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I. INTRODUCTION

For more than two decades the interparticle Coulombic decay (ICD) process created a stir.!~/
Theoreticians and experimentalist from disciplines ranging from atomic cluster physics®~!7 over
biomedicine!®!° to nanophysics?%-2? traced ICD and found it being effective in the various sys-
tems. This general presence originates probably from the astonishing simplicity of the process.
Nothing more happens than that an inner-valence excited or ionized electronic structure relaxes
into its ground state efficiently, because a neighboring structure has a valence electron that can
take up the excess energy via Coulomb interaction only and is ionized in response. Many studies
in the experimental disciplines were governed by energetic and structural considerations, i.e. one
would know which Coulomb explosion products are collected in ion and electron detectors and
what energy those have and reconstruct from this the progression of ICD.%%!7 Or one would record
photoelectron spectra.”>~>> A recent alternative are pump-probe techniques.'®2® The vast majority
of theories considers initial resonances, final ionized states, and Coulomb interaction integrals,
which is challenging, as highly-excited and continuum states are to be calculated accurately.>*
Eventually, nuclear dynamics calculations aid to simulate the Coulomb explosion and deliver ki-

netic energy releases.'%>’-3! They were recently combined with electron dynamics.??

And indeed, as ICD is an ultrafast electronic decay process, it is of high interest to investigate it
in the short-time domain of electron dynamics. This holds two interconnected challenges. One is
the number of electrons, which, for reasons of computational feasibility, can only be in the order of
ten, at least if highly-correlated wavefunction-based methods are used. The other is electron corre-
lation itself, which is essential to an accurate computation of the Coulomb interaction that is medi-
ating ICD. Thus, in using the multiconfiguration time-dependent Hartree method (MCTDH)?33-34
with antisymmetrization, a body of research works on the transient nature of ICD was formed
to benchmark the fundamentals of ICD. Gaussian binding potentials were used, which represent
the essentials of the electronic structure, of atoms or molecules in that they reflect a quasi-atomic

structure. Moreover, they are established models for quantum dots (QDs).

The gains drawn from elucidating the electron dynamics during ICD so far are the following.
First, the decays of two-site triplet® or singlet*® ICD resonance states were shown in an effectively
one-dimensional model, where the ICD electron can only leave along the coordinate connecting
the two binding potentials, as was found likewise in the case of quantum wells.3”38 The frequently

39,40

considered analytical and approximate rate equation for well-separated subsystems was con-
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firmed in a separation-dependence study, showing that the Coulomb interaction of two neighbors
alone determines the rate. But it revealed also that a one-dimensional continuum is a special
case in which rates are subject to oscillations around the monotonic behavior predicted from the
asymptotic formulae. Second, the relative energy of electronic levels, modified in QDs through
geometries, was shown to affect the ICD rate partially in a systematic,*! but partially also in a

non-trivial way.42 Third, it was shown that both electron capture43’44

45,46

and electromagnetic oscillat-

ing fields 47

can initiate ICD. Fourth, the decay is altered by level atom or potential vibrations.
Fifth, the role of an additional potential was elucidated from three viewing angles. When being
at a long distance and only shallow or even repulsive, which means the extra potential can be
interpreted as an impurity in the QD framework, then a non-trivial alternation of the ICD rates
is discovered.*® When being a somewhat deeper binding potential in short distance from the two
partners undergoing ICD, the extra site, a QD of other geometry or material composition, sup-
ports superexchange ICD.*® And when a full-depth binding potential is added, i.e. another QD
of the same material as the others, it acts as a participator in a three-electron ICD process.>® This
means among others that it supports the prefactor for the number of neighbors N predicted from

the aforementioned analytical rate equation.>*-40

Just recently, the ICD rate equation was also confirmed in electron dynamics calculation in
two-electron systems with a two-dimensional electronic continuum.*3->! The respective potentials
correspond to laterally-arranged self-assembled®?—>* or electrostatically confined QDs.>> There,
the dynamics rates showed much less pronounced oscillations with parameter variations in com-
parison to the analytical monotonic rate as function of the respective parameter, where the param-
eter considered so far was the inter-QD distance. In the past years it was found that the related
electron-transfer mediated decay process of three atoms depends on their exact constellation.”® We
assume the same for ICD. Therefore, we consider in this study systems of three binding sites with

a two-dimensional continuum and a two-dimensional conformation space for their arrangement.

For the realm of electron dynamics calculations in QD models, this attempt is a novelty, be-
cause it bridges among knowledge on three electrons in three sites®® and knowledge on a two-
dimensional continuum.*®>! We anticipate a reduction of rate fluctuations and an increase of the
rate by a factor of two compared to the ICD rate with one neighbor only. The unknown regarding
the physics is on the role of the spatial arrangement of the three potentials in a straight or an-
gled row. Moreover, previous calculations with three electrons and more so with two continuum

dimensions showed increases the computation time within the Heidelberg MCTDH program?>’-8
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due to the required increase basis size in discrete variable representation (DVR).>7~%60 Therefore,
an essential technical development accompanies this work, which is namely a compilation and
parallelization of MCTDH on graphics processing units (GPUs).

After introducing the method, model, (Sec. II) and parametrization (Sec. III A), we hence
introduce the GPU setup of MCTDH (Sec. I1IIB). In the results we discuss the latter at first
(Sec. IV A), before we reveal the electronic structure (Sec. IV B) and dynamics in the linear (Sec.
IV C1) or angled (Sec. IV C2) arrangement of the three sites and lead all to a concise conclusion

(Sec. V).

II. THEORY

The method utilized to investigate ICD of an electronically excited state of one QD in the
neighborhood of two others QDs allowing for ionization is the multiconfiguration time-dependent
Hartree method (MCTDH)*3-* in the Heidelberg implementation.>’>® With imposing appropri-
ate antisymmetry constraints to the wavefunction, MCTDH allows to solve the electronic time-
dependent Schrodinger equation for the three-electrons-in-three-QDs problem. The method has
proven successful for the investigation of three QDs in a nanowire.”® Here it is going to be ex-
tended for laterally arranged QDs with a two-dimensional continuum, for which a model has been
developed in another work considering two electrons.*8-!

The electronic Hamiltonian contains the typical operators of the kinetic energy, the QD binding
potential, the Coulomb interaction, and the complex absorbing potential (from left to right) and
reads

FI:Z(T,-+\7,.QD+Zf,§1+iW,->. (1)
i J<i
Here the indices i, j = 1,2,3 run over the two or three electrons of the two comparative sets of
calculations. The potential ‘A/Z-QD reflects the two or three QDs from which electrons can be emitted
into a two-dimensional unconfined (continuum) region. Two-dimensional Gaussians,

ViQD(xiy zi) = Z —Dy-exp {—by[(2i —24)* + (£ —x4)°]}, 2)
q

as function of x; and z; serve their description. ¢ refers to the light-absorbing (A) and the two
identical electron-emitting (E,E’) QDs. The central QD is the light-absorbing one and accommo-
dates the energy levels A| and Ag, where the higher is two-fold degenerate with respect to the two

dimensions x and z if only the isolated AQD is considered. The isolated outer, electron-emitting
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QDs accommodate each only one level, Ey and E(’). Note that in the two-QD case no E'QD and
no third electron is considered. The remaining variables of Eq. (2) are the QD positions x, and
z4 on the respective coordinates as well as the the potentials” depths D, and their widths param-
eters b, = 41n(2)/r2, connecting to the half widths at half maximum r,. They are tuned such
that E4; > Ego > E4o and that the excitation energy in the AQD, wy = E41 — Exp, exceeds the
ionization energy IP = —Efg to assure that ICD is energetically allowed.®

The Coulomb interaction among every two electrons, i.e. the essential mediator to ICD, is

given in the approximate two-dimensional representation’!

il = [+ ot e P12, (3)

rij = r;—rj| = \/(xi—xj)?+ (z; — z;)? is the distance among electron i and j. Furthermore, a
regularization through a and 8 reduces the Coulomb interaction to a finite value at the coinci-
dence point of both electrons. This is necessary for the numerical stability within the MCTDH
framework, in which a pseudo-spectral basis in form of a finite discrete variable representation
(DVR)*73%90 s used. Another important aspect is the required sum-of-products form of the four-
dimensional interaction (Eq. (3)). The multi-grid POTFIT (MGPF)®! routine was proven to do
this transformation in conjunction with a computationally inexpensive and sufficiently accurate
truncation of the number of single-particle potential terms.”!

W; are the complex absorption potentials (CAPs)®?=% that apply to each electron. They also

apply to each of the six spatial coordinates ¢; = x;, z; in positive and negative direction +. Therefore

they are defined through
W, =i Y W =in|ci—cf"O(ci— ;") (4)
Ci +

The mathematical form of a CAP is a half-sided (Heavyside function ®) n-th order polynomial
with onset cl.i. Through its strength 7 it is tuned such that it optimally absorbs the continuum parts
of the MCTDH wavefunction.

The core method is to solve the MCTDH equations of motion33-34

that arise when introducing
the MCTDH wavefunction into the Dirac-Frenkel variational principle. This solves the time-
dependent electronic Schrodinger equation. The wave function is, in the whole series of papers
on QD-ICD, here for the first time six-dimensional with coordinates cy,...,cs = X1,X2,X3,21,22,23

and reads

6
W(er,oocot) = Yo Y A e TT 01 (cxt)- (5)
k=1

J1 Jé
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(x)

?; (ck,t) are a total of j, single-particle functions (SPFs) for each degree of freedom k.
A iy t)=—A_j, j...(t)andA__;, ;. . () =0 antisymmetrize the wavefunction.

ICD is the decay of a resonance state ®"* which has its three electrons in the Ej), E(’), and
A1 levels of the three respective QDs. Due to the rotational symmetry of the isolated AQD, the
excited state of the central potential is two-fold degenerate. Therefore the three-QD array has two
resonances as well. Block improved relaxations using the Hamiltonian of Eq. (1) without the
CAP operator are used to generate the two initial states as eigenstates to that reduced Hamiltonian.
Applying then the real-time equations of motion under utilization of the full Hamiltonian reveals

the decay of the initial wavepacket. It is quantified through the squared autocorrelation function
la(t) > = [(@"|W(1))[> = e "/, (6)

i.e. the projection of the time-dependent wave function W¥(¢) on the resonance function ®". Its
exponential slope can be fitted to deliver the ICD rate I'. All what was described is identical for
two QDs occupied by two electrons when removing the E'QD and the respective third electron
coordinates.

This comparison of the two- and the three-electron case leads over to the relative rates for the
respective processes. Although rates can be obtained numerically via electron dynamics calcula-
tions, a rationale from analytic consideration will significantly support the understanding of the
underlying processes and their interrelation. Such analysis is available for two-site ICD systems
in a Wigner-Weisskopf framework>>*? based on the general golden rule ansatz. This leads (under
the conditions of separability of the wavefunction into a product of single-electron state functions
¢, no overlap of ¢, negligible exchange, exclusion of antisymmetrization, and deliberate assign-
ment of certain electrons (lower index to @) to certain QD levels (upper index)) to a two-electron

rate35’39

% = (o %05 |7 ot 93°) . ()

Eq. (7) signifies that the single-electron states that underlie the resonance state (ket of Eq. (7))
and the multitude of final states (bra), including one electron in the continuum C, are Coulomb
coupled in form of two independent dipole transitions of same energy in the AQD and the EQD
subsystem.

The same type of derivation in the same framework of conditions has been formulated for a

three-site system with three electrons.’® For the single-ionization ICD energy condition 2 - IP >
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w4 > 1-1P, that is subject to the present study, i.e. for the case in which one of the two EQDs is

ionized during ICD, the three electron rate becomes
I = 2712(98%65 V& 905" 9570 (01 0)
+27 12 (07 0301V 9F 008" (95 1080) . ®)
Comparing Eqgs. (7) and (8) hence reveals I'*¢ = 2-T"%¢ in agreement with the general equation
[(N+1e _ pr.12e 9)

for (N + 1) electrons in (N + 1) subsystems indicating a linear dependence of the rate on N, the

number of neighboring sites.*

III. COMPUTATIONAL DETAILS
A. Parametrization

The potentials defined in Eq. (2) were parametrized in a way to fulfil the energy condition for
the two-electron and the single-ionization three-electron ICD process, to meet an experimentally
meaningful material fabrication, and to allow for a reasonable scan over a number of inter-QD
distances and angles. The computations in MCTDH are based on a parametrization in atomic
units and such is the output. This allows comparison with the works of others on ICD in QDs.*%-6¢
In order to make the numbers readable to QD experts as well, they are converted into material-
specific numbers for GaAs in SI units,*’ by considering the dielectric constant and effective mass
of an electron in that material.®” Table I summarizes all the parameters that define the binding
potentials. For the angle and distance scans, the minimal and maximal values (min,max) are
listed. Note that the parametrization with respect to the x and the z coordinate is identical. The
potential for R = 108.3 nm and o = 90° is shown in Fig. 1.

The MCTDH program requires further parametrization of the other operators, the DVR
basis, and other technical factors. A sine DVR with 140 points was employed in a range
[—541.8a.u.;541.8a.u] ([~50a.u.;50a.u.]). The multi-grid potfitS! representation of the regu-
larized Coulomb potential with & = 0.1 a.u. and 8 = 100 a.u. is defined as in the first study on
two-dimensional potentials.>! This means that the fine grid of 140 points per coordinate is supple-
mented by a coarse grid of only 35 points. The CAPs locate on every end of the grid starting at
cl.i = 1+325.0 nm (£30 a.u.), have the order n = 4, and the strength n = 8.6997 - 10-°.
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TABLE I. Parametrization of the binding potentials of Eq. (2). min and max indicate ranges for parameter

variations.
units atomic SI
Dy 2.0a.u. 20.6 meV
by 0.25 a.u. _
2ra 3.33 a.u. 36.07 nm
Dg 2.0 a.u. 20.6 meV
be 1.0 a.u. —
2rg 1.67 a.u. 18.03 nm
Rmin 10 a.u. 108.30 nm
R 25 a.u. 270.75 nm
a™min 30° _
o 180° —

FIG. 1. Three-dimensional representation of the three two-dimensional Gaussians for R = 108.3 nm and
a =90°. Horizontal black lines reflect the geometric position of the majority of electron density concerned
with the indicated energetic positions of the single-electron levels Ey and E’ in each outer QDs, as well as

Ap and the two (near-)degenerate A in the central QD.

MCTDH block improved relaxation calculations®®® with Jx = 144 (52) SPFs (cf. Eq. (5)) in
each coordinate were used to find the resonance states of two (three) electrons in two (three) QDs
among the first 156 (240) states within 1.2 a.u. in time (or 0.08 ps in SI units of GaAs). The ini-
tial function for the relaxation was the antisymmetrized product of single-electron eigenfunctions

representing a quartet configuration. The single-electron functions themselves were one of the



ground state Ag and one (two) of the lowest state on the full grid, which offer an optimal starting
condition to both bound and continuum parts of the target state functions. The resonances were
states no. 143 and 144 (99 and 100), respectively. They were identified by their density pattern of
an s-atomic orbital-like density on the two EQDs and a p-atomic orbital-like density on the AQD
(cf. Figs. 3 and 4). The thus gained resonance wavefunctions were used as initial states for the
MCTDH propagations. Here only j, = 8 SPFs served as functional basis. Propagations were done

for 10000 a.u. in time (638.93 ps).

B. Graphic Card Programming

In order to shorten the runtimes of the computations within the MCTDH Heidelberg package®’-8

in its version MCTDHS84.16, usage of a graphics processing units (GPU) compilation was con-
sidered. Therefore, test computations (lower dimensional propagations and relaxations) were
performed using the GNU GCC profiling tool gprof. They were analyzed based on flat profiles,
i.e. summary tables listing the total time the program needs to execute each function, as well
as call graphs, showing which function calls which other function how often. Based on this
profiling, routines for matrix multiplications and routines for the multiplication of matrices with
three-dimensional tensors were found to be particularly time-consuming. In total, these routines
required up to 90 % of the computing time. However, they are highly parallelizable and in par-
ticular each section is simple enough to allow for parallelization with GPUs. To this end, the
respective routines were translated from Fortran77 to Fortran90 and compiler instructions for us-
ing GPUs were implemented in OpenACC. The program was compiled with the GCC9 compiler,
which supports the OpenACC standard in version 2.5. MCTDH itself parallelizes superordinate
routines that distribute the individual subroutines (matrix multiplications and others) onto the CPU
cores. Then, one specific GPU is assigned to each of them, such that as many GPUs as CPU cores

can be used.

IV. RESULTS

A. Technical Improvements: GPUs

The modified MCTDH version is first applied to exemplary relaxation and propagation compu-

tations on three-QD three-electron ICD systems with different numbers of CPU cores and GPUs.
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Propagations showed a significant increase of computing time by a factor of up to 100 when using
GPUs, irrespective of their exact number. The reason is that the multiplied matrices and tensors
have so few entries (based on only eight SPFs for each degree of freedom) that the additional
time needed to transfer the data from the main memory to the GPUs’ memory and back clearly
outweighs the gain in computation time on the GPU. Per contra, relaxation calculations use sig-
nificantly more SPFs (52) which leads to much larger matrices and tensors, so that the gain in
computation time on the GPUs trumps the time needed to transfer the data and a speedup is possi-
ble. Fig. 2 shows the speedup in a bar chart for different combinations of GPU and CPU cores for a
block improved relaxation calculation, however, with a factor four shorter relaxation duration than
what it needed in the typical calculations of this study. The increasing number of CPUs applies
to different groups of bars plotted from left to right, whereas the color code marks the number of
GPUs that increases within each group of bars also from left to right. The test calculations were
performed on computers with two Intel Xeon Gold 6136 CPUs and up to four P100 GPUs.

While doubling the number of CPU cores from 1 to 2 and from 2 to 4 without using GPUs (blue
bars) almost halves the computing time, doubling from 4 to 8 CPUs only reduces the computing
time by a factor of 1.4. Any further increase of the cores (not shown in Fig. 2) does not lead
to significant reductions of the computing time, meaning that the internal parallelization via CPU
cores is exhausted with eight CPU cores. However, the additional use of GPUs for the previously
mentioned routines reduces the computing time. If only comparably few compute units are GPUs
(compare blue and orange bar for four and eight CPU cores), then the gain in compute time is
marginal, because the relative load of the GPU is high. However, if two or four GPUs are used
together with as many or more CPU cores (last two group of bars) a speedup factor of up to a
3.2 can be gained, as in the example of eight CPU cores with four GPUs compared to eight CPU
cores without GPUs. This setting allows to perform the relaxation calculations needed for this
study (factor four longer compared to Fig. 2) in reasonable time, i.e. within 20 hours compared to

otherwise 63 hours in pure CPU parallelization and 355 hours without parallelization.

B. Electronic Structure

In the description of the ICD resonances (Sec. II) and the parametrization of the potentials (Sec.
IIT) it was said that the central QD, the AQD, supports a ground state electronic level at energy

Epo = —11.62 meV (—1.128 a.u.). There are further two degenerate single-electron states with
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FIG. 2. Bar diagram on the compute time of a representative block-improved relaxation calculation as

function of the number of CPUs (abscissa) and GPUs (color-coded bars in groups).

energy E4; = —4.25 meV (—0.413 a.u.), which resemble atomic p-type orbitals perpendicular to
each other. The resonant excitation energies in either direction are thus ws = 7.37 meV (0.715

a.u.).

The two EQDs are equal in shape and support one nodal-free bound state only at energy Ero =
—5.43 meV (—0.527 a.u.), which is the inverse to the ionization potential /P = 5.43 meV. With this
energetics, the excitation energy in the central QD exceeds once the ionization energy, allowing
thus for single-ionization ICD, i.e. in which only one of the EQDs is ionized.>® This choice was
made, because calculations on systems that support @y > 2/P showed also only single-, but no

double-ionization, ICD and were at the same time significantly less stable.>

The three-electron states are composed from the above described one-electron orbitals. Their
true wavefunctions are of course influenced by the Coulomb interaction among electrons, but this
does not change the fundamental level occupation underlying each of the states. The ground state

has one electron in each QD in the lowest level. Therefore it is denoted EOAOE(’).

The resonances are actually the states most relevant for this work as they have a finite lifetime
and decay via ICD. They have two ground state electrons in the EQDs and an excited electron in
the AQD. The latter can be in one of two degenerate levels of the isolated AQD, that compare to p-
type atomic orbitals. They are perpendicular to each other, but only in the linear array (ot = 180°)
they align with the z and x axis. In general the array’s symmetry enforces the orbitals to be either
parallel to the axis connecting the two EQDs or perpendicular to it, as can be rationalized by
inspecting the densities in Fig. 4(a) and (b). Thus, the states are termed EOA‘llE(’) and EOAILE(’),

respectively.
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FIG. 3. Surface-projection plots of three-electron ICD resonance state densities for the linear array with
a = 180° and R = 108.3 nm as function of the coordinate axes x and z. (a) z-polarized resonance with AH,

(b) x-polarized resonance with AIL.
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FIG. 4. Surface-projection plots of three-electron ICD resonance state densities for the angled array with
a =90° and R = 108.3 nm as function of the coordinate axes x and z. (a) resonance with AH, (b) resonance

with A

Their energies depend on the exact geometric arrangement of the three QDs as is visualized
in Fig. 5 for a fixed R = 108.3 nm and varying angles . It is most straightforward to analyze
at first the overall trends of both curves, as both energies increase with the decrease of the angle
by about 1.5 meV. This trend originates in the increasing overlap of the electrons located on the
EQDs. If they are distant by 2R = 216.6 nm (20 a.u.) in the o¢ = 180° case, they contribute
by 1/R = 0.52 meV (0.05 a.u.) to the total energy through their Coulomb interaction. At the
high-energy side of o = 30°, the two EQDs are as near as 56.06 nm (5.176 a.u.). This leads

to a Coulomb energy contribution of 1/R = 1.99 meV (0.193 a.u.) and ultimately explains the
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FIG. 5. Energies E of the three-electron resonance states EoAll‘E(’) (red/black line) and EoAfE(’) (yellow/gray

line) as function of the angle « for a fixed R = 108.3 nm.

overall increase within Fig. 5. The interesting aspect is, however, the relative energy of the
parallel (red) and the perpendicular (yellow) case. In the linear array, the resonance state EOA‘llE(/)
has a density in which the electron on the AQD directs as much as possible towards the EQDs
(Fig. 3(a)). This must lead to the highest possible orbital overlap of the electrons on the AQD
and the EQDs, which is origin to the higher resonance energy displayed in Fig. 5 (red line) at
o = 180°. Contrary, the density of the perpendicular state EoAllEé (cf. Fig. 3(b)) reveals the
lowest orbital overlap in a linear arrangement and thus the lower energy (yellow line). When o
is small, the energy contribution of the interaction of electrons in the EQD and the AQD for the
parallel resonance EOAUEé (red line) drops compared to that as in the linear arrangement, which
may be rationalized from the density representation in Fig. 4(a). Contrary, the same energy
contribution in the perpendicular resonance EOAILE(’) increases with decreasing a (orange in Fig.

5; state density in Fig. 4(b)). This is the origin to the crossing of the total energy curves at @ ~ 90°.

C. Electron Dynamics
1. Linear Array

First we investigate the distance dependence of ICD in a linearly arranged array of QDs. This is
done in comparison for two and three QDs/electrons to confirm the validity of the rate prediction
3¢ = 2I'> from the analytic Wigner-Weisskopf derivation®>*? for a system with two continuum
directions. This will complement our confirmation of the rate equation for QDs in a nanowire sup-

porting a one-dimensional continuum for the ICD electron,”® and works of others on atoms,3%:*0

13



1.25-10°

1-10°4

7.5-108

- Ré[meV:-nm®]

5-108 4

2.5-108

léO 14'10 léO léO 260 2%0 24'10 ZéO

R [nm]
FIG. 6. RS-normalized rates of the ICD of the EOAUE(’) resonance in a linear QD arrangement as function of
the inter-QD distance R. The blue (black) lines correspond to the three-QD case, the orange (gray) ones to

the two-QD case. The actual values are drawn as solid lines, their averages as dashed lines.

where ICD electrons leave the system in all three spatial dimension.
As we showed in previous studies on nanowires*>>? and SA QDs,>! oscillations of the truly

realized rates around the asymptote «< R~ are to be expected. Hence, a sample of several R is

needed to evaluate the rate ratio from the averages I'*¢/T'2¢ =3¢ . R0 /T2¢ . R6,50

Different to what was investigated in a quasi one-dimensional case,’” two resonances are avail-
able for ICD. Let us start with the z-polarized parallel resonance (EOA!EB) whose density is visu-
alized in Fig. 3(a) for three electrons. In Fig. 6 the rates for its decay multiplied by R® are shown
as function of R. The blue, solid line corresponds to [3¢. R, the orange solid lines to 2 .R. As
anticipated, the rates both oscillate around their averages shown as dashed lines of same color.

Note that the rates for the previously investigated I'>¢ case!

were obtained only for a smaller span
of R. This is because the technical parameters (cf. Sec. III) have been optimized for the new
three-QD case, but lead to technical instabilities for two QDs. The maximum (average) span of
oscillations is 26.9 % (9.1 %) in the three- and 22.4 % (10.9 %) in the two-electron case. This
amount of oscillation is in the order of magnitude of the formerly found deviations of 50% (24%)
for a two-dimensional continuum and thus much smaller than the respective oscillations of 222%
(85%) when only a one-dimensional continuum is available, where the ICD electron has no pos-
sibility (other than limited tunneling) to circumvent the Coulomb barrier imposed by the bound
electron(s).>! The ratio is I'*¢ /T2 = 2.10 with a standard deviation of 0.33. This means it supports
the predicted factor 2 from the Wigner-Weisskopf theory.

The same type of analysis is made for the decay of the x-polarized resonance state (EOAILE(’))

with the density shown in Fig. 3(b). Data is to be found in Fig. 7 with the same color and
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FIG. 7. R®-normalized rates for the ICD of the EOAILE(’) resonance ICD in a liner QD arrangement as
function of the inter-QD distance R. The blue (black) lines correspond to the three-QD case, the orange

(gray) ones to the two-QD case. The actual values are drawn as solid lines, their averages as dashed lines.

lines-style coding as before. Again the three-electron ICD is faster by a factor of two. We obtain
exactly I'3¢/T"%¢ = 1.98(0.28), where the standard deviation is given in parentheses. This means
that despite the fact that ICD rates are in general smaller for the x resonance are than for the z

resonance, which confirms earlier results,>! the asymptotic equation keeps it generality.

2. Angled Array

Another feature of SA QD arrays in particular, and systems with a two-dimensional continuum
in general, is the option to arrange the individual QDs in a non-linear fashion. Here we investigate
the behavior of the R®-normalized ICD rate as function of the angle ¢ that determines the QD
constellation. Again, the two resonances (E0A|1|E6 and EOAILE(’)) with their densities shown in Fig.
4(a) and (b), are available for the decay. Electron dynamics is only calculated exemplarily for three
inter-QD distances R = 108.3,119.1,130.0 nm (10,11,12 a.u.) for the sake of saving computer
power. As I is known to oscillate as function of R, we used the results at the three distances to
average at each angle over Fﬁe - RS and F3f -RS. Although an average over three data points is
statistically not robust, one can at least deduce trends for the angle-dependence of the ICD rate.

Fig. 8 shows that W (red/black line) increases with increasing o, while W (yel-
low/gray line) contrarily decreases. This behavior is obviously caused by the overlap of the lobes
of electron density that can be seen in Figs. 3 and 4, which directly connect to the Coulomb in-

teraction as was discussed in Sec. IV B. The p-shaped density contribution on the central AQD of

the parallel resonance (EOA‘I‘E(’)) in the linear case (Fig. 3(a)) lies exactly along the array’s z axis.
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FIG. 8. R®-normalized ICD rates as function of c. Fﬁ‘* - R (red/black), F3f - R® (yellow/gray) and their sum

(green/dark gray, top line) are displayed. The dashed line reflects the overall average rate.

This is the case of highest density overlap. When the array gets angled, then the Ey and E, density
contributions from the two emitter QDs move away from the central QD’s orbital axis. Hence, the
Coulomb interaction decreases and likewise the rate Fﬁe. The contrary is true for F3f. The density
of an electron in the perpendicular AlL level points maximally away from the densities of electrons
in the two Ej levels when o = 180°. When the angle is small, the density contributions on the
EQDs are near that lobe of the AlL density which is enclosed by the angle . The crossing point
of both curves lies near o« = 90°. The sum of both rates and its average are shown as the green
(dark gray) solid and dashed lines in Fig. 8. It reflects the overall ICD rate with three electrons,
which turns out to be, besides statistical fluctuations, independent of the bending angle within the
array. This is an important finding in conjunction with the analytical rate equation, which states
that the rate increases with the number N of equidistant electron emitters irrespective of their rel-
ative arrangement.*® And indeed we find a rate ratio of I°¢/I'>¢ = 2.15(0.28), where for I'>* we

use the sum of average rates obtained from Figs. 6 and 7).

In works on Ne clusters it was found that the N-neighbor rates would increase stronger than
linearly only when the number of neighbors gets large.>? This was explained by the increasing
overlap of electron density on the neighbors that come close together. Although in this study the
two emitter QDs approach one another closely, no increase of the overall rate is observed at low
angles. Either 30° is not enough to reveal an enhancement effect, or the electron overlap among
electrons on only two sites is not sufficient. This both supports the analytical prediction on rates

increasing by factors of N for small numbers of neighbors even more.*
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V. CONCLUSION

The three-site interparticle Coulombic decay was investigated by means of electron dynamics
calculations in a multiconfiguration time-dependent Hartree framework for the special case that
a two-dimensional emission continuum is available for the ICD electron. The technical aspects
of this study center around the expensive computations of this two-dimensional continuum on a
large discrete variable representations grid and for three electrons. They became feasible through
the recently introduced multi-grid potfit representation of the Coulomb interaction potential and
an OpenACC graphic card compilation of MCTDH developed in this study. In using finally 8
CPU cores with 4 GPUs, the computing time for relaxation calculations reduces to 31.7 % com-
pared to no-GPU usage and 5.8 % of what would be needed on a single CPU core. This speedup
strategy make computations in even higher dimensions (more electrons or continuum dimensions)
accessible. Further speedup may be achieved in coding GPU parallelization into the MCTDH
code.

The physics results of this study close the knowledge gap on the three-site three-electron ICD
process, which was previously only investigated both for an unconfined three-dimensional as well
as a strongly-confined one-dimensional continuum for the cases of atom clusters and QDs in a
nanowire, respectively. Here, self-assembled or gated laterally-arranged QDs are exemplarily
studied for enabling a general understanding on ICD with a two-dimensionally unconfined elec-
tron. The findings are compared to the analytical Wigner-Weisskopf rate equation prediction in
showing, as studies in the other systems, that the ICD rate is a function of the number of electron
emission sites adjacent to a single excited site in their center. The result is stable for changes in

the arrangement of the emitters varied through distances and angles.
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