ay?
up

D*:= D?+ D?
Dy =

2 N2
ny
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

and the identity operator I, this yields a new generalization of in the 1D case from
[Mo04]:
Ax? Ay?

D2
12 7 + 12

Bt = (14 D) [yt - i,

Jyk€Z,n>0. (2.11)

It approximates the solution of the Schrodinger equation (2.1) with the order
O (Ax*+ Ay* + At?).

It is well known that the Schrodinger equation (in whole space or with homo-
geneous Dirichlet boundary conditions) preserves the L?(€)-norm in time. Like
the usual second order finite-difference Crank-Nicolson method, the fourth order
scheme (2.11) preserves the discrete L?-norm:

Definition 2.1 For f either in (*(Z) or (*(Z?), we put the positive definite, bounded
and self-adjoint operator

Ax?
A=1+—-—"-D?
+ 12
or
Ax? Ay?
A=1+—-Dl+—-D2,
+ 12 BT 12
respectively.

To show that A is positive, we write A = 2[ + 125; + 125] + 15 S+ + 5 S with
the shift operators S fr/ . - The shift operators have the B(ﬁz(Zz))-norm 1 and S;r/k

is the adjoint operator to S ke (f, j/kf> = (f, Sj_/kf>, f e 3(Z?):

= FiaSF e =Y Finficrn

J,k€EZ j,kEZ
- ;Z?j_l,kfj,k - ;Z (S5 1), ik
= (.57 ).

We estimate (f, Af) with the help of Re(z) > —|z|, z € C and the Cauchy-
Schwarz inequality:

(FLAR) = U D + 55 (S0 + (ST + (L SED) +4,50)

= Sl + 75 (055 1)+ (870) + TS+ 4,500)
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2 1 _ _

> 217112 1 S- S

> 3||fHe2(Z2) 6 (1222|155 flleecz2y + 1 lleez) 1Sk fllez2))
2 1

> S\ flfazey = 5 (11F1Ezn) + 11z
1

> §||f||?2(z2) > 0.

Lemma 2.2 (preservation of (>-norm) Let the grid function V"2 be bounded
for all n € Ny. For the whole space problems of the 1D and 2D time-dependent
Schrodinger equation the schemes (2.9) and (2.11) then preserve the (?-norm in
time.

Proof: To unify the proof for both cases we use the positive definite, bounded,
and self-adjoint operators A from Definition 2.1. Also, we set D? := D? for the
1D case (i.e. d =1). Hence, (2.9) and (2.11) both have the form

52,¢n+% — A [2vn+%,¢n+% _ QZD:_Q/)n :

or

1

iD= Vitagita — §A—152¢"+%, (2.12)

since A is invertible.

It remains to show that the r.h.s. of (2.12) is self-adjoint on ¢*(Z?), as this
implies the preservation of the £2-norm. Defining the operator B := I — A yields
||B|| < 2. We apply the von Neumann series to achieve

 Br=(I-B)'=A"
n=0

Since B commutes with D, also A~! does. Hence, V"2 — %A_lﬁz is self-adjoint
and the assertion follows.

O

2.3 Discrete transparent boundary conditions for
the fourth order difference scheme

As in §2.1, we consider here the Schrodinger equation

0 1
iatb(w,y,t) = —§M)(x,y,t) + V(z,y, t)(x,y,t), (x,y) €, t>0,
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

U(x,y,0) =y (z,y),  (z,9) €Q,
D(@,0,t) = b(x,Y,1) =0, zER, t>0, (2.13)

on the infinite stripe = R x (0,Y’) with some Y > 0. We assume that the initial
function ¢! € L?(Q) has compact support

supp ' (z,y) C (0, X) x (0,Y) = Qeomp (2.14)

which will be our computational domain. The potential V (z,y,t) is assumed to
be an L>(Qeomp x RT) function in space and time, and constant on each of the
two exterior domains.

In this section we shall derive at x = 0 and x = X discrete transparent boundary
conditions for (2.13), discretized by scheme (2.11). With the equidistant grid
Qpzny = (JAz, kAy) for j € Z; k =0,...,K € N; t, = nAt, n € Ny and the
abbreviations
Ax?

Ay?’

o Az? + Ay?

1242
iAx?

3At’

D =

ajy =20 =W+ ATSLQV]”;%,
n = —2— 2D — 8al, + 20C
the discretization of (2.13) with scheme (2.11) reads explicitly:

(1- O‘?—i—l,k) %’»‘if,k +(1— 0‘?—1,1@) ¢;Lj11,k + (D — O‘;L,k-i-l)qﬁz;:il

+(D —ajy_y) ?:il + Bk ID;L;I

+C ¢?j11,k—1 + w?jll,k-i-l + @b?:ll,k—l + ¢?:11,k+1]

= QW =1+ afy )¢, + CW =14+ af_ Ui,
+@2W =D+ af )i + QW = D+ af, )vd
+ (16W — B3 )%, — C [w?—l,k—l +F k1 Tk T ¢§l+1,k+1} ;

1€ k=1,...,K;n €N
(2.15)
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2.3 DTBCs for the fourth order difference scheme

The idea of deriving DTBCs is to eliminate the exterior problem by using the
explicit solution on the outer domain ngp := Q\ Qeomyp. This is the reason for as-
suming a uniform grid on Qccomp. On Qcomp, however, the grid can be non-uniform,
or even adaptive in time. Following the strategy of [ArEhSo03], this is done with
a Z-transformation in time and a discrete sine-transformation in y-direction. The
outer grid domain ngy = (jAz, kAy) for j <0, > J 0< k<K, jkeZis
divided into K — 1 stripes. Hence, we get K — 1 linearly independent modes,
because the potential is assumed to be constant on Qf, »,. The DTBCs in
[ArEhS003] were obtained for the Schrédinger equation discretized with a second
order difference scheme. Recently in [Mo04] and [Mo06] the author adapted the
DTBCs from [ArEhSo03] for the 1D Schrodinger equation discretized with the
higher order scheme (2.9) — in [Mo04] for the time-dependent and in [Mo06] for
the steady-state case.

With the discrete sine-transform in y-direction on Q% Ay

~ o Kol km
wj?}m::EZw;fksm( T ) m=1,...,K—1, (2.16)
k=1

a new system for the modes b m = 1,...,K—1,j<0and j > J follows:

]7m’

~ ~

1 1 n4l
’}/m @D;]-/:_l,m + ’Vm ,gbjn——‘rl,m + pm w;?f:

= (2W = vm) jﬁ-l,m + (2W — ) jn—lvm + (K = pm) ¢J’7fm’
(2.17)

with the abbreviations

’ymizl—l-QC'(COS(%)—l)—i-W—AszVv

Fm =4 (cos (%) + 4) W,

VAN

Pm = —2— 2D +4C + 8W — 1%

2
+<2D—4C+2W—AT:CV)COS<%>, m=1,...,K—1.

(2.18)

While the potential may take different constant values on each semiinfinite, ex-
terior stripe, we skipped this dependence in the above constants to simplify the
notation. Next we Z-transform the system (2.17) using

j7m

Z (A" ) =D, (2) = Z Aj’fmz_" with z € C, |z| > L.
n=0

35



2 DTBCs for the Schrodinger equation — a higher compact order scheme

We shall discuss here the derivation of the DTBCs at the right boundary, i.e.
7 = J; the case j = 0 is completely analogous. We choose the initial function w;{ &
such that 7, =0 for all j > J —1, j <1 and all k. Hence,

¢S+1,m:w9—1,m:¢2m:07 m:177K_1
The Z-transformed system (2.17) reads

pm(z+1) — Kp,
Ym(z + 1) — 2W

Broimlz) + [ } Bym(2) + Byorm(2) = 0,
i>Jm=1,... K—1  (2.19)

This is a this second order finite difference equation (in the j-variable). Its char-
acteristic equation

5 pm(z+1) — Ky,
m m 1 - 0
(vm(2))"+ [Vm(z ) —ow | )
has two solutions V%)(z), 1/7(3)(2). For each mode m = 1,..., K — 1 we shall only

consider the one solution satisfying |v,,(z)| < 1. The corresponding, decaying
solution @, ,,,(2) = (v (2))?, j > J of (2.19) then yields the Z-transformed DTBCs
at 7 = J for each mode:

D ym(2) = U (2)Py_1.m(2)

with

—pim(z+ 1)+ Kk + m22 =252+ 07 m
ym(z) = —L2mz ) VG S+ Oam (2.20)
295m (% = Nym)
Here, we use the constants

2W
Nim == —— — ]-7
YJm

CJ,m = (pJ,m)2 - 4(7J,m)2a
QJ,m = ('%m - pJ,m)2 - 4(7J,an,m)2a
gJ,m = _(pJ,m>2 - 4(7J,m>2nJ,m + PImBm (221>

for m = 1,..., K — 1, and analogously for j < 0. With some work one can
calculate analytically the Z-inverse of (2.20): Z7(vy,,(2))™ =: Et(,"zl We use the
auxiliary function

z
\/’Z2 - 2:uJ,mZ +1

Pz, pam) =
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2.3 DTBCs for the fourth order difference scheme

with
[y = SJ,m
" \V CJ,m \ GJ,m ’

Using the abbreviations

A o \V/ CJ,m
Jm - \/Fj

07m
Trm = =22 — g — 26 1ms m=1,...,K —1, (2.23)
77Jm

m=1,...,K —1. (2.22)

we obtain by comparison of coefficients

1

Z = MNJm

\/CJ,mZ2 - 2£J,mz + HJ,m

9 Jm TJm
(CJm — + ’ )F(z,,LLJm).
ZNJm Z = MNJm

\/CT

Now we can calculate the inverse Z-transformation (£~ [115(2)]), = (0 of

Jm
v (Z) _ PJm z o PIm — BEm 1
7 27J,m 2= MNim 27J,m 2= MNim
1

_l_

01m TIm
(CJm + & )F(Z, ,UJ,m)
ZNJm Z = MNJm

27J,m \/ CJ

m “ N Paits)

E(") _ Pim p N Pim — Fm < n—1 __ 1 50) V 9

Jm 27J,m 27J,m Jim Nim " 27Jm
1 . n—1
— — AP (pm) + o A mMgm)" Pk(,qu)]
nJm ’ m\/ HJmCJm Z

Theorem 2.3 (DTBCs for the 2D Schrédinger equation) The sine-trans-
formed DTBCs at j =0 and j = J for the discretization scheme (2.15) read

n—1

Dt = L0 = S 0 n>1, (2.24)
k=1

n—1

Uy = L0, = g > (2.25)

k=1
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

The coefficients fgnﬂ)q forj=0,J, m=1,...,K —1 andn > 0 are given by

e(n) _ Pj,m 7]n 4 Km — Pjm (nn 1 Léo)

Jm 27j.m o 29jm 3m m
A/ Gy,m 1—n Pn—l(,“j,m)
+ )\y m P (:U“] m) -
27j,m ’ nj,m)\j,m
n—1
Tim .
+ D i) ’“Pk(uj,m)} (2.26)
CimMi;m =0

with the Legendre polynomials P, (P_; = 0), the Kronecker symbol §°, and the
abbreviations used in (2.18), (2.21), (2.22) and (2.23). For all j, m holds 0, =

Cjum, thus one can verify |Ajm| = 1.

Remark 2.1 In (2.24), (2.25) the DTBCs are written in the sine-transformed
space. Since they are local in the y-Fourier space, this is the efficient way to im-
plement them. A direct implementation in position space would necessitate much
bigger numerical costs. Thus the discrete convolution

3
—

A 1

CL(]TLWZD = E Jfln_zu)@zg,m’ m=1,... K-1

IIM

for the right boundary x; = JAx is calculated in Fourier space and inverse trans-
formed. The left hand sides of (2.24), (2.25) have to be transformed back also into
position space. Hence, we get a coupling between all boundary points (cf. §1).

2.4 Asymptotic behaviour of the convolution
coefficients

Just like for the one-dimensional case [EhAr01] and for the standard five-point
finite difference scheme for the two dimensional Schréodinger equation [ArEhSo03],
the convolution coefficients (2.26) are highly oscillatory as a function of n € Nj.
Figure 2.1(a) shows the real part of the convolution coefficients f of the DTBCs
for the Schrodinger equation calculated on the domain Q.pp, = (0 1) x (0,1) with
the parameters Az = Ay = 0.02, At =2-107%, V = 0 as a function of the time
steps n =0, ...,1000.

Lemma 2.4 For large n, the convolution coefficients 6( o given in (2.26) have the
asymptotic behaviour

65”,?1 ~ Oy €T (2.27)
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2.4 Asymptotic behaviour of the convolution coefficients

0]
Re(lmzs)

-0.015

-3 L L L L L L L L L L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
n n

(a) original coefficients £(") (b) summed coefficients s(™)

Figure 2.1: Time dependence of the convolution coefficients. For both plots we
have taken Azr = Ay = 0.02, V =0, and At =2-107°. (a) shows the

" for the mode m = 25 as

real part of the convolution coefficients ¢ J(m
a function of the time step n =0,...,1000. The real part of modified
convolution coefficients s Jn,)n = 6%1 — Nyl 51 for n > 2 is plotted

Jm
in (b).

as n — 00, with

Oi 1= — Pi.m + fim — Pjm + Tm
” 27j,m 27j,m77j,m 27j,m\/ Njm 7

Vjm = arg(njm)
forj=0,Jandm=1,... K —1.

Proof: Forall j =0,J;m =1,...,K — 1 it holds [njm| = [\jm| = 1 and
tim € R. One easily obtains

Mj.m| = W —1|=1
Bl T 00 (cos (22) — 1) - 220 L ’

because W € C\ R and 1+ 2C (cos (Z2) — 1) — M;Vj € R. Since (im = O
for j=0,J;m=1,..., K —1, we obtain |\;,,| = 1. Additionally one can verify
(with Maple, e.g.) that |p;,,| < 1forall j =0,J; m=1,..., K—1. Hence, there
exists the representations

Ajm = €, pim € R,

i,
nj,m =€ J’ma ﬁjvm S R’
jm = €OS(Wjm), 0 <wjm <.
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

With the formula of Laplace (cf. [Sz75]) follows
V2 cos [(n+%) Wjm — g]
7 sin(wjm) Vn

where the bound of the error term holds uniformly in the interval € < w;,,, <7 —e€
for all € > 0. Hence we have

P, (cos(wjm)) = +0O(n=3?), (2.28)

lim P,(cos(wjm)) =0

n—oo

uniformly on € < w;,,, <7 — € for any € > 0, and (from (2.26))

egn}n — _ pj,m eiﬁj,mn _'_ vam - p.]vm eiﬁj,m(n_l)
’ 2’Y]7m 2ry.]7m
+7meiﬁj,m(n—l)ei%‘,m nz—:l e—i(sﬂj,m+ﬂj,m)kpk(ﬂj m) + O <L)
275,mCjm — ’ Vn

for n large. For |2ru — r?| < 1 it holds

= 1
>t = s
pord 1—2rpu+r2
(cf. [Dob1]). One can verify (again with Maple, e.g.) that

2,U/j,m 1

NimAjm — (NjmAjm)
This yields

2: Gjmj,
lim e~ Jm-HSJmkPk(,u]m): 7,m Jm’
n—oo Tj,m

<1, j=0J;m=1,... K—1.

2

and finally
. . L —
lim e‘lﬁj’mnﬁg-n% — _Pim _ Pim = Fjm VTim .
n—oo ’ 27],771 27j,m77j,m 27]77”\/%

O

Figure 2.2 shows plots of the asymptotic behaviour of the convolution coeffi-
cients. The free Schrodinger equation is discretized with J = K = 50, Ax = Ay =
0.02 and At = 2-107°. A solution 7 is calculated forn =1,...,250 time steps
In Figure 2.2(a) we present the real part of € . and the absolute value [¢ Jm\ in
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2.4 Asymptotic behaviour of the convolution coefficients

convolution coefiicients Re( ") convolution coefficients | 17|

'm

Re(1(™)

\w

/J“W:‘I“

30 150
40 200

time steps time steps
modes

(a) Re (£, () |¢5,

g™ p 0
etor: Re( M0 -11%) eror o0 -4

1o O

time steps.

time steps
modes

(c) Re (0J7me“9” - E‘(,n;) (d) o — E(Jn'r)n

0J,mé€

Figure 2.2: Real part (a) and absolute value (b) of the convolution coefficients ef,”,ﬂ@

and real part (c) and absolute value (d) of the error o,,e"" — o)

between the asymptotics (2.27) and the convolution coefficients for the
modes m = 1,..., K —1 as a function of the time steps n =1, ..., 250.
We consider the computational domain Qcpm, = (0,1) x (0,1) and
choose the discretization parameters J = K = 50, Az = Ay = 0.02
and At =2-1077.
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

Figure 2. 2(b) for all modes m = 1,..., K — 1. The errors Re(c e ff,n) ) and

|0 g me™ — 6( .| between the convolution coefficients and the asymptotics (2.27)
— which are convergmg to zero — are shown in Figure 2.2(c) and Figure 2.2(d).

Lemma 2.4 shows, that the convolution coefficients E( are asymptotically an
oscillatory sequence. Moreover, this behaviour dev1ates from the O(t=3/?)-decay
of the continuous convolution kernel in (2.3). Hence, it may lead to numerical
cancellations in the calculation of the convolution sum (2.24), (2.25). As an alter-
native we shall derive coefficients that decay like O(n~%/2). For the left DTBCs
we therefore add equation (2.24) for n and n+ 1 with the corresponding weighting
factor 1 and —e™m = —n, . (the case j = J is analogous) and proceed like in
[EhAr01]. This gives the following reformulated DTBCs

n—1
n 0) 7°n
,lvbl,m - S(()J)n,l?bo,m = 80 m wOm + m, m,lvbl m (229)
k=1
N n—1
w?—l,m st,l?me - SJm me +ns- 1m¢J 1,m (230)
k=1

for n > 1 with the summed coefficients

65777)1 — Mim 65777:1)7 n > 17
s = o (2.31)
I

im n =0,

form=1,..., K—1;j=0and j = J.

Lemma 2.5 For n > 2, the summed coefficients (2.31) can be calculated by the
formula

(n) _ V 9 )\1 nP (M]}m) - Pn—2(:uj,m)

Sim = T A on — 1

]7m

or by the recursion

(1) _ 20— Lljm ) M —2 Mg 250D 5 99
sy,m n‘l’ 1 )\j7m8]7m n+ 1( ) 7,m ( : )

for7=0,J and m =1,..., K — 1. These new coefficients have the asymptotic
behaviour

s~ O(n3/?). (2.33)

42



2.4 Asymptotic behaviour of the convolution coefficients

Proof: Using (2.26), the summed coefficients read for n > 2

) _ Vs 1o [P : Pyaiiim) — — P :
Sim 2 I n(ﬂjm) + n—2(/~LJ,m) Nyl n—l(:uy,m)
TimNim
- nj,m)‘j,mpn—l(lu’j,m) + %Pn—l(ﬂj,m)] .
J,m
With the recursion for the Legendre polynomials,
n n—1
o — 1Pn(Mj,m) + ﬁPn_2(uj,m) = WjmPn1(1tjm) (2.34)

for n > 2 then follows

s VOim 1 Palbtim) = Paapjm)
pm 2Ym " 2n — 1 '

(2.35)

This representation of the convolution coefficients is analogous to the DTBCs for
the one dimensional Schrédinger equation [EhAr01] and for the five-point stencil
in the two dimensional case [ArEhSo03]. Hence, the recurrence formula of §3.3

in [EhAr01] applies also here, and it gives (2.32). For the same reason, also

the asymptotic behaviour sgnﬂ)q ~ O(n=%?) carries over from [EhAr01]. There,

it is derived by applying equation (2.28) to the Legendre recursion (2.34) for
Pty m) — Paz(fjm)-

O

Remark 2.2 The decay rate (2.33) of the summed convolution coefficients co-
incides with the decay O(t~%/?) of the convolution kernel in the analytical TBC
in (2.3) (cf. Figure 2.3). Figure 2.1(b) shows the absolute value of the summed
coefficients (2.81) corresponding to the ones presented in Figure 2.1(a). Figure

2.8 shows the algebraic decay rate of the real part of the new coefficients 55",21

Remark 2.3 Like the analytical TBC (2.2), the DTBCs (2.29), (2.30) are non-
local in time. For the calculation of the solution ¢}, of the discretized Schrodinger
equation (2.11), it is necessary to compute a convolution of the size n in the n-th
time step, which leads to a quadratically growing numerical effort. In [ArEhS003]
the authors derived an approximation of the convolution coefficients by a sum of
exponentials. Since we have the same recursion formulas for the summed convolu-
tion coefficients (2.31) for the higher order difference scheme like the coefficients
in [ArEhS003] for the second order scheme, we can use their results on the ap-
prozimation of the convolution coefficients. It is shown there, that the convolution
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

~3/2,
[T —

log,o(Is 7. n= 1

1 2 3 4 5 6 7
log, ()

Figure 2.3: Algebraic decay rate of the new summed coefficients. The figure

presents ‘58"7)71‘ as a function of the time step n = 1,...,1000. ‘55"2)5‘

is plotted for At =2-107° Az = Ay = 0.02 and V = 0 (black line)
and compared to log,,(n=3/2) (red line).

coefficients can be approximated very efficiently by the sum of exponentials. With
this approach, the numerical costs of the discrete convolutions in our DTBCs can
be reduced from O(KN?) to O(KLN), where K denotes the number of modes,
N the total number of time steps and L the number of exponential terms in the
approximation. Typical values to obtain good results are L = 10-20 (c¢f. §1).
This is a very important result for long-time simulations or even the calculation
of steady-states via a time-stepping approach.

2.5 Numerical tests

In this section we present some numerical results and applications of DTBCs in
two dimensions. First, we verify numerically the accuracy of the DTBCs for the
free Schrodinger equation. Then we apply DTBCs to the simulation of the electron
transport through a quantum waveguide.

2.5.1 Example 1: Travelling Gaussian wave functions

In the first example we study the time evolution of a Gaussian wave in a two
dimensional channel 2 = R x (0,1). Since the analytical solution is known here,
this is a good example to test the DTBCs.
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2.5 Numerical tests

To get homogeneous Dirichlet boundary conditions at the channel walls y = 0
and y = 1, we consider the y-periodic initial function

o) = T (e Dt ]t (2.36)

el

on the domain 2 with some o > 0. Using the computational domain .o, =
(0,1)* we consider DTBCs at x = 0 and x = 1. The wave will travel along the
channel in z-direction with the velocity given by the wavenumber k, > 0 and it
will cross the transparent boundary at x = 1 without any reflections. The solution
of the time-dependent Schrédinger equation with the initial function (2.36) can
be expressed analytically by

Z Z 2+2zat< [(x_%)z'i'(y—%-i-ﬁf —2ikx(x—%)+ik§t>

€L

65[7:’[: bl
Veal, 91 1+zat

for t > 0 such that it is possible to compare the calculated solution 1 with the
exact solution 1.,. Figure 2.4 shows the absolute value and Figure 2.5 the contour
plots of the absolute value of the calculated solution 1 (z, y,t) at some times ¢,,. We
use the discretization parameters J = K = 120, Az = Ay = 1/120, At =2-1074,
a = 120 and the wavenumber k, = 50. The wave leaves (1,,, without reflections.
For these discretization parameters we compare in Figure 2.6(a) the relative error

||¢(7 ) t) - wew(-v ) t)||€2(QAx,Ay)
() ez@anay)

of the standard five-point scheme with the nine-point scheme. As expected the
higher order scheme has a much smaller error. We remark that the wave packet
has essentially crossed the artificial boundary at T' = 200At.

In order to satisfy the assumption that 1’ is compactly supported in Q.o (cf.
§2.3) we used a small cut-off close to = 0 and z = 1. This amounted to a relative
(*-error on R x (0,1) of O(1079).

Li(t) = (2.37)

Next we compare the calculated solution ¢ on (0,1) x (0, 1) with a (more exact)
reference solution 1, calculated on (0,2) x (0,1) using DTBCs at = 0 and z = 2
in order to distinguish between the error due to the difference scheme and to the
DTBCs. Figure 2.6(b) shows the relative error

(1) = 2 Bl @anay)
||¢I(7 )HZz(QACL‘,Ay)

as a logarithmic plot for the same discretization parameters as before. Both
and 1y were calculated with the compact nine-point difference scheme. With

Ly(t) = (2.38)
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2 DTBCs for the Schrodinger equation — a higher compact order scheme

solution |] on Q at t=0"At solution [] on Q at t=60°A t

09— ° H
08— °
07| ‘JjJ‘J,J N\v%

1wyl

(a) initial function (b) T = 60At

solution || on Q at t=100"At solution [y] on Q at t=120°At

(c) T = 100At (d) T = 120At

Figure 2.4: Orthogonal incidence at the boundary: absolute value of the calculated
solution to the time-dependent Schrodinger equation with the initial
function (2.36) on the computational domain (0,1) x (0,1) with Az =
Ay = 1/120, At = 2-107*, and the wavenumber k, = 50. The
potential equals 0; DTBCs are implemented at x =0 and x = 1.
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solution [ on Q at t=0*At solution || on Q at t=60*A t
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(a) initial function (b) T = 60At
solution [y] on Q at t=100"A t solution [y] on Q at t=120"A t
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(c) T = 100At (d) T = 120At

Figure 2.5: Orthogonal incidence at the boundary: absolute value of the calculated
solution to the time-dependent Schrodinger equation with the initial
function (2.36) on the computational domain (0,1)x (0, 1) as a contour
plot for the same parameter set as used for Figure 2.4.
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relative error: 5-point and 9-point scheme relative error due to the DTBCs: 9 - point scheme
T T T T T T

10

— — — 9-point scheme
5-pont scheme 1

10

1070 . . .
0 50 100 150 200
time steps time steps

(a) Relative ¢£%-error Ly (b) Relative error Lo

Figure 2.6: Relative errors of a travelling wave solution with the initial value (2.36)
as a function of the time steps n = 0,...,200. (a): relative error L; of
the finite difference scheme for the standard five-point scheme (solid
line) and for the nine-point scheme (dashed line). (b): relative error
Ly of the DTBCs for the nine-point scheme. In all cases we used the
parameters Az = Ay = 1/120, At =2-107% o = 120, k, = 50.

Ly € O(107?), the error due to the DTBC is much smaller than the error L; of
the interior PDE-scheme.

The first example has shown a Gaussian wave travelling only in z-direction and
hitting the artificial boundary orthogonally. Now we modify this example and
consider the initial function

Wl (z,y) = Z(_l)ée—mo[(m_%)2+(y—%+£)2] _ikzx—ikyy’ koo ky € R (2.39)

LeZ

on the same computational domain Q.o = (0,1) x (0,1) with k, = —k, = 100.
As shown in Figure 2.7 and in 2.8, the wave packet passes the boundary z = 1in a
non-orthogonal angle (45° here) without any reflections. This example illustrates
the angular independence of our DTBCs. In contrast to this situation here, local
TBCs as introduced for wave-type equations in [EnMa77] and ABCs calculated
with the potential ansatz [Bu97] show a strong dependence on the impact angle
at the artificial boundary (cf. §1.3.2, §1.3.3).
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W0y,

Figure 2.7:

solution 4] on Q at t=0" t solution [y on © at t=100°A t

(a) initial function (b) T = 100At

solution [] on Q at t=200"A t

solution || on @ at t=4004 t

025

1wy

(c) T = 200At (d) T = 400At

Non-orthogonal incidence at the boundary: absolute value of the cal-
culated discrete solution to the time-dependent Schrodinger equa-
tion with the initial function (2.39) on the computational domain
(0,1)x (0,1) with J = K = 120, Ax = Ay = 1/120, At =2-107° and
the wavenumber k£ = (100, —100). The potential equals 0; DTBCs are
implemented at x =0 and z = 1.
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solution |y on  at t=0°A t Solution || on  at t=100°4 t
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(a) initial function (b) T = 100At
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(c) T = 200At (d) T = 400At

Figure 2.8: Non-orthogonal incidence at the boundary: absolute value of the cal-
culated solution to the time-dependent Schrodinger equation with the
initial function (2.39) as a contour plot for the same parameter set as
used for Figure 2.7.
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2.5.2 Example 2: Simulation of quantum waveguides

Next we turn to a physical application of DTBCs. Open boundary conditions are
a crucial ingredient for Schrodinger based simulations of the electron transport
through quantum semiconductor devices. Typical examples include the ballistic
transport along the channel of MOSFETSs (cf. [JiLu02], [WaPo04]) or quantum
waveguides (cf. [Bu97] or §13.4 of [Ra02] for an analysis of T-shaped quantum
interference transistors). These are novel electronic switches of nano-scale dimen-
sions. They are made of several different layers of semiconductor materials such
that the electron flow is confined to small channels or waveguides. Due to their
sandwiched structure the relevant geometry for the electron current is essentially
two dimensional. Following the simulation of a GaAs-waveguide in [Bu97], we
choose the T-shaped quantum interference transistor shown in Figure 2.9. The
actual structure can be realized as an etched layer of GaAs between two layers
of doped AlGaAs. Applying an external potential at the gate (i.e. above the
shaded portion of the stub), the “allowed region” for the electrons, and hence
the geometry (in particular the stub length) can be modified (cf. [AiYaMi93],
[ASSHFLL96] for experimental realizations). This allows to control the current
flow through such an electronic device. This causes a switch, which resembles a
transistor on a nano-scale. With respect to small changes in the applied potential
and the geometry, such a device shows sharp peaks in conductance that are due
to the presence of bound states in the stub. It is expected that these novel devices
will operate at low power and high speed.

The electron flow in these devices is modeled by the 2D Schrédinger equation
h2
2m.,

Zh%w = — AY +V(z,y,t), (z,y)€Q, t>0 (2.40)

with the Planck constant h and m,, the effective mass of electrons in the semi-
conductor material of 2. To model a constant inflow of electrons at the device
contacts, we use inhomogeneous TBCs. In the 1D analytical case they read (cf.

Ar01])
877 (6iVemt,¢) _ ¢Inc) _ /2_7;;*6—2%/4\/@ (ei%xtt¢ o ,l/)lnc) ’
zo=0o0razg=X

with the constant external potential V., and the incoming wave fAunction
I"e(z9,y,t). In 2D this TBC has to be applied to each Fourier mode v, (z,t),
analogously to the homogeneous case (2.4), cf. [BeMePi05].

In z-direction the channel shown in Figure 2.9 has a length of X = 60nm, the
channel width Y7 and the stub width w are both 20nm. In order to control the
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yinc

y=o

Figure 2.9: T-shaped structure €2 with the length X = 60nm, a channel width
Y] = 20nm, and a stub width w = 20nm. It is possible to switch the
stub length from L; = 32nm to L, = 40.5nm. Inhomogeneous DTBCs
are implemented at x = 0 and x = X, the inflow is modeled by the
function 1"¢ given in equation (2.41).

current through the channel, the stublength can be changed from L; = 32nm
to Ly = 40.5nm. DTBCs are implemented at + = 0 and x = X. All other
boundaries are considered as hard walls, i.e. we use Dirichlet boundary conditions
for ¢. Using V,,; = 0, a time harmonic incoming function

PI"(x = 0,y,t) := sin (Z;/—W) e_iTELt, y € [0,Y]] (2.41)
1
is modelling the mono-energetic, constant-in-time incoming current at x = 0.

Here, ¥/ includes only the lowest y-mode. But any linear combination of higher
modes would work equally well, which is a great advantage compared to other
artificial boundary conditions (e.g. [Bu97]). In our example the energy E of
the incoming wave equals 29.9meV and the effective electron mass has the value
m, = 0.067mg (mg being the electron mass in vacuum), which corresponds to
GaAs.

For the subsequent simulation we solve the Schrodinger equation (2.40) with-
out external potential, i.e. V = 0. For realistic simulations of MOSFET-channels
(2.40) should be coupled to the self-consistent Coulomb potential inside the chan-
nel. Since we focus on DTBCs, we shall not include this here. But a coupling to
the Poisson equation inside the computation domain does not change the deriva-
tion or discretization of our open boundary conditions (cf. §3).
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2.5 Numerical tests

In the following simulations we are mostly interested in the switching and the
large time behaviour of this waveguide. Therefore we first need to compute a
stationary state corresponding to a given incoming plane wave function 1/™¢. To
this end we choose the following (somewhat arbitrary) initial function

sin (%) gtkae C0<z<m
V' (2,y) = Lsin (Z{/—T) etk [1 + cos (7‘(‘%) } L om <z<amy (242)
0 i Z )

with 1 = 5nm and x5 = 15nm, which is consistent with the incoming wave.

In the analytical case the dispersion relation for (2.40) with a plane wave solution
in the first orthogonal mode (cf. (2.41)) in the channel R x (0, Y]) reads

h2k? h2m?
" 2m, | 2m Y

e(kz)

(2.43)

which needs to be modified for the discretized Schrodinger equation. For a
given inflow energy F, the value of k, appearing in (2.42) can be derived from
the discrete dispersion relation. To derive it, we first put the ansatz v¢;; =

Y1
point scheme) analogous to (2.11). With

2 [ ikejAx TAy _ i . ikpjAT Ay
D (e sm( Y )) AL (cos(k,Azx) —1)e sm( v )

1

o ikwjne . [ TAY 2 TAy ihojre . [ TAY
Dy(e J sm(Tl))—A—?ﬂ(cos(Yl)—l)e J sm(y1 ,

we yield

B2 h? WA?/
Eapace (k) = [_ AT (cos(kyAzx) — 1) — W (cos < Y, ) — 1)

fP(Az” + Ay?) Ay
T 6m. Ar2Ay? (cos(kzAz) — 1) <Cos (71) _ 1) }

x [1 + é (cos(kyAx) — 1) + é (cos (”ély> - 1) r. (2.44)

etk IAT gip <ﬂ) , j € Z into the spatial semi-discretization (by the compact nine-

This is the dispersion relation modified due to the spatial discretization. For
the correction due to the Crank-Nicolson time discretization we use the discrete
equation

1
n+2

WDV = Erime (k2,2 . k € Z, n € Ny,
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which yields

nt1 _ 200+ Byime (ko) At
IR 20 — Eyime(ky) At

(s (2.45)

We inject incoming time-harmonic plane wave functions and therefore we set

_iB(ka)At 2ih + Epime (ky) At
20— Epime(kp) At

(&

(2.46)

Adding this correction of the discretization due to the Crank-Nicolson time semi-
discretization yields the dispersion relation

B, (2ih— MEpae(ky)
Ethe) =755 <2ih n AtEspace(k;x)> (247)

for the discrete Schrodinger equation (analogous to (2.11)) with a time-harmonic
plane wave solution. Figure 2.10 shows these different dispersion relations as
functions of the wavenumber k, € [—2nm™!, 2nm™!] for three different sets of dis-
cretization parameters. For the first numerical test presented in Figure 2.10(a)
we choose with Axr = 1.8nm and At = 0.5fs a coarse space discretization com-
pared to the time discretization. In Figure 2.10(b) we change the parameters to
Az = 1.44nm and At = 2fs, and for the calculations shown in Figure 2.10(c) we
choose both discretizations fine and set Az = 1.44nm and At = 0.5fs. For each
set of parameters we calculated and plotted the continuous dispersion relation
(equation (2.43); plotted in black colour), the space semidiscrete (equation (2.44);
plotted in blue colour), the time semidiscrete (equation (2.47) with €(k,) instead
of Egpace; plotted in green), and the fully discrete dispersion relation (equation
(2.47); plotted in red) as a function of the wavenumber k, € [—2nm~! 2nm™!].
For the coarse space discretization the values of space corrected and therefore
also for the both space and time corrected energies differ clearly from the ones
obtained by the continuous relation and the time corrected relations. By contrast
with a fine space and a coarse time discretization the values of the time corrected
and the both time and space corrected energy distinguish from the values calcu-
lated with the continuous relation and the space corrected relations. Choosing
all discretization parameters Az, At small yield better approximations for all dis-
persion relations. But also for the paramaters selected here, the continuous, the
time-discretization-corrected, the space-discretization-corrected and the discrete
dispersion relation are close to each other only for small values of k,. Otherwise
corrections due to E(k,) from (2.47) are necessary.
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25 T
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space semi-discretization
time semi-discretization
ol full discretization |
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(a) coarse space discretization, fine time discretization
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time semi—discretization
full discretization

E [eV]

0

5 0 0.5
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(b) fine space discretization, coarse time discretization
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25

T T
continuous case
space semi-discretization
time semi—discretization

full discretization

E [eV]

15 2

0.5 0 0.5
kX [1/nm]

(c) fine space and time discretization

Figure 2.10: Dispersion relations for the Schrodinger equation (2.40) for three sets
of parameters. (a) shows the relations for a discretization Ax =
1.8nm and At = 0.5fs, (b) for a discretization Az = 1.44nm and At =
2fs, and for the calculations presented in (c) we use the discretization
Ax = 1.44nm and At = 0.5fs. For each set of parameters we have
plotted the continuous (black), space corrected (blue), time corrected
(green) and the space and time corrected discrete dispersion relation
(red) as a function of the wavenumber k, € [—2nm~!, 2nm~1].

Numerical tests have shown that the real and imaginary parts of the solution to
the Schrodinger equation (2.40) with constant inflow (2.41) are highly oscillatory
in time, such that a fine time discretization seems necessary. Figure 2.11(a) shows
the highly oscillatory evolution of the real part at one spatial grid point in the
T-shaped structure with constant inflow /™. For this plot we considered 50 000
time steps with At = 0.2fs, V' =0, and Az = Ay = 0.5bnm (J = K = 120). After
10000 time steps the stub length is switched from L; = 32nm to L, = 40.5nm.
In order to use a coarser time discretization (in spite of these oscillations), we
consider the simple transformation

p(,y,t) = e (z,y, 1), (2.48)

with the dominant time frequency w = —%. ¢ then satisfies the modified Schro-
dinger equation
2

ihpy = _%(90:0:0 + SOyy) + (V. —wh)p, (2.49)
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RelW 04y Y

(a) Re (Y(wy-4,YK/2,tn)) (b) Re (p(@y-4,YK/2:tn))

Figure 2.11: Time evolution of the real part to the solution of the Schrodinger
equation in the T-shaped device at the one grid point (z;_4,yx/2).
(a) shows Re(v (2 -4,y /2,tn)) for time steps n =1,...,50000 with
V = 0. (b) shows the evolution of Re(¢(xs—4,YK/2,tn)) under the
assumption V' = —FE. After 10000 time steps the stub length is
switched from L; = 32nm to Lo = 40.5nm.

with ! = ¢! and an incoming plane wave

©""(xz = 0,y,t) = sin (%) : (2.50)

As expected, its solution is much “smoother” in time (cf. Figure 2.11(b)). Hence,
we expect that ¢ allows for a much more accurate numerical solution. To verify
this claim numerically, we discretize both versions of the Schrodinger equation on
the fixed time interval [0, 10ps]. 1 is obtained from (2.40) with the parameters
N = 12500, At = 0.8fs and V = 0. u(t,) = e“"¢(t,) is obtained from
discretizing (2.49) with the parameters N = 12500, At = 0.8fs, and V = —FE.
As an even more accurate reference solution we use ¥3(t,,) := e p(t,) with the
parameters N = 100000, At = 0.1fs, and V = —FE. In Figure 2.12 we show the
evolution of the spatial-error-norms ||¢1(., ., t,) — ¥s(., ., tsn)||]2 and ||Wa(., ., t,) —
¥3(., ., tsn)||2 for the time steps n = 0,...,12500. At the time 7" = 2ps we switched
the stub length from L; = 32nm to Ly = 40.5nm. As expected, the function 1,
is more accurate than function v; with respect to the function 5. Therefore, the
transformed equation (2.49) shall be used for the subsequent simulations.

Figure 2.13 shows some temporal snapshots of the solution to the modified
Schrodinger equation (2.49). And Figure 2.14 shows the corresponding longitudi-
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Figure 2.12: Time evolution of the spatial £2-error of ¢, and 1), w.r.t. the reference

solution s; ||11(t,) — ¥s3(t,)]]2 is plotted in black; ||wo(t,) — ¥3(tn)]]2
is plotted in red.

nal current density

Y3

j(x,t) :/Jx(x,y,t)dy, (2.51)

0

where the x-component of the current density is defined as

Jo(z,y,t) =

h 0 -

In this simulation the stub length is first fixed to L; = 32nm. After about 2ps
the solution reaches a steady state and the current inside the device is already
almost constant in z at the low value 0.03nm?/ps (“off-state” of the waveguide,
cf. 2.14(c)). Phenomenologically speaking, in this case only 13 wave packets “fit”
into the stub (cf. Figure 2.13(c)). Hence, they block the current flow through the
waveguide. Then, at t = 2ps the stub is enlarged at once to Ly = 40.5nm. After
some transient phase, the solution converges to another steady state (“on-state”
of the waveguide, cf. Figure 2.13(f), 2.14(f)). Here two wave packets “fit” into
the stub. Hence, the current can flow almost unblocked through the device, so
that the current is reaching an almost constant maximum level. Note that for a
two dimensional channel of width 20nm (same as for the 7-shaped geometry), but
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Figure 2.13: Absolute value of the solution v(z,y,t) of the time-dependent
Schrodinger equation (2.40) on the T-shaped structure from Figure
2.9. The discretization parameters are chosen as Azx = Ay = 0.25nm
(J = K =242), At = 0.8fs, V = —F = —29.9meV, m, = 0.067m.
(c) shows the steady state corresponding to the short stub with
L; = 32nm. (f) is the steady state for the long stub with L = 40.5nm.
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Figure 2.14: Current density j(x,¢) (in nm?/ps) in the T-shaped device for the
same example as in Figure 2.13. In (c) and (f) the current is (almost)
constant in x — a requirement for a steady state.
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2.6 Conclusion

without any barriers and stubs, and for the given energy inflow £ = 29.9meV, the
constant current j(z,t) equals 0.4nm? /ps.

2.6 Conclusion

We have generalized the fourth order Numerov finite difference scheme to the
transient two dimensional Schrodinger equation and derived the corresponding
discrete transparent boundary conditions. Its numerical efficiency is demonstrated
in numerical tests on a rectangular geometry as well as for quantum waveguide
simulations.
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3 Transient quantum simulations
for the double gate MOSFET

In this section we will extend the DTBCs for the 2D time-dependent Schrodinger
equation to more arbitrary geometries and potentials. This gives a more accurate
physical model for quantum transport in nanostructures. For the modelling of bal-
listic quantum transport devices we furthermore obtain a self-consistent solution
between the Schrodinger and the Poisson equation. We propose a very efficient
subband decomposition algorithm and show numerical results for simulations of the
Schrodinger-Poisson system. With the new method proposed here it is possible
to simulate the double gate metal oxide semiconductor field-effect transistor (dou-
ble gate MOSFET or DGMOS), which is today’s dominant device in integrated
circuits.

3.1 Introduction

Today’s semiconductor devices like transistors and nanoscale split-gate devices
are rapidly shrinking in their size. In this context, modeling and numerical sim-
ulations play an important role in the development and design of new devices.
We focus on devices with ballistic electron transport, such as electron quantum
waveguide devices. Their functionality depends on the formation of a 2D elec-
tron gas and on wave interference effects (cf. [FeGo97], e.g.). Speaking of ballistic
transport means that electrons are assumed to not suffer any collision during their
transit through the device (e.g. high-purity materials and at low temperatures).
A schematic view of such a device, a DGMOS, is shown in Figure 3.1(a). At
the gates there is an applied external potential and the electron transport takes
place from source to drain. We consider the effective mass approximation, where
the mass m, is assumed to be constant in homogenized parts of the device. The
different materials (e.g. Si, SiOy) have different effective masses. We simplify
this model like it is presented in Figure 3.1(b), where only one effective mass is
introduced and external potentials Vgue could be applied at the gates. But re-
garding different materials and therefore different effective masses won’t change
the derivation of the open boundary conditions and the model in principle. The
electron flow through the device is modeled by a superposition of incoming plane
waves.
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(a) Schematic view of a DGMOS. The electron trans-
port takes place from source to drain in z-direction
(red arrows). An external potential is applied at the

gates.
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(b) Simplified model of a DGMOS

Figure 3.1: Schematic view and simplified model of a DGMOS.

A suitable way to simulate the electron transport through a quantum waveguide
in good approximation is given by the 3D time-dependent Schrodinger equation
coupled with the Poisson equation. The electrons in the device are in a mixed state
with given statistics, where each pure state ¥,_, _ is a solution of the Schrodinger
equation

ov ﬁ2
zh#(:ﬁy 2t) = =5 AU, (20,2, 1)
+V (2,9, 2, ) ¥, , . (2,9, 2,1), (z,y,2) €R? ¢ >0.

(3.1)

The complex valued wave function ¥, _ depends on a continuous wavenumber
index A;,. € A C R. The potential V' =V, 4 Vj splits into a given, external part
V. and a self-consistent part V, caused by electrostatic interaction of the electrons.
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3 Transient quantum simulations for the double gate MOSFET

The self-consistent potential solves the Poisson equation

—AVy(z,y, z,t) = n(x,y, z,t) := / U, (z,y, z,t)\2d)\x,y7z,
A
(z,y,2) € R t > 0. (3.2)

The nonlinear Schrédinger-Poisson system (3.1), (3.2) has been widely studied
analytically in whole space settings (e.g. [Ca89], [Ca97], [[1ZwLa94]). For numer-
ical simulations we have to choose a bounded domain € C R?, in which we solve
the system (3.1), (3.2). Q is the active region of the device. Our aim is to use
the highly efficient algorithm of the subband decomposition for solving the coupled
Schrodinger-Poisson system. Furthermore we want to derive discrete open bound-
ary conditions for the Schrodinger equation (3.1), which is nonlinearly coupled to
the Poisson equation (3.2) inside the active region, in case of a continuous particle
injection into the device. In the analytical case this has been studied in 1D in
[BePi02], [Pi02] and in the 2D, 3D case in [BeMePi05].

3.2 Overview of the analytical model

Let 2 = Q, x Q, x €, be a 3D box, as it is shown in Figure 3.2. The model
proposed here is not a fully 3D model with open boundary conditions. The z-
direction is assumed to be the infinite direction, where the wave functions are
defined as plane waves. Furthermore the direction = € €2, = (0, X) denotes the
transport direction, where we shall obtain open boundaries at x = 0 and z = X.
y € Q, = (0,Y) is a confined direction with closed boundary conditions (e.g. zero
Dirichlet boundary conditions at y = 0 and y = Y'). Therefore we let the potential
V be independent of z € 2, = (—00, 00). We assume that the system is invariant
w.r.t. the z-direction such that the wave function is a plane wave in this direction.
The full wave function ¥, can be separated as

\I]Aw,y,z(xvyv Z7t) = ﬁEz,kz (Zat)w)\x,y(xvyvt)> (xvy) € QSL‘ X an S QZ? t> 07
with a complex-valued plane wave U, . : R x Rt — C, the energy

h*k?

EZ - )
2m.,

k, € R,

and W, . has the energy F = E. + FE,,. This results from the translation
invariance of the 3D problem in z-direction. FE,, denotes the energy of the 2D
wave function 9y, , : R? x RT — C and Az,y the real-valued wavenumbers . The
domain 2, x €, is considered to be the active region of the device. Electrons
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3.2 Overview of the analytical model

Figure 3.2: Bounded domain 2 C R3.

inc

are fed into the device by a superposition of plane waves 1" y(:c, y,t). The wave
function 1y, , solves the 2D time-dependent Schrodinger equation

L Oy, G
Z}?’T(l’vyvt) - _2m

A,l/))\x,y (:If, y7 t) _I_ V($7 y? t),l/))\x,y (x7 y? t)?
(z,y) € Qy x Q,, t >0,

*

,l/))\ac,y (:If, O7t) = ,l/))\x,y (z7 }/7 t) == 07 X E QSE? t > O,
Viz,y, t) = Ve(z,y,t) + Vi(z,y,t), (2,9) € QW xQy, t>0 (3.3)

with open boundary conditions at x = 0, x = X. Inside the active region we sup-
pose a self-consistent potential. In the previous analysis in §1 and §2 we neglected
the self-consistent part of the potential and assumed the external potential to be
constant in the left and right leads of the waveguide, i.e. for x < 0, x > X. Here
we relax these assumptions and allow external potentials

Ve(x,y,t) b (zy) € Qy x Qy, t >0,
Voly) +Vi(t) : 2<0,y€Q,, t>0,

Vi(y) +V3t) @ 2> X,yeQ,, t>0,

00 €, y<0Oory>Y,t>0

Ve(x,y,t) = (3.4)

with V. € L*(Q, x Q, x R"). The y-dependence of the potential in the exterior
domains allows much more realistic models. With this choice for V, it is possible
to build waveguides of different shapes by applying external potentials. In former
models the walls of electronic devices were realized by zero Dirichlet boundary
conditions in the confined direction. Due to the DTBCs it was necessary that the
computational domain had to end in rectangular leads. The potential in the outer
domains was assumed to be constant, in particular on the lines z = 0 and = = X.
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3 Transient quantum simulations for the double gate MOSFET

Y
i ;
f Q,xQ, — 3
_, I = )
. x=0 x=X
(a) model of the waveguide (b) potential V(y)

Figure 3.3: More realistic model of a quantum waveguide. In (a) we plotted a
part of the channel R x (0,Y). A potential V.(y), which acts like
a confinement, is applied in y-direction. The grey-coloured domains
illustrate the external potential in this direction. Dark colour values
correspond to high values for the potential. A cross-section of an
example of such a potential is presented in (b).

Hence it was not possible to shape the full geometry of a device by y-dependent
external potentials with the methods presented in §1 and §2. An example of a more
realistic model of a quantum waveguide channel built by applying a y-dependent
potential is shown in Figure 3.3. With an external potential which is increasing
for y — 0 and y — Y we obtain a potential that acts like a barrier at the channel
walls y = 0 and y = Y. This is a more natural model since industrial devices are
also built by applied potentials. We will give also some numerical examples for
the choice of V, in §3.4.1.

Remark 3.1 Without loss of generality we can drop the time-dependence V1(t),
V2(t) of the potential in (3.4) in the outer domains for the further calculations.
We introduce the transformation

Vi(r)d

/IZ)\z,y(x7y7t) =€ wa\z,y (l’,y,t) (35>

for the left outer domain x < 0 (and analogously for x > X ). Then, 1/;,\1711 fulfills
the modified Schrodinger equation

Oy, h?
sY t — _

o &

2
R

g

Aq/;)\z,y (LU, Y, t) + Vb(y)l;/\zy (LU, Y, t)v
(x,y) € Qpy x Q) t >0 (3.6)

*

without any time-dependent potential.

Hence, we consider in the following analysis only given external potentials Vj(y),
x <0, Vx(y), x > X depending on y € §, in the outer domains. In the numer-
ical simulations we assume also time-dependent external potentials in the outer
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3.2 Overview of the analytical model

Figure 3.4: The computational domain €, x 2, is divided into slices €2, (). Inside
2, x €, the external potential is a function of the variables z, y, ¢; in
the leads x < 0, z > X it only depends on y.

domains. The following calculations are only made for the left outer domain, the
case of the right outer domain is completely analogous.

3.2.1 Subband decomposition of the analytical 2D Schrodinger
equation

The idea of the subband decomposition is to reduce the dimension of the 2D time-
dependent Schrodinger equations (3.3) and (3.6), firstly on the infinite channel
R x €, to 1D by projecting the solution onto the Schrodinger eigenfunctions in
y-direction. This approach was presented in [Po05] for the stationary Schrodinger
equation. Therefore the domain €2, x €2, is divided into slices Q,(z) along the
transport direction like shown in Figure 3.4. The potential located in the active
domain is supposed to be a function of z, y, t. Outside the active region, for
x < 0 and z > X, the external potential (and hence also the self-consistent)
depends only on the confined direction y. On each slice Q,(z) we calculate the
eigenfunctions x,,(z,y,t) as a solution of the 1D stationary Schrédinger equation
with Dirichlet boundary conditions:

ﬁ2 82
a—y2xm(w, Y, )+ V(z,y, ) xm(2, 4, t) = €n(x, ) Xm (2, y, ),

B 2m,
(z,y) € Qy(z), t >0, meN,
Xm(2,0,t) = xm(x,Y,t) =0, t>0,zeR, meN.

We normalize the eigenmodes by

Y
/Xm(m,y,t)xq(x,y,t)dy = dm.qs Vg, meN,zeR, t>0. (3.7)
0
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3 Transient quantum simulations for the double gate MOSFET

The wave function ¢y, ,(z,y,t) can be uniquely decomposed in terms of the eigen-
functions

¢Az,y(x7y7t) = Z @Az,y,m(xat)Xm(xayat)a (l’,y) € Qy(l’), t>0 (38>

m=1

with
Y
kaw,y,m(za t) = <’l/))\xy (1’, Y, t)> Xm(llf, Y, t)) = / ,l7b>\:c,y (ZIZ’, Y, t)Xm([L', Y, t) dy
0

Inserting representation (3.8) into equation (3.3), multiplying with x,(x,y, t), inte-
grating over 2, and using the orthonormality (3.7) yields the coupled 1D equations

0 n* 02
Zha(p)\z,y,m(x7 t) = _%@Qp)\z,y,m(‘m‘? t) + €m($7 t)@)\z,yym(x? t)

/0
—’Lhz <an($a Y, t)7 Xm(x, Y, t)> (p)\zyyﬂ(x’ t)
q=1

20 0
— Z <8_qu(x7y7t>7><m(x7y7t)> a—xSO)\z,y,q(x?t)

m
* =1

R o/ 0?
_2m Z<@X‘l(xayat)7><m($,y,t)>QO)\x,yﬂ](:)j’t)’

q=1

reR t>0meN. (3.9)

The subband decomposition algorithm follows by truncating the sums Zzil in

(3.9) to Zé‘il for a fixed number M € N and solving the coupled 1D equations
(3.9) for m = 1,..., M instead of solving the 2D Schrodinger equation (3.3).
Additionally we will solve uncoupled 1D equations (cf. §3.3).

Remark 3.2 On the leads x < 0, x > X of the waveguide we calculate eigenfunc-
tions xm and eigenvalues €,, which do not depend on the variablest, x. They are
different in both outer domains, since we assume different y-dependent potentials
there. The coupling terms vanish in (3.9) for x <0, x > X.

3.2.2 Adding the self-consistent potential

The given external potentials Vy(y), < 0, Vx(y), x > X cause self-consistent
potentials Vj(y), Vx,s(y), ¥y € €, in each outer domain which are constant in
time and can be obtained by solving the 1D Poisson equation

92
_a—ygvtxs(y) = nip(y) — np, y € Q,

d o)

a—yVo,s(O) = a—yVO,S(Y) =0 (3.10)
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3.2 Overview of the analytical model

with a given constant doping profile np for each outer domain. In this 1D case
the electron density nip takes the form

mioly Z//}wxzyOy, P F(Enlha k)~ P2 (300)

—00 —00

where o denotes the unknown chemical potential in the actual lead (here z < 0)
of the waveguide at equilibrium. f is the given statistical distribution, e.g. the
Boltzmann distribution

fo(B)=¢ ™7, EcR

or the Fermi-Dirac distribution

1
1—}—ekBT

with the Boltzmann’s constant kp and the temperature 7. 1, (0,y,0) corre-
sponds to the initial wave function at x = 0. Since we inject plane waves into the
waveguide, (3.11) can be simplified (with (3.8)) to

dk,dk,
o) = 3 en(02:0) |2//f ke ) — ) P2 (3.12)

—0o0 —0O0

The energy E,,(k.,k.) describes the energy €,,(x) of the injected mode (at x = 0
for the left exterior domain) plus the energies given by the dispersion relations for
wavenumbers k,, k.:
k2 R%k?

-t

—Zz N, k., k., € R.
2m,.  2m,’ men, <

En (ke k.) = €,(0) +

In case of Boltzmann statistics, i.e. f(E) = fp(F), the integral appearing in
(3.12) can be calculated analytically and we obtain

k Tm* _em(®)—n
nip(y) = -2 Z IXm(0,y,0)[? e FB7 y € Q. (3.13)

The chemical potential u will also appear in the Poisson equation in the active
domain €2, x €, and has to be calculated such that

/ (nip(y) — np)dy = 0. (3.14)
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3 Transient quantum simulations for the double gate MOSFET

With this information the electron density nip(y) can be computed and the Pois-
son equation (3.10) has a unique solution. The self-consistent potential V inside
the active region €2, x €, satisfies the 2D Poisson equation

—AV,(z,y,t) = nap(x,y,t) — np, (x,y) € Qy x Q,, t >0,
a%vs(x,o, t) = 88V(x,Y,t):0, xeQ,, t>0,
Vi(0,y,t) = Vos(y), Va(X,y,t) = Vxs(y), yeQ, t>0 (3.15)

with the 2D electron density (cf. [Po02])

|l S i dk,dk,
nap(r,y,t) Z/I%Mxy, |f< m(0) + + —u)

2m,  2m., or

where f denotes again the statistical distribution and np the given constant doping
profile. The solutions v, , (,y,t) of the 2D time-dependent Schrodinger equation
depend on the continuous wavenumber k, and have to be calculated for all k, € R.
Since the incoming functions do not depend on k, the electron density can be
simplified in case of Boltzmann statistics to

en(O+ 222+ B2 ) e T) ey,
nop(x,y,t) Z//waxy, |2( 2me T2 ”)/ B

2T

\/]{jB m(o) 22 ﬁzk%
E |,l7b>\£y xz, yv 6 Qm*kBTdk:L‘a

(x,y) € Qp x Q) t >0 (3.16)

with p given indirectly by the equality (3.14).

Remark 3.3 In practice 1y, ,(x,y,t) and the integral (3.16) cannot be calculated
analytically for all real values of k,. But vy, ,(x,y,t) is bounded w.r.t. k, and

exp <—%) tends to zero very fast with k, — 0o, such that the integral over

R can be approximated well by a definite integral over [—c, c| with some ¢ € RY.

In the following section we will derive a discrete system corresponding to the
analytical model of the Schrodinger-Poisson system (3.3), (3.15) with suitable
boundary conditions and use the subband decomposition algorithm for the efficient
computation of the discrete solution. Numerical results on 2D domains €2, x €2,
will be presented in §3.4.
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3.3 Discretization of the Schrodinger-Poisson system

3.3 Discretization of the Schrodinger-Poisson
system

For the derivation of a discrete model of the Schrodinger-Poisson system on
the channel @, x €, with DTBCs in transport direction we first discretize the
Schrodinger equation (3.3), derive DTBCs which take the given potential (3.4) into
account and use the subband decomposition for solving the discrete Schrodinger
equation. Afterwards we extend the model by including the self-consistence of the
potential as a solution to the discretized Poisson equation.

3.3.1 Extended DTBCs for the discretized Schrodinger
equation

We discretize the Schrédinger equation (3.3) again with the Crank-Nicolson stan-
dard five-point finite difference scheme with the equidistant grid points z; =
jAx, j €L,y =kAy, k=0,...,K,t,=nAt,n € Nwith X = JAz, Y = KAy
like mentioned in §1.2 and obtaln for ¢ ~ ¥x, (2, yr, tn) the difference equa-
tions

h n h? n+1/2 n41/2 n+1/2
R (U = Ui = —gas (W — 20 + o)
h? n+l/2 nt1/2 . ntl/2 nt1/2  nt1/2
oA <¢ — 22 4yt ) + Vi Ry

(3.17)
for jeZ, k=0,..., K, n € Ny with the abbreviations
n+1/2 n n
Yt = (@D )
V]nzjl/z = V($j>yk,tn+1/2),

and V(z,y,t) = V.(z,y,t) from (3.4) with V1(¢) = V3(t) = 0 (see Remark 3.1).
The potential reduces to V"H/2 =V forall k =0,...,K, n > 1 in the outer
leads j <0, j > J of the wavegulde For each interior grld point z; and each time
step n we solve the eigenvalue problems

1 (Xm,n+1/2 gy etz g Xm,n+1/2) n Vn+1/2 myn+1/2

_2Ay2 Gk—1 i,k j,k+1 Jk
:€;nn+1/2 ;nkn+1/2’ OSJSJ, 1§]{;7m§K—1,n€N0,
X;non—i-l/Q X;}?Hﬂ —0, 0<ji<J,1<m<K-—1,néecN,,

(3.18)
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3 Transient quantum simulations for the double gate MOSFET

and normalize the eigenmodes:
AyZ‘ ’”"*1/2‘ I, 0<j<J1<m<K-—1necN,

Remark 3.4 To avoid numerical errors we need to be sure, that the eigenfunc-
tions have the same orientation. Therefore we define the discrete scalar product

K-1

(g fi) = Dy Y gef

k=1

w.r.t. the discrete direction k for discrete functions f,g € RE+L with gy = g =

fo = fx = 0. We calculate the sign of <X;nk1/2,xﬁll/,f> for all modes m and

multiply X]—i—lk forallk =1,...,K —1 with it for all j = 0,...,J. Hence it is
sure, that the eigenmodes x;; kl/ at the line x; and the following ezgenmodes Xj+1/2

at the line x;41 have the same sign. In all time steps we orientate the eigenmode

of the first line xg n+/2
mn+1/2

at the new time step n + 1 w.r.t. the eigenmode of the

first line xq ;. at the old time step n and then adjust the eigenmodes of lines

j>1 w.r.t. an+3/2.

Remark 3.5 In [Po05] the author points out that if the silicon layer of the DG-
ILn+1/2  _ 2,n41/2

MOS is larger than ~ 10mm, then the first two modes x; Xk will have
very close energies 61 "+1/2, e? M2 Due to rounding errors it may be the case

that the energies are equal and hence the associated eigenspace is computed as
two dimensional, which is not correct. We calculate the eigenfunctions in each
line x; independently of the neighbour line x;11. Computing an energy eigen-

value as a double eigenvalue leads to the reqularity of Spcm{)(;l ,:L+1/2, X?:ZHQ} in

x-direction, but the eigenfunctions may be not smooth in x. Let the eigenmodes
X;’ZH/Q, X?’ZH/Q be computed for the j-th line. The “wrong” eigenmodes computed

in the neighbour line 7+ 1 are notated by lef;r,iﬂ, )ij;r,iﬂ They are going to be

corrected by the orthogonalization due to the rotation

1,n+1/2 . ~1,n4+1/2
Xl ( cos(v) sm<ﬂ>> e

2,n+1/2 - o ~2,n+1/2 ’
P sin(d¥)  cos(¥) P

where the angle ¥ is computed by

<A1,n+1/2 2,n+1/2>

tan(v) = — ;k 127 ;k N
G
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3.3 Discretization of the Schrodinger-Poisson system

The value of V¥ follows from considering <X]1.fff,i/2, Xi’,?ﬂ/z) = 0, which 1s a natural
condition for X;ff,i/z, X?ff,i/z, being close to X;,’IZH/Q, X;,’IZH/Q. For details and

numerical tests we refer to [Po05].

Performing the transformation

K-1

n+1/2 .

Pl = S Xy =1, K —1,j=0,...,J,n €N,
k=1

and accordingly

K-1
U= X k=1, K—1,j=0,...,J,neN,  (3.19)
m=1

yields by inserting (3.19) into (3.17) the coupled discrete 1D equations
ih h?
n+1 n o n+1/2 n+1/2 n+1/2
At (@j,m - Spj,m) = T 9mAL? (Spj_l,m —2¢;m  + <Pj+1,m)
ih =~
n+1/2 n+1/2 n+l  n+l n n
TEm Pim Ty > (Ghaia + Gma#ia)
q=1
g2 Kol 1 1
m-+ n-+ m n
o Z (dj,m,qgoj,q + dj,m,quj,q)
q=1
K—1
n+1 0, n+1 n 0 n
Z (ej,m,quﬁpjvq + ej,m,qu(pj,q) )
q=1

j=1,...,J—1,m=1,...,K —1,n €Ny, (3.20)

e
h2
2m,

with the abbreviations

no_ mn+1/2 _ qn+1/2
g = (Di X Xik
n - 2. mmn+1/2 n+1/2
@ = ( aXjk 3 §,k )s
n m,n+1/2 n+1/2
g = (DI, (3.21)
for the coupling terms and the difference operators
1
0. n __ n n
Dﬂﬁ(pj,m o 2Ax (Soj+1,m - ¢j—1,m) )
1
+ n  __ n n
Dx 80]7777, - E (goj—i-Lm - (me) )
1
2 n n n n
wajvm - A2 ((pj-l-l,m - 2S0j,m + (pj—l,m) )
1
+ n _ n+1 n
Dl ¢ = 77 (Fim = #m) -
j=1....,J=1,m=1,.... K -1, n €N (3.22)
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3 Transient quantum simulations for the double gate MOSFET

In each time step we solve M < K coupled 1D equations according to (3.20) by
truncating the coupling sums at ¢ = M. We set ¢},, , = d},, , =€}, =0 for

allg = M +1,..., K — 1 and solve additionally the KX — M — 1 uncoupled 1D
equations

ih n+1 n n? n+1/2 n+1/2 n+1/2 n+1/2
At (@j,; - ‘Pj,m) = T oOmLAL? (Spj—l,m - 2<Pj,m + ‘Pj+1,m> + €mPjm

(3.23)
form=M+1,.... K,j7=1,...,J—1,n € Ny.

Since the eigenfunctions X;?,;"H/ ® are constant in xj-direction and time inde-
pendent for j <0 and j > J, we obtain ¢/, =d}, =e€}, =0foralj=1J,
m,g = 1,...,K — 1, n > 0 and the energy 6;:;1/2 is constant for all n > 0.
Hence, equation (3.20) reduces in transport direction at the boundaries to (3.23)
forj=0,J,m=1,..., K—1, n € Ny, which coincides with (1.4) by replacing the
potential with €;,,. Hence we can use the DTBCs obtained in §1 for this model.

3.3.2 Discretizing the Poisson equation

In the outer domains x < 0 and z > X we assume given external potentials
Vo(y) and Vx(y), which give rise to the constant-in-time self-consistent potentials
Vos(y) and Vx s(y). For the left outer domain we compute V; (y) numerically by
solving the discretized Poisson equation (3.10) with the electron density (3.13)
and p obtained from (3.14). For the discretization of the Laplacian we use the
standard second order difference operator.

In each time step we solve (3.18), therefore we need the self-consistent potential
in the interior domain at each time step. This is obtained by solving the Poisson
equation (3.15) again with the standard five-point discretization of the Laplacian.
In [Pi02] the author updates the potential by extrapolation:

Y/ — gyl _ /2, n>0 (3.24)

where V"1 is the solution to the Poisson equation (3.15) at time #,;. Tt/

denotes the self-consistent part of the potential in the time step n and the total
potential arises from the sum of the external and the self-consistent potential.

3.3.3 Implementation of the model

Finally we summarize the algorithm for the implementation of the model. The
following steps (1)-(7) have to be calculated only once before starting to solve the
time stepping algorithm for the Schrodinger-Poisson system:
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3.3 Discretization of the Schrodinger-Poisson system

(1) We choose a given external potential V.(x,y,t) (cf. (3.4)) and an initial
potential V' (z,y,0).

(2) Next, we choose a given energy E, , of the incoming wave. For a the given
energy E,, the wavenumber k, of the injected plane wave

@?’m _ eikszxe—iEz,ynAt/h7 j<0,m=1,.... K—1,neN,

has to be calculated by inverting the discrete dispersion relation

B, - h? (1 - cos(A:ck:x)) N h? (1 — cos (%”’)) |

My Az? My Ay?
We consider the discrete incoming function (¢")g,, = e EeanBt/h gt 5 — (.

For different transversal modes ,, one may take also different wavenumbers
k. and therefore different energies E, ,.

(3) The discrete initial function has to be chosen. The initial function is a plane
wave @ = ehId 5 =0, J, m=1,...,K—1, which fits to the in-

jected wave (p")g ..

(4) In the r.h.s. of the 2D Poisson equation (3.15) appears the discretized 2D
electron density (ngp)f}, (cf. (3.16)) with k, € [—c,c|, ¢ € R*. For the
scaled values i = m, = kg = T = 1 one computes e k/2m« < 1()=10
for k, > 7. The choice of ¢ depends on the absolute value of the injected

wave, e~ /e?/2m. PR (2, y, t)|? should be “small enough”. For a finite num-
ber of wavenumbers k) € [—¢,c], ¢ = —L,1 — L,...,L we choose the

initial functions (gp?vm)(g) = eikg)jAz, j=0,....J,{=—-L,1—1L,..., L,
m =1,..., K —1 of the coupled 1D Schriodinger equations (3.20). The so-
lutions (7, ), € = —L,..., L to (3.20) with this initial data will be used
after the transformation (3.19) in each time step for the r.h.s. for the 2D
Poisson equation (3.15) for all kg(f), (=—-L1—1L,..., L.

(5) The chemical potential p is computed according to (3.14).

(6) The convolution coefficients for the DTBCs can either be calculated exactly
(cf. Theorem 1.1, §1) or approximately (cf. Remark 1.3, §1). They are not
time-dependent and they do not depend on the wavenumbers.
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3 Transient quantum simulations for the double gate MOSFET

(7) For the determination of the self-consistent potential outside the computa-
tional domain we solve the 1D Poisson equation (3.10) with the standard
second order finite difference discretization for both y-dependent external
potentials on the leads 7 < 0,5 > J. At y =0 and y = Y zero Neumann
boundary conditions are assumed. The obtained solutions are vectors de-
noted by Vo, Vyr, k=1,..., K —1 of length K — 1 for each outer domain.
They will be needed as boundary conditions of the 2D Poisson equation in-
side the computational domain.

m,n+1/2 n+1/2 o n en
At the time step t, we have given ¢, Xk s Vik s g Qg €fmgs

(n2p)}), and the convolution sum »_7_, g",:l ) ¢, for the DTBCs. For the time
stepping algorithm the following items are calculated iteratively as an update from

time step t, to t,41:

(8) We calculate the 2D electron density (3.16) appearing in the r.h.s. of the 2D
Poisson equation (3.15) at time step t,+1. Therefore we solve for the finite

number of wavenumbers ki € [—c,c], ¢ = —L,..., L the time-dependent
Schrodinger equation (3.20) with inhomogeneous DTBCs at x = 0 and DT-
BCszx =X

(9) With nyp computed in step (8) we solve the 2D Poisson equation. At y =0
and y = Y we use homogeneous Neumann boundary conditions and we use
the Dirichlet boundary conditions Vo, Vi, k=1,..., K —1 obtained from
step (7). This yields V.

(10) The self-consistent part of the potential is computed by V2 = =2Vt —
Va2 (of. (3.24)).

m,n+3/2 m,n+3/2

(11) We calculate the eigenfunctions ;. and the energies ¢; for 7 =

0,...,J by solving the eigenvalue problems (3.18). It is necessary to take
m,n+3/2 mmn+1/2

care of the orientation x;; w.r.t. the orientation of x;; and of
Xﬁ’fﬁ,;g/ > wrt. XTk"+3/ 2. We observe also the orthogonahty of Xl /2

X?’,?Jrg/ 2 (cf. Remark 3.5). With the eigenfunctions we can compute the

coupling coefficients ¢\ d7t! et with (3.21), (3.22).
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3.4 Numerical results

(12) At the boundaries # = 0 and x = X the wave function vy, , is transformed
according to (3.5).

(13) The coupled 1D equations (3.20) with the DTBCs from Theorem 1.1 (§1)
are solved via a direct method or iteratively. We cut the sums Zj{:_ll to

> e
(14) Additionally we solve K — M —1 uncoupled 1D Schrédinger equations (3.23).

(15) At the boundaries # = 0 and # = X the wave function 1,, , has to be
transformed back according to the inverse transformation of (3.5).

e store the boundary data ¢ 7 =0, or all modesm=1,..., K —
16) W he boundary d h 0, J for all mod 1,...,K—1

j7m ?
for the computation of the convolution sum for the DTBCs.

(17) The wave function v which is the solution to the 2D Schrédinger equation
is obtained by the transformation (3.19).

3.4 Numerical results

In this section we will present numerical examples concerning the 2D time-depen-
dent Schrodinger-Poisson system including open boundary conditions in transport
direction. In a first example we will stress the advantages due to the y-dependence
of the external potential in the leads of the waveguide. Therefore we drop the self-
consistent potential in this example and solve only the Schrodinger equation on a
rectangular domain. In a second example we will present a solution to the coupled
Schrodinger-Poisson system.

3.4.1 Example 1: y-dependent potentials in the outer domains

Consider a rectangular computational domain € = (0, 1)%. We compute the solu-
tion v to the scaled 2D Schrodinger equation

0
D, .1) = 5 A0, 5,1 + V(e 00w 9,1), (5,9) €0, 150

"ot
(3.25)
by solving the coupled 1D equations (3.9) with the initial data
ol (x) =e*=* 2€0,1/2], m =1 (3.26)
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3 Transient quantum simulations for the double gate MOSFET

which is smoothly damped down to zero for z > 1/2. The given wavenumber k,
corresponds to an energy E, , = 200. We inject only on the first mode m = 1 and
the incoming function pi"¢(z,t) = e*=2e~1F=v! has the same energy as the initial
function. At x = 1 we implement homogeneous DTBCs, inhomogeneous DTBCs

are considered at x = 0. The potential is chosen rather arbitrarily as

V([L’,y) : y6(071)7$§x17t>0
t) = - 2
Viz.y.1) { Vie,y)+ V2(x,t) : ye(0,1),z>a,t>0, (3.27)

with V(z, ) = 100—300y(1—y)+150 e~l@=3/9*+0=1/2%]  — 80, and some fixed
value 0 < x; < 1. V?(z,t) is a piecewise constant function in time, continuous
in x and bounded. Hence, V(x,y,t) is increasing for y — 0 and y — 1. We
use Dirichlet boundary conditions ¢(z,0,t) = ¥(x,1,t) = 0 at the channel walls
y = 0 and y = 1. These conditions are somehow “natural” since the potential
acts like a barrier at the walls. We use the discretization parameters J = K = 60,
At = 0.001 and choose M = 10 for the number of coupled modes. In Figure 3.5
we present the piecewise constant-in-time potential V' for times ¢ > 0. Figure 3.6
shows some temporal snapshots of ||* (cf. (3.19)), where 1) is the solution to
the scaled 2D Schrédinger equation (3.25) with the initial function (3.26) for the
corresponding coupled 1D system and the potential (3.27). The wave function
leaves the computational domain without being reflected back at the artificial
boundaries. The occupation density |, (2, )2/ SM_ |@m(x, t)|? of the different
subbands is shown in Figure 3.7. At the initial time only the first band m = 1
is occupied. After several time steps there are also higher modes get occupied.
Since

Y
/Xm(:r,y,t) dy=20
0

holds for this choice of V(x,y,t) for even modes m, only the odd modes ¢,,(z,t),
m =1,3,5,... are occupied. With the choice M = 10 the subband decomposition
algorithm is about 80% faster than the usual algorithm for the 2D Schrodinger
equation proposed in §1.

3.4.2 Example 2: A solution to the Schrodinger-Poisson
system

We compute the solution ¢ (x,y,t) = Zi;i Om (T, t)xm(x,y,t) to the scaled cou-

pled Schrodinger-Poisson system (we let all physical constants h, m., kg, T equal

1) on the computational domain 2 = (0, 1)? with the subband decomposition al-
gorithm. The given doping profile is chosen constant as np = 100 and we assume
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3.4 Numerical results

potential V(x,y.t) at t=0 potential V(x,y.1) at t=20 At

X X

(a) t < 20At (b) 20At < t < 40At

potential V(x,y,1) at t=40 At potential V(x,y,1) at t=60 At
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Figure 3.5: Example 1. Potential V(x,y,t) (cf. (3.27)), which is a piecewise con-
stant function in time.
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3 Transient quantum simulations for the double gate MOSFET

propability density |y'(x,y)[® of the inital function
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Figure 3.6: Example 1. Squared absolute value of the solution ¢ to the Schrédinger
equation (3.25) with the initial function (3.26) and the potential (3.27).
The discretization parameters are Az = Ay = 1/60, At = 0.001,
M = 10.
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3.4 Numerical results

occupation of the bands [in 100%] at t=700At

0.8[

06F

04r

0

0 0.1 0.2 03 0.4 0.5 06 0.7 08 0.9 1
X

Figure 3.7: Example 1. Occupation density [, (z,1)[>/ 2N, [@m(z, 1)[? of the
different bands at ¢t = 7T00At.

an external potential

0 : (r,y) e, t<ty
Voo, t) ={ Viwy)sin(752) © @yeQn<t<t  (328)
V(l’,y) : (Ivy) 697 t2t2

with V(z,y) = 100y(1 — y)e e[V +6=12%] " — 30, ¢, = 30A¢, £, = 100AL.
Some temporal snapshots of the external potential V,(z,y,t) are shown in Fig-
ure 3.8. At t = 0 the external potential equals zero. For ¢ > 30At it is built by
a Gaussian beam which is increasing in time up to t = 100At. For ¢ > 100At
it stays constant in time. The maximum peak of the potential is 25. Again we
consider the initial function

ol () = ek, r €[0,0.8], m=1

which is smoothly damped down to zero for z tending to 1 for the system (3.9)
of coupled 1D equations. In this example we calculate solutions v for different
choices of wavenumbers k,. The absolute value of an example for such an initial
function is plotted in Figure 3.9.

For the discretization parameters M = 10, Az = Ay = 1/50, At = 0.001 we
compute on the one hand the solution to the 2D time-dependent Schrodinger equa-
tion (3.25) without the self-consistent Poisson coupling and, on the other hand,
the solution to the coupled Schrédinger-Poisson system (cf. (3.25), (3.15)) for 500

time steps. An incoming function p¢(z,t) = efe@e"iFevl 'y = 1 is injected at
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3 Transient quantum simulations for the double gate MOSFET

V, (xy.0) inside of Q at time step t = 208t V, (X, inside of @ at time step t = 404t

(a) t < 30At (b) t = 40At

V, (x,y.1) inside of Q at time step t = 604t V, (xy.9) inside of @ at time step t = 1008t

(c) t = 60AL (d) t > 100At

Figure 3.8: Example 2. External potential V,(x,y,t) (cf. (3.28)).

x = 0. Therefore, inhomogeneous DTBCs are implemented at x = 0. Homoge-
neous DTBCs are given at © = 1. At y = 0, y = 1 we assume homogeneous
Dirichlet boundary conditions.

For the Schrodinger-Poisson case, the evolution of the total potential (includ-
ing the self-consistent part), V(x,y,t) = Vi(x,y,t) + Vo(x,y,t), is presented in
Figure 3.10. Up to some time the self-consistent part is partially increasing, af-
terwards it is decreasing. The maximum peak of V(z,y,t) at t = 500At is about
~ 20.

In Figure 3.11 we present results for the wavenumber k, = 0, which corre-
sponds to an energy E,, ~ 5. We plot the absolute value of the solution to
the Schrodinger equation without the self-consistent coupling to the Poisson equa-
tion on the left side in Figures 3.11(a), 3.11(c) and 3.11(e). On the right side we
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3.5 Conclusion

Figure 3.9: Example 2. Absolute value of the initial function (! () for the coupled
Schrodinger-Poisson system.

show the results obtained with the Schrédinger-Poisson system in Figures 3.11(b),
3.11(d) and 3.11(f).

For the wavenumber k, = 8, which corresponds to an energy E,, ~ 37, we
present the solutions of the same calculations in Figure 3.12.

In all examples the wave functions travel through the channel without any
unphysical reflections at the artificial boundaries x = 0 and x = 1. For k, = 0 the
potential V(x,y,t) is acting like a barrier in the case of solving the Schrédinger
equation and also in the case of solving the Schrodinger-Poisson system. For k, = 8
the energy of the travelling wave is higher and hence more electrons can travel
through the channel without being reflected back at the potential. One can clearly
obtain in the calculations for k, = 0 and k, = 8 that the particle density in the
region (0, 0.5) x (0, 1) is much bigger in the case of the solution to the Schrédinger
equation without coupling than in the case of the solution to the coupled system.
This results from the fact, that the potential V (z,y,t) = Vo(z,y,t) + Vi(z,y,t) is
smaller than the external part V.(x,y,1).

3.5 Conclusion

We have combined DTBCs for the 2D time-dependent Schrodinger equation with
the physical model of the coupled Schrodinger-Poisson system. This is a highly
relevant model for simulations of semiconductor devices like the DGMOS. Fur-
thermore we have extended the DTBCs to y-dependent potentials in the outer
domains and introduced the efficient subband decomposition algorithm for the
solution of the coupled system.
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3 Transient quantum simulations for the double gate MOSFET

V, () + V, (xy.) inside of @ at time step t = 20At V, (x) + V, (x,y.) inside of Q at time step t = 60t

(a) t = 20At (b) t = GOAE
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Figure 3.10: Example 2. Potential V' (z,y,t) = V.(z,y,t)+ Vi(x,y, t) with V, given
in (3.28) and the self-consistent potential V; which is a solution to
the Poisson equation (3.15).
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Figure 3.11: Example 2. Absolute value of the solution to the scaled Schrodinger

equation without Poisson coupling ((a), (c), (e)) and of the solu-
tion to the scaled Schrédinger-Poisson system ((b), (d), (f)) for
the wavenumber k, = 0. We choose the discretization parameters

M =10, Az = Ay = 1/50, At = 0.001.
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3 Transient quantum simulations for the double gate MOSFET

Figure 3.12:
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Example 2. Absolute value of the solution to the scaled Schrodinger
equation without Poisson coupling ((a), (c), (e)) and of the solu-
tion to the scaled Schrédinger-Poisson system ((b), (d), (f)) for
the wavenumber k, = 8. We choose the discretization parameters
M =10, Az = Ay = 1/50, At = 0.001.



Bibliography

[BeMePi05] N. Ben Abdallah, F. Méhats and O. Pinaud: On an open transient
Schradinger-Poisson system, Math. Mod. Meth. Appl. Sci. 15 (2005) 667-688

[BePi02] N. Ben Abdallah and O. Pinaud: A mathematical model for the transient
evolution of a resonant tunneling diode, C. R. Math. Acad. Sci. Paris 334
(2002) 283288

[Ca97] F. Castella: L? solutions to the Schrodinger-Poisson system: ezistence,
uniqueness, time-behavior, and smoothing effects, Math. Mod. Meth. Appl.
Sci. 7 (1997) 1051-1083

[Ca89] T. Cazenave: An introduction to nonlinear Schrdinger equations, Textos
de Métodos Matematicos 22 I.M.U.F.R.J., Rio de Janeiro (1989)

[FeGo97] D.K. Ferry and S.M. Goodnick: Transport in Nanostructures, Came-
bridge University Press, Camebridge (1997)

[[IZwLa94] R. Illner, P.F. Zweifel and H. Lange: Global existence, uniqueness and
asymptotic behavior of the Wigner-Poisson and Schridinger-Poisson systems,
Math. Meth. Appl. Sci. 17 (1994) 349-376

[Pi02] O. Pinaud: Transient simulations of a resonant tunneling diode, J. Appl.
Phys. 92 (2002) 1978-1994

[Po02] E. Polizzi and N. Ben Abdallah: Self-consistent three dimensional model
for quantum ballistic transport in open systems, Phys. Rev B. 66 245301—
245309 (2002)

[Po05] E. Polizzi and N. Ben Abdallah: Subband decomposition approach for the
simulation of quantum electron transport in nanostructures, J. Comp. Phys.
202 (2005) 150-180

91



4 Discrete transparent boundary
conditions for the two
dimensional Schrodinger equation
on circular domains

In this chapter we propose transparent boundary conditions for the time-depen-
dent Schrodinger equation on a circular computational domain. First we derive the
two dimensional discrete TBCs in conjunction with a conservative Crank-Nicolson-
type finite difference scheme. The presented discrete boundary-valued problem
is unconditionally stable and completely reflection-free at the boundary. Then,
since the discrete TBCs for the Schrédinger equation with a spatially dependent
potential include a convolution w.r.t. time with a weakly decaying kernel, we
construct approximate discrete TBCs with a kernel having the form of a finite
sum of exponentials, which can be efficiently evaluated by recursion. Finally,
we describe several numerical examples illustrating the accuracy, stability and
efficiency of the proposed method.

4.1 Introduction

Consider in the circular geometry with polar coordinates (r, ) the following Cau-
chy problem for the scaled transient Schrodinger equation

111 1
'L.,th = _5 [;(Twr)r + ﬁwee + V(Tvevt)wv r 2 07 0<¥o S 27T7 t> 07
Y(r,0,0) =4 (r,0), r>00<6<2r (4.1)

We assume that the given periodical potential V' is constant outside of the com-
putational domain [0, R] x [0, 27]:

V(r,0,t) = Vg = const for r > R,
and that the sufficiently smooth periodical initial data has a compact support:

suppy! C [0, R) x [0, 27].
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4.1 Introduction

Equation (4.1) has different important applications including electromagnetic
wave propagation [Lev00], modeling of quantum devices [Ar95], integrated optics
(Fresnel equation) [ScDe95], plasma physics and (underwater) acoustics due to the
parazial approzimation to the wave equation in the frequency domain [ArEh9S8],
[Ta77], etc.

One quite important application of the Schrodinger equation especially in a
circular geometry arises in the context of optical fibers [Ke83], [Za01].

4.1.1 Analytic transparent boundary conditions for the 2D
Schrodinger equation on circular domains

Let us exemplify first analytic TBCs that can be derived for the Schrodinger
equation on a circular domain. In the following we briefly review the construction
of the analytic TBCs from [AnBeMo04] and extend them to the case of a nonzero
potential at infinity. We remark that a more concise derivation can be found in
[HaHu04], [JiGr06]. We consider sufficiently smooth bounded periodical solutions
to (4.1) on the exterior domain r > R and denote by ® = ®(r, 0, s) the Laplace
transform of ¢ w.r.t. time. The transformation of (4.1) reads

1 1

—(r®,), + 5 Ppp + 2i(s +iVg)® =0, r>R, 0<0<2m

r r
Using a Fourier series w.r.t. the angle 6:

O(r.0,s) = »_ ®"(r,s)e™ r>R, (4.2)

meZ

we obtain that the Fourier coefficient ®™ (r, s) for each mode m € Z satisfies the
ordinary differential equation

1 2
~(r@{™), + (2is Vg — %)qﬂm) 0, r>R (4.3)

This is the Bessel equation for functions of order m. Hence the solution to (4.3)

vanishing as r — oo is given in terms of the m-th order Hankel function of the
first kind av.

O (1, 5) = (s)H\D(\/2is — 2Vz7), 7> R, (4.4)

where a,,,(s) is an arbitrary multiplier. The radial derivative of ®™ is computed
as

82 O (1, 5) = ap(s)\/2is — 2VR HY (\/2is — 2V 7)
-

W s
— /2is — 2Vp H’(’i) (V2is = 2Vir) ™ (R, s),
Hm (\/ 2’&8 — 2VR R)
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

where we have determined the value of the coefficient «,,(s) from (4.4) by setting
r = R. Finally, the TBCs are obtained by computing the series (4.2), using the
inverse Laplace transform and setting » = R. We achieve

%4
E (R> 97 t) -
y+ioco
— Z / \/ 2is — QVR (1 2is = 2Vg R) dM(R, s)e’t ds ™
2mi Hy, \/213 —2Vr R)

yzoo

(4.5)

where 7 is a vertical contour in the complex plane chosen such that all singularities
of the integrand are to the left of it.

The TBCs (4.5) are non-local both in time and in space. A strategy to derive
a spatially localized version of (4.5) by an asymptotic expansion of the Hankel
functions and their derivatives according to s can be found in [AnBeMo04].

Because of the nonlocality of the TBCs (4.5), their immediate numerical imple-
mentation requires to store the boundary data ®™(R,.) of all the past history
and for all modes m € Z. Moreover, the discretization of the TBCs (4.5), even in
one space dimension, is not trivial at all and has attracted lots of attention. For
the many proposed strategies of discretizations of the TBCs (4.5) in 1D (as well
as semi-discrete approaches), we refer the reader to [AlIRe02], [AnBe03], [BaPo91],
[BrDi95], [Mag9], [Sc99], [ScDe95] and references therein. A numerically efficient
treatment of 2D TBCs (4.5) is recently proposed in [JiGr06].

We remark also that inadequate discretizations may introduce strong numerical
reflections at the boundary or render the discrete initial boundary value problem
only conditionally stable, see [EhAr01] for a detailed discussion.

4.1.2 The difference equations

We consider a Crank-Nicolson finite difference scheme, which is one of the com-
monly used discretization methods for the Schrodinger equation. Let us introduce
a polar and temporal grid r_; <rg <r; <..<ry; <..with

ror=-ro; Ty =R ripe = (i +15)/2;
Arjiip =rjp1 — 15 Arj=Tii0 — T2
O, = kA0, k=0,1,..,K; Af=2r/K,
t, = nAt, n € Ng.
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4.2 DTBCs for circular domains

We denote
= (g, O ta), O = (W 0T /2,

and V]",:r 12 = V(rj,0k,tnt1/2). Then the Crank-Nicolson scheme reads

(¢n+l )
n+1/2 n+1/2 n+1/2 n+1/2
_ i 1 Tj+1/2(7vbj-:_1,{<c - wj,;: / ) T2 (w Y wjjl,{ﬂ)
’I°j A’f’j A’f’j+1/2 A’T’J_l/g
n+1/2 n+1/2 n+1/2
1yt =205, "+, 2Vn+l/2 n+1/2
2 A2 - Vik
j ENO kIO,l,,K—l, nENo. (46)

Remark 4.1 (Treatment of singularity at the origin) We use a radial off-
set grid here such that the coefficient at Y", . is zero.

This chapter is organized as follows. In §4.2 we prove the discrete mass conser-
vation property of the Crank-Nicolson scheme and derive discrete TBCs (DTBCs)
directly for the chosen numerical scheme using the Z-transform. In the sequel we
prove concisely the stability of the recurrence formulas used to obtain the convo-
lution coefficients of the new DTBCs for a spatially dependent potential. In §4.3
we discuss the approximation of the convolution coefficients by a discrete sum of
exponentials and present an efficient recursion for evaluating these approximate
DTBCs. Finally, the numerical examples of §4.4 illustrate the accuracy, stability
and efficiency of the proposed method.

4.2 DTBCs for circular domains

First we generate discrete transparent boundary conditions using exact solutions
to the difference scheme (4.6) in the exterior domain r > R.

In order to reduce the problem to the simpler 1D case, the discrete Fourier
method is used in #-direction. Due to the periodic boundary conditions in angular
direction we have

n o __ n .
7,0 — ¢j7K7 ], n € N07

and hence, we use the discrete Fourier transform of ¢7; in 6-direction:

- 2mikm
m’_ Z ]kexp< K )7 mIO,...,K—l,neNo. (47)
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

The scheme (4.6) in the exterior domain j > J — 1 then transforms into:

nt+l/2 1&7}4—1/2)

At Jm Jom T AT]‘ A’f’j+1/2
Tj—1/2 (1&;:11/2 - %jllﬁ) “n41/2
- - 2V],mw?m ’
A’f’j_l/g ’
. 2 sin? (%)
V}"m.:VR—Fw, 0<m< K—1,neN,.
The modes v¥,,, m = 0,..., K — 1 are independent of each other in the exterior

domain r > R. Therefore we can continue our analysis for each azimuth mode
separately.

Thus, by omitting in the sequel the superscript m and the notation ", we will
consider in the exterior domain the following discrete 1D Schrédinger equation
with spatially dependent potential:

2iA7’jA7"+1/2 nal n
- W )

1 ntl/2  ntl)2 Arjiie [ ng12 nt1)2
= E |:Tj+1/2 <¢j+1 - ?/)j ) - 7’;’—1/2?73_1/2 (1/)]- - Q/)]'_1 )

—2ATjATj+1/2‘/j¢;L+1/2, j > J—1 (48)
with
C 2 sin’ (m)
Vi=Ve+ ——— =K/
I VR G os) NI

4.2.1 Mass conservation property

There are two important advantages of this second order (in Ar and At) scheme
(4.8). Tt is unconditionally stable, and it preserves the discrete L?-norm in time:

Lemma 4.1 For the scheme (4.8) (considered on j € Ny) holds, that

)3 = Arslyfr (4.9)

J€No

s a conserved quantity in time.
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4.2 DTBCs for circular domains

Proof:  This conservation property can be seen by a discrete energy estimate.
First we multiply (4.8) by ¢7r; and its complex conjugate by @D;”rlrj and regard
the whole domain:

21 n ,n n
IR il AR
= Uy D°(r; D™}) — 2Vyhjdbyiry,  j=0,1,..., (4.10)

and

21 .
e (R

= GPHD(r DY) = 2V ey, =01, (4.11)

with the abbreviation of the centered difference quotient

n

¢;L+1/2 B %—1/2
A’l"j .

0o __ 0 4 0,/ m __
D® = Dy, ie. DY} =
2

Next we subtract (4.10) from (4.11):

21 n n n n
At (|¢] +1|2 - |¢] |2)Tj = %— +1DO(TjDO¢j)

— "D (r; DY) — Vi([r 2 — [ Py j=0,1,. .,

sum from j = 0 to co, and apply summation by parts:

2
A ZO(|¢f+l|2 — [2)r;
]:

== 2 (DYDY )y = (D g+

No+3

1
2

D=

D (DD = ()

No+1

=2 Vil P = g Py (4.12)
7=0
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

The boundary terms in (4.12) vanish since r_1 = 0 and we get

2

o)

21 n n
LA AL
7=0

_ Z Down+1 2 DO¢n Z ‘/] ‘wn+1 2 |¢;‘1‘2)Tj
7=0

I\To—i-Q

By taking imaginary parts one obtains the desired result.

4.2.2 DTBCs for a single azimuth mode

Discrete transparent boundary conditions the 1D plane Schrodinger equation with
constant coefficients of the difference scheme in the exterior domain were intro-
duced by Arnold in [Ar95]. Here we derive DTBCs for spatially varying coefficients
for the equation (4.8).

We use the Z-transformation of the sequence {17}, n € Ny (with j considered
fixed) which is defined as the Laurent series, see [Do67]:

e}

Z{Y7} = @;(2) == ZQ/);‘Z—", z€C, |z] > Ry,

n=0

and Rg, denotes the convergence radius of the series. Now the transformed exte-
rior scheme (4.8) reads

z—1

—ip; ——P;(z)
z+1
1 Arjii/o
= r2( @i (2) = €5(2)) = rjmap i (94(2) = @5-(2))
J Jj—=1/2

—2A’f’jA’f’j+1/2V3’®j(Z), ] 2 J — 1,

with the mesh ratio p; = 4Ar;Arj1/2/At and V; = Vg + C/(j + 0.5)%. Thus we
obtain a homogeneous second order difference equation with varying coefficients
of the form

a;®;1(2) + b;(2)®;(2) + ¢;®j-1(2) =0, j=J -1, (4.13)

with the coefficients
_ Tit1)/2

7 )
rj
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4.2 DTBCs for circular domains

1 A’l“'_|_1/2 z—1
J( ) T j+1/2 J 1/2Arj_1/2 Pj 1
Ti-1/2 A7“j+1/2

] A’l“j_l/g

QATjATj+1/2‘/j7

(4.14)

Cj:

Remark 4.2 (uniform offset grid) In the special case of a uniform radial off-
set grid r; = (j + %)Ar, j>J—1, we obtain

g1 j
a; = m, ¢ m,

sin? (%)
(7 +1/2)A0%

Cz—1
bi(z) = —2+1p——

_ For the formulation of the Z-transformed DTBCs at j = J we regard the ratio
?;(#) of the solutions at two adjacent points:

li(z) = — j>J (4.15)

From (4.13) we obtain the equation

EJ(Z) (CI;jéj.H(Z) + b](Z)> + Cj = 0, ] > J. (416)

Suppose that the coefficients Ej(z) are known. Setting j = J + 1 we get from
(4.15):

5 Py1(2)
liia(z) = o0
Calculating the inverse Z-transformation we obtain the discrete convolution
Vi = Lo * 97,
hence
n—1
Ui — ey =)
p=1

and finally

n—1
n n n— n—1
Vi — 5(0)¢J = ZS( ?) Sp) - ¢FJ+1 )v
p=1
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

with the summed convolution coefficients

0
s = ESll»

s =0 D > (4.17)

Note that these summed coefficients are introduced due to the observed oscilla-
tory behaviour of the convolution coefficients 69321 (cf. §2, [EhAr01]). Hence the
DTBCs for the single azimuth mode read

n—1
Wy — 5Oy =3 sy ® gl (4.18)
p=1

4.2.3 Calculation of the convolution coefficients

In order to find a solution to (4.16) we use the method of series. Let us consider
the Laurent series for ¢;(z):

~

Oi(2) =0 + 6Vl L 2 2 L (4.19)

With the auxiliary functions

b;(z
Oéj(Z) = ]CE-)’
j
a; = lim a;(z2),
C.
Bj = a_]-
j

equation (4.16) reads

~

) (L () + as(2)) + 8, =0, G2 (4.20)
Substituting (4.19) for (4.20) we get

N e

(O A e ) ay()) + =0, (421)
Coefficient 40). Taking |z| — oo we have the recurrence equation

600, +a5) + 8 = 0. (4.22)
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4.2 DTBCs for circular domains

for 40). We shall solve this equation by “iteration from infinity”, i.e. starting from

an index J,,, putting a boundary value ESOOZ = Eég), and running the recursion from
Js to J:

gg,O):(O)_i’ j=Je—1,J0—2,...,.J. (4.23)
€j+1+aj

Note that a very large index J corresponds to a very large radius r;_; therefore
we can use the 1D plane case coefficient /(%) see [ArEhS003], as the starting value

(0.

Theorem 4.2 (stability of the recurrence relations) Let |o;| > 2 > 3, + 1.
Then:

(i) 167 < B; < 1; and
(ii) the recurrence formula (4.23) is stable with respect to small perturbations.
Proof: The item (i) is proved by induction. Suppose |€§-(_)21| < fBj+1. Hence
0 0 0
62+ oyl = B = | = 16531 = B; > 1= 162 > 0.
Therefore we obtain |€§0)| < 1. Furthermore we have

|£(0)| _ Bi < G;
J E(O) ) 9 _ E(O)
| j+1 + ay | j+1|

To prove (ii) and establish the stability we suppose that we have a perturbation
Kg-(jzl + 0,41 instead of 65221 with [0;41] < 1. Let us look at the evolution of d; by
comparing (4.23) with

—B
O 40+ ay

g§0>+5j: j=de—1,J0—2,...,J

Evidently we obtain

(0)

5 — —05; =B 5ot —4;
() 0 T 0
) +6m+a; (0 +a () + 051 + 0y

_gg_o)
j+1 :
—Bi/ 6 + ;11
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

Therefore we get

|47 ok
|65] = 6;41] <641
18;/ 65 + 6,4 B — 100][614]
7P 1
< |6 )
0511 Bi 1 — 1641
and hence
5 10102
J J

for |0;41] < 1. Thus the recursion (4.23) is stable with respect to small pertur-
bations (e.g. for truncation errors or for an “incorrect” initial guess EL(]O; = fgg)).

O

Remark 4.3 The theorem condition |a;| > 2 > [5; + 1 is valid for the definitions
(4.14).

Remark 4.4 The estimate (4.25) permits to explain a fast convergence of the

recursion (4.23) to the correct value 65,0) while taking an “incorrect” initial guess

ESOOZ = Eég), see the numerical examples below. Indeed, due to (4.25) we can hope

for the exponential decay of |0;| with the factor |€§0)|2/ﬁj ~ |€§0)|. For instance the

value \€§O)| is estimated from the case of the “frozen” coefficients at J:
0
0] ~ 161,
where |£é?| < 1 is the root of the square equation

00 _ B
&(g) + g

Coefficient 41). Now we consider the calculation of E;l). We have from (4.14):
a;(2) = a; — gzt =22 ), (4.26)
with v, := a; — &;. From (4.21) and (4.26) we can write
(40) + g(l) -1 1 0(272))

( (2 + 0027 + O + (0 == + O) + 8 =0,
(4.27)
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4.2 DTBCs for circular domains

Annihilating leading terms subjected to (4.22) we collect terms with factor 27!

and obtain after multiplying by z and considering |z| — oo:
1) 0 1) (0 1
(06D — 0O 606D 1 1P a; = 0.

Therefore the recursion is defined by

(06D, — 10,
4 =— o s j=de—1,Je—2,...,J (4.28)
£j+1 + o

with a boundary value Ef]l; = ()

Coefficient €§n). The case of 65»") with n > 2 is considered similarly by trun-
cating terms of O(z7"71) in (4.27). We get the recursion formula

- kZ_: & £g+1 Dy ¥i(= )n_k£§k)
o = _ o = de—1.Ju—2....J

jr1t

(4.29)

with a boundary value 652 .= (% that can be taken with /%) = ¢™ from the 1D
plane case. Notice that (4.28) is a particular case of (4.29) at n =1 .

Theorem 4.3 Under conditions of Theorem 4.2 the recurrence formula (4.29) is
stable with respect to small perturbations.

Proof: Let us write (4.29) in the resolution form with respect to index n:

o_ 5w (

n n <n ni<n

0 = i Py (),
G Ty
J=Jdeo—1,Jec—2,...,J,

where the function F' contains the remaining terms with indexes n; < n. Suppose
that the coefficients {6&"1)}, n=01,....n—1,j=Ju—1,Jo—2,...,J are
exact (or they are known with a good accuracy). Then the stability of (4.29) is
determined by the magnitude of the multiplier

(0)
Ej
5 .
From (4.24) we get

(0)
105 B; B;
|£(0)

<ﬁj<1-

) <
j+1+aj| |€ +1+O‘J| 2 - |€j+1|
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

Remark 4.5 The proof of Theorem 4.3 is made by induction w.r.t. n € N at the
assumption that the previous coefficients for ny < n are correct. In the practice,
while calculating the coefficients Eg»"), we must fix some value J, and take an

“incorrect” boundary value ES"OZ = (% This could give a numerical instability.
However, due to sufficiently fast convergence of EE-O) to its correct value, say after
several first Jy steps of the recursion (4.23), we can start the recursion run of 65-1)

a little bit later, i.e. with the delay j = Joo — Jo. Similarly for ¢\ the initial index
can be j = Jy —2Jy, etc. In our numerical tests the usual value Jy is 0 < Jy < 5.

4.2.4 Examples of the calculation of coefficients E}n)

We demonstrate the efficiency of the proposed algorithm on the following setup.
For the radius we consider R = 1 and we discretize the circular domain [0, R] x
0, 27] with the uniform step sizes Ar = 1/200 and A = 27/200. For the time
step size we take At = 0.0003 and calculate the convolution coefficients 65-") (cf.
(4.29)) for the Schrodinger equation with a potential V' = 0 for the time steps
n =0,...,60. In a first set of calculations we run the algorithm with a choice
Jso = 550 (which corresponds to r = 3.75) and a retarding shift J, = 5. Here
we just discuss the graphs for the mode m = 1, all other modes behave similarly.
In Figure 4.1 we show the absolute values of the last 7 coefficients 65-54), e ,65.60)
as a function of r € [R, 3.75]. We observe a good convergence of the coefficients
while approaching the artificial boundary R = 1 from the exterior domain. An
estimation of the residual is done by a second set of calculations, where we obtain
convolution coefficients 65»") with J,, = 1100. The difference |£§") — £§n)\ for the
same discretization data is plotted for n = 54,...,60 in Figure 4.2. With values
of the order O(107'*) near the artificial boundary R = 1 this error is about
the rounding error of Matlab. The influence of the retarding shift parameter J
can be estimated by comparing Figure 4.1 with Figure 4.3. In the third run we
determine the convolution coefficients with the same discretization parameters as
in the first test (presented in Figure 4.1) but with a smaller choice Jy = 3. The
absolute values of these convolution coefficients are presented in Figure 4.3. The
oscillations in Egn) due to the instability near J,, in this plot are more obvious
than in the coefficients computed with Jy; = 5 shown in Figure 4.1. But also for
the choice Jy = 3 the coefficients converge while approaching » = R.

4.2.5 Two dimensional DTBCs for circular domains

In the Fourier transformed space, i.e. in terms of separate azimuthal modes, the
DTBCs read (this is equation (4.18) with recovered index m and the notation *
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4.2 DTBCs for circular domains

Figure 4.1: Absolute values of last 7 coefficients 65-"), n

6.5

6.3

6.2

6.1

59

5.8

5.7F

5.6

x10°

——n=54

|| ——n=55

——n=56
——n=57
n=58
n=59
n=60

last 7 coeffisients in external domain,mode m = 1

550, Jo = 5;m = 1.

for the Fourier transformation):

n—1
n 0, n 2 (n—p),7p _ Im
wJ—i—l,m Sm ¢J,m - Sm Jm 77D
p=1

where m =0,..., K —1,n>1.
In order to obtain DTBCs in the physical space let us introduce K x K diagonal

matrices

s = diag{s®?},

15

m=0,..., K —

radius r

L

2

-1
J4+1m>

= 54,...,60, Jo =

(4.30)

and also matrices F and F~! of the direct and inverse Fourier transform, respec-

tively, acting by

¥ = Py

in accordance with (4.7). The vectors 1@", Y7 notate

o=

Then, multiplying (4.30) by F~! we get the following 2D discrete TBCs:

n—1
¢?}+1 — F_ls(o)FlpSL =F1! Z S("_p)F¢§ _ w;z;i

p=1

(4.31)
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difference between main and control calculations, mode m = 1

10"

——n=54
——n=55
——n=56
107k | ——n=57
n=58
n=59
n=60

108L

107

1075k

10’15 L L L L L
1 1.02 1.04 1.06 1.08 11
radius r

Figure 4.2: Absolute values of difference |€§") —f§")| of last 7 coefficients calculated
with J,, = 550 and J, = 1100;m = 1.

In order to formulate DTBCs as in (4.15) it is necessary that the discrete initial
condition vanishes at the two adjacent (spatial) grid points appearing in (4.15).
Here, we chose to formulate the DTBCs (4.31) at the boundary of the computa-
tional interval and one grid point in the exterior domain. Hence we have assumed
that the initial condition satisfies wgo,i = Q/J(SOJZL,C =0,k=0,..., K —1.

The use of the formulas (4.31) for calculations permits us to avoid any boundary
reflections and it renders the fully discrete scheme unconditionally stable (just like
the underlying Crank-Nicolson scheme). Note that we need to evaluate for each
mode m just one convolution of (4.31) at each time step (at the endpoint of the
interval [0,¢,]). Since the other points of this convolution are not needed, using
an FFT is not practical.

4.3 Approximation by sums of exponentials

An ad-hoc implementation of the discrete convolution

3
—

S(n—p)¢§

3
Il
=)

in (4.18) with convolution coefficients s from (4.17) has still one disadvantage.
The boundary conditions are non-local both in time and space and therefore com-
putations are expensive. As a remedy, to get rid of the time non-locality, the
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x107° last 7 coeffisients in external domain,mode m = 1
6.5 T T T

——n=54

——n=55

——n=56 il
——n=57

63 g\ A

n=59

6.2F n=60

6.4

6.1

5.9r

5.8

5.7F

radius r

Figure 4.3: Absolute values of last 7 coefficients, J,, = 550, Jy = 3;m = 1.

authors in [ArEhSo03] proposed the sum of exponentials ansatz. They approxi-
mated the kernel (4.17) by a finite sum (say L terms) of exponentials that decay
with respect to time. This approach allows for a fast (approximate) evaluation of
the discrete convolution (4.18) since the convolution can now be evaluated with
a simple recurrence formula for L auxiliary terms and the numerical effort now
stays constant in time.

Let us note that such kind of trick has been proposed in [GrSt90] for the heat
equation and in [S093] for the continuous TBC in case of the 3D wave equation,
and developed in [AIGrHa00], [So98al, [S098b], [DKSWO01], [Ha99] for various hy-
perbolic problems. In the sequel we will briefly review the ansatz proposed in
[ArEhSo003].

In order to derive a fast numerical method to calculate the discrete convolutions
in (4.30), we approximate the coefficients s™ by the following sum of exponentials
ansatz:

s, n=01,...,v—1

ROPOE-CO N
Zblql_", n=v,v+1,...,
=1

(4.32)

where L, € N are a fixed numbers. Evidently, the approximation properties of
5 depend on L, v, and the corresponding set {b;, ¢;}. Thus, the choice of an (in
some sense) optimal such approximation is a difficult nonlinear problem. Below
we propose a deterministic method of finding {b;, ¢;} for fixed L and v.

Remark 4.6 The “split” definition of {3™} in (4.32) is motivated by the fact
that the implementation of the DTBCs (4.80) involves a convolution sum with p
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

ranging only from 1 to p = n — 1. Since the first coefficient s©) does not appear
in this convolution, it makes no sense to include it in our sum of exponential
approximation, which aims at simplifying the evaluation of the convolution. Hence,
one may choose v =1 in (4.32). The “special form” of (9 and ¢ given in
[ArEhS003] suggests even to exclude sV from this approxvimation and to choose
v =21in (4.32). We use this choice in our numerical implementation in Example 3
in §4.4.

Also, there is an additional motivation for choosing v = 2: With the choice
v =0 (orv =1) we typically obtain (for each mode) two (or, resp., one) coefficient
pairs (b, q) of big magnitude. These “outlier” values reflect the different nature
of the first two coefficients. Including them into our discrete sum of exponentials
would then yield less accurate approximation results.

Let us fix L and consider the formal power series
g(x) = W) 4 sy 4 st | < 1. (4.33)
If there exists the [L — 1|L] Padé approximation

N P (x
O
of (4.33), then its Taylor series
G(x) = 5% 4 50 g 4 50402 L
satisfies the conditions
5 = g n=v,v+1,...,2L+v—1, (4.34)

due to the definition of the Padé approximation rule.

Theorem 4.4 ([ArEhSo003]) Let Qp(x) have L simple roots q; with |q| > 1,
l=1,...,L. Then

L
5("):Zblql_", n=v,v+1,...,
1=1

where

P
bl::—Lil(m)ql%O, l=1,...,L.

Q7 (q)
Remark 4.7 We remark that the assumption in Theorem 4.4 on the roots of
Qr(x) to be simple is not essential. For multiple roots one only has to reformulate
Theorem 4.4. All our practical calculations confirm that this assumption holds for
any desired L, although we cannot prove this.

108



4.3 Approximation by sums of exponentials

Evidently, the approximation to the convolution coefficients s by the repre-
sentation (4.32) using a [L — 1|L] Padé approximant to (4.33) behaves as follows.
The first 2L coefficients are reproduced exactly, see (4.34). However, the asymp-
totics of s and 5™ (as n — oo) differ strongly - algebraic versus exponential
decay. A typical graph of |37(f~f) — §§,?| versus n for L = 40 is shown in Figure 4.15
in §4.4.

4.3.1 Fast evaluation of the discrete convolution

Let us consider the approximation (4.32) of the discrete convolution kernel ap-
pearing in the DTBCs (4.30) (again with suppressed index m). With these “ex-
ponential” coefficients the approximated convolution

n—1 L
~(n—1 z(n— =(n -n
CyVe=d 8, =D g al > 1 (4.35)
=1 1=1
of a discrete function ¢ ,, p = 1,2,..., with the kernel coefficients 5 can

be calculated by recurrence formulas, and this will reduce the numerical effort
significantly.

A straightforward calculation (cf. [ArEhSo03]) yields, that the value C’Sn_l)
from (4.35) for n > 2 is represented by

L
~(n—1 ~N(n—1
o=y
=1

with

Cl(o) =0,
COV =g OV by q Wi, n=23,....0=1..., L

Finally we summarize the approach by the following algorithm for each azimuth
mode m =0, ..., K — 1:

1. Calculate Esrle,n =0,...,N — 1, with formulas (4.29) with a boundary

value 652 .= (% that can be taken from the 1D plane case (%) = ¢ from
[ArEhS003], and use (4.17) to find s

2. Calculate §™ via Padé-algorithm:

3. The corresponding coefficients b;, ¢; are used for the efficient calculation of
the discrete convolutions.
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

4.4 Numerical results

In the following section we present some numerical results concerning the DTBCs.

4.4.1 Example 1

We recall the Example 2 from [HaHu04], i.e. we consider (4.1) with the vanishing
potential V' = 0 and the angle-dependent initial data

N2 a2
2ikyr cos 0+2ikyr sin 6— % — %

Yl(r,0) = — ., reRT 0<60<2m.  (4.36)
V Sy

Then the exact solution to (4.1) for ¢ > 0 is given by the Gaussian beam

(r cos 972k1t)2 (rsin972kyt)2

Q/)( ; ) 62@'1%(7‘cos€—kzt)+2iky(rsin€—kyt)— o tit) ~ 2ayFit)
r? 7t = 0 0
Vag +ity/ay +it
We set o, = oy = 0.04, let k, = 1, k, = —1 and calculate a solution ; to

(4.6) with an equidistant discretization on the circular computational domain
0 = 1[0, R] x [0,27] with R =1 and J + 2 grid points in r- and K in §-direction
for times 0 < ¢ < 0.25. In order to satisfy the assumption, that the initial data
is compactly supported in ; (cf. §4.2) we have to use a small numerical cut-
off close to R, ¢!(r,0) = 0 for r > R — Ar for all angles 6, i.e. in discrete
notation 'l/)][',k =0forj>J k=0,..., K —1. We remark that this assumption of
compactly supported data is not essential; strategies to overcome this restriction
can be found in [EhAr01]. Since we use an offset grid, DTBCs are implemented as
described before (cf. §4.2.5) at r = R— Ar/2, between R and R— Ar. A reference
solution 1, is calculated on the domain Qy = [0, 2R] x [0, 27] with discrete TBCs
at r = 2R — Ar/2. For the determination of the error due to the scheme we
compare the numerical solution 1y with the exact one ¢ on 2; and obtain the
relative L2-error

1
2

<( | > rilba(ry, O, tn) — w(rj79k7tn)|2>

0r)EQ
LQl (Q/)Q) 'l/)a tn) = - 1 1 5 (437)
2
max ( ) Tj\w(rj79k,tn)|2>
in (rj,0k)EN

which coincides with the error measured with the norm defined in (4.9). Within
this test the error due to the cut-off of the initial function is also included. The
effects of the boundary should be negligible here, because 1, does not cross the
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4.4 Numerical results

boundary 2R essentially for the calculated time steps.

In order to distinguish between the error due to the difference scheme and the
error due to the DTBCs, we compare the numerical solution ; with the numerical
reference solution 1, and calculate the relative error L, (19,%1,t,) due to the
boundary condition.

Discretization and Results. The solutions v; and 5 are calculated for
three parameter sets. First we let J = K = 64, i.e. Ar = 1/64, A0 = 27/64
and At = 1/64, then Ar = At = 1/128, A0 = 27/128 and finally Ar =
At = 1/256, A = 27/256. These discretization parameters are taken from
[HaHu04]. The relative error of the initial function due to the cut-off is about
O(107%), O(1077), O(1077), respectively. We present in Figure 4.4 the absolute
value of the initial function (4.36) and of the evolution of the numerical solution
¢y of (4.6) on the computational domain §2; until ¢ = 0.25 for the last set of
discretization parameters and a potential V' = 0. As expected the Gaussian beam
leaves the computational domain without any unphysical reflections. The same
results are shown in Figure 4.5 as contour plots. Figure 4.6(a) shows the relative
error Lq, (19,1, t,) between the numerical solution 1, and the exact solution re-
stricted on €2 for the three sets of parameters. The relative error Lq, (11, Y2, t,)
due to the boundary condition is presented in Figure 4.6(b) also for all sets; with
a values around O(107!3) it amounts about the rounding error of Matlab.

Remark 4.8 The error due to the boundary may increase with finer discretiza-
tions. This depends on the iterative solver for linear systems of equations in
Matlab. For abrasive discretizations, the system matriz has a better condition and
the linear system of equations can be solved with higher accuracy.

Remark 4.9 [t is not possible to compare our results directly with the results
retrieved in [HaHu0/j/, because the not trivial aspect, how the TBCs have been
discretized, is mot mentioned there. The difference between the exact and the

calculated solution in one point at the boundary presented in [HaHu04] was about
0.7 for Ar = At =64, 0.2 for Ar = At = 128 and 0.1 for Ar = At = 256. This

error was not analysed more precisely.

4.4.2 Example 2

We recall the numerical example from [AnBeMo04] and consider (4.1) with the
vanishing potential V' = 0 and the initial data

W (r,0) = e Hareost0=57 L e RY 0 <O < 2 (4.38)

with k£, =5, a = 2.
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

inital function on ©, = [0,11x[0,2r], & = 1/256, 46 = 211/256 solution on @, = [0,1]x(0,2] at time t= 0.0625, At = Ar = 11256, A0 = 211/256

W(r.8.0)|
[W(r.8.9]

(b) ¢ = 0.0625

solution on , = [0,11x[0,2r] at time t= 0.25, At = Ar = 1/256, A0 = 211/256

1w(r8.0!
1801

Figure 4.4: Example 1. Absolute value of the initial function ((4.36), with cut-
off) and the calculated solution ¢4 of the discretization scheme (4.6) on
the computational domain ; with Ar = At = 1/256, A0 = 27/256,
o, = ay = 0.04 and the wave numbers k, = —1, k, = 1. The potential
equals 0; DTBCs are implemented at r =1 — Ar/2.

The exact solution of (4.1) with this initial data is a Gaussian distribution

—ar? + 2ik,r cos ) — l{;gzt>

1
w(r,0,t) = eXp( 2+ 2iat

~ 1+iat
moving into § = 180° direction. Again we calculate a solution v of (4.6) for the
initial data (4.38) with a cut-off close to the radius R = 2.5 (¢, = ¢}, , =0, k =
0,..., K — 1 on the discrete level) on a circular domain ©; = [0, R] x [0, 27| with
an equidistant offset grid. Because of the offset grid the DTBCs are implemented
between R and R — Ar. The solution 1/, is compared with a numerical reference
solution v, calculated on [0,2R] x [0,27] as it has been described and done in

Example 1. Moreover we compare the numerical solution 1y with the exact one
1 on 2.
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4.4 Numerical results

initial function on 01 =1[0,1]x[0,2r1, Ar = 1/256, A6 = 211/256 solution on Q1 =[0,1]x[0,21] at time t= 0.0625, At = Ar = 1/256, AB = 21 /256
12
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1+ 1+
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10 6
-05 8 -05f 5
6 4
-1t 4 -1t
3
2
. . . . . . . . . . 5
-1 -05 0 05 1 -1 -05 0 05 1
(a) t =0 (b) ¢ = 0.0625
lut Q_ =[0,1]x[0,2r] at time t= 0.125, At = Ar = 1/256, A8 = 211/256
solution on @, = [0,1)x[0.2rf at time d T s Solution on ©, = [0,11x(0,21] at time t= 0.25, At = Ar = 1/256, A9 = 211/256
1t s
s 35
/
0.5 5 05f
3
oF 4 ok
25
3
-05 —os|
5 2
= b
. . . . . 1 . . . . .
-1 -05 0 0.5 1 -1 -05 0 05 1

(c) t =0.125 (d) t =0.25

Figure 4.5: Example 1. Contour plot of the absolute value of the initial function
((4.36), with cut-off) and the calculated solution ¢, of (4.6) on the
computational domain €2; for the same discretization parameters used
in the calculations for Figure 4.4.
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

relative L?~error due to the scheme
10 T T

T
J=K=64, At=1/64

— — — J=K=128, At=1/128
- — J=K=256, At=1/256)

10 I I I I
0 0.05 0.1 0.15 0.2 0.25

(a) error due to the scheme

relative L2-error due to the DTBC
12
10 T T T
J=K=64, At=1/64
— — — J=K=128, At=1/128
—— J=K=256, At=1/256

10780

15 I I I I
0 0.05 0.1 0.15 0.2 0.25
t

10

(b) error due to the boundary condition

Figure 4.6: Example 1. (a): Relative error Lq, (12,,t,) due to the scheme and
(b): relative error Lg, (11, 19,t,) due to the boundary conditions for
the time evolution of initial function (4.36) for the three parameter
sets with 64 (solid line), 128 (dashed line) and 256 grid points (dashed-
pointed line).
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Discretization and Results. The numerical solutions in [AnBeMo04] are cal-
culated with finite elements with 32768 and 57344 triangles and the time step size
At = 0.01. We calculate numerical solutions again for three sets of parameters,
first Ar = R/64, A0 = 27 /64, then Ar = R/128, A0 = 27/128 (which corre-
sponds approximately to 32768 triangles) and finally Ar = R/256, A0 = 27/256
(57344 triangles). For all sets we let At = 0.0025 and solve (4.6) with the initial
data (4.38) for k, = —5 until ¢t = 0.5.

Figure 4.7 shows the absolute value of the initial function and of the evolution of
the numerical solution ¢4 of (4.6) on the disc ©; = [0, 2.5] x [0, 27]. The Gaussian
wave is leaving the computational domain without being reflected back at the
artificial boundary R = 2.5. In Figure 4.8 we present the same results as contour
plots. The relative error Lq, (12,%,t,) due to the scheme and the relative error
Lo, (1,19, t,) due to the DTBCs are plotted in Figure 4.9. We remark that the
error of the boundary is of order O(107!*) and again about the rounding error of
Matlab.

A further test concerns the long-time behaviour of the relative error due to the
DTBCs and is also taken from [AnBeMo04]. Therefore we calculate numerical
solutions 1y, 1y of (4.6) for the initial data (4.38) for k, = 0 on the circular
domains €y = [0,2.5] x [0,27], Q5 = [0,5] x [0,27] until ¢ = 4 with the same
spatial discretization parameters used above and the time step size At = 0.01,
which coincides to the choice of At from [AnBeMo04]. In Figure 4.10 we show
the relative error Lg, (11,12, t,) due to the boundary conditions for this long-time
test. For these long-time calculations with this coarser time step size the error due
to the DTBCs stays bounded. We remark, that the relative error for the Gaussian
solution was between O(107!) and O(10™*) in [AnBeMo04]. Also there the error
was not analyzed more precisely.

4.4.3 Example 3

To illustrate the sum of exponential ansatz we consider the numerical example
from [JiGr06] and the initial Gaussian wave function

2 2 in2
62'7“(1% cos 0+ky sin 0)— - (M_,_M)

ag ay

NGIGS ’

The exact solution of the Schrodinger equation with the initial data (4.39) is
known (cf. Example 1). For the numerical calculations we set a,, = a,, = 0.01 and
ky =5, k, = —5. A solution ¢; of (4.6) with the initial data (4.39) with a cut-off
at R— Ar, which causes a relative error of the order O(107'?), is calculated on the
circular domain §; = [0, R] x [0, 27| with the radius R = 1. The absolute value

Yl(r,0) = reR* 0<6<2m. (4.39)
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

initial function on Q, = [0,2.5]x[0,2r, A = 1/256, A8 = 21/256 solution on Q, =[0,2.5]x]0,2ri at ime t= 0.2, At = 0.0025, A = 1/256, A0 = 211/256

(8.0

25 -2 -5 -1 -05 0 05 1 15 2 25
solution on 0, = [0,25]x[0,2r] at time t= 0.3, At = 0.0025, Ar = 1/256, A0 = 211/256 07 solution on Q, =[0,2.5]x[0,2r] at ime t= 0.5, At = 0.0025, Ar = 1/256, A0 = 211/256
03| .
05,
05,
0.,
E
S o3

Figure 4.7: Example 2. Absolute value of the numerical solution ¢, of (4.6) with
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the initial function ((4.38), with cut-off) on the computational domain
Oy with Ar = R/256, A8 = 27 /256, At = 0.0025, o = 2 and the wave
number k, = —5. The potential equals 0; DTBCs are implemented at
R — Ar/2.



4.4 Numerical results

initial function on Q = [0,2.5]x[0,211, Ar = 1/256, AB = 211/256 solution on Q= [0,2.5]x[0,211 at time t= 0.2, At = 0.0025, Ar = 1/256, A6 = 211/256
3r 0.9 3r
0.8
21
0.7
1k 0.6
0.5
ok
0.4
s
0.3
ol 0.2
_3l 01 _3b 01
I I I I . I I I I I I . . I
-3 -2 -1 [ 1 2 3 -3 -2 -1 [ 1 2 3
(a) t=0 (b) t=0.2
solution on ﬂl =[0,2.5]x[0,2r] at time t= 0.3, At = 0.0025, Ar = 1/256, A6 = 21/256 solution on ﬂl =[0,2.5]x[0,2r] at time t= 0.5, At = 0.0025, Ar = 1/256, A6 = 21/256
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Figure 4.8: Example 2. Contour plot of the absolute value of the initial function
((4.38), with cut-off) and the calculated solution ¢, of (4.6) on the
computational domain €2; for the same discretization parameters used
in the calculations for Figure 4.7.
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

~ relative L-error due to the scheme
10 T T T T T

—J=K=64
- — —J=K=128
— —-J=K=256
1 1 1 1 1 1 1 1 T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
t

(a) error due to the scheme

relative L-error due to the DTBC
107" T T T

I — J=K=64
— — —J=K=128

— - — J=K=256
17 1 1 1 1 1 1 1 1 T

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
t

10

(b) error due to the boundary condition

Figure 4.9: Example 2. (a): Relative error Lq, (12,1, t,) due to the scheme and
(b): relative error Lg, (11, 19,t,) due to the boundary conditions for
the time evolution of initial function (4.38) for the three parameter
sets with 64 (solid line), 128 (dashed line) and 256 grid points (dashed-
pointed line).
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relative L2 error due to the DTBC
10711

10721

1073L

1074

1078

J=K=64

- = —J=K=128

— - — J=K=256
T

1071

Figure 4.10: Example 2. Relative error Lg, (¢, %9, t,) due to the boundary con-
dition for the time evolution of initial function (4.38) with k, = 0,
a = 2 for the three parameter sets with 64 (solid line), 128 (dashed
line) and 256 grid points (dashed-pointed line). For all three sets we
let At = 0.01.

of the initial function (4.39) and its contour plot is shown in Figure 4.11. For
the DTBCs we use the approximation (4.35). As a numerical reference solution
we take 19, which is obtained with the exact DTBCs (4.31) on the larger domain
0,2] x [0, 27].

Discretization and Results. For the discretization parameters At = 0.002,
Ar = 1/64, AG = 21/64 we evolve the solution up to ¢ = 0.5, as it is done in
[JiGr06]. Hence, we calculate the solution for n = 250 time steps. In the sum
of exponentials we choose in three different calculations v = 2, L = 10, 20, 40.
We obtain the first 2L + v — 1 convolution coefficients exactly by the recursion
formula (4.29) with a boundary value £Szzm .= ({2, taken from the 1D plane case

&(Q)m = (%) from [ArEhSo003] for each mode m = 0,..., K — 1 and summarize
them according to (4.17). The sets {bm, @m}, | = 1,..., L needed for the cal-

culation of the approximated convolution coefficients 5%), n > 2L+ v —1 for all
modes m are worked out by the Padé algorithm described in §4.3. We realized
these calculations by a Maple code, within which we try to find L roots ¢, of
the polynomial () as it is described in Theorem 4.4 again for each mode. Due
to a “nearly breakdown” by ill conditioned steps in the Lanczos algorithm (cf.
[BuVa97]) it is not necessarily possible to find L roots of @, fulfilling the con-
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

initial function on @, = [0,11x[0,2rd, Ar = 1/64, 46 = 2t /64 initial function on @, =[0,1]x(0,2rf, Ar = 1/64, 46 = 21t /64

-1 -08 -06 -04 02 0 02 04 06 08 1

Figure 4.11: Example 3. Normal and contour plot of the absolute value of the
initial function ¢ (4.39) on the computational domain ;.

dition |g | > 1,1 =1,..., L for all modes m =0, ..., K — 1. Consequently, the
Maple code automatically chooses smaller and smaller values (L — 1,L —2,...)
to guarantee that all roots have an absolute value larger than 1. E.g., with the
initial choice L = 40 you will find values for L fulfilling the above condition that
vary from 18 to 32 for the different modes. The number of summands is hence
just an initial guess for the final number of summands in the sum of exponential.

In Figure 4.12 we present plots and the contour plots of the absolute value of the
solution ¢ at time t = 0.5 calculated with the approximated DTBCs with different
values of L. For L = 10 there are some unphysical reflections (see Figure 4.12(a)),
for greater values of L these reflections become less (see Figure 4.12(b), 4.12(c)).

The error due to the approximated DTBCs is shown in Figure 4.13. For dif-
ferent initial choices of the number of coefficients L in the sum of exponentials
we present the error Lo, (11,19, t,) (cf. (4.37)) there. Although the coefficients
s%), 5 are of different type (algebraic vs. exponential decay) the error stays
bounded. In order to show that long time calculations with the approximated
DTBCs are stable we evolve the initial data (4.39) with a, = a, = 0.01 and
k, = k, = 0 for discretization parameters At = 0.002, Ar = 1/64, Af = 27/64
for different initial choices of the number of summands L up to ¢t = 20. The norm
of the solution decays in time, as it is shown in Figure 4.14.

A typical plot of \553) — 553)| versus the time steps n for the initial choice L = 40
for all modes is given in Figure 4.15. Obviously only the first 2L+ v —1 coefficients
(or even less if the root condition |g| > 1 is not fulfilled) are exactly calculated,
then you can observe a deviation between the exact and the approximated convo-
lution coefficients.
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4.4 Numerical results

35 solution on @, = [0,1]x[0,2rd at time t= 0.5 At = 0.002, Ar = 1/64, A0 = 2 /64 solution on Q, = [0,1]x(0,2r] at time t= 0.5 At = 0.002, Ar = 1/64, A9 = 2r/64

19(r8.n]

T
-1 -08 -06 -04 -02 O 02 04 06 08 1

solution on Q, =[0,1]x(0,2r] at time t= 0.5, At = 0.002, Ar = 1/64, A8 = 211/64
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-1 T T T T T T T T T 1 T o5 18
-1 -08 -06 -04 -02 0 02 04 06 08 1
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35 SolutiononQ = [0,1)0,2r attime t= 0.5, At = 0.002, Ar = 164, A0 = 21/64 solution on Q, = [0,1]x(0,2r] at time t= 0.5 At = 0.002, Ar = 1/64, A9 = 2r/64
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-1 -08 -06 -04 -02 O 02 04 06 08 1

Figure 4.12: Example 3. Normal and contour plots of the absolute value of the
calculated solution 1, of (4.6) with the initial function (4.39) on the
computational domain ;. We use approximated DTBCs with (a):
L =10, (b): L = 20, and (c): L = 40 summands in the sum of
exponentials.
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relative L2 error due to the DTBC

10
10°
10—10
107° .
approximated DTBC with L=10
— — — approximated DTBC with L=20
— - — - approximated DTBC with L=40
exact DTBC
10_20 I I I

0 005 01 015 02 025 03 035 04 045 05
t

Figure 4.13: Example 3. Relative error Lq, (¢1,12,t,) due to the approximated

discrete TBCs for the time evolution of initial function (4.39) for
different initial choices of the number L in the sum of exponentials,
10 (solid line), 20 (dashed line) and 40 grid points (dashed-pointed
line). The relative error due to the exact discrete TBCs for this
problem is plotted in the pointed line.

Let us finally remark that this approach for the 1D Schrédinger equation (in-
cluding the Maple code) is presented at http://www.dtbc.de.vu.
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4.4 Numerical results

L2-norm of the solution, At = 0.002, Ar = 1/64, A6 = 211/64

10 T T T T T T T T 3
approximated DTBC with L=103
— — — approximated DTBC with L=20 |

10° — - — - approximated DTBC with L=40

4 I I I I

10

Figure 4.14: Example 3. L?-norm of the long time evolution of the initial function
(4.39) with o, = a,, = 0.01 and k, = k, = 0 again for different initial
choices of the number L in the sum of exponentials, 10 (solid line),
20 (dashed line) and 40 grid points (dashed-pointed line).
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4 DTBCs for the two dimensional Schrodinger equation on circular domains

n  __cM - -
lSJ+1,m SJ+1.m| for all modes m and n=1,...,250, L=40

Figure 4.15: Example 3. Difference |s,(77~f) - §£,7~f)| as a function of time steps
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n = 0,...,250 (corresponding to 0 < t < 0.5) for the modes
m = 0,..., K — 1, where §£,7~f) is calculated with the sum of expo-
nentials ansatz with an initial choice of L = 40 summands. We
choose the same discretization parameters used in the calculations

for Figure 4.12.
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