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A double scale fast algorithm for the transient evolution of a
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Abstract

The simulation of the time-dependent evolution of the resonant tunneling diode is done by a
multiscale algorithm exploiting the existence of resonant states. After revisiting the algorithm
developed in [N. Ben Abdallah, O. Pinaud, J. Comput. Phys. 213, 1 (2006) 288-310] for the
stationary case, the time-dependent problem is dealt with. The wave function is decomposed
into a non resonant part and a resonant one. The projection method to compute the resonant
part leads to an accurate algorithm thanks to a suitable interpolation of the non resonant one.
The simulation times are largely reduced.
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1 Introduction

The Resonant Tunneling Diode (RTD) is a heterostructure made of a superposition of thin layers of
semiconductor of different types used to create double or multiple potential barriers. The possibil-
ity of resonant tunneling through multiple barriers and the resulting negative differential resistance
were firstly discussed in [30] 42]. Such physical effects make the RTD useful in the conception of
signal generators, detectors and mixers, multi-valued logic switches, low-power amplifiers, local
oscillators, frequency locking circuits, and also as generators of multiple high frequency harmonics,
see [33].

In the mathematical and numerical models for the RTD, it is natural to incorporate the quantum
effects described above. In particular, due to the small size of the device, the kinetic models for
semi-conductors [24] [39] have to be replaced by their natural extension to the quantum level: the
Wigner equation or equivalently a system of infinitely many Schrodinger equations. In the last
models, the electron interaction can be represented thanks to a Poisson equation, which leads to
the Wigner-Poisson [16] [32] or Schrédinger-Poisson system [0 [7] B5]. Both approaches are able
to recover the negative differential resistance in the I-V characteristics, however, it was shown in
[29, [40] that the second approach could lead to hysteresis phenomena in agreement with physical
observations.

For the Schrodinger-Poisson system, which will be adopted in the present work, the nonlinear
coupling effects take place in the middle of the structure. This active region is out of equilibrium
and connected to the exterior through access zones which allow the injection of electrons. There-
fore, a first important issue is to find suitable transparent boundary conditions for the Schrédinger
equation at the boundary of the active region. Such boundary conditions have been derived and
analyzed in [2] [6] [7] 22] and, at the discrete level, in [3] 18] [31].

Other theoretical studies were devoted to the Schrodinger-Poisson system, dealing with the well-
posedness of the nonlinear problem [6] [7} 35] and the derivation of simplified models for the RTD
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[14, (15, 29, [40]. Such simplified models were used, in the stationary case, in [I3] to perform fast
simulations, which agreement with the numerical solution of the complete Schrodinger-Poisson
system was verified in [12].

The simulation of the RTD is a challenging problem due to the presence of quantum resonances
which create stiff variations of the wave function with respect to the frequency variable and in-
crease dramatically the numerical complexity. In this context, the reduction of the simulation
time provided by the simplified models described above is of particular interest. However, fast
simulations with a higher accuracy were obtained in the stationary case in [8] by working on the
complete Schrédinger-Poisson system. In addition to a new WKB finite element method (see also
[5L 34]), the reduction of the simulation time in this approach is provided by an adapted treatment
of the transmission peaks using resonant modes.

In the time-dependent case, the supplementary numerical cost imposed by resonances is even more
important and its reduction even more challenging. Indeed, the numerical complexity of the trans-
parent boundary conditions of each time-dependent Schrodinger equation is of order one with
respect to the number of time iterations, and the last is necessarily big since the period of the high
energy free plane waves is much smaller than the scaling time of the system. Although advances
(based on the adiabatic theorem) has been made in [20] 2I] in order to find simplified models for
the time-dependent simulations, an algorithm which extends the algorithm of [§] is still missing
for the resolution of the transient Schrodinger-Poisson system in the presence of resonances. This
is the aim of the present work.

In our RTD model, the classical observables, like electronic and current densities, are given by inte-
grals on the frequency variable involving the wave function. To compute correctly these integrals,
a uniform frequency mesh has to be very thin to be able to capture the resonance peaks. The
high number of Schrédinger equations to be solved, and therefore the high numerical cost, of this
standard approach was reduced in the stationary regime in [38] using adaptive refinement. The
last method does however not extend to the transient case since the resonant frequencies do move
as time varies. Lately, inspired by an idea from [40], the algorithm in [8] was proposed for the
discretization of the stationary system. The method consists in decomposing the wave function in a
resonant part living inside the double barrier and a non resonant part which is mostly localized out-
side. The non resonant part is smooth with respect to the frequency variable whereas the resonant
one has sharp peaks at resonant frequencies. The latter is computed by a projection method after
a precomputation of resonant states. Due to the sharpness of the resonance peaks, this process
can not succeed without an accurate value of resonance energies and widths. Therefore, we first
present an improvement of the method used in [8] to compute these values. The problem of find-
ing quantum resonances has interested many authors, e.g. [I1 4I]. In the one dimensional case,
it can be written as a differential equation with homogeneous transparent boundary conditions
selecting outgoing functions, see [19] [36]. Starting from this approach, we write the problem of
finding resonances at the discrete level. Since the spectral parameter is involved nonlinearly in the
boundary conditions, we obtain a nonlinear eigenvalue problem for which we derive a Newton-like
method which extends to holomorphic matrices the method proposed in [37]. Additional references
concerning the resolution of nonlinear eigenvalue problems can be found in [25].

In the present article, the Fermi-Dirac distribution involved in the densities operates like a fre-
quency cutoff and only the first mode is important in the resonant part of the wave function. The
multi-mode approximation follows the same line and finds applications in the simulation of the
stationary two-dimensional RTD, see [9].

The key point in the algorithm of [§] for the reduction of the simulation time is to use two scales
for the frequency mesh. For the non-resonant part, the frequency mesh can be chosen coarse
enough thus reducing the number of Schrodinger equations to be solved. For the resonant part,
a single spatial problem (the computation of the resonant mode) is solved for all the frequency
points. Therefore a refined frequency mesh can be used for the projection on the resonant mode,
capturing this way the resonant peak without increasing significantly the numerical cost. Due to
the scale difference between the two parts of the wave function, the projection method requires
an interpolation of the non resonant part. In the present work, we show that the time-dependent
algorithm is accurate only if the interpolation takes into account the time oscillations coming from



the Schrodinger equation. In particular, we verify that the constant interpolation, which is used
in the stationary case, is no more adapted in the time-dependent case.

For stability reasons, we solve the time-dependent Schrodinger equation with a semi-implicit
scheme. In our nonlinear framework, such a scheme requires an adapted extrapolation of the
potential at half-time step, see [17], leading to an Adams-Bashforth-Crank-Nicolson finite differ-
ence method. We show that such an extrapolation allows bigger time steps than the extrapolation
introduced in [38] for our Schrodinger-Poisson system and also considered in [I0] for a different
kind of nonlinearity. In the stationary case, the nonlinearity of the Schrédinger-Poisson system is
dealt with by using the self-consistent scheme in [26], see also [38]. More numerical methods for
the time-dependent nonlinear Schrédinger equation can be found in [4] 28].

Together with the Adams-Bashforth-Crank-Nicolson scheme, we use the discrete boundary con-
ditions in [3} [I§] for the time-dependent Schrodinger equation since they have the advantage to
be verified exactly by the whole space discrete solution. We note that these boundary conditions
can be used to write several kind of finite difference schemes, including splitting methods, to solve
time-dependent nonlinear Schrodinger equations, see [43]. Applying additional results from [3] 18]
to our RTD model, we verify numerically that, compared to the results in [38], the transparent
boundary conditions for the Schrédinger equation can be fitted to improve the accuracy or simpli-
fied to reduce the computational time.

In order to be able to compare the time-dependent solution to the stationary one in a meaningful
manner, the discretization of the space variable must be the same for the two regimes. Therefore,
we will employ a standard finite difference method along with the stationary boundary conditions
in [3] to solve the stationary Schrodinger equation and concentrate on the frequency variable to
handle the resonance peaks. Similarly, in our algorithm, the resonant part is computed using finite
difference in order to be consistent with the non resonant one. For that purpose, we write the
discrete boundary conditions for the resonant mode as an extension to complex valued energies of
the homogeneous stationary boundary conditions. These boundary conditions are verified exactly
by the resonant mode thanks to the following strategy, which is similar to the strategy in [3] [I§]:
first we consider the discretization of the differential equation on the whole space, and then we
derive the boundary conditions for the difference scheme directly on a purely discrete level.

The paper is organized as follows. In section [2 are presented the stationary and time-dependent
Schrodinger-Poisson systems. The stationary case is dealt with in section [3] where are given the
reference method, the adaptive refinement method and two methods based on the projection on
the resonant mode. Our method to compute resonances and resonant modes is also introduced. In
section [, the time-dependent reference method is recalled and our improved transient algorithm is
presented. The numerical results are given in section[fl The different methods are compared in the
stationary and in the time-dependent case. In the time-dependent case, the comparison shows the
improvement provided by our new algorithm and the existence of two resonant peaks is verified. In
the appendix are given the finite difference methods with discrete transparent boundary conditions
to solve the stationary and time-dependent Schrodinger equation. For the time-dependent scheme,
a stability result is proven in the situation of a continuous influx in the device. The discrete
problem for the computation of resonances is also obtained and the properties of its solution are
presented.

2 The model

It consists in an infinite number of Schrédinger equations coupled to the Poisson equation. The
Schrédinger equation involves the time-dependent Hamiltonian

h2
Ht)=—-—02+U@t)+ V(t
(1) = —5—02 + V(1) + V (1),
where h is the reduced Planck constant, m is the effective mass of the electron and z € IR is

the position variable. The domain occupied by the device is the interval [0,L], L > 0. The
self-consistent potential V(¢) is due to Coulomb interaction and depends nonlinearly on the wave



functions. The external potential U(t) describes the double barrier and the applied bias, see Figure
0 and is given as if a data of the problem. Given the points

0<a1<a2<a3<b3<b2<b1<L,

the external potential writes

Xr — ayl

U(t) = v01jay,a5]Ulbs,bs] — B(E)( Loy i+ Loy, 400]) 5

b1 — a1
where vg > 0 and B(t) > 0 are scalars representing respectively the height of the barrier and the
amplitude of the applied bias. The points a; and by are the extremities of the diode. The interval
[as, bs] is the quantum well. The problem is the following infinite system of Schrodinger equations

|
0 a1 g, a|3\,b3 —B(t)
ba L

Figure 1: External potential U (t).

{ O (t) = — 102 () + (U () + V() s(t), =€ R 1)

U (0) = Py,

where the initial condition @, is a generalized eigenfunction of the initial Hamiltonian H(0) corre-
sponding to the frequency k € IR. The functions ®;, are defined more in details at the end of this
section. The self-consistent potential satisfies the Poisson equation:

{ —2V(t) = L(n(t) —np), ze€(0,L)

(2.2)
V(t,0)=V(t,L) =0

and is extended by 0 outside (0, L). In ([22I), ¢ is the elementary charge of the electron, e is the
dielectric constant, np is the doping equal to
np = np(Ljo.an + Lpy,2) + 1D 10 ]

with n}, > n% > 0. The electron density n(t) is given by:

n(t, z) = /Rg(k)|\lfk(t,x)|2dk. (2.3)

In our model, the injection profile g is the one dimensional Fermi-Dirac distribution:

2,2
kaT EF — h,{’;

where kp is the Boltzmann constant, 7" is the temperature of the semiconductor and Ep is the
Fermi level.

In the stationary regime, the external potential is the potential Uy = U(0) corresponding to the
initial bias By = B(0). The time-independent problem is the following infinite system of equations

h2
- %83% + (U + V)& = Ex®, € R, (2.5)



with scattering conditions

Py (x) = e*® + r(k)e ke z<0
o _ for k>0 (2.6)
Dy (z) = t(k)e!VEHImBr/RPe 0 5
and
P — t(k —iy/k2—2mBj/h2x 0
k(@) =t(k)e | » TSV k<o, 2.7)
Py (x) = et*® 4 r(k)e e x>1L
where )
e k>0
By=4 (2.8)
BE B k<0

As in the time-dependent case, the self-consistent potential V; satisfies the Poisson equation:

{ —2V; = L(n; —np), we(0,L) 29)
Vi(0)=Vi(L)=0
and is extended by 0 outside (0, L). The electron density ns is given by:
nr(x) = / g(k)| @ ()| dk . (2.10)
R

3 The stationary algorithm revisited

3.1 Recalling the standard algorithm

To solve the stationary nonlinear Schrédinger-Poisson system (Z.3) (Z9) (Z10), we will use the same
algorithm as in [38]. It is based on a Gummel iteration, see [26], which consists in the computation
of a sequence (V})l6  Where the potential VIlJr1 at step [ + 1 is deduced form the potential Vll at
step [ by solving the following nonlinear equation:

{ OV = (b exp(V = Vi) Veer) —m) . w € (0.1) )

Vit 0) = Vi) =0

for a fixed reference potential V,..;. In (@), n is the density (ZI0) where the wave functions are
solution to (ZX) with V; = V7}.

The repartition function g being exponentially decreasing at infinity, the integral in ([2.I0) can be
restricted, in computations, to a domain [—x, k] where & is chosen to be big enough. We consider
a discretization zg = 0, 21, ..., Z;, ..., xy = L of the interval [0, L] with uniform grid spacing Az and
a discretization kg = —k, k1, ..., kp, ..., kp = K of the interval [—&, k] with non-necessarily uniform
grid spacing Ak, = ky11 — kp. In order to verify, the condition (A4 for all k € [—k, x|, the grid
spacing for the space variable is chosen such that:

1
AV — (3.2)

\/H2+Zh—7§B[

Then, for a given initial potential V', the algorithm writes:

Algorithm 3.1 (Gummel algorithm).

Fix [ = 0.
Set A = tol + 1.
Do While A > tol:



Computation of the density
S1. For p = 0, ..., P: computation of the wave function @é at the frequency k, from the
potential V}! by solving equation (ZH) with V; = V}.
S2. Numerical integration: for 7 =0, ..., J
P—1
2 2\ Ak
= (g(kp) @551+ 9(kp1) [ 11,41 ) - (3.3)

p=0

Coupling to the Poisson equation : Gummel iteration
Computation of the potential VIlJr1 from the potential V} and the density n} by solving

equation (B.1]).

Set - l
Vit =V,
1 2
Setl=1+1.
End Do.

In equation (B.3]), nlI ; denotes the approximation of the density nb(z;) and @é’ ; the approxi-
mation of the wave function @, (z;). In equation (2) and in what follows, |v|, denotes the I2-norm
of the vector v € C/*1. Equation (3] is nonlinear and is solved with a Newton method where
the Laplacian is discretized using finite difference at the points (x;)o<j<..

Because of the peaked form of the transmission near resonances, the method used to compute
the density n} from the potential V} (steps S1 and S2) is of major importance, and the Gummel
algorithm may fail to converge if a non accurate method is used.

In the case of the finite difference discretization, the strategy of [38] can be described as follows.
The step S1 is performed without particular treatment of resonances: the function @é is computed
on [0, L] by the resolution of the problem ([ZH)-(Z3J) with the finite difference scheme (A3) and
the discrete transparent boundary conditions (A7), (AIQ) for £ > 0 and (AI), (AI2) for k£ < 0
where the potential Qg is replaced by U; + VII. In that case, the convergence is provided by the
choice of the frequency mesh {k,, p=0,..., P} for the trapezoidal rule in the step S2. The refer-
ence method is obtained by taking the grid spacing Ak, equal to a constant Ak > 0 small enough.
This method will be called Direct Resolution. In order to reduce the high numerical cost, which
is due to the big number of Schrédinger equations to be solved, an Adaptive Method is proposed
in [38]. For the Adaptive Method, the grid spacing Ak, is taken equal to the small constant Ak
only when Ej, is close to a resonant energy, otherwise Ak, = vAk where v > 2. The frequency
points where the mesh is refined are detected using the logarithmic derivative, with respect to the
frequency k, of the transmission coefficient related to the wave function @, (see [38] [19]).

As noticed in the introduction, the Adaptive Method can not be generalized to the time-dependent
case. In this context, the One Mode Approximation algorithm presented in section [B.3]is very use-
ful. As proposed in [§], this algorithm consists in decomposing the wave function in a non resonant
part and a resonant one proportional to the first resonant mode. In [§], using a WKB interpolation
to compute each part of the wave function, an adapted treatment of the step S1 is realized.

In the present work, we do not use the WKB interpolation, however the accuracy required at step
S1 is reached by an improvement of the computation of the first resonance. In particular, a precise
computation of its imaginary part is essential. A simple reconstitution of the wave functions not
allowing to modify the frequency mesh, the gain in computational time is reached by adapting
the step S2. In the present work, two strategies are proposed for the step S2. The first method
is inspired from [8] and consists in using different frequency scales for the different parts of the
wave function. The frequency mesh is taken thin only for the coefficient of proportionality to the
resonant mode and the number of Schrédinger equations to be solved is reduced. This method
will be denoted One Mode Approximation and will be generalized to the time-dependent case. A



variant of this method is obtained by an explicit integration of the coefficient of proportionality to
the resonant mode instead of the trapezoidal rule. In that case all the resonant peak is integrated
and the frequency mesh can be chosen coarse enough. This method will be denoted One Mode
Approximation Integ.

The algorithms Direct Resolution, Adaptive Method, One Mode Approximation and One Mode
Approximation Integ are compared in section

3.2 Accurate computation of resonances

In the founder work of [I], see also [27], resonances of a self-adjoint operator are defined using
analytic transformations, and it is a common fact that it corresponds to an eigenvalue in a modified
L? space [23]. Using the second approach, the authors in [36] and [I9] define resonances for
Hamiltonians of the form

K2 9
- %81 +Q, (3.5)
where the potential () verifies
Qz)=0,2<0 and Q(z)=QL,x>L where Q<0. (3.6)

Starting from this definition, the resonances of the Hamiltonian (3] can be characterized as the
numbers z in C\ {i[R UiIR + Q} such that the problem

{ [f%angQ]u:zu, re R

(3.7)
[ullz2(0,2) = 1

has solutions which are purely outgoing outside the interval [0, L]. The function u in (31 is called
resonant mode associated to the resonance z. As described in Appendix [B] the eigenproblem (B.7))
is restricted (for numerical computations) to the domain [0, L] by the aid of transparent boundary
conditions selecting only outgoing states. In particular, this problem is discretized using the finite
difference scheme (B inside the domain and the boundary conditions (B.H), (B.8) at « = 0 and
x = L. Since the boundary conditions depend nonlinearly on the spectral parameter z, this process
leads to the following nonlinear eigenvalue problem: find (u,z) € C/T! x C such that

M(z)u=0

{ . , (3.8)

utu =1
where M (z) is the nonlinear matrix valued function of z given by (B.I0) and u’ denotes the
complex conjugate transpose of the vector u. A Newton-like method is introduced in [37] to
solve (B.8) when M(z) is a polynomial. Following the same line, we derive a method for the
general case where M (z) is holomorphic. Note first that the term uu appearing in (B8] is not
differentiable with respect to u, therefore a Newton method must be modified to be applied here.
For a given iterate (u", z") verifying (u™)”u™ = 1, we are looking for a direction (6u™,§z") such
that (u™ + du™, 2™ + §z") is solution to the problem ([@3.8)). Using (u™)?u™ = 1 the system:

M(z"™ 4+ 6z")(u™ + du™) =0
(u™ 4+ du™)H (u™ + du™) = 1
gives at order 2:

{ M(z™)ou™ 4+ 02" M'(z")u™ = =M (2™)u" (3.9)

(u™)Hsu™ + (du™)Hum =0
As noticed earlier, the second equation in (8] does not have the suitable form. To deal with this

problem, we remark that it is enough to impose (u™)?du™ = 0 in order to verify this equation.
This leads to the following linear system:

wglz)p M’%")“"H‘;ZZ][‘SH}, where 7" = M(z")u". (3.10)



Its resolution corresponds to an iteration of our Newton-like method to compute the resonant mode
and the resonance. The assumption (u")?u™ = 1, that we made to obtain the system (@.I0), is
verified at order 2 as long as (u%)Hu® = 1.

3.3 The One Mode Approximation

We start with the description of the step S1 of the computation of a wave function ®; solution to
the stationary Schrodinger equation (Z.3]) for a given frequency k. To simplify the notations, the
exponent [ appearing in Algorithm Bl will be omitted. Following the works [§] and [40], the One
Mode Approximation consists in the decomposition:

O = O 4+ DY (3.11)

where the non resonant part ®}" solves the stationary Schrodinger equation:

FL2
[—%ai +Ur pin + Vi@ = B, @), z€ R, (3.12)

with filled potential Uy fiy = Ur + vo1l[q,,p,]- Equation (EI2) comes with the scattering conditions
(Z6), 1) and the relation [23J). It is solved on [0, L] using the finite difference scheme (A3])
and the discrete transparent boundary conditions (A7), (AI0) for & > 0 and (ATIT), (A12) for
k < 0 where the potential Q; is replaced by Uy i + V7. The statistic g being rapidly decreasing at
infinity, the resonant part @, is sought, on [0, L], proportional to the resonant mode u; of minimal
resonant energy Re (zr) solution to

h2 L
[—%85 +Ur +Vijur = zjuy  and / lur(z)|de = 1. (3.13)
0

In other words, we look for ®; of the form:
O (z) = Opur(x), = €][0,L]. (3.14)

Inserting (BI1) and @I4) in the stationary Schrédinger equation (2.3), and using (3I2) and
BI3), we get the following explicit value of the proportionality coefficient:

1 b
Op = ——— / OV urd . (3.15)

Vo
S N

The resonant mode and the resonance are computed using the method presented in section B2l with
the potential @Q = Uy + V. This method is initialized at the fundamental mode and fundamental
energy of the Hamiltonian:

FL2
(=5, 07 + Ur+ Vil (3.16)

equipped with homogeneous Dirichlet boundary conditions at as and be. It is shown in [14} [15]
that the real part of the resonances are close to the eigenvalues of the Dirichlet Hamiltonian (3.16]).
The imaginary part of resonances being small, such an initialization insures the convergence of the
algorithm to the resonance with smaller energy. This achieves the step S1.

For the One Mode Approximation, the step S2 consists in using the wave function decompo-
sition (B10) and BI4) in order to compute accurately the density with a low numerical cost.
First, using an argument of localization of support, see [40], the cross term in the development of
(@7 + Ous) ()] can be neglected, which gives the approximation:

ni(z) = /R oK) | @3 () dk + /R o(k) 042 dk [ur () (3.17)

The non resonant part of the wave function being regular with respect to k, the first integral
above can be computed using a trapezoidal rule with coarse frequency mesh, reducing this way the



number of Schrédinger equations to be solved. As remarked above, the resonance z; has a small
imaginary part. Therefore, it appears from formula ([B.I5]), that the coefficient 0, has a sharp peak
when the wave function energy FEj, is close to the resonant energy Re(z;). The key-point in the
step S2 is then the approximation of the integral [, g(k) 10, |” dk.

For the sake of simplicity, the non resonant part of the wave function will be called non resonant
wave function as well. The same remark holds for the time-dependent One Mode Approximation
presented in section

3.3.1 First method: One Mode Approximation

Consider a refined discretization ko = —k, k1, ..., kp, ..., kp = k of the interval [—k, k] with uniform
grid spacing Ak and suppose that there exist two integers P’ and v such that % = v. Consider
the large scale mesh l%p/ = kyp for p’ =0, ..., P’ with uniform grid spacing Ak = vAk. Then, if we
note @ the approximation of the non resonant wave function @Z:p/ (x;), ur,; the approximation
of the resonant mode u;(z;) and 6, the approximation of the coefficient 6y, the formula for the

density is

P'—1 &
. N A

niy =Y (90 |93 + gk |9370,57) 5

p'=0
P-1
Ak
+ 3 (900) 165 + glhp) 101 ) 5= fur

p=0

The crucial point for the reduction of the simulation time is that only P’ Schrodinger equations
have to be solved, instead of P equations for the Direct Resolution. However, this reduction
implies that we only have access to the functions @}/, for p’ = 0,..., P" and the computation of
the coefficient 6, for p # vp’, requires an interpolation of the non resonant wave function in the
r.h.s. of equation [BIH). It is provided by the piecewise constant interpolation formula below: for
p=0,..,P .

b= E Z o) T A, (3.18)
JEW
where w = {j|as < x; < b3}, E, = Ey, and 0 < p’ < P’ is the integer such that p = vp’ +r
for some 0 < r < v — 1. Since the evaluation of the coefficient 6, in formula (3.I8)) is numerically
cheap, the number P can be chosen big enough to catch the resonance peak without a significant
increase of the computational cost.

3.3.2 Second method: One Mode Approximation Integ
We only considered here the large scale frequency mesh 12:0, e kp: introduced in section B30l As
noticed above, the integral of the non resonant part can be computed with a simple trapezoidal

rule. Then, if we set .J, := Jikp“ g(k)|0x|* dk, we get the following formula for the density:

kP
P'—1 . ) . ) AI% P'—1
nij = Z (g(kp) |37 + g(kps1) | @) ] ) - T Z Ip lugjI* . (3.19)
p=0 p=0

In that case, the required precision for the density is reached thanks to an adapted treatment of
the integral in J,,. It follows from (BI0) that:

kpt1 k
Jp:/ Sp————=dk,

k
ey By — 21|



where
g(k) oI
Sy = - vg / Or " urdx

as

Using numerical observations, it is shown in [19] that ||®}" | ze(,z) = O(k) when k tends to 0.
This limit is also verified theoretically in the same work, under the condition that k£ > 0 and for
particular potentials. Therefore, Sy, is a smooth function of the variable k in a small neighborhood
of 0. Since the wave function ®7" has no resonance peak, Sj is also smooth outside such a

neighborhood. As a consequence, Sy, can be approximated by a constant on [l%p, kp+1] which gives:

kpt1 k
Jp - Sp N Qdka
N |

where

Sp =

. 2
9 (k)

s Ug Z(I)ZTJ‘UIJA‘%
kp jEwW
and w is defined in section B.3.1l The resonance z; can be written

Z]ZE]*’L'F], (320)

where E; € IR and T'; > 0. Under the assumption 0 ¢ [l%p,]%p_l,_l], it holds E}) = h;f: — B, on

[kp, kpi1], where B, is a constant equal to 0 or By. Then, it follows:

_g ];P+1 k
To=Sy [ k.
b (BE—B, - E) +13

2m

K2k
2m

Utilizing the change of variable E =
approximation of J,:

S E,.1—E E,— E
Jp = ;Z;FI; <arctan <%> — arctan (%)) for p=0,.,P, (3.21)

where E, := By, . We will use B:21) regardless of the verification of the assumption 0 ¢ [l%p, l;erl].

— B, — E7 in the above integral, we obtain the following

It provides an accurate treatment of the resonance peak even if Ak is large. The approximation
of the density follows by replacing (321]) in (B19).

Remark 3.2. The computational time of the One Mode Approximation algorithm can be reduced
when the method to compute the resonance is initialized at the fundamental mode and fundamental
energy (up,Ep), of the Dirichlet Hamiltonian (BI6]), only for the first iteration I = 0 of the
Gummel algorithm Bl Indeed, for [ > 1, the computation of (up, Ep) is avoided by initializing
the method at the resonant mode and resonance obtained at the previous iteration [ — 1.

Remark 3.3. The size of the grid spacing Ak for the refined frequency mesh is chosen numerically.
It can be estimated analytically by imposing that, around the resonance energy Ej, the difference
Ep1 — Ep is smaller than half the resonance peak width I'y.

4 The time-dependent algorithm

This section deals with the time evolution of the system under a time-dependent applied bias B(t)
as in Figure [l We will consider only the case of the step like bias of the form:

FOES S (4.)
| Bw, t>0 '

where By, Boo > 0 and By # Bs. The case of the general bias requires an adaptation of the
discrete transparent boundary conditions for the resolution of the transient Schrédinger equation.
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4.1 The algorithm

As in the stationary regime, we first present the algorithm proposed in [38] to solve the time-
dependent nonlinear Schrédinger-Poisson system (2.10)(22) 2.3). Then, we give the details of our
time-dependent One Mode Approximation algorithm.

The space and frequency meshes are defined as in section Bl In order to verify the condition
(CI6) for all k € [—k, k], the time step At is chosen such that:

mh
2 (h2“2 + sup;> B(t)) '

2m

At <

(4.2)

Then, for a given exterior potential U(t), the algorithm corresponds to the computation of the
sequence V' of approximations of the self-consistent potential at time t' = [At. It provides a
sequence of densities n! at time t'. The initial potential V', resp. wave function \I/g, is given by V7,
and resp. @, solution to the stationary Schrodinger-Poisson system (2.5]) (Z9) (210) with exterior
potential equal to U;. The Schrodinger equation (Z)) is solved using a Crank-Nicolson scheme
and, in our nonlinear framework, a choice of the intermediary potential VI*2 which preserves the
unconditional stability of the semi-implicit scheme is required. In particular, it will be shown in
section [1.3.] that the extrapolation:

1
Vit = gvl -V (4.3)

allows bigger time steps than the following extrapolation proposed in [38]:
Vits oyl _yi-s (4.4)

The extrapolation (3] is proposed in [I7] and corresponds to a modified Adams-Bashforth-Crank-
Nicolson method. We can now give the time-dependent algorithm:

Algorithm 4.1 (Transient algorithm).
Do For [=0 t_O ltotfli

Computation of the intermediary potential
Computation of the potential VI*3 from the potentials V! and V!~! using (@3] with the
convention V1 = V0,

Computation of the density

S1. For p =0, ..., P: computation of the wave function \I/é“, solution to () at time ¢'+!
and frequency k,, using the potential V*2 and the wave function \Ilé.
S2. Numerical integration: for 7 =0, ..., J
P—1 Ak

2 2
nht =37 () [+ gk 9555 ) S (4.5)
p=0

Coupling, Poisson equation
Computation of the potential V! from the density n!*! by solving the Poisson equation

22):

_ 92yl @ I
{ 92V L (n np), z€(0,L) (16)

VH—l(O) — Vl+1(L) -0

End Do.
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In equation (&3, né“ denotes the approximation of the density n'*!(z;) and \pi;rjl the ap-

proximation of the wave function \Ifij‘l(acj). The linear equation (G]) is discretized with finite
difference and solved by a simple matrix inversion. As in the stationary case, the steps S1 and 52
to compute the density will be crucial for the treatment of the resonance peaks.
In the algorithm proposed in [38], that we will call Direct Resolution, the step S1 is performed
as follows: the function WL is computed on [0, L] using ¥} and Vi3 by the resolution of ()
with the Crank-Nicolson scheme (C2]), where the potential @ is equal to U + V. Since the support
of the initial data ®j, is not included in (0, L), the discrete transparent boundary conditions for
(C2) are the non-homogeneous ones (C9)([CI2) or their simplified version (C22)([C23). In the
Direct Resolution, no particular treatment of the resonances is performed in the step S1 and the
accuracy of the method is provided in the step S2 by the imposition of a small uniform grid spacing
Ak in the trapezoidal rule ([@3]). Indeed, if the grid spacing is small only near the initial resonant
frequencies, the refined mesh will loose its relevance because of the time evolution of the resonance.
Therefore, the stationary Adaptive Method does not extend to the transient regime and, if no addi-
tional treatment is performed (a strategy would be to choose a small frequency grid spacing only in
the regions where will live the resonance peaks), the number of Schrédinger equations to be solved
have to be important in the time-dependent Direct Resolution. Moreover, in addition to a matrix
inversion, which is equally required in the stationary case, each time-dependent Schrodinger equa-
tion requires discrete convolutions in the boundary conditions. For the exact boundary conditions
(CO)([CI2), the number of operations required by these convolutions is proportional to the time
iteration number [. For the simplified boundary conditions (C.22)([C23), the size of the convolu-
tions can be reduced but it can not be too small in order to preserve the accuracy of the method.
This increases the numerical cost of each time step and makes the time-dependent simulations very
long: actually, due to the condition ([Z), the time step must be chosen much smaller than the
scaling time of the system and the number [ can become very big. In this context, it is important
to look for an adapted treatment of the resonance peaks to reduce the number of frequency points.
In the following section, we propose a One Mode Approximation method which extends the method
proposed in section to the time-dependent case.

4.2 The time-dependent One Mode Approximation

Let us start with the description of the decomposition of a wave function W (¢) solution to the
transient Schrédinger equation (2] for a given frequency k. We look for Wy (t) of the form:

Up(t) =R (t) + Ui(t), (4.7)

where the non resonant part W}"(t) solves the transient Schrédinger equation:

, (4.8)

{ hONWT () = [~ 402 + Upau(t) + VO (1), 7€ R
W (0) = @

with filled potential Upgi;(t) = U(t) 4+ vol[a,p,) and @} is solution to (EIZ). Using the same
argument as in the stationary regime, we suppose that ¥} (¢) is proportional to the resonant mode
u(t) corresponding to the first resonance z(t) of the Hamiltonian H (t) at time ¢: in other words

T (t,2) = Me(tu(t,z), z€[0,L], (4.9)

where

[—%8% +U(t) + V(t)]u(t) = z(t)u(t) and /0 lu(t, z)>de = 1. (4.10)

If u; and 6}, are respectively the resonant mode and the proportionality coefficient given by (B.I3])

and (310, then it holds from BII)BI4):
Dy (z) = P (x) + Opur(z), = €][0,L]. (4.11)
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Comparing (7)) ([@9) and [{II), the initial condition in (ZII) and 8] imply A;(0) = 0. More-
over, injecting (L) (@3] in the transient Schrodinger equation (2J), and utilizing the equations
(£38) and [@EI0), we get the following equation on Ak (t):

[IBXL() — 2O (Bt 2) + i ()0pu(t, 7) = —t6T gy ) (2) UL (8,2
Multiplying the previous equation by (¢, ) and integrating on (0, L), it follows:
{ N (8) + [£2(t) + fOL Opu(t, z)u(t, z)dz] A\, (t) = £vo f;: UPr(t, x)u(t, z)de
A (0) = 6O

Remark 4.2. In the linear case, obtained by taking V(¢) = 0 in (Z1), it holds for ¢ > 0: u(t) = U
and z(t) = Es — il'o, where Eo, € IR and I'nc > 0. Then, under the assumption U7 (¢,z) =

~ i
i
U (z)e "5t where

(4.12)

o} h;:j’ kZO 4.1
€k = thQ—B k<0 ’ ( . 3)
om 00 9

equation ([EI2) is an ODE which homogeneous solution oscillates at the angular frequency E#"J
and which source term oscillates at the angular frequency % Therefore, A\;(t) has a peak at the
frequencies k such that e7° = E. Due to the initial condition in (£I2), one expects a coexistence

of this peak with a second peak at the frequencies k such that E) = FE; with decay rate %", where
Ey and E; are given by (Z8) and [.20). This is verified numerically in section [£.3.4

4.2.1 Step S1

The aim here is to compute the elements of the decomposition (1) @A) at the time ¢t = /1. At
this point of the algorithm, we do not have the value of the potential V!*! and the corresponding
resonant mode u'T! can not be computed. Therefore, we will make the following approximation
for the wave function at time ¢! and frequency k:

Pt — grnbtl g Ly s (4.14)

Then the step S1 writes as follows: suppose that the quantities \I/ZT’Z and A} are known (at [ = 0,
it is given by the initial decomposition ([{.I1])).

As it is done in the Direct Resolution for \Iléjl, the non resonant wave function \I/ZT’I'H at time
t+1 and frequency k is computed on [0, L] using \I/ZT’I and V+2 by the resolution of ER) with
the Crank-Nicolson scheme (C.2)) where the potential @ is equal to U i +V and the initial data
P is equal to ®}". Equation (C2)) comes with the transparent boundary conditions (C.9) (CI2) or
(C22)([C23).

The resonant mode u!T2 and the resonance z'*2 are computed using the method presented in
section B2 where the potential Q is equal to U2 + V+2 and U'*z = U(#*+2). The initial guess
for (ult2, 21+2) are the first eigenfunction and eigenenergy of the Hamiltonian

hQ 1 1
[f%ag%Ul+§ +Vitz] (4.15)

with homogeneous Dirichlet boundary conditions at as and bs.

To achieve the step S1, we have to compute the coefficient /\gjl at time and frequency k.
It is obtained from AL, \IIZT’Z, \IIZT’ZH, 2+2 and u!t2 by the resolution of equation (#EI12) with a
trapezoidal rule. This leads to the following iteration:

tl+1

. L
(AL —2L)/At + [%z”% +/0 BpultTultada] (N, + A1) /2

. bs
100 nr,l nr,l+1 1
~on )/, it wprt e, (4.16)
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where d,u'Tz stands for atu(tl"’%). By adequately fixing the resonant mode phase, the quantity
L
MZH/Q = / Opu! T 21 +1/2 g (4.17)
0

appearing in ([@18) is fitted to zero. Given @*1/2 resonant mode of lower energy of the Hamiltonian
[@I5) and verifying [|a'*1/2|12(0,r) = 1, we look for u'*'/2 of the form u'+1/? = l1/2eie T
where ¢'t1/2 € IR is such that p/T'/2 can be neglected. We note first that we have the approxi-
mation

1 L
I+1/2 _ E/0 (ul+1/2 _ ulfl/Q)(ul+1/2 +ul=1/2)dz
which becomes _ .
2 — Aithn[/o w2172y (4.18)

under the condition ||u!='/2||p2¢, 1) = |u!T'/?||12(0,z) = 1. Then, defining

L
wz+1/2:/ ARVEEIVEN (4.19)
0

we choose

I+1/2
ewz+1/z _ w /
w172

and it follows:

L L
—_— c141/2 N —_— ol t1/2
/ w2172y = e / At 2l=12dg = 2t = W't e R.
0 0

As a consequence, Im[fOL ulT/24!1=1/2dg] = 0 and equation ([ZI8) shows that u!T'/2 is such that
p+1/2 is almost equal to 0. In the applications considered in section [ the space integral in @I9)
is computed using a rectangle method.

Remark 4.3. As it is done in the stationary case, see Remark[3.2] the algorithm can be accelerated
by choosing (u!~2,z'=2), for | > 1, as initial guess of the method to compute (u'T2,z/72). When

I = 0, the initial guess is the resonant mode and the resonance given by the stationary solution.

Remark 4.4. Although it is harder to implement than an explicit Euler method, the semi-implicit
trapezoidal rule (1), used to solve the stiff-like equation ([£I2), is required for stability purposes.
Indeed, the imaginary part of the resonance z(t) being strictly negative, the ODE ([d.I2)) is similar
to the test equation: y’ = ay where Re () < 0, for which the trapezoidal rule solution is bounded
independently of the time step whereas the Euler explicit solution is conditionally bounded. In
particular, as explained above, the quantity p!*1/2 defined in I can been fitted to zero in
([I6), and a straightforward calculation shows that the resulting algorithm is unconditionally
stable, in the sens that for all N > 0

Z"Uo

b .
N < R+ T e (50 [ fup g wpr aa
as

0<I<N,
0<n<N-1

2h

where T = NAt.

4.2.2 Step 52

The step S2 is performed using the decomposition [@I4) to find an approximation of the density

né—“ in (@A) which provides an adapted treatment of the resonant peaks. Like in section B3] we

make the approximation:

2 2
W @) = [wpr @)+ N a0 (4.20)
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The non resonant wave function W}!" is regular with respect to the frequency k and the integral
of the first term at the r.h.s. of equation ([20) can be computed using a trapezoidal rule with
coarse frequency mesh. As it is noticed in Remark [£2] the coefficient \x has sharp peaks at the
resonant frequencies and the frequency mesh is taken thin for the integral of the second term at
the r.h.s of equation ([@20). More precisely, we consider the frequency meshes {l%p/, p'=0,..,P}
and {kp, p = 0, ..., P} introduced in section B:3.1] and which have different scales adjusted using
the ratio v = £ € N. Then, if we note v Jl the approximation of the non resonant wave function

1
\I/ZT’Z/ (x5), )\]lg the approximation of the coefficient )\LP and u§+2 the approximation of the resonant
vp

mode u'*3 (z;), the formula for the density is:

+1 = 7 nr,l+1 2 7 nr,l+1 2 AI%
nitt=%" g(k?p')"l/p/,j ’+g(kp'+1)“1’pf+1,j‘ -

p’'=0

2

P-1

N

+ 3 (9t I + glh) PSEALT) = }ugﬂ (4.21)
p=0

The number of Schrodinger equations to solve is reduced, P’ equations instead of P equations for
the Direct Resolution, reducing this way the numerical cost. However, this reduction implies that
we have only access to the functions \IIZ/T Jl for p" =0, ..., P’ and the computation of the coefficient
)\g‘l, for p # vp’, requires an interpolation of the non resonant wave function to evaluate the
source term in (LIG). If we set ep° = ep° where p° is given by {.I3), it follows from Remark
that the coefficient )\L‘H has a peak when the energy £)° is equal to E'*1 (the lower resonant
energy corresponding to the potential V!*1) only if the approximation of the source term in (18]
includes the time oscillations of the non resonant wave function. In particular, a polynomial
interpolation of the non resonant wave function is not adapted. Solving equation (I and
performing an oscillatory interpolation of the non resonant wave function, we obtain the following
suitable algorithm which extends the formula (BI8)) to the time-dependent case: for p =0, ..., P

. 1 . ,Atz“r% AL
[T
’L"U()At \i/nTvl —iw;otl + \i/nT7l+1 —iw;otl+l H‘%A (4 22)
2h p.i€ v ¢ A
JjEwW

where w is defined in section B.3.J and 0 < p’ < P’ is the integer such that p = vp’ + r for some
0 <r <v— 1. The amplitude-like function ¥ Jl appearing in equation ([{22)) is defined by

Tnrl _ gnrl iw'fc/tl
\I]pﬁj - lI/p’,je g

and -
€

= % : (4.23)
Remark 4.5. The condition (IIZI) insures that the time step is small enough with respect to one
period of the oscillating term e~ ' in [@22). The time-dependent One Mode Approximation
extends the method in section B3] and it is numerically verified that it is stable in time and
allows long time simulations, see section 3.3k On the other hand, due to the function e™“» ?,
a time-dependent extension of the method presented in section [3.3.2] is not obvious and gives a
non-stable algorithm if no particular treatment is performed.

W,

Remark 4.6. In section [C.2.9] it is noticed that the accuracy of the algorithm to solve the time-

dependent Schrédinger equation is improved by replacing the angular frequencies (CJ)(CI1) by
the discrete ones (CI3)(CI4) in the boundary conditions (CA)([CI2). Similarly, the accuracy of
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the time-dependent One Mode Approximation is improved when the angular frequency (X23) is
replaced by the discrete one below:

2 AteX
w® = A Arctan ( 2hp ) : (4.24)

5 Results

The physical parameters used for the numerical computations are gathered in the following array:

Rel. el. mass 0.067 Rel. permitivity 11.44
Temperature 300 K Fermi level Er 6,7097 x 10721 J
Donor density n}, 10%*m™3

Donor density n?, 5 x 10?'m=3

For all the tests, the two barriers have the same size which is equal to the size of the well. The
external potential is determined by Figure [[] and the data below:

L(nm) ay(nm) az(nm) asz(nm) bs(nm) ba(nm) by(nm) vy (eV)
135 50 60 65 70 0] 85 0.3

In all the simulations, we fixed kK = 4/ QH—ZL(E 7 + TkpT) and the number of space points is equal to
J = 300 which is such that the condition (2] is verified.

5.1 Computation of resonances

In this section, we give the numerical values of the resonance of lower energy obtained using the
algorithm presented in section for different biases B;. The potential @ is equal to Ur + V1
where U7 is the external potential corresponding to By and V7 the corresponding solution to the
Schrédinger-Poisson system (220 (Z9) 210) given by the Direct Resolution, with P = 3750, as
described in section We obtain the following results:

B[ (SV) NCU ED (meV) E[ (meV) F[/E[
0 3 135.14 134.71 1.7030 x 103
0.1 3 88.524 88.090 2.7547 x 1073

where the number of iterations before convergence N, denotes the iteration n of the algorithm
such that [M(2")u™|, < 107'5, Ep denotes the fundamental energy of the Dirichlet Hamiltonian
(BI8) and the resonance is equal to z; = E; —i[';. The modulus of the normalized resonant mode
for By = 0.1V is represented in Figure

The present section provides a numerical verification of the following theoretical results, which
were used to write the One Mode Approximation: Fp is close to Ey, I'; is small with respect to
E; and the restriction of the resonant mode to the interval [0, L] is small outside the island [aq, b2].

5.2 The stationary regime

We give here a numerical comparison of the methods presented in section[3} the Direct Resolution,
Adaptive Method, One Mode Approximation and One Mode Approximation Integ methods. The
Direct Resolution plays the role of the reference method. For all the tests, the reference potential

in (B1) is given in electron-volts by V,.r = %.
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Normalized resonant mode for Bj=0.1 eV
0.35 T T T

Nc;rmalized re'sonant mod'e
03 L UV, (eV) — —
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0.1
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0 2e-08 4e-08 6e-08 8e-08 1e-07  1.2e-07 1.4e-07
x (m)

Figure 2: Representation of the potential U + V; (dashed line) and the corresponding normalized

resonant mode % (full line) for By = 0.1 V.

Remark 5.1. For the bias By = 0, the Gummel algorithm B3] can be initialized at the potential
VP = 0. For B; > 0, such an initialization does not converge. In that case, the convergence is
obtained by taking the initial potential equal to the solution corresponding to By = 0.

As it was underlined in section ] the choice of the frequency mesh determines the convergence
and the numerical cost of the method. In particular, for the Direct Resolution, it is verified
numerically that, P > 3700 is required to insure the convergence of the method for the biases
By =0eV and By = 0.1eV. This fact is illustrated in Figure Bl for By = 0eV.

Indeed, for P = 1500, after 40 iterations the method fails to converge for a CPU time equal to

1.8241s. For P = 3750, the method converges: the difference A becomes less than tol = 10714
after 34 iterations for a CPU time equal to 3.8562 s. For the Direct Resolution, it appears that a
big number of frequency points, and therefore a relatively high numerical cost, is required to have
convergence. This remark enhances the importance of the other methods.
The results given by the four methods, for two different values of the bias By, are given in Figure
[ and Table[Il For the Adaptive Method, the small frequency step size is equal to Ak = g% and
the large step size is equal to 12Ak. The frequency step size is equal to the small one when the
logarithmic derivative of the transmission coefficient, see [38] [19] for its explicit formula, is greater
than 1.3L. The number of frequency points changes from an iteration to the other, however it
stays around a fixed number which is 587 for By = 0eV and 535 for By = 0.1eV. For the other
methods, the frequency mesh is given by the integers P = 3750 and P’ = 150.

In Table [l the integer N, is the total number of iterations of Algorithm [B1] for the tolerance
tol = 10~'*. The column CPU denotes the CPU time of the method and the column Dist to
reference, the [?>-norm relative distance to the reference method potential. The last is given by:

Ve = Vi,

100—————=,
|Vdi|2

where Vy; is the potential of the Direct Resolution.
We notice that the alternative methods converge as fast as the reference method in term of number
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Convergence Gummel algorithm
lOO T T T T T

Direct P=3750 ——
Direct P=1500 — —

0.01
0.0001
le-06
1le-08 -

le-10

Potential difference (logscale)

le-12

le-14

1e_16 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Iteration number

Figure 3: Potential difference A defined by ([B4) with respect to the number of iterations of
Algorithm [B] for the Direct Resolution for B; = 0eV and for the values P = 1500 and P = 3750.

N, | CPU(s) | Dist to reference (%)
By =0eV Direct 34 3.8642 /
Adaptive 34 0.6040 1.3859 x 102
One Mode 34 0.6440 0.2561
One Mode Integ | 34 0.6040 0.3700
Br=0.1eV Direct 31 3.3402 /
Adaptive 31 | 0.4800 4.9157 x 1073
One Mode 31 0.5560 0.7689
One Mode Integ | 31 0.4880 0.5126

Table 1: Comparison of the Direct Resolution, Adaptive Method, One Mode Approximation and
One Mode Approximation Integ methods for the resolution of the stationary Schréodinger-Poisson

system (2.3) 2.9) (Z10) for By = 0eV and By =0.1¢V.
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Figure 4: For the biases By = 0eV and B;y = 0.1eV and, for the methods considered, are
represented from left to right: the external potential Uy, the corresponding potential difference
A defined by (B3.4]) with respect to the number of iterations of Algorithm Bl the self-consistent
potential V7 and the electron density ny.
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of iterations, and give a solution very close to the reference solution, for a smaller CPU time. For
the alternative methods, by adequately fixing the parameters, and possibly allowing a bigger value
in the column Dist to reference in Table [l the frequency mesh can be chosen such that the CPU
time is reduced. Anyway, for the frequency meshes chosen here, the alternative methods are an
improvement to the reference method since their CPU times are lower than the CPU time of the
Direct Resolution for the lowest value of P such that the convergence of the method is ensured for
the biases considered.

Although the One Mode Approximation and One Mode Approximation Integ methods require
less frequency points than the Adaptive Method, the computation of the second term on the
r.h.s. of equation [BIT) increases the numerical cost of the two first methods, such that the three
alternative methods have an equivalent CPU time. On the other hand, compared to the other
alternative methods, the Adaptive Method provides a self-consistent potential which is closer to
the Direct Resolution potential (this is due to the fact that the step S1 is performed in the same
way for the two last methods). However, in the present work, the One Mode Approximation is
more interesting than the other alternative methods since, as remarked in section @l the last can
not be generalized to the time-dependent case.

5.3 The transient regime

For all the tests, the external potential U (t) is the time-dependent external potential corresponding
to the bias B(t) defined in [@I)) where By = 0eV and By, = 0.1€V.

5.3.1 Direct Resolution: Toward optimal parameters

The Direct Resolution presented in section [£1] will play the role of the reference method and its
CPU time is essential to measure the effective improvement provided by our alternative method. In
this context, we show in the present section which choice of the parameters of the Direct Resolution
provides the smallest CPU time while conserving a reasonable accuracy.

The initial data of the method is given by the stationary Direct Resolution for the initial bias
Br = 0eV and the parameters given in section where P = 3750. The stationary potential
corresponding to the final bias By, is computed in the same way and will be denoted V.

In Figure[ we depicted, for different parameters of the method, the time evolution of the /2-norm
relative distance to the potential V:

V!~ Vol

100 ,
[Vooly

(5.1)

where V! is the Direct Resolution self-consistent potential corresponding to the iteration number [
of Algorithm [l For each graphic of Figure [ is also given in the corresponding array: the total
number of iterations l;;, the CPU time of the method and the Final dist which corresponds to the
value of the quantity (&) for I = ot

In the first graphic of Figure Bl the number of frequency points is P = 3750 and we use the
boundary conditions (C9)(CI2) for the time-dependent Schrodinger equation where the angular
frequencies are given by (CI3)(CI4). When the extrapolation of the intermediary potential V*+2
is given by (@), curve titled Pinaud, the Direct Resolution verifies the convergence criterion to
the stationary potential V. only for the time step At = 10~ 1%s. Although At = 2 x 10~ 155 verifies
time step limit (£2]) imposed by the linear Schrodinger equation, the method is clearly unstable
for this time step and the loss of stability comes from ([@4]). When the extrapolation is given by
@3), curve titled ABCN, the Direct Resolution potential convergences to V., for both time steps
At =1071%s and At = 2 x 10~ %s. Therefore, the extrapolation ([Z3) provides a reduction of the
CPU time. We remark however that the increase of the time step makes the amplitude of the
transient oscillations of the potential slightly bigger.

In the second graphic of Figure Bl the number of frequency points is P = 3750 and we use
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the boundary conditions (CO)(CI2) and the extrapolation (&3] for the intermediary potential
V2. When the angular frequencies are the discrete ones (CI3)(CI4), curve titled Disc AF,
the Direct Resolution potential convergences to Vo, and Final dist is small enough for both time
steps At = 1071%s and At = 2 x 107 '%s. When the angular frequencies are the continuous ones
(CR)([CII)), curve titled Cont AF, no instability is noticed, however, the value Final dist is much
bigger than in the case Disc AF and increases significantly with the time step. In the case Disc
AF, the computational cost is largely reduced while conserving a very satisfactory accuracy thanks
to the simplified boundary conditions (C22) ([C23) with M = 500, curve titled Disc AF-M = 500.
Indeed, the CPU time is divided by more than two for At = 10~ '%s and, for the two time steps,
the value Final dist is less than 1072,

In the third graphic of Figure[H, we use the extrapolation ([&3]) for the intermediary potential Vits
and the boundary conditions (CA) ([CI2)) where the angular frequencies are given by (CI3) (C.14).
The different curves correspond to different values of the parameter P, curve titled P = 3750,
P = 2100 and P = 450. The case P = 2100 illustrates the fact that a reasonable accuracy can
be obtained even if the number of frequency points is under the limit P = 3700 which insures
the convergence of the stationary method. This fact is relatively stable with respect to the time
step and allows a reduction of the CPU time of the method. However, the number of frequency
points can not be chosen too small: in the case P = 450, the value Final dist is bigger than 10~}
and the amplitude of the transient oscillations of the potential are large compared to the case
P =3750. As in the stationary case, a big number of frequency points, and therefore a relatively
high numerical cost, is required for the Direct Resolution, which enhances the importance of our
alternative method.

5.3.2 The One Mode Approximation

Before comparing the two methods presented in section @, we show how to adjust the parameters
of the One Mode Approximation method, as we did in section [£.3.1] for the Direct Resolution.
The initial data of the method is given by the stationary One Mode Approximation with the
initial bias By = 0¢V and the parameters given in section 5.2l where P = 3900 and P’ = 300. The
stationary potential V, corresponding to B is computed in the same way.

For different parameters of the method, we depicted in Figure [ the time evolution of the [?-norm
relative distance (5)) to the potential V., where V! is the One Mode Approximation self-consistent
potential corresponding to the iteration number [ of Algorithm 1]l For each graphic of Figure
Bl we give in the corresponding array: the total number of iterations l;,;, the CPU time of the
method and the number Final dist defined in section [.3.J1 For all the curves represented, the
time-dependent Schrodinger equation boundary conditions are given by (CA)(CI2), the angular
frequencies by (CI3)(CI4) and the extrapolation of the intermediary potential by ([3). The
number of frequency points corresponding to the thin mesh of our double scale algorithm is equal
to P = 3900.

In the first graphic of Figure[d, the number of frequency points corresponding to the coarse mesh
is equal to P" = 300. When the angular frequency wp® in ([£22)) is the discrete one ([£24), curve
titled Oscill Interpolation, the One Mode Approximation verifies the convergence criterion to the
stationary potential V. for both time steps At = 107'°s and At = 2 x 10~®s. This is also true
when the angular frequency wp® is the continuous one ([£.23), curve titled Oscill Interpolation-
Cont AF. However, it is clear from the column Final dist that the discrete angular frequency
provides a better convergence to the stationary potential than the continuous one. The constant
interpolation of the non resonant wave function, curve titled Const Interpolation, is obtained by
taking the angular frequency wp® equal to 0 in (Z22). In that case, the One Mode Approximation
is not accurate: the value Final dist is bigger than 10~! and the potential oscillates when the time
is bigger than 2 x 107125,

In the second graphic of Figure [6 the angular frequency wy° 1s given by (@Z4). The different
curves correspond to different values of the parameter P’, curve titled P’ = 300, P’ = 150 and
P’ = 39. The case P’ = 150 illustrates the fact that, if we allow a lower accuracy, the CPU time
can be reduced by reducing the number P’ of Schrédinger equations to be solved. This fact is
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Figure 5: Evolution of the potential relative distance (51I) to the stationary solution for the Direct
Resolution. From top to bottom: Impact of the potential extrapolation, Impact of the boundary
conditions and Impact of the frequency mesh.
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Figure 6: Evolution of the potential relative distance (5] to the stationary solution for the One
Mode Approximation. From top to bottom: Impact of the interpolation of the non resonant wave
function and Impact of the coarse frequency mesh.

relatively stable with respect to the time step. However, it is clear from the case P’ = 39 that P’
can not be too small.

As in the Direct Resolution, the extrapolation equation (3] and the discrete angular frequencies
(CI13) ([C14) present an improvement compared to the extrapolation equation (4] and the angular
frequencies (CR)(CII). Here also, the CPU time can be reduced within a reasonable range of
accuracy by using the simplified boundary conditions (C22)(C23) or by taking the number of
frequency points, of the thin mesh, below the limit P = 3700.

5.3.3 Comparison for a suitable set of parameters

We consider now Figure [ and Table [2] where is given a numerical comparison of the methods
presented in section @t the Direct Resolution and the One Mode Approximation. The Direct
Resolution plays the role of the reference method.

For the Direct Resolution, resp. One Mode Approximation, the initial data of the method and
the stationary potential V., and density n., corresponding to the final bias B, are obtained as in
section [5.3.1] resp. B.3.21 where P = 3900 and P’ = 300.

For the two methods, the boundary conditions for the time-dependent Schrodinger equation are
given by (C22)(C23) with M = 500, the corresponding angular frequencies by (CI13)(CI4) and
the extrapolation of the intermediary potential by ([@3]). The frequency mesh is given by the
integers P = 3900 and P’ = 300, the total number of iterations is equal to l;o; = 5 X 10% and the
time step is equal to At = 2 x 10719 s. The last verifies the condition [Z2)). For the One Mode
Approximation the angular frequency wp® is given by (E24).

In the graphic of Figure[@entitled Convergence to stationary density, we depicted the time evolution
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CPU(s) | Final dist (%)
Direct 952.35 | 4.4593 x 1073
One Mode | 159.30 | 1.0857 x 102

Table 2: Comparison of the Direct Resolution and One Mode Approximation for the resolution of
the time-dependent Schrodinger-Poisson system (210) (22) 23] for M = 500, P = 3900, P’ = 300,
At =2x 10" s and lyor = 5 x 103.

of the [2-norm relative distance to the density n.o:

|nl — Moo

100 (5.2)

|noo - nD|2 ’

where n! is the electron density corresponding to the iteration number [ of Algorithm Il Since
the relevant variation of the density occurs inside the device, we considered in (5.2)) the relative
distance from (n' —np) to (ne —np). In the graphic entitled Evolution of the resonant energy, we
depicted the time evolution of the real part of the first resonance z! computed using the method
presented in section where the potential Q is equal to U! + V. In the last two graphics of
Figure [l we represented the self-consistent potential and the probability density at final time step
provided by the Direct Resolution, curve titled Direct, and the One Mode Approximation, curve
titled One Mode. They are compared with the stationary Direct Resolution potential V., curve
titled Direct-V,,, and density no,, curve titled Direct-n.,. The same was done for the One Mode
Approximation: curves titled One Mode-V,, and One Mode-ny,. In Table 2l the column Final dist
is the value of the quantity (&) for I = lyot.
The two methods behave the same qualitatively: the potential (resp. density) converges, up to a
small error, to Voo (resp. nso). At time ¢ = 07, the current is close to the current corresponding
to By. This is not true for the energy due to the discontinuity of the bias at ¢ = 0. After
fast transient oscillations, the current stabilizes in a short time to a value relatively close to the
current corresponding to B, whereas the energy increases slowly to such a value after slightly
longer transient oscillations. The comparison is also favorable quantitatively. Indeed, at each time
step, the currents provided by the two methods are relatively close of each other which, from
formula (&3], signifies that the One Mode Approximation wave functions are computed accurately
in comparison with the Direct Resolution. Similarly, at each time step, the small relative difference
between the energies provided by the two methods validates the One Mode Approximation self-
consistent potential in comparison with the Direct Resolution. We conclude that for the parameters
chosen in this section, the One Mode Approximation provides a solution accurate enough at each
time step with a reduction of the CPU time by a factor close to 6 compared to the Direct Resolution,
see Table

The above comparison was not performed with the parameters of the reference method which
give the best accuracy/CPU time ratio. However, when the parameters of the Direct Resolution
are adjusted, as explained in section 531, to reduce the CPU time within a reasonable range of
accuracy, the One Mode Approximation provides a solution in the same range of accuracy with a
lower CPU time.

Remark 5.2. As it is proposed in [12], the average current density at time t is defined by:

L
J6 =" [ gkym ll / 0,k (t, ) Un(t 2)dz | k. (5.3)
mJr L Jo

In (B3), the space derivative is computed using the finite difference method. For the Direct Reso-
lution, the integral with respect to the frequency k is computed using the trapezoidal rule where
the frequency mesh is the mesh used to compute the density. For the One Mode Approximation,
the frequency integral is given by a double scale trapezoidal rule of the form ([E2T]). As we did for
the density, it is obtained by injecting in (53] the decomposition ([I4) of the wave function and
neglecting the cross term between the resonant and the non resonant part.
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Figure 7: For M = 500, P = 3900, P’ = 300, At = 2 x 107" s, l;o; = 5 x 10% and, for the
methods considered, are depicted from left to right: Evolution of the resonant energy, Evolution
of the potential relative distance (5.1) to the stationary solution, Evolution of the average current
density defined by (53], Evolution of the density relative distance ([.2)) to the stationary solution,
Self-consistent potential at final iteration l;,;, and Electron density at final iteration l;o;.
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5.3.4 Time evolution of the resonance peaks

For biases of the form (Z1]), since the change of potential at time ¢ = 0 is abrupt, the adiabaticity
hypothesis of [40] is not satisfied and one expects two peaks corresponding to both the resonant
energy at time t = 0~ and the resonant energy at time ¢. This is what we verify numerically in
the present section by using the Direct Resolution and the One Mode Approximation.

The parameters and the initialization of the two methods are the same than in section
Since we are not interested in the reduction of the CPU time, we took the exact boundary con-
ditions (CO)(CI2) for the time-dependent Schrodinger equation, instead of the simplified ones
([C22)([C23), and the time step equal to At = 10715 s, instead of At =2 x 10715 s.

In Figure [§ for the curve with title Direct, the number of electrons in the interval [aq, bo] carried
by one wave function is given by:

Niip = D19, ,P’Az, (5.4)
JEW

where \Ilf9 ; is the Direct Resolution wave function defined in section EIland w = {j|as < z; < ba}.
For the curve with title One Mode, the cross term between the resonant and the non resonant part
of the wave function is neglected and equation (5.4 becomes:

Nby = S0 |0t ot PP Y

JEW JEW

2

-1
Az

2
J

: (5.5)

_ 1
where \IJZTJZ, AL and u ; * are the components, defined in section LZ2] of the One Mode Approx-
imation wave functmn Like in section £2.2] 0 < p’ < P’ is the integer such that p = vp’ + r for
some 0 < r <y — 1, in other terms, we made in (53] a constant interpolation of the non resonant

wave function for p # vp’. Consider the numbers E! € IR and T'* > 0 such that
2t =E' —ilt,

where 2! is the Direct Resolution resonance, at time ¢!, defined in section [5.3.31 Then, the resonant
frequencies

E!' + B..), K = QH—TEZ (5.6)
are the real numbers related to the resonant energy E! according to the relation ([EI3).

We can now discuss the results in Figure 8l For the Direct Resolution, we observe that for small
times ¢!, the localization of the resonance peak is not given by the resonant energy E' but by the
resonant energy at time t = 07: Ej. Indeed, for such times, the number of electrons N di,p defined
in (B4) has only one peak Wthh is located at the frequenmes such that E, = I} Where E), and
Ep are given by (28) and (3.20) respectively (the numerical value of E; is computed as in section
BT where By = 0eV and P = 3900). When time goes, the first peak persists but decays slowly
while a second peak appears and then grows at the frequencies k! and ki defined in (B.6]). Using
the definition of k! and kﬂ_, the last statement means that the second peak lives at the frequencies
such that 7° = E'. At time t! = 10~!!s, the initial peak has almost vanished and the second
peak almost reached its maximal amplitude.

For the One Mode Approximation, the first peak is provided by the initial condition and, as stated
in section [EZ2 the accuracy of the second peak is reached only if the interpolation of the non
resonant wave function in ([£I6) is well chosen. In particular, the constant interpolation computed
as explained in section (3.2 curve titled One Mode-CI, provides a piecewise constant function
close to the resonant frequencies k! and kﬂr and, therefore, does not describe correctly the second
peak (this is clear in the two last graphics of Figure [§). Whereas in the case of the oscillatory
interpolation, which corresponds to the iteration (£22)), the coefficient )\é is such that, for large

2m
I _
kil = — T (

times, the number of electrons N! p defined in (55) has a sharp peak at the frequencies k' and

kﬂr with amplitude high enough and the One Mode Approximation is accurate compared to the
Direct Resolution.
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Figure 8: For P = 3900, P’ = 300, At = 10~ s and at different values of the time ¢: Number
(B4 of electrons in the interval [as, bs] for one wave function with respect to the frequency k for
the Direct Resolution, Number (B.5) of electrons in the interval [ag, be] for one wave function with
respect to the frequency k for the One Mode Approximation, and Resonant frequencies given by
(B6) (a vertical line is represented at these frequencies). In the two last graphics, is depicted a
zoom in on k! of the preceding curves at time t =2 x 1072 s and t = 10~ ! s.
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A Resolution of the stationary Schrodinger equation using
finite difference

Discrete transparent boundary conditions are proposed in [3] to solve equation (ZI]) on the domain
[0, L] using finite difference. In order to be able to justify the choice of the transparent boundary
conditions in section [Bl we recall how the method in [3] is deduced under the assumption &k > 0
and we give an extension of this method to the case k < 0.

For a given potential )7 such that:

Qr(z)=0,2<0 and Qr(zr)=Qrr,x>1L (A1)

and for a given wave vector k € IR, we consider the stationary Schrodinger equation
h2
— 2—63@ +QdP=E,®, z€R (A.2)
m

with the k-dependent scattering conditions (2.6]), Z7).

Using the space discretization defined in section Bl and noting ®; the approximation of the wave
function ®(z;) and @ ; the approximation of the potential Q7(z;), the finite difference method
for equation (A2]) writes:

2m .
D2¢j:§(QLjfEk)q>j, j=1,..,J—1, (A.3)

x

where
Pjr1 =20+ Py

2 —
D;®; = A2

For k > 0, the energy is given by Ej = h;—:f Then, thanks to assumption (A]), the solutions to
equation (A3) can be computed explicitly for j < 1. Indeed, under the condition

1
Ap< ——— (A4)

VR4 321Qr 1

they correspond to the linear combinations of a{, ag where:

k2 k4
arp=1-— A,TQ? + i1/ Ax2k? — A$4Z (A.5)

are complex numbers verifying |a;| = 1 and oy = €?*2 for some k > 0. Then o is an incoming
plane wave, o, = a;” is the reflected wave and the discrete analogous to the scattering condition

() is to select the linear combinations of o, o of the form:
®;=al +Raj?, j<1. (A.6)
Applying equation [A6]) to compute ®¢ and @1, we get the following discrete transparent boundary

condition at z = 0:
a; Py — @y =a;t — . (A7)
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We note that inequality (A4]) implies kAz < 5 and the discretization provides enough space points
in one wave length of the discrete plane wave.
Similarly, for j > J it holds Q;; = Q.1 and, if k* — QFL—TQLL > 0, the solutions to equation (A3)

are the linear combinations of 3, 8 where:

k2 m ) 2m kK2 m
61,2 =1 — AZCQ(? — EQI,L) + Z\/A.’I]2(k2 — ﬁQI’L) — A.’LA(? — EQI’L)2 . (AS)

Inequality (A.4)) implies |3;| = 1 and 1 = ¢kA for some k > 0. Then 1 is an outgoing wave and
the scattering condition ([26) gives:

o;=Tp, j>J-1. (A.9)

Applying equation (A9) to compute ®;_; and ®;, we get the following discrete transparent
boundary condition at z = L:

— O, + B R =0. (A.10)
Again, condition (A4) implies kAz < Z. If k2 — 22:Q; 1, < 0, the bounded solutions to (A3) for

j > J —1 are given by (A.9), where ®; is constant in the case of the equality and vanishing in the
case of the strict inequality, and (AI0) still apply.

For k < 0, the energy is given by Ej = % + Qr.. Then, using the assumptions (A1), (A4)
and repeating the above calculations where the scattering condition (2.6) is replaced by (2.7), we
obtain the following transparent boundary conditions for equation (A3) at z = 0 and x = L:

By — By =0 (A.11)
— Oy +aa®y=ay(a—ayl), (A.12)
where as is given by equation (A5 and
K2 m 2m k2 m
— 2 ;
Bi2=1-Azx (? + EQI’L) + z\/A:EQ(k:Q + ﬁQI,L) — Am4(? + ﬁQLL)Q- (A.13)

For k > 0, the scheme (A.3)) with the boundary conditions (A7) ([(AI0) has a unique solution. By
construction, the unique solution ®; to the whole-space scheme (A.3)) considered on j € Z with the
scattering conditions (A6]) (A.9) verifies the problem (A3) (A7) [(ATIQ). It follows that the solution
to (A3) (A7) (A10) corresponds exactly with the restriction of ®; to 0 < j < J. A similar property
holds for £ < 0. Moreover we have the following estimate on the solution:

Lemma A.1. There exists a constant C' > 0 which depends only on h, m, L, Q1,1, SuP,c(o 1) |Qr(x)],
k such that for all Az verifying (A, the solution to the scheme (A3) with the boundary condi-

tions (AZ)(AIQ) for k > 0 and (AII)[(AI2) for k < 0 verifies:
@]z < C,

where

J—1
123 =" 12,/ Az.
j=1

B Computation of resonances using finite difference

For a given potential @ verifying ([B.6]), we give in this section a discrete version of the following
problem: find (u, z) solution to ([B7) such that u is purely outgoing outside the interval [0, L].

Using the decay at infinity of the function g in (24]), it follows that only the resonances with real
part smaller than 5227’;2 are important for the computation of the density, where x is defined in
section Bl Then, if we suppose that the resonances have a positive real part, which is not a
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restriction in the applications, the problem of the computation of resonances can be restricted to
the strip
hK

2,2
S:{zE(C|O<Re(z)< }
2m

In order to work with analytic functions on S, the value of the square root function y/z will be the
principal value.
Proceeding as in section [Al we write first the finite difference method for equation ([B.Z):

2m

2 .

Dzuj:F(Qj—z)uj, j=1,...,J-1, (B.1)
where u; denotes the approximation of the resonant mode u(z;) and @; the approximation of the
potential Q(z;). Thanks to assumption ([B.6), the solutions to equation (BI]) can be computed
explicitly for 7 < 1. Indeed, under the condition

1
A< —— (B.2)

A2+ 3L

they correspond to the linear combinations of a(2)?, as(z)? where:

2
aa(z) =1 —Am2%zii\/2Ax2h—n;z—Ax4%z2. (B.3)
Utilizing the forthcoming equation (B.II), it holds as(z) = pe** with p > 0 and k < 0. Since
we are looking for solutions which are outgoing outside [0, L], we impose:

u; = Ras(z)?, j<1. (B.4)

Applying equation (B to compute ug and u1, we get the following discrete transparent boundary
condition at z = 0:
as(z)ug —up =0. (B.5)

Similarly, for j > J it holds Q; = Qr, and the solutions to equation (B) are the linear combina-
tions of B1(2)7, B2(2)? where:

m , m m?2
Bi2(z)=1- AmQE(Z - QL)+ z\/QAxQE(z - QL) — Am4ﬁ(z - Qr)?. (B.6)
Using equation (B.IJ]), the outgoing wave is identified with the plus sign in (B]), therefore we
impose:

u; =TpH(2)?, j>J—1. (B.7)

Applying equation (B) to compute uy_1 and u;, we get the following discrete transparent bound-
ary condition at x = L:
—uy_1+ B1(2) " tuy =0.

Since f1(z)f2(z) = 1, the previous equation writes:

—uj_1+ P2(z)uy; =0. (B.8)
In order to work with quantities of order 1, the condition uu = 1 is imposed instead of the norm
condition in @) and the resonant mode have to be divided by Az? to verify Zj:o luj|?Ax = 1.
Then, it follows from equations (B)), (B) and (B8) that the sought discrete problem is

M(z)u=0
{ Sy —1 (B.9)
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where

M(z) = - : . (B.10)

0 -1 2+2mm (QJl—z) -1
B2(z)

We note that the holomorphy of M (z) required in section B2]is verified in S.

We give now an interpretation of the solutions to the problem (BJ). In the strip S, resonances
can be defined at the discrete level as the complex numbers z such that the whole-space scheme
(B) considered on j € Z has purely outgoing solutions, i.e. solutions verifying (B.4) and (B).
Such a solution is a called a resonant mode. Then the following properties hold (proof left to the
reader):

e When z is a resonance, the corresponding resonant mode is uniquely determined up to a
phase factor.

e A complex number z is a resonance if and only if z is such that there exists a vector u
verifying (B.9).

e If 2 is a resonance, a corresponding u solution to (B.9)) is equal, up to a phase factor, to the
restriction of the resonant mode to 0 < 5 < J.

Proposition B.1. If Az verifies the condition (B2), then for all z in S the coefficients defined
in (B3) and (BA) verify:
Im(ai(2)) >0, Im(az(z)) <0 and Im(Bi(z)) >0, Im(B2(z)) <O0. (B.11)
If in addition Im(z) <0, then it holds:
o (2)] > 1, |a2(z)] <1 and |B1(2)] >1, |B2(2) <1.

In the next proposition, we show that resonances have a negative imaginary part. This, combined
with Proposition [B] and equations (B4)(BI), implies that the corresponding resonant modes
tend to the infinity when j — #o0. It is the discrete transcription of the fact that the space L%(IR)
has to be deformed in order to consider resonances as eigenvalues.

Proposition B.2. If Ax verifies the condition (B2) and if z € S is such that the problem (B.9)
has a solution w, then it holds Im(z) < 0.

Proof. We multiply equation (B.) by w; and sum up for j = 1,...,J — 1. Then, utilizing the
summation by part rule:

— J—1
- 1

> 9iDifi== fiDig;+ g (fr-197 = Jogo) , (B.12)

=1 j=0
where f I Fg

+1 — i — fi—1 _
D;rfj_ JA:C ]a szj:%’ DzD;rfj:D?cfja
we get
+ 2m 2 1 + T o
Z |D} u]| Z (Qj — 2)|u;|* + Ar (DFuy_1uy — DFuoug) - (B.13)

Inserting the boundary condlmons (BA)(BR) in (BI3) and taking the imaginary part, it follows:

=Y 2 (gl? - P 2 0

Using u’u = 1 and (BI0)), the previous equation implies Im (2) < 0. m
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C Resolution of the time-dependent Schrodinger equation

Although in the applications considered here the potential depends nonlinearly on the wave func-
tion, this section is written in the case of the linear Schrédinger equation. As in [I7] and [43], the
extension to the nonlinear case is provided by an adapted choice of the potential at half time step.

C.1 The homogeneous case

In this section, we recall the scheme proposed in [I§] to solve on the bounded domain [0, L] the
time-dependent Schrodinger equation

{ihat\I/%@f\I/JrQ\I/, t>0,z€R )

T(0,z) = D(x), relR
with the following hypothesis:
H1. The initial condition ® is supported in 0 < x < L.
H?2. The potential @ verifies: for ¢t > 0

Q) =0,2<0 and Q(t,x)=Qr, o> L.

Considering the time and space discretization defined in section 1] we note Q?Fl/ % the approx-

imation of the potential Q(#'*1/2, x;) and W’ the approximation of the solution W(t', ;). Then,
equation (C)), is solved with the Crank-Nicolson method:

h2
ihD; W :—2—D§W§+1/2+Q§+1/2\Il§+1/2, j=1,.,J-1, 1>0, (C.2)
m
where
. b ‘I’é w12 1o I+1
+ql i _

Equation (C2]) comes with the discrete transparent boundary conditions:

-1

Uh— QW = sy - w1 > (C.4)
k=1
-1

L L DI VA A Bl I = (C.5)
k=1

where we have for j =0 and j = J:

R o R P) — Pauy)
Sé» = [1 —igt ?j} 5+ {1 +ig+ ?j] 6 + o exp (—ilp;) / 571 . (C.6)
and
2R(cj +2) R?* + 4o, + 0]2-
p; = arctan T2 _dg o2 W = ,
i VB +0D)R? + (o) + 4)?]

2mAz? i QO AmAx?

0j = TQJ’ Qj = 5((R2 + U?)[R2 + (o5 +4)2])1/4 exp (Z?]) ) = NS

Here P, denotes the Legendre polynomials with the convention P_; = P_5 = 0, 5{ the Kronecker
symbol related to the integers j, [ and Q¢ = 0, @7 = Q. The coefficients sé— are computed thanks
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to the recursion formula derived in [I8] from the standard recursion formula for the Legendre poly-
nomials.

We remark that the scheme (C.2) with the boundary conditions (C.4)(C.5)) has a unique solution.
By construction, see [I8], the unique solution W’ in L?(Z) to the whole-space scheme ([(C.2) consid-

ered on j € Z verifies the problem (C.2)(C4) . Tt follows that the solution to (C2])(C4) ([CH)
corresponds exactly with the restriction of \Ilé to 0 < 5 < J. Moreover, we have the following

stability result:

Theorem C.1 ([I8]). The solution to the discrete Schrodinger equation (C2) with the boundary
conditions (CA)(CH) is uniformly bounded:

1wl < [9%)2, 121

and therefore, the scheme is unconditionally stable.

C.2 The non-homogeneous case
C.2.1 The non-homogeneous discrete transparent boundary conditions

We consider the problem (CJ]) where the initial condition ® is solution to ([(A2). We suppose
that the potentials Q; and @ are such that (AJ]) and H2 hold and Q(0,z) = Q;(z). The initial
condition does not verify assumption H1, therefore (C4)(CH) have to be replaced by suitable
boundary conditions in the Crank-Nicolson scheme (C.2)).

Using equations (CI)) and (A2]), the function

o =T — Peiwot (C.7)
where B
Wwo = ?k ) (08)

is solution to: .
ihdyp = [~ =9 +Qlp, =<0
2m

and verifies (0, z) = 0. Thus, we can write the homogeneous boundary condition (C4) for ¢ and
obtain the following boundary condition at x = 0 for W:

-1

— _ k _ _ 1—1
\Pll — 58\1'6 = Zsé k (\IIIOc — Pye ot ) — (\Pll L @ eiwot )
k=1

Dot — Opgemiwot 1>, (C.9)

where the coefficients sé are given by (C) and ®; is a solution to the stationary discrete problem
([A23). We proceed similarly at & = L by setting

=T — e wrt, (C.10)

where

I(Ek +QL—Qr1). (C.11)

Wy = ¢

h
This leads to the following boundary condition at © = L:

-1

_ ) k _ . -1
\Ilf]_l — sOJ\Ill = E sf, k (\P§ — P jetwrt ) — (\Ilfjjl — P _je et )
k=1

b0 et 0 et 1> 1. (C.12)
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C.2.2 Discrete angular frequencies, stability

Since the homogeneous transparent boundary conditions (C4)(CXH) are derived from the fully
discrete scheme (C2)) where j € Z, the accuracy of the non-homogeneous boundary conditions
([CO)([CI2) is improved under the condition that the functions in (CX)) and (CIQ) are solutions
to the discrete equation ([C2)) for j < 0 and, respectively, j > J. As shown in [3], this leads to the
non-homogeneous boundary conditions (C.9)(CI2), where the angular frequencies given in (C.g)
and (CII)) are replaced by the discrete ones below:

2 AtEy
wo = Earctan( 5% ) , (C.13)
2 At
wi, = Earctan (ﬁ(Ek"'QL _QI,L)> . (014)

We remark that, for & > 0, the solution to the initial finite difference scheme (A.3]) considered
on j € Z with the scattering conditions (A6)([A9) is in L>°(Z) but not in L?(Z). The same
property is true for k < 0. Therefore, for such an initial condition, the suitable state space for
the solutions to the scheme (C2) considered on j € Z is L*(Z) + L*°(Z). In particular, it is
easy to show that this scheme has a unique solution \Ilé such that (\Ifé»)jEZ € L*(Z) + L*(Z) for
I > 0. By construction, ¥’ verifies the problem (C2) with the boundary conditions (C9)(CI2)
where the angular frequencies are given by (CI3)(CI4). It follows that the unique solution to
([C2)([CI) ([TI2) corresponds exactly with the restriction of U} to 0 < j < .J. Moreover, we have

the following stability result:

Theorem C.2. Let ® be the solution to the scheme [B3) with the boundary conditions (AT)(AIQ)
for k>0 and (AII)(AI2) for k < 0. Let W be the solution to the discrete Schriodinger equation
(C2) with the non-homogeneous boundary conditions (CO)(CI2) and the initial condition ¥° =
®. We suppose in addition that the angular frequencies wy and wy in (CO)(CID) are given
by (CI3)(CIA). Then, there exists a constant C > 0 which depends only on h, m, L, Qr L,
SUP,e(0,1) |Qr(®)], Qr, k such that for all Ax verifying (A4) it holds for all N > 0:

Wl < 0| (14 max 10721 ) T+ | o<t N, (C15)

where T = NAt and Q™2 = maxi<j<s-1 Q) 7.

Even if no size limit on the time step is deduced from Theorem [C.2] the time oscillating terms
e~ ot and e~*rt in (CA) and, respectively, (CI2)) require the following condition for a reasonable
resolution: -

lw;|At < 5 j=0,L. (C.16)

We can now give the proof of Theorem [C.2)
Proof. Without any practical restriction, we can suppose that J > 3. Let us consider a smooth
function x such that

wl|
[\
=~

0<x(@)<1l,zeR, x(@) =1,z<
Using the vector x; = x(z;), we define for / >0 and 0 < j < J:
0! = x;Bje 0t 4 (1 — x;)@ et

and
o=,
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Using the scheme ([C.2)) for ¥, we obtain the discrete Schrodinger equation below for the function
©:

h?
th <PJ = D2 l+1/2 +Ql+1/2 I+1/2 +Fl j=1,.,J—-1, 1>0 (C.17)
with source term

h?
! -+l 2 pl+1/2 141/2 yl+1/2
F} = —ihD 0} — 2 D20, + Q170,72

where <pl+1/ 2 Gjﬂ/ * are defined as in ([(C3). Multiplying equation ((I7) by @ _Hl/ and summing
up for j=1,...,J — 1, it follows:

I+1/2 ‘2

2 J—1 9 J—1
4 l_l+1/2 4 l+1)2 1+1/2
“’LZD D DA I S
=0 j=1

h? I41/2_14+1/2 I41/2_14+1/2 — I—1+1/2
*QmAx(DjL J-1 PJ / *D;QPO /800 /)JFZFJ‘% )

where we used the summation by part rule (B12). Taking the imaginary part, we get:
a2 R _ l+1/2_l+1/2 L oIH1/2041)2 2A:z: _z+1/2
Dill¢'llz = - —Im (D, +1Im ( D¢y @y ZI ¥j :

The initial condition ¢" = 0 obviously holds, therefore, we have by summing up with respect to [
in the previous equation:

N N
Im (Z Do l+1/2¢l+1/2> 4 Tm (Z D;FQDIO+1/2¢IO+1/2>

hAt
N+1)12 _
™1 = 2=

=0 =0
N J-—1
QMAtZZI (Fl_l+1/2) (C.18)
=0 j=1

for all N > 0. Since the non-homogeneous boundary conditions (C9)(CI2) hold for ¥, it follows
that the homogeneous ones (CA) ([CH) hold for ¢. Therefore, the boundary terms in ([CI8) behave
like in Theorem In particular, it is shown in [I8] that the boundary conditions (C.4)(C.3])

imply:

N N

— I41/2041/2 I4+1/2_14+1/2

—Im<§ Dlgof/(pf/) <0, Im (E D;"<p0+/<po+/> < 0.
1=0 =0

Then, it follows from (CI8)) that:
2At
o113 < Z R (€19

Using the equations (C.I3)(C.14)) and the equation (A3]), with the boundary conditions (A7) (AI0)
for k > 0 and (ATI)(AT2) for k < 0, and using the result of Lemma [A]] the following estimate

holds for the source term:
| < n+1/2 << .
13 ||2_C<1+Og}la<XNIIQ o), 0<I<N, (C.20)

where C denotes a constant which depends only on h, m, L, Q1. 1, SUP,e(0,1) |Qr(x)|, Qr, k. Then,
after an easy computation, the inequalities (CI9) and (C20) lead to:

I <€ (1+ max 1@ ) 7. 0<1< N, (1)
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where T' = NAt. The inequality (CI5) is obtained by applying (C2I) and Lemma [A]] again,
together with the following inequality

12l < MMl + 116°]l, < [l + 21l -

C.2.3 Simplified discrete transparent boundary conditions

As proposed in [I8], the computational time required by our transparent boundary conditions can
be reduced by using the decay of the coefficients s7 appearing in (C.9)(C.I2). This improvement is
obtained by replacing the coefficients s7 by 0 after an index M > 1 chosen big enough to preserve
the accuracy of the boundary conditions. In that case, the numerical cost of the convolutions in
([C9)([CI2) is reduced and the computations are performed as follows: for 1 < 1 < M + 1 the
boundary conditions are given by (CO)(CI2) and for [ > M + 2, they are given by:

-1
_ .z k _ . -1 . l .z 1
\Pll — 58\1110 = E sé k (\I/’OC — e~ twot ) — (\Illl L @ eiwot ) + e w0t _ 58<I)Oe twot

k=l—M
(C.22)
and
=1 k l l l
W =sG W = S SR (W = et ) (W et )y e et
k=Il—-M
(C.23)
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