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Electronic structure of semiconductor nanostructures: A modified localization landscape theory
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In this paper we present a modified localization landscape theory to calculate localized/confined electron and
hole states and the corresponding energy eigenvalues without solving a (large) eigenvalue problem. We motivate
and demonstrate the benefit of solving A%u = 1 in the modified localization landscape theory in comparison to
Hu = 1, solved in the localization landscape theory. We detail the advantages by fully analytic considerations
before targeting the numerical calculation of electron and hole states and energies in III-N heterostructures. We
further discuss how the solution of H2u = 1 is used to extract an effective potential W that is comparable to
the effective potential obtained from Hu = 1, ensuring that it can for instance be used to introduce quantum
corrections to drift-diffusion transport calculations. Overall, we show that the proposed modified localization
landscape theory keeps all the benefits of the localization landscape theory but further improves factors such as
convergence of the calculated energies and the robustness of the method against the chosen integration region
for u to obtain the corresponding energies. We find that this becomes especially important for here studied
c-plane InGaN/GaN quantum wells with higher In contents. All these features make the proposed approach very
attractive for calculation of localized states in highly disordered systems, where partitioning the systems into

different subregions may be difficult.
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I. INTRODUCTION

Over the past two decades the calculation of the electronic
structure of semiconductor nanostructures such as quantum
wells (QWs) and quantum dots (QDs) has attracted enor-
mous attention [1-10]. This stems on the one hand from
understanding and tailoring their fundamental electronic and
optical properties. On the other hand, insight gained into
the fundamental properties are also key for optimizing or
designing devices with new or improved characteristics and
capabilities. Energy efficient light emitting diodes (LEDs)
are among such devices [11-13]. However, from an atom-
istic standpoint, to model the single-particle states of QDs,
multi-QW (MQWs), or even full LED structures, the (time-
independent) Schrodinger equation (SE) has to be solved for
systems that can easily contain up to several million atoms
[10,14]. Given the large number of atoms, standard density
functional theory cannot be applied and empirical models
have been widely used [7-10]. Even when employing these
more empirical models, in general, large eigenvalue problems
have to be solved, which can numerically still be demand-
ing. The numerical effort is even further amplified when
calculations have to be performed self-consistently, as for in-
stance when describing transport properties of LED structures
[15].

Recently, and originally used to describe Anderson lo-
calization in disordered systems, a new approach has been
introduced in the literature, which circumvents solving a large
eigenvalue problem to obtain (ground state) wave functions
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and energies of, for instance, a QW. This approach is the
so-called localization landscape theory (LLT) [16-18]. Here,
instead of solving the time-independent SE, Ay = Ev, and
thus a (large) eigenvalue problem, the idea is to solve

Au=1. (D
The benefit of this approach is that only a set of linear equa-
tions needs to be evaluated, which reduces the computational
load significantly, while giving results in very good agreement
with the solution of the time-independent SE [18]. A detailed
analysis of the computational benefit of LLT can be found
in Ref. [15], where “standard” self-consistent SE-Poisson
calculations for transport properties in InGaN/GaN-based
LEDs are compared to the results of a model that utilizes drift
diffusion in combination with LLT. A speed up by a factor of
order 50 has been reported in Ref. [15] by the use of the LLT
based framework.

However, LLT is not only attractive from a numerical point
of view, it allows us also to predict and capture physics that
may be missing in, for instance, semiclassical approaches.
An example that was mentioned already above and will be
discussed in more detail below is that it allows us to es-
tablish quantum corrections to drift diffusion models [15].
Furthermore, LLT can be used to describe Urbach tail energies
observed in absorption spectra of InGaN/GaN QW systems
[12]. Recently it has also been employed to study localized
vibrational modes in enzymes [19]. Finally, a recent devel-
opment is also to apply it to the Dirac equation for studying
properties of graphene or topological insulators [20].

Taking all this together, LLT has several attractive advan-
tages and can give good agreement with the direct solution
of the SE. However, care must be taken when calculating
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energies and eigenfunctions from u. As described in Ref. [18],
the zero of energy (reference energy) has to be carefully cho-
sen to obtain good agreement between energies E calculated
via LLT and SE. Additionally, the region over which u is
integrated to obtain E has to be selected carefully, as also
demonstrated in Ref. [18] for a single c-plane GaN/AlGaN
QW. From this, complications may arise in highly disordered
systems, such as InGaN wells with local variations in In con-
tent, where the system has to be partitioned into “appropriate”
regions to obtain energies and wave functions that match
closely the results obtained by solving the SE.

Keeping all this in mind, here we describe a modified LLT
(MLLT), which keeps the benefits of the LLT, but has several
advantages as we will discuss and demonstrate below. Our
starting point for the MLLT is

H*u=1. @)

Obviously the MLLT keeps the advantage of the LLT that
instead of solving a (large) eigenvalue problem, one is left
with evaluating a system of linear equations. Additionally, we
will show that when compared to LLT, the MLLT provides in
general a better description/faster convergence of the ground
state energy with respect to the SE results. This is especially
true for higher In contents. Also, we will demonstrate, by
solving the SE, LLT, and MLLT numerically for electron and
hole ground state energies in c-plane InGaN/GaN QWs that
the results of the MLLT are less sensitive to the choice of
the region over which u is integrated to obtain these energies.
Finally, we will discuss how to extract an effective potential
W from MLLT that reflects and possesses similar features as
the effective potential obtained from LLT. This is important,
given that W is for instance used in drift-diffusion studies
of InGaN/GaN QW-based LEDs, to account for quantum
corrections in the transport calculation frame [15]. All this
makes the MLLT approach very attractive for studying for
instance Anderson localization or carrier transport in III-N
based LEDs where partitioning of the potential landscape in
these highly disordered systems might be difficult. We note
that the MLLT approach was discussed briefly in Ref. [16]
but no detailed study has yet been presented comparing the
two approaches.

The paper is organized as follows. In Sec. II we briefly
summarize aspects of the theoretical background of the LLT
which helps us to motivate the idea underlying the MLLT.
In Sec. IIl we apply LLT and MLLT to a particle-in-a-box
problem, since this allows us to flesh out fundamental aspects
of the LLT and MLLT approach. To further investigate fun-
damental aspects and differences of LLT and MLLT, in an
Appendix we briefly investigate the solution of an infinite
triangular well. This analysis reveals that LLT diverges for this
problem while MLLT converges, but to a ground state energy
that is noticeably different from the SE solution. To apply
LLT, MLLT along with the SE to systems with a triangular
but finite potential profile, we study c-plane In,Ga;_,N/GaN
single QWs. To do so, we first introduce basic properties of
II-N heterostructures in Sec. IV. In Sec. V the results from
LLT and MLLT for c-plane In,Ga;_,N/GaN single QWs are
presented and compared to the solutions from the SE. We
conclude and summarize our work in Sec. VI.

II. LOCALIZATION LANDSCAPE THEORY:
THEORETICAL BACKGROUND

In this section we present the theoretical background of our
studies. As already discussed in the Introduction, the standard
approach to calculate the electronic states and energies of
semiconductor heterostructures is based on solving the time-
independent SE:

Ay = Eyr. )

Here H is the Hamilton operator, v; is the wave function
of state i, and E; is the corresponding energy eigenvalue. To
calculate E; and ; for a system described by H, Eq. (3) can
be treated as an eigenvalue problem. To do so, the Hamil-
tonian matrix, corresponding to the Hamilton operator H in
Eq. (3), has to be constructed. The exact form of this matrix
depends on the choice of the underlying electronic structure
theory [21], which for semiconductor heterostructures usually
ranges from empirical pseudopotential methods (EPM) [9],
to empirical tight-binding models (ETBM) [22], over to k - p
[2] or single-band effective mass approximations (EMA) [23].
The dimension of the Hamiltonian matrix depends on several
factors; in an atomistic framework, such as EPM or ETBM,
for instance on the number of atoms in the system. Taking a
Stranski-Krastanov grown QD as an example, where both the
dot and also the barrier material region have to be taken into
account in the theoretical modeling of its electronic structure,
several million atoms have to be considered [24]. As a conse-
quence, one is left with a large scale eigenvalue problem. Even
though efficient numerical routines are available, calculating
the eigenstates and energies is still demanding. The numerical
burden further increases if self-consistent calculations for
optical properties, such as self-consistent Hartree or Hartree-
Fock calculations, are required [25,26].

To circumvent solving large eigenvalue problems, but at
the same time to gain insight into wave functions and corre-
sponding energies of a quantum system, the LLT was intro-
duced in 2012, especially focusing on Anderson localization
in highly disordered systems [16]. Recently this approach
gained strong interest for calculating the electronic structure
of nitride-based QW systems [12,15,18]. Instead of evaluating
the SE, Eq. (3), LLT targets solving Eq. (1), where H is again
the Hamiltonian operator of the system under consideration.
As shown by Filoche et al. [18], and as we will briefly outline
below, the function u can be used to calculate the ground state
energy and wave functions of the system described by A . This
summary of the LLT allows us also to motivate the MLLT.

As discussed in Ref. [18], the function/state u# can be
expressed in the basis formed by the eigenfunctions v/; of H:

uy = aily), )

o = (u|y;) = /// u(r)y;(r)dr. 4)

Due to the self-adjointness of A, «; can be obtained via

with

1 - 1
a; = (ulyi) = o (ulHyi) = 2 (1[¥i). (6)
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From Eq. (6) one can see that contributions from energetically
higher lying states to u, Eq. (4), depend on the factor 1/E;.
Therefore, if the energy separation between state i and i + 1
is small, for example between the ground state (i = 1) and
the first excited state (i = 2), several states may contribute
significantly to the expansion in Eq. (4). This is obviously un-
desirable when u should approximate for instance the ground
state wave function i, obtained from the SE.

Furthermore, assuming as an example a QW system, so
that electron and hole wave functions are localized in a
subregion of the full well-barrier system, the energetically
lowest states contributing to u in Eq. (4) are basically the
fundamental, local quantum states in this subregion. In many
cases, for example when looking at radiative recombination
of carriers at low temperatures, these are the states one is
interested in. Therefore, in each localization subregion €2,
u can be estimated from [18]

(1wr)

u) ~x ——
|ue) £

1) = e [y'). ()
where [y/]") is the local fundamental state in the subregion €2,,,.
Following Ref. [18], [#{") can be assumed to be proportional
to u in subregion €2,,:

|ue)
Yy A — (®)
[v7) |ue]|
Finally, using Eq. (8) one can approximate the
fundamental /ground state energy in subregion £2,, from
. (lHlu)  (ul)
Elﬂ — Wm H wﬂ‘l ~N— 1 - 7
P ={orlalr) [l (a2

B ffo u(r)d’r

Thus, from this equation it is clear that the function u(r) =
(r|u) provides a direct estimate of the (ground state) energy.

However, u(r) is not only connected to the ground state en-
ergy and wave function, it also defines an “effective confining
potential,” which is given by W = 1/u [16,18]. One can show
that W is related to the exponential decay of localized states
away from their (main) localization subregion. This decay of
the wave function is then connected to tunneling effects, as
shown for instance by the Wenzel-Kramers-Brillouin (WKB)
approximation. Therefore, the effective confining potential W
has attracted interest for drift-diffusion calculations, given that
W then introduces quantum corrections into these semiclassi-
cal transport models [15].

Taking all this together, several points can be concluded
from the above. First, to obtain u and for instance E{", the
system has to be partitioned into subregions €2,, so that Eq. (8)
is a good approximation. Second, the reference energy or
zero of energy should be chosen so that the expansion of |u),
Egs. (4) and (6), respectively, is dominated by the expansion
coefficient «;. In other words contributions from energetically
higher lying states to u are then of secondary importance.

The last aspect motivates the MLLT, Eq. (2), and is trig-
gered by two factors. First, when calculating eigenvalues and
eigenfunctions of for instance semiconductor QDs, very often
the so-called folded spectrum method (FSM) is applied to

€))

turn an interior eigenvalue problem into finding the lowest
energy eigenvalue [27]. More precisely, in the FSM, instead
of solving the eigenvalue problem Ay = Ev, one evaluates
(H —€1)*>y = Ev. Here 1 is the unit operator and € is
the so-called reference energy around which the spectrum
is folded. In case of € =0, E = E2. Working with H? for
the LLT, thus resulting in MLLT, has now the following
advantages for the expansion of u in terms of |¥;). Using
Eq. (4) the expansion coefficients «; are given by

o = (uly) = <”'E;’/’> = ;Z'W = <£§’>. (10)
Therefore,
L
= 32 0y, (an

l
As one can see from this equation, the contributions from
higher lying energy states come in with 1/E? instead of
1/E; as in the standard LLT. Therefore, the here proposed
MLLT should lead to an even better approximation of the
fundamental wave function in a subregion and therefore a
better approximation of the corresponding energy.

While this clearly shows the benefit of using MLLT in
calculating wave functions and energies, the question is how
to obtain the effective potential W from MLLT? Here care
must be taken since u itself has now the dimension inverse
energy squared. To obtain Wyt from MLLT one can define
Wair = (Ejumir) ™", where E; is for example the ground
state energy of the systems under consideration. However,
as we see from Eq. (11), several different energies may
contribute to the expansion of u. Another option is for in-
stance to define the effective potential Wy 1r via Wyt =
(/umiir) ™. Given the importance of the effective potential
W for describing localized states and also tunneling effects,
it is therefore important to analyze the effective potential in
more detail and compare it to W obtained from standard
LLT.

To highlight and demonstrate the benefits of the MLLT
further for wave functions and energies, but also to gain
insight into Wy 1, we first study a simple particle-in-a-box
problem with infinitely high barriers in the next section. This
calculation can be done fully analytically and offers therefore
a very transparent test case for the two methods and to com-
pare the results directly with the results from solving the SE.

III. LOCALIZATION LANDSCAPE THEORY AND
MODIFIED LOCALIZATION LANDSCAPE THEORY:
APPLICATION TO A SQUARE WELL WITH INFINITELY
HIGH BARRIERS

In this section we apply both LLT and MLLT to the
simple one-dimensional (1D) particle-in-a-box problem with
infinitely high barriers, since here fully analytic solutions can
be derived. The benefit of this is twofold: (i) it sheds light
onto general features of the LLT and (ii) it demonstrates the
advantages of the proposed MLLT. We compare the results
obtained from LLT and MLLT with those from the SE.

We start with the SE and its solution for this problem.
Assuming the well boundaries to be at z =0 and z = L, and
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choosing the potential energy to be zero for 0 < z < L, the SE
in this region reads

n* d?
—— —Y,(2) = E, ¥, (2). 12
o 73 V(@) = B (12)
For z < 0 and z > L the potential energy is infinitely large.

Due to the boundary conditions ¥,,(0) = 0 and ¥,,(L) = 0, the
eigenvalues E, and the normalized eigenstates 1,,(z) are given
by [28]

2 T 2 hZ

E, =" 13
2mlL2 (13)

Yn(2) = \/gsin (%) (14)

The ground state energy eigenvalue E; = m2h?/2mL?* will
now serve as a reference for our calculations using LLT and
MLLT, respectively.

and

A. LLT solution

Following Eq. (4), u(z) can be expressed as a linear com-
bination of the eigenfunctions v,,(z), Eq. (14), which form a
complete basis set for the Hilbert space:

u= Zanwm (15)

Now, exploiting the LLT equation Hu = 1 and using Eq. (14),
from Eq. (15) we obtain

Au = ZE,,anwn =1

- ZanEln \/%sm ("ZZ) =1 (16)

Here we recall that the constant function 1 can be represented
by [29]

4 &1 . /nmz
=3 ~sin (-) =1 (17)
T Nodd n L

Thus, combining Egs. (16) and (17), the coefficients «,, are
zero for even n and for the odd values of n they read

2+/2L

E]JTn3'

(18)

o, =

Using this expression for «,, [Eq. (18)], u [Eq. (15)] is there-
fore given by

2
uz) = Z */_wn( )

Z Yom—1(2)
h E17r = 2m—1)

—k(lﬂl(z)Jr %(z)+—xﬁs(z)+ ) (19)

125

2«F

where A = . From this equation it follows that the series

expansion of u converges as 1/n® with significantly lesser
contributions from the higher order terms. Furthermore, only
every second basis state of the infinite square well eigenstates
contributes. Thus, for this problem, the LLT gives a very good
approximation of the ground state wave function v (z), but,
since for instance ¥,(z) is missing in the expansion, the first
excited state cannot be described by u(z) in general. However,
we highlight here that when applying LLT to disordered
systems where several minima/subregions £€2,, can be defined,
LLT can be applied to the different €2, and one can find the
fundamental state for each subregion. While locally this is
the ground state, globally these states will be excited states
[30]. In addition, an analysis based on Weyl’s law has shown
that the LLT can give a very good estimate of the integrated
density of states over a significant energy range, despite that
it cannot be used to estimate individual higher state energies
in a given local minimum [30]. Turning back to our problem
here, u gives a very good description of the fundamental state
in the subregion €2, = [0, L]. It is important to remember
that the 1/n° convergence resulted directly from Hu = 1.
So the MLLT approach, utilizing H?u = 1, should lead to
an even faster convergence of the series expansion of u in
terms of the eigenstates v, (z) in the subregion 2, = [0, L].
Before discussing this in more detail, we turn and calculate
the ground state energy of the 1D infinite square well potential

problem within LLT.
Using Eq. (9), and keeping in mind (Y, |¥,) = 8., the
energy EY'} 1 is given by
o WwlHln )
PR P w2
WA Yy _2L10
- 2 1 - 2
A Y, BnsTF AT T

Substituting the value of A = % into Eq. (20) one is left
with

El' 1~ 10132 E;. 1)

Thus, the ground state or fundamental energy EY';y in the
subregion €2, = [0, L] is in excellent agreement with the
result obtained directly from the SE; E7 |+ is just over 1%
larger than the ground state energy eigenvéllue E,. However, as
we will discuss below and in an Appendix, it is not guaranteed
that always such a good agreement is achieved and that LLT
might even fail for certain confinement potentials.

Having discussed energy eigenvalues, we turn now to
consider the effective potential Wy resulting from the LLT.
This is given by Wit = u~! and shown in Fig. 1 by the red
solid line along with the potential of a square well (black
dashed dotted line) of width 50 A and with infinitely high
barriers. Figure 1 shows that Wiyt softens the potential near
the boundaries. As we will discuss further below, this effect is
also seen in a well with finite barriers, where it provides the
above discussed quantum corrections to transport simulation
[15]. Therefore, it is important that the MLLT captures these
pertinent aspects as well, to be of use for such simulations. In
the following section we discuss the MLLT for a square well
with infinitely high barriers.
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FIG. 1. Comparison of the effective potentials for a 1D square
well with infinitely high potential barriers. The infinite square well
potential is given by the (black) dashed dotted line. The effective
confining potential calculated via LLT is given by the red solid line.
Effective confining potentials obtained from MLLT via two different
approaches (see main text) are given by the (blue) dashed and (green)
dotted line.

B. MLLT

Having solved the particle-in-a-box problem within the SE
and LLT, we target it now within MLLT by employing
Hu=1. (22)

Using Eq. (4) in the case of the MLLT, one is left with

A*u= ZEfa{nwn =1.
n

Following the steps outlined above for the LLT, the expansions
coefficients «,, again taking only odd n values, are given by

_ 2V2L

Elmn’’

(23)

&7

Comparing the above equation with Eq. (18), we find here
already that o, scales as 1/n° instead of 1/n3. With this u
reads

2V2L K1
u@) = >S5

Nodd

e Va1 (@)
= ZX Qm—1)
) 1 1
=X (l/fl(Z)-i- %%(Z) + 31251/f5(z)+ . '), (24)

with A = 24/2L/E}w. When comparing this result with
the expansion of u in the LLT frame, Eq. (19), it
is evident that the MLLT yields an even faster/better
convergence/approximation of u(z) with respect to the ground
state /fundamental state v;. Thus, within the MLLT approach
the approximation ¥{" ~ u/||u||, Eq. (8), should be even
better justified.

The square of the energy eigenvalue (E {’fMLLT)Z is given by

2
(Em )2 _ <M|H |u>
I,MLLT —||M||2

0 1
_ 2\/ 2L Zm:l (2m—1)6
= = 1
T\ Zm:l @m—1)0

~ 1.001 - EZ.

(25)

Therefore, Efyy =~ 1.0005- E; yields an even better ap-
proximation of the true ground state energy, when compared
to the LLT result discussed above (EV =~ 1.0132-E)).
Again, the reason for this improvement can be traced back
to the series expansion of # where the expansion coefficients
o, decrease rapidly in magnitude with increasing n.

Having seen the improved ground state energy conver-

gence in MLLT, we now turn our attention to the calculation
of the effective confining potential Wyt within MLLT.
In the previous section we have already discussed two ap-
proaches to obtain Wy 1 from w11, namely Wyt = (E; -
LtMLLT)_l or Wavrr = (4 /MMLLT)_l. From Eq. (24) it is clear
that WMLLI = (E; -u)~! with E; = E; will give an effective
potential Wyt that will be in excellent agreement with Wy,
given that A’ = 2@/(E127r). This is confirmed in Fig. 1,
where WMLLT (green dotted line) matches almost perfectly
Wi, thus keeping the feature of softening the potential at the
infinitely high barriers. Also the second approach Wyt =
(\/mrl(blue dashed line in Fig. 1) gives a reasonable
description of the potential, however, with a less pronounced
softening near the barrier.
_ Overall, we see for the infinite square well potential that
Waier = (Eyu)™! gives an effective potential that matches
closely Wiy, reflecting that each expansion coefficient «,,
cf. Eq. (23), only depends on the ground state energy Ej.
However, as indicated already in Sec. II, Eq. (10), this might
not be the case for other potentials. We discuss this further
briefly in the Appendix, where we apply the MLLT to a
triangular-shaped well with infinitely high barriers. For such
a potential we find that LLT does not converge to give a
finite estimate of the ground state energy E;; MLLT does
converge but to an energy that is noticeably different from
the solution of the SE. Given that both LLT and MLLT have
difficulties in dealing with a triangular-shaped potential with
infinite barriers, we investigate a triangular-shaped well with
finite barriers in the following. Such a system is relevant for
studying electronic and optical properties of III-N-based QW
systems, as we describe in the next section.

IV. BACKGROUND ON NITRIDE-BASED
HETEROSTRUCTURES AND InGaN QUANTUM WELL

III-N materials, such as InN, GaN, and AIN have attracted
considerable interest for optoelectronic devices, since their
alloys are in principle able to cover emission wavelengths
from infrared to deep ultraviolet [34]. InGaN heterostructures,
such as QWs, are of particular interest for emission in the
visible spectral range [34]. When compared to other III-V
materials, such as InAs or GaAs, ITII-N materials preferentially
crystallize in the wurtzite crystal phase while InAs and GaAs
crystallize in the zinc blende phase. The wurtzite crystal
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structure, due to its lack of inversion symmetry, allows for a
strain-induced piezoelectric polarization vector field but also
a spontaneous polarization vector field, which is even present
in the absence of any strain effects [35]. Discontinuities in
the polarization vector fields lead to very strong electrostatic
built-in fields (MV/cm) in InGaN/GaN QW systems grown
along the wurtzite ¢ axis, which is the standard growth direc-
tion for these systems [26,36]. Often these systems, especially
when dealing with transport properties of InGaN/GaN MQW-
based LED structures, are treated as 1D systems in which
the conduction and valence band profiles are modified by
the presence of the intrinsic electrostatic built-in potentials
[31,36]. It should be noted that this is a simplified description
of these systems; more recently it has been shown that the
alloy microstructure of InGaN QWs significantly affects the
electronic structure, so that local potential fluctuations play
an important role [10,37]. However, for the analysis here, a
simplified 1D model is a good starting point for comparing
LLT and MLLT and to highlight the benefits of the MLLT in
terms of convergence and “robustness” of the solution against,
for instance, the choice of the subregion €2,, over which u
is being evaluated to obtain the ground state energy in the
given region. Since the methodology of the MLLT is the
same as that of the LLT, MLLT can directly be applied to a
landscape with energy fluctuations due to alloy fluctuations.
However, as discussed already above, further consideration
must then be given as to how best to calculate W within
MLLT, which we will do below. To flesh out the benefits
of the MLLT, we focus on the often used 1D description
of the electronic structure of c-plane In,Ga;_,N/GaN QWs
with different In contents x. As mentioned above, due to the
underlying wurtzite crystal structure and growth along the ¢
axis, c-plane InGaN/GaN QW systems exhibit very strong
electrostatic built-in fields. This electrostatic field arises from
discontinuities in spontaneous and piezoelectric polarization
vector fields at the interfaces between the well (InGaN) and
the barrier (GaN) materials. The corresponding total built-in
potential ¢V, assuming that the wurtzite ¢ axis is parallel to
the z axis of the coordinate system, can be expressed as [31]

p™M(2) = QN (@) + ¢V (2)
B {(P!pV —Py) +hy
B 2€0€

}(IZI —lz—=hD). (26

Here h is the height/width of the QW with well barrier
interfaces at z = 0 and z = h. The dielectric constant of the
QW material is denoted by €, and P} (PZ) is the spontaneous
polarization in the well (barrier). Assuming that the barrier
material is strain-free, a strain field is only present in the
InGaN QW, since InGaN has a larger lattice constant than
GaN [38]. Thus one is left with a piezoelectric polarization
component in the well ng , which in the 1D case can be written
as [39]

PY = 2¢)1€5) + €xzels. (27)
Here e}’y and ¢;; are the (well) piezoelectric coefficients and
the strain tensor components. The strain tensor components
are given by €33 = (—2C}; /C)er and €11 = (a® — a")/ad";
a” (aP) is the in-plane lattice constant of the well (barrier)

TABLE I. Band gap E, [31], lattice constants a, ¢ [31], sponta-
neous polarization Py, [31], piezoelectric coefficients e;; [31], elastic
constants C;; [31], and effective electron m, [32] and hole m;, mass
for wurtzite InN and GaN. The hole mass has been determined
from the equations given in Ref. [33], using the A; parameters from
Ref. [32].

Parameters GaN InN
E; (eV) 3.44 0.64
aA) 3.189 3.545
c(A) 5.185 5.703
Py, (C/m?) —0.034 —0.042
e3 (C/m?) —0.45 —0.52
33 (C/m?) 0.83 0.92
Ci; (GPa) 106 92
Cs; (GPa) 398 224
me (mg) 0.209 0.068
my, (mg) 1.876 1.811

material and C}Y are the elastic constants of the well material.
The material parameters used in this study are summarized in
Table 1. When calculating the electrostatic built-in potential
of In,Ga;_,N/GaN QWs as a function of the In content
x, a linear interpolation of the involved material parame-
ters is applied. We neglect contributions from second-order
piezoelectric effects [26]. Using Eq. (26) and the material
parameters from Table I, the resulting built-in potential is
similar to that of a capacitor [31].

Since we are interested in a general comparison between
LLT and MLLT results, we calculate the electronic structure
of the above discussed In,Ga;_,N/GaN QW systems in the
framework of a single-band effective mass approximation
for electrons and holes. The confining potential for electrons
and holes is then given by the conduction band (CB) and
valence band (VB) edge alignment between GaN and InGaN.
In Eq. (28) below we assume that the VB edge of bulk GaN
(no built-in field) denotes the zero of energy in our system;
the GaN CB edge, in the absence of the built-in field, is at the
band gap energy E gGaN of bulk GaN. The In,Ga;_,N CB edge,

EZS™N and the VB edge, E\U5™N, are calculated as a function
of the In content x as follows [22]:

EG™ = x(E{™ + AEyg) + (1 —x)E™
— bepx(1 —x),
EJS™ = xAEyg — bypx(1 — x). (28)

Here AEyg is the natural VB offset between pure InN and
GaN, which has been taken from HSE-DFT calculations
[40]. The (composition dependent) CB and VB edge bowing
parameters are denoted by bcp and byg [22]. In combination
with the built-in potential from above, the band edge profile
shows the well known triangular-shaped profile, leading to
the situation that electrons and holes are spatially separated
along the growth direction (¢ axis/z axis). This situation is
also know as the quantum confined Stark effect (QCSE) [41].

Building on this potential profile we use a single-band
effective mass approximation to construct the Hamiltonian
matrix of this system. Here we use different effective masses
for electrons and holes, with the values given in Table I. A
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linear interpolation between the effective masses of InN and
GaN has been applied to obtain the corresponding masses
for InGaN. However, differences in the effective mass inside
and outside the well are not considered. Given that we are
interested in ground state energies and more generally in a
comparison between results obtained from the SE, LLT, and
MLLT, applying a constant effective mass should be sufficient
for our purposes here. To numerically solve Hyr = Ev, Hu =
1, and H?u =1 we use the finite difference method and
assume a well of width of L, = 35 A with a barrier width
of L, = 100 A on each side of the well; the discretization step
size is A = 0.05 A.

V. RESULTS FOR ¢-PLANE In,Ga;_.N/GaN
QUANTUM WELLS

In this section we compare and discuss ground state ener-
gies, wave functions, and the effective potential W of c-plane
In,Ga;_,N/GaN QWs obtained by solving SE, LLT, and
MLLT in the numerical framework discussed above. Special
attention is paid to the impact of the In content x on the
results, given that with increasing In content the piezoelectric
contribution to the built-in potential, and thus the “tilt” in
the band edge profiles, increases. More specifically, we study
here In contents x ranging from 5% up to 50%, even though
the very high In contents (x > 25%) are experimentally very
difficult to achieve for fully strained c-plane wells. Such an
analysis will help us to compare the impact of strong asym-
metries in the potential landscape on the results of the LLT
and MLLT, respectively. Strong fluctuations in the potential
landscape may occur locally in InGaN QWs with higher In
contents (e.g., 25% In) due to random alloy fluctuations.

Several aspects of the following analysis are to be
noted. First, the solution of the SE represents the
reference /benchmark for the results of LLT and MLLT. Sec-
ond, since we are using a single-band effective mass approx-
imation in the framework of a finite difference method, we
treat electrons and holes separately. In doing so, especially for
LLT and MLLT, care must be taken when defining the zero
of energy. As discussed in Sec. II, the expansion coefficients
a, for constructing u from the eigenstates of the system are
inversely proportional to the corresponding state energies.
Ideally, the zero of energy should be chosen close to the “true”
ground state energy of the system in a given subregion £2,,.
By doing so, the expansion coefficient «; is then large as
compared to higher order terms that have lesser contributions.
As a consequence u is then a very good approximation of the
ground state wave function, resulting also in a good estimate
of the corresponding energy. Here we always choose the zero
of energy as the minimum energy in the band edge profile of
the confining potential for electrons and holes. An illustration
of this situation is displayed in Fig. 2.

Finally, following Eq. (9), when calculating the ground
state energy from u, the subspace region €2,, over which u is
integrated has to be chosen. To illustrate the impact of €2, on
the results, three different subregions have been considered for
electrons and holes. For electrons these are labeled as €2; |,

Q27 5, and Q7 5. The first electron subregion €27, | corresponds
to the entire s1mu1at10n cell (—10 to 13.5 nm). The subregion
Q¢ , considers slightly more than the QW region, i.e., —1.5 <

m,

w

- N

Energy (eV)

o

w

N

Energy (eV)

FIG. 2. (a) Electron Ecg (black solid line) and (b) hole Eyg
(black solid line) confining potentials in a c-plane InGaN/GaN QW
with 25% In. The effective potentials calculated from LLT, Wy r, and
MLLT, WypLLr, are given by the green dashed lines and the red dotted
lines, respectively. More details on the calculation of Wy 1 are given
in the main text.

< 5 nm. For the last subregion €27 , we just consider it
to be 0 < z < 4.5 nm, meaning that this region starts at the
well-barrier interface at z =0 and extends 1 nm into the
barrier region above the upper QW interface at z = 3.5 nm.
This asymmetry in 27, ; accounts for the tilt in the band edges
and that therefore the electron wave function is expected to
leak further into the barrier region on the +z side of the well.
For holes, the subregions one Qﬁl , and two Qf,‘l , are identical
to the first two electron cases. Only subregion Q2" m.3 1s different

from Q2 ;. For Qn 3 we have chosen —1 < z < 3.5 nm, which
reflects that the trlt in the band edges shifts electron and hole
states in opposite directions.

The aim of using these three different subregions is
twofold. First, as mentioned already above, it will allow us
to analyze the impact of the subregion choice on the ground
state energies obtained from LLT and MLLT in comparison to
the result obtained from solving the SE. Second, this analysis
also enables us to study if the choice of €2,, affects differently
the results obtained from LLT and MLLT. This insight is for
instance of interest when treating (random) potential fluctua-
tions, where partitioning the system may be difficult. Thus, a
method where results are less dependent on the €2, choice is
in general preferred.

A. Electron ground state energies, wave functions, and
effective potential

In a first step we focus on the results for the electron
ground state energy as a function of the In content x for
the above discussed c-plane In,Ga;_,N/GaN QWs. The data
are presented in Fig. 3, upper row, for the three different
integration regions €27 .. The results obtained by solving the
SE Eg are given by the black squares. The green circles show
the results from LLT Ef,;, while the red triangles denote
MLLT data. Before looking at the results in detail, one can
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FIG. 3. Upper row: Electron ground state energies for c-plane In,Ga;_,N/GaN QWs as a function of the In content x. The results are
shown for the three different subregions 2¢, . discussed in the main text. The electron ground state energy is computed by solving the SE (black

m,1

squares), LLT (green circles), and MLLT (red triangles). Lower row: Deviation of E{, ;. (green circles) and Ef,; | (red triangles) with respect

to the solution of the SE for the different subregions €2y ;.

already infer from Fig. 3 that when using subregion ¢ 5, cf.
Fig. 3(c), a very good agreement between LLT, MLLT, and SE
is achieved. Clearly larger deviations are observed for LLT
and MLLT with respect to the SE result when using the full
simulation cell ¢, ,, cf. Fig. 3(a).

The lower row of Fig. 3 displays the deviations (in %)
between LLT (MLLT) and the solution of the SE as a function
of the In content x for the three different subregions £2¢ .. The
green circles show the data for the comparison between the
SE and LLT, while the red triangles do so for the comparison
between SE and MLLT. Starting with € |, Fig. 3(d), we
observe that for both LLT and MLLT the deviations increase
with increasing In content x in the well. However, LLT shows
noticeably larger deviations when compared to MLLT for In
contents x exceeding values of 15% (x = 0.15). Turning to
Q7 5, Fig. 3(e), deviations are in general strongly reduced.
Ne{/ertheless, still a noticeable difference between LLT and
MLLT is observed. More specifically, while LLT produces
errors of above 5%, the MLLT results are a good approxi-
mation of the true ground state energy, independent of the
In content x (errors below 2% are found). When restricting
the integration region further (£2¢, ;), Fig. 3(f), deviations in
LLT are further reduced and only in the very high In content
regime (x > 0.4) more pronounced deviations are observed.
The error in the MLLT result is below 1% over the range of In
composition considered. This analysis shows that the MLLT
produces a better approximation of the electron ground state
energy, independent of the In content x and chosen subregion
€2¢ ;. This makes it therefore very attractive for calculations
of the fundamental state in a subregion of an energy landscape
which shows strong fluctuations so that the system cannot be
easily partitioned into different subregions.

This begs the question why the energy obtained from
MLLT is more robust against changes in €2,. To address

this point, Fig. 4 shows the (normalized) electron ground
state wave function calculated from the SE (black solid
line) and the (normalized) u functions obtained from LLT
(green dashed line) and MLLT (red dotted line) using the
full simulation box €27, ,. The results are displayed for the
c-plane Ino_25Ga0,75N/GaN QW. The electron ground state
wave function g shows the expected behavior of having
the highest value in the QW region, with the wave function
amplitude then decaying rapidly in the GaN barrier region.
Turning to the result from LLT (green dashed line) first, we
find that ¥ has a maximum in the well, however, it has also a
constant finite value in the GaN barrier region, especially for
z > 5 nm. Thus when changing the integration region ¢, a

=== 1
016 — YEYEl
ubir/llugigll
.......... U/ Nug I
3 012} .
E !
= I
g 0.08} [
< i
0.04 | i
i
0.00 == /
1 1 1 Pl ek el ! :
129 6 -3 0 3 6 9 12 15
z (nm)

FIG. 4. Comparison of the (normalized) electron ground state
wave functions of a c-plane InGaN/GaN QW with 25% In and a
width of 3.5 nm. The wave functions are obtained by solving the SE
(solid black line), LLT (dashed green line), and MLLT (dotted red
line). The blue dashed-dotted box and the solid magenta box indicate

the subregions €2y , €27 5, discussed in the main text.
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FIG. 5. Upper row: Hole ground state energies for c-plane In,Ga,_,N/GaN QWs as a function of the In content x. The results are shown
for the three different subregions Q , discussed in the main text. The hole ground state energy is computed by solving the SE (black squares),
LLT (green circles), and MLLT (red triangles). Lower row: Deviation of E’ﬁLT (green circles) and E{\‘,H_LT (red triangles) with respect to the

solution of the SE for the different subregions . ..

strong impact on the obtained energy Eyr could be expected
since contributions from u in the barrier are removed when
reducing the subregion Q¢,. This is exactly the situation we
observe in Fig. 3. More specifically changing the subregion
from 7 | (full system) to €27, 5 (mainly QW region), the error
in Ep . when compared to Esg, reduces from 9.8% to 1.3% for
the III()'25 Ga0,75N/GaN QW

The situation is different in the MLLT approach. Here
Uy - at least for z < 0 nm, gives a better approximation of
Yég. with the magnitude of ug,; ; + being very small, similar to
¥ép but in contrast to uf | . However, for z > 5 nm the magni-
tude of uf,; ; 1 is comparable to that of uf | ; and therefore much
larger than v in this region. Thus, given that the magnitude
of ugy ; is small in the region z < 0 nm and shows to be a
good approximation of ¥, in the QW region, the analysis
confirms the observation that Eyy; | is less dependent on €,
than Ef ;.

Finally, we discuss here the effective confining potential
for electrons obtained both within LLT (W% ) and MLLT
(W& r)- In case of LLT it is obtained via W = (uf )",
and given in Fig. 2(a) by the green dashed line for an
InGaN/GaN QW with 25% In. The potential reveals a soften-
ing at the QW barrier interface, which, as discussed above, is
an important feature for quantum corrections in drift-diffusion
calculations using W for the energy landscape. The here
observed potential profile is consistent with the results re-
ported previously [18]. To obtain the effective confining po-
tential from MLLT that reflects the behavior of Wy 1, we find
that Wy 11 = (VUi r)~" works here best, while Wy ;1 =
(Efuy ;1) results in a very different effective potential from
W%t (not shown). Figure 2(a) confirms that Wy, ; 1 (red dotted
line) is in very good agreement with Wi (green dashed line).
We note that this holds over the full In content x range studied
here.

B. Hole ground state energies, wave functions, and
effective potential

Having discussed the results for the electron ground state
energies, wave functions, and the effective confining potential,
we now turn and present the results for holes, again as a
function of the In content x for the above discussed c-plane
In,Ga;_,N/GaN QWs. The upper row of Fig. 5 presents
the comparison between the energies obtained from SE (Eé’E,
black squares), LLT (E}, 1, green circles), and MLLT (E{y ;1.
red triangles). The results are shown for the three different
subregions €' ; over which u is integrated to obtain the
corresponding energy. The lower row of Fig. 5 depicts for
Qf;“. the deviation (in %) of LLT (green circles) and MLLT
(red triangles) from the SE solution. Looking at Fig. 5(a)
first, one can clearly see that when integrating over the full
simulation region (€2}, |), both El' and Ej} | 1 deviate from
Eé’E with increasing In content x. However, deviations are
larger for LLT than for MLLT. A similar behavior was also
observed for the electron ground state energies when the full
simulation box an,] is considered, cf. Fig. 3. But, trends
for electrons and holes are quite different. For electrons, the
deviation in the ground state energies with respect to the SE
solution increase with increasing In content x, cf. Fig. 3(d).
For the holes, deviations in the ground state energy also start
to increase with increasing In content x but deviations saturate
at around 18% and 8% for LLT and MLLT, respectively,
when the In content exceeds 15% (x > 0.15). This analysis
shows, similar to the results for the electrons, that when
using the full simulation cell (Qfln,ﬂ’ MLLT provides a better
description of Eé’E when comparing errors with LLT. When
adjusting/reducing the subregion Q" , cf. Figs. 5(b) and 5(c),
to calculate E/'; + and E}; |1, the agreement with EZ; clearly
improves. This is in particular true for EJY; 1, as Figs. 5(e)
and 5(f) show; deviations from Eé‘E close to 3% or less are
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FIG. 6. Comparison of the (normalized) ground state hole wave
functions for a c-plane InGaN/GaN QW with 25% In content and
a width of 3.5 nm. The wave functions are obtained by solving the
SE (solid black line), LLT (dashed green line), and MLLT (dotted red
line), using the simulation box Q” . The blue dashed-dotted box and
the solid magenta box represents the two integration regions from
—1.0to 5 nm (2% ,) and —1.0 to 3.5 nm (], ;).

observed over the full In content range x. More specifically,
for a well with 25% In, the error in EJy; ,; reduces from 8%
to 1.8% [see Figs. 5(d) and 5(f)] when changing from Q’n‘Ll

to Q" . Looking at E/'; + for the same situation, we observe

that the deviations are reduced from 18.4% (Q’,’n,l) to 8%
(2! 3). However, the values are still noticeably higher when
compared to Ey . This shows that MLLT results are robust
against changes in the In content x, while LLT exhibits larger
deviations from the SE data, especially for higher In contents.

Following our investigations on the electron ground state
energies and wave functions, we study here also the hole
ground state wave functions. Again we use as a test system the
c-plane Ing,5Gag7sN/GaN QW. The wave functions calcu-
lated from SE (black solid line), LLT (green dashed line), and
MLLT (red dotted line) are shown in Fig. 6. Before looking
at the fine details, independent of the model used, the wave
functions are localized inside the well and “decay” in the GaN
barrier region. However, how the wave functions decay in the
barrier region strongly depends on the model. While the hole
ground state wave function wg’E rapidly decays in the barrier
material, this situation is only true for uf,; and ul;; ; along
the +z direction. Even though in the +z direction ', and
u'l(,[LLT are similar, there are also differences. While u’ﬁ,[LLT is
very close to 0 in the barrier region, uf,; is small, but has a
noticeable finite constant value in the GaN barrier for z > 0
nm. This effect is amplified for z < 0 nm. Again and similar
to the electrons, we attribute differences in the hole ground
state energies to differences in u calculated from MLLT and
LLT, given that deviations in the ground state energy increase
as the integration region Q" . is increased.

In the last step we turn our attention to the effective
potential for holes, W' calculated within LLT and MLLT.
The results are shown in Fig. 2(b). The confining potential
from LLT, W/ = (uf';7)~", is given by the green dashed line
and shows again a softening of the potential near the well
barrier interface. Also for holes we have tested calculating the

=
effective potential from MLLT via W), |+ = (Vufy ;)  and

VT/{,‘[LLT = (Elhu’](,[LLT)_l. The conclusion that is drawn from
this is similar to that for electrons, meaning that WI\’,}LLT gives
a potential profile very different from W/} (not shown), while
Wik, 17 is in good agreement with W ;. This is confirmed by
Fig. 2(b), showing that the confining potential obtained from
MLLT (red dotted line) captures the same effects as W 1
(green dashed line). Again this result holds over the full In
content range investigated here.

VI. CONCLUSIONS

In this work we have proposed, motivated, and analyzed a
modified localization landscape theory (MLLT). In the MLLT
approach we solve H%u =1 instead of Hu =1, as in the
LLT. We demonstrate the improvements resulting from using
HA?u = 1 in predicting ground state energies for a 1D particle-
in-a-box (infinite square well) potential. Since this problem
can be solved fully analytically in LLT and MLLT, the solution
confirms that u obtained from MLLT will in general give a
better approximation of the true ground state wave function
when compared to the result from LLT. We have also shown
that this can be traced back to the energy dependence of the
expansion coefficients of u in terms of the particle-in-a-box
eigenstates. Given that # obtained from MLLT provides a very
good description of the ground state wave function, it also
provides an improved estimate of the ground state energy and
therefore the error in this quantity is reduced in comparison to
the LLT obtained value. Here we also have provided insight
into the calculation of the effective confining potential W
within MLLT. While this is straightforward in the case of
a particle-in-a-box problem with infinitely high barriers, we
highlight that care must be taken when extracting the effective
confining W from MLLT in general. We have discussed two
strategies to obtain W from MLLT that lead to results similar
to those obtained from LLT, which is important when applying
MLLT for instance in drift-diffusion transport calculations to
account for quantum corrections.

The particle-in-a-box problem provided the ideal testbed
to study the basic properties of the LLT and MLLT. How-
ever, further analysis is required to consider more realistic
potentials. LLT has recently been used to evaluate the elec-
tronic structure of III-N heterostructures, where the confining
potential is triangular shaped with barriers of finite height.
Motivated by this, we have studied and compared ground
state energies from the Schrodinger equation (SE), LLT and
MLLT for c-plane In,Ga,N/GaN QWs as a function of the
In content x. Special attention was paid to the impact of the
choice of the integration region of u when evaluating the
ground state energies. Our calculations reveal that for both
electron and hole ground states, MLLT always gives a better
description of the true ground state energy when compared
to the LLT result. We also find that the subregion over which
u is being integrated to obtain this energy is less important
for MLLT than it is for LLT. Over the composition range
from 5% to 50% In in the well and when integrating over
a region close to the QW, errors in the ground state energy
from MLLT never exceeds 4%. While similar numbers are
obtained for LLT in the lower In content range (<15% In)
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and when choosing appropriate subregions, especially for
holes at higher In contents (>25% In), errors in the range of
5% to 10% are observed. Looking at the calculated effective
potential W for electrons and holes, and independent of the
In content x, we find that using Wy rr = (\/m)’1 gives
in general results that match closely the effective potential
Wi rr obtained from LLT. Since W plays an important role in
quantum corrected drift-diffusion simulations, it is useful to
see that MLLT produces an energy landscape similar to LLT,
so that it can be used in such simulations.

Taking all this together the proposed MLLT keeps all the
benefits of the LLT, such that only a system of linear equations
has to be solved instead of a large eigenvalue problem to
obtain ground state energies. At the same time the MLLT
provides the following aspects: (i) “faster convergence” of
the calculated ground state energies with integration region,
(ii) a more “robust” behavior of the method against changes in
the integration region, (iii) better agreement with results from
SE, especially for higher In contents, and (iv) an effective
confining potential comparable to that of LLT. All these
features make the MLLT method attractive for calculations
of localized states in highly disordered systems, where for
instance partitioning the systems into different subregions is
not trivial.
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APPENDIX: INFINITE TRIANGULAR WELL

Having discussed in the main text the fully analytic so-
lution of the particle-in-a-box problem with infinitely high
barriers, we study here another problem that can be inves-
tigated fully analytically, which is a triangular well with
infinitely high barrier at z = 0; the potential increases from
0 at z =0 with a slope F in the 4z direction. The aim of
this study is twofold: it will illustrate (i) that in contrast to the
particle-in-a-box problem, discussed in Sec. III, the expansion
coefficients of u# can depend on multiple energies E, and
(ii) that there are potentials where LLT and MLLT could fail to
give a good approximation of (ground state) energies or even
diverge. Regarding (i), this finding is important for calculating
the effective confining potential, showing that it might not
always be guaranteed that calculating Wy r = (E; upLir) !
will give a good approximation of Wyt obtained from the
standard LLT approach.

For the infinite triangular potential, the SE reads

n? d?
—%E‘Pn(Z) + FZWH(Z) = Ean(Z)
d? 2mF E,
< d—zzlﬁn(Z) - ?(Z - F)Wn(Z) = 0. (AT)

Setting a = (2mF /I*)'/? and using y = a(z — E,/F), one is
left with

2
a2|:d ) (A2)

dyr Vf(V)} =0.

The general solution to the above differential equation can
be obtained as a linear combination of the Airy functions
A(z) and B(z). These functions are defined as the improper
Riemann integrals [42]

1 c t3
A = L tim [ cos (— + zt)dt, (A3)
T =00 Jo 3

1 h I 3
o am |:exp (E + zt) + sin <§ + zt)]dt.
(A4

For z > 0, the function A(z) shows exponential decay,
whereas B(z) diverges to infinity. Given that the confined wave
functions have to decay as z — oo, the function B(z) has to
be discarded. Thus, the solutions of the SE for a triangular-
shaped potential with infinitely high barriers, cf. Eq. (A1), are

given by
@) = and; (—2’"F>1/3< E-) AS)
wn ) = ayA; h2 Z— F . (

The fact that the wave function has to go to zero at the
infinitely high barrier at z = 0 can be used to determine the
energy eigenvalues E,. To do so, the nth zero of the Airy
function is approximated and the corresponding eigenvalue

then reads
37Fh 1\
E, ~ n—— .
8m? 4

Equipped with this solution we turn now and discuss the
infinite triangular well first in the framework of LLT and
then of MLLT. To find a series expansion for u, we first
need an expansion for the constant function 1 in terms of the
eigenfunctions, over the interval [0, co) [43]:

00
anwn =1
n=1

We recall here that u = fo:l an¥ry, Eq. (4), so that when
using LLT, Hu = 1, one is left with

Hu = ﬁ(z an¢n> = (Z anEnwn> =1= anl/fn
n=1 n=1 n=1

Due to the orthonormality of the wave functions, we can thus
express the expansion coefficients a,, as

(A6)

(A7)

o (A9)
a, = —.
E,
Thus, within LLT, u can be expressed as
b by b3
ur(z) = —¥1(@ + —¥ @)+ —¥3() +--- . (Al0)
E; E, E;

In contrast to the infinite square-well potential, one can show
that the sum of the a,’s does not converge for the triangular
well considered and thus the energy E®, Eq. (9), does not
converge. First, we note that the energies E,, Eq. (A6), in-

crease with increasing n as n*/3; numerical analysis we have
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undertaken indicates that b, decays approximately as n™¢,

where o = 0.20; hence a, in LLT decays approximately as
n=@+3) where o + % < 1, which results in a divergent series
for u, Eq. (4).

Turning to the MLLT, and following the same procedure as
for the LLT, we find here that the coefficients a, are given by

by

a, = —.
2
En

(A11)

Successive terms in the series Eq. (A11) decay as n=@+3),
Therefore, higher order term contributions are reduced in the
MLLT case. Numerical studies confirm that MLLT converges
with increasing system size, in contrast to the LLT. However,
MLLT converges to a ground state energy that is noticeably
larger than the ground state energy obtained from SE. All
this highlights benefits but also potential shortcomings or
problems in both LLT and MLLT for certain potentials.
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